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Abstract

This thesis presents a search for Supersymmetry (SUSY), which is a popular extension of
the Standard Model of particle physics (SM). The search is performed in proton-proton
collision data in final states with jets and a large transverse momentum imbalance. The
analyzed data were collected with the CMS experiment at the CERN LHC in 2016 at
a center-of-mass energy of /s = 13TeV and correspond to an integrated luminosity of
35.9fb~!. In the analysis, the number of jets and tagged bottom quark jets, as well
as the transverse and missing transverse momentum are used to categorize the events
into exclusive search regions. This approach provides a high sensitivity to a variety of
supersymmetric final states.

The focus of this thesis is on a data-driven estimate of the so-called lost-lepton back-
ground. In these events, a neutrino is produced and the associated electron or muon is
not observed as an isolated lepton or track, and the event enters the search region. This is
one of the dominant background contributions, especially in most sensitive search regions.
The background estimation method is based on events in single lepton control regions,
which are selected in data and then used to constrain the background prediction in the
search regions. This procedure reduces the dependence of the analysis on simulated event
samples. Decisive improvements of the well-established lost-lepton background estimation
method are described, thus achieving a crucial reduction of the leading systematic uncer-
tainty compared to previous implementations of the method. The new developments are
validated by an independent background estimate. This is performed by a second, less
complex approach, which is based on the same single lepton control regions but generally
relies on the modeling of the simulation to a larger extent.

No evidence for SUSY is found in the analyzed data. Therefore, the results are inter-
preted in the context of simplified models. All considered models assume the neutralino
to be the lightest supersymmetric particle. Limits on the cross section for the pair pro-
duction of gluinos and squarks are derived for various production and decay scenarios,
which correspond to lower limits on the gluino mass as large as 1800-1960 GeV and to
lower limits on the squark masses as large as 960-1390 GeV at 95% C.L.

The statistical interpretation of searches as the one described in this thesis requires large
samples of simulated events. To save computational resources, these events are typically
generated with a fast and approximate simulation of the CMS detector, referred to as
“FastSim”. In this thesis, a new and efficient framework for the propagation of particles
inside the CMS tracking detector is developed and validated. This algorithm permits the
modeling of the recently upgraded CMS pixel detector and is expected to remain a core

part of FastSim throughout further upgrades of the experiment.






Kurzfassung

Diese Arbeit présentiert eine Suche nach Supersymmetrie (SUSY), einer vielversprechende
Erweiterung des Standardmodells der Teilchenphysik. Fiir die Suche werden Endzustande
mit Jets und hohem, fehlenden Transversalimpuls in Proton-Proton-Kollisionsdaten be-
trachtet. Die analysierten Daten wurden mit dem CMS-Experiment am Large Hadron
Collider im Jahr 2016 aufgezeichnet und entsprechen einer integrierten Luminositdt von
35.9fb~!. In der Analyse werden exklusive Suchregionen definiert, basierend auf der An-
zahl der Jets und Bottom-Quark-Jets, sowie des gesamten und des fehlenden Transver-
salimpulses. Diese Herangehensweise bietet eine hohe Sensitivitat fiir eine Vielzahl von
supersymmetrischen Endzustanden.

Der Schwerpunkt der Arbeit ist dabei auf einer datengetriebenen Abschétzung des so-
genannten Lost-Lepton-Untergrundes. Dieser Standardmodell-Untergrund besteht aus
Ereignissen, in denen ein Elektron oder Myon zusammen mit einem Neutrino erzeugt
wird, und erstere nicht als isoliertes Lepton beobachtet wird. Diese Ereignisse sind vor
allem in den sensitivsten Suchregionen ein dominanter Untergrund der Suche. Die Un-
tergrundabschéatzung basiert auf Kontrollregionen aus Daten-Ereignissen mit genau einem
isolierten Lepton bestehen. Die beobachteten Ereignisse in den Kontrollregionen werden
anschlieend verwendet, um die Anzahl der Lost-Lepton-Ereignisse in den Suchregionen
abzuschéatzen. Diese Vorgehensweise reduziert die Abhéngigkeit von simulierten Ereignis-
sen. Entscheidende Verbesserungen in dieser etablierten Methode werden aufgezeigt, mit
denen die grofite systematische Unsicherheit der Methode erhebliche reduziert wird. Durch
eine zweite, eigenstéindige Methode werden diese neuen Entwicklungen iiberpriift und va-
lidiert. Diese basiert auf einer weniger komplexen Herangehensweise, die zwar die gleichen
Kontrollregionen verwendet, aber generell mehr von simulierten Ereignissen abhangig ist.

In der Analyse konnte kein Nachweis fiir SUSY gefunden werden und die Ergebnisse der
Suche werden im Kontext von vereinfachten, supersymmetrischen Modellen interpretiert.
Dabei wird angenommen, dass das Neutralino das leichteste supersymmetrische Teilchen
ist. Es werden obere Ausschlussgrenzen fiir den Wirkungsquerschnitt fiir Paarproduktion
von Gluinos und Squarks fiir verschiedene Modellszenarien berechnet. Es konnen Gluinos
bis zu einer Masse von 1800-1960 GeV und Squark bis zu einer Masse von 960-1390 GeV
bei einem Konfidenzintervall von 95% ausgeschlossen werden.

Diese statistische Interpretation von Suchen nach neuer Physik benétigt eine hohe An-
zahl an simulierten Ereignissen. Um die benotigten Rechenkapazitaten zu minimieren wird
hierfiir oft nur eine schnelle und approximative Simulation des CMS-Detektors verwendet,
die unter dem Namen “FastSim” gelaufig ist. Diese Arbeit beschreibt einen neuen und
effizienten Algorithmus, der die Propagation und die Wechselwirkungen der Teilchen im
Tracking-Detektor modelliert. Dieser Algorithmus erméglicht die Simulation des kiirzlich
ausgetauschten Pixeldetektors des CMS-Experiments und bleibt vorraussichtlich ein fester

Bestandteil von FastSim fiir zukiinftige Verbesserungen des CMS-Detektors.
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1 Introduction

It does not happen often that news about fundamental research is plastered all over the
mainstream media. Especially not if the news are related to particle physics, a field of
physics dealing with the most fundamental particles and their interactions — a world that
feels far removed from everyday experience. Yet, the discovery of a new type of particle
that is compatible with the so-called Higgs boson by the CMS and ATLAS collaborations
in 2012 provoked a huge media response, thus demonstrating the significance of the finding.
This discovery was also honored by the Royal Swedish Academy of Sciences, and Francois
Englert and Peter W. Higgs were awarded the Nobel Prize in Physics in 2013 “for the
theoretical discovery of a mechanism that contributes to our understanding of the origin
of mass of subatomic particles”, as this mechanism postulated the Higgs boson.

The confirmation of this mechanism that gives mass to fundamental particles was found
by one of the most complex machines ever built: the Large Hadron Collider (LHC) and
two of its main experiments, the CMS and ATLAS detectors. Modern-day particle physics
would not be possible without collider experiments. Charged particles are accelerated by
electromagnetic fields to high energies and contained in well-defined beams, while they
are repeatedly brought to collide with one another. In these collisions, new elementary
particles are produced, and the detector experiments measure the properties of these
particles or their decay products. The information of many of these collision events can
be analyzed to gather information about the produced particles.

All particles that have been directly observed at the LHC and other experiments are
described in the theoretical framework of the Standard Model of particle physics (SM).
The SM has been tested to very high precision and, so far, it has been found to agree with
almost all experimental observations. However, the SM is believed to be an imperfect
description of nature and a more fundamental theory has to exist that solves the remain-
ing shortcomings of the SM. Cosmological observations suggest that the majority of the
matter in the universe consists of an unknown type of matter, so-called dark matter, which
cannot be described by the SM. Furthermore, the SM does not include a description of the
gravitational interaction. Although this is a direct proof that the SM is not a complete
theory of nature, it does not have an impact on current collider experiments where gravity
can be neglected because of its low strength. When the theoretical framework of the SM is
extrapolated to energies where gravitation becomes important more deficiencies of the SM
arise. The mass of the recently confirmed Higgs boson receives enormous corrections at
this scale, which requires a very precise tuning of the theory. Although this does not have
direct experimental consequences, the procedure is considered unnatural for a fundamental
theory.

A large variety of so-called beyond the Standard Model (BSM) theories have been pro-
posed that address these and other shortcomings of the SM. The most well-motivated
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class of these theories is based on Supersymmetry (SUSY), which is a symmetry between
particles with integer and half-integer spin and leads to the introduction of a new super-
symmetric partner particle for each of the SM particles. These new particles naturally
mitigate the divergent contributions to the theoretical mass of the Higgs boson. Another
advantage of supersymmetric extensions of the SM is that many of these theories provide
a suitable candidate for dark matter. Despite these motivations, no supersymmetric par-
ticles have been observed yet. Thus, SUSY has to be a broken symmetry as otherwise
the masses of the supersymmetric particles have to be equal to their corresponding SM
partners. Although the masses of the supersymmetric particles depend on the unknown
breaking mechanism, many arguments suggest that the masses of at least some of the
particles should be at the TeV scale. For this reason, SUSY is expected to be discovered
at the LHC, if it exists.

One of the most promising discovery channels of a potential supersymmetric signal are
final states with jets, and a large transverse momentum imbalance. Jets are the signature
of all particles that interact via the strong interaction, whereas the missing transverse
momentum is a consequence of the produced dark matter candidate particles that cannot
be measured by the detector since they only interact weakly. In this thesis, a search for
SUSY in this final state is presented. This search has the highly advantageous feature that
the background estimation methods are based on data control region events, which are
used to constrain the background yields in the signal region. This procedure reduces the
dependence on simulated events since the search is performed in kinematic regions that
are challenging for event generators.

This thesis focuses on the estimation of the so-called lost-lepton background. This is
one of the dominant SM backgrounds for the search and arises from events in which a
neutrino and an associated electron or muon is produced where the charged lepton is not
observed as an isolated lepton. The background estimation method is based on a well-
established procedure [4-6] that has been improved by new developments and significant
optimizations. A significant reduction of the leading systematic uncertainty is achieved
compared to previous implementations of the approach. Furthermore, in order to validate
these improvements, a second, independent but less data-driven estimation method of the
lost-lepton background is developed similar to [7-9].

The research presented in this thesis resulted in the three publications of this search
for SUSY [1-3]. The latest publication is performed using proton-proton collision data
collected by the CMS experiment in 2016 at a center-of-mass energy of /s = 13TeV
and corresponds to an integrated luminosity of 35.9fb~!. Since no evidence for SUSY is
found in the analyzed data, the results are interpreted in the context of simplified model
scenarios.

Large samples of simulated events are required for the interpretations of the search.
Thus, a fast and approximate simulation of the CMS detector, referred to as “FastSim”,
is used in the generation of the event samples. In this thesis, a new and efficient algorithm
for the propagation of particles inside the tracking detector is developed, which enables the

modeling of the recently upgraded CMS pixel detector, as well as future high luminosity



upgrades of the LHC and the CMS experiment.

The thesis is organized as follows: In Chapter 2, an introduction to the theoretical
framework of the SM is given and its shortcomings are highlighted. The latter are used to
motivate a supersymmetric extension of the SM, and arguments that suggest SUSY is re-
alized at the TeV scale are provided. This discussion is continued in Chapter 3, where the
properties of the most important supersymmetric final states at the LHC are used to derive
search strategies. The chapter concludes with a summary of previous results of searches
for SUSY. Chapter 4 provides an overview of the most important design criteria and prop-
erties of the LHC and the CMS experiment. The simulation of proton-proton interactions
and the CMS detector is described in Chapter 5. The focus of this chapter is on the de-
scription and validation of the newly developed framework for FastSim. In Chapter 6, the
reconstruction of physical objects and observables from the recorded or simulated CMS
data is discussed. An emphasis is given to electron and muon candidates since the under-
standing of these objects is essential for the lost-lepton background estimate. Chapter 7
gives an introduction to the search for SUSY in the jets and missing transverse momentum
final state, as well as a discussion of the kinematic distribution of potential SUSY signals
and the optimized search region definition. Furthermore, the data-driven background esti-
mation methods of this search are summarized. The main background estimation method
for lost-lepton events, the so-called event-by-event approach, is explained and validated
on simulated events in Chapter 8. The chapter concludes with a discussion of potential
improvements and limitations of the method. The second background estimation method,
which is referred to as the average transfer factor approach, is described in Chapter 9 and
its performance is compared to the event-by-event approach. In Chapter 10, the back-
ground estimation methods are applied on data and the predicted search region yields of
all SM background contributions are combined and compared to the observed counts in
the signal regions. The chapter concludes with a presentation of the results and interpre-
tations of this search for SUSY in various simplified SUSY models. These interpretations
are discussed in Chapter 11 and the sensitivity of the analysis is compared with similar
publications by the CMS and ATLAS collaborations. Furthermore, an outlook for SUSY
searches at the LHC is given. Finally, Chapter 12 provides a summary of the thesis and

its main results.






2 The Standard Model and Beyond Standard Model
Physics

The Standard Model of particle physics (SM) is an extremely successful theory that de-
scribes all fundamental particles and their interactions. The SM was developed in the
early 1970s and — through the effort of scientists all around the world — extensively tested
in precision measurements. Furthermore, it predicted the existence and properties of sev-
eral particles that have been experimentally confirmed. For many years after its first
theoretical description in 1964 [10-13], the last remaining, unconfirmed building block of
the SM had been the Higgs boson. The discovery of a new particle that is consistent
with the Higgs boson in July 2012 by the ATLAS and CMS Collaborations [14-16] and
the subsequent confirmation [17-20] is undeniably one of the greatest achievements in the
recent history of particle physics.

This chapter provides a short introduction to the theoretical backgrounds for this thesis
with a focus on phenomenology. A more stringent description based on the mathematical
framework of quantum field theories is given in [21]. As is common in particle physics,
natural units are used in this thesis, in which the speed of light and the reduced Planck
constant do not have a dimension and are set to unity, ¢ = A = 1. Thus, mass, momentum
and energy are given in electronvolts (eV).

In Section 2.1, an overview of the particles and interactions described by the SM is
provided. This is concluded in Section 2.2 by a discussion of its limitations since some
of the predictions of the SM are in tension with experimental observations or theoretical
considerations. Finally, in Section 2.3 an extension of the SM, called Supersymmetry, is

introduced, which can provide solutions to several of the shortcomings of the SM.

2.1 The Standard Model of Particle Physics

From a mathematical point of view, the Standard Model is based on a gauge invariant
relativistic quantum field theory. Three of the four fundamental forces of nature are

described in terms of the gauge group
Ul)y ® SU(2), @ SU(3)¢, (2.1)

where gravity is not included. So far, gravity has not been consistently described by the
formalism yet and as such is not considered part of the SM. The strong force is described
by the group SU(3) that acts on the color charge C. The groups U(1) ® SU(2) denote the
electroweak force that acts on the weak hypercharge Y, and on left-handed fermions (L),
which have a weak isospin T3 # 0, respectively. This theory predicts a variety of particles,

which are presented in Fig. 2.1.
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Figure 2.1: Overview of all particles described by the Standard Model, including the most
important quantum numbers. Adapted from [22].

An elementary property of all particles is that they are either fermions, which carry
half-integer spin, or bosons, which have integer spin. Fermions are the constituents of all
known matter, which interact with each other by the exchange of gauge (spin—1) bosons.
However, interactions only take place between particles that carry the same type of charge,
corresponding to the three forces described by the SM. These charges are quantised and
conserved in every interaction, and determine the strength of the interaction. Finally,
the Higgs boson is the only scalar (spin—0) boson. It has a special role in the SM and
generates the masses of the particles. In the following, a more detailed characterization of

these groups of particles is given.

Fermions

All twelve fermions contained in the SM have spin 1/2. For each of them, an antiparticle
exists, which has the same mass but opposite quantum numbers. These fermions can
be further divided into six leptons and six quarks, which are in turn arranged in three
generations. Particles from different generations share identical properties but the mass
of the particles increases with each generation. However, this means that particles from

higher generations are not stable since they can decay to the corresponding particle of
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lower generations, as discussed later. Thus, all ordinary matter is made up of particles of
the first generation.

A generation of leptons always consists of a negative charged lepton and a correspond-
ing, electroneutral neutrino, which does not have mass according to the SM. The first
generation is consists of the electron (e) and the electron neutrino (v.), the second gener-
ation of the muon (1) and the muon neutrino (v,) and the third generation contains the
tau (1) and the tau neutrino (v;).

In contrast to the leptons, quarks also carry color charge. Each generation of quarks
consists of an up-type and down-type quark with fractional electric charge of +2/3 and
—1/3, respectively. The first generation consists of the up (u) and down (d) quark, the
second generation of the charme (c) and strange (s) quark and the third generation of the
top (t) and bottom (b) quark.

Apart from the mentioned quantum numbers, all fermions are characterized by the weak
isospin. All left-handed fermions have a weak isospin of +1/2 and the charged lepton and
the neutrino of each generation are arranged as a weak isospin doublet. The right-handed
charged leptons are described by singlets with zero weak isospin, whereas right-handed
neutrinos are not considered part of the SM, as they would not interact at all. This order
in singlets and doublets has to be introduced as a result of the parity-violating nature
of the weak interaction, which is the mathematical equivalent to the statement that the
weak interaction only couples to left-handed fermions. These and other properties of the

weak interaction are explained in more detail in the next section.

Gauge Bosons

The first consistent gauge theory of an interaction contained in the SM has been developed
in the 1950s. The theory of Quantum Electrodynamics (QED) describes the electromag-
netic interaction between particles with electric charge, which is mediated by neutral and
massless gauge bosons called photons (7). These properties of the photon also determine
the structure and dynamics of all matter. The nature of the electromagnetic interaction
has important consequences on a microscopic level, by forming atoms out of the nucleus
and electrons, as well as on a macroscopic level, by defining the mechanical properties of

a given material.

Based on the concepts of QED, Glashow, Salam and Weinberg managed to formulate
a unified theory describing the electromagnetic and the weak force in a single, consistent
framework based on the combined symmetry group U(1)y ® SU(2)r, [23-25]. In the formal
context of a quantum field theory, the gauge bosons and their interactions arise naturally
from the theory. The symmetry group U(1)y gives rise to a single gauge boson, denoted
as B. Similarly, the SU(2)r symmetry group requires the introduction of three gauge
bosons W', W2 and W3. The physical bosons are then obtained by mixing of these states
and are given by

WE = — (WsiWw?), (2.2)

Sl
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~y cosby  sinfy B
7 —sinfy cos Oy w3

with the weak mixing angle 0y (Weinberg angle). This also relates the strength of elec-

tromagnetic interaction e to the strength of the weak interaction g via
e = gsin Oy . (2.4)

Furthermore, the corresponding electric charge is determined by the weak isospin and

weak hypercharge by
Y

Q="T;+ 5 (2.5)
With the construction above, two electrically charged bosons W# are obtained that couple
to the weak isospin. Furthermore, the photon is obtained as described by QED, so it only
couples to the electric charge. The Z boson is of different nature, as it couples to the
electric charge and the weak isospin with different strengths. All weak gauge bosons are
themselves weakly charged so they can directly interact with each other. Furthermore,
the W are electrically charged and as a result they can interact with the photon.

About 20 years after the postulation, the W* and Z bosons were discovered at the SPS
collider at CERN [26,27] and were found to have masses of about 80.4 GeV and 91.2 GeV,
respectively. This high mass has essential impact on the properties of the weak interaction:
It is suppressed at high distances (>1072fm) and with respect to the electromagnetic
interaction below the mass scale of the weak gauge bosons. However, according to the
theory, the gauge bosons have to be massless. This problem is solved by a mechanism
called electroweak symmetry breaking, which is discussed in the next section.

From a more macroscopic point of view, the weak interaction is responsible for the
radioactive 5~ decay. In this decay process a neutron transforms into a proton by emit-
ting an electron and an electron antineutrino. On the fundamental particle level, a down
quark in the neutrino decays into an up quark and a W~ boson. The W~ only has a
short lifetime and in turn decays to an electron and the corresponding antineutrino. This
process is not restricted to quarks within one generation. The (unstable) quarks from the
second and third generation can undergo similar processes when decaying to quarks of
the lower generations, even though this is suppressed with respect to transitions within
the same generation. This effect is called mizing and means that the weak eigenstates
of the quarks are not identical to their mass eigenstates. This effect is quantified by the
Cabbibo-Kobayashi-Maskawa (CKM) matrix. The three diagonal elements of the matrix
are close to unity, which means decay processes within the same generation are favored,
whereas the off-diagonal are small, especially for mixing with the third generation!. A
similar mixing effect was observed for neutrinos [28-32], named neutrino oscillation. This

implies that neutrinos have small but non-zero mass, unlike predicted by the SM [33, 34].

Finally, the strong interaction is also described by a quantum field theory that is referred

!The transition probability is given by the squared matrix elements |‘/;'j|2.
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to as Quantum Chromodynamics (QCD) [35]. The symmetry group SU(3)c gives rise
to eight massless gluons that couple to all particles that carry color charge, including
themselves. The three states of the color charge are typically denoted as red, blue and
green, whereas antiquarks carry the corresponding anticolors. The fact that gluons have no
mass and couple to each other leads to two interesting phenomena of the strong interaction:
confinement and asymptotic freedom.

Confinement refers to the fact that quarks are exclusively observed in color-neutral,
bound states, so-called hadrons. This can either be bound states of three quarks of different
color, denoted as baryons, or mesons, which contain a quark antiquark pair with the
corresponding (anti)color?. However, these particles are only the valence quarks of the
hadron. These permanently exchange gluons, which in turn exchange gluons themselves
or create virtual quark antiquark pairs, so-called sea quarks.

The phenomenon of confinement is a direct consequence of the self-interaction of the
gluons and their zero mass, which implies that the coupling strength of the strong interac-
tion increases with increasing distance. This means that, if colored objects are separated
from each other, it is energetically favorable to generate new colored particles until again
color-neutral states are produced. Asymptotic freedom refers to the opposite effect: at
small distances the strong coupling is small and colored particles behave as free objects

with respect to the strong interaction.

Higgs Boson

As mentioned before, the theoretical framework of the SM requires that gauge bosons
are massless. Similarly, fermions of the same SU(2); doublet, like an electron and the
corresponding neutrino, have to have identical mass according to the theory, which is also
not the case. This contradiction with respect to the experimental observations is solved
by the Brout-Englert-Higgs (BEH) mechanism. The mechanism postulates the Higgs field
¢, as well as the corresponding Higgs potential V (¢). The Higgs field is a SU(2), doublet

X
¢=(§), (2.6)

where each component is a complex scalar field. The Higgs potential is symmetric with

respect to the origin and has a non-trivial minimum. It is given by

V() = 12> + Ao|*, (2.7)

with the parameters —u2, A > 0. The potential has a continuous minimum at the so-called

2
v = 6lin = |/ 55 (2.8)

as can be seen in the two-dimensional sketch of the potential shown in Fig. 2.2.

vacuum expectation value

2There is evidence found by the LHCb experiment at CERN for other, more exotic color-neutral states,
so-called tetraquarks [36] and pentaquarks [37,38].
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Im(¢)

Figure 2.2: Two-dimensional sketch of the Higgs potential [39]. The ground state at |¢p| = v
does not have the symmetry of the potential.

The vacuum state of the potential is then chosen as

1 {0

which spontaneously breaks the U(1l)y ® SU(2)r, symmetry of the electroweak model.

FExpanding the field in radial direction with the parametrization

1 0
= V2 (v + H(x)) ’ (2.10)

and inserting it into Eq. (2.7) generates the Higgs boson H with the mass
my = V2. (2.11)

Couplings of the W and Z bosons to the Higgs field generate terms that can be identified

with the masses

1

my = Sgv (2.12)
my

= 2.13

Z cos QW’ ( )

and terms that describe the interaction between the Higgs boson and the gauge bosons.
The strength of these interactions is proportional to the mass of the gauge boson. Another
consequence of the BEH mechanism are self-interaction terms of the Higgs boson that are
described by the coupling strength A.

The Higgs boson can also provide mass terms for the fermions that are consistent with
the theory, even though the approach can be criticized as somewhat arbitrary: For each
fermion mass my a new coupling constant yy is introduced, while no prediction about the

values of those constants is made. This is done via so-called Yukawa couplings, which
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generate mass terms
v
m =Y 7 (2.14)
as well as couplings of the fermions and the Higgs boson. As for the gauge bosons, the

strength of these interactions is proportional to the mass of the fermion.

2.2 Shortcomings of the Standard Model and Possible

Extensions

Even though the SM proves to be an extremely successful and useful theory, it is known
to be incomplete as suggested by a variety of observations. Some of the most important

of these experimental facts are:

e Gravity: The SM does not describe gravity. So far, no consistent quantized de-
scription of the gravitational interaction has been formulated, and the SM is even

believed to be incompatible with the theory of general relativity [40].

e Dark Matter and Dark Energy: A variety of astronomical observations prove
that only about 5% of the energy content of the universe can be explained by ordinary
matter described by the SM [41,42]. About 27% consists of an unknown kind of
matter, referred to as dark matter, that supposedly only interacts gravitationally
and weakly. Evidence for dark matter can be deduced directly from the rotation
curves of galaxies [43], gravitational lensing effects [44,45] or anisotropies in the
cosmic microwave background [46], as well as indirectly from the development of
processes like structure formation in the early universe [47]. The remaining energy
content of the universe is an unknown type of energy, so-called Dark Energy. This

energy is responsible for effects like the accelerated expansion of the universe [48].

e Matter-antimatter asymmetry: According to the SM, matter and antimatter
should have been produced to (almost) equal amounts in the creation of the uni-
verse [49]. This is obviously in contradiction to the world we live in, unless there
are regions in the universe where either matter or antimatter dominates. However,
recent research revealed that the latter scenario is very unlikely [50]. Generally, the
SM incorporates a mechanism that violates this symmetry, the so-called CP violation
(charge parity), which is described by imaginary entries in the CKM matrix. How-
ever, this effect is found to be too small to explain the observed matter-antimatter

asymmetry.

Furthermore, also from a theoretical point of view, the SM generally has some conceptual

deficiencies. Among these are:

e Ad-hoc-ness: The SM has a variety of free parameters like the masses of the
fermions, the coupling strengths of the interactions, the vacuum expectation value
of the Higgs potential and the mass of the Higgs boson, the mixing angle of the quarks
etc., and it lacks in providing underlying principles. Some of the open questions are:
Why are the values of these parameters as they are observed? Why is the neutrino

eleven orders of magnitude lighter than the top quark? Why are there exactly three
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generations of fermions and quarks? Why is the electric charge of quarks exactly
1/3 or 2/3 of the charge of fermions?

e Hierarchy problem: The masses of the particles described by the SM receive
radiative corrections that arise from higher order Feynman diagrams with virtual
fermions or bosons. Regarding the Higgs boson, which is a fundamental scalar that
does not arise from a a gauge symmetry, these so-called loop contributions result
in large corrections. Since the couplings of the Higgs boson to the loop particles is
proportional to their mass, the leading corrections arise from top quark loops. The

corresponding one-loop Feynman diagram is shown in Fig. 2.3.

|

Figure 2.3: Feynman diagram of the dominant one-loop quantum correction to the
Higgs mass arising from top quark loops.

Summing all existing one-loop contributions, the observable Higgs mass m?}’s [51] is

given by:
bs') 2 bare ) 2 2 2
(mi’q) = (mf?) +c A+ 0 (log(A%),  withceR. (2.15)

The bare mass of the Higgs boson mlffre is a free parameter of the theory, whereas the
cut-off parameter A is necessary to evaluate divergent integrals (“regularization”).
The cut-off parameter is often interpreted as the scale where the theory is not valid
anymore. This is at least the case at the Planck scale Ap~10'® GeV, at which
the strength of gravity becomes comparable to the other fundamental interactions.
Assuming no new physics enter up to this scale the bare mass of the Higgs boson
has to be close to the Planck scale. Actually, the bare mass has to almost perfectly
cancel the enormous loop corrections, so that the mass of the Higgs boson is observed
at the low scale of about 125 GeV. This procedure is referred to as fine-tuning and

is considered unnatural.

e Unification of forces: The unification of the electromagnetic and the weak forces
suggest that there might be a single theory, a Grand-Unified- Theory (GUT), that can
describe all three forces. To achieve this, the coupling strength of the interactions
are expected to have the same magnitude at some high energy scale. This is not
observed in the SM.

A large variety of so-called beyond the Standard Model (BSM) theories has been proposed
that address some of these shortcomings. A class of these theories are the previously
mentioned GUTs. Generally, grand unification achieves the description of the U(1)y ®
SU(2)r, ® SU(3)c gauge interactions as a part of a larger, unifying gauge symmetry that
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is spontaneously broken at a high energy scale. One of the more basic theories is the
Georgi—Glashow model [52], which combines leptons and quarks in a single irreducible
representation and embeds the SM in a SU(5) gauge group. A discussion of some other
common GUTSs can be found in [53]. Another class of theories are so-called compositeness
models, which generally assume that (some of) the SM particles are not fundamental
objects but consist of new elementary particles. The most common of these theories are
composite Higgs models [54-57], which are motivated by the concept that the generation
of mass is described by a more fundamental theory. However, the most popular class
of BSM theories are based on Supersymmetry (SUSY). An overview of supersymmetric

extensions of the SM is given in the following section.

2.3 Supersymmetry

The idea to relate fermions and bosons by an additional symmetry originated in the
early 1970s [58-60]. The first consistent supersymmetric quantum field theory in four
dimensions was developed by Wess and Zumino in 1974 [61]. In 1981, the first realistic
SUSY model was proposed that is not in conflict with experimental observations [62]. This
Minimal Supersymmetric Standard Model (MSSM) received wide attention as the theory
solves, among other shortcomings of the SM, the hierarchy problem. In this section, an
introduction to SUSY is given, with the focus on the MSSM. Further detail can be found
in [63,64].

SUSY postulates a symmetry between fermions and bosons: A supersymmetry trans-
formation () turns a fermionic state into a bosonic state, and vice versa. These related
particles are called superpartners. The superpartners have identical quantum numbers,
including the mass, but apart from their spin, which differs by a half-integer. However, if
the superpartners had equal mass they should have been discovered. Thus, SUSY must
be broken.

Furthermore, a general supersymmetric theory violates lepton and baryon number con-
servation. This would lead to phenomena like the decay of the proton, which has not been
observed [65]. This, as well as other processes [66-68], give strong constraints and the vi-
olation of lepton and baryon numbers must at least be strongly suppressed. Accordingly,
many SUSY models demand the conservation of a new, multiplicative quantum number,

called R—parity, which is given by
R = (—1)3B-1)+25 (2.16)

Here, B and L correspond to the baryon and lepton number, respectively, and S denotes
the spin. R—parity takes on very intuitive values: SM particles have even R—parity
(R = 1), whereas supersymmetric particles, or sparticles for short, have odd R—parity
(R = —1). Even though a variety of R—parity violating theories are compatible with
experimental observations [69-71], R—parity is assumed to be an exact symmetry in the
scope of this thesis, since this has a beneficial phenomenological consequence: The lightest

supersymmetric particle (LSP) is stable. If this particle only interacts weakly with ordi-
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nary matter, it is an attractive candidate for DM. Another consequence is that sparticles
can only be produced in even numbers by collider experiments, typically in pairs. Each of
the produced sparticles subsequently decays to SM particles and an odd number of LSPs,
usually just one.

Most importantly, a candidate particle that complies with the properties of DM is not
the only shortcoming of the SM that SUSY provides an solution for. SUSY solves the
hierarchy problem in a very natural way. The quadratically divergent contributions to the
Higgs mass cancel since the radiative corrections from the superpartners have opposite
sign®. In Fig. 2.4, the Feynman diagram of the one-loop contribution to the Higgs mass
from the superpartner of the top quark is shown. If SUSY was not broken, this diagram

would exactly cancel the contribution from the top quark loop shown before in Fig. 2.3.

Figure 2.4: Feynman diagram of the one-loop quantum correction to the Higgs mass arising
from the superpartner of the top quark.

But even if SUSY is broken, a variety of so-called “soft” breaking mechanisms have
been postulated so that only logarithmically divergent terms remain. These divergencies
can be treated by renormalization as necessary in any QFT [21]. Some common examples
of soft SUSY breaking scenarios are given in Section 2.3.1 in the context of the MSSM.
In any case, it is important that the masses of certain superpartners do not deviate too
much. Otherwise, the renormalization of the logarithmic terms can introduce additional
fine-tuning. Based on so-called “naturalness” considerations, which are discussed in more
detail in Section 2.3.2, this can be used to derive upper thresholds on the masses of the
sparticles.

Interestingly, certain SUSY models naturally provide a solution to the unification of the
gauge couplings, assuming sparticle masses of O(1TeV) that solve the hierarchy problem.
This is shown in Fig. 2.5 for the MSSM, which modifies the couplings with respect to the
SM when loop contributions from sparticles are expected. The MSSM provides just the
right number and properties of particles to achieve unification at a scale of about 106 GeV.
This is often understood as a strong hint for a GUT.

Furthermore, some supersymmetric models require the introduction of a new gauge
boson with spin 2 that can be identified with the hypothetical graviton [72,73]. This
class of theories are referred to as supergravity and, although no consistent description of
gravity as a QFT has been achieved yet, these theories provide further understanding of
the nature of gravity. In any case, the most popular string theories assume the realization
of SUSY [74]. String theories aim to describe all forms of matter and its interactions based

on a self-contained model, which is commonly characterized as a “theory of everything”.

3Bosonic loop contributions have positive sign, whereas fermionic contributions have negative sign.
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Figure 2.5: Comparison of the inverse gauge couplings o~ 1 as a function of the energy
scale @ in the Standard Model (dashed lines) and the MSSM (solid lines). In the MSSM
case, the sparticle masses are treated as a common threshold varied between 750 GeV and
2.5 TeV [64].

Finally, SUSY provides in principle additional sources of CP violation that could explain
the matter-antimatter asymmetry in the universe. However, there are strong experimental
constraints on these processes [64].

In Section 2.3.1, a more detailed discussion of the MSSM and its particle content is
given since it is often considered as the most favorable supersymmetric theory. Based
on naturalness arguments, the expected mass range of the sparticles in the MSSM are
discussed in Section 2.3.2. These arguments also used in Section 2.3.3 to justify the

widely used tool of so-called simplified models that do not represent a full theory.

2.3.1 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model is a feasible extension of the SM since
it does not conflict with known phenomenology. It is minimal in the sense that only
one supersymmetry transformation is introduced, which essentially doubles the particle
content of the SM so that every SM particle has a superpartner. In order to be a consistent
theory, a second Higgs doublet is required to avoid so-called gauge anomalies [21], such
as divergent loop contributions to trilinear couplings of the gauge bosons. Furthermore,
both doublets are necessary to give mass to the particles, as discussed below. An overview
of the particle content described by the MSSM is given in Fig. 2.1.

The superpartners of the SM fermions are scalar (spin 0) bosons. To distinguish these
scalars from the SM particles the prefix “s” (scalar) is added to their name, resulting in
sfermions, or more specifically, in squarks and sleptons. This naming scheme is carried
on to the individual particles (selectron, smuon,...), while a tilde is used for the symbol
(é, [1,...). As a consequence of the parity-violating nature of the weak interaction, left-

and right-handed fermions have individual superpartners. These sparticles are commonly
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Type Spin Mass eigenstates +— Weak/Gauge eigenstates
iL, iR, dr, dr
Squarks 0 SL, R, CL, CR
t1, ta, by, by — tr, tr, by, br
€L, €R, Ve
Sleptons 0 Br, PR, Uy
Ti, T2, Ur — TL, TRy Ur
Neutralinos || 1/2 W, X9, X9, X0 — B, W°, HY, HY
Charginos 1/2 T, xG s W=, H}, I:Id_
Gluinos 1/2 g

Table 2.1: The supersymmetric particles of the MSSM. Sfermion mixing for the first two
families is assumed to be negligible. Adapted from [64].

referred to as left- and right-handed sfermions* (e.g., €1, €r). The gauge interactions of
the sfermions are the same as for the corresponding SM particles, and only left-handed
sfermions couple to the W boson.

Similarly, the superpartners of the gauge bosons are fermions with spin 1/2, which are
named with the additional suffix “ino”. The symbol of the gauginos is also supplemented
by a tilde so that the superpartner of the W boson is the wino W etc.

As in the SM, the masses of the gauge bosons arise from the BEH mechanism, but in
the MSSM, two Higgs doublets H, = (H,, HY) and Hy = (HY), H; ), are required to give
masses to the up-type and down-type quarks, respectively. This gives rise to five physical
Higgs bosons®, two of which are charged H* and three are neutral bosons (h?, H?, AY).
Furthermore, four higgsinos are postulated. The light neutral Higgs boson h° can have
similar properties to the SM Higgs boson for a significant region of parameter space, for
example if the masses of the remaining MSSM Higgs bosons are large [75,76]. The necessity
of two Higgs doublets also introduces two vacuum expectation values (v, v4), which are
free parameters of the model and usually specified as tan 3 = v, /vg. Interestingly, the
MSSM provides an upper threshold on the mass of the lightest Higgs boson, which can
be at most equal to the mass of the Z boson at tree level and has to be less than about
135 GeV taking radiative corrections into account [77]. Although this is consistent with the
observed mass of the Higgs boson of about 125 GeV, the high level of radiative corrections
requires that top squarks are significantly heavier than top quarks, which is in tension
with providing a solution for the hierarchy problem.

Similar to the SM gauge bosons, the gauge eigenstates of the gauginos are not identical

to their mass eigenstates. In the MSSM, mixing is not just limited to the gauginos but

AThere are no left- or right-handed sfermions since they are bosons.
SEach component of the doublet is an complex scalar field, which have in total eight degrees of freedom.
Three of these give mass to the gauge bosons, resulting in five physical Higgs bosons.
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higgsinos also contribute. The four neutral fermionic superpartners (BO, wo, lEIS, lEIC(l))
mix to four neutralinos X°, which are ordered with increasing mass. Thus, if R—parity
is conserved, X{ is often assumed to be the LSP® and it is an excellent candidate for
DM. Furthermore, the physical mass eigenstates of the charged gauginos and higgsinos
(Wi, ﬁj, I:Id_) are two pairs of charginos Y*.

Generally, the MSSM also allows for mixing of the different generations of sfermions.
This would lead to lepton flavor violating decays (e.g., p — e7), which have not been
observed [80]. Similarly, squark mixing outside the generations is strongly constrained by
measurements of neutral kaon mixing [81]. Based on these observations, mixing of different
generations is typically not considered in the MSSM, whereas mixing of the left- and right-
handed sfermions within a generation can still occur. This mixing can usually be neglected
for the first two generations since it is proportional to the mass of the corresponding SM
fermion [64]. This is further motivated by tight constraints on flavor changing neutral
currents (FCNC) [82,83]. However, due to the high mass of the third generation particles,
significant mixing is expected for top and bottom squarks, as well as for staus, which can
lead to very different masses of the mass eigenstates.

As mentioned in the previous section, the Higgs mechanism provides identical masses for
both superpartners, which is not conform with observations. The solution to this problem
are soft breaking mechanisms that give additional mass to the sparticles. Typically, these
scenarios assume that the SUSY breaking happens in a “hidden sector” that has no or only
very small direct couplings to the “visible sector”. The actual SUSY breaking mechanism
is unknown, but both sectors share some interactions that give rise to the soft breaking
of the visible sector [64]. In two of the most common SUSY breaking scenarios, the
breaking is mediated from the hidden to the observable sector by either additional gauge
interactions (gauge-mediated breaking) [84-88] or by gravitational interactions (gravity-
mediated breaking) [72,89)].

The choice of a specific breaking scenario can also have a significant impact on the the-
ory and its phenomenology. The MSSM including soft SUSY breaking has more than 100
free parameters (masses, couplings, mixing angles, etc.), which may not give the impres-
sion that the MSSM is a fundamental theory. This number of parameters is drastically
reduced by many SUSY breaking scenarios. One of these models is the Constrained MSSM
(CMSSM), which is a supersymmetric GUT with gravity-mediated SUSY breaking [90-92].
In this breaking scenario, only five free parameters remain. However, data from precision
measurements at the LHC, as well as direct searches for SUSY and astrophysical obser-
vations put strong constraints on this model and it is almost excluded [93]. Another
important phenomenological aspect is that many of these breaking scenarios postulate
that the squarks of the first and second generation are mass degenerate, including both
different quark spin states [64]. Following this suggestion, many SUSY models assume
that all eight light squarks (ap, /R> CZL /Rs CL/Rs SL/ r) are mass-degenerate and the short

notation ¢ is introduced, which does explicitly not refer to top and bottom squarks.

5There are a variety of models that assume a gravitino LSP [78]. Sneutrino LSPs can be excluded from
measurements of the decay width of the Z boson at LEP, apart from more complicated models with
right-handed (“sterile”) neutrinos [79].
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2.3.2 Natural Supersymmetry

A good physical theory provides natural explanations of experimental data and observa-
tions [94]. In particle physics, the hierarchy problem is typically understood to play a
crucial role in naturalness considerations. This is especially true in the MSSM since one
of its main motivations is to solve the hierarchy problem. However, SUSY is broken if
it exists, providing the need for fine-tuning as a result of imperfect cancellations of the
radiative corrections to the Higgs mass. Requiring only a moderate amount of fine-tuning,
provides thresholds on the mass of some of the undiscovered MSSM particles that give
rise to the largest radiative corrections. This section provides a quantitative overview of
the mass spectrum of a natural MSSM.

As mentioned in the previous section, in the MSSM, there is a direct relation between
the mass of the Z boson and the Higgs boson, which can be derived from the MSSM Higgs
mechanism. An tree level, this relation is given by [94]

m%ld — m%{u tan®

2 2
=2 —2u”. 2.17
Mz tan? 3 — 1 ( )

A natural theory implies that both terms on the right hand side are of comparable magni-
tude with respect to mz so that no large cancellations occur. Thus, 1 has been suggested
as asimple, yet efficient measure of naturalness [95]. Since p also determines the higgsino
masses [64], naturalness suggests that higgsinos are light and their mass is in the order of
the electroweak scale. This implies that there should be (at least) two light neutralinos
and one pair of light charginos [96].

In order to quantify the level of fine-tuning often the measure A is used [97], which is

based on Eq. (2.17) and is given by

2 , 2
Jlnm7 a; Omy

Olna;

A= ‘ , A = max A;. (2.18)

mQZ Oa;

The sensitivity parameter A; reflects the dependence of my as specified in Eq. (2.17) on
a fundamental parameter a; of the model. However, A is not an intrinsic measure but a
rather phenomenological approach. As such, there is no limit on which values of A are
still acceptable as natural. For many years A was set to 10, which corresponds to about
10% fine-tuning, but after recent results of the LHC, 100 or even 1000 are often considered
as reasonable values [64].

For the example mentioned above, this means that in the case of large tan 8 the sensi-

tivity parameter is given by [98]

2
m
9 Hu 11

my

Ay~ . (2.19)

This equation illustrates that naturalness considerations have to take radiative corrections
into account since the mass of the Higgs boson my, is highly sensitive to loop corrections.

As a rule of thumb, loop contributions from sparticles are as important as the contributions
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from their SM partners as both effects are expected to cancel to a large part. By far the
largest loop contributions arise from top squarks, so naturalness requires strict limits on
their mass of typically a few hundred GeV. The stop mass in turn receives corrections
from gluinos, providing a natural limit on the gluino mass in the order of TeV. The second
largest one-loop contributions to the Higgs mass is expected from winos, so their mass is
expected to be of the same order of magnitude as the top squark mass. Bottom squarks
are already significantly less important for naturalness but because of transformation
properties of the SU(2) multiplets, the left-handed bottom squark should have a mass
similar to the one of the left-handed top squark, so one bottom squark is expected to be
at low mass [99].
Altogether, the minimal requirements for a natural MSSM with A < 10 consist of

[100,101]

e one pair of charginos and two neutralinos with a maximum mass of 200-350 GeV

from mixing of the higgsinos and winos,

e two stop quarks and one bottom squark with a maximum mass of 500-700 GeV,

e the gluinos with a maximum mass of 900-1500 GeV.
The masses of the remaining particles, in particular of the first and second generation
squarks and sleptons, are typically assumed to be in the range of 10-50 TeV. This “decou-
pling” is motivated by experimental observations mentioned in the previous section, like
constraints on flavor violating decays, FCNCs and CP violation [101]. The natural mass

spectrum is summarized in Fig. 2.6.
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Figure 2.6: A typical mass spectrum of undiscovered MSSM particles motivated by nat-
uralness considerations. The colored boxes indicate probable mass ranges of the light
sparticles, whereas the remaining particles decouple from the spectrum.
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All in all, the concept of naturalness helps to answer two important questions directly
related to the MSSM. First, the masses of the sparticles are unknown parameters of the
theory since the exact breaking mechanism is not known. As mentioned before, natural-
ness considerations can be used to constrain some of these masses. Second, with a large
parameter space as in the MSSM, it is impossible to prove that SUSY does not exist. If
the well-motivated, natural MSSM parameter space has been ruled out, this might provide

some hints that the MSSM is generally disfavored as a theory.

2.3.3 Simplified Models

Historically, the interpretation of a search for SUSY was performed in a model-dependent
framework [99]. This maximizes the sensitivity, as all potential production channels and
final states of a model are taken into account. The results, however, are very difficult to
reinterpret in terms of another model. A solution to this problem are so-called simplified
models [102], which provide a simple tool to search for SUSY signatures. The interpreta-
tion in simplified models is not specific to supersymmetric theories but the application in
MSSM interpretations lends itself from naturalness considerations, as discussed below.

Simplified models focus on a single production mode and a single, typically only one- or
two-step, decay chain to a final state relevant for a given model or analysis. Accordingly,
only a few BSM particles are considered, while the rest is assumed to be decoupled from
the spectrum. Thus, simplified models cannot capture all details of a theory but they
are constructed to reflect the most important properties of a given model. A simplified
model can then be described by a small number of parameters that are directly related to
physical observables, such as the masses, production cross sections or branching fraction
of the BSM particles. This is especially useful in the case of SUSY scenarios, which usually
have a high number of free parameters so that it is impossible to interpret the results of
a search in the full parameter space of the theory.

Even though simplified models are not model-independent, they often allow a rein-
terpretation in terms of a completely different theory, as long as similar final states are
expected [102]. An example are searches in events with jets and missing transverse mo-
mentum (see Chapter 3), which are expected in a variety of SUSY and other BSM theo-
ries [102,103]. Generally, simplified models have the following intended applications [102]:

e Identifying the boundaries of search sensitivity: Any search needs to include
a clear identification of the boundaries of sensitivity. An important example is the
dependence of the signal event selection efficiency on the mass difference between
a parent particle and its decay products since this has often has a large influence
on the kinematic properties of a final state. This information helps to identify well-

motivated model scenarios for which existing search strategies are not efficient.

e Characterizing new physics signals: If evidence for BSM physics is observed,
it is important to characterize the range of masses, decay topologies and possible
particle quantum numbers that can result in the observed deviation from the SM
expectation. Based on this, the consistency of a given signal model or full theory

can be evaluated.
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e Deriving limits on more general models: Typically, a full model can be approx-
imated by a superposition of simplified models, weighted by their respective cross
section and branching fraction. This procedure provides weaker constraints than the
direct interpretation of the results since typically not all potential final states are
covered by simplified models but it permits a fast and simple study of viability of
theoretical models. Examples for well-established software tools for reinterpretations
are [104,105].

As mentioned in the introduction to this section, the interpretation of a full supersym-
metric theory is motivated by naturalness considerations. In Section 2.3.2, it was discussed
that naturalness requires that only a few sparticles are at low mass, while the rest of the
particles are decoupled and assumed to be at high mass (see Fig. 2.6). Thus, the majority
of the sparticles is not accessible at current particle collider experiments and the natural
MSSM spectrum can be described in a few simplified models. This is illustrated in Fig. 2.7,
where, based on a certain natural mass hierarchy, a variety of potential decay processes of

the sparticles is shown, that can be used to define simplified models.
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Figure 2.7: Assuming a certain, natural mass hierarchy of the sparticles, a variety of
potential decay scenarios can be defined that in turn motivate simplified models [106].

To give an example, this figure suggests that one of the scenarios that can be used
to test the full MSSM are events with gluino pair production (pp — §g). The scenario
can then be specified in the simplified models where each gluino decays according to
g — ttxy, § — bbx§ or § — tl_))ﬁc, followed by a decay of the chargino to the lightest
neutralino (ﬁc — Wif(?). Typically, the results of a given search are then used to derive
exclusion limits on the simplified models as a function of the mass of the gluino and
the neutralino, individually for each of the three models, or by combining them with more
realistic branching fractions. This allows to derive constraints on the full model or helps to
identify certain parameter ranges that the search is not sensitive to, as discussed before.
In the next chapter, the simplified models corresponding to a natural, supersymmetric

theory are used to devise general strategies of searches for SUSY.






3 Phenomenological Aspects of Supersymmetry and
Searches at the LHC

Before the LHC, many direct searches for supersymmetric particles were performed at
collider experiments like LEP (at a center-of-mass energy of up to /s = 209 GeV) and
Tevatron (up to /s = 2TeV). Neither of those experiments observed any SUSY-like
signals, instead lower limits on the sparticle masses of up to a few hundred GeV were
established [107-113]. The sensitivity of searches for sparticles was greatly extended by
the LHC experiments in Run I at a center-of-mass energy of up to 8 TeV, yet no sign for
SUSY was observed, extending the limits on colored sparticles up to the 1 TeV range and
also improving the lower mass limits for weakly interacting sparticles. As discussed in
Section 2.3.2, SUSY masses at the scale of up to a few TeV are still highly motivated and
as such are within the reach of the experiments at the LHC in Run II with its unsurpassed
center-of-mass energy of up to 14 TeV.

Evidence for potential supersymmetric particles can show up in a variety of observations.
Apart from direct searches at collider experiments described in this chapter, several indi-
rect constraints on SUSY can be derived. Some of these constraints arise from processes
that are rare or forbidden in the SM but receive contributions from sparticle loops [64].
Some supersymmetric models predict, lepton flavor violating decays (see Section 2.3.1),
virtual corrections to the fraction of hadronic Z decays with bb pairs (Rp) or the anoma-
lous magnetic moment of the muon [114-116]. Furthermore, astrophysical observations
can put constraints on SUSY based on the dark matter relic density or direct detection
of dark matter [117-124]. However, those experiments are no substitute for the direct
detection of sparticles and subsequent, detailed measurements of their properties in case
of an usually there are a variety of BSM theories that are in principle able to explain any
possible deviations in the indirect searches.

This chapter provides an overview of potential experimental signals at the LHC collider
experiments, motivating and justifying the design and execution of the search for SUSY
introduced in Chapter 7. To that end, Sections 3.1 and 3.2 start with an overview of the
most likely production and decay channels of sparticles at hadron colliders. This informa-
tion is then used to characterize the expected kinematics of supersymmetric final states
(Section 3.3) and, based on these conclusions, potential search strategies (Section 3.4) are
derived. Finally, this chapter concludes with a short summary of results from previous
searches for SUSY from LHC Run I at /s of 7 and 8 TeV (Section 3.5), which are the

foundation for the design of any further searches.
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3.1 Production of Supersymmetric Particles

Since this section focuses on the production of supersymmetric particles at the LHC, only
gluons and (anti-)quarks are considered as initial state particles. Furthermore, this thesis
focuses on R-parity conserving models, thus, the dominant production mechanism is via
the strong interaction and leads to pair production of squarks and gluinos. These processes

can be summarized as

99 — 39, 44, 99 = G4,
qq — §9, 44, qq9 — 44, (3.1)

and are illustrated in Fig. 3.1. Furthermore, direct searches for sleptons, charginos and
neutralinos are performed at the LHC, but the cross sections for these processes are only
of electroweak strength:

9q — Xt X% ud = xR, ud = XX,

qq — 070, ob, ud — 07D, ad — 0. (3.2)

For simplicity, the generation index is omitted in expressions (3.1) and (3.2), as well as
the chirality of the particle, if applicable. Analog to the SM, only left-handed squarks and
sleptons! couple to the W boson.

The analysis presented in this thesis focuses on the strong production of sparticles, which
is motivated by the fact that those processes generally have the highest cross section at
the LHC, as shown in Fig. 3.2. In these figures, the eight? squarks of the first and second
generation are assumed to be mass-degenerate and referred to as light squarks, simply
denoted as ¢, which is a typical assumption in the MSSM (compare Section 2.3.1). As
one can see in the figures, the pair production of gluinos and/or light squarks has the
highest cross section. The production cross section for top squarks is about an order of
magnitude lower since the t-channel diagrams with gluino exchange are highly suppressed
by PDF effects as top quarks are required in the initial state. Furthermore, the production
cross section for light squarks is increased by the degeneracy mentioned above. Finally,
the cross section for pair production of charginos, neutralinos and sleptons are additional
orders of magnitude lower than the one of strongly-interacting sparticles.

In Fig. 3.3, the importance of the center-of-mass energy for the discovery of potential
heavy new particles is illustrated. The upgrade of the LHC to /s = 13 TeV in Run II
further increases the sensitivity of searches for heavy sparticles since the production cross
section increases as a function of /s for a given particle mass. In particular searches for
potential high mass particles benefit from the upgrade: Compared to Run I, the cross
section for gluino pair production increases by a factor of about 46, considering a mass of
1.5 TeV, but for a 2.5 TeV gluino, the relative increase is more than 2700.

1Strictly speaking, there are no left-handed squarks and sleptons since they are bosons, but this is a com-
monly used denotation of superpartners of left-handed quarks and leptons, as discussed in Section 2.3.1.
2The two different quark spin states are also assumed to be degenerate.
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Figure 3.1: Feynman diagrams for the production of squarks and gluinos at lowest order

[64]. In these diagrams, the notation * is used for supersymmetric partners of antiparticles,

so that ¢ and ¢* both refer to an anti-squark.
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Figure 3.3: The cross section for gluino, stop and light squark pair production as a function
of the center-of-mass energy /s and for different masses of the sparticles [126].

Accordingly, even though no sign of a potential supersymmetric signal was observed
in Run I, the significant increase in sensitivity of searches using data recorded in Run
II motivates that well-established analyses, which cover a broad spectrum of possible
realizations of SUSY, have once again high prospects of success in discovering SUSY if it

exists.

3.2 Decay of Supersymmetric Particles and Resulting Final
States

In order to design a search for supersymmetric particles, it is important to analyze their
potential decay modes. In Fig. 3.4, eight potential decay channels of gluinos and squarks
are depicted that the search for SUSY discussed in this thesis is sensitive to. Since in
each of the figures, the formalism of simplified models is used (see Section 2.3.3), only
a few sparticles are considered for each of the models and the masses of the remaining
sparticles are assumed to be significantly higher so as to decouple them from the spectrum.
By comparing and analyzing a variety of different decay chains, it is possible to derive
a general overview of the expected final states of a full supersymmetric theory. This
knowledge can be used to find similarities in the individual topologies and characterize

them on the basis of event level observables, discussed in the next section.
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Figure 3.4: Feynman diagrams for simplified model signal scenarios [1-3]. The models
names are given in parenthesis.
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As a representative example, four of the illustrated simplified models are discussed in

more detail:

e Fig. 3.4 (a) shows gluino pair production, with each gluino decaying to a light quark,

an anti-quark of the same flavor and the lightest neutralino ¥J. The remaining spar-
ticles are decoupled from the spectrum and, because of R-parity conservation, the
neutralino does not decay further. For simplicity, the hatched circle represents the
potential production channels of the gluinos (pp — §g), discussed in the previous
section. In the full MSSM, one of the preferred decays of the gluino is to the su-
perpartner of a light quark ¢ and a light quark of the same flavor (§ — ¢q), which
is then followed by a decay of the squark to another light quark and a neutralino
(G — qx?). Since the squark is at high mass in this simplified model, this two step
decay is replaced by a three-body decay (g — qqf((f), where an effective coupling
is introduced. In total, the final state adds up to four light (anti-)quarks and two
neutralinos. Depending on additional effects like the kinematic distribution of the
jets, additional hadronic activity in the event or inefficiencies of the detector, this
final state can be observed as >0 jets and an imbalance in the transverse momen-
tum. This missing transverse energy is a result of the neutralinos because they only
interact weakly and leave the detector unseen. The exact number of jets that can be
observed depends on the momentum and angular distribution of the quarks in the

final state.

Fig. 3.4 (c) also shows gluino pair production, but this time both gluinos decay to a
top/anti-top pair and a neutralino. Thus, the final state consists of four (anti-)top
quarks and two neutralinos. Depending on the decay channel of the top quarks, this
final state can be observed as >0 leptons, >0 jets and missing transverse energy.
The origin of the leptons and jets is the almost exclusive decay of the t quarks to a
b quark and a W boson (t — bW). The W boson then further decays hadronically
(W — q¢') or leptonically (W — fv). In general, more jets than in the previously
described example are expected since each top quark can be observed as up to three

jets.

In Fig. 3.4 (f) only the top squark and the neutralino are at accessible energies, so a
pair of top squarks is produced (pp — #f). Accordingly, both top squarks decay to
a top quark and a neutralino (f — t;Z(l)). As before, from a detector point of view,
one expects >0 leptons, >0 jets and missing transverse energy, depending on the
decay channel of the top quarks. Usually more jets are observed than in models with
light or bottom quarks in the final state but less jets than in gluino pair production

processes with four top quarks in the final state.

The final state in Fig. 3.4 (h) is similar to Fig. 3.4 (a) but it is slightly more compli-
cated since there are two intermediate steps in the decay of the gluino. The gluino
does not directly decay to the neutralino but either to two same flavor light quarks
and the second neutralino (§ — qqig), or to a light up and down type quark and
the lightest chargino )Zli (g —qd )Zli) The neutralinos or charginos then decay to
a neutralino by emitting a Z or W boson (X3 — Zx¥, )Zli — WxY). However, this
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final state, which involves vector bosons, also can be observed as >0 leptons, >0
jets and missing transverse energy, depending on the decay products of the Z or W

boson.

In summary, the simplified models shown in Fig. 3.4, which involve squark or gluino pair
production lead to a final state with >0 leptons, >0 jets and missing transverse energy.
These observables form the basis of any strategy for searches for SUSY, as discussed in

the next sections.

3.3 Characterization and Kinematics of Final States

In order to further categorize signal candidate events, some variables are introduced here,
which will be defined more rigorously in Section 7.3.2. To that end, a general overview of
a variety of potential search variables is given, which all have special advantages. Further-
more, this section discusses the expected distribution of potential signal models in these
search variables, which highly depend on the masses and mass splittings of the considered
SUSY models. Accordingly, searches for SUSY like the one presented in this thesis often
have to make use of a high number of search regions in order to provide good coverage of
potential realizations of SUSY.

One of the most fundamental observables is the number of jets in the event. The jet
multiplicity Ve, helps to distinguish models with top quarks in the final state from models
with only bottom or light quarks, as the first typically leads to a higher number of jets.
Similarly, the jet multiplicity also depends on the signal scenario: models with gluino
pair production typically have more jets in the final state than models with squark pair
production. A variable that describes the overall activity in the event is the scalar sum of
the transverse momenta of all jets, Hp. The missing transverse energy, which has already
been introduced previously, is often denoted as ErTniSS, Fr or p%niss. Both Ht and E%liss
highly depend on the mass spectrum of the considered supersymmetric models. Another
observable that can be used to further classify the event is the number of jets from b quarks
Ny jet since in Fig. 3.4 (b) and (c), jets from b quarks are expected, unlike in Fig. 3.4 (a),
which does not contain any heavy quarks. The experimental identification of these jets
from b quarks is explained in Section 6.2.

These are not the only observables that can be used to characterize a signal candidate
event. Studies involving simulated signal and background event samples have identified
several variables that can be used to distinguish SM background events from potential
signal events so that signal enriched search regions can be defined. Some well-established
examples are the so-called effective mass meg = Hr+ ER [127], which can replace Hr, or
the so-called EMis_significance EMi® /\/Hr, which is for example effective in rejecting QCD
multijet background events [128]. Some other widely used and more sophisticated variables
include My [129,130], ap [131,132] and the so-called razer variables [133,134]. Further-
more, some of those observables focus on a very distinct signal topology and/or exploit
certain kinematic properties. Mo is specifically tailored to identify the pair production of

an unstable particle that decays directly or indirectly to a visible and an invisible part of
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the final state [130]. In the case of SUSY, this can be gluino pair production, where each
gluino decays to two quarks (visible) and a neutralino (invisible), as shown in Fig. 3.4 (a).
The mass of the gluino is then given by the endpoint of the My distribution [129].
Finally, one of the dominant factors that drives the kinematics of an event is the mass
splitting between the pair-produced sparticle and the neutralino, i.e., Am (g, )2(1]) =mg—
Mg Or Am ((j, )Z(l)) = mg —myg, depending on the model. In the case of a two body decay
(compare Fig. 3.4(d)-(f)), the energy of the quark ¢ can be derived from momentum

conservation and is given by

ome (3.3)
in the center-of-mass frame of the squark ¢. Including the Lorentz-Boost to the lab frame,
this means that, on a qualitative basis, the higher the mass splitting of the sparticles the
more energy gets transferred to the quark and more Hrt is expected. In contrast to that,
in so-called compressed models, which are characterized by a low mass splitting, typically
less H is expected since more energy is transferred to the neutralino.

Furthermore, in these compressed models, it is possible that a large fraction of the
neutrino momentum cancels, which significantly reduces the missing transverse energy,
as illustrated in Fig. 3.5 (a). The gluinos are produced back to back in the transverse
plane and since most of the momentum is transferred to the neutralinos, their transverse
momentum is also approximately anti-aligned. This leads to a low Hr, low E?iss final state
and is quite challenging from an experimental point of view because a high yield of SM
background events is expected in this region. Furthermore, a sufficiently high E%ﬂss is often
required to trigger an event (see Section 7.3.3), which also sets a lower limit on Ht since
Emiss is usually® smaller than Hr (see Section 4.2.6). Fortunately, it is possible that these
events have sufficiently high missing transverse energy if there is an additional jet from
initial or final state radiation (ISR/FSR), which boosts both neutralinos into the same
direction, as illustrated in Fig. 3.5 (b). Still, compressed regions remain experimentally
challenging and a substantial decrease in the sensitivity of searches for these models is
expected [135].

3.4 Search Channels and Backgrounds

Based on the expected event topologies, which were discussed in the previos sections, it is
possible to define search channels. According to Section 3.2, the signatures of gluino and
squark pair production are >0 leptons, >0 jets and missing transverse energy. Typically,
each search for SUSY focuses on a specific search channel, defined by the number of leptons
in the final state. The analysis presented in this thesis only selects events without any
isolated leptons but in order to understand the (dis-)advantages of this decision, a brief

overview of the most important search channels is given here.

3This is a technical detail and depends on the exact definition of Hr (compare Section 7.3.2).
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Figure 3.5: Sketches of transverse topology of gluino pair production in case of a small mass
splitting between the gluino and the neutralino Am (g, )Z?) [lustration based on [136].

Zero Leptons

At hadron collider experiments, searches for SUSY are often performed in the multijet and
missing transverse energy final state, i.e., there are no isolated energetic leptons in the
event. This search channel is considered to be the most likely discovery channel of SUSY at
the LHC: It has the advantage that it is sensitive to all final states involving pair production
of sparticles, except for slepton pair production (compare Fig. 3.4) [64]. Furthermore, the
all-hadronic search channel generally has a much larger branching fraction than the search
channels that include leptons but it also suffers from larger standard model backgrounds
[137].

Searches in this final state have SM background contributions from Z(— vv H-jets events,
leptonic tt or W+ jets events, if an event with a charged lepton does not get rejected by
the veto, and QCD multijet events, where the energy of a jet is heavily mismeasured, thus
generating a transverse momentum imbalance. In order to suppress these SM events, each
analysis has additional requirements, which the signal candidate events have to fulfill, e. g.,
QCD multijet events can efficiently be rejected by requiring that the transverse direction
of E%ﬁss is not aligned with one of the jets since the mismeasurement of the jet is directly
related to the missing transverse energy. Most importantly, in order to reduce the SM
background contributions in these kind of searches, a sufficiently high requirement on

ErTniSS has to be introduced, which limits the sensitivity to compressed models.

One Lepton
A second, important search channel at the LHC consist of events with a single, recon-
structed lepton, jets and missing transverse energy, which could provide a good discovery

or confirmation signal at the LHC [64,138]. This search channel is in principle sensitive
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to all models shown in Fig. 3.4 that have a top quark or a vector boson in the final state,
as both of them can decay leptonically. The largest SM background comes from processes
with a leptonically decaying W boson, either in association with jets or from top quark
decays. This background can significantly be reduced by a requirement on the transverse
mass of the W, which is defined as

mr = \/2-pr(0) - B - (1 cos(Ag)), (3.4)

with the angular separation A¢ between the transverse momentum of the lepton pr(¥)
and the missing transverse energy. This quantity is essentially almost less than 100 GeV
miss

if the neutrino from the W decay is the only source of EF™* [139]. Smaller background

contributions arise from events with additional vector bosons or non-prompt leptons [138].

Two Leptons

Advancing to searches with two leptons, especially signatures from leptons with same-sign
charge are very promising. These processes have only small SM background contributions
because the largest SM sources for isolated lepton pairs can only produce £/~ pairs [64,
140]. However, there are also searches in the opposite-sign channel that often use so-called
mass edges [141-148]. The same-sign search channel is sensitive to the models illustrated
in Fig. 3.4 (c), since either the two ¢ or ¢ can decay leptonically, and to Fig. 3.4 (h), since

the decays of the gluinos are uncorrelated and might yield same-sign W bosons.

Three Leptons

Finally, also the three leptons, jets and missing transverse energy final state can be used to
discover or confirm supersymmetric signals from strong production, even though typically
searches in this channel focus on ! 92%[ pair production [141,149]. Actually, this search
channel is preferred for models with gluino pair production in which the two-body decay
of the Y3 via a Z or h is kinematically forbidden (compare Fig. 3.4 (h)), since the Z/h is
most likely to decay hadronically [64]. However, if only the three-body decay Y9 — ¢+ ¢~

%) is allowed the three lepton final state dominates.

The four described search channels sum up the most important discovery channels for
gluino or squark pair production. Usually, several complementary analyses are developed
that target the same channel but each of them sets a different focus. There are some more
generic analysis that target a variety of final states but each of them uses different search
variables and/or experimental techniques, and there are analyses that focus on a specific
simplified model or mass splitting. However, the goal always is to provide some level of

redundancy, while covering as much phase space of potential signals as possible.
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3.5 Results from Previous Searches

In Run I at /s = 8 TeV, analyses in various well motivated search channels were performed,
covering a variety of production and decay processes. Even though no obvious sign of BSM
physics could be found, SUSY at the TeV scale is still highly motivated and, because of
the increased production cross-section at /s = 13 TeV and the resulting higher sensitivity
of searches, the field of potential final states is carefully being scanned and investigated
once again. As a starting point for the design of the search presented in this thesis and
searches for SUSY in general, it is important to consider the current lower limits on the
sparticle masses, develop improvements to the experimental methodology and to prioritize
models based on naturalness considerations (see Section 2.3.2).

Fig. 3.6 shows a representative selection of searches for SUSY with the CMS experiment.
This summary serves as a qualitative guideline for the mass reach in various search chan-
nels, but any direct interpretation has to be handled with care. As typical for simplified
models, a decay branching fraction of 100% is assumed and the uninvolved particles are
decoupled from the spectrum (see Section 2.3.3). Furthermore, for the illustrated sum-
mary arbitrary values of the neutralino mass are chosen that serve as a reference. In one
of the scenarios, a massless LSP is assumed (dark orange), since this scenario typically
provides the highest limit on the mass of the mother particle. Moreover, those limits
always have to be interpreted as an upper bound on the lower mass limit and no theory
uncertainty is included. Still, this summary figure provides an overview of final states and
search channels and visualizes the intensive work the particle physics community has put
into those searches in order to cover as much of the potential kinematic space of SUSY
as possible. In the scope of this thesis, only the first four categories are of interest, i.e.,
the direct production of gluinos, (light) squarks, bottom and top squarks. Among those
four categories, the highest limits are on the gluino mass. Gluinos can be excluded up to
1.0-1.4 TeV if a low mass LSP is assumed. The weakest limit is set on the top squark mass
with an exclusion limit of around 400-600 GeV since the pair production of heavy quarks
suffers from a lower cross-section and the final state can be challenging to distinguish from
SM tt events. A similar figure was produced by the ATLAS collaboration, which is shown
in Fig. A.1. In general, the mass limits are in good agreement with the ones observed by
analyses from the CMS experiment Finally, it should be noted that these upper mass
limits are in slight tension with the postulation of naturalness (A < 10), as discussed in
Section 2.3.2. However, that is not necessarily the case for all simplified model scenar-
ios. In models with compressed mass spectra, the upper limit on the sparticle masses can
be significantly lower because of the more challenging final state (compare Section 3.2).
These effects will be discussed in more detail for gluino and top squark production in the
following two paragraphs. For other simplified models similar behavior is expected and a

complete overview of Run I results is provided in [99].
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Figure 3.6: Summary of exclusion limits of CMS SUSY searches [150]. Strictest exclusion limits for the masses of the mother particles for
misp = 0GeV (dark orange) and (mmother — mLsp) = 200 GeV (light orange). See analysis documentation for details and theoretical assumptions.
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Stop Quarks

Fig. 3.7 shows the exclusion limits of top squark pair production in the —x{ mass plane.
The limit is determined by splitting the two dimensional plane in discrete points, where
the compatibility of the data with the signal hypothesis is evaluated. For each point, the
lowest cross section is calculated that can be excluded at 95% confidence level (C.L.).
If that value is smaller than the theoretical cross section, the point is considered to be
excluded. The dashed line (expected) shows the exclusion limit if the observed data were
consistent with the SM background expectation and the solid line (observed) shows the

actual exclusion by the observed data.
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Figure 3.7: Summary of dedicated CMS searches for top squark pair production based on
data taken at /s = 8 TeV [150]. Exclusion limits in the stop-LSP mass plane are shown.
The dashed and solid lines show the expected and observed limits, respectively. A variety
of decay modes are considered (2, 3, 4 body decays), each with a branching fraction of
100%.

In the case of the direct top squark production, the mass plane can be divided into three
kinematic regions. These are illustrated by the dashed diagonals. For each region, different
decay modes of the top squark are considered, corresponding to different simplified models.
A high mass top squark typically undergoes a two body decay ( — tx}) and the excluded
area has a triangular shape. The excluded region is constrained towards high m;, since
the sensitivity decreases because of the smaller production cross section. The diagonal
(my — mgo = my) is often referred to as the “top corridor”. In this region, the signal
is essentially degenerate to ¢t production and especially difficult to distinguish from this

background [99]. For intermediate masses of the top squark, models with a three body
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decay of the top squark via a virtual top quark (£ — bW)Z(l]) are considered. Finally for
low masses of the top squark, only four-body decays are possible via an additional virtual
W boson. Furthermore, mass limits for £ — cx! models are superimposed in this figure.
This region is constrained towards low m; by the so-called compressed region, i.e., the
region close to the diagonal (m; = mx?), which is especially challenging since the signal
selection efficiency is low (compare Section 3.2). Any of the mentioned diagonals that
separate special kinematic scenarios provide an experimental challenge typically because
of the presence of low ES5 and soft jets or leptons, or large SM background contributions.
In contrast to the exclusion limit at high mgo Or My, which can be extended by analyzing
data taken at higher center of mass energies, the kinematically squeezed regions demand
for special experimental techniques and very elaborate analyses that focus on that special
region.

In any case, the described, extensive coverage of the two dimensional mass plane is only
possible because of a variety of searches that are performed in all easily accessible final
states with varying jet multiplicities and zero, one and two leptons with different signs and
flavors, as well as more specialized searches like the monojet search (yellow), which only
contributes to the very compressed region. Comparing the limits to the one-dimensional
summary shown before in Fig. 3.6, the picture looks quite different. The one-dimensional
histogram only shows the highest exclusion limit on the top squark mass derived from the
two-dimensional scan, which is around 800 GeV. However, in the full scan, one can see that
top squark masses close to the top corridor can be as little as 200 GeV, and still cannot be
excluded easily. More importantly, if the assumptions of the simplified model framework
are dropped, the exclusion limit degrades even more since, the branching fraction of the

investigated final states can be lower.

Gluinos

Finally, Fig. 3.8 shows the exclusion limit on the gluino masses in case only the three-body
decay mode § — ttx) is allowed. Accordingly, the limit is parametrized as a function of
the gluino and the LSP mass and the familiar triangular structure becomes evident. The
maximum limit on the gluino mass of about 1.3 TeV is again quoted by the summary
(Fig. 3.6), but this time the limit extends over the kinematically challenging diagonal,
where the mass of the gluino is equal to the total mass of its decay products. This region
is accessible since the gluino cross section is sufficiently large so even the reduced amount
of Effmss in the final state provides enough sensitivity despite the low signal selection ef-
ficiency [99]. Furthermore, the observed exclusion limits are superimposed in case the
theoretical uncertainty in the production cross section is varied down by one standard

deviation, which typically degrades the excluded mass regions by 50 GeV in this case.
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Figure 3.8: Summary of dedicated CMS searches for gluino pair production based on
data taken at /s = 8TeV [150]. Exclusion limits in the gluino-LSP mass plane are
shown. The dashed and solid lines show the expected and observed limits, respectively,
whereas the dotted lines illustrate the effect on the exclusion limits coming from theoretical
uncertainties in the production cross section. Only the decay mode § — ttx! is considered
with a branching fraction of 100%.

Based on the phenomenological overview of SUSY that was introduced in this chapter,
an all-hadronic search in the jets and EXS final state recorded at a center-of-mass energy
of /s = 13 TeV is introduced in Chapter 7. The results of this search are then summarized
in Chapter 10 and exclusion limits are derived. Finally, Chapter 11 ends with a discussion
of the results, which show a high level of improvement compared to the presented results
at derived from data taken at /s = 8 TeV.






4 Experimental Setup

Particle accelerators are the main basis for modern-day experimental particle physics.
These machines accelerate charged particles to high energies and bring them to collision.
The collision data are used to study the properties and interactions of all particles described
by the SM but also to search for signs of new particles postulated by BSM theories. The
proton-proton collision data analyzed in this thesis were recorded by the Compact Muon
Solenoid (CMS) experiment, which is installed at the Large Hadron Collider (LHC). This
chapter gives an overview of the concept, description and performance of the LHC in

Section 4.1, and the CMS experiment in Section 4.2.

4.1 The Large Hadron Collider

There are two basic types of particle accelerators: linear and circular accelerators [151,
152]. Linear accelerators are typically used for electrons since the limited distance of
acceleration can still provide enough energy for low-mass particles. On the other hand,
electrons lose a significant amount of energy in circular accelerators due to synchrotron
radiation. This effect is exploited in numerous laboratory applications but it is a severe
disadvantage for high-energy physics applications, where the focus is on a high center-
of-mass energy. This problem can be overcome if hadrons are used instead of electrons.
The high mass of hadrons requires a circular accelerator to reach sufficiently high energies
for particle physics applications since the particles can be accelerated in every cycle. The
maximum energy of the particles is limited by the circumference of the accelerator and
the strength of the magnets that bend the particle beam. In fixed target experiments, the
accelerated particles are collided with a fixed target and a detector records the collision by
measuring the properties of the resulting particles. The center-of-mass energy is further
increased by collider experiments, in which two opposing beams are brought to collision.

The LHC [153-155] is a circular hadron collider located at the Furopean Organization of
Nuclear Research (CERN) near Geneva. It has been built inside the tunnel of the former
Large Electron-Positron Collider (LEP) [156-158] and has a circumference of about 27 km.
The LHC was designed to deliver proton-proton (pp) collisions at a center-of-mass energy
of up to /s = 14TeV and heavy ion (lead-lead) collisions of up to /s = 5.5 TeV per
nucleon.

The particle beams are brought to collision in four interaction regions, where the ex-
periments are located. The four main experiments are ALICE (A Large Ion Collider
Experiment) [159], LHCb (LHC beauty) [160], ATLAS (A Toroidal LHC Apparatus) [161]
and CMS (Compact Muon Solenoid) [162]. ALICE is designed to study heavy ion colli-
sions. In these collisions, a special state of matter, the quark-gluon plasma, is produced, in

which quarks and gluons exist in a quasi-free state. LHCDb targets b quark related physics
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such as studies of CP violation, which can provide indirect signs for BSM physics. ATLAS
and CMS are multi-purpose experiments that address a variety of SM physics like the
discovery of the Higgs boson, precision measurements of the top quark mass, as well as
searches for BSM physics. Furthermore, there are three smaller experiments that share the
interaction regions with the main experiments. These experiments are called LHCf (LHC
forward) [163], TOTEM (Total Elastic and Diffractive Cross Section Measurement) [164]
and MoEDAL (Monopole and Exotics Detector at the LHC) [165]. An illustration of the

LHC and its four main experiments is given in Fig. 4.1.

Figure 4.1: Illustration of the LHC and the four main experiments located at the four
interaction regions [166].

In the following, a description of the key aspects of the LHC is given that are relevant for
the analysis presented in this thesis. Thus, the focus is on the operation with proton beams.
The protons are accelerated by a sequence of pre-accelerators until they are injected into
the LHC at a beam energy of 450 GeV. In the LHC, the protons are further accelerated
up to the final energy. The beams are then stored in the LHC and repeatedly brought to
collisions for up to 30 hours. The intensity of the beams decreases during this period so
they are eventually dumped and new protons are injected into the LHC.

First collisions were recorded in 2010 at a center-of-mass energy of /s = 7TeV, which
was increased in 2012 to /s = 8 TeV. This period is commonly referred to Run I A
major technical stop was scheduled for the end of 2012, where maintenance and upgrades
of the LHC and its experiments were carried out. After the shutdown, LHC commenced
operation in 2015 at a center-of-mass energy of /s = 13 TeV, which is referred to as Run
1I. Another technical stop is scheduled at the end of 2018, before Run III is expected to
start in 2021 at the design center-of-mass energy of /s = 14 TeV.

The proton beams are not a continuous flux of particles but they are organized in

bunches. Each bunch contains about 1.15 x 10! protons at peak intensity that are col-
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limated within a length of about 8 cm and a transverse radius as small as 16 pum. The
LHC can store up to 2808 of these bunches, which collide with a rate of 40 MHz at the
nominal bunch spacing of 25ns. Superconducting dipole magnets with a maximum field
strength of more than 8 T ensure the circular orbit, whereas superconducting quadrupole
and sextupole magnets focus the beam in the transverse plane. The acceleration of the
bunches is carried out by radio frequency (RF) cavities, which also guarantee longitudinal
compression of the bunches.

One of the most important parameters for physics analyses at the LHC is the instan-
taneous luminosity L, which is directly related to the rate of particle interactions dN/dt

with the corresponding cross section ¢ by

1dN
L=——. 4.1

o dt (4.1)
Thus, the LHC was designed to deliver a instantaneous luminosity of L = 1034 cm=2s7!
to provide a high rate of interesting processes. In fact, the LHC outperform the design
values in 2016, reaching a maximum value of L = 1.53 x 103*em =251 [167], illustrating
the enormous success of the LHC.

The instantaneous luminosity depends on machine parameters and is given by

nbNb2

Arooy

L=f

F(.,0.,0y) (4.2)

for circular colliders with symmetric beams. The frequency f describes the orbital fre-
z/y further

characterize the transverse profile of the beam. Finally, the function F models the de-

quency of the n, bunches, containing N, protons each. The parameters o

pendency of the instantaneous luminosity on the crossing angle of the two beams 6.
The instantaneous luminosity is measured directly by the experiments at the LHC. Two
common approaches used by the CMS experiment are the pizel cluster counting and the
tower occupancy, which exploit the dependency between the instantaneous luminosity and
number of energy deposits in the pixel detector and forward calorimeter of the detector,
respectively [167]. These methods are calibrated in dedicated LHC setups in so-called Van
der Meer scans, where the transverse positions of the beams are moved with respect to
each other, while monitoring the interaction rate [168].

Furthermore, the integrated luminosity is used to specify the size of a recorded dataset,

which is given by integrating Eq. (4.1) over the data-taking period

Lint = / Ldt. (4.3)

Thus, Liy is referred to as the integrated luminosity. In 2016, LHC delivered a total
integrated luminosity of Ly = 40.8fb~ !, of which Ly = 37.8fb~! were recorded by the
CMS experiment [169]. For the most physics analysis purposes only data can be considered
that was recorded while all detector subsystems are fully operational. This further limits
the available integrated luminosity to about Liy = 35.9 b=t in 2016.



42 4 Experimental Setup

4.2 The Compact Muon Solenoid Experiment

As mentioned before, the CMS experiment [162,170] is a general-purpose detector. As
such, the design goal of the detector is to measure the properties of as many of the
particles produced in a pp collision as possible. Furthermore, a high accuracy of these
measurements has to be achieved in the demanding environment provided by the LHC.
At design luminosity about 10° inelastic scattering events per second are expected. This
requires a high-performing online event selection process implemented as an efficient trigger
system, which only selects events that are interesting for the CMS physics program for
storage and analysis. On average 20 inelastic interactions occur in every bunch crossing.
Typically, only one of these interactions is of physical interest. The remaining, so-called in-
time pileup interactions give rise to about 1000 charged particles that traverse the detector
every 25 ns. This large flux of particles leads to high radiation levels, which require special
detector components and electronics. In order to be able to distinguish the particles
emerging from the process of interest from pileup contributions a high granularity and
therefore high spatial resolution of the detector is necessary, especially for all components
that are close to the point of interaction. To avoid an overlap with contributions from
previous or next bunch-crossings (out-of-time pileup), a fast response of the detector and
a good time resolution of all components is required.

The design of the CMS experiment meets all these requirements, resulting in a cylindrical
detector, which is illustrated in Figs. 4.2 and 4.3. The detector has a length of almost
30m, a diameter of almost 15 m and a weight of approximately 14 000 t. The CMS detector
consists of a variety of subdetectors that ensure a reliable identification of all particles and a
precise measurement of their energy and momentum. These subdetectors are organized in
an onion-like structure, which is divided into a barrel part surrounding the beam pipe and
two endcaps, which are installed perpendicular to the beam axis at either end of the barrel
sections. The innermost subdetector is a silicon-based tracking system, which is used to
reconstruct the trajectories of all charged particles. The tracking system is surrounded by
the electromagnetic and hadronic calorimeters, which measure the energy of electrons and
photons, as well as hadrons. The calorimeters are enclosed by a superconducting solenoid.
The high magnetic field strength of 3.8 T along the beam direction bends the trajectory
of charged particles and guarantees a high momentum resolution. The outermost section
of the detector contains the muon system, which is alternated with solid layers of iron
that act as a return yoke for the magnetic field. The muon system helps to identify and
determine the momentum of muons as all other detectable particles should be contained
within the calorimeters.

In Section 4.2.1, the coordinate system is introduced, which is used to describe the
geometry of the CMS detector and the trajectory of the particles, as well as other important
variables. In the Sections 4.2.2 to 4.2.5, an overview of the CMS subdetectors is given,
again starting from the innermost components. Finally, the trigger system is discussed in
Section 4.2.6.
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Figure 4.3: Longitudinal view of one quarter of the CMS detector. The inner tracking
system is shown in green, whereas the electromagnetic and hadronic calorimeters are
shown in light gray and yellow, respectively. The muon system (light blue) is embedded
in the flux-return yoke of the solenoid (dark gray). Taken from [172].
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4.2.1 Coordinate System and Important Variables

The coordinate system used to describe the geometry of the CMS detector has its origin
at the nominal interaction point, which is in the center of the detector. A right-handed
coordinate system is defined, in which the the z—axis is given by the beam axis. The
transverse plane is defined by the x—axis, which points towards the center of the LHC
ring, and the y—axis, which is orientated in upward direction. For most applications, a
polar (r, ¢, z) or spherical (p, ¢, ) coordinate system is chosen, where r and p correspond
to the radial distance in the x—y plane and in three-dimensional space, respectively.

Since the longitudinal momentum fraction of the interacting partons in the hard in-
teraction is not known (compare Chapter 5), it is useful to rely on a description of the
particles trajectories that is Lorentz invariant under boosts along the longitudinal axis.
To that end, the rapidity y is defined as

1 E+p,
= —1 4.4
y 2n(E_pz), (4.4)

which describes the angular distribution of the momentum of a particle. This definition
guarantees that differences in rapidity are Lorentz invariant [173]. In the ultrarelativistic

limit (p > m), the pseudorapidity 7 converges to the definition of rapidity and is given

’ e (9)] .

The pseodorapidity has the advantage of being independent of the energy of the parti-
cle and only depends on geometric properties, while still providing Lorentz-invariance of
differences in the limit of massless particles or high particle momenta.

Furthermore, the pseudorapidity is used to define a measure for angular separation of

two objects ¢ and j as

ARy = /(i ;) + (61 — 65" (4.6)

Another important observable for the analysis of collision data from hadron colliders is

the transverse momentum of a particle pt, which is defined by

pr = \/])%Tp%/ 7, with # = (cos¢, sing). (4.7)

As mentioned before, the longitudinal momentum of the initial state is not known. How-
ever, the transverse momenta of the initial state partons can be neglected. Thus, momen-
tum conservation requires that the vectorial sum of the transverse momenta of all final

state particles must be equal to zero.

4.2.2 The Inner Tracking Detector

The innermost component of the CMS detector is the inner tracking system, often simply
referred to as tracker. Its main task is a robust, efficient and precise reconstruction of the

trajectories of charged particles with transverse momenta above 1 GeV, including their
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origin vertices. All this has to be done in the challenging environment provided by the
LHC, mentioned before: about 1000 charged particles traverse the detector every 25uns.
In order to be able to reconstruct all these tracks, a high granularity and fast response of
the tracker is required, as well as a high radiation-hardness.

These demands are met by the CMS tracking detector, which is exclusively based on
many units of finely segmented silicon detectors. A charged particle passing through a
silicon sensor causes ionization within the materials. The voltage applied on the sensor
creates a electric field within the material and the free charge carriers drift towards the
readout electrodes. The induced current is used to determine the position of the hit of the
particle. More details about the working principle of these detector elements, as well as
other detector concepts for tracking detectors can be found in [174,175]. Particle hits in
consecutive layers of the tracker are used to reconstruct the trajectories of the particles.
Due to the bending of the trajectory in the strong magnetic field created by the solenoid,
the sign of the charge and momentum per charge of the particle can be deduced from the
reconstructed track. The track reconstruction and the corresponding tracking efficiency
are discussed in Section 6.1.1.

The inner tracking system has a total length of 5.8 m and a diameter of 2.5m and
covers a pseudorapidity range of |n| < 2.5. The pizel detector is installed close to the
beam pipe, which is surrounded by the strip detector. Both components can be separated
in the central (barrel) and forward (endcap) regions, that overlap at |n| ~ 1. A sketch of

the layout of the inner tracking system is given in Fig. 4.4.
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Figure 4.4: Sketch of a half of the inner tracking system of the CMS detector in the r—
z plane. The star indicates the nominal interaction point in the center of the detector.
The single and stereo modules of the strip detector are shown by thin, black lines, and

thick, blue lines, respectively. The pixel modules are illustrated by the red lines. Taken
from [176].

The pixel detector consists of modules with finely segmented pixels that can cope with
the high particle flux close to the interaction point. The following description focuses on

the layout of the so-called “Phase 0”7 pixel detector, which was installed for the commis-
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sioning of the CMS detector since it was still used to record the data considered in this
thesis. The barrel section consists of three cylindrical layers at radii of 4.4 cm, 7.3 cm and
10.2 cm. In each forward region, two disc-shaped layers are installed at |z| = 34.5 cm and
|z| = 46.5cm, each covering the radial distance from 6cm to 16 cm. This results in a
total of 1440 modules and a total of about 66 million pixels. The pixels have a size of
100 x 150 pm?, providing a single hit resolution of about 9.4 pm in the ¢—coordinate and
20-45 pm in z—direction, depending on the incident angle of the particle [176].

The pixel detector was replaced in the “Phase 1” upgrade during the extended technical
stop (EYETS) after data-taking was completed in 2016. This was primarily done to deal
with the increased instantaneous luminosity of the LHC and to generally improve the
tracking performance [177]. An additional fourth barrel layer and third disk were installed,
which guarantees a robust tracking and higher momentum resolution. Furthermore, the
innermost barrel layer is closer to the beam at a distance of 2.9 cm, providing an even better
vertex resolution and increasing the efficiency of b jet identification (see Section 6.2.4).

In the outer regions of the inner tracking system, less granular strip detectors are in-
stalled since the expected particle flux is smaller. The strip detector is subdivided in four
different subcomponents reaching up to » = 116 cm and |z| = 282 cm, which are also in-
dicated in Fig. 4.4. In the barrel region, the tracker inner barrel contains four layers and
the tracker outer barrel six layers. In the forward region, three layers are installed at the
tracker inner discs and nine layers at the tracker endcaps. This results in a total of 15148
strip modules, with a total of 9.6 million strips. The size of the strips is also adjusted
corresponding to the proximity to the interaction point and varies between 10 cm x 80 pm
and 25 cm x 180 pm with the long side in z—direction. This provides a single hit resolution
in the r—¢ coordinate between 23 pm and 53 pm. As indicated in Fig. 4.4, some layers
contain so-called stereo modules, which consist of two strip detector modules tilted by a
small angle with respect to each other. This provides an additional measurement of the
z—coordinate with a resolution of 230-530 pm, depending on the size of the individual
strips.

The inner tracking system of the CMS detector achieves a relative momentum resolution
o(p)/p of 1-5% for tracks with a momentum of 1 GeV-1TeV. For low energetic particles
the resolution is limited by the effects of multiple Coulomb scattering. For high energetic
particles, it is limited by the number of hits for the track reconstruction, the length of the

track and the resolution of the individual hits.

4.2.3 The Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) surrounds the inner tracking system, extends up
to a radius of 177 cm and covers the pseudorapidity range |n| < 3.0. The ECAL consists
of multiple detector elements. The barrel ECAL (EB) and endcap ECAL (EE) are the
main components of the ECAL. Furthermore, preshower detectors (ES) are installed on
the inner side of the EE. A sketch of the full layout is given in Fig. 4.5.

The main task of the ECAL is to absorb electrons and photons and precisely measure

their energy. As for all of CMS subdetectors, the design focuses on a fast response, a
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Figure 4.5: Sketch of a quarter of the electromagnetic calorimeter of the CMS detector in
the r—z plane [170].

fine granularity and a high radiation hardness. This motivates the choice of a hermetic
homogeneous calorimeter made of lead tungstate (PbWOQy) crystals, which serves as the
absorber and the active material. It has a high density of 8.3gcm™2, a short Moliere
radius Ry = 2.2cm, and a small radiation length of Xg = 0.89 cm. The Moliere radius
is a measure for the transverse dimension of an electromagnetic shower. Similarly, the
radiation length serves as a scale to describe the longitudinal scale of electromagnetic
cascades. Furthermore, lead tungstate are clear crystals and emit a blue-green scintillation
light within a short decay time, which allows to collect 80% of the light within 25ns.
These properties of lead tungstate make it an ideal material for a compact and highly
granular ECAL. The scintillation light is detected and amplified by photodetectors. These
components also have to be fast, radiation tolerant and insensitive to the high magnetic
field. These requirements led to the choice of avalanche photodiodes in the barrel and
vacuum phototriodes in the endcap regions.

The EB is installed at a radius of 129 cm and covers the central region of the detector
up to |n| < 1.479. It contains 61200 crystals with a cross section of about 22 x 22 mm?,
which are arranged in an 7 X ¢ grid. The crystals are 230 mm long, which corresponds
to 25.8 radiation lengths. The EE are mounted at a distance of |z| = 315.4cm and cover
the range from 1.653 < |n| < 3.0, which leaves a small gap in between the EB and the
EE. Each endcap disk contains 7324 crystals, which are arranged in an = x y grid. These
crystals have a larger cross section than the ones in the EB (28.6 x 28.6 mm?) and are
slightly shorter (220 mm). All crystals in the EB and EE are installed so they almost
point to the interaction point but are tilted by a small angle to ensure that a particles
trajectory cannot traverse right in between two crystals.

The preshower detectors cover the pseudorapidity region 1.653 < |n| < 2.6 and primarily
aim to identify neutral pions, which almost exclusively decay to two photons. Furthermore,
they also improve the spatial resolution for electrons and photons. The preshower detector
is a sampling calorimeter with two active layers. Lead is used as a passive material with
high density, which initiates electromagnetic showers. Silicon strip sensors are placed after

the passive material to measure the deposited energy and the transverse shower profile.
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The total thickness of the material of the preshower detector is 20 cm, which corresponds
to about 3 radiation lengths.

The energy resolution of the ECAL has been measured in electron test beams and is

given by [162]
<0(E>>2_ _28% 2+ <12%>2+(0 3%)? (4.8)
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The first term is referred to as the stochastic term and describes statistical fluctuations

in the lateral shower development and in the scintillation light emitted by the crystals.
The second term models noise from the electronics and pileup, while the constant term is
related to the calibration of the calorimeter and non-uniformity of the crystals. Generally,
the homogeneous ECAL of the CMS detector achieves a very high performance with

respect to similar experiments.

4.2.4 The Hadronic Calorimeter

The hadronic calorimeter (HCAL) encloses the ECAL and is based on the design of a
sampling calorimeter. The focus of this subdetector is to absorb hadrons and measure
their energy. Its components are the barrel (HB), endcap (HE), outer (HO) and forward
(HF) hadronic calorimeter, covering a pseudorapidity range of |n| < 5.2. A sketch of the
full layout is given in Fig. 4.6.
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Figure 4.6: Sketch of a quarter of the hadronic calorimeter of the CMS detector in the r—z
plane. The purple segments are part of the muon system [162].

The HB covers the central region of the detector up to |n| < 1.3. Its radial dimensions
are strictly limited by the ECAL and the solenoid, so the focus is on a material with
a short nuclear interaction length A, which is a measure for the longitudinal scale of a
hadronic shower. The passive material is made out of brass, which also has the benefit

that it is not magnetic. For the inner- and outermost layers, stainless steel is used for
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additional structural stability. The active material consists of tiles of plastic scintillator,
which are segmented in 0.087 x 0.087 in 17 x ¢. The emitted light is processed by wavelength
shifting fibers, which bring the light to hybrid photodiodes for readout. The total absorber
thickness depends on the incident angle and varies between 5.82 A at || = 0 and 10.6 A at
In| = 1.3. The ECAL in front of the HB adds about 1.1 A of material.

Since the thickness of the HB is not enough to contain showers from high energy hadrons,
the solenoid is used as an additional absorber. The HO is mounted outside the solenoid
and contains another layer of scintillator to identify late starting showers and to measure
the shower energy deposited after the HB. In the very central region, where the thickness
is lowest due to the small incident angle, another layer of iron and a second layer of
scintillating material is added. This increases the total depth of the calorimeter system to
a minimum of 11.8 A in the barrel region of the detector.

The HE follows a design similar to the HB, and extends the coverage of the HCAL
up to |n| < 3.0. As before, alternating layers of brass and scintillator are used but the
granularity of the scintillator increases at higher |n|. The scintillating light is processed
similar to the HB. The total thickness of the HE is about 10 A, including the ECAL.

The HF is installed in the forward region of the CMS experiment at a large distance
of |z| = 11.2m and covers the pseudorapidity range 3.0 < |n| < 5.2. This means that
the HF is outside the ECAL coverage, too. The design focuses on a extreme radiation
hardness of the active material, required due to the high particle fluxes in this region.
The HF consists of a steel absorber structure with quartz fibers serving as the active
material. Charged shower particles traversing these fibers produce Cherenkov light, which
is detected and amplified by photomultiplier tubes. This choice has the disadvantage
that the HF is mostly sensitive to the electromagnetic component of the showers, which
leads to a decreased energy resolution due to higher statistical fluctuations. In order to
distinguish electromagnetic and hadronic showers, fibers of two different lengths are used
since showers from photons and electrons typically have a smaller depth than showers from
hadrons.

In the barrel region, the combined response of the EB and HB is on average given by

o(B)\*> [ 87.7% ? )
( i > = (E[Gev]) + (7.4%) (4.9)

for a variety of particles, as determined in a test beam setup [178].

4.2.5 The Muon System

The detection of muons is of central importance of the CMS experiment (hence the exper-
iment’s middle name). Dedicated detector components, typically referred to as the muon
system, are installed as the outermost part of the CMS detector, placed in between the
components of the return yoke for the magnetic field. This is possible since muons only
deposit a minimal amount of energy in the material of the detector (“minimal ionizing

particles”), while all other particles should be contained within the calorimetry. The de-
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sign provides a very clean signature of the muons in the detector. Furthermore, if the
information from the tracker is combined with the muon from the muon system, providing
an excellent momentum resolution. Finally, the muon system provides a fast and reliable
way to trigger events with muons, which can arise from many interesting physics processes.

The CMS muon system consists of about 25000m? of detection planes. Thus, the
focus of the design is on low cost, reliability and robustness. These criteria are met by
gaseous detectors. Gaseous detectors are based on the concept that a charged particle
passing through gas can ionize its atoms. The resulting electrons and ions drift along
the electric field created by installed cathode(s) and anode(s) and cause a current that
can be measured. The various detector designs use different shapes and alignments of the
electrodes and operate under different voltages. An overview of various designs of gaseous
detectors can be found in [174].

The muon system covers the pseudorapidity range |n| < 2.4 and consists of a cylindrical
barrel region enclosed between the two endcap regions. In total three different types
of gaseous particle detectors are used, namely drift tube chambers (DTs), cathode strip
chambers (CSCs), and resistive plate chambers (RPCs). The type of detector is selected
based on the expected flux of muons and the strength and homogeneity of the magnetic

field at a given position. An overview of the CMS muon system is given in Fig. 4.7.
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Figure 4.7: An r—z cross section of a quadrant of the CMS detector with a focus on the
muon system. The interaction point is at the lower left corner. Shown are the locations
of the various muon stations and the steel disks (dark gray areas) [179].

In the barrel region, where the muon rate is low and the magnetic field is uniform and
mostly contained in the steel yoke, DTs are installed, covering the pseudorapidity range
In| < 1.2. The DTs consist of a long tube with four electrode strips on the inside of the
walls, and an anode wire in the center. Their cross section is 42 x 13mm?, while they

are 1.9-4.1m long, depending on the position. The DTs are organized in four stations
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arranged within the return yoke. The first three stations contain DTs that measure the
muon coordinate in the r—¢ plane, as well as additional DTs, which provide a measurement
in the z direction. The fourth layer does not provide a measurement of the z coordinate.
The distribution and orientation of the DTs are chosen to deliver a good efficiency for
linking muon hits to a single muon track, while having a high efficiency for rejecting
background hits [172].

In the endcap region of the muon system, where high muon rates and a large and non-
uniform magnetic field are present, CSCs are used, covering the range 0.9 < |n| < 2.4.
The CSC contains cathode strips that run radially outwards and provide a measurement
in the r—¢ plane. Anode wires are aligned perpendicularly to the strips and determine
the n—coordinate of a hit. The size of the CSCs is 10-20° in ¢, whereas the length is 1.7-
3.5m. The CSCs are also arranged in four stations, which provides efficient reconstruction
of muons and rejection of non-muon backgrounds [180].

The DT and CSC subsystems can trigger on the momentum of muons with a high
efficiency, independent of the rest of the detector. However, the response time of these
systems is not necessarily fast enough to assign a signal to the correct bunch crossing. To
that end, a second, complementary trigger system consisting of RPCs is installed in both
the barrel and endcap regions in the rapidity range || < 1.6. The RPCs consist of two
parallel plates with common readout strips in between and have a good time resolution but
a worse position resolution than the DTs or CSCs. The redundancy of RPCs in the CMS
muon system further enhances the time and momentum resolutions, while suppressing
background. Furthermore, the RPCs are installed in a way so that muons with pp 2 5 GeV
that do not reach the outer layers of the muon system still have a high trigger efficiency.

The single hit resolution is about 80-120 pym and 40-150 pm in the DT and CSC sub-
systems, respectively. The RPC subsystem performs significantly worse with a spatial
resolution of 800-1200 pm but increases the combined time resolution to less than 3ns.
The momentum resolution of the muon system strongly depends on the momentum of the
muon. For muons with pr < 200 GeV the inner tracking system provides the best resolu-
tion due to the effects of multiple scattering, especially in the iron yokes. However, the
muon system greatly improves the momentum resolution at high momenta, to about 5%
for pr = 1 TeV. More details about the muon reconstruction and corresponding efficiencies

are given in Section 6.1.3.

4.2.6 The Trigger System

The LHC provides collision events with a rate of 40 MHz but only a small fraction of these
events contain processes that are of interest to the CMS physics program. The job of the
trigger system is to select these interesting events for offline storage since computational
resources limit the storage capability to a maximum of about 1000 events per second.
This section give an overview of the working principle of the CMS triggers. More detailed
information can be found in [181-183].

The events are selected in two stages, referred to as level one (L1) and high-level trigger

(HLT). The L1 trigger consists of a customized hardware that decides within 4 ps whether
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an event is accepted or rejected. This short latency is necessary since only a limited
number of events can be stored in the readout buffers of the detector components. To
that end, only the information from the calorimeters and muon system is considered as
track reconstruction is too time-consuming!. The L1 trigger starts by creating so-called
trigger primitives, separately from calorimeter and muon system data. The calorimeter
trigger receives coarse information from the calorimeter cells, processes the information
in parallel, and returns electron, photon and jet candidates, as well as global observables
like the missing transverse energy. The muon trigger processes the information from all
muon subsystems. A variety of pattern recognition algorithms are used to identify muon
candidates and measure their momenta from the bending of the trajectories in the magnetic
field of the return yokes. The final step of the L1 trigger contains a list of 128 selection
requirements that are applied on the previously identified objects. If at least one of these
requirements are met, the event is passed to the HLT trigger. The L1 trigger reduces the
rate of events to about 100 kHz.

The HLT trigger is implemented on a single processor farm and can perform a complete
event reconstruction using the full high-granularity data of the CMS detector. The focus
of the event reconstruction is on speed. Thus, uninteresting events are rejected as early as
possible without reconstructing the full event. The main concept of the data processing are
HLT paths, which are executed in a predefined order. Each HLT path consists of a series
of algorithms that reconstruct physics objects and pose requirements on them. These
selection requirements can be based on a single physics object like a high pt muon but
also more complicated observables such as lepton isolation, missing transverse energy or
jet b tagging discriminators can be evaluated (see Section 6.2.4). All paths start with the
least complex steps using only information from the calorimeters and the muon detectors.
If no potentially interesting physics objects or observables are found, the event is rejected.
The event reconstruction is further refined in subsequent steps. After each step, all events
that are not of possible interest for data analysis are rejected. Thus, time consuming
algorithms like track and vertex reconstruction are only executed for a small subset of the
events selected by the L1 trigger. The HLT trigger processes an event with an average of
175 ms and reduces the data rate to about 400 Hz. In order to meet the total rate of the
HLT trigger, each trigger path is assigned a maximum rate. If a trigger path exceeds its
rate, either the corresponding selection requirements are increased or only every n'® event
that passes the trigger requirements is selected, where n is referred to as the prescale.

All selected events are stored on disk and grouped into non-exclusive data streams that
contain all events that passed similar triggers. Finally, the full event reconstruction is

performed, which is described in Chapter 6.

'So-called track triggers are currently being developed and might be available in future data-taking
periods [184,185].
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One of the most important components of many analyses in particle physics — be they
precision measurements of SM parameters or searches for physics beyond the standard
model — is the production of simulated event samples. In order to simulate the involved
physical processes in accordance with quantum-mechanical possibilities, dedicated software
frameworks are used that are based on so-called Monte Carlo methods (MC) [186]. These
techniques have applications in many subfields of physics and mathematics, and are, among
other things, essential for fast numerical estimates of multi-dimensional integrals.
Generally, the simulation of a proton-proton collision event is performed in two main
steps: First, all processes that are directly related to the collision are simulated by so-
called event gemerators. An overview of all executed sub-steps of the event generation is
given in Section 5.1. After the event has been simulated up to the point where the final
state particles could be measured in the detector, the full response of the CMS detector is
simulated. This includes the interactions between the particles and the detector, as well
as the readout and processing of the information. This second step of the event simulation
is discussed in detail in Section 5.2. In Section 5.3, an alternative and faster, but more
approximate method to simulate the response of the CMS detector is introduced, often
referred to as “Fast Simulation” or “FastSim”. Furthermore, a new and highly configurable
algorithm for FastSim is described that is used to propagate the particles through the

detector. This new algorithm was developed and validated in the scope of this thesis.

5.1 Event Generation

The generation of a proton-proton collision event is performed in several consecutive steps.
First, the event generation models the scattering process of two partons, which is referred
to as the hard process. Then, to simulate additional radiation from initial and final state
particles, parton shower models are applied and the hadronization of all colored objects is
accounted for. Finally, the decays of all unstable particles are simulated, as are additional
scattering processes from previously disregarded partons and remnants of the protons
(underlying event). In order to model a realistic bunch crossing, additional interactions
between other protons, so-called pileup interactions, are modeled separately and superim-
posed onto the event. In the following, all these steps are explained in more detail, based
on extensive descriptions in [187-189].

The cross section of the hard scattering process of two partons a and b with the final

state n can be derived from the factorization theorem:

1
1
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a,b
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The sum includes all partons a and b that are contained in the protons hy and hso, re-
spectively. These partons have fractional momentum xz,; with respect to the longitudi-
nal momentum of the parent protons. f, (x4, ptF) are the parton distribution functions
(PDFs) that describe the probability to find the partons a, b with momentum fraction z p.
The PDFs describe all effects up to the factorization scale pp, and additional emissions
are modeled in subsequent steps of the event generation. Since the PDFs contain non-
perturbative effects, they cannot be calculated theoretically but have to be determined em-
pirically by fitting observables to data, taken for example by the HERA experiment [190].
Moreover, the equation contains an integral over the differential phase space element of the
final state d®,. The variable § = x,xps corresponds to the squared center-of-mass energy
of the described subprocess of the proton-proton collision with center-of-mass energy +/s.
Finally, the matrix element M;_,,, is the amplitude for the transition from the initial to
the final state. Apart from the phase space of the final state and the factorization scale,
the matrix element depends on the renormalization scale pr. The renormalization scale
defines at which scale divergences are evaluated, and this can influence properties of the
interaction like the value of the strong coupling constant ag. Often, the unphysical scales
pur and pp are both set to the energy scale Q?, which is a measure of the four-momentum
transfer in the event.

The matrix element can, in principle, be determined by calculating and summing over
the corresponding Feynman diagrams. In practice, the matrix is calculated by numerical
procedures up to a given order that depends on the used matriz element (ME) gener-
ator software. Some of the most common ME generators used for proton-proton inter-
actions at the LHC are MADGRAPH and MADGRAPH5_AMC@NLO [191-193], as well as
POWHEG [194-198]. The choice of ME generator determines key aspects of the models
that are used to derive the ME. To give a few examples, the choice of generator determines
the matching scheme that is used to model the transition between hard and the soft energy
regimes in the scattering process, the number of additional partons that are simulated in
the interaction, and the order to which the matrix element is calculated. MADGRAPH
and MADGRAPH5_AMC@NLO are tree-level (leading order, LO) and next-to-leading-order
(NLO) matrix element generators, respectively. POWHEG also models the matrix el-
ement at NLO, but can only be used for a given set of processes, like single top quark
production or diboson production.

In the next step, a model for the parton showering is applied. This term refers to
additional radiation produced by the in- and outgoing partons from the hard scattering
process, which produces cascades of gluons, quark-antiquark pairs, and photons. This
radiation is modeled down to the scale of 1GeV, where perturbation theory cannot be
applied anymore. The cascade is simulated iteratively, based on so-called splitting func-
tions [199,200] that model the evolution of the shower starting at the high energy scales
of the hard interaction.

A technical difficulty arises if the matrix element already includes the radiation of hard
partons that are also modeled by the parton shower algorithm. In order to avoid double

counting of phase space configurations, so-called matching schemes are used. Two of the
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most widely used approaches are the MLM scheme [136] for processes simulated at LO,
and the FzFx merging scheme [193] for processes simulated at NLO.

Eventually, because of color-confinement, hadronization occurs. This is the process of
the formation of hadrons out of the gluons and quarks. This process is described by
phenomenological models, e.g., the Lund string model [201,202] or the cluster model
[203,204]. Furthermore, the decay of any short-lived hadrons that are created by these
algorithms is modeled by determining the corresponding matrix element while taking the
spin structure of the decay into account.

Starting from the parton showering, all subsequent processes can be modeled with the
PYTHIA program [205], which can be directly interfaced to a matrix element generator.
PYTHIA is often referred to as a general-purpose event generator since it can model
parton showering and hadronization, but also includes a variety of matrix elements to
model such as hadron decays. Furthermore, PYTHIA contains tools to simulate the
underlying event.

As mentioned before, the underlying event consists of all additional interactions be-
tween the proton constituents that are not described by the hard process [206]. These
interactions typically lead to an increased multiplicity of low-energy particles in the event.
Unfortunately, most of the interactions cannot be described perturbatively, thus empiri-
cal models are used. The parameters of these models are tuned to match experimental
observations, resulting in an optimized set of parameters, which are accordingly called
tunes.

The particles that are obtained from event generation, as well as any derived physical
observables that characterize the generated events, are often referred to as “particle level”

information. This info is then passed into simulation of the detector.

5.2 Detector Simulation

In this second step, the interactions between the detector and the particles generated in
the previous step are simulated. Thus, reconstructed quantities are obtained, equivalent
to an actual, recorded event. To that end, a detailed simulation of the CMS detector
is employed, using the GEANT4 simulation toolkit [207-210]. GEANT4 is based on
MC methods and can generally be described as software that simulates the passage of
particles through matter. More specifically, it contains a suite of tools to simulate decay
processes and interactions between the particles and the detector material that occur as
particles traverse the detector. Most importantly, GEANT4 can also be used to model
the response of all CMS subdetectors by converting energy deposits in sensitive detector
volumes to electronic signals. Even electronic effects like noise are taken into account,
so simulated hits are nearly equivalent to the digital output of CMS experiment. This
detailed simulation is often referred to as full simulation or FullSim and can directly be
interfaced to the standard reconstruction algorithms used to process real proton-proton
collision data, which is discussed in detail in Chapter 6.

One drawback of FullSim is that it is computationally intensive. Especially in cases
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where potential signal events have to be produced and a more approximate simulation
of the detector is sufficient, a simplified simulation of the CMS detector is used, often
referred to as FastSim [211,212]. Popular fields of application are two-dimensional scans,
in which upper cross section limits on simplified model scenarios are derived, as shown
before in Section 3.5, since a large number of signal samples have to be produced for a
variety of masses and mass splittings of the considered supersymmetric particles. Further,
equally important application are CMS upgrade studies where the performance of potential
upgrades of the CMS subdetectors are tested under special conditions like high pileup.
However, FastSim is gaining in importance as the increasing luminosity of the LHC requires
the production of larger numbers of simulated events. An overview of the general structure
and approximations of FastSim that allow the speed up the simulation of the detector

response by a factor of 100-1000 is given in the next section.

5.3 Fast Simulation

In this section, a brief overview of the functional principles, computational approxima-
tions, and performance of FastSim is given, based largely on detailed descriptions that can
be found in [211-215]. FastSim is an alternative and complementary approach to the full
simulation of the CMS detector, with respect to which it is validated and tuned, typically
reproducing the distributions of important physical observables within 10%. FastSim em-
ploys a distinct work flow with respect to DELPHES [216], which translates particle-level
information to the analysis level by smearing the observables and applying efficiency and
mistagging factors. In FastSim, material effects are taken into account on the internal hit
level. Typically, each type of interaction is modeled by an energy-dependent parametriza-
tion that is tuned with respect to FullSim by an optimization of parameters. As an output,
FastSim produces “low-level objects” such as reconstructed hits in the detector layers of
the tracker or muon system or energy deposits in the cells of the calorimeters. Addition-
ally, the detector electronics and trigger information are emulated. This information is
processed by the standard reconstruction algorithms with the exception of the track recon-
struction, which is computationally intensive. Instead, an algorithm based on smearing
and particle-level information is used and no real pattern recognition is performed (com-
pare Section 6.1.2).

More details about the modeling of the interactions of the particles with the subdetectors
and the general performance of FastSim are given in Section 5.3.1. In Section 5.3.2, a new
algorithm that describes the propagation of the particles in the tracker is presented that

was developed in the scope of this thesis.

5.3.1 Detector Simulation

FastSim takes as input a list of particles that originate from the event generator or pre-
generated pileup events, which contain information about their species, momentum and
origin vertex. Each particle is then propagated in a simplified magnetic field to the vari-

ous layers of the subdetectors, taking material interactions with the layers into account.



5.3 Fast Simulation 57

During this propagation, particles can decay according to the branching ratios and decay
kinematics, which are modeled by PYTHIA. All new particles that are produced by ma-
terial interaction or particle decays are added to the list of particles and are propagated

the same way.

5.3.1.1 Tracker

The geometry of the tracker is modeled as cylinders with zero spatial thickness, which
describe the sensitive detector layers, as well as material like cables and support structures.
However, a thickness in radiation lengths is assigned to each layer, which is used to model
the material interactions. All layers are either modeled as the side of the cylinder (barrel
layers) or the base (forward layers, “discs”). The thickness may vary along the height
of the side or radius of the base but is otherwise assumed to be uniform. The simplified
tracker geometry used by FastSim is illustrated in Fig. 5.1 (left) as a two-dimensional slice
in the r—z plane. This approximated geometry of the detector material is referred to as
“simulation geometry” in the following.

Between the tracker layers, the magnetic field is assumed to be constant and the tra-
jectory of a charged (neutral) particle can be modeled as a helix (straight line). Each
particle is propagated along the trajectory until it intersects with one of the simplified
tracker layers. At the point of intersection, models for electron bremsstrahlung, photon
conversion, energy loss by ionization, and multiple scattering are evaluated, based on ex-
perimental measurements [174]. Furthermore, nuclear interactions are taken into account
by randomly choosing and altering a pre-simulated interaction modeled with GEANT4.
In case a sensitive layer is hit, the entry and exit points of the trajectory with active de-
tector elements on this layer is calculated and a simulated hit on the module(s) is created.
To that end, the actual geometry of the active detector elements is used, which is identical
to the one used by FullSim, as shown in Fig. 5.1 (right). This geometry is referred to as
“reconstruction geometry” in the following.

Each of the simulated hits generates a reconstructed hit with a certain efficiency and the
position of the hit is smeared according to a Gaussian template. As mentioned before, in
order to speed up the computationally intensive track finding algorithms of the standard
reconstruction, FastSim restricts the track seeding, track finding and track fitting to a
local subset of hits that correspond to a given particle’s trajectory. A downside of this
simplification is that FastSim cannot model fake tracks or hit sharing between tracks,
which both might occur in case of a high occupancy in the tracker. After interacting with

the tracker layers, all particles are propagated to the ECAL, HCAL or HF entrance.

5.3.1.2 Calorimetry

A different simulation of the calorimetry is used for showers originating from electrons or
photons, and for showers produced by charged or neutral hadrons.
Electron and photon showers are modeled according to the GFLASH parametriza-

tion [217], assuming that the CMS ECAL is a homogeneous medium, which is a valid
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Figure 5.1: Simplified tracker geometry in FastSim (“simulation geometry”) in the r—z
plane, as given by the position of the reconstructed photon conversion vertices (left), and
the geometry of the active detector elements (“reconstruction geometry”), as given by the
position of the reconstructed hits (right). The beam axis is parallel to the z—direction and
is centered at 7 = Ocm [214].

approximation for crystal calorimeters. This parametrization provides energy-dependent
shower properties like the shower starting point or the shower shape. Furthermore, it can
sample energy spots within the shower, which can be used to derive simulated hits in the
ECAL. Finally, additional detector effects are added, such as energy leakage in the HCAL
and noise hits. This simulated data can then be processed by the standard reconstruc-
tion algorithms and reconstructed hits in the calorimeter are obtained. Unfortunately,
this approach does not provide sufficiently accurate modeling of the forward calorimetry.
Therefore, showers in the forward area of the detector are modeled by randomly sampling
pre-simulated shower profiles produced by GEANT4, according to the species, energy
and pseudorapidity of the incident particle.

Charged and neutral hadron showers are also modeled based on showers simulated in
FullSim. To that end, energy and pseudorapidity dependent parametrizations of the energy
response generated by single charged pions are derived, which are applied to all hadrons.
The smeared energy is then distributed within the calorimeter cells following the approach

of GFLASH, which was optimized for this purpose.

5.3.1.3 Muon Systems

All muons that are produced within the tracker volume are propagated in the magnetic
field through the calorimeters, the solenoid, and the muon systems. This means that
muons produced by hadron decays outside the tracker or by hadronic showers that are
not contained in the HCAL (“punch-through”) are not modeled by FastSim. Accordingly,
FastSim does not reproduce accurate distributions of all properties of reconstructed muon
tracks, especially for muon momenta of less than 10 GeV. However, after typical analysis
level selections are applied that reject non-prompt muons, FastSim is observed to describe

the data well. For muons, the only material interactions taken into account are due to
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multiple scattering and energy loss by ionization. The calorimeter response is emulated
independently from the propagation of the muon track similar to the response model
for pions. All muons are then propagated to the muon systems and simulated hits are
produced whenever the trajectory intersects with a sensitive detector layer of the DTs,
CSCs, or RPCs, where the implemented geometry is equivalent to that of FullSim. These

hits are then digitized as in FullSim and passed to the standard reconstruction algorithm.

5.3.1.4 Validation

As mentioned before, many of the models and parametrizations used in FastSim are tuned
and validated with respect to FullSim. Furthermore, an extensive validation helps to
determine for which purposes FastSim can be used without any major restrictions. Gener-
ally, the validation is also important to be aware of the limitations of FastSim and further
room for improvements. In order to account for potential mismodeling of important ob-
servables, correction factors, often referred to as scale factors, are derived as is common
for simulated event samples.

In Fig. 5.2, the validation of two example distributions related to tracking is shown,
determined on simulated tt events. In the left figure, the average number of tracker hits
is given as a function of the pseudorapidity. Generally, an agreement to within 10%
is observed apart from tracks in the central regions of the detector. These deviations
can be traced back to the simplified track reconstruction algorithms used in FastSim,
which generally lead to a larger number of matched hits per track. However, the right
histogram in Fig. 5.2 is more essential, as it shows the tracking efficiency as a function of
the transverse momentum. For the most important physical applications, tracks between
~1-10GeV are of primary interest, and in this region the agreement in the modeling
of the tracking efficiency is well within 10%. As before, the main deviations can be
attributed to the simplified track reconstruction algorithm. In FullSim a drop in tracking
efficiency at high pr is evident which cannot be observed in FastSim. This is caused by
general assumptions made in the theoretical models of the material interactions that are
only valid up to a certain momentum, as well as by disregarded interactions like muon
bremsstrahlung and production of delta rays!.

Fig. 5.3 shows comparisons of properties of observables. Overall, the distributions in
FastSim agree with FullSim within the statistical uncertainties and most deviations are
below 10%. In the top left figure, the distribution of the number of jets can be seen.
Jets are rather complicated objects that are reconstructed by the Particle Flow algorithm,
which combines information from all relevant subdetectors (compare Chapter 6). Never-
theless, a high level of agreement can be seen. FastSim also provides a good description
of other basic jet properties like energy scale and resolution but the exact composition of
the jets is a challenging property to model in FastSim [215]. The imperfect modeling of
the jet substructure in turn affects the performance of the b jet tagging algorithms (center

left), which has rooms for improvements. One of the general indicators of the reliability of

'Delta rays are highly energetic electrons produced by the recoil from a charged particle traversing through
matter. These electrons can then ionize more atoms along their own the trajectory [174].
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Figure 5.2: Average number of reconstructed hits as a function of track n (left) and track
finding efficiency as a function of pp (right) in FastSim (orange) and FullSim (purple),
derived from ¢t events including pileup [215].

any detector simulation is the modeling of missing transverse energy (bottom left), since
a significant mismodeling of any object in the event will become evident. A good level of
agreement between FastSim and FullSim can be seen. In the top right and center right
figures, the distributions of the transverse momentum of electrons and photons are shown,
respectively. Overall, good agreement is observed. This also includes the modeling of
identification and isolation variables [215]. Finally, the bottom right distribution shows
the reconstruction efficiency of the muons. As before, only slight deficiencies of the simu-
lation become apparent, which are caused by the simplified parametrized modeling of the

material interactions.

All in all, FastSim is an essential tool for analyses that require a large number of sim-
ulated events, provided that small deviations with respect to FullSim can be neglected.
Typical areas of application are two-dimensional simplified model scans in searches for
SUSY and detector upgrade studies. FastSim mostly exploits parametric approaches as-
sisted by pre-simulated data obtained by FullSim if no sufficient agreement is achieved.
Generally, deviations of less than 10% are expected in high-level observables. Further-
more, the simulation time per event is decreased by a factor of 100-1000 with respect to
FullSim. This reduces the total computing time per event (simulation and reconstruction)

by a factor of about 20.
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5.3.2 Development of New Algorithm for Particle Propagation

After the period of taking data was completed in 2016, there was an extended technical
stop (EYETS) of the LHC and all its experiments. During this time, a critical and
time-consuming update of the CMS pixel detector was performed. The old pixel detector
(“Phase 0”) was removed and replaced by an improved version (“Phase 1”), which has four
instead of three barrel pixel layers, as well as an additional layer in each forward region.
Primarily this upgrade was scheduled to deal with the increased instantaneous luminosity
of the LHC, and to generally improve the tracking performance of the detector.

Subsequently, it became necessary to adapt the simulation of the tracker that is used
in FastSim. This proved to be a substantial challenge since the geometry of the tracker
was hard-coded in FastSim and could not easily be modified without restructuring large
parts of the general framework. Moreover, the working principle of the algorithm was
not transparent, as it was often not clear which objects communicate and how. The
integrity of the software was further complicated by many instances of bad coding practice,
e.g., properties of objects getting modified by other objects during runtime, which should
actually be private attributes. Furthermore, two substantive issues of the old particle
propagation algorithm became evident. The propagation of the particles through the
tracker was based on wrong assumptions about the crossing of the particle’s trajectories
and the cylindrical layers, which are especially problematic for low transverse momentum
charged particles or particles with a large longitudinal impact parameter. Second, for the
propagation algorithm, all cylindrical layers had to be nested. This made it impossible to
model additional material that is in front of the forward calorimetry since this requires a
long and narrow cylinder.

All in all, it was decided that it would be essential to develop a new framework for the
particle propagation from scratch. Basically, the working principle and approximations
described in Section 5.3.1.1 have been maintained, but all observed issues are solved.

Moreover, an additional focus is on

e Configurability: All properties regarding the geometry of the tracker, the interac-

tion models etc. are specified in simple configuration files written in PYTHON.

e Transparency and maintainability: The framework follows a simple and logical
structure that is easy to comprehend. Furthermore, the framework is implemented
using the C++4-11 standard, which uses optimized objects like smart pointers. Smart
pointers model object ownership and get automatically destroyed if out-of-scope,
which efficiently prevents memory leaks.

e Resource friendliness: No unnecessary copies of objects are produced and gener-

ally the number of objects in memory is minimized.

The new framework has been developed based on the Phase 0 geometry of the CMS
tracker so it can be validated with respect to the old algorithm. The high configurability
allows the specification of different configuration files depending on which geometry is to
be simulated for a given application.

Furthermore, extensive documentation of the framework was created based on the DOXY-
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GEN standard [218] since the new algorithm is expected to be an essential part of FastSim
throughout all further upgrades of the CMS detector. Doxygen can create a variety of
helpful developer tools from documented source code. This includes cross-referenced online
or offline documentation, as well as visualizations like dependency graphs and inheritance
diagrams, according to the UML standard [219].

The new particle propagator algorithm has been developed and implemented in the
course of this thesis. It is incorporated in the main CMS software package CMSSW
in the package FastSimulation/SimplifiedGeometryPropagator and was successfully
validated in version 10_2_0_PRE4.

In Section 5.3.2.1, an overview of the implementation of the new particle propagation
algorithm is provided, including a description of all relevant classes. In Section 5.3.2.2,
the performance of the new algorithm is tested and validated with respect to the old
framework. Finally, a short summary and outlook concerning the new framework is given
in Section 5.3.2.3.

5.3.2.1 Details of Implementation

In this section, a detailed overview of the implementation of the algorithm is given. The
focus is on understanding the algorithm, the implemented classes, and their functionalities.
Thus, some of the technical classes that are needed to incorporate the new framework in
the CMS software are disregarded. A summary of the structure of the new framework is
given in Fig. 5.4. In the following, all quantities are given in SI units.

FastSimProducer is the central class of the new framework that communicates with
most other classes, as indicated by the solid black lines. All other classes can be grouped
according to the area of application as illustrated by the color of the boxes: tracker
geometry (orange), particles in the event (blue), trajectory of the particles (green), and
interaction models (red). The most important dependencies between those classes are
indicated by dashed black lines, whereas gray lines show derived classes. In the following,

a detailed description of all depicted classes is provided.

Category Geometry

Several classes are necessary to define and model the simulation geometry of the tracker
(compare Fig. 5.1 left). An example of a simple tracker geometry is given in Fig. 5.5,
projected in the r—z plane, where z corresponds to the direction of the beam axis. The
geometry consists of the beam pipe, which is modeled as a barrel layer that does not
contain any sensitive detector elements (blue), a single sensitive barrel tracker layer (red),
and two symmetric, sensitive endcap tracker layers (red). All geometric objects have zero
spatial thickness. However, a thickness in radiation lengths (X) is assigned as indicated
by the varying thickness of the lines. A dashed line corresponds to zero thickness, thus no
material is present. This unrealistic geometry shown in the figure will be used to explain
how a tracker geometry can be defined in the new framework. In the following, the most
important attributes are described for each class that is needed to model the properties

of this simulation geometry.
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Figure 5.5: Simple simulation geometry in the r—z—plane, where z corresponds to the
beam axis. The geometry consists of the beam pipe, which is modeled as a non-sensitive
barrel layer (blue), and a single sensitive barrel detector layer, as well as two symmetric
sensitive endcap detector layers (all red). Each of the three layers has a thickness in
radiation lengths as indicated by the varying thickness of the lines, whereas a dashed line
corresponds to zero thickness.

Class SimplifiedGeometry
This class describes a simple, generic tracker layer (simulation geometry).

A barrel layer is modeled by the derived class BarrelSimplifiedGeometry, as the side
of an infinitesimally thin cylindrical shell with a symmetry axis that corresponds to the
beam axis. An instance has a fixed radius r and, from a technical point of view, the side
of the cylinder extends to infinity. Furthermore, each instance has a thickness in radiation
lengths. This thickness of the cylinder is constant as a function of the azimuthal angle ¢
but it can vary as a function of |z|. This means, if the physical layer extends to a given
|zmax|, no material is present for z > |zpax| and the thickness is set to zero. Finally, in
case the instance corresponds to a sensitive detector layer, it contains a pointer to this
object, which is necessary to create simulated hits (“SimHits”).

Similarly, a forward layer is modeled by the derived class ForwardSimplifiedGeometry.
It is described as an infinitesimally thin base of a cylinder, i.e., it corresponds to a circle
that is centered on a fixed position z. This circle extends to infinity but its thickness in
radiation lengths is set to zero outside an interval rpy;, < r < rpmax. Furthermore, the

instance also has a pointer to the corresponding sensitive detector layer, if applicable.

Class SimplifiedGeometryFactory
This class creates an instance of SimplifiedGeometry, according to the specifications in
a configuration file. The configuration file that is used to model the simulation geometry
of the simple tracker illustrated in Fig. 5.5 is displayed in Listing 5.1. It contains two

self-explanatory vectors named “BarrelLayers” and “EndcapLayers”. Each element in
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these vectors defines a layer of the simulation geometry under the condition that the layers
are ordered by increasing values of r (barrel) or z (disk). Furthermore, the implemented

algorithm requires that no layers are at identical positions r or z.

= cms.PSet(

= cms.VPSet (
#HudfH#HRH#E Beam Pipe ##t#########
cms . PSet(
cms.untracked.double(5.0), # [cm]
cms.untracked.vdouble(0.0, 40.0), # [cm]
= cms.untracked.vdouble(1.0), # [radiation lengths of Si]
# activelayer = cms.untracked.string(""),

= cms.untracked.vstring("Bremsstrahlung")

),
##HHH#H##E Barrel Pixel: Layer 1 ##HHHHH#H#H###
cms . PSet (
# radius = cms.untracked.double(10.0),
= cms.untracked.vdouble(0.0, 15.0, 20.0),
= cms.untracked.vdouble(1.0, 2.0),
= cms.untracked.string("BPix1"),
= cms.untracked.vstring("Bremsstrahlung",
"TrackerSimHitProducer")

)

),
= cms.VPSet (
#H######A#E Forwvard Pixel: Layer 1 ###########
cms . PSet (
# z = cms.untracked.double(30.0),
= cms.untracked.vdouble(15.0, 20.0, 25.0, 30.0),
= cms.untracked.vdouble(1.0, 2.0, 1.0),
= cms.untracked.string("FPix1"),
= cms.untracked.vstring("Bremsstrahlung",

N "TrackerSimHitProducer")

)

)

Listing 5.1: Example configuration file for the simple tracker geometry shown in Fig. 5.5.
Lines starting with a hash (#) indicate a comment in python.

The innermost barrel layer, described in the configuration file, has a radius of 5cm
and corresponds to the beam pipe. The next two entries, 1imits and thickness, belong
together and define the thickness in radiation lengths of silicon as a function of |z|. In
the interval from Ocm < |z| < 40 cm the thickness is 1 radiation length and in the open
interval 40cm < |z|, which is not specified explicitly, the thickness is set to zero. Since
the beam pipe does not contain sensitive detector elements, no activeLayer is specified.
Finally, only the interactionModels “Bremsstrahlung” should be considered if the layer
intersects with a particle’s trajectory.

The second element in the vector of barrel layers corresponds to the sensitive detector
element. No radius has to be specified, since this layer corresponds to a reconstruction
geometry layer (compare Fig. 5.1 right), and the corresponding radius can be adopted.
The thickness of the layer is defined as before: in the interval from 0cm < |z| < 15 cm the
thickness is 1 radiation length, between 15cm < |z| < 20 cm the thickness is 2 radiation
lengths, and in the open interval 20 cm < |z| the thickness is set to zero. Furthermore, the
activelayer is specified following a syntax that uniquely defines all of CMS subdetectors,
and a pointer to that corresponding reconstruction geometry layer is initialized. Finally,

a second type of interactionModels should be considered. Simulated hits are created on
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the sensitive layers by the “TrackerSimHitProducer”.

The EndcapLayers are defined following the same syntax. Even though only one endcap
layer is specified here, the SimplifiedGeometryFactory creates two symmetric layers at
+z. Since the first entry in the vector thickness is 15, the thickness of the endcap layers

is set to zero in the interval Ocm < r < 15 cm.

Class Geometry
This class stores the simulated tracker geometry as two vectors, one for the barrel and one
for forward layers. Furthermore, some functionalities are provided to navigate between
the layers, which are ordered by increasing r or z (z starting from negative values). The
class also has a pointer to the magnetic field. The magnetic field is assumed to only have
a component in z—direction and is approximated as a constant for each step of the particle
propagation. In order to speed up the algorithm, the magnetic field is initialized only once
and stored as a property of each instance of SimplifiedGeometry that varies along the

side (barrel layer) or radius (forward layer).

Category Particles
All classes in this category are used to model the particles and their decays, and decide

which of them have to be propagated for how long.

Class Particle
This is the representation of a particle. The most important attributes are the position,
the four-momentum and the “pdgld”. The latter is a numerical code that uniquely defines
the species of the particle [174]. Other attributes include the index to the corresponding
“SimVertex” and “SimTrack”. These quantities correspond to particle-level information
that describe the origin position of a particle and its track which is necessary for the sim-

plified track reconstruction of FastSim.

Class ParticleManager
This class manages the list of all particles in the event described in Section 5.3.1. Most
importantly, it has a function that returns the next particle that has to be propagated,
which was produced by the event generator, by a material interaction of another particle,
or by a particle decay. The class also determines the charge and the mean lifetime of a
particle using the “pdgld” of the particle and a look-up table. To assign the remaining
lifetime to a particle, a value is randomly sampled from an exponential distribution with
the corresponding mean lifetime. Furthermore, the ParticleManager also stores vectors

of all “SimVertex” and “SimTrack” objects.

Class ParticleFilter
Only particles that fulfill certain requirements will be propagated by the algorithm. Parti-
cles whose trajectory lies completely within the beam pipe (very high |n|) can be skipped,
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as well as particles with an origin vertex outside the detector volume. Neutrinos and
other invisible particles are also not propagated. The list of invisible particles can be de-
fined by the user so that invisible BSM particles like (stable) neutralinos are also skipped.
Most importantly, if the momentum and energy of a particle reaches a threshold (typically

pr < 0.1 GeV), the propagation is terminated.

Class Decayer
Every time a particle is propagated, the time of propagation is subtracted from the remain-
ing lifetime, taking time dilation into account. If the lifetime reaches zero, the particle is

decayed using an instance of PYTHIA.

Category Trajectory

Classes in this category model the trajectory of a particle between two layers. The mag-
netic field is determined at the current position of the particle and is assumed to be
constant for this next step of the propagation. If the particle is charged, the trajectory
follows a helix, where the axis is parallel to the magnetic field. If no magnetic field is

simulated or the particle is not charged, the trajectory can be described by a straight line.

Class Trajectory
The class Trajectory has two important functions: it can provide the time of the next
intersection between a particle and a given SimplifiedGeometry object, or propagate a
particle along its trajectory for a given period c¢ - At. Both methods are not based on an
iterative procedure but solved analytically.

The time of intersection with a forward layer can be calculated by the same equation
for a StraightTrajectory and a HelixTrajectory since the magnetic field is parallel to
the z—axis, and accordingly, the momentum of the particle along the z—axis is constant.

The time At until the intersection is given by solving
ZLayer — At v, + 20, (5'2)

where zg and zpayer are the initial position of the particle and the position of the layer,
and v, is the speed of the particle in z—direction. Since each forward layer has an infinite
radius, there is always an intersection if v, % 0 but the point in time might be in the past.

The speed v, can be calculated by the relativistic relation
p-c

U
c E’

=f= (5.3)

with the momentum p and the total energy E of the particle.

The time of intersection with a barrel layer of radius 7rayer depends on the type of
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trajectory. For a StraightTrajectory, the set of equations

2 .2 2
TLayer = T +y°,

x = At - vy + xo, (5.4)
y:At'Uy+y07

has to be solved. The positions xy and yo are given by the initial position of the particle
and v, and v, by the (constant) speed that can be determined by Eq. (5.3). By inserting
the latter equations into the first one, a single, quadratic equation in At is obtained.
As long as the particle’s trajectory is not parallel to the z—axis, there are always two
solutions. This is because the layers extend to infinity. The smaller, positive solution, if
any, corresponds to the next intersection with the given layer.

For the HelixTrajectory, a more complicated set of quadratic equations must be
solved. Since the projection of the trajectory into the z—y plane describes a circle, the
equations are solved in a polar coordinate system which places the center of the helix

(xgr, yir) at the origin. Thus, the set of equations is given by

T%ayer = 1:2 + y27
r =z +7rH-cos(p), (5.5)

y =1y +ry -sin(p),

in the coordinate system of the detector. The radius of the helix is given by

_ _pr
rH_q-e-B’ (5.6)

where ¢ - e is the charge of the particle and B = B, is the constant magnetic field. The
center of the helix in the detector coordinate system can be obtained from the initial

conditions

xo =g + rm - cos(eg), (5.7)

Yo = yu + i - sin(yo), (5.8)

with the initial angle g, which is given by

T ifqeps >0
py>+ p AT (5.9)

o = arctan (

Dz 5, otherwise

as can be derived from geometric considerations. Using Egs. (5.6)—(5.9), Eq. (5.5) can be

solved for ¢1 2 € [0,27) and the corresponding times c - At; 5 are determined via

© = po + WAL, (5.10)
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where the angular velocity w is given by

q-e-B q-e-B
w= = .
m E/c?

(5.11)

The next time of intersection with the considered layer is then given by the smallest
solution for the time At, if an intersection exists.

If the next intersection is found (see LayerNavigator), the particle is propagated by the
time c- At to the determined intersection. This is straightforward for a straight trajectory,

but for a helix trajectory the momentum has to be rotated according to
<p%> _ <Cf)S(wAt) —sin(wAt)) ' (px> . (5.12)
Py, sin(wAt)  cos(wAt) Dy

Class LayerNavigator
This class determines the next intersection of a particle’s trajectory with any layer and
then propagates it to that point. The next layer a particle will cross is among the following

three candidates:

e The closest forward layer with zpayer > 20 (2Layer < 20) for particles moving in the
positive (negative) z—direction, unless the particle is at high |z| and already outside

all forward layers.

e The closest barrel layer with rpayer > 70, unless the particle is at high r and outside

all barrel layers, or the radius of the helix is so small that there is no intersection.

e The closest barrel layer with 71 ayer < 70, unless the particle is at low r and inside

all barrel layers, or the radius of the helix is so small that there is no intersection.

The LayerNavigator finds those three candidate layers and moves the particle in space
and time to the earliest intersection. Furthermore, the propagation time is subtracted from
the particle’s lifetime, corrected for the time dilatation. If the particle reaches zero life-

time before it reaches the next layer, the propagation is stopped and the decay is initiated.

Category Material Interactions

This category contains fast, typically parametrized models for a variety of interactions
between an incident particle and the material of the tracker. All algorithms of the models
are copied from the old framework and have been adapted to the new class structure. A

few bugs were identified and fixed in this procedure.

Class InteractionModel
This is the base class for all material interactions. The simulation of the interactions takes
the properties of the particles into account, such as the particle’s species and energy, as
well as the thickness in radiation lengths of the layer corrected for the incident angle of

the particle. The following list of interaction models is currently implemented:
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e Bremsstrahlung: Generally, bremsstrahlung refers to radiation emitted by charged
particles that are accelerated. The modeling of bremsstrahlung is especially impor-
tant for low mass particles like electrons at high energies, since they are heavily
deflected by the electric field of the nuclei of the tracker material. The implemented

interaction model is based on the theoretical description [220,221].

e EnergyLoss: Charged particles traversing a medium interact with the electrons of
the tracker material, exciting or ionizing atoms along the way. The mean energy loss
per distance of the incident particle is described by the Bethe formula [222], and the

distribution of the energy loss is given by a Landau function [223].

e MultipleScattering: Charged particles that move through matter are deflected by
many small-angle elastic scattering processes. The total displacement of the incident
particle after traversing the medium follows a Gaussian distribution and is described
by the Moliére theory [224].

e MuonBremsstrahlung: For muons, bremsstrahlung is typically a small effect due to
the high mass, but at high energy (E 2 1TeV), it can contribute significantly to
the total energy loss. The implemented model is based on the theory [225], but is

currently not used in FastSim, since the effects are small.

e NuclearInteraction: A library of nuclear interaction events are simulated with
GEANTA4. If a nuclear interaction occurs, one of these events is randomly chosen,
according to the species and energy of the hadron. Furthermore, a random rotation

around the incident axis is performed.

e NuclearInteractionFTF: This is a more sophisticated model of nuclear interactions
based on the FTF model implemented in GEANT4 [226]. It is currently not used since
it is computationally more intensive and does not provide sufficient improvement in

the modeling of nuclear interactions.

e PairProduction: In the relevant energy region, the dominant mechanism of energy
loss for photons is eTe™ pair production. Other effects like the photoelectric effect
and Compton scattering can be neglected. The theoretical description is similar to

electron bremsstrahlung and can be found in [227].

e TrackerSimHitProducer: This interaction model creates simulated hits (“SimHits”)
on all sensitive detector modules on the tracker layer that are compatible with the
particle’s trajectory. To that end, the particle has to be propagated from the simu-
lated tracker layer it hit to the corresponding reconstruction detector layer (compare
Fig. 5.1). Furthermore, the energy the particle deposited in the material is assigned

to the SimHit, as determined by the interaction model EnergyLoss.

Category General

A variety of technical classes can be assigned to this category that are needed in order to
incorporate the simulation of the particles in the tracker in the standard CMS software
package. The class FastSimProducer is of particular physical interest as it is the main

class of the framework, which executes a variety of tasks.
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Class FastSimProducer
This class handles the initialization of all objects, manages the propagation of the particles,
and stores the produced content, e. g., the simulated tracks, vertices, and hits in the event.
The FastSimProducer contains two loops: a loop over all particles in the event, governed
by ParticleManager and a loop over all intersections of a particle’s trajectory with the
geometry, governed by LayerNavigator. Every time a particle has been propagated to
the next intersection and the thickness of the layer is greater than zero at this position,
all InteractionModels assigned to the hit layer are called by the FastSimProducer. The
loop over the tracker layers terminates if the particle reaches the calorimetry, if the particle
decays, or if the particle loses so much energy to be rejected by the ParticleFilter. If
a particle gets stuck in a loop without reaching the calorimetry, which can happen if the
detector is simulated without any material interactions, the propagation is terminated
after 25 ns.

Furthermore, the FastSimProducer contains a function that creates an instance of
FSimTrack for every particle that has been propagated. FSimTrack is a data type of
the old FastSim framework and represents a generic particle. This is necessary since
the simulation of the calorimetry cannot easily be ported to the new framework without
some profound structural changes that require a complete revision of the implemented

algorithm.

5.3.2.2 Validation

The test, debugging and validation of the new particle propagation algorithm is essential
and is done with respect to the old framework. Thus, all distributions shown in this section
are simulated using the Phase 0 geometry of the CMS tracker. Since both algorithms
are based on almost identical assumptions, no significant deviations in any observable are
expected. Any potential observed deviations have to be investigated in order to understand
if they are caused by the known deficiencies of the old algorithm, or if flaws in the new
algorithm are present.

The validation is primarily performed using an official tracking validation tool [228,229]
that generates a variety of distributions of low-level variables like the number of hits per
track, but also high-level variables like the track reconstruction efficiency. A selection of
some of the most important comparisons are shown in Fig. 5.6. In the top left figure,
the distribution of the transverse momentum of simulated tracks from the signal process
is shown. Excellent agreement is observed apart from a small deficiency of tracks with
pr < 1GeV in the new framework that is not of physical significance. A similar figure
for reconstructed tracks is shown in the top right where tracks from pileup interactions
are included. Here, more severe deficiency of low transverse momentum tracks can be
seen. This was traced back to two issues: During the port of the interaction model for
bremsstrahlung a bug was found where low momentum electrons could radiate too much
energy. Furthermore, as mentioned before, the old framework uses some assumptions that
can be wrong for low transverse momentum charged particles, which also has an effect on

the number of reconstructed tracks. The same issues are observed to cause the deviation in
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Figure 5.6: A selection of important tracking validation histograms comparing the new par-
ticle propagator (orange) to the old framework (purple), derived from ¢¢ events including

pileup.
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the middle left figure, which shows the average number of tracker hits as a function of the
pseudorapidity. Nevertheless, both distributions typically agree within 1%. The figure in
the center right and bottom left show the track reconstruction efficiency as a function of n
and pr, respectively. As before, only small deviations are observed. The tracking efficiency
decreases overall by about 1%, which actually makes FastSim slightly more compatible
with FullSim (compare Fig. 5.2). Still, the largest deviations with respect to FullSim
remain since they are the consequence of the simplified track reconstruction algorithm of
FastSim. In the bottom right figure, the fake and duplicate rate is shown as a function of
the transverse track momentum. Duplicate tracks occur due to material interactions that
can cause a kink in a particle’s trajectory such that it is no longer possible to fit a single
track through the reconstructed hits. Since the simplified track reconstruction cannot
give rise to fake tracks, all tracks contributing to this histogram are identified as duplicate
tracks. The largest deviations, which range up to 5%, are observed for low transverse
momentum tracks. These deviations were also found to be caused by the flaws of the old
particle propagation algorithm.

All in all, the validation of the new framework can be considered very successful since all
observed deviations with respect to the old framework are small and appear to be caused
by deficiencies of the old algorithm. Accordingly, the new algorithm for the simulation of
tracker and the propagation of particles within it was accepted as the new standard for

the tracker simulation in FastSim for releases 10_2_0_PRE4 and later.

5.3.2.3 Summary and Outlook

The upgrade of the CMS tracker made it necessary to adapt FastSim to the new tracker ge-
ometry. This proved to be a challenging task and it was decided to develop a new software
package instead that can be used to model all further upgrades of the CMS detector. The
new framework brings significant improvements in configurability, transparency, maintain-
ability, and resource friendliness. Furthermore, a detailed documentation was created to
support further improvements of the new algorithm.

The new framework is based on an analytic approach and follows a well-organized
class structure. Each class either models the geometry of the tracker, the particles in
the event that have to be propagated, the trajectory of the particles, or the material
interactions. The entirety of the new algorithm was intensely validated with respect to
the old framework, and in certain cases problematic behavior of the old implementation
could be found and solved. The new framework is used as the standard tracker simulation
since version 10_2_0_PRE4 of the standard CMS software package.

Further improvements of the new framework target the simulation of the calorimetry
and the muon system. These implementations are still based on data types of the old
framework and cannot easily be ported to the new framework without some structural
changes made to the algorithms. Also here, instances of poor coding practice have become
apparent and the structure of the implementation is generally not easy to comprehend.
Accordingly, one of the major future projects of FastSim is to also analyze these packages

and implement them using the clear structure and data types of the new framework.



6 Event Reconstruction and ldentification of Particle
Candidates and Jets

A proton-proton collision is recorded by the CMS detector based on information like hits
in detector layers of the inner tracking detector or the muon system and energy deposits in
the calorimeters. In order to analyze these data, it is of great use to reconstruct individual
objects such as particle candidates or jets. This chapter gives an overview of the most
important algorithms that are used to reconstruct and identify these objects.

In Section 6.1, the event reconstruction with the Particle Flow algorithm is described.
This algorithm is based on the fact that each particle type has a unique signature that
can be used to distinguish it from other particles. The most abundant objects at hadron
colliders are jets, which are produced by the fragmentation and hadronization of quarks.
The reconstruction of jets is discussed in detail in Section 6.2. Finally, Section 6.3 in-
troduces the missing transverse energy, which is an observable that is generally of great

importance for many BSM analyses.

6.1 Particle Reconstruction with the Particle Flow Algorithm

The ultimate goal of the Particle Flow (PF) algorithm [230-232] is to reconstruct all
particles in an event that are stable on detector timescales. PF combines the information
of all of CMS’ subdetectors and provides an excellent discrimination of particle types.
Most importantly, the algorithm significantly increases the performance of momentum
and energy reconstruction.

The PF algorithm consists of three steps: the reconstruction of PF elements, namely
tracks or calorimeter clusters, linkage of the PF elements with each other, and identification
of particle candidates. In Section 6.1.1, the reconstruction of tracks is discussed, which is
an essential input for the PF algorithm. Furthermore, the reconstructed tracks are used to
determine the position of the hard proton-proton interaction. In Section 6.1.2, an overview
of the remaining steps of the PF algorithm is given. Furthermore, the reconstruction and
identification of muon and electron candidates is discussed in more detail in Section 6.1.3
and Section 6.1.4, respectively, since these objects are of substantial role for the estimate

of the lost-lepton background, which is the main topic of this thesis.

6.1.1 Track and Vertex Reconstruction

If the trajectory of a charged particle intersects a layer of the inner tracking system, the
particle deposits energy in the silicon sensor, creating a hit. The track reconstruction
algorithm tries to reverse this process. Starting from all recorded hits in an event, it tries

to reconstruct the trajectories of all particles. This is done by the combinatorial track
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finder algorithm (CTF) [233,234], which is based on an iterative procedure that limits
the complexity of the problem. The algorithm starts with the reconstruction of the most
distinct tracks and masks the corresponding hits for the reconstruction of the next track.

The reconstruction of a track starts from so-called seed hits. The first iteration aims for
high quality tracks from prompt particles. Only seeds are chosen that consist of at least
three hits in the pixel detector. Furthermore, the extrapolation of the track formed by
these seed hits is required to have a small distance to the beam axis. These requirements
are loosened in the following iterations to take inefficiencies of the tracking system in
account, as well as interactions of the charged particles with detector material but also to
be able to reconstruct tracks from short-lived particles and tracks from displaced vertices.
In the last iterations, seed hits from the muon system are used to further increase the
reconstruction efficiency of muon tracks. In every iteration, the highest quality seeds
are used and more hits are found in subsequent layers of the tracking system that could
correspond to the same trajectory, taking energy loss and multiple scattering of the particle
into account. The tracks are reconstructed by a Kalman filter technique [235], which is a
fast, linear approach for parameter estimation based on quantities that contain statistical
noise and other fluctuations. Furthermore, the technique provides a x? value, which is a
measure of the quality of the fitted track. This and other quantities like the number of hit
layers are used to select only the tracks with the highest quality. The reconstruction of
these selected tracks is considered successful and the corresponding hits are removed for
consecutive iterations.

The efficiency, fake rate and resolution of the described algorithm highly depends on
the type of the particle, as well as its momentum and pseudorapidity. The efficiency can
be as high as almost 100% for muons but it can be as low as 80% for high momentum
pions at high pseudorapidity, which is mainly caused by nuclear interactions in the tracker
material. A detailed discussion of the performance of the track reconstruction with the
CMS tracker can be found in [176].

Furthermore, the reconstruction of the primary vertex is briefly discussed, which is
defined as the spatial position of the hard interaction. More detailed information can be
found in [176]. All previously reconstructed tracks that pass certain quality criteria are
clustered with a deterministic annealing (DA) algorithm [236]. This algorithm is used
to find global minima in multidimensional problems and has the benefit that it is not
sensitive to outliers like misidentified tracks. In a second step, an adaptive vertex fitter
algorithm (AVF) [237] provides estimates for the position of the vertex candidates. The
algorithm assigns a weight w; to each track corresponding to the likelihood that this track
originates from the vertex candidate and is therefore very stable with respect to falsely
assigned tracks. The vertex candidate with the highest sum of the squared transverse
momentum of all associated tracks is identified as the primary vertex of the event!. All
other vertices are assumed to arise from pileup, secondary interactions or decay processes.

This combination of algorithms achieves a very high precision that primarily depends

on the number of tracks originating from it, as well as on the occupancy of the inner

!There are some other minor quality criteria that can be found in [236].
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tracking system. For a typical hard scattering event with more than 50 tracks a resolution

of 10-20 um is achieved in all spatial dimensions.

6.1.2 Identification of Particle Candidates

Independent from the track reconstruction, calorimeter clusters are reconstructed in a two
step approach: First, seed cells are chosen. These are cells with local energy maxima
that are surrounded by other cells with energy deposits above a certain threshold. These
seeds are used to build topological clusters by adding adjacent cells with measured energies
significantly above the level of noise. Typically, these clusters do not arise from a single
particle, so a technique called Gaussian-mizture model [231] is employed, which determines
the number of subclusters, as well as the energy deposit in each of them, assuming a
Gaussian energy distribution for each incident particle.

In the next step of the PF algorithm, links between tracks and calorimeter clusters are
created. To that end, tracks in the inner tracking system are extrapolated to the calorime-
ter systems taking the magnetic field into account. If compatible calorimeter clusters are
found, a link is created. Furthermore, if a tangent to a track coincides with an energy
deposit in the electromagnetic calorimeter a link is created referring to bremsstrahlung
photons. Similarly, tracks that are compatible with an electron-positron pair from photon
pair production are linked to the corresponding calorimeter clusters and with each other.
In addition, links between clusters in the ECAL, HCAL or ECAL preshower are created
if the spatial positions are compatible. Finally, all unlinked tracks are propagated to the
muon system and the compatibility with hits or reconstructed tracks in its subdetectors is
tested. All remaining tracks are still considered as muon candidates. In the linking process,
ambiguities are solved by assigning the link to objects that have the lowest geometrical
distance in the n—¢ plane.

In the final step of the PF algorithm, the linked PF elements are identified with par-
ticles corresponding to their expected signature. If a particle is identified, a so-called PF
candidate is created and the corresponding PF elements are masked for further particle
identifications. The algorithm starts with the identification of muon candidates since they
provide clear signatures in the muon systems. The identification of muon candidates is
discussed in Section 6.1.3. Second, electron candidates are identified, basically based on
tracks with linked energy deposits in the ECAL and only minor deposits in the HCAL.
However, a special algorithm has to be used due to the high energy loss through brems-
strahlung, which is described in Section 6.1.4. For the remaining tracks, the procedure
depends on the relative value of the track momentum and the linked calorimeter energy.
If both values agree within the uncertainties, a charged PF hadron is created. If excess
of calorimeter energy is observed, a charged PF hadron is created corresponding to the
momentum of the track and the energy is subtracted from the calorimeter cluster. If a
deficit of calorimeter energy is observed, the track is tested for misreconstruction or for
compatibility with a muon candidate. The remaining calorimeter clusters are identified
with photon candidates if the majority of the energy is deposited in the ECAL and with

neutral PF hadrons otherwise.
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The PF algorithm was excessively tested and showed superior performance with respect
to standard event reconstruction algorithms [232,238,239]. The main advantage with
respect to conventional algorithms is that for the majority of particles, it does not rely
on the momentum or energy resolution of a single subsystem. It also has a variety of
other benefits like the mitigation of pileup effects, which is discussed in more detail in
Section 6.2. In general, the PF algorithm is only possible due to the high granularity of
the CMS subdetectors, especially the ECAL.

6.1.3 Muon Candidates

In this section, an overview of the reconstruction and identification of PF muons is given,
based on the description in [240]. The identification of muon candidates starts with re-
constructed tracks, independently for tracks in the inner tracking system (tracker track)
and for tracks in the muon system (stand-alone muon track). From these objects, muon
tracks are reconstructed using two different algorithms.

The Global Muon reconstruction uses an outside-in approach. Each stand-alone muon
track is matched to a tracker track by comparing parameters of the tracks taking the
magnetic field into account, as well as material interactions like energy loss through ion-
ization and multiple scattering. A global muon track is then fitted combining the hits from
the tracker and the stand-alone track using a Kalman filter technique (see Section 6.1.1).
Global muon tracks have an improved momentum resolution at large transverse momen-
tum of pr 2 200 GeV since a larger sagitta of the circular path is observed [241].

The inside-out approach is called Tracker Muon reconstruction. All tracks with pp >
0.5GeV and p > 2.5 GeV are extrapolated to the muon system. As before, the magnetic
field and potential material interactions are taken into account. If the extrapolated track
is consistent with at least one muon segment, which is defined as a short track stub made
of DT or CSC hits, the corresponding tracker track is identified as a tracker muon track.
Tracker muon reconstruction is more efficient for low momentum muons with p < 5 GeV
since only a few hits in the muon system are sufficient.

Due to the high efficiency of the track reconstruction in the tracker and the muon
system, about 99% of the muons that are within the geometric acceptance of the detector
and have a sufficiently high momentum to reach the muon system are reconstructed by at
least one of the two algorithms. Very often, a muon is identified by both algorithms and
both candidates are merged into a single object, optimizing the momentum estimate in a
global fit. Standalone muon tracks are usually not considered for physics analyses since
they are sensitive to cosmic muons and have a worse momentum resolution.

The muon tracks are then processed by the PF algorithm that identifies so-called PF
muons based on selection requirements. The details of the selection depend on the en-
vironment of the muon track. To that end, an isolation variable is defined as the sum
of all transverse track momenta and energy deposits in a cone of size AR < 0.3 around
the track, relative to the transverse momentum of the muon track. If this value does not
exceed 10%, PF techniques are not needed to resolve energy deposits from neighboring

particles and the muon track is identified as a PF muon. If the muon track is not isolated,
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a variety of selection criteria are applied, targeting the quality of the reconstructed track,
a minimum number of hits or compatibility with the energy deposits in the calorimeters
along the tracks, etc. In general, this selection is optimized to identify muons within jets
with a high efficiency, while rejecting misidentified objects like charged hadrons. A de-
tailed overview of the selection requirements is given in [239]. If all requirements are met,
the muon candidate is also identified as a PF muon.
The identified PF muons can arise from a variety of processes and are often classified
as [240]
e Prompt muons: This term refers to muons that are produced by the hard inter-
action. Typically, this summarizes muons originating from decaying W or Z boson

or other sources like Drell-Yan processes or leptonic top quark decays.

e Muons from heavy flavor decays: This category contains muons produced by
the decay of a beauty or charm hadron. This includes muons from direct decays, as
well as muons from cascade decays of the heavy flavor hadrons.

e Muons from light flavor decays: Similary, muons can arise from a decay of a
light hadron, often pions or kaons, but also decay products of hadrons produced in

nuclear interactions with the detector material are considered.

e Cosmic muons: Muons can be produced by cosmic rays hitting the atmosphere.
If these muons pass through the detector while an event is recorded, it is denoted as

a cosmic muon.

e Hadron punch-through: Hadron showers are sometimes not contained on the
HCAL and shower remnants can reach the muon system, which generates hits in the

muon detectors.

e Falsely identified charged hadrons: The track from a charged hadron acciden-

taly aligns with hits in the muon system.

e Combinatorial background: Hits from different sources including noise can pro-
duce hit patterns that are identified as muons.
Often, physics analyses only target prompt muons, in order to either reject or select events
with them. Accordingly, a variety of additional, analysis-dependent selection criteria are
applied. These criteria are summarized in identification and isolation requirements. Gen-
erally, identification criteria are supposed to reject misidentified muons and muons that
are not produced by the proton-proton collision, namely falsely identified charged hadrons,
hadron punch-through, cosmic muons and combinatorial background. Identification crite-
ria are applied in a second step to reject muons from light and heavy flavor decays. An
overview of centrally supported selection criteria is given in [242]. Each analysis can then
choose or modify these suggestions according to the specific needs, based on a compromise
of selection efficiency of prompt muons and rejection efficiency of non-prompt muons.
All in all, very high identification efficiency of muons of up to 96.0-99.5% is achieved,
depending on the chosen identification criteria. The misidentification rate is below 0.1-1%
for the same criteria and mostly constitutes of tracks from charged hadrons that acciden-

tally align with hits in the muon system. The resolution of the kinematic properties highly



80 6 Event Reconstruction and Identification of Particle Candidates and Jets

depend on the momentum and pseudorapidity. To give an example, for a central muon
with pr = 100 GeV, the momentum resolution is approximately 2.8%, and the resolution
of the transverse and longitudinal impact parameters is 10 pm and 30 pm, respectively.

More details on the performance of muon reconstruction can be found in [176,240].

6.1.4 Electron Candidates

In this section a summary of the reconstruction and identification of electrons is given,
based on the description in [243]. Electrons can lose a significant fraction of their energy
by emitting bremsstrahlung photons, depending on the thickness of detector material
along the particle’s trajectory. For central electrons (n = 0) on average about 33% of the
energy is radiated, but it can be as much as 86% in the transition region of the ECAL
(n ~ 1.4). This energy is mostly radiated along the ¢—direction following the bending of
the electron’s trajectory in the magnetic field, usually spreading out over several crystals
of the ECAL. Furthermore, the energy loss of the electrons alters the curvature of the
trajectory, which poses an additional challenge for the electron reconstruction. In order
to maximize the performance, a combination of the PF algorithm and a complementary
stand-alone approach is used.

The stand-alone approach uses two different clustering algorithms: the hybrid algorithm
in the barrel region and the multi-5x5 algorithm in the endcap region of the ECAL.
Both algorithms start by selecting seed crystals that are defined as the crystal in any
considered region with the highest energy deposits above a certain threshold. Neighboring
cells with energy deposits are then added to the cluster as long as they are within a
certain nx ¢ window. This window is different for both algorithms and is optimized for the
geometric properties of the calorimeter and the expected shower shape. Both algorithms
return so-called superclusters (SC) that are linked to clusters in the preshower detectors, if
matching candidates exist. In contrast to that, the independent PF electron reconstruction
uses a different clustering algorithm that aims to reconstruct individual showers of the
bremsstrahlung photons by sharing the energy deposited in single crystals among two or
more clusters, providing so-called PF clusters.

In principle, electron tracks can be reconstructed with the standard PF track reconstruc-
tion algorithm (see Section 6.1.1). However, due to the high energy loss of the electrons,
this leads to faulty estimates of the track parameters. Accordingly, a dedicated track
reconstruction algorithm is used for electrons. Since this procedure is computationally
intensive, it is only performed for seeds that are likely to correspond to electrons. The
electron seed hits are chosen by two different algorithms. The ECAL-based seeding uses
the energy and position of the supercluster to extrapolate the electron trajectory for both
charge hypotheses towards the interaction point, based on an estimate derived from the
position and energy of the individual clusters. A small window around the intersection of
the estimated trajectory with the innermost tracker layers is used to select track seeds.
The tracker-based seeding is part of the PF algorithm and complements the ECAL-based
seeding for low momentum or non-isolated electrons, as well as in the transition region of
the ECAL. All standard tracks that can be associated with the ECAL cluster are consid-
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ered. In case, a low quality of the fit performed with the Kalman filter (see Section 6.1.1)
is observed or only few hits are assigned to the track, the track fit is repeated with a Gaus-
sian sum filter (GSF) [244]. Here, the energy loss through bremsstrahlung is explicitly
modeled based on the Bethe-Heitler parametrization [245]. Multivariate analysis (MVA)
techniques [246] are used to select track seeds based on the standard KF track and the
GSF track.

All selected seeds are used to reconstruct the electron track candidates using the KF
method but compared to standard track reconstruction, the energy loss through brems-
strahlung is explicitly taken into account. When all hits are collected, a GSF fit is used
to extract the track parameters. For each electron track candidate, the closest calorime-
ter cluster with respect to the electron trajectory at the ECAL surface is matched, and
additional, tangential clusters are taken into account as bremsstrahlung photons. It can
happen that more than one track is assigned to a single cluster if an electron emits a high
energetic bremsstrahlung photon in one of the first detector layers that converts to an
ete™ pair. This ambiguity is solved by a variety of selection criteria that can be found
in [243].

Compared to muons, reconstructed electrons have a significantly higher probability to

originate from other, misidentified objects. These are foremost:

e Charged hadrons: In particular pions can produce similar signatures to electrons

if most of their energy is contained in the ECAL shower.

e Photons: The energy deposit from a photon can accidentally be compatible with a

track and produce an electron-like signature.

e Photon conversion: Electrons produced in photon conversions should be used to

reconstruct a photon candidate.

e Conversion of bremsstrahlung photon: A single electron can radiate a high-
energetic photon that converts to an eTe™ pair, which is sometimes identified as

independent electrons.

As for the muons, a variety of identification criteria are applied to suppress the selection
of misidentified electrons. To distinguish electrons from charged hadrons, the fractional
energy deposit in the ECAL and HCAL is considered, as well as observables characterizing
the lateral shower profile. To reject electrons from photon conversions?, it is investigated
if both tracks originate from a common vertex and share a tangent. Furthermore, an
upper threshold on the reconstructed impact parameter and the number of missing hits is
used. Finally, to reject photons with accidentally matching tracks, a variety of consistency
criteria of the track and the supercluster are checked. As discussed for the selection of
muons, isolation criteria are applied in addition to reject electrons from hadron decays.
An overview of centrally supported selection criteria is given in [247].

All in all, a very high identification efficiency of electrons is achieved with the combi-
nation of the different algorithms. However, due to the less distinct signature and the

required suppression of misidentified electrons, the efficiency is lower than for muons.

2This includes the conversion of bremsstrahlung photons.
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Depending on the chosen selection criteria, the identification efficiency can be up to 70—
95%, while a misidentification efficiency of 1-10% is observed for the same selections.
The momentum resolution is 1.7-4.5% depending on the pseudorapidity and the amount
of produced bremsstrahlung. A more detailed discussion of the performance of electron

reconstruction can be found in [176,243].

6.2 Reconstruction of Jets

Quarks and gluons cannot be observed as individual particles. Instead, they are identified
by a spray of particles, so-called jets, which are a direct result of the fragmentation and
hadronization process (compare Section 5.1). These jets can be measured by the detector
but ultimately, the goal is to extract information about the initial parton in order to
reconstruct the initial scattering process. Furthermore, jets are the dominant signature
at hadron colliders like the LHC, so the understanding of these complicated objects is of
great importance.

A variety of clustering algorithms have been proposed that describe a set of rules of how
recorded collision data is processed to reconstruct jets and assign momentum to them. This
is discussed in Section 6.2.1. In Section 6.2.2, an overview of the jet definitions used by
CMS analyses is given. The reconstructed energy of jets has to be corrected for a variety of
effects like inhomogeneities in the calorimeters or contributions from pileup interactions.
This is discussed in Section 6.2.3. In Section 6.2.4, an algorithm is introduced that can
efficiently identify jets produced by b quarks, which is of significant importance for many

applications.

6.2.1 Jet Clustering Algorithms

Every proposed jet clustering scheme has to meet a few minimal requirements to qualify
as a “good” algorithm [248]. First, it has to be easy to implement in both experimental
and theoretical analyses. Second, it has to be insensitive to the emission of soft particles
(infrared safety) and collinear splitting of particles (collinear safety). Every algorithm that
does not conform with these demands is sensitive to the exact process of hadronization,
which makes the comparison of theoretical and experimental results difficult. Further-
more, an infrared and collinear unsafe algorithm can lead to infinite cross sections since
the cancellation of divergent loop contributions in fixed order perturbation theory is not
fulfilled.

In the following, some of the most important jet clustering algorithms are briefly intro-
duced. More details and a more complete overview of jet definitions can be found in [249].
Generally, the choice of algorithm does not determine which objects are clustered. Typical
examples are particles, calorimeter clusters or even tracks. Furthermore, a recombination
scheme has to be chosen, which determines how the momentum or energy of the jets is
derived from its constituents. Often, the four-momenta of all objects that are considered
part of a jet are summed. Since this recombination scheme is also the standard for CMS

analyses, it is assumed in the following. Finally, most algorithms define a metric to deter-
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mine which objects have to be clustered in the jets. All examples discussed in this section

define the distance between two objects ¢ and j as

ARy = \/(m — ;)" + (65 — 6))*. (6.1)

From an algorithmic point of view, clustering algorithms can be characterized as either
cone algorithms or sequential combination algorithms. Cone algorithms are a “top-down”
approach that rely on the assumption that fragmentation and hadronization processes
don’t affect the energy flow in the event. A popular example are iterative cone algorithms.
A seed object is chosen, which defines the initial direction of the jet. The momenta of all
objects within a cone of a fixed radius R around the seed are summed and the direction of
the sum is used as a new seed. The algorithm converges when the resulting cone is stable.
The individual algorithms depend on how the seeds are chosen and how a geometric overlap
of two or more jets is handled. Iterative cone algorithms are not infrared and collinear safe
since the addition of a new, soft seed object can lead to new stable cones. To solve this
problem, a variety of seedless cone algorithms were suggested that investigate all possible
combinations of objects to find stable cones. The significant computational effort of this
combinatorial problem is reduced if the algorithm is applied on disjunct subsets of all
objects, which are selected by geometric considerations. A popular and fast seedless cone
algorithm is SISCone [250].

Sequential recombination algorithms, on the other hand, follow a “bottom-up” approach
by repeatedly recombining the closest pair of objects according to some distance measure.
The most important family of recombination algorithms uses the distance measures be-

tween two objects i, j

AR,
— 3

where R and p are fixed parameters of the individual algorithm. The algorithm is per-
formed according to the following iterative procedure. For all objects or pairs of objects
in the event, d;p and d;; are calculated. If d;p is the smallest distance, the object 7 is
considered as a jet and removed from the list of objects. Otherwise, the pair of objects
with the smallest d;; is combined into a single object. The algorithm terminates when all
objects are clustered into jets.

This algorithm results in infrared- and collinear-safe jets. The parameter R is usually
referred to as the distance parameter, whereas p influences the order in which the objects
are clustered. The most important scenarios are the anti-kp algorithm (p = —1) [251],
the Cambridge/Aachen (C/A) algorithm (p = 0) [252,253] and the kr algorithm (p = 1)
[254,255]. The kg algorithm tends to cluster soft objects first, whereas the C/A algorithm
is only sensitive to the angular distribution and clusters close objects first. The anti-kr
algorithm follows a more intuitive approach and tends to cluster high momentum objects
first.
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The choice of the parameter p also affects the shape of the jets as can be seen in
Fig. 6.1. The kp (top left) and the C/A algorithm (top right) adapt to the distribution
of soft radiation, which results in a very irregular shape. The anti-k7 algorithm (bottom
right) results in almost circular jets. In case of an overlap of jets (e.g., near y = 2, ¢ = 5),
the more energetic jet preserves a circular shape and the overlapping region is completely
excluded from the less energetic jet. This is different for the SISCone algorithm (bottom
left), which also results in circular jets, but the overlap is removed by splitting it roughly

midway between the jets.

p, [GeV]

Cam/Aachen, R=1

Figure 6.1: Illustration of jets in the y—¢ plane created with different clustering algorithms
using particle-level information: k7 algorithm (top left), C/A (top right), anti-k7 (bottom
right) and SISCone (bottom left). The event was simulated with HERwIG [256] and
additional soft radiation was added [251].

6.2.2 Jet Definition at CMS

All standard jets in CMS analyses are clustered using the anti-kp algorithm, implemented
by the FASTJET package [257,258]. For most purposes, jets with a cone size parameter
R = 0.4 are considered®. Furthermore, a second class of jets with a larger cone size
of R = 0.8 is provided. The latter class of jets are often used to reconstruct the decay
products of a top quark or Higgs boson that has a high Lorentz boost so that the daughter
particles are typically not contained in individual jets with R = 0.4 but are merged in a
single large radius jet.

As mentioned in the previous section, these jets can be clustered out of different object

collections. Particle-level jets are clustered directly using the four-momenta of all visible

3 Analyses using data recorded at /s = 8 TeV use R = 0.5. This is motivated by a smaller Lorentz boost
of the jets so that the constituents are less collimated.
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final-state particles? as modeled by the event generator, neglecting the response of the
detector (see Chapter 5). Most CMS analyses are performed using Calorimeter jets (Calo
jets) and/or Particle Flow jets (PF jets). Calo jets are clustered using only reconstructed
calorimeter information. In order to derive a four-momentum vector that is used for the
clustering process, the interaction point is assumed as the origin vertex, while the mass of
all particles is neglected. Since only little computational effort is needed to cluster these
jets, they are usually used by the trigger system. For most analysis purposes, PF jets are
used instead, which are clustered from all reconstructed PF candidates. This significantly
improves the energy response and resolution of the jets because the calorimeter information
is complemented with the high momentum resolution of the tracking system. More details
about the performance of these jet collections can be found in [230].

Another benefit of the PF jets is that a variety of methods can be used to mitigate
the effect of additional energy deposits from pileup. The standard approach used by
CMS analyses is the charged hadron subtraction (CHS) [259]. All charged PF candidates
that are assigned to a pileup vertex are excluded from the clustering process. However,
CHS cannot reduce contributions from remnants of previous bunch crossings ( “out-of-time
pileup”), neutral PF candidates, as well as charged particles outside the tracker acceptance
since no information about the origin vertex can be derived. A second, more sophisticated
method is the Pileup Per Particle Identification (PUPPI) method [260], which assigns a
weight to each PF candidate that corresponds to the probability that it does not arise
from a pileup process. The four-momentum of every PF candidate is scaled by the weight
before the particles are clustered in the jets, which effectively suppresses energy deposits
from pileup.

In any case, additional corrections for remaining pileup contributions are performed as

part of the jet energy corrections discussed in the next section.

6.2.3 Jet Energy Corrections

In order to relate the reconstructed momentum of a jet to the one of the initial parton, the
impact of experimental effects on the measurements have to be considered. Among these
effects are a non-linear response of the detector, the loss of energy of the jets’ constituents
due to material interactions, inefficiencies in the particle reconstruction, as well as the
previously discussed remaining pileup contributions. The magnitude of all these effects
is summarized in the jet energy response, which is defined as the ratio of the transverse

momentum of the reconstructed jet p17°° and the transverse momentum of the particle-level

et p%tcl‘

As an example, the jet response is shown in Fig. 6.2 for simulated events at /s = 13 TeV
for PF jets with charged hadron subtraction. For central jets with pr > 60 GeV, the
response is almost constant as a function of pr with an average of about 0.95. The offset
from unity is caused by neutral hadrons, which have a low response of only about 0.6 and
account on average for 15% of the total energy of the jet [261]. For jets with pt < 30 GeV,

the response is significantly lower due to the acceptance of the HCAL. In the endcap and

4Neutrinos and potential BSM particles that only interact weakly are excluded.
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the forward region, stronger pr dependence can be observed. The response is especially
low in the region 3.0 < |n| < 3.2 because of the transition between the endcap and forward
calorimetry, as well as at |n| > 4.5, since the showers of very forward jets are not completely

contained in the calorimeters anymore.
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Figure 6.2: The jet response of the CMS detector as a function of the jet || for various jet
momenta [261]. The jet response is defined as the measured momentum of a jet relative to
its particle-level momentum and is determined in simulated events at /s = 13 TeV. The
reconstructed jets correspond to PF jets with charged hadron subtraction.

In order to correct for these observed deviations, jet energy corrections (JEC) are applied
so that the average jet response, the jet energy scale (JES), is identical for reconstructed
and particle-level jets. These corrections are derived as a function of pr and/or n and
are determined in a factorized approach. In the following, the steps (“levels”) of this
procedure are explained based on [262,263]. The focus is on PF jets with charged hadron
subtraction since these jets are considered in this thesis but the corrections are derived in

a similar way for other jet definitions, too.

e L1 pileup corrections: The offset from remaining pileup contributions is deter-
mined using the hybrid area method [264] defining a jet area A and the energy density
of additional soft radiation p. The quantity A is the additional area of a jet in the
1n—¢ plane, in which infinitesimally soft particles are clustered. To determine the
size of it, jets are clustered with and without additional soft particles in the event.
The energy density p is determined as the median of the transverse momenta per jet
area taking all jets in the event into account. The derived correction factor is ap-
plied on data and simulation. An additional correction factor is applied to simulated
events to ensure a compatible modeling of pileup in simulation. This correction is
determined with the random cone approach [265] that uses randomly selected data
events (“zero-bias data”) that, for this reason, only contains a negligible amount of

processes with inelastic scattering.
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e L2 relative and L3 absolute corrections: These corrections are determined
after the L1 corrections are applied. For analyses at /s = 13TeV only a single
correction is derived that combines the L2 and L3 correction. The correction targets
the absolute scale of the average jet response by matching the reconstructed jet to
a particle-level jet. The corrections are derived on simulated QCD multijet events,
which has the advantage of a high statistical precision for all kinematic properties

of the jets and are applied on data and simulation.

e L2 and L3 residual corrections: Finally, .2 and L3 residual corrections are de-
rived to eliminate any remaining differences in the jet energy scale between data
and simulation and are consequently only applied to data. For the L2 residual
corrections, dijet events are used where one of the jets is required to be in the well-
understood central region of the detector (|n| < 1.3). The L3 residual corrections
again target the absolute jet energy scale and are derived in a combined approach
using Z(— pp)+jets, Z(— ee)+jets and v+ jets events. Both corrections are derived
with respect to the reference object, i. e., the central jet or the reconstructed Z boson
or the photon, using the pp balance and the missing transverse energy projection
fraction (MPF) approaches [263]. The pt balance method uses the precisely deter-
mined energy of the reference object to measure the momentum imbalance in the
event that accordingly has to be caused by the recoiling jet. The more sophisticated
MPF approach takes the total hadronic activity and the missing transverse energy
in the event into account when calculating the recoil of the studied jet. Due to
statistical limitations, the correction factors are extrapolated to high jet momenta

using QCD multijet events.

All jet energy corrections are determined to very high precision. For the barrel region of
the detector the total uncertainty of the factorized corrections is less than 2%, whereas it
can be as much as 5% for jets in the transition region between the endcap and forward
calorimetry [261].

The measurement of a jet’s energy is generally a very challenging task since the jet
consists of a variety of individual particles. Thus, the energy resolution of the detector is
inferior for jets compared to other objects like leptons or photons. The magnitude of this
effect is quantified in the jet energy resolution (JER), which is defined as the Gaussian
width of the jet energy response. The JER is determined using a pt balance approach
on dijet-like events where additional hadronic activity from a third jet is extrapolated
to zero. This method has the advantage of a high statistical precision. As simulation
tends to under-estimate the width of the jet energy response, an additional correction is
derived and applied to simulated events. The magnitude of the correction factor is less
than 20% in the central region of the detector but can be as high as 80% in the transition
region [266].

6.2.4 Identification of Jets from b Quarks

The identification of jets originating from b quarks plays an important role in physics

analyses at the LHC. Jets from b quarks are particularly useful to identify ¢ quarks since
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they almost exclusively decay via t — bW . Furthermore, many BSM particles are expected
to primarily decay to quarks of the third generation. A variety of techniques have been
develop to identify b quark jets, which are summarized by the term b tagging algorithms.

All these algorithms exploit special properties of jets from b quarks, which are based
on the fact that b quarks have a long lifetime as they can only decay weakly to quarks of
the first two generations. As a consequence, b quarks hadronize to long-lived b hadrons.
These hadrons propagate through the detector and decay after a few millimeters or even
centimeters depending on their momentum. The decay products are observed as displaced
tracks that have a large impact parameter with respect to the primary vertex. Instead,
these tracks can be used to reconstruct a secondary vertex, at which the decay of the b
hadron occurred. Other characteristic properties are a high mass of the jet formed by the
decay products of the b hadron and a high probability of about 20% that an electron or
muon is contained in the jet produced in the weak decay process. Unfortunately, jets from
¢ quarks have similar but less distinct features so it is especially challenging to distinguish
them from b jets. An overview of b tagging algorithms used by CMS analyses can be
found in [267]. The following description focuses on the CSVv2 algorithm [268], which is
an improved version of the combined secondary vertex algorithm used in Run I, since it is
used in the analysis presented in this thesis.

First, the secondary vertices are reconstructed by the inclusive vertex finder (IVF)
algorithm [268]. The vertex finder uses all tracks in the events that have a minimum
transverse momentum of pt > 0.8 GeV and that pass certain quality requirements. From
these tracks, seed tracks are selected based on the magnitude and significance of the impact
parameter. The seed tracks are used to select more tracks, which have a small distance and
angle with respect to the seed. The track clusters are then passed to the AVF algorithm
(see Section 6.1.1) that reconstructs vertex candidates. A variety of selections is performed
on the vertex candidates, to remove candidates that have common tracks with each other
or with the primary vertex, poorly reconstructed vertex candidates etc. The resulting
vertex candidates are then assigned to reconstructed jets, which are in turn passed to the
CSVv2 algorithm.

The CSVv2 algorithm is based on a neural network that combines the information from
track, secondary vertex and general jet variables. In case no secondary vertex is assigned
to a jet, CSVv2 can create pseudo vertex candidates based on tracks with a large impact
parameter significance. Finally, a likelihood is derived for every jet, which varies between
zero and one. This discriminator value tends to have high values for jets from b quarks
and low values for jets from light (u, d, s) quarks or gluons. Jets from ¢ quarks dominantly
populate the intermediate region.

In order to decide if a jet originates from a b quark, three working points are defined
that correspond to a misidentification efficiency of light quarks with pp > 30 GeV of about
10% (“loose”), 1% (“medium”) and 0.1% (“tight”). The b tagging efficiency for these
working points is approximately 85%, 70% and 50%, respectively.
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6.3 Measurement of the Missing Transverse Energy

The CMS detector can detect almost all stable or long-lived particles that are produced in
the proton-proton interactions. The exception are neutrinos and potential BSM particles
that only interact weakly since they do not produce a signal in any of the subdetectors.
Nevertheless, some conclusion about these particles can be drawn. The principle of mo-
mentum conservation demands that the sum of transverse momenta of all particles that
are produced in the hard interaction is equal to zero. Thus, particles that are not detected

lead to a transverse momentum imbalance that is given by
¥iss _ 25;}11155 — ZﬁT,i (64)
i

where the sum includes all detected final states particles. Most often, only the absolute
value EIiss = ‘E)ﬁﬁmss

The missing transverse energy is highly sensitive to any mismeasurements of the visible

is of interest, which is referred to as missing transverse energy.

particles, as well as additional energy deposits from pileup, detector noise etc. A variety of
more sophisticated definitions of E%‘iss are used at CMS that aim to suppress any effects
that can cause deviations with respect to the particle-level ErTniSS. The most common
definition is the type-1-PF-E7* [128], which is also used in this thesis. According to this
definition, E%ﬁss is calculated based on all PF candidates in the event. Furthermore, the
effect of the JECs is propagated to the reconstructed Efrniss, so that

miss __ — — COIT —raw
ET™ = |- Z pr — Z (pT,jet - pT,jet) (6.5)
PFcands jets

with the corrected and uncorrected momentum of the jets ﬁ:ﬁoﬁ and ﬁr_,ﬁzyevt, respectively.

The second sum includes only jets with pp > 10 GeV since the magnitude of the JECs for

jets with lower momentum can be neglected.
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In this chapter, a generic and inclusive search for SUSY in the jets and missing trans-
verse momentum final state is introduced which was published in [3]. The author of this
thesis made essential contributions to this publication, focusing on the estimate of the
important lost-lepton background and related studies, discussed in detail in the following
two chapters. The pp collisions data that are used for the analysis were recorded with
the CMS detector at a center-of-mass energy of /s = 13TeV in 2016 and corresponds
to an integrated luminosity of 35.9fb~!. The all-hadronic search channel is sensitive to
a variety of final states of gluino and squark pair production (compare Fig. 3.4), which
was extensively discussed and motivated in Chapter 3. As explained in the same chapter,
the topology of the final state highly depends on the unknown masses, mass splittings
and decay modes of the sparticles. Thus, one of the main focuses of this analysis is to be
inclusive, i.e., to be sensitive to a diversity of models, and not to special decay scenarios
of the sparticles or mass splitting [269]. Furthermore, only a loose baseline selection is
performed according to a typical and generic SUSY signature, in this case selecting the
highly motivated final state with jets and missing transverse energy [102,103].

This general introduction to the search is organized as follows: In Section 7.1, the search
is set into context with preceding, similar searches for SUSY. In Section 7.2, details on
the considered event samples are provided. Most importantly, in Section 7.3, the strategy
of this analysis is summarized, including the baseline selection and definition of search
region intervals, as well as information on the trigger. In the last section of this chapter
(Section 7.4), an overview of the expected SM background contributions is provided, which
concludes with a summary of the data-driven background estimation methods. These

data-driven approaches are one of the outstanding attributes of this analysis.

7.1 History of the Search

Searches for SUSY in the jets and missing transverse momentum final state have a long
tradition at the CMS experiment. Predecessors of the search presented in this thesis had
decisive contributions from the Institute of Particle Physics in Hamburg [4-6]. One of the
main differences to the search presented in this chapter is that b tagging was not yet used,
so the search mainly specialized on final states with light quarks. At the same time, a
complementary analysis was performed, which focused on final states with heavy quarks
so only events with at least one b tag were considered [270,271]. Apart from the b tagging
and different approaches in the background estimation methods, both analyses groups
worked on very similar search channels. For the reboot of the analysis at /s = 13 TeV, it
was decided to combine the efforts and develop a single, even more inclusive analysis.
The first publication of this combined search was published with 2.3fb~! data recorded
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by CMS in 2015 [1]. The second publication only used part of the data recorded in 2016
corresponding to about 12.9fb~! [2]. Finally, the full dataset of 2016 was analyzed and
the results based on 35.9fb~! were published in [3]. In between these publication two

major developments and many gradual improvements of the search were performed:

e The number of search regions increased for every consecutive publication, especially
towards regions with a high transverse and/or missing transverse momentum. Since
the delivered luminosity significantly increased, it was possible to add tighter search
regions, which further increased the sensitivity of the search. Moreover, the baseline
selection was extended to include events with only two jets, which provided addi-

tional sensitivity to models such as light squark pair production (compare Chapter 3).

e Particular emphasis was put on the background estimation methods in order to
decrease the uncertainties. As explained in more detail later, this analysis uses data-
driven background estimation techniques (compare Section 7.4). As the number
of search regions increased, a main focus was on understanding and reducing the
uncertainties for every kinematic region. Finally, a second, independent background
estimation method for QCD multijet events was implemented, which is strongly
motivated by first principles and generally less empirical than the approach that

was used before (see Section 7.4.5).

As the author of this thesis was crucially involved in the lost-lepton background estimation
of all three publications at /s = 13 TeV and the main concepts of this analysis stayed
the same throughout the publications, the focus of this theses is on the latest and most
elaborate publication. Nevertheless, important developments with respect to the earlier

publications are highlighted and motivated throughout this thesis.

7.2 Event Samples and Reweighting of Simulation

Although the analysis presented in this thesis [3] mostly relies on data from SM background
enriched control regions to estimate the yield from SM background processes in the search
region (compare Section 7.4.1), a variety of simulated samples are used to validate the
analysis procedures or to derive mandatory input for the background estimation, which is
then validated in data whenever possible.

A full overview of the considered simulated SM background samples is given in Table 7.1.
The event samples for tt, W+jets, Z+jets and QCD multijet processes are simulated using
the MADGRAPH5_AMC@NLO 2.2.2 [191-193] event generator at leading order (LO) [3].
The tt events are simulated with up to three additional partons, whereas up to four
additional partons are considered for the simulation of W+ jets, Z+jets and QCD multijet
events. Most of the other background processes are simulated with the same program but
at next-to-leading order (NLO). Exceptions are W events where both bosons decay
to leptons, as well as single top quark production in the t and tW channel, which are
generated using the POWHEG v2.0 [194-198] program at NLO. Finally the cross sections
are normalized to the most accurate available calculations, typically NLO or next-to-
next-to leading order (NNLO) precision [272-280]. For all samples, the NNPDF3.0 [281]
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parton distribution functions (PDFs) are used, and parton showering and hadronization
are simulated with the PYTHIA 8.205 [205] program. Finally, the detector response is
modeled with the GEANT4 [207] suite of programs.

Furthermore, a variety of benchmark signal samples (see Table 7.2) was used for the
development of the analysis. These samples were generated at LO with up to two addi-
tional partons, with the same MADGRAPH5_AMCQNLO 2.2.2 software packages as used
for the SM background processes. Signal cross sections were derived at NLO plus next-to-
leading logarithmic (NLL) resummation with all the other sparticles assumed to be heavy
and decoupled [282-286]. However, for the signal scans (see Section 10.3.2), instead of
simulating the full detector response, a fast simulation of the CMS detector was used,
often referred to as FastSim [213,287]. FastSim is an extremely useful tool that typically
speeds up the event simulation by a factor of 100, while it models the distribution of all
important observables to a degree sufficient for a large variety of physics applications.
More details about the simplifications and approximations that are made in FastSim, as
well as a discussion of its high performance can be found in Section 5.3.

The data analyzed in this analysis were collected in 2016 at a center-of-mass energy of
Vs = 13TeV with the CMS detector at CERN LHC and corresponds to an integrated
luminosity of about 35.9fb~!, as determined using the BRIL Work Suite [288]. A list of
the primary datasets considered for this analysis is given in Table 7.3.

Finally, correction factors have to be applied on the weights of the simulated events
(“reweighting”) in order to compensate for observed deviations with respect to data such as
the modeling of pileup, initial state radiation and b tagging efficiencies [289]. The relevant

procedures for the presented analysis are briefly discussed in the following sections.

7.2.1 Pileup Reweighting

Simulated event samples are generated including pileup interactions. The distribution of
the number of pileup interactions in simulated events is estimated from the expected run
conditions but does not perfectly match these due to a variety of experimental effects like
the details of the primary vertex reconstruction, possible bias due to offline event selection,
and differences in the actual run conditions. Based on the distribution of the instantaneous
luminosity per bunch crossing of the recorded data and the overall inelastic cross section
(“minimum bias cross section”), weights are applied on the simulated samples to match
the pileup distribution in data [290].

However, studies were performed that showed the insensitivity of the data-driven back-
ground estimations on the reweighting procedure, so the weights are only applied to sim-

ulated signal samples.
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| Sample | o[pb]
TTJets_SingleLeptFromT_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 182.72
TTJets_SingleLeptFromTbar_ TuneCUETP8M1_13TeV-madgraphMLM-pythia8 182.72
TTJets_DiLept_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 88.34
TTJets_SingleLeptFromT _genMET-150_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 5.979
TTJets_SingleLeptFromTbar_genMET-150_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 5.936
TTJets_DiLept_genMET-150_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 3.666
TTJets . HT-600t0800_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 2.7343862
TTJets_.HT-800t01200-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1.12075054
TTJets_.HT-1200t02500-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.1979159
TTJets_.HT-2500toInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.002368366
WJetsToLNu_-HT-100T0200-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1627.45
WJetsToLNu_-HT-200To400_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 435.24
WetsToLNu_HT-400To600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 59.18
WJetsToLNu_-HT-600To800_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 14.58
WJetsToLNu_-HT-800T01200-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 6.66
WJetsToLNu_-HT-1200T02500-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1.608
WetsToLNu_HT-2500ToInf_ TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.03891
ST _s-channel _4f_leptonDecays_-13TeV-amcatnlo-pythia8_TuneCUETP8M1 3.34
ST_t-channel_top_4f_inclusiveDecays_13TeV-powhegV2-madspin-pythia8_TuneCUETP8M1 136.02
ST_t-channel_antitop_4f_inclusiveDecays_-13TeV-powhegV2-madspin-pythia8_TuneCUETP8M1 | 80.95
ST_tW _antitop_5f_NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1 19.4674
ST_tW _top_5f_NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1 19.4674
ZJetsToNuNu_-HT-100T0200-13TeV-madgraph 344.8305
ZJetsToNuNu_HT-200To400-13TeV-madgraph 95.5341
ZJetsToNuNu_HT-400To600-13TeV-madgraph 13.1979
ZJetsToNuNu_HT-600T0o800_13TeV-madgraph 3.14757
ZJetsToNuNu_HT-800T01200-13TeV-madgraph 1.450908
ZJetsToNuNu_HT-1200T02500-13TeV-madgraph 0.3546459
ZJetsToNuNu_HT-2500ToInf_13TeV-madgraph 0.00854235
QCD_HT200t0300-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1717000
QCD_HT300t0500_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 351300
QCD_HT500t0700_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 31630
QCD_HT700t01000_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 6802
QCD_HT1000t01500-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1206
QCD_HT1500t02000-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 120.4
QCD_HT2000toInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 25.24
WWTo2L2Nu_13TeV-powheg 12.178
WGJets_-MonoPhoton_PtG-40t0130-TuneCUETP8M1_13TeV-madgraph 12.7
WGJets_-MonoPhoton_PtG-130_TuneCUETP8M1_13TeV-madgraph 0.834
WWTolL1Nu2Q-13TeV_amcatnloF XFX_madspin_pythia8 49.997
WZTolL1Nu2Q-13TeV_amcatnloF XFX_madspin_pythia8 10.71
WZTolL3Nu_13TeV_amcatnloF XFX_madspin_pythia8 3.058
ZGTo2NuG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 32.3
7Z7T02Q2Nu_13TeV_amcatnloF XFX_madspin_pythia8 4.04
TTZToLLNuNu-M-10_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.2529
TTZToQQ-TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.5297
TTWJetsToLNu_TuneCUETP8M1_13TeV-amcatnloF XFX-madspin-pythia8 0.2043
TTWJetsToQQ-TuneCUETP8M1_13TeV-amcatnloF XFX-madspin-pythia8 0.4026
TTGJets-TuneCUETP8M1_13TeV-amcatnloF XFX-madspin-pythia8 3.697
TTTT TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.009103
WWZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.1651
WZZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.05565
7277Z_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.01398

Table 7.1: Simulated event samples of SM background processes used in this analysis and
the corresponding cross sections.
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| Sample | o [pb] |

SMS-T1bbbb_-mGluino-1000-mLSP-900_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 | 0.325388
SMS-T1bbbb_mGluino-1500_.mLSP-100_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 | 0.0141903
SMS-T1tttt_mGluino-1200_.mLSP-800_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.0856418
SMS-T1tttt_mGluino-1500_-mLSP-100_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.0141903
SMS-T1tttt-mGluino-2000-mLSP-100-TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.000981077
SMS-T1qqqq-mGluino-1000_.mLSP-800_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 | 0.325388
SMS-T1qqqq-mGluino-1400_.mLSP-100_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 | 0.0252977

SMS-T2tt_mStop-425_mLSP-325_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1.31169
SMS-T2tt-mStop-500-mLSP-325_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.51848
SMS-T2tt_mStop-850_-mLSP-100_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.0189612
SMS-T2tt_mStop-225_-mLSP-50_TuneCUETP8M1.13TeV-madgraphMLM-pythia8 36.3818
SMS-T2tt_mStop-250_.mLSP-150_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 21.5949
SMS-T2tt_mStop-250_mLSP-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 21.5949
SMS-T2tt_mStop-300_.mLSP-150_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 8.51615
SMS-T2tt_mStop-325_mLSP-150_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 5.60471
SMS-T2tt_mStop-650_-mLSP-350_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.107045

Table 7.2: Benchmark signal samples used for this analysis and the corresponding cross
sections.

| Primary Dataset | Block | £[pb] |

MET (ReReco-v3) 2016B | 5784.120
MET (ReReco-v1) 2016C 2573.399
MET (ReReco-v1) 2016D 4248.379
MET (ReReco-v1) 2016E 4008.662
MET (ReReco-v1) 2016F | 3101.618
MET (ReReco-v1) 2016G 7540.487
MET (PromptReco-v2) | 2016H2 | 8390.537
MET (PromptReco-v3) | 2016H3 | 215.149

MET total 35862.351

Table 7.3: Primary datasets considered for this analysis. The luminosity has been measured
using the BRIL Work Suite [288].

7.2.2 ISR Reweighting

Another quantity that is difficult to model in simulated events is the distribution of initial
and final state radiation. In Run I at the LHC, a special reweighting scheme was developed
[291], which is now substituted by a similar technique that is based on the total number of
jets from ISR or FSR, denoted as ]\TJ-ICStR [3]: A tt enriched control region is created in data
and simulated events by selecting events with two light leptons (e, ) and two tagged b
jets. All other jets in the event are then counted as ISR jets and a correction factor based
on ]\7jIeStR is derived. The central value of this correction is about 0.92 for ]\TjIeStR =1 but
can be as low as 0.51 for events with leestR > 6.

Again, studies were performed to show the effect of the imperfect modeling of initial
state radiation on the background estimation methods. Since control regions are selected
in data to estimate the background yields in the search region, the effects were negligible

and the ISR corrections are only applied on the simulated signal samples.
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7.2.3 b Tag Reweighting

Since b tagging algorithms (see Section 6.2.4) are sensitive to properties that are not trivial
to simulate like the jet substructure, the b tagging efficiency is not perfectly modeled in
simulation. To that end, scale factors (SF) are derived centrally [292,293].

For this analysis the scale factors are applied in a way so that the correct event yield
is predicted but the actual b tagging status of the jet is ignored. Instead, for each jet j
in an event the probability P; to identify this jet as a b jet is derived. This probability is
calculated as

P; = SF; - ¢, (7.1)

where SF; is the data/simulation scale factor and ¢; is the b tagging efficiency in the
simulated event sample. Both quantities are usually derived as a function of the pr and n
of the jet, as well as the jet flavorl. The probability P; (or the inverse) can be multiplied
for every jet in the event, so for each event, the probability can be calculated that it has

a given number of b tags:

P(Npju=0) = [[(1 - P})

J

P(Npju=1) = > | Pu [J(0=Pp)|  with jo # 1 (7.2)
Ji J2

P(Npje=2) = Y > | Py P, [[(1 - Pyy) with jo > j1 and js # ji1, j2
Jj1 Jo Js

etc. Accordingly, every event contributes to all b tag multiplicities with a given probability,
which typically helps to enhance the statistical precision for events with many b jets. This
shift in the statistical precision helped to significantly reduce the non-closure uncertainty

in the lost-lepton background estimation (see Chapter 8).

7.3 Search Strategy

As motivated before, this search for SUSY focuses on a broad spectrum of final states
and uses simple kinematic variables to describe them. In this section, the setup of the
analysis is described in more detail, starting with the definition of the reconstructed ob-
jects (Section 7.3.1) and the search variables (Section 7.3.2). The requirements for the
trigger (Section 7.3.3) are then used to deduct a loose baseline selection (Section 7.3.4),
which is complemented by further requirements that help to reject misreconstructed events
(Section 7.3.5). Finally, kinematic distributions of signal models (Section 7.3.6) are ana-
lyzed, and the information is combined to derive four-dimensional, exclusive intervals in

the search region (Section 7.3.7).

! Accordingly, P; also models the probability to falsely identify a light flavor quark or gluon jet as a b jet.
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7.3.1 Object Definition

As a first step, it is important to define the physical objects that are used in this analysis.
In principle, object candidates are reconstructed by the PF algorithm (see Chapter 6),
but additional quality criteria have to be applied to ensure that a valid reconstruction
of the object was performed or that only prompt leptons are selected (see Section 6.1).
The focus of this section is on muons and electrons, as well as isolated tracks, since those
objects play an important role in the lost-lepton background estimation discussed in the

following chapters.

Jets

The search uses the standard jet definition for CMS analyses introduced in Section 6.2: PF
jets are clustered with the anti-kr algorithm and a cone size parameter of 0.4, while CHS
is applied for pileup mitigation. The four-momenta of the jets are corrected for residual
pileup and detector response effects by the centrally derived JECs.

All jets with pp > 30 GeV are considered for this analysis. The range in pseudorapidity
is restricted to different values for the computation of the search variables, as discussed
in the next section. Leptons are not explicitly removed from the jet clustering process,
which is important for the background estimation approaches (compare Section 8.2).

Furthermore, the CSVv2 algorithm described in Section 6.2.4 is used to identify jets
originating from b quarks. The medium working point of this algorithm is chosen, which
corresponds to an identification efficiency of approximately 70%, whereas the misidentifi-

cation efficiency of jets from light quarks or gluons is about 1% [293].

Muons
Muon candidates are identified by the PF algorithm, as described in Section 6.1.3. In order
to reject misreconstructed and non-prompt muons a variety of selection requirements are

applied. The selection of muons is executed in three steps:

e Muon acceptance: Only muons that pass the selection requirements of
pr > 10GeV and |n| < 2.4 (7.3)

are within the acceptance of the detector.

e Muon identification: For this analysis the centrally recommended Medium Id is
used [242]. The identification criterion is performed by defining a set of selection
requirements on the muon PF candidates that are designed to be highly efficient for
prompt muons and also for muons from heavy quark decays. Two examples for these
criteria are a minimum number of valid hits in the tracker or a goodness of fit test
on the reconstructed track. The full overview of selection requirements and studies
on the muon identification efficiency can be found in [294]. Furthermore, additional

restrictions on the transverse and the longitudinal impact parameter of

dyy < 0.2cm and d, < 0.5cm (7.4)
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are applied. Both distances are calculated relative to the reconstructed primary
vertex and restricting those quantities helps to reduce non-prompt or non-collision

signatures like cosmic muons.

Muon isolation: Finally, the identified muon has to fulfill a selection require-
ment on the so-called mini-isolation Iy < 0.2, which efficiently rejects non-prompt
muons. Non-prompt muons from the decay of b hadrons are typically not isolated,
since additional energy from other decay products is deposited close to the lepton.

The mini-isolation is defined as

AR<Rminilso
Iini == ( Z pT(i) - <PU>EA> /pT(é)v (75)

i€PFcands

where all PF candidates from the primary vertex within a pp-dependent cone around

the identified muon with radius

0.2, pr(¢) < 50GeV,
Ruinitso 1= 10757, 50 GeV < pr(¢) < 200 GeV, (7.6)
0.05,  200GeV < pr (),

are considered in the sum. The angular distance between the lepton and the PF
candidate is given by Eq. (4.6). Furthermore, according to Eq. (7.5), the isolation
is corrected by the energy that is expected from neutral pileup (PU)ga events, esti-
mated based on the number of secondary vertices present in the event (see “Effective
Area Correction” [242]).

Inmini is an optimized version of the mini-isolation variable first suggested in [295].
On the one hand, the size of the cone decreases for objects with high pt, which
reduces the probability for accidental overlaps of the lepton with energy deposited
by independent processes. An example are events with a boosted decay of a top
quark ¢ — b+ W (lv), where the decay products are collimated and the energy of
the b decay is deposited close to the charged lepton. On the other hand, the cone
size remains large enough to contain all products of a b hadron decay, so a potential

non-prompt lepton from the decay has a low isolation value.

Details on the identification and isolation efficiencies, as well as contamination from

misidentified or non-prompt muons can be found in Chapter 8.

Electrons

Electrons have to fulfill similar requirements than the muons. First electron candidates

are reconstructed as described in Section 6.1.4. Unlike muons, which produce a very clear

signature in the detector, electrons require more elaborate selection techniques in order to

distinguish them from photons, pions and other electromagnetically interacting particles.

Thus, stricter selection requirements are necessary.
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e Electron acceptance: The electron acceptance requirements are loosened to
pr > 10GeV and |n| < 2.5 (7.7)

compared to muons since the n-coverage of the ECAL is larger than the one of the

muon system.

e Electron identification: Electrons are selected based on the centrally recom-
mended Cut-Based Veto Id [247]. The identification criteria contain, a variety of
selections such as an upper threshold on the number of missing hits in the tracker
and additional requirements that are summarized as conversion veto. Both require-
ments significantly reduce the contamination with electrons from photon conversions.
Some other criteria like the shape of the electromagnetic shower or a requirement on
H/FE help to distinguish electrons from pions. Typically, electrons have a low value
of H/E since most of the energy is deposited in the Electromagnetic Calorimeter
(E), whereas charged hadrons penetrate the ECAL and lose a larger fraction of the
energy in the HCAL (H).

e Electron isolation: Similar to muons, a requirement on the mini-isolation is ap-
plied. However, a higher contamination of non-prompt electrons is expected due to
effects like electrons from pair production. Thus, a tighter requirement of Iy < 0.1
is applied.

Details on selection efficiencies of the electrons can be found in Chapter 8.

Isolated Tracks

In order to further reduce the background from lost-lepton events and events containing
hadronically decaying tau leptons (see Section 7.4), a veto on isolated tracks is introduced.
These isolated tracks are selected among the PF candidates requiring certain quality cri-
teria, which depend on whether the track was identified as a leptonic track (electron or
muon), or as a hadronic track (pion) by the PF algorithm. Leptonic tracks are defined as

all electron or muon tracks with

pr > 5GeV, |n| < 2.5,d, < 0.5cm and Iy < 0.2, (7.8)
whereas hadronic tracks are selected by requiring

pr > 10GeV, |n| < 2.5, d, < 0.5cm and Iy < 0.1, (7.9)

on all tracks identified as a pion. The track-isolation is defined as
AR<0.3
Ly = Z pr(i) /pT(traCk), (7.10)
i€charged PFcands

and, unlike the lepton isolation, the sum only considers charged particle tracks within a

fixed cone of radius 0.3. Neutral PF candidates are not included so that the isolation
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distribution of pions from a hadronically decaying tau lepton is similar to the one of light
leptons. This is important for the validation of the isolated track veto efficiency, and is

discussed in more detail in Section 8.6.3.

7.3.2 Definition of Search Variables

In the context of this search, the kinematic variables of interest are the number of jets
(Njet), the transverse momentum (Hr), the missing transverse momentum (HISS or /1),
and the number of b tagged jets (Nyjer). All four observables are defined based on recon-

structed jets, defined in the previous section:

Njet = #(jets) with pr > 30GeV and |n| < 2.5, (7.11)
Ny jet = #(jets) that also have a b tag, (7.12)
Hry = > pr with pp > 30 GeV and |n| < 2.5,  (7.13)
jets
s )ﬁan Yy with pr > 30GeV and || < 5.0.  (7.14)
jets

The missing transverse momentum HrTniss is similar to the missing transverse energy EIT]rliSS
for all-hadronic events, however it has the benefit to be less susceptible to soft energy
deposits since only jets are taken into account [2]. Furthermore, the 1 range is extended
for the calculation of H&“iss compared to the definition of the other search variables, so
it better represents the total missing transverse momentum in the event. A consequence
of this definition is that there can be events with Hffniss > H. Studies showed that
this almost exclusively occurs in QCD multijet events [2]. Accordingly, these events are

generally disregarded by the categorization into the search intervals of this analysis (see

Section 7.3.7).

7.3.3 Trigger

The search region data for this analysis, as well as the single lepton control region data

were recorded by a logical OR of six E%ﬁss and HIT]rliSS cross triggers:
e HLT_PFMET100_PFMHT100_IDTight
e HLT PFMET110_PFMHT110_IDTight
e HLT _PFMET120_PFMHT120_IDTight
e HLT_PFMETNoMul0O_PFMHTNoMul00_IDTight
e HLT PFMETNoMul10_PFMHTNoMul110_IDTight
e HLT_PFMETNoMul120_PFMHTNoMu120_IDTight.
The adjustment of the threshold between 100 and 120 GeV is necessary as the instanta-

neous luminosity of the LHC steadily increased and the triggers with the lower thresholds

had to be prescaled.
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The special PFMETNoMu version was added to the trigger menu to partially recover an
inefficiency of the standard Efl‘liss, HEFiSS trigger regarding events with muons. The ineffi-
ciency is caused by the L1 trigger since L1_MET and caloMET is computed without muons.
At HLT, PFMET is then calculated with the muons, whereas for PFMETNoMu the muons are
disregarded again. This has the consequence that the efficiency of pure EXS* triggers

depends on the angle between the muon and ErTniSS:

e 1 and E{F“iss anti-aligned: caloMET is reduced since the muon is left out which
(partially) rebalances E%liss. PFMETNoMu is also reduced for the same reason, whereas
PFMET takes the muon into account. However, the HLT trigger cannot recover events
that are missed by the L1 trigger. Accordingly, the E%liss trigger is actually less
efficient as the threshold of e. g., 100 GeV might suggest.

e 1 and E%‘iss aligned: caloMET is significantly increased since the muon is disre-
garded which even increases Efrniss. PFMET is reduced since the muon is added back in,
so some of the events that passed L1 might not exceed the E?iss threshold anymore.
The PFMETNoMu trigger helps to recover most of these events. Subsequently, this
leads to an increased efficiency of the E%ﬁss trigger as the threshold might suggest.

The efficiency of the triggers is directly determined in data. To that end, all events are
selected that pass the baseline selection. However, instead of the veto on isolated leptons
and tracks, a single, isolated lepton is required. Therefore, a single-electron trigger that
has no threshold on E%‘iss can be used to select events that pass this extended baseline
selection. The single-electron trigger is assumed to be 100% efficient if a sufficiently high
pr of the electron is required. Accordingly, the efficiency €, of the main trigger can be

calculated as )
Nevis(pass EF™ trigger)

Nevis(pass e trigger)

(7.15)

€trig —
baseline+1e
Finally, the turn-on of the ER trigger can be evaluated if the efficiency is calculated
in bins of E%‘iss. Following that consideration, the combination of six triggers that are
considered in this analysis is measured to be more than 98% efficient for events with
HIss > 300 GeV [3]. Accordingly, this requirement is part of the baseline selection dis-
cussed in the next section.

In previous publications of this analysis, a different trigger was used that required the
events to exceed a certain threshold on EIT]rliSS and Hrp. This trigger had the advantage
that the threshold on E%liss is lower, so the baseline selection required lower HEFSS but
higher Hr:

e 2016 publication [1]: Hr > 500 GeV, HR > 200 GeV

e 2017 publication [3]: Hr > 300 GeV, HF > 300 GeV
However, detailed studies showed that the sensitivity for compressed models (see Sec-
tion 3.3) benefits from the lower Hrp threshold if the E%liss, H%liss triggers are used while
no significant decrease in sensitivity due to the increased threshold on H%ﬁss became evi-

dent for any of the considered models [296].
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7.3.4 Baseline Selection

As this all-hadronic analysis is optimized towards a high sensitivity to a diverse collection
of topologies, only a very loose baseline selection is performed, which is used in later steps
of the analysis to define event categories with tighter selection requirements to enhance
the sensitivity for specific models. The baseline selection requirements are motivated by
the trigger thresholds and a general suppression of SM background contributions. Signal

candidate events have to satisfy the following criteria:
o Njet =2,
e Hr > 300GeV,
o HISS > 300 GeV,
e no isolated electrons or muons,
. A¢(jet{1,27374},H%ﬁss) > {0.5,0.5,0.3,0.3},
e 1o isolated track with mt < 100 GeV.

The restriction on the azimuthal angle between the four jets with the highest transverse
momentum and the missing transverse momentum A¢(jet{1’27374},HrTniss) is effective in
further rejecting events with a mismeasured jet, i.e., typically QCD multijet events, even
though this kind of events are already suppressed by the tight selection on HfF“iSS. The
veto on isolated tracks significantly increases the efficiency of the standard lepton veto and
is also sensitive to a hadronically decaying tau lepton. A requirement on the transverse
mass formed by the track and ER (see Eq. (3.4)) ensures that the isolated tracks are
compatible with a leptonically decaying W boson, which helps to keep signal events.

7.3.5 Event Cleaning

On top of the baseline selection, each event has to pass a variety of event cleaning filters.
These filters are typically sensitive to certain detection or event reconstruction related
misbehavior. Even though these effects are rare, they provide a source of missing transverse
momentum and can lead to so-called artificial “tails” in the Eﬁ?iss distribution. The
identification and rejection of these events is ensured by a sequence of dedicated filters
[297):

e Detector related filters:

— Beam halo: Beam halos are machine induced particles, which are produced
by interactions of the proton beams with residual gas or the beam pipe. The
produced high energy muons can interact with the calorimetry and create clus-
ters of several hundred GeV. A new, improved approach for this filter was
proposed in 2016 which is seeded by the information from the calorimetry
(globalTightHalo2016Filter) and halo cluster candidates are defined. Can-
didates that can be matched to hits in the CSCs in the endcap discs of the
muon detector are identified as beam halo, as well as candidates that have a
characteristic pattern like out-of-time hits with respect to the beam crossing or

a long n-range in the barrel.
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— HCAL noise: The scintillator tiles of the barrel (HB) and the endcaps (HE) of
the hadronic calorimeter are known to record sporadic anomalous signals (noise)
at a fixed rate independent of beam conditions. These artificial energy deposits
have a characteristic geometrical pattern, channel multiplicity and pulse shape
(HBHENoiseFilter, HBHEIsoNoiseFilter).

— Bad ECAL supercrystal: Three bad supercrystal regions in the endcaps of
the electromagnetic calorimeter (EE) have been identified, which give anoma-
lously high energies, so events with energy deposits in one of those regions have

to be removed (eeBadScFilter).

— Dead ECAL cells: Some ECAL channels do not have operational regular data
links and are masked during reconstruction. Nevertheless, in about 70% of these
channels the energy can be estimated from the L1 trigger primitive readout.
However, these trigger primitives may become saturated so the recorded energy

is likely to be underestimated (EcalDeadCellTriggerPrimitiveFilter).
e Reconstruction related filters:

— Primary vertex filter: Events are required to have at least one reconstructed
vertex that satisfies certain quality criteria (GoodVertexFilter), e.g., it has to

be in the central region of the detector.

— Jet identification: Badly reconstructed or jets that arise from noise can be
identified by the discrimination power of PF jet variables (Loose JetID). Fur-
thermore, events with misidentified jets produced by other particles like elec-

trons or photons can also be rejected [298].

— Bad charged hadrons: In 2016 events were observed in which a low quality
muon is not declared as a PF object but it gets reconstructed as a very high pr
(typically >1TeV) charged hadron. These failures of the PF algorithm lead to
anomalously high EXS in the opposite direction of the muon and have to be
rejected (BadChargedCandidateFilter).

— Bad PF muon: A second filter was added in 2016 to target events with
low quality muons. In these events, the quality of the muon track is just
good enough that the muon gets reconstructed as a PF candidate but the
pr of the muon is still largely overestimated due to the bad reconstruction
(BadPFMuonFilter).

e Analysis-level filters (designed by analysis group):

— HF jets: This filter was designed as events with anomalously energetic jets in
the forward calorimeter (HF) were observed in the data. To reject these events

an upper threshold is placed on the ratio of the Ht computed including all jets

In|<5

within || < 5 and the standard Hr: HJTLIT < 2.0. The efficiency of this filter

was found to be negligible for signal events.

— PF failures: This filter also was added to protect against general PF fail-
ures by posing a very loose compatibility requirement on ErTniSS calculated by

the PF algorithm and E%liss extracted directly from calorimeter information:
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Emiss(PF)
Emiss(calo)

for events with E%liss from mismeasured jets. Most of the QCD multijet events

< 5.0. Studies showed that this filter is almost exclusively efficient

from simulated samples with low particle-level Hr, i. e., high event weights, get
rejected by the filter, in total corresponding to more than 20% of the expected
miss

yield. The efficiency in simulated processes with genuine EF"*® and data was
observed to be < 1%.

— Muon jets: This filter was added to further reject events with badly recon-
structed muons, as the official filters were found to be slightly inefficient. Events
are rejected if a jet with pt > 200 GeV has a significant muon energy fraction of
more than 0.5, and is anti-aligned with EX: Ag(jet, EMisS) > 7 —0.4. Similar
to the previous filter, almost exclusively the yield of simulated QCD multijet

events is affected.

7.3.6 Kinematic Distributions of Signal Models

The search variables can be used to analyze the kinematic distributions of the signal
models in the search region, but also to illustrate the derived properties of potential
signals, discussed in Chapter 3. These are important considerations for the definition of
the search intervals. The expected distribution of the search variables analyzed in this
section are based on a variety of simplified models with gluino pair production but similar
conclusions can be made from models with squark pair production, included in Section A.2.

In Fig. 7.1 the Njot and Ny ey distributions are shown for uncompressed mass spectra
(mg > mygo), as well as for compressed spectra (mg 2 mgo). Beginning with the un-
compressed spectra, both kinematic distributions behave as expected: Signal models with
top quarks or vector bosons in the final state generally lead to a high jet multiplicity and
most of the events have nine or more jets. In case only light or bottom quarks appear
in the final state, in average only five to six jets are expected, i.e., typically additional
jets from ISR or FSR are present. Furthermore, in events with top or bottom quarks,
most of the time two or more b tagged jets can be observed, even though there are four
bottom quarks in the final state, which can be explained by the inefficiency of the tagging
algorithm. Similarly, models without heavy quarks can mostly be observed as an event
with Ny jet = 0 but there is a non-negligible probability that a jet is misidentified by the
b tagging algorithm. Comparing this distributions with the compressed spectra (right)
reveals that only minor differences between the two distributions are expected. The Njet
distribution is slightly shifted towards lower jet multiplicities, which also has a minor
influence on the Ny e distribution.

However, this is not true for the Ht and H%liss distributions, displayed in Fig. 7.2. In
the uncompressed models (left), the shape of the distributions are similar for all considered
models. This means that the exact decay chain of the gluino only has a minor influence on
the kinematic distribution of the events. Nevertheless, it can be seen that generally a lower
number of events is expected if there are top quarks in the final state. This behavior is

expected since leptonically decaying top quarks can get rejected by the lepton veto of the
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Figure 7.1: Distribution of Nje¢ (top) and Ny jer (bottom) for a variety of simplified models
with gluino pair production [299]. The figure on the left show a representative selection of
uncompressed mass spectra (mg > mfc?)’ whereas the figures on the right show compressed

spectra (mg 2 mi?). For each distribution, the baseline requirement for its respective

variable is ignored, and the last interval contains all events with higher values.

baseline selection. Looking at the same distributions for the compressed spectra (right), it
is obvious that the mass splitting of the gluino and the neutralino has a significant influence
on the kinematics of the event, as the maxima of both distributions get significantly
shifted towards lower values of only a few hundred GeV. The observed differences in
the distributions of the signal models motivate the fine search intervals in Ht and H{Fniss,

which is discussed in the next section.

7.3.7 Definition of Search Regions

In Chapter 3, the expected final states of gluino and squark pair production were discussed
and it was noted that kinematics are strongly influenced by the particle masses and mass
splittings of the considered model, as well as by the decay chain. These considerations are
now exploited to derive a subdivision of the search region into complementary intervals,
which are sensitive to a variety of final states. An additional advantage of this approach

is that if an excess was observed, it is expected to be visible in more than just one search
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Figure 7.2: Distribution of Ht (top) and H®5 (bottom) for a variety of simplified models
with gluino pair production [299]. The figure on the left show a representative selection of
uncompressed mass spectra (mg > mgo ), whereas the figures on the right show compressed

spectra (mg 2 m)”c?)' For each distribution, the baseline requirement for its respective

variable is ignored, and the last interval contains all events with higher values.

region interval. This information can already be used to give a rough characterization the
signal.

For this search, detailed sensitivity studies were performed based on simulated back-
ground and signal samples, resulting in a four-dimensional partition of the search region.
In order to better understand the expected distribution of potential signal events, it is con-
venient to consider it as two two-dimensional properties. The first criteria are the number
of jets and the number of b tagged jets. The search intervals are divided into Nje; = 2, 3-4,
5-6, 7-8, 9+ and Npjer = 0, 1, 2, 3+. This sums up to a total of 19 Njet X N jet intervals as
there cannot be events with Nje = 2, Np.jet > 3. In Table 7.4 the regions are summarized
again and the most sensitive search regions for some of the considered simplified models
are indicated. Obviously, each model typically contributes to more regions as initial state
radiation can increase the jet multiplicity or compressed mass spectra can lead to low pr
jets, which do not contribute to Nje;. Similarly, final states with bottom and top quarks
generally lead to higher b jet multiplicities but this observable strongly depends on the
(mis-)tagging efficiency of the b tagging algorithm.
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Table 7.4: Definition of the search intervals in the Nje; and Ny jeq variables. Additionally,
the sensitive regions for a variety of potential signal models are shown.

Secondly, events are characterized by Ht and H%‘iss. However, it is not that feasible
to derive a partition of the Hp x H{?iSS plane based on most sensitive regions for various
signal models since particularly the unknown mass splitting of the SUSY decay chain
has a significant influence on the kinematics. Instead, ten exclusive search intervals are
defined, which are motivated by the expected statistical precision of data and simulation,
as an insufficient amount of simulated events will increase the systematic uncertainties of
the data-driven background estimation methods (see Section 7.4.1). The exact definition
and a schematic illustration of the Ht x H%niss regions is shown in Fig. 7.3. Events that
contribute to the hatched area (Hp < H™S%) are excluded as mentioned before (compare
Section 7.3.2). Furthermore, intervals 1 and 4 (Ht < 500 GeV) are discarded for events
with Njet > 7 since only a low number of events is expected to fulfill both criteria. Finally,
the three search region intervals labeled C1, C2 and C3 (250 GeV < HIS < 300 GeV) are

used as control regions to estimate the QCD multijet background? (see Section 7.4.5).

Interval HISS [GeV] Hr [GeV] =100
1 300-350 300-500 O, % o o
2 300-350 500-1000 - |
3 300-350 >1000 =
4 350-500 350-500 70 *
5 350500 5001000 60 8 .
6 350-500 >1000 50
7 500-750 500-1000 woolk 5 |
8 500-750 >1000
9 >750 750-1500 00— 5 —
10 >750 >1500 300 600 900 1200 1500 1800 2100

H; [GeV]

Figure 7.3: Definition and schematic illustration of the ten kinematic search intervals in
the HrrfniSS versus Ht plane. Intervals 1 and 4 are discarded for Nje; > 7. The intervals
labeled C1, C2, and C3 are control regions used to evaluate the QCD background [3].

2(1 is also discarded for events with Niet > 7.
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All in all, a total of 174 search regions are defined. As mentioned in Section 7.1 this
number was adapted to the increasing luminosity of the recorded data with every publi-
cation of the analysis: in [1] 72 search regions were considered, in [2] the number of search
regions was increased to 160 by increasing the HTXH%ﬁSS intervals from 6 to 10, and once
again to 174 [3] by adding search regions with Nje = 2 to further increase the sensitivity
towards models with squark pair production.

This high number of search regions provides an excellent discovery potential for SUSY.
However, in order to be able to use the data in a simple manner for investigation of signal
scenarios that are not directly examined by the analysis, 12 so-called aggregate search
regions are introduced. These aggregate regions are defined in Table 7.5 and are intended
to present potentially interesting signal topologies. The 12 intervals are not exclusive and
can be characterized by the parton multiplicity and the quantity of heavy flavor quarks
(t, b) in the final state, as well as the mass difference Am, which is in this context defined

as the mass difference of the gluino or squark and the sum of the masses of all its decay

products.

Region | Nijet Npjet Hr [GeV] HFS [GeV] | Parton multiplicity Heavy flavor Am
1 >2 0 >500 >500 Low No Small
2 >3 0 >1500 >750 Low No Large
3 >5 0 >500 >500 Medium No Small
4 >5 0 >1500 >750 Medium No Large
5 >9 0 >1500 >750 High No All
6 >2 >2 >500 >500 Low Yes Small
7 >3 >1 >750 >750 Low Yes Large
8 >5 >3 >500 >500 Medium Yes Small
9 >5 >2 >1500 >750 Medium Yes Large
10 >9 >3 >750 >750 High Yes All
11 >7 >1 >300 >300 Medium high Yes Small
12 >5 >1 >750 >750 Medium Yes Large

Table 7.5: Definition of the aggregate search regions. Note that the cross-hatched region
in Fig. 7.3, corresponding to large H%ﬁss relative to Hr, is excluded from the definition
of the aggregate regions, as this region is also excluded from the standard search region
definition [3].

7.4 Standard Model Backgrounds: Origin and Estimation

A brief introduction to SM background contributions for all-hadronic searches has already
been given in Section 3.4. In order to design reliable background estimation methods, it is
essential to be aware of the origin of these backgrounds. Concerning the analysis presented
in this thesis, SM events that pass the baseline selection are classified in four categories,
and a designated data-driven background estimation method was developed for each of
them. All expected contributions are introduced in the following, ordered by the overall

contribution to the search region.



7.4 Standard Model Backgrounds: Origin and Estimation 109

Invisibly Decaying Z Boson Background

Z+ jets events, in which the Z boson further decays to two neutrinos, are indistinguishable
from potential signal events. The missing transverse energy is a result of the neutrinos,
which only interact weakly and leave the detector unseen. Additional jets are produced
from initial or final state radiation of gluons, as illustrated in Fig. 7.4 (a). This background

contribution is often referred to as the invisibly decaying Z boson background.

Lost-Lepton Background
W + jets and tf events, in which the W boson decays to an electron or muon and the
corresponding neutrino, can also pass the baseline selection. A Feynman diagram of this
process is shown in Fig. 7.4 (b). The lepton can have a low transverse momentum pr or
it is produced at high pseudorapidity |n|. Thus, it is out of the acceptance of the detector
and therefore not reconstructed. Furthermore, the lepton might not get reconstructed or
identified because it did not hit enough sensitive detector material or the reconstructed
object failed certain quality criteria. Finally, the lepton can accidentally overlap with a jet
or other hadronic activity in the event. This kind of events are usually not rejected by the
lepton veto since a non-isolated lepton is likely to be produced in a decay of a heavy flavor
quark inside a jet, which is referred to as a non-prompt lepton. The required missing
transverse energy to pass the baseline selection is caused by the produced neutrino(s).
Events falling into one of the described categories are often referred to as lost-lepton
background. According to that, all prompt leptons that are not observed as isolated
leptons since any of the three requirements are not fulfilled are denoted as “lost”.

The isolated track veto defined in Section 7.3.4 further reduces the contribution from
these background events. Especially the fraction of out-of-acceptance leptons is signifi-
cantly reduced since leptonic tracks are defined for pt > 5 GeV compared to the standard

lepton veto, which is only sensitive to leptons above 10 GeV.

v v/v

R K\

g 9

(a) Z(— vD)+ jets (b) W(— fv)+ jets

Figure 7.4: Feynman diagrams for electroweak SM background processes for all-hadronic
searches for SUSY. Final state particles that can be observed as jets are shown in teal,
neutrinos, which are the source of the missing transverse energy, are shown in blue, and
charged leptons are shown in red.
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Hadronically Decaying Tau Lepton Background

Similarly, a W boson can decay to a tau lepton and a neutrino where the latter is recon-
structed indirectly as missing transverse energy (compare Fig. 7.4 (b)). The tau lepton
is unstable and decays in about 35% of the cases to an electron or muon and a second
neutrino. This kind of background events are already included in the previous category.
However, the tau predominantly decays hadronically to one or more pions or kaons and a
neutrino, and as such is not rejected by the lepton veto since it is reconstructed as a jet.
Within this thesis, events with a hadronically decaying tau lepton (73) will be denoted as
hadronically decaying tau background.

Contributions from this background are also significantly reduced by the isolated track
veto. In more than 70% of the cases, a hadronically decaying tau lepton decays to one
charged pion, a neutrino, and a number of neutral pions. These so-called one-prong decays
of the tau are typically reconstructed as isolated tracks, since the track isolation defined
in Section 7.3.1 does not include neutral particles, and the event is therefore rejected by

the isolated tracks veto.

QCD Multijet Background
The SM background from events comprised uniquely of jets produced through the strong
interaction can enter the search region if the energy of a jet is heavily mismeasured causing
a momentum imbalance. These QCD multijet events typically have only low E%ﬁss due
to small contributions from pileup events, an imperfect calibration of the detector, or
simply the stochastic distribution in the measurements of the jet’s energy. Other sources
of EMS that typically lead to larger mismeasurements occur if a heavy flavor hadron
decays inside a jet involving a neutrino, if a fraction of the energy of the jet is deposited
in non-sensitive or faulty detector material, or if the energy cannot be contained within
the sensitive material due to a long hadronic interaction length (“punch-through”) [263].
Accordingly, the most important mechanisms of major mismeasurements lead to a low-
ered jet momentum and can be observed as missing transverse momentum that is aligned
with the jet. Due to this characteristic, QCD multijet events can be efficiently rejected by
the requirement on the azimuthal angle A¢ between the missing transverse momentum
and the leading four jets since only jets with high pr can be sufficiently mismeasured such

that the event passes the Hffniss requirement of the baseline selection.

Other, small background contributions that were not explicitly mentioned arise from
single ¢ production and other rare processes like di- and tri-boson events or t¢ production
in association with a vector boson. However, all those processes can be assigned to one of
the four categories mentioned above.

All of the mentioned background processes contribute to different regions of the kine-
matic space of the search. In Fig. 7.5 the composition of the SM background processes is
shown as a function of the Nje; X Ny jer search intervals defined in this analysis. Z+ jets
and W+ jets events are most important in regions with a low number of jets and/or a

low number of b tagged jets. Only events with leptonic decays of the vector bosons can
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enter the search region since hadronic decays typically have low Hffmss and do not pass the
baseline selection requirements. Accordingly, only few jets contribute to the hard process
and most jets in the event are from initial or final state radiation. In contrast to that, ¢t
events mostly contribute to regions with high Nje; and/or Ny jer. In the majority of the ¢
processes that enter the baseline selection, at least one of the ¢ quarks decays hadronically.
Thus, on tree level already four jets are expected, where two of them are from b quarks and
a lower Ny je; can only be observed if the b jets are not reconstructed or not identified by
the b tagging algorithm. The smallest total background contribution is from QCD multijet
events and these events are expected to have only few b tagged jets. However, Fig. 7.5 is
misleading in this sense since simulated events are used and only the baseline selection is
applied. This leads to the fact that QCD multijet events from a low-Ht sample with a
high cross section and event weights > 1 are included in this figure (compare Fig. 7.1),
which can heavily distort the relative fraction of events since the statistical uncertainty
in the yield is not taken into account. Furthermore, since b tag reweighting is used (see

Section 7.2.3) these high weight events also enter regions with higher Np.je.

CMS simulation Supplementary (13 TeV)
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Figure 7.5: Expected composition of SM background events as a function of Nje; and
Ny jet. The contribution from each process is obtained from simulation after the full
baseline selection is applied [300].

In Fig. 7.6 similar distributions are shown but additional windows on Ht and HEFiSS
are required, following the definition of the Hr X H{f‘iss search intervals. This also helps
to partially avoid the issue of the high-weighted QCD samples since the majority of these
events are included in the lowest HI window shown in Fig. 7.6 (a). Furthermore, Z+jets,
W+ jets and tt events have important contributions to all regions (see Fig. 7.6(a)—(d)), but
interestingly other SM processes with relatively low cross section (compare Fig. 7.1) have
significant contributions of up to more than 40% to search regions with high kinematic
thresholds.
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Figure 7.6: Expected composition of SM background events as a function of Nje; and Np.jet.
The contribution from each process is obtained from simulation after the full baseline
selection is applied. Plots (a)—(d) show the distribution with an additional, increasing
requirement on H%liss, i.e., as a function of the search intervals defined in Fig. 7.3 [300].
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7.4.1 Data-Driven Background Predictions

One of the outstanding properties of this analysis is that the background estimation meth-
ods significantly rely on data events instead of simulated events. This choice of data-driven
approaches can be motivated by Fig. 7.7, which shows a comparison of the shapes of kine-
matic distributions of potential signal models and the most important SM backgrounds
processes. For each of the four distributions it can be seen that the highest fraction of
SM events are expected at low values of the search variables and the fraction of events de-
creases when a higher threshold on the variables is required. In contrast to that, especially
for uncompressed signal models (dashed line), the highest fraction of events is expected at
significantly higher values of the observables. This means that typically the most sensitive
region for many potential signal models lies in the tails of the distributions of SM back-
ground events. The Ht and HITniSS distributions of models with compressed mass spectra
generally are more similar to the one of the background processes, yet the best signal to
background ratio is typically still expected at rather high values of the observables.

Accordingly, one of the main focus of this analysis is to provide reliable background
estimates at rather extreme kinematic regions. However, these regions are very difficult
to model in simulation, e. g., the kinematic distribution of events with many jets is highly
dependent on the exact model of the parton showering. There are basically two concepts
that ensure a reliable estimation of the backgrounds:

e Use of Validation Regions (VR): The expected yield of background events is
estimated based on simulated events, but so-called validation regions are defined
in data. The validation regions are typically chosen as such that the kinematic
distribution of background events are similar to the one in the search region but
only a negligible amount of potential signal events is expected. A comparison of
simulation and data in these validation regions can then be used to derive systematic
uncertainties in simulated events in the search region or to introduce normalization

or shape corrections on the simulated distributions in the search region.

e Use of Control Regions (CR): The number of expected background events is
estimated based on data that is selected in so-called control regions. Control regions
are generally regions dominated by SM background events. The events in those
control regions are then set into relation with the events in the search region via
a variety of experimental techniques. This translation to the search region is often

derived from simulated events but extensively validated in data.

All background estimation methods employed in this analysis use control regions as this
approach is more independent from simulated events. The extensive diversity of these
techniques can be seen in the next four sections when for each background contribution to
this search a brief summary and an overview of the basic idea of the background estimation

method is given.
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Figure 7.7: Normalized kinematic distributions of exemplary signal models and most im-

portant SM background processes. Taken from [1], so a baseline selection of Njz >
4, Ht > 500 GeV, HIT]rliSS > 200 GeV is applied. The last interval in each histogram con-
tains the all events with higher values [300].
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7.4.2 The Lost-Lepton Background

For this analysis two different estimation techniques of the lost-lepton background were de-
veloped. The first approach, referred to as event-by-event approach [4-6], was already used
in previous publications of this analysis [1,2] and is still the main background estimation
method used in [3] as it relies more heavily on data. However, a second approach, referred
to as average transfer factor approach [7-9], was developed for the latest publication since
it is less complicated and can be used to cross-check the results of the event-by-event ap-
proach. Given that the estimation of the lost-lepton background is the main focus of this
thesis, and a detailed discussion of the experimental techniques can be found in Chapter 8
and Chapter 9, only a brief introduction is given in this section.

Both methods rely on single-lepton control regions that are selected in data and pass
the baseline selection, but instead of the lepton and isolated track vetoes a single isolated
electron or muon is required. Furthermore, these events are distributed among the same
174 search regions, according to the observed values of Njet, Npjet, H and Hffniss. The
number of single-lepton events per control region (Ncgr) is then used to constrain the
yield of lost-lepton events in the search region corresponding to the same observed values
of the search variables (Nggr). In the following paragraphs, two independent approaches

are summarized how this can be achieved.

Event-by-Event Approach

This approach is extensively discussed in Chapter 8 and is an improved version of the lost-
lepton background estimate studied in [301] and published in [6]. For simplification, its
concept is explained by Fig. 7.8, which shows the origin of lost-lepton background events,
if no additional isolated tracks vetoes are applied, denoted as the “classical” lost-lepton
background. Only prompt leptons that pass all three requirements, i.e., the acceptance,
reconstruction and identification, and isolation requirement are rejected by the lepton

veto.

Prompt yes Within yes Reconstructed/ yes yes Lepton
— . Isolated? ———
Lepton Acceptance? Identified? Found

ou

ou
ou

Not
Reconstructed/
Identified

(Classical)
b~ Lost-Lepton

Not
Accepted

Not

Isolated
Background

Figure 7.8: Origin of “classical” lost-lepton background events, i. e., no isolated tracks veto
is applied.

In a reverse conclusion, single-lepton events that pass all selection criteria are part of
the control region® and are selected in data. Each of these events is then weighted by

a factor, which represents the probability that the lepton did not pass the respective

3There is an additional selection requirement on the transverse mass of the W boson, which is discussed
in detail in Section 8.2.
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selection criteria and accordingly was lost. Therefore, the core part of this method is the
determination of these weights, which is done by evaluating the corresponding efficiencies
for each analysis step. The sum of all weighted events in each single-lepton control region
then represents an estimate of the lost-lepton background yield in the corresponding search

region interval.

Average Transfer Factor Approach

This approach is discussed in Chapter 9 and was developed in the course of the latest
publication of the analysis presented in this thesis. This method is likely to replace the
event-by-event approach for further publications of the analysis, as it can easily be ex-
tended to include an estimation of the hadronically decaying tau background. For each
search region of the analysis, a transfer factor TF is determined from simulated events,

which is defined as )
g

CR
This factor is then applied to the event yield in every single-lepton control region selected
in data and an estimate of the lost-lepton background is retrieved for the corresponding

search region.

Both approaches are dominated by the limited statistical precision of the control regions
and are widely used by publications of the CMS Collaboration. A detailed comparison and

discussion of the advantages and drawbacks of either method can be found in Section 9.3.

7.4.3 The Hadronically Decaying Tau Lepton Background

For the estimation of the hadronic-tau background a well-established template method is
used, first published in [4-6]. Background contributions from events with a hadronically
decaying tau (73) are estimated using a muon control region that is selected in data taking
advantage that both events arise from the same underlying processes (see Fig. 7.4 (b)) and
accordingly have similar properties on particle level. However, differences arise because of
differences in the response of the detector to a muon and a tau lepton.

Accordingly, muon control region events are selected in data by two single-muon triggers,
that require either an isolated muon candidate, or an isolated muon candidate with slightly
lower pr in conjunction with a requirement on Ht. Furthermore, muon control region
events have to contain exactly one isolated muon with |n| < 2.1, and py > 20GeV, or
pr > 25GeV in case the event has Hr < 500 GeV, but the baseline selection is not yet
applied. Moreover, a requirement on the transverse mass of mrt < 100GeV is applied
to ensure compatibility with the mass of the W boson and to reject potential signal
candidates.

For each of the single-muon events, the detector response to a hadronically decaying
tau is taken into account by basically replacing the muon with a 7, that has the same pt
T}\{isible)

as the muon, and randomly sampling its visible transverse momentum prp( from

a response template. The templates are obtained in simulated W — 7,v, events where
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the reconstructed 7p-jet is matched to the lepton with momentum pT(TEen). Typically,
around 70%-80% of the tau momentum is reconstructed by the detector, as can be seen
in Fig. 7.9.

CMS simulation Supplementary  (13TeV)

= 0.07
S [ aXivil70407781  p ()
go.oe —20-30 GeV
= — 30 - 50 GeV
g 0.05 50 - 100 GeV
— >100 GeV
0.04
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0““““““ PRI IR
0 0.5 1 15 2 2.5
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Figure 7.9: Response templates of a hadronically decaying tau lepton as obtainted from
simulated W — 7,1, events [300].

Subsequent to the smearing process, the values of the search variables Hr, H%ﬁss, Niet,
Ny jet are recalculated. In particular, the reconstructed H%‘iss can be increased, which is
the reason why the single-muon control region events cannot be selected by the standard
trigger of this analysis. Furthermore, the probability that the 7, jet is misidentified as a b
jet is taken into account, since both jets exhibit similar properties like a secondary decay
vertex. In order to achieve the prediction of the hadronically decaying tau background
some additional corrections for the efficiency of the trigger, the acceptance and efficiency
of the muon selection and the efficiency of the isolated track veto have to be applied, as
well as the ratio of the branching fraction for W — m,v and W — v processes.

Finally, the method is validated in a so-called closure test, which is shown in Fig. 7.10.
The Nijet and Ny et intervals are clearly labeled in the figure and the ten results (eight
results for Nje; > 7) within each of those regions correspond to the intervals in Ht and
Hmss indicated in Fig. 7.3. In this test for self-consistency, the number of hadronically
decaying tau events is directly determined in simulation and compared to the event yields
as predicted by applying the full method to simulated muon control region events for every
search interval.

Generally, in search regions that are not limited by the statistical precision of the simu-
lated event samples, the true yield of hadronically decaying tau events is predicted within
10%, which illustrates the reliability of the implemented background estimation method.
This reliability is evaluated and a so-called non-closure uncertainty is introduced. For each
search region, the maximum value of the deviation of the ratio from 1 (“non-closure”) and
the statistical uncertainty in the non-closure is taken. For the majority of the search in-

tervals the assigned uncertainty is observed to be leading the systematic uncertainty of
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Figure 7.10: The background from hadronically decaying 7 leptons in the 174 search regions
of the analysis as determined directly from ¢¢, single top quark, and W + jets simulation
(points, with statistical uncertainties) and as predicted by the full background determi-
nation procedure to simulated muon control regions events (histograms, with statistical
uncertainties) [3].

the hadronically decaying tau approach. However, for many of the most sensitive search

regions, the dominant uncertainty is the limited statistical precision of the control regions.

7.4.4 The Invisibly Decaying Z Boson Background

The evaluation of the irreducible background from SM Z(— vv)+ jets events is based on
a hybrid method that uses v+ jets events to estimate the Z(— vv) yield at search regions
with Npjet = 0 and Z(— £707)+ jets events (¢ = e, u) to derive extrapolation factors for
regions with Ny jet > 0. This hybrid approach unites the advantage of both data-driven

background estimation methods, while avoiding their respective drawbacks:

e ~v—+jets: This method relies on the similarity of Z boson and direct photon produc-
tion at high boson momentum, i.e., a high momentum Z boson in Fig. 7.4 (a) can
be replaced by a photon in pp collisions. The main advantage of the v+ jets control
region is the high statistical precision since the cross section is about 5 times higher
than the one of invisible Z events. However, the different masses and the different
nature of the weak and electromagnetic boson coupling, lead to dominant systematic
uncertainties. Especially in events with bottom quarks, the theoretical modeling of
the boson-quark couplings is subject to high uncertainties. Thus, the decision was
made to restrict the use of this approach and estimate the yield of Z(— vv) back-
ground events exclusively in search with Ny = 0, exploiting the benefit of the

small statistical uncertainty.
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o Z(— €f)+jets: This method uses Z(— ¢¢)+ jets events, effectively replacing the
decay products in Fig. 7.4 (a). Thus, significantly smaller systematic uncertainties
are expected. However, the branching fraction of a Z boson decaying to either
electrons or muons is only about a third of the branching fraction of a Z boson
decaying to neutrinos, so this approach is highly limited by the statistical precision of
Z(— £¢) control region events. Accordingly, this second approach based on Z(— ¢¢)
events is only used for the extrapolation of the previously estimated Z(— vv) yield
to search regions Ny je; > 0, while integrating over Hr and H%liss to compensate for

the limited number of di-lepton events.

Thus, the estimation of the Z(— vv)+ jets background is executed in two independent

steps.

Estimation of Invisibly Decaying Z Background at Np.jet =0

The ~+ jets control region is selected by a single photon trigger and by requiring exactly
one isolated photon with pt > 200 GeV. The photon is then removed from the event to
mimic the missing transverse momentum of the Z(— vv)+ jets event and the standard
baseline selection is applied. The number of Z(— vv)+ jets events in the 46 search regions
Ngfiy with Npjet = 0 is then derived from the number of events in the corresponding
search interval of the v+ jets control region (N;iata) by

pred _ . sim . Tsim | . nydata Y
NZ—)VV =pr Z—vv/y dir B’Y N"/ /Cdata/sim'

7.17
Nb-jet:0 ( )

The yield of observed v+ jets is corrected for two contributions since only prompt photons
that are also “direct”, i.e., photons that are produced in Compton scattering (qg — ¢7y) or
annihilation (¢gg — g7) processes, can be set in relation with Z(— vv) events. The photon
purity 8, is a correction of the control region for the contamination of non-prompt pho-
tons, i.e., from unstable hadron decays. fﬁi}n is a correction for fragmentation photons,

i. e., photons that are radiated during the hadronization process, which are experimentally

s
data/sim

ton reconstruction between data and simulation. The corrected control region yield is then

indistinguishable from direct photons. The C term accounts for differences in pho-

SZm—lH/V/'y’
of Z(— vv)+ jets events and the number of v+ jets events for a given search region. This

translated to the search region by which is defined as the ratio of the number

quantity has to be derived in simulation for all 46 search regions with Ny je; = 0 and takes
various differences of the two processes into account, e. g., cross sections and other theory
related differences, such as the unequal masses of the bosons and the reconstruction and
sim

Z—vv ]y
Fig. 7.11. The last factor in Eq. (7.17) is the so-called double ratio p, which is defined as

p= <%alam/7> (7.18)

(RS0 1,)

isolation efficiencies of the photon. The distribution of the ratio R is shown in
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Figure 7.11: Distribution of RSZHiw Iy with baseline selection applied in the 46 search
regions with N_j.; = 0. Points with error bars show the computed value in each region

with statistical uncertainties [300].

The double ratio accounts for potential differences between simulation and data like miss-
sim

Z—vv/y
Instead, the double ratio is determined on Z(— ¢¢) events, which can be selected in data

ing higher order corrections, since the ratio cannot directly be validated in data.
with high purity and are expected to suffer from the same potential mismodeling than
Z — vv events. However, p has to be averaged over all search regions, due to the limited
statistical precision of the Z(— ¢¢)+ jets control region events, defined below in the second
step of the background prediction. Instead, one-dimensional projections of p are examined
for systematic trends as illustrated in Fig. 7.12. As a slight dependency on Hr is observed
an empirical correction based on a linear fit in Ht is applied to each simulated v+ jets
event. After this reweighting procedure, all three projections of p are consistent with unity
and additional systematic uncertainties in the double ratio are introduced by subsequent,

linear fits in the corrected projections of the double ratio.

Extrapolation to Np_jet > 0

The Z(— £0)+ jets control regions used to determine the double ratio p and to extrapolate
the predicted yield of Z(— vv)+ jets events to search regions with Np je > 0 are selected
by a variety of different triggers that require a low pr electron/muon and a high threshold
on Hr, a high pr electron/muon, or a medium pr electron/muon that has to fulfill some
isolation requirements. Furthermore, the invariant mass of the selected ete™ or putpu~
pair must only deviate by 15GeV from the Z boson mass. In order to further reject
contributions from tf events, only events with pt > 200 GeV of the lepton pair are selected.
Furthermore, the leptons have to pass the same identification and isolation criteria as for
the baseline selection and events with an identified photon are rejected to avoid overlap

with the v+ jets control region.
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Figure 7.12: Distributions of the double ratio p versus the search variables with baseline
selection and Ny e = 0 applied. Points with error bars show the computed value in each
region with statistical uncertainties. The solid blue line shows the linear fit, with the
corresponding uncertainty illustrated as blue dashed lines [300].

The Z(— #£)+ jets control regions are then used to derive extrapolation factors Fj in
data

Fip = (NEwBie) | (NVHSmE™) o G=0123 (7.19)

where the indices j and b refer to the Njet and Np jer intervals of the corresponding search
region (compare Table 7.4), respectively. Due to the limited statistical precision of the
Z(— £0)+ jets control region the factors are determined inclusively in Hp and Hffniss, and
in the case of events with Nje; > 9 the extrapolation has to be supported by simulated
events.

The test of the assumption that F;; is independent of Ht and H‘Tniss is shown in
Fig. 7.13. Similar to the closure test shown before, the direct prediction of Z(— vv)+ jets
events is compared to the extrapolated prediction from Z(— ¢¢)+ jets events. For events
without b jets no extrapolation is performed and both yields agree by definition. Based
on this test, a systematic uncertainty is introduced illustrated by the shaded band in the
ratio plot, which is assumed to cover the assumption that F;; only depends on Nje; and
Npjet-
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Figure 7.13: The Z — vv background in the 174 search regions of the analysis as deter-
mined directly from Z(— vv)+ jets simulation (points, with statistical uncertainties), and
as predicted by applying the Z — vv background determination procedure to statistically
independent Z(— ¢£)+ jets simulated event samples (histogram, with shaded regions indi-
cating the quadrature sum of the systematic uncertainty associated with the assumption
that F;; is independent of Ht and H%ﬁss, and the statistical uncertainty). For regions
corresponding to Ny jer = 0, the agreement is exact by construction [3].

The complete data-driven prediction of the invisible Z background is then performed
by the combination of both techniques. Apart from the uncertainties already mentioned
in this summary, the leading uncertainty in the estimated background yield is from the

limited statistical precision of the control regions.

7.4.5 The QCD Multijet Background

In section Section 7.4, it was mentioned that QCD multijet events only have small con-
tributions to the SM background processes of this analysis. However, these events are
different from the other backgrounds that were discussed so far, since no genuine source of
H%liss is present, which makes the modeling of this background experimentally demanding.
To this end, two independent background estimation methods are used in this analysis.
The first technique is commonly referred to as “Rebalance-and-Smear” (R&S) and was
not used in the first two publications of this analysis that were based on 13 TeV data.
However, it showed excellent performance in previous searches for SUSY that were pub-
lished by the CMS Collaboration [6,302]. Accordingly, a lot of effort was put into further
studies to enhance R&S so that Ny, could be included as an additional search variable,
and it is used as the main background estimation method for QCD multijet events in
the latest publication of the analysis [3]. The second, more empirical background esti-

mation method, often referred to as “Low-A¢ Extrapolation”, was used in the previous
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publications of this analysis [1,2], after it was established in [303].

7.4.5.1 Rebalance-and-Smear

The R&S approach is performed in two steps as indicated by Fig. 7.14. At first, control
region events are selected with a variety of triggers that only require the events to pass a
certain threshold on Hr. Accordingly, the control region dominantly contains QCD multi-
jet events but contributions from events with genuine EmISS i.e., all other SM background
processes, as well as potential signal events, is expected. On these control region events, a
procedure referred to as “rebalance” is executed, which tries to model the event before the
simulation of the detector, i.e., on the level of an event generator (particle level). In the
second step, referred to as “smear”, an expected detector response is applied again and an
event sample that resembles the original control region is obtained. However, essentially
all events with genuine E%iss are not smeared back to sufficiently high values of H?fliss to
pass the baseline selection. Accordingly, a very pure sample of QCD multijet events is

obtained that serves as an estimate of the expected background yield.

Jet 2
Jet 2

- Jet 1 T Jet 1

Jet 3 Jet 3

Figure 7.14: Sketch of the two steps of the Rebalance-and-Smear background estimation
method [304].

Rebalance

The rebalancing step is done using Bayes’ theorem

P(j;)art|jmeas) ~ ,P(jmeas’jg)art) (HmlssuﬁT,j1)7 (720)

where the posterior probability density P( 1Oam|g]n(ms) represents the probability that the
particle-level jet momenta me result in the measured jet momenta JmeaS

The prior probability distribution 7 is derived in intervals of Ht and Np.je; and contains
information about the magnitude and direction of particle-level ﬁ%ﬁss, and accordingly is
derived from simulated events. The momentum imbalance arises from jets that did not pass
the threshold of pt > 30 GeV or from neutrinos inside heavy flavor jets. Furthermore, the
prior depends indirectly on the transverse momentum of the b-tagged jet with the highest
momentum pr j, since this is used as the reference for the direction of missing transverse

4

momentum®. This procedure is an extension to the established method published in

4For events with Ny_jet = 0, the jet does not have to be b-tagged.
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[6,302] where all events were rebalanced to HISS = 0. However, it was observed that this
introduced a bias in the closure of the method for events with b jets.

The likelihood function P(fmeas\%art) is defined as the product of the jet response
functions of all jets in the event. These response functions are defined as the distribution
of the ratio of the reconstructed jet pr and the particle-level jet pr and account for the
intrinsic resolution of the calorimeters, as well as the amount of material between the
interaction point and the calorimeters. Furthermore, the response functions are derived
from simulated events as a function of the jet pr and 7, and correction factors are applied
that account for potential mismodeling of the jet response in simulated events.

Finally, the obtained posterior density P(ﬁart\jmeas) is maximized by the variation of
the momenta of the measured jets within the respective uncertainty and a rebalanced

event is obtained.

Smear

For the smear step, the momentum of every jet is rescaled by a random sample of the
same jet response functions that are used for the rebalancing step. This procedure is per-
formed many times for every rebalanced event and the event weight is reduced accordingly
in order to increase the statistical precision of the new sample. After the application of
the baseline selection on the rebalanced and smeared events an essentially pure sample of

QCD multijet events in the search region can be obtained.

In principle, a closure test similar to the ones studied for the other background esti-
mation methods could be done, however, the yield estimated by the R&S method can
directly be validated in a QCD-dominated control region in data. This so-called low-Ag¢
control region is obtained by the standard search region triggers and baseline selection,
but the requirement on Ad(jets o 343, HIs) is inverted, so at least one of the four leading
jets has to fail that selection. In Fig. 7.15, the obtained estimate of QCD multijet events
is compared to the number of events determined in data, where contributions from the
remaining SM background processes are estimated as described in the previous sections
and subtracted from the total yield. The obtained estimate by the Rebalance-and-Smear
method statistically agrees with the data. The subtraction of estimated yield of tt, W-+jets
and Z+ jets events might lead to negative values in the ratio.

In contrast to the other background prediction methods, the uncertainty in the yield
estimated with the R&S approach is not dominated by the limited statistical precision of
the control regions but by systematic uncertainties related to the shape of the jet response

functions.
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Figure 7.15: The QCD background in the low-A¢ control region as predicted by the
Rebalance-and-Smear method (histograms, with statistical and systematic uncertainties
added in quadrature), compared to the corresponding data from which the expected con-
tributions of top quark, W+ jets, and Z+ jets events have been subtracted (points, with
statistical uncertainties) [3].

7.4.5.2 Low-A¢ Extrapolation

The low-A¢ extrapolation is an empirical approach that is based on a two-dimensional
extrapolation in high /low-A¢ and HrTniSS, as illustrated in Fig. 7.16. High-A¢ corresponds
to the search region, i. e., events that pass the A¢(jet{1727374}, Hffniss) criterion of the baseline
selection, and low-A¢ corresponds to the QCD-dominated control region that is obtained

by the inversion of the A¢ requirement.
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Figure 7.16: Sketch of the Low-A¢ Extrapolation background estimation method.

\\7 8 4

4

1S,

6

1

i
/ 2

3

C1

AT d

C3

300

600 900

H; [GeV]

L
1200 1500 1800 2100

4

5

6

2

3

~L
C1

[~ C2 |

C3

300

600 900

L
1200 1500 1800 2100

H; [GeV]

Furthermore, non-QCD contributions are again subtracted from the low-A¢ control re-

gion, evaluated by the corresponding SM background etimation methods described before.

The QCD multijet background yield in each search region is then estimated by applying
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a factor RRCP on the event yield in the corresponding low-A¢ control region. RICP is
mostly determined in data. Only a negligible dependence on Njy_je; for fixed Njet could be
observed. Thus, this empirical factor can be factorized as

RYY = Kt gim (7.21)
where 4, j and k are the indices of the Hr, N and H%liss regions. This factorization
differs from the one used in the previous publication of this search since the addition of
the Nt = 2 regions showed that it is no longer justified to completely factorize RQCD ip
separate terms of the three search variables.

The Kfjata terms are obtained in data based on the ratio of events in high-/low-A¢
control regions, independently for each low H}"*® sideband region C1, C2 and C3 (see
Fig. 7.16) and every jet multiplicity. This is done by a maximum likelihood fit where
contributions from non-QCD SM processes are taken into account. The Sf,igm terms model
the dependency of R%‘?}? on H%‘iss, so they are used to extrapolate the yield from QCD
multijet events from low to high H3".

The dominant uncertainties in the low-A¢ extrapolation method are related to Sf,‘qm
since it is determined in simulated events, as well as the uncertainty derived from the

closure test of the method, which can be seen in Fig. 7.17.
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Figure 7.17: The QCD multijet background in the 174 search regions of the analysis as
determined directly from QCD simulation (points, with statistical uncertainties) and as
predicted by applying the low-A¢ extrapolation QCD background determination proce-
dure to simulated event samples (histograms, with statistical and systematic uncertainties
added in quadrature). Bins without a point have no simulated QCD events in the search
region, while regions without a histogram have no simulated QCD events in the corre-
sponding control region. No result is given in the lower panel if the value of the prediction
is zero [3].
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Finally, since the low-A¢ extrapolation is only used as a cross check for the results from
the Rebalance-and-Smear method, the QCD multijet background yields in the search
region predicted by the independent approaches are compared. The results from both
predictions are compared in Fig. 7.18 and reasonable agreement compared to the overall

uncertainties can be seen.
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Figure 7.18: Comparison between the predictions for the number of QCD events in the 174
search regions of the analysis as determined from the Rebalance-and-Smear (histograms)
and low-A¢ extrapolation (points) methods. For both methods, the error bars indicate
the combined statistical and systematic uncertainties [3].






8 Lost-Lepton Background Estimation:
Event-by-Event Approach

The lost-lepton background is one of the most important background contributions in
searches for BSM physics in all-hadronic final states: it is present in all search regions
and exceeds 50% of the total background contributions for search regions with high Njet
and Npjet, with the hadronically decaying tau lepton background being almost equal
in size (compare Section 7.4). In this chapter, a detailed discussion of the event-by-
event approach is given, employed to estimate the major lost-lepton background. The
background estimation is based on the technique published in [6], which had to be revised
to include a veto on isolated tracks and to extend the method for four-dimensional search
region intervals. First studies of this extension, including a proof of concept, can be
found in [301] but a large variety of modifications and optimizations of the approach were
performed in the course of this thesis.

The documentation focuses on the most recent implementation of the lost-lepton back-
ground estimation, as published in [3], but any developments with respect to previous
publications [1,2] will be highlighted and motivated. Generally, the presented method is
very flexible and can easily be adapted for arbitrary search region definition.

This chapter is arranged as follows: Section 8.1 focuses on the origin and the composi-
tion of the lost-lepton background. Section 8.2 introduces the single-lepton control regions,
which are the foundation used to constrain the background yield in the search region by
the method described in Section 8.3. An essential concept for this method are lepton effi-
ciencies, which are studied in Section 8.4. The performance of the overall factorization of
the background contributions and the chosen parametrization of the lepton efficiencies are
examined and evaluated in Section 8.5. In Section 8.6, the well-established Tag and Probe
method is introduced, which is used to verify the lepton efficiencies in data and derive
systematic uncertainties where applicable. All systematic uncertainties of the lost-lepton
background estimation method are presented in Section 8.7. Finally, Section 8.8 provides
a summary of the background estimation method and highlights potential improvements

but also limitations of the approach.

8.1 Origin and Composition of the Lost-Lepton Background

The baseline selection of the analysis, as introduced in Section 7.3.4, includes an explicit
veto on events with isolated muons or electrons, as well as a veto on events with isolated
tracks. These vetoes mainly reduce contributions from SM background events with a
leptonically decaying W boson (W* — ¢*v), which was either produced in association

with jets or from the decay of a top quark. However, in events where a prompt lepton
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fails any of the lepton quality and selection criteria defined in Section 7.3.1, it is not
observed as an isolated lepton. If the lepton is also not observed as an isolated track, the

corresponding event enters the search region, as summarized in Fig. 8.1.

Prompt yes Within yes Reconstructed/ yes yes
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Figure 8.1: The origin of the lost-lepton background, starting from events with a prompt
electron or muon. If any of the lepton selection requirements is not met, the corresponding
event is considered part of the “classical” lost-lepton background. If also no isolated track
is observed, the lost-lepton background event enters the search region of the analysis (SR).
Furthermore, the selection of single-lepton control region (CR) events is illustrated.

Following this description, the method to estimate the contribution from such events
in the search regions is split in two steps. In a first step, only the lepton veto is consid-
ered. Each prompt lepton has to pass kinematic acceptance criteria, which depend on the
properties of the detector, otherwise it cannot be detected. For this reason, the according
event can enter the search region (SR). If the lepton passes the acceptance requirements,
it is still possible that the lepton is not reconstructed or not identified as a lepton. Finally,
the identified lepton has to be isolated from hadronic activity in the event. If any of these
three requirements are not met, the event is considered part of the classical lost-lepton
background, as mentioned before. If, instead, events are required to have exactly one iso-
lated electron or muon', they are considered part of the single-lepton control region (CR).
These control region events are the starting point for the estimation of the lost-lepton
background in the search region and are discussed in the next section.

In the second step, the veto on isolated tracks is introduced. This veto further reduce
the background yield by providing a second handle to reject an event, in case a prompt
lepton is not observed as an isolated lepton. This additional veto is especially sensitive to
low pr leptons that did not pass the kinematic acceptance requirements, as it has a lower

threshold of ppr > 5GeV and, integrated over all search regions, reduces the lost-lepton

!There is an additional selection requirement on the transverse mass of the W boson, which is discussed
in detail in Section 8.2.
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background by about 30%.

In Table 8.1, the expected number of lost-lepton events in the search region is shown,
as obtained from simulated event samples. The event yield is scaled to 35.9fb~!, corre-
sponding to the integrated luminosity of the data recorded in 2016. The distributions of

the search variables in these events are shown in Fig. 8.2.

Total W+ jets tt Single top | Rare

Lost-muon 9659.0 £ 76.0 71459 £47.8 | 1865.24+£9.2 | 228.3+2.9 | 419.6 = 16.1

Lost-electron || 10901.5 £ 80.7 || 7983.24+52.3 | 2197.6 +£9.9 | 286.6 £3.2 | 434.1 £15.3

Table 8.1: Expected number of lost-lepton events and the statistical uncertainty obtained
from simulated events that pass the baseline selection. All simulated background samples
summarized in Table 7.1 are considered and scaled to an integrated luminosity of 35.9 fb~!.

Generally, a similar fraction of lost-electron and lost-muon events are expected. The
majority of lost-lepton events are produced in W+ jets processes since this SM background
contribution has the highest cross section. The overall second largest contribution are tt
events, but these events are the dominant background at high Nje; and/or Ny je. Single
top quark production is a rather small background but other SM background events,
denoted as “rare” processes, have sizable contributions to the search region. The latter
contributions can be summarized as di- and tri-production of vector bosons, as well as tt
production in association with a vector boson (compare Table 7.1). Furthermore, it should
be noted that each of the 174 search regions contains a reasonable number of simulated
events even though the total expected event yield of lost-lepton events is lower than 107!
in some of the search regions, as seen in the uppermost panel in Fig. 8.2. This is important
for the determination of the statistical uncertainty of the predicted background yield in
case no control region events are observed in data (compare Section 8.7.1).

Using particle-level information from simulated events it is possible to evaluate the origin
of the lost-lepton events. Fig. 8.3 shows the breakdown of lost-muon events (a) and lost-
electron events (b) into out-of-acceptance, not reconstructed or identified, and not isolated
leptons. Most importantly, it can be seen that the highest fraction of events arise from
out-of-acceptance leptons, even though the isolated tracks veto especially targets these,
as it lowers the threshold of the acceptance from 10 GeV to 5GeV. This effect should
not be overrated since it primarily means that the identification and isolation efficiency is
extremely high, especially for muons. The distribution of these fractions reveals the largest
trends as a function of Ht and Nje, i.e., of general hadronic activity in the event, which
has mainly two reasons: More hadronic activity results in a smaller probability for leptons
to be identified or isolated because of the more challenging environment. However, a
closer look reveals that this is not the dominant effect. Events with high hadronic activity
typically exhibit a large transverse momentum W boson. Thus, the resulting charged
lepton is more likely to pass the acceptance requirements. As a consequence, a small
dependence on H%‘iss and Ny et is expected since those observables are correlated with Hr

and Njet, respectively.
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Figure 8.2: Expected SM contributions to the lost-lepton background as a function of
the search variables. The distributions are obtained from simulated events that pass the
baseline selection requirements and the statistical uncertainty is indicated by the hatched
area. The highest displayed interval in every distribution also contains events with larger
values (overflow events). The ordering of the search regions (top) is defined as before (see
Fig. 7.9).
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out of acceptance (red), not reconstructed or identified (blue), or not isolated (green) as
a function of the search variables. The isolated track veto is included. All distributions
are obtained using particle-level information in simulated events.



134 8 Lost-Lepton Background Estimation: Event-by-Event Approach

8.2 The Single Lepton Control Regions

The basis for the data-driven estimation of the lost-lepton background are single-lepton
control region events that are selected in data collected by the main trigger of this analy-
sis. All baseline selection criteria listed in Section 7.3.4 are applied, except for the isolated
lepton and isolated track veto. Instead, exactly one isolated muon and no isolated elec-
trons are required for the single-muon control region and vice versa for the single-electron
control region. Furthermore, in order to mimic the kinematic topology of lost-lepton
events isolated leptons are not removed from the jet clustering process. Accordingly, the
observed values of the search variables can be considered independent from whether the
lepton was found (CR) or lost (SR). Small differences arise from out-of-acceptance leptons
since they cannot be detected but, by definition, these leptons have a small transverse
momentum, or the lepton is produced at high pseudorapidity, which also implies small
pr. The number of events in which the lepton passes the acceptance requirements but
is not reconstructed as any particle is small, and can be neglected. In any case, residual
deviations are accounted for through the systematic uncertainty that is assigned based on
the test for self-consistency of the approach (see “closure test”, Section 8.5).

An additional selection requirement has to be introduced to prevent potential signal
events from entering the control regions that have muons or electrons in the final state.
This is the case for signal scenarios with top quarks or vector bosons in the decay chain
of the signal process (compare Fig. 3.4). Signal contamination increases the number of
control region events and, therefore, the predicted yield of lost-lepton events from SM
background processes is overestimated, thus degrading the sensitivity of the analysis. This
contamination can be reduced efficiently if only events are selected where the transverse
mass m formed by the lepton pr and Effniss, as defined in Eq. (3.4), is less than 100 GeV.
This is illustrated in Fig. 8.4, which shows the distribution of mt for SM background events
and two potential signal model points that are close to the expected exclusion limit of the
analysis. For SM events, mt shows a distinct peak close to the mass of the W boson, which
rapidly decreases towards higher values of the transverse mass. This tail arises from events
with mismeasured jets, or from events with more than one leptonically decaying or a highly
virtual W boson. Overall, the requirement of mt < 100 GeV preserves about 90% of the
SM events. Potential signal processes, on the other hand, usually have two neutralinos
in the final state that do not arise from a W, so the mr distribution does not show a
characteristic peak at the W mass and has a trend towards high values. Accordingly, if
the requirement on the transverse mass is applied, a typical signal contamination of less
than 0.1% is observed for events that pass the baseline selection requirements. However,
for some signal models like stop pair production with Am (f, )2(1)) ~ m; (compare “top
corridor”, Section 3.5), the signal contamination can be as high as 60% in search bins
with large values of Njet, Npjet, Hr and/or H%liss, especially since only a low yield of SM
events is expected. Thus, signal contamination has to be considered in the limit setting
procedure, which is discussed in more detail in Section 10.3.1.

The purity of the muon control region exceeds 99%, i.e., only less than 1% of the
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Figure 8.4: Distribution of the transverse mass mt formed by the lepton and the missing
transverse momentum for the muon (left) and electron (right) control region, omitting
the requirement of mt < 100 GeV for simulated events. Two potential simplified model
points are shown that are close to the expected exclusion limit of this analysis (mg =
2000 GeV, mgo = 100 GeV; my = 850 GeV, mgo = 100 GeV). The cross section of the
signal events is scaled by a factor of 10 for better visibility.

events originate from non-prompt muons. For the electron control region a contamina-
tion from non-prompt electrons of ~2—3% is expected, reflecting the high performance
of the lepton identification and isolation criteria (see Section 7.3.1). A lepton originating
from heavy flavor quark decays is produced in association with the corresponding neu-
trino. Thus, the missing transverse momentum generated by the neutrino is typically
aligned with the jet and the event can be rejected by the selection requirement on the
angle Ad(jets 9343, HIsS) of the baseline selection. This further increases the purity of
the control regions. The purity of the electron control region is lower due to additional
contributions from misidentified photons or pair-produced electrons. More details about
the purity of the control regions can be found in Section 8.4.2.

Furthermore, a contamination from dileptonic processes is observed. This contamination
is caused by events with two prompt leptons, where one of them is lost. The rate of
these events is significantly reduced by the requirement on the transverse mass since
mr is not expected to be compatible with the mass of a single W boson, but still an
overall contribution of about 3% is expected. For events with Njz = Npjet = 2, the
contamination is significantly higher and about 8% dileptonic events are expected in the
control regions. This region is populated by events with exactly two reconstructed jets
that are required that are both b-tagged, while only small additional hadronic activity is
present. These requirements are often met by ¢t events with two soft, prompt leptons, since
no additional jets from hadronically decaying W bosons are expected, which leads to an
increased contamination of the control regions from dileptonic events. Events with three
or more leptons only have vanishing contributions to the control region and can generally
be neglected. The level of dileptonic contributions to the control region is discussed in

more detail in Section 8.4.2.
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Another benefit of the single-lepton control regions is the high statistical precision rela-
tive to the number of search region events. In Fig. 8.5, the expected number of muon and
electron control region events is compared to the expected number of lost-lepton events.
In Section A.3, the same comparison is shown as a function of the search variables. The
ratio of these yields is typically greater than one and significantly increases as a function
of Njet, as can be seen in the figure. This is somewhat counterintuitive and was noticed
before in Fig. 8.3. Naively, a higher hadronic activity decreases the isolation efficiency of
the leptons, thus increasing the number of lost leptons. However, the dominant effect is
the lepton acceptance efficiency, which shows a strong dependency on Nje since the W

boson is more likely to be boosted in events with a high hadronic activity.
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Figure 8.5: Comparison of the number of expected lost-lepton background events in the
search region (points, with statistical uncertainties) and the sum of single-electron and
single-muon control region events (histograms, with statistical uncertainties) as a function
of the search region bin number of the analysis [300].

Although the simulated single-lepton control regions are not directly used as an input
to the lost-lepton background estimation, it is important to compare the distribution of
control region events in data and simulation to make sure that potential deviations are
well understood and do not affect the background estimation method. Fig. 8.6 shows
distributions of various observables in the muon control region; for the electron control
region the figures can be found in Fig. A.6. The overall ratio of events in data and

simulation is 93.1% and 92.8%, for the muon and electron control regions, respectively.
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Figure 8.6: Composition of the muon control region selected in data (points, with statis-
tical uncertainties) and simulated events (histograms, with statistical uncertainties) as a
function of the search variables of the analysis and kinematic properties of the lepton.



138 8 Lost-Lepton Background Estimation: Event-by-Event Approach

An abundance of simulated events at high values can be observed in both control regions
in all four search variables. This over-estimation of hadronic observables in simulated
events is well understood and can be traced back to the modeling of initial- and final-state
radiation, as was mentioned in Section 7.2.2. Furthermore, a degeneracy in the tracking
efficiency of up to 5% was observed in recorded data, which increased with instantaneous
luminosity and occupancy of the pixel detector, thus reducing the number of observed
single-lepton events. This was first believed to be caused by heavy ionizing particles but
was eventually found to be a consequence of saturation effects in a pre-amplifier chip.
The problem was fixed during the data taking period [305]. However, the slight trend in
the pp spectrum of the leptons cannot be explained by either effect. In any case, these
discrepancies are not expected to affect the estimation of the lost-lepton background as it
is based on control regions that are directly selected in data and any direct use of simulated

events is extensively validated in data whenever possible, as discussed in detail later.

8.3 Description of Method

This section focuses on how the previously defined single-lepton control regions are used to
constrain the yield of lost-lepton events in the search region. To that end, the single-lepton
events are distributed among the 174 search region intervals according to the observed val-
ues of Hr, Hffmss, et and Ny jer. Each event is then weighted by a factor that represents
the probability for a lost-lepton event to appear with the same values of the search vari-
ables. In the following, the definition of these factors is shown step-by-step, starting from
the single-lepton control region, and rewinding the selection criteria as shown in Fig. 8.7

(compare Fig. 8.1).
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Figure 8.7: Sketch of the lost-lepton background estimation method, starting from single
lepton control region events. The estimation of dilepton events that contribute to the
search region is not included. All efficiencies indicated in the figure are derived using
particle-level information from simulated events.
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In a first step, only the single-muon control region is used to estimate both lost-muon
and lost-electron events. In a second, equivalent step, the same is done based on the single-
electron control region, so that two statistically independent estimates of the lost-lepton
yield are obtained.

The following derivation focuses on a single search region interval, i.e., NiostLepton =
NiostLepton (%, J, k, 1) corresponds to the estimated yield of lost-lepton events in a specific
search region of the analysis, where 7, j, k and [, are defined as the index of the Hr, H%‘iss,
Njet and Ny jet intervals of the analysis. Accordingly, Nog = NEg (4, 4, k, 1) is defined as the
observed yield of single-muon events in the corresponding control region. This notation
is chosen since the lost-lepton background estimate is obtained independently for every
search region interval.

The yield of events with a single, prompt, isolated muon (N} ), is obtained by correcting

cach single-muon event selected in data (N§g) by three (event-dependent) factors:

Ni= D Bl,:%- (8.1)

Here, * is a small correction for the contamination of the control region from events
with non-prompt muons. ﬁfl is a similar term that corrects for the contamination from
dileptonic processes. Finally, the number of prompt single-muon events is rescaled by the
inverse of the selection efficiency of the mr requirement, €, to reverse its effect.

Using the muon isolation efficiency, €}, the following equations can be established:

NIZO = Eﬁo ’ N{fi’ (82)
NI =(1—él ) N (8.3)

In this notation, N{é is defined as the number of events with a reconstructed and iden-
tified muon. Similarly, Nliﬁcorresponds to the subset of these events, where the muon is
not isolated, thus, these contributing to the classical lost-lepton background. Combining

Egs. (8.1)—(8.3), the number of non-isolated muons is given by

BrBy (1 =€) BBy
no_ 1l Iso/ _. 1
Nygs = Z ) = Z ek e (8-4)
ieNt, T Iso ieNt, T
and the total number of events with an identified muon by
" By 1

iENER mr - Cso
Similarly, the combined muon reconstruction and identification efficiency (ef;) can be
introduced, and Eq. (8.5) can be used to calculate the number of muons that are not
identified

pgrey 1 (1 —ey) BBy,
NM — E : 1 . Id — 1 rr .
M E%T Eﬁo e?d Z eﬂmT 7 7 (8 6)

iENER i€ENGR
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and the total number of muon that passed the acceptance requirements

pplt 11
> ﬁf”-T.T. (8.7)

€ € €
ic NSR mT Iso Id

Ni

cc

Finally, the definition of the muon acceptance efficiency can be used to derive the number

of muons that failed the acceptance requirements

proy 11 (1—ék) BBy
Njéic{:z Eul.ﬁT.?.TCC::Z 6/‘1'}—#& (8.8)
iGNgR mt Iso Id Acc ieNgR mr

and the total number of prompt muons from single-leptonic processes

"
NH —Zﬂuﬁll.i.i.i (8.9)
prompt e e T :

iENgR mT Iso 1d Acc

Nclassical

o aoL), 1.e., ignoring the isolated

The total number of classical lost-muon events (

tracks veto, can be obtained by summing Eqgs. (8.4), (8.6) and (8.8) and is given by

Ncifuon = Mg+ Nig+ Nj (8.10)
= i Flos+ Fle+ Fy 8.11
= Y T (Fat Flet P (8.11)
iENER B
— Z /B“Bﬁ . 1 B eﬁOG?dexcc (8 12)
- 6” EM 6” Gu ' '
iENgR mT Iso“Id-Acc

It should be noted that lost-muon events from dileptonic processes, where both leptons
are lost, are neglected in this equation and are discussed below. The last fraction in
Eq. (8.12) has a descriptive form and can be interpreted as the probability that a prompt
muon is lost, divided by the probability that it is observed, since the product e{‘soef deicc
corresponds to the probability that a prompt muon can be observed as an isolated muon.

Lost electrons can also be modeled based on the selected single-muon control region.
According to lepton universality, the W boson has the same probability to decay to a

equal to N* since the difference in mass can be

€
muon or electron and N prompt

rompt 18
e

neglected. Therefore, the number of out-of-acceptance (ij{), non-identified (NM) and
non-isolated electrons (Ny,) can be calculated starting from Eq. (8.9):

ok _ e WK
N¢  — § 6/311. 1 il €Acc _. E /3611"/—_-6 (813)
Acc & Tk p - e Ace :
iENéR T Iso Id Acc iGNSR T
w M __ € e wRH
NE — § 5/61l. 1 ‘1 6Id'eAcc _. § /Bﬁll"/—_-e (814)
T e el el i e, ’ '
iENgR T Iso Id Acc iENgR T
[yt _ L€ e e [y
NEé_— § : B /Bll.l €Iso . €1d | €Acc _. § : B Bll']_-e (8 15)
1s6 — e“m P P px 1867 .
iENgR T Iso Id Acc iGNgR mr



8.3 Description of Method 141

introducing the electron acceptance (€4, ), identification (ef;) and isolation (ef,, ) efficiency.
Summing up the three contributions results in the total number of classical lost-electron

events and the only difference with respect to Eq. (8.12) is that the probability to lose

i

a muon, 1 — €

e’f deicc, is replaced by the probability to lose an electron, 1 — €}, e €4 .-

Accordingly, the total number of classical lost-lepton events is given by

NEosiion = 2 Nigg+ Nig+ Ni e (8.16)
l=p,e
Bal
- Y Gt Y (et Tt Pl 10
€Nty T e

_ Z s Bll Z EIsoeldeAcc' (8.18)

mT l=pe 6IsoeIdEAcc

Finally, to obtain the lost-lepton background estimate for the full selection of the analysis
from Eq. (8.17), the isolated tracks veto and contributions from dileptonic events to the
search region have to be included. In previous publications of the analysis [1,2], the
isolated tracks veto was simply included as an overall efficiency €jsotrk, Which scales the
classical prediction by the probability 1 — €0tk that no isolated track is observed in a

lost-lepton event:

B
NiostLepton = Y 7= Y [ — €isotrk) (ffsg"‘ Fra+ ]'-ﬁm{) +(1-51) ‘Ql,SR} :
’LENgR mT e 12214
(8.19)
The term (1 — 51”1) -€9; sR takes dileptonic search region events into account and is evaluated

relative to the number of dileptonic events that enter the single-lepton control region

1 _
Noysr = Z M'EQUSR- (8.20)

€m
— T
1€Ngg

The efficiency ey gr is defined as the probability to also lose the second lepton if one
lepton of a dileptonic event has already been lost. Accordingly, this factor combines the
acceptance, reconstruction/identification and isolation efficiency, as well as the isolated
tracks veto efficiency. This is justified since dileptonic events account for just about
1% of the total lost-lepton background and the statistical precision is not sufficient to
derive factorized efficiencies (compare Section 8.4). However, dileptonic contributions
are not simply disregarded, as contributions of up to 5% are observed for events with
Nijet = Npjet = 2 where only events with a very special topology are selected (compare
Section 8.2).

However, for the latest publication [3], the modeling of the isolated tracks veto was im-
proved. Since for example simulation tends to over-estimate the transverse momentum of
the lepton (see Fig. 8.6), the relative contribution of out-of-acceptance, non-identified and
non-isolated leptons is different in data and simulation. The efficiency of the isolated track

veto is not constant for these three contributions of the background, therefore the factor-
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ization of the isolated tracks veto efficiency shown in Eq. (8.21) allows the background

estimation method to adapt better to data/simulation discrepancies.

m
NLOStLePtOH = Z B Z [ ( 1sotrk ‘FM—'_ Efgo‘frk f

iENfR €in t=p,e

1 - ) F ) +(1-p) - EQZ,SR} : (8.21)

The same formula can be derived based on the electron control region and a statisti-
cally independent estimate of the lost-lepton background can be obtained. The central
prediction of the lost-lepton background is evaluated using the arithmetic mean of the
predictions from the electron/muon control region, essentially doubling the statistical pre-
cision. Any correlations in the uncertainties are taken into account, which is discussed in

more detail in Chapter 10.

8.4 Determination of the Efficiencies

The various corrections and efficiencies introduced in the previews section the most impor-
tant component of the event-by-event lost-lepton background estimation method: they are
not constant factors and the choice of parametrization of the efficiencies is essential. From
a technical point of view, the efficiencies are derived as multi-dimensional histograms, also
referred to as “efficiency maps”. The efficiencies are derived from simulated events, which
has the benefit of an increased statistical precision, which typically is 10-10000 times
higher than the one of recorded data. Accordingly, special attention has to be given to the
validation of the derived efficiencies in data which also affects the choice of observables that
are used to characterize the efficiency maps. This is realized by so-called data/simulation
scale factors, which are discussed in detail in Section 8.6.

This section focuses on the parametrization of the efficiency maps, which is subject to
detailed studies as many criteria have to be considered. In Section 8.4.1, an overview of all
investigated parametrization options is given. In Sections 8.4.2 and 8.4.3, the employed
parametrization of all efficiencies is given that are used to correct the control region yield
and extrapolated it to the search region yield, respectively. Each parametrization is mo-
tivated and the (dis-)advantages of the chosen option are discussed. Finally, the ultimate
test for a given set of efficiency maps is the so-called “closure test”. This test analyzes
the self-consistency of the method and can furthermore be used to derive a systematic un-
certainty for potential deficiencies of the method. The closure test and related systematic

effects are reviewed in Section 8.5.

8.4.1 Parametrization Options

Typically, the efficiencies are characterized as a function of two to four observables, which
is a trade-off between the capability to capture the event topology and the statistical pre-
cision of the efficiency maps. Essentially, there are two different parametrization options,

both with specific advantages and disadvantages.
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The first option is to choose a subset of the variables Hr, HEE“SS, Njet and Np.jer that
reflects the strongest dependencies of the efficiency. If an efficiency is parametrized in
three or even all four search variables, even small dependencies are taken into account and
the overall performance of the lost-lepton background estimation is improved. However,
this leads to larger statistical uncertainties in the efficiency maps and was not feasible at
all before the simulated samples with high statistical precision became available (compare
[301]). The parametrization in search variables is more constrained by precise modeling
of simulated events since a direct validation in data can be challenging. The validation of
the lepton related efficiency maps is typically done with the Tag and Probe method, which
is discussed in more detail in Section 8.6. Tag and Probe typically uses Z — ¢¢ events
but such events have much smaller missing transverse momentum than lost-lepton events.
This can be overcome if one of the leptons is used as a proxy for H%ﬁss by essentially
replacing it with a neutrino but other shortcomings like different flavor compositions of
the jets or differences in the angular distribution of the leptons persist.

These disadvantages can be overcome if the efficiency maps are parametrized in lepton
related variables: The derived efficiency maps can directly be validated via Tag and Probe
and a more inclusive parametrization of the efficiency maps is feasible, and typically two
parameters are sufficient. Furthermore, the usage of lepton related quantities assures
that potential deficiencies in the modeling of the lepton properties, such as the lepton pr
spectrum are accounted for in the background estimate by definition. However, it is often
difficult to find suitable candidates for parametrization. Preferably, a set of lepton related
observables is required to be process independent, i. e., it depends on the observed topology
of an event but it is insensitive to the underlying SM background process. Furthermore,
the variables should be chosen such that the efficiency maps are also similar for Drell-Yan
events and the data-driven validation via Tag and Probe does not introduce a bias. Finally,
the derived efficiency maps should not vary too much since this can lead to fluctuations in
the background estimate depending on whether the control region events are by coincidence
observed in low or high efficiency regions. This is especially problematic in search regions
with only few expected control region events.

Even though extensive studies were performed to identify and optimize those variables,
often no suitable parametrization in lepton related observables could be found and the
efficiencies have to be determined in terms of search variables. Apart from the search

variables, the following variables have been investigated:
e transverse momentum pr and pseudorapidity n of the lepton.
e distance between the lepton and the closest jet AR(Y, jet).
e relative transverse momentum of the lepton with respect to the closest jet pffel (¢, jet).

e activity around a lepton Ay.
Activity is defined as the sum of the pt of all PF candidates in an annulus outside

the mini-isolation cone (compare Section 7.3.1), relative to the pr of the lepton

Rininilso<AR<0.4
A ‘:< > PT(Z')> / pr(0). (8.22)

i€PFcands



144 8 Lost-Lepton Background Estimation: Event-by-Event Approach

This definition of the activity was adopted from [7] and differs from the one motivated

in [301], as it is more stable with respect to pileup since it is based on PF candidates.

e activity around an isolated track Agy.

For isolated tracks, the activity is given by

0.3<AR<0.4
Ag = > pr(i) / pr(track). (8.23)

i1€PFcands (charged)

In this case the inner radius of the annulus is set to outer radius of the track isolation,
which is constant. Furthermore, only charged PF candidates are considered so the
track activity exhibits similar behavior for tracks from leptons and pions, which is

essential for the validation of the veto efficiency in data (see Section 8.6.3).

e the polarization angle Aft of the W boson.
This observable is defined as the angle between the transverse momentum of the W
boson in the laboratory frame and the transverse momentum of the lepton in the
rest frame of the W boson. Afr was used to perform an estimate of the lost-lepton
background in [270], and has the benefit that it is known to high precision, thus
providing an especially reliable quantity in simulated events [306,307].

e the transverse momentum of the W boson.
For high H{?iss events, a good approximation is given by the vectorial sum of the
pr of the charged lepton with ﬁr}“iss, as also used in the lost-lepton background
estimation method published in [270].

In [301], a detailed study of some of the mentioned parametrization options and their im-
pact on the performance of the lost-lepton background estimate can be found. In contrast
to that, this thesis focuses on a general comprehension of the advantages and consequences
of the choice of parametrization summarized in Table 8.2 and published in [3]. This specific
choice is motivated and elaborated on in the following section and results in an unsur-

passed performance of this background estimation method (see Section 8.5).

Efficiency Description Parametrization
I Purity (non-prompt) of CR Niet, Np-jet

B{l Purity (single-lepton) of CR Niet, Np-jet

efnT Transverse mass selection of CR bin-by-bin

Efxcc Lepton acceptance bin-by-bin

efd Lepton reconstruction/identification pT, N

efso Lepton isolation pr, Ay

ééifr/km flesit Isolated tracks veto bin-by-bin
€21,5R Dileptonic contributions to SR Niety Np-jet

Table 8.2: Summary of parametrizations of the efficiency maps used for the event-by-event
approach of the lost-lepton background estimation method published in [3].
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8.4.2 Efficienies to Correct Control Region Yields

In this section, the correction factors applied to the single-lepton control regions are dis-
cussed, namely a correction for contamination from non-prompt leptons, a correction for
contamination from dileptonic events in which one lepton was lost, and a correction for the
selection requirement on the transverse mass used to confine signal contamination in the
control regions. All efficiency maps are determined from simulated event samples listed in
Fig. 7.1, employing b tag reweighting for increased statistical precision for events with a

high number of b tags (compare Section 7.2.3).

Contamination from Non-Prompt Leptons

The contamination of the control regions from non-prompt leptons is obtained from sim-
ulated events including the mt < 100 GeV selection requirement. This leads to a very
high purity of >99% and ~98% for the muon and electron control regions, respectively
(compare Section 8.2). Accordingly, 5° is only a small correction and can be parametrized
in search variables. As shown in Fig. 8.8, a parametrization in Nje; and Ny je is chosen as
this separates search region intervals that are dominated by W+ jets events from intervals
that are dominated by ¢t and other background events that are more likely to contain
heavy flavor quarks and can give rise to non-prompt leptons. Generally, only a minor

dependence on the search variables is observed.

Contamination from Di-Leptonic Events

For similar reasons, the contamination of the control regions from dileptonic events is
parametrized in terms of Nje; and Np jer, as shown in Fig. 8.9. However, in previous publi-
cations a one dimensional parametrization as a function of Nje; was used but the addition
of search regions with Nje; = 2 required the addition of the second dimension for the
parametrization of ﬂfl. As pointed out in Section 8.2, significantly higher contamination
of about 8% is observed for events with Njet = Nijer = 2. Finally, it should be noted
that the efficiency maps for the muon and electron control regions are in almost perfect
agreement as the same level of dileptonic contributions is expected, independent of the

flavor of the lepton.
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Figure 8.8: Purity with respect to events with prompt leptons of the single-muon (top) and
single-electron (bottom) control regions. Only the statistical precision of the simulated
event samples is taken into account.
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Figure 8.9: Purity with respect to events with exactly one prompt lepton of the single-

muon (top) and single-electron (bottom) control regions. Only the statistical precision of
the simulated event samples is taken into account.
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Transverse Mass Selection Requirement

The transverse mass selection requirement maintains about 80-90% of the SM control
region events. Since this is the largest correction that has to be applied to the num-
ber of selected control region events, extensive studies were performed to find a suitable
parametrization in lepton related observables. However, no adequate candidates could be
found since my correlates with the reconstructed pr of the lepton (see Eq. (3.4)). Typically,
the determined mt selection efficiency map is hardly sensitive to the leptonic observable
or it was observed to vary by at least 50% as a function of investigated variables, which led

to insufficient performance of the lost-lepton background estimate in statistically limited

Vi
mr

function of Ht and Nje; since the search variables revealed the largest dependence but the

search region intervals. Accordingly, in previous publications, €,  was parametrized as a
availability of high luminosity simulated samples and the introduction of b tag reweight-
ing made it possible to determine the mt selection efficiency for every single search region
interval, as can be seen in Fig. 8.10. This further improves the reliability of the back-
ground estimate evaluated in Section 8.5, even though a significant statistical uncertainty
of 10-20% on the efficiency can be observed for some search regions. Nevertheless, this
is acceptable since exclusively search regions with less than one expected data control
region event are affected so the background estimate will be dominated by the statistical

uncertainty of the control region.
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Figure 8.10: Transverse mass selection efficiency of the single-muon (top) and single-
electron (bottom) control regions. Only the statistical precision of the simulated event
samples is taken into account.
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8.4.3 Efficiencies to Predict Search Region Yields

In this section, the lepton acceptance, reconstruction and identification, and isolation effi-
ciencies are discussed, as well as the efficiency of the isolated tracks veto and contributions
to the search region from dileptonic events. As before, all efficiency maps are determined
from simulated event samples listed in Fig. 7.1, and b tag reweighting of the events is

applied.

Lepton Acceptance

Since the out-of-acceptance events are the dominant fraction of lost-lepton events, the
parametrization of the acceptance efficiency was subject to detailed studies. The lepton
acceptance is defined as direct selection requirements on the transverse momentum and
pseudorapidity of the lepton. Thus, similar to the m selection efficiency, the parametriza-
tion in lepton related quantities is very challenging and no suitable observables could be
found. The most promising candidate is the polarization angle Aft of the W boson: when
AfT is small, the charged lepton is produced in the direction of the W boson, so a high pr
electron or muon and a low pr neutrino are preferred, which is typically observed as a low
Hffmss control region event, and vice versa. However, the determined efficiency map varies
by almost 100% as a function of Aft and cannot be used for the lost-lepton background
estimate. In any case, the lepton acceptance efficiency cannot be validated via Tag and
Probe, as out-of-acceptance leptons are simply not detected, and a parametrization of the
efficiency as a function of search variables is chosen.

In previous publications of the analysis, a three-dimensional approach as a function
of Njet, Ht and H%liss was used. The introduction of b tag reweighting to the lost-
lepton background estimation method made it possible to include Nj_jet, so an even better
performance is achieved while the statistical uncertainty in the efficiency is below 10%
in well-populated control regions, as can be seen in Fig. 8.11. The acceptance generally
varies between 50-90% and shows similar behavior independent of the lepton flavor but it
is a typically a lower for muons since the coverage in pseudorapidity of the muon detectors
is smaller than the one of the tracker. As mentioned before, the dominant structure is
observed as a function of Nje, but the acceptance efficiency also increases as a function
of Ht. High values in either observable can be traced back to higher hadronic activity in

the event, and this type of events typically exhibit a high momentum W boson.
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Figure 8.11: Lepton acceptance efficiency for muons (top) and electrons (bottom). Only
the statistical precision of the simulated event samples is taken into account.
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Lepton Reconstruction and Identification

The combined reconstruction and identification efficiencies can be parametrized in lepton
related quantities and a direct validation in data via Tag and Probe can be performed. In
average, the efficiency is observed to be higher than 95% for muons and 85% for electrons,
respectively. This is related to the more challenging identification of electrons, as special
care has to be given to distinguish electrons from photons and pions, which can produce
similar signatures in the detector (compare Section 7.3.1).

In previous publications, the reconstruction and identification efficiency is determined
as a function of pr of the lepton and activity Ay,. However, the availability of simulated
event samples with an increased statistical precision revealed that this parametrization
in activity underestimated the identification efficiency at high Nje;. In the case of muons
this means that the muon identification is almost independent of surrounding hadronic
activity due to the very distinct signatures. In the case of the electrons, the dominant
influencing factor in the identification efficiency is observed to be the geometric property
of the ECAL, apart from the momentum. This becomes especially clear at low transverse
momenta or in the transition region at |n| &~ 1.5, as can be seen in Fig. 8.12. Accordingly,
the performance of the background estimate is improved by a parametrization in pr and

n of the lepton.

Lepton Isolation

Similar to the identification efficiency, the isolation efficiency can be directly validated
in data and a parametrization as a function of pp and A, is chosen, as can be seen in
Fig. 8.13. A similar dependence on the observables is determined for muons and electrons
with an average of more than 96% and 91%, respectively. This is expected since the same
definition of isolation is used in both cases but for electrons a stricter requirement on
the isolation value is applied, since generally a higher contamination from non-prompt

electrons is expected, as discussed before.
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Isolated Track Veto

The parametrization of the isolated track veto efficiencies are a special case since the ef-
ficiency anti-correlates with the lepton efficiencies, i.e., only leptons that are missed by
the standard lepton veto can be rejected by the track veto. Furthermore, the leptonic
track veto is sensitive to tracks with 5GeV < pr < 10 GeV, which is not covered by the
single-lepton control regions. This provides a similar challenge in finding lepton related
variables for parametrization as for the lepton acceptance efficiency, so the isolated track
veto efficiencies are determined as a function of the search variables. These efficiency
maps are derived as a function of all four search variables, as can be seen in Figs. 8.14
and 8.15, for lost-muons and lost-electrons, respectively. The parametrization is comple-
mented with Ny e with respect to the previous publications and an improved performance
of the background estimation method is observed.

As mentioned before, the isolated track veto reduces the fraction of out-of-acceptance,
not-reconstructed or not-identified and not-isolated by a different amount. The largest
total amount is the additional reduction of out-of-acceptance lost-lepton events since the
muon and electron track vetoes significantly increase the acceptance down to 5 GeV. The
efficiency egcc is observed to be around 30%, while it is typically higher for muons. The
main reasons are that for muons the acceptance is only defined up to || < 2.4, which is
extended by the tracks veto to |n| < 2.5. Furthermore, lost-electrons are more likely to
be identified as pion tracks and the hadronic track veto is only sensitive for pp > 10 GeV.
On the other hand, the isolated track veto efficiency for not-identified and not-isolated
lost-muon events is expected to be lower than for electrons since the corresponding lepton
efficiencies are higher and less leptons are lost. In particular, the amount of not-isolated
muon events is small, as discussed in Fig. 8.3 (a). This leads to a rather high statistical
uncertainty in ef. , but since the fraction of events is so small, the derived uncertainty
in the total prediction of lost-lepton events is almost negligible. Moreover, it should be
noted that in the histogram of e?d, four search regions can be seen that have an efficiency
of one and zero uncertainty. This is due to technical limitations of the histogram object,
which cannot display asymmetric error bars. Only a single simulated event contributes
to the four considered regions, weighted by the b tag probability. This is displayed as
an uncertainty of 100% with zero uncertainty. However, the implemented background
estimation method properly incorporates all uncertainties, as discussed in Section 8.7.3.

Furthermore, each of the discussed isolated track veto efficiencies is factorized in the
three contributions depending on the flavor (e, u, 7) assigned by the PF algorithm in
order to validate the efficiencies via Tag and Probe. These efficiency maps can be found
in Figs. A.7 to A.9. In these figures, it can be noticed that the muon track veto has a low
rejection efficiency of typically <3% on lost-electron events (Fig. A.7 right) and vice versa
(Fig. A.8 left). This can happen if, apart from the prompt lepton, a second non-prompt
or misidentified lepton is present. Since the tracks are identified by the PF algorithm
without any additional quality requirements, a rather high misidentification efficiency is
observed. The pion track veto is observed to reject a higher fraction of lost-lepton events

than the isolated lepton track vetoes. This is the case since muons are identified as pion
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tracks if no or not enough hits in the muon detectors are assigned, which is especially the
case for muons with 2.4 < |n| < 2.5. Similarly, electrons are misidentified as pion tracks if
too much energy is deposited in the hadronic calorimeter close to the reconstructed track
since the ratio of the energy deposited in the HCAL/ECAL is used to distinguish electrons

from pions (see Section 7.3.1).

Di-Leptonic Contributions

Following the parametrization of dileptonic contributions to the control region, ey sr is
determined as a function of Nje and Npjer, as shown in Fig. 8.16. According to the
factorization of the lost-lepton approach (see Eq. (8.21)), the contribution from dileptonic
events to the search region is model with respect to the contamination from dileptonic
events in the control region (compare Fig. 8.9). To determine the magnitude of dileptonic
events in the search region, the efficiency ey sr has to be multiplied with (1 — ﬂfl), which
typically amounts to <1%. As mentioned before, this is not the case for events with
Niet = Nipjet = 2, where contributions from dileptonic ¢¢ events are expected that only
have little hadronic activity apart from two b tagged jets. This leads to a significant
fraction of events with one or two very soft leptons and a high contribution of dileptonic
events to the control region and the search region is expected (compare Section 8.2). In
this region, ey gr is observed to be as high as ~50%, which is dominantly caused by the

low lepton acceptance efficiency for these types of events.
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identified (middle), and not-isolated (bottom) muons. Only the statistical precision of the
simulated event samples is taken into account.
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8.5 Test for Self-Consistency of Method

Finally, the performance of the background estimation method can be checked on simulated
events in a so-called closure test. This test determines the ability of the background
estimation method to predict the correct number of true particle-level lost-lepton events
from the single-electron and single-muon control regions. This test for self-consistency of
the approach is used for all data-driven background estimations of the analysis (compare
Section 7.4.1), and it is sensitive to a variety of assumptions that are made in the modeling
of the respective backgrounds. In particular for the lost-lepton background, this test
evaluates the performance of the chosen parametrization of the efficiency maps. Fig. 8.17
shows the result for all 174 search region intervals. As before, the dotted lines separate
the 10 Hp x H%HSS search bins (8 in case of Njey > 7), defined in Fig. 7.3, for a given Nje;
and Npjet, as indicated in the histogram.

An excellent performance of the closure test is observed: even though systematic effects
like the statistical uncertainty in the efficiency maps are not taken into account, reasonable
statistical agreement between the expected and predicted event yields can be observed.
For search regions that are not limited by the statistical precision of the simulated event
samples, deviations are observed to be less than 10%. This precision is unsurpassed by
previous publications of this background estimation method, as well as by the background
prediction methods for other SM background processes of this analysis discussed in Sec-
tion 7.4.1.
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Figure 8.17: The lost-lepton background in the 174 search regions of the analysis as de-
termined directly from ¢, single top quark, W+ jets, diboson, and rare event simulation
(points, with statistical uncertainties) and as predicted by the full background determina-
tion procedure to simulated electron and muon control regions events (histograms, with
statistical uncertainties) [3].
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Furthermore, Fig. 8.18 shows one-dimensional projections of the closure test as a func-
tion of the search variables. Again, an excellent performance of the background estimation
method can be seen. The alternating structure in the ratio of the Nje distribution is ex-
pected since some of the efficiency maps are parametrized as a function of the all 174
search regions, i.e., determined inclusively for Nje; = 3—4, Njet = 5—6 etc., so this effect

does not cause a systematic non-closure of the background estimation.
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Figure 8.18: Comparison of lost-lepton background as a function of the search variables as
determined directly from simulated event samples and as predicted by the full background
determination procedure (see description of Fig. 8.17) [300].

A useful tool to evaluate any potential systematic effects in the closure is the so-called
pull distribution [308]. In this case, the pull is defined as the difference of the expected
and predicted background yield, divided by the combined statistical uncertainty. Since
the statistical uncertainties in the efficiency maps are not taken into account, the pulls
are slightly enlarged and any potential systematic biases can be spotted more easily. The
distribution of pulls is shown in Fig. 8.19. In search regions 31-40 (Nje; = 3—4, Npjer = 0)
and 71-80 (Njet = 5—6, Npjet = 0), the predicted event yields can be observed to be
systematically high. The slight over-prediction by at most 2-3% of lost-lepton events
became evident after the high luminosity W+ jets event samples became available, which

increased the statistical precision of the closure test.
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Figure 8.19: Same comparison as can be seen in Fig. 8.17 but the bottom panel shows the
pull distribution.

In order to investigate, which parametrization of which efficiency map causes that non-
closure, the predicted yields of the individual fractions of lost-lepton events can be eval-
uated. The event-by-event approach has the benefit that the lost-lepton background is
factorized in the contributions from out-of-acceptance (N,.), non-identified (Nyy) and
non-isolated (Nyg) electrons and muons, as described in Section 8.3. Thus, a closure test
can be performed taking only the individual contributions to the lost-lepton background
into account. Two examples for the test are shown in Fig. 8.20. The top figure shows the
closure test for the fraction of lost-electron events where the electron is not reconstructed
or not identified. Here, the previously mentioned over-prediction in search regions 31-40
and 71-80 is clearly visible. This shows that the non-closure is caused by the parametriza-
tion of the electron identification. However, no better two-dimensional parametrization
of the electron identification efficiency could be found than the chosen one in pt and 7.
Since the total number of lost-lepton background is over-predicted by at most 2-3%, and
lost-lepton events are a minor background compared to Z(— vv)+ jets events in these
regions (compare Section 7.4), no correction for this effect is applied. As a second exam-
ple, Fig. 8.20 (bottom) shows a similar test taking only the fraction of out-of-acceptance
muons into account. Here, no statistical significant deviation of the predicted yield from
the expected number of out-of-acceptance muons is observed.

All in all, an excellent performance of the lost-lepton background estimation method is
observed, which confirms the choice of parametrization of the efficiency maps. Further-
more, this test is used to assign an additional uncertainty in the expected precision of the

predicted background yields. This is discussed in detail in Section 8.7.2.
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Figure 8.20: The number of non-identified electrons Nﬁ{ (top) and out-of-acceptance muon
N y (bottom) in the 174 search regions of the analysis as determined directly from sim-
uﬁgon (points, with statistical uncertainties) and as predicted by the full background de-
termination procedure to simulated electron and muon control regions events (histograms,
with statistical uncertainties).
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Some additional tests can be done based on the introduced closure test formalism. All
efficiency maps are determined from simulated event samples, weighted by the respective,
nominal cross section. Although these cross sections are derived from precise theoretical
calculations, they can be subject to large uncertainties. In fact, it can be shown that the
lost-lepton background estimation method can be considered largely independent of the
exact composition of SM background events. To this end, the closure test is repeated and
the cross section of either tt, W+jets, single ¢, or rare event samples is increased by 50%, but
still the nominal efficiency maps are used. The results can be found in Figs. A.10 and A.11.
Since no systematic trends are observed, it can be concluded that the parametrization of
the efficiency maps is chosen as such that it is sensitive to the actual topology of the event
and only depends on the underlying SM process to a negligible amount.

The same test is performed to evaluate the insensitivity of the background estimation
method to known deficiencies of event simulation, namely the distribution of pileup events
and the modeling of initial and final state radiation. As before, no systematic trends in
the closure test shown in Fig. A.12 can be observed, so no correction for the modeling of

pileup or ISR has to be applied on the derived efficiency maps.

8.6 Validation of Efficiencies and Application of Correction

Factors

In Section 8.4, a large variety of efficiency maps is derived from simulated events. These
efficiency maps can directly be used to predict the yield of lost-lepton events based on
single-lepton control regions that are selected in simulated events as done for the closure
test discussed in the previous section. If, however, the background estimation is performed
based on actual data, it is crucial to validate the efficiency maps by data-driven methods,
whenever feasible. A well-established procedure to validate lepton-related efficiencies, is
the previously mentioned Tag and Probe method, which is summarized in Section 8.6.1.
Sections 8.6.2 and 8.6.3 focus on the application of Tag and Probe to verify the lepton and

isolated track veto efficiencies, respectively, and, if necessary, introduce correction factors.

8.6.1 Tag and Probe

A general description of the Tag and Probe method can be found in [309]. Tag and
Probe exploits known mass resonances, typically Z or J/v, that can be reconstructed
as two candidate objects of a given particle type, e.g., electrons or muons. The first
object, referred to as Tag, has to pass stringent selection criteria, so a very high purity of
>99% is achieved, and only a negligible amount of selected tag objects are not correctly
identified as the required object. To give an example, if the muon isolation efficiency is
to be measured, the Tag object typically is a well-identified and -isolated muon. The
second object, referred to as Probe, only has to pass a generic selection, thus no bias to
the investigated efficiency is introduced. In case of the muon isolation efficiency, a well-

identified muon can be used, if no additional direct or indirect requirements on its isolation
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are made. Finally, to reduce contamination from other dileptonic processes, only events
are selected where the invariant mass of the Tag and Probe pair is compatible with the
mass of the resonance, e. g., the mass has to be within 30 GeV of m .

The invariant mass distribution is analyzed separately depending on whether the Probe

object passed or failed the examined criterion. This is illustrated in Fig. 8.21.
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Figure 8.21: Sketch of data-driven Tag and Probe method, typically exploiting the Z or
J /1 resonance, which is used to validate lepton efficiency maps. The distributions show
the invariant mass of the two lepton objects, if the probe object passes (a) or fails (b) the
required criterion, as well as a combined fit with a signal and background model.

In both cases, a pronounced peak of the resonance can be seen, which is situated on top
of a continuous distribution of background events. In order to calculate the signal yields
and subtract background contributions, a simultaneous fit of a signal and background
model is performed. The choice of fit functions depends on the investigated criterion and

are subject to detailed studies. Finally, the efficiency is given by

Tyass
‘- Tpass + Trait’ (8.24)
where [, and Ip,; are computed as the integral of the fitted signal model for events
with passing and failing probes, respectively. This procedure can be repeated in intervals
of probe variables (pr, 7, activity, etc.), so the dependency on those variables can be
studied. Furthermore, the same procedure can be applied to simulated events, and the
ratio of both results can be applied as a correction factor to simulated events, also referred
to as data/simulation scale factors (SFs). Obviously, the derived scale factors suffer from
limitations due to the size of the Tag and Probe sample, especially when performed on
data. Other limitations arise because of systematic effects, like the choice of fit function for
signal and background events, the quality of the fits, residual pileup dependency etc. These
limitations are treated as systematic uncertainties. The consequence on the modeling of
the lost-lepton background is discussed in detail in Section 8.7.
Unfortunately, this data-driven Tag and Probe approach is limited to efficiencies in
which at least some basic probe object can be reconstructed. This is especially unfavor-
able for the lepton acceptance efficiency since out-of-acceptance lepton typically are the

dominant source for lost-lepton events but cannot be reconstructed by the detector.
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8.6.2 Lepton Scale Factors

The recommended lepton scale factors are centrally provided for SUSY analyses and sum-
marized in [310]. The determination of the scale factors is performed using the official tool
provided for muon [311] and electron [312] Tag and Probe studies. Since the scale factors
are provided in a variety of parametrizations and different combinations of identification
and isolation working points, they can simply be applied as a multiplicative factor to the

efficiency maps determined in Section 8.4.

Muon Scale Factors
Three different scale factors have to be applied on the muon reconstruction and identifica-
tion efficiency (Fig. 8.12). As already mentioned in Section 8.2, while taking data in 2016,
a degeneracy in the tracking efficiency was observed, which scaled with instantaneous lu-
minosity, i. e., occupancy of the pixel detector [176]. This effect was eventually traced to
saturation effects in a pre-amplifier chip. Even though the issue was quickly identified and
fixed, all data that was recorded before still suffers from the issue. Accordingly, tracking
scale factors are centrally provided [313], which can be as large as 5% for some regions in
pseudorapidity. Furthermore, an additional scale factor for the muon identification effi-
ciency is provided. Even though the tracking efficiency has already been corrected for, it
was observed that simulation still over-estimates the identification efficiency by up to 3%
for muons with pp < 20 GeV or |n| > 2.1. Finally, an additional requirement on the impact
parameter of the muons is made (compare Section 7.3.1), so simulation is corrected for
potential mismodeling of this quantity, too. This scale factor is observed to be typically
less than 0.2% for all values of pr and n of the muon.

The muon isolation efficiency (Fig. 8.13), on the other hand, is observed to be almost
perfectly modeled in simulated events. Only for events with a low transverse momentum

of the muon (pr < 25 GeV) a statistical significant deviation of 0.1—0.2% is measured.

Electron Scale Factors

For electrons the scale factors are observed to show a similar behavior. Even though
the tracking scale factors are applied, electron identification efficiency is still found to
be mismodeled by up to 5% for electrons with pr < 20 GeV or |n| > 2.0. The electron
isolation efficiency is observed to be almost perfectly modeled for large ranges of electron

pr and 7; only for low momentum, a scale factor of up to 2% is determined.

8.6.3 Isolated Track Scale Factors

Furthermore, the isolated track veto efficiency can be validated via Tag and Probe to a
large extent. However, the validation is found to be rather challenging and a variety of
effects have to be taken into account as summarized in the following. More information
about these studies can be found in [301,314].

The first challenge arises from the choice of probe object. It is not feasible to use all
reconstructed tracks that pass the threshold of pr > 5GeV as the invariant mass distri-

butions used for Tag and Probe are dominated by background events and no meaningful
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fit to signal can be extracted from data (compare Fig. 8.21). Accordingly, only tracks
that are identified as muon or electron tracks by the PF algorithm are used as probe
objects. This approach neglects potential inefficiencies of the PF algorithm, which has to
be covered by a systematic uncertainty. Tracks from hadronically decaying 7 leptons are
validated indirectly since the Tag and Probe method can not easily be extended to study

pion tracks.

Leptonic Tracks

The track isolation can be verified with Tag and Probe. The derived uncertainty is ob-
served to be the dominant source of systematic uncertainty in the isolated track veto
efficiency. Other sources of systematic uncertainties in the modeling of the tracking and
reconstruction efficiency are taken into account by the tracking scale factors mentioned in
the previous section. The mr selection requirement on the isolated tracks is observed to
only have a small effect since more than 95% of the isolated tracks pass that requirement.
Nevertheless, a systematic uncertainty for this effect is assigned, which is discussed in
Section 8.7.

The second challenge arises from the limited statistical precision. Leptons with 5 GeV <
pr < 10 GeV can only be rejected by the isolated tracks veto but the majority of leptons
with pr > 10GeV has already been rejected by the standard isolated lepton veto. Ac-
cordingly, only events where the probe lepton is not observed as an isolated lepton are
considered for the isolated track veto studies. This approach ensures that the probe se-
lection does not bias the obtained efficiencies. However, this approach strongly limits the
statistical precision of the probe sample for tracks with with pr > 10 GeV. This effect
can be seen in the isolation efficiency maps for muon tracks Fig. 8.22 (a), and for electron
tracks Fig. 8.23 (a). Here, statistical uncertainties of up to 10% are observed, even though
these efficiency maps are derived from high luminosity simulated samples. Fortunately,
the dominant fraction of isolated tracks is expected at low pr, as shown in Fig. 8.22 (b)
and Fig. 8.23 (b), so a sufficiently large size of the probe sample is expected in the most
important pt regions.

The Tag and Probe studies were performed in the scope of a similar search for SUSY
that also used a veto on isolated tracks [7], and scale factors were derived as a function of
pr and activity of the lepton. As no statistical significant deviation from unity is observed
for neither electrons and muons, the track veto efficiency is only corrected for the tracking
efficiency scale factors mentioned before, and the Tag and Probe studies are used to derive

a systematic uncertainty in the isolated track veto efficiency (see Section 8.7).
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Figure 8.22: The isolation efficiency for muon tracks (a), which can be validated with Tag
and Probe, and the fraction of lost-lepton events that are rejected by the isolated muon
track veto (b), even though the isolated lepton veto is already applied. Only statistical
uncertainties are displayed.
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Figure 8.23: The isolation efficiency for electron tracks (a), which can be validated with
Tag and Probe, and the fraction of lost-lepton events that are rejected by the isolated
electron track veto (b), even though the isolated lepton veto is already applied. Only
statistical uncertainties are displayed.
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Hadronic Tracks

Similar studies are performed for the indirect validation of the isolated pion track veto. To
that end, muon track efficiencies are extrapolated to the hadronic tracks. This is justified
since in all search regions, more than 97% of the isolated pion tracks are produced by a
hadronically decaying tau lepton that decays to only one charged particle (so-called single-
prong tau decays). The track isolation defined in Section 7.3.1 does not take neutral PF
candidates into account, i.e., the isolation distributions for muon tracks is expected to be
similar to those for pions from hadronically decaying tau leptons.

However, the pion track veto efficiency is found to be in average 15% lower than the one
for muon tracks, as can be seen in Fig. 8.24 (a). This is observed to be caused by neutral
pions or kaons from the tau decay, which can produce photons in the decay process. These
photons can in turn decay into electron/positron pairs and these tracks are included in the
isolation sum. Potential mismodeling of this effect in simulation is covered by a systematic
uncertainty (see Section 8.7).

The validation of the pion track isolation has the advantage that pions can only be
rejected by the track veto as there is no corresponding isolated tau veto. This means
that all muon tracks can be used as the Probe collection, regardless of whether the probe
muon is observed as an isolated lepton, which avoids the problem of the low statistical
precision. No systematic effects are observed in the derived scale factors. Thus, apart from
the tracking efficiency scale factors no further corrections are applied to the isolated pion
veto efficiency and the Tag and Probe studies are used to derive a systematic uncertainty
(see Section 8.7).
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Figure 8.24: The isolation efficiency for pion tracks (a), which can be validated with Tag
and Probe and the fraction of lost-lepton events that are rejected by the isolated pion
track veto (b).
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8.7 Uncertainties

Using the methods described in the previous sections, the lost-lepton background yield
can be estimated based on control regions selected in data according to Eq. (8.21), with
efficiency maps that are derived from simulated events (Section 8.4) and that are corrected
for known mismodeling of the simulation (Section 8.6). However, to specify the reliability
of that estimate the magnitude of potential systematic biases has to be investigated.
Accordingly, a variety of systematic uncertainties is introduced, the majority of which
is directly related to the efficiency maps that are used in the background estimation
procedure.

The statistical precision of the control regions turns out to be the dominant uncertainty
in the most sensitive search regions, which is discussed in Section 8.7.1. The leading sys-
tematic uncertainty is derived from the closure test and reflects the general reliability of
the background method. This uncertainty is evaluated in Section 8.7.2. Smaller uncer-
tainties arise from the evaluation of the efficiency maps. Typically, each of those maps
introduces two systematic uncertainties: First, the limited size of the simulated event
samples is accounted for by a statistical uncertainty in the efficiency maps, discussed in
Section 8.7.3. Second, potential mismodeling of the simulation is taken into account and
for each efficiency a unique approach to quantify these effects is introduced in Section 8.7.4.

In Section 8.7.5, a brief summary of all considered uncertainties is given.

8.7.1 Statistical Uncertainty

Even though for the majority of search regions, more single-lepton control region than lost-
lepton search region events are expected (see Fig. 8.5), the limited statistical precision of
the background estimate typically is the leading uncertainty. This is especially true for
search regions with high values of Hr, H‘Tniss, Nijet and/or Np.jet, which are among the most
sensitive search regions for many potential supersymmetric signals (compare Chapter 3).
In total, there are 24 search regions where less than one event is expected according to
simulation, which is scaled to match the integrated luminosity collected in 2016. In order
to derive a statistical uncertainty in case no data control region events are observed in a
given region, an average weight is obtained from simulation. This weight is obtained by
applying the lost-lepton background method on simulated control region events, as done for
the closure test (see Section 8.5), and it is given by the number of predicted background
events divided by the number of control region events in the considered region. These
average weights basically correspond to the inverse of the ratio shown in Fig. 8.5, and are
used to scale the Poisson statistical error on the zero observed, which is around 1.84 as
given by the Garwood interval [315]. As each control region event can only contribute to
a single search region, the statistical uncertainty is uncorrelated across all search regions.
However, when the predicted lost-lepton yield is combined with the prediction for the
hadronic tau background, correlations have to be taken into account as the control regions

of both methods partially overlap.
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8.7.2 Non-Closure

The leading systematic uncertainty is derived from the closure test, introduced in Sec-
tion 8.5, and it reflects the reliability of the background estimation method, i.e., the
ability of the method to predict the true number of background events. Accordingly, a
systematic uncertainty is derived based on this test, which is defined as the larger value
of the observed non-closure and the statistical uncertainty in the non-closure. In case this
systematic uncertainty is dominated by extremely a low statistical precision, the assigned
value is cut off at 100% but for the majority of events it is within 2-30%. Residual non-
closure effects are found to be dominated by the limited number of simulated events, as no
systematic effects in the non-closure of the method is observed, apart from the previously
discussed and negligible effect for search regions with Njey = 3—4,5—6 and Ny = 0.

Thus, the assigned uncertainty is assumed to be uncorrelated across all search regions.

8.7.3 Statistical Uncertainty of Efficiencies

Although all efficiency maps are derived from high luminosity event samples, the statistical
uncertainty in the efficiency maps cannot be neglected and has to be propagated to the
estimated lost-lepton yield in the search region. To that end, each efficiency map is
varied up and down within its statistical uncertainty and the expected background yield
is calculated. The difference with respect to the nominal yield is then introduced as a
systematic uncertainty. This process is repeated independently for every efficiency map.
It should be noted again, that unlike shown in the figures in Section 8.4, asymmetric
uncertainty intervals on all efficiency maps are considered. The asymmetric uncertainty
is derived as a Bayesian confidence interval, which is able to take the finite statistical
precision into account if an efficiency of 100% is determined [316].

The statistical uncertainty in the efficiency maps can lead to a typical uncertainty of
up to 5—6% on the lost-lepton background prediction, which can be larger than the corre-
sponding uncertainty for potential mismodeling of the simulation discussed in the following
section. This is usually the case for efficiency maps that are parametrized as a function of
the search regions. Accordingly, this can be overcome if a more inclusive parametrization
is chosen, e. g., only the three most sensitive search variables are considered, or some of the
search regions are combined. However, this inevitably increases the assigned non-closure
systematic uncertainty. In any case, the statistical uncertainty in the efficiency maps only
takes these high values for search regions that are dominated by the statistical precision
of the control regions. Thus, it is not necessary to reduce the statistical uncertainty in the
efficiency maps.

The derived uncertainty is correlated according to the parametrization of the corre-
sponding efficiency map: The identification efficiency is parametrized as a function of pr
and activity so the derived uncertainty is correlated across all search regions. The purity
of the control regions is parametrized as a function of Nje; and Ny jet, so the corresponding
uncertainty is correlated across all search bins with same Nje; and Ny jer independent of
Ht and HITmSS7 etc.
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8.7.4 Systematic Uncertainty of Efficiencies

Furthermore, a systematic uncertainty is introduced for each efficiency map that takes
potential mismodeling of the simulation into account. Preferably, these uncertainties are
derived by data-driven techniques, like the previously introduced Tag and Probe method.
However, this is not always possible, as for the lepton acceptance efficiency, nor necessary,
as for minor corrections like the purity of the control regions or dileptonic contributions.
In the following, a detailed discussion of the derivation of these systematic uncertainties is
given, based on a variety of well-established methods. These values are then propagated
to the estimated lost-lepton background yield, exactly as the statistical uncertainties in

the efficiency maps described in the previous section.

Lepton Isolation Efficiency

The systematic uncertainty in the lepton isolation efficiencies is centrally provided along
with the scale factors (compare Section 8.6.2). This uncertainty consists of the statistical
uncertainty in the scale factor, which is mainly caused by limited statistical precision of the
data and systematic uncertainties related to the Tag and Probe procedure, summarized in
Section 8.6.1. Both parts of the uncertainty are combined in quadrature, which typically
leads to an uncertainty in the estimated number of lost-lepton events of 1-3%. This
uncertainty is assumed to be correlated across all search regions, as the Tag and Probe

method is performed as a function of lepton related observables.

Lepton Reconstruction and Identification Efficiency

Similarly, the uncertainty in the reconstruction and identification scale factor, as well as the
one in the tracking scale factor are provided centrally and both consist of a statistical and
systematic part, which are added in quadrature for each of them. The total uncertainties
in the tracking and the identification efficiencies are then added linearly, as both effects
are correlated. This leads to a relative uncertainty of typically 2-5% in the estimated
background yield, which is primarily caused by the correction for the observed tracking
inefficiency. For the same reasons as for the isolation efficiency, this uncertainty is assumed

to be correlated across all search regions.

Lepton Acceptance Efficiency: PDF Variation

Two important, theoretical effects that can potentially introduce a systematic bias of the
acceptance efficiency are evaluated since no direct validation in data is possible. The
first systematic uncertainty takes variations of the PDF's into account that are used in
calculation of the proton-proton scattering process (see Section 5.1). A set of 100 PDF's
are considered in this analysis that are derived by the NNPDF collaboration [317] and the
recommended procedure is followed. For each of these replicas, which are stored in the
simulated event samples as additional weights, the acceptance efficiency is re-calculated for
all 174 search regions. For each search region, the root mean square of all 100 variations
is calculated and applied as a systematic uncertainty in the nominal acceptance efficiency.

The derived systematic uncertainty is propagated to the estimated background yield and
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is observed to typically contribute by only 1-2%. It assumed to be correlated across all

search regions.

Lepton Acceptance Efficiency: Renormalization and Factorization Scale

The second theoretical uncertainty in the acceptance efficiency is caused by the choice
of the renormalization and factorization scale ppg/p, which determines effects like the
strength of the running coupling a5 and accordingly partonic cross sections [318,319]. The
corresponding systematic uncertainty is evaluated by independently scaling pr and pg by
factors of 2 and 1/2 which is, similar to the PDF variations, included in the simulated
event samples as additional event weights. Variations in the opposite direction are not
considered physical and therefore not taken into account. Accordingly, six acceptance
efficiencies are calculated for every search region and the envelop of these variations is
assigned as a systematic uncertainty to the nominal efficiency. The derived uncertainty is
usually observed to be of similar size as the one derived from PDF variations (1-2%) and

considered correlated across all search regions.

mr-Cut Selection Efficiency
The efficiency of the mr selection can in principle be validated with a Tag and Probe
technique if one of the leptons is removed from the Z(— ¢¢) event, so that it serves as
a proxy for the momentum of the neutrino from the W(— ¢v) process [301]. However, a
variety of technical challenges have to be solved: The difference in mass between the Z
and W boson leads to a shift in the transverse mass distribution. Moreover, the transverse
momentum of the removed lepton cannot directly be considered as EEFiSS since the missing
transverse energy is reconstructed indirectly from all reconstructed particles. Accordingly,
the jet momentum resolution has to be taken into account, and the Tag and Probe study
has to be performed in an environment similar to the single-lepton control region events.
On the other hand, any selection requirements on the hadronic variables of the Z(— ¢¢)
events significantly limits the available Tag and Probe statistics. Most importantly, in
order to reduce contamination from background events, Tag and Probe studies typically
require that the invariant mass of the leptons is close to the Z boson mass. This is in con-
tradiction to the measurement of the mt selection efficiency since it is mostly determined
by the tail of the distribution (see Fig. 8.4), i.e., from events with virtual W bosons.
Due to all this challenges, no direct validation in data is performed but data is used
indirectly to assign a systematic uncertainty in the efficiency. The definition of mr in
Eq. (3.4) is based on three quantities: the momentum of the lepton, the missing transverse
energy, and the azimuthal angle between the two. The dominant effect is found to be
caused by the modeling of the reconstructed energy of jets. These effects are centrally
investigated [320] and correction factors for simulated events (JECs) are derived by data-
driven techniques, as discussed in Section 6.2.3. These corrections are applied on the
simulated event samples for the calculation of the nominal efficiencies. In order to derive
an uncertainty in the mrt selection efficiency, the reconstructed momentum of every jet

in an event is varied up and down according to the uncertainty in the JECs, and Efrniss
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and consequently mr are recalculated. This leads to a typical uncertainty of 1—3% on the

yield of lost-lepton events, which is considered uncorrelated for all search regions.

Isolated Track Vetoes

A data-driven validation of this important efficiency was first studied in [301]. Since then it
has been significantly improved by other members of the analysis group, which is discussed
in [314,321] and summarized in the following.

Similar to the lepton efficiencies, a systematic uncertainty is derived from the Tag and
Probe study, which was discussed in Section 8.6.3. However, this study only covers the
track isolation efficiency and a variety of other effects have to be taken into account, too.
For leptonic tracks, the total uncertainty is composed of the statistical and systematic
uncertainty of the general Tag and Probe procedure, the uncertainty in the tracking effi-
ciency and the uncertainty in the mr < 100 GeV selection efficiency, which is also required
for the isolated track veto. As before, the uncertainty in the tracking efficiency is cen-
trally provided and the uncertainty in the mr requirement is evaluated by variations of
the missing transverse energy, as discussed in the previous paragraph.

In the case of hadronic tracks, only a indirect validation via muon tracks is feasible, so
any potential bias from the extrapolation to pion tracks has to be covered by an additional
systematic uncertainty. As mentioned in Section 8.6.3, additional neutral pions from the
7, decay lower the isolation efficiency by about 15% with respect to leptonic tracks. To
cover potential mismodeling of the neutral pion multiplicity a conservative 50% of the
observed difference between leptonic and hadronic tracks, evaluated on simulated events,
are assigned as an additional systematic. Furthermore, about 3% of the isolated pion
tracks are found to originate from a hadronically decaying tau lepton that produced more
than one charged meson. These multi-prong 7 are not validated by the indirect Tag and
Probe and an uncertainty of 100% is assigned on the isolation efficiency for these events.

It is important to note that the uncertainty in the isolated track efficiencies are evaluated
as a function of pr and activity of the track since this parametrization is used for the Tag
and Probe study. For the actual lost-lepton method, the efficiency is given as a function
of the search variables. Accordingly, for every search region, the total derived uncertainty
in the isolated track veto efficiency for a given pr and activity is folded with the expected
number of events that have an isolated track in the same pr and activity region. This
means that the uncertainty in the efficiency corresponding to Fig. 8.22 (a) is multiplied
with a similar distribution to the one shown in Fig. 8.22 (b) but that is derived for every
single search region.

The total derived uncertainty in the isolated track veto efficiency is observed to be
mostly dependent on Nje, with typically <1% for muon tracks, up to 4% for electron
tracks and up to 8% for pion tracks [321]. Since pion tracks are almost negligible for the
lost-lepton background, the total combined uncertainty in the estimated lost-lepton yield
is observed to be typically 1—3%. This uncertainty is assumed to be correlated among
all search region as the Tag and Probe study is performed as a function of lepton related

observables.
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Other

Furthermore, less important uncertainties in the small corrections for non-prompt lep-
tons and dileptonic events are taken into account. Since the lepton identification and
isolation criteria provide a very high rejection of non-prompt leptons, a conservative 20%
uncertainty in the impurity of the control region is assigned, which amounts to a typical
uncertainty in the lost-lepton yield of <1%. The contributions from dileptonic events in
the control and search regions are typically larger, especially for search regions with a
high number of Ny ;. Even though all important event samples that can give rise to such
events including rare SM processes are considered in the calculation of the efficiencies, a
conservative 50% on both dileptonic contributions is assigned to cover potential mismod-
eling of the more challenging event samples. Both uncertainties are propagated to the
total background yield and typically give rise to a systematic uncertainty of 0.5—3%. All
these minor uncertainties are assumed to be correlated among Ht and H%liss since the

efficiency maps are all parametrized as a function of Nje; and Np jet.

8.7.5 Summary of Uncertainties

An overview of all considered sources of uncertainties along with the typical effect on the
estimated lost-lepton yield is given in Table 8.3. Apart from the statistical uncertainty
and the non-closure uncertainty, for each efficiency map two? systematic uncertainties are
introduced: The first one is related to limited precision of the simulated event samples
that are used to derive the efficiency map. The second systematic uncertainty takes
account of potential deficiencies of the simulation with respect to data. Furthermore, the
assumed correlation model of the latter uncertainty is specified. As mentioned before, the
systematic uncertainty covering the statistical precision of the efficiency maps is treated
correlated according to the parametrization of the efficiency shown in Table 8.2. The
correlation models are an essential input for the statistical analysis of the search results
discussed in Chapter 10.

In summary, the lost-lepton background estimation method makes use of control regions
that are selected in data, which limits the statistical precision of the background estimate.
In fact, this turns out to be the dominant uncertainty in the most sensitive search regions.
The leading systematic uncertainty is derived from the closure test and reflects the general
reliability of the background method. All uncertainties related with the efficiency maps

are observed to be rather small.

8.8 Summary and Outlook

In this chapter, a data-driven estimation of the lost-lepton background was explained in
detail. In the scope of this thesis, the approach was fully implemented based on first
studies presented in [301], continuously improved, which is reflected in the performance of

the closure test, and all systematic uncertainties were derived. One of the main benefits

2For the lepton acceptance efficiency, actually three uncertainties are introduced since two systematic
effects (PDFs, renormalization and factorization scale) are evaluated.
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Typical Typical Correlation Assumption
Statistical Systematic of Systematic
Uncertainty | Uncertainty Uncertainty
Statistical unc. of CR 2—100+% Uncorrelated across all SRs
Non-closure 2—-30% Uncorrelated across all SRs
Iso. track veto 1-6% 1-3% Fully correlated across all SRs
Lepton acc. (PDF/ug/r) 1-5% 1-2%/1—2% | Fully correlated across all SRs
Lepton reco./id. 0.5—2% 2—-5% Fully correlated across all SRs
Lepton iso. 0.5—2% 1-3% Fully correlated across all SRs
mr selection 1—4% 1-3% Uncorrelated across all SRs
CR purity <1% 0.2—1% Correlated across Hrp, H®iss
CR purity (dilep) <1% 0.5—-3% Correlated across Hr, H¥s
SR dilep. contribution <1% 0.5—3% Correlated across Hr, H®Is

Table 8.3: Summary of uncertainties propagated to total lost-lepton background esti-
mate, broken down into contributions from statistical uncertainties in the efficiency map
and other systematic effects (if appropriate), including the assumed correlation model of
the systematic effects. The statistical effects are treated as correlated according to the
parametrization of the efficiency shown in Table 8.2.

of the method is that it makes heavy use of single-lepton control regions that are selected
in data. This is especially true for the fraction of lost-lepton events, in which the lepton
is not identified or not isolated, since they are modeled with respect to the properties of
the leptons in the control region.

The most important concept in this background estimation method is the factorization
of all known effects into efficiencies maps. This has the advantage that any contribution
to the control or search region events can be studied individually, many of the efficiencies
can be directly validated in data, and generally, it is easy to apply any scale factors or
uncertainties in the efficiency maps and propagate them to the expected yield of lost-
lepton events. However, this comes with the disadvantage that extensive studies on and
optimizations of the parametrization of each of the efficiency maps are vital. The closure
test, i. e., the test for self-consistency of the method, provides in any case an indispensable
tool to understand the limitations of the implemented approach.

This test is also used in the following Section 8.8.1, to qualitatively examine the perfor-
mance of the lost-lepton background estimation method in other recent publications of the
same analysis and describe the main improvements. In Section 8.8.2, potential room for
further improvements is discussed, as well as general limitations of the approach. Even-
tually, the event-by-event lost-lepton approach is applied on data control region events
and combined with the estimated background yields for the remaining SM contributions
in Chapter 10.
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8.8.1 Comparison with Previous Publications

Throughout this chapter, improvements in the implemented background estimation method
since the results published in [1,2] were highlighted and motivated. Some of the modifica-
tions were driven by the increasing number of search regions that made use of the increasing
integrated luminosity, or that provided additional sensitivity for potential signal models,
where typically a low number of jets is expected. Furthermore, the parametrization of all
efficiency maps has been studied and reviewed with the goal to decrease non-closure effects
since these effects determine the leading systematic uncertainty for many search regions
(see Section 8.7). Finally, the factorization of the isolated track veto efficiency was adapted
so the method relies even more on data (see Section 8.3). All these improvements are only
feasible since high luminosity simulated event samples became available. This effect is
amplified by the introduction of b tag reweighting, which further increases the available
statistical precision for search regions with a high number of b jets (see Section 7.2.3).

The positive consequences of the improvements can be illustrated by a direct comparison
of the resulting closure test. Fig. 8.25 shows the test for the lost-lepton background
estimation for previous publications of the analysis [1,2], which can be compared to the
latest performance shown in Fig. 8.17. In Fig. 8.25 (top) the limitations due to the low
amount of simulated events can be seen. The performance of the test cannot be improved
by finer parametrization of the efficiency maps since this will drastically increase the
statistical uncertainty in them. Moreover, the closure test itself is directly limited by the
statistical precision of the simulated event samples, which also dominates the assigned
non-closure uncertainty.

The situation significantly improves as some of the event samples with an increased
luminosity became available and the b tag reweighting was introduced to the background
estimation method as can be seen in Fig. 8.25 (bottom). Even though the number of
search regions increases by a factor of more than two, residual non-closure effects decrease
in almost all regions and in general, less statistical fluctuations in the closure test can be
observed. However, the increased precision of the test also revealed some effects that were
not visible before. For search regions with a high number of jets, especially for events
with Njet > 9, a systematic over-prediction of the number of lost-lepton events can be
observed that could be traced back to the parametrization of the lepton reconstruction
and identification efficiency, as discussed before in Section 8.4.

This effect is not present in the implementation of the lost-lepton background estima-
tion for the latest publication shown in Fig. 8.17. Furthermore, the availability of the
high luminosity simulated event samples significantly decreased fluctuations in the closure
test, which is further improved by the four-dimensional parametrization of the acceptance
efficiency that became feasible. Generally, the performance of the latest implementation

can be considered extraordinarily successful.
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Figure 8.25: The lost-lepton closure test from previous publications of the analysis [1]
(top) and [2] (bottom). Points and histograms, respectively, are obtained as described in
caption of Fig. 8.17.
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8.8.2 Limitations and Potential Improvements

Even though the lost-lepton background estimation shows excellent performance, there
is still some room for further optimizations. Typically there are three starting points:
reduction of uncertainties, mitigation of dependence on simulation and simplification of
the method.

The systematic uncertainties are dominated by the non-closure uncertainty. As dis-
cussed in the previous section, this uncertainty can be reduced if additional high luminos-
ity simulated event samples are produced. This directly limits statistical fluctuation in
the closure test but it also provides the possibility to further improve the parametrization
of the efficiency maps. However, in the most sensitive search regions the dominant uncer-
tainty originates from the limited statistical precision of the control region. A potential
approach that uses simulation to extrapolate from well-populated search regions at low
HISS to statistically limited regions at high HMSS is studied in [314] and uses a similar
concept as the background estimation method published in [270].

The procedure is based on the following equation

HESS o phtoa p' = (1 — cos Aby), (8.25)

| =

where p‘{[f and Af7 are the transverse momentum and polarization angle of the W boson,
respectively, introduced in Section 8.4. Afy is known to very high precision [306,307] and
thus the expected distribution, i.e the probability density function (pdf), can be obtained
from simulated events. This is combined with p%v that can be reconstructed in single-
lepton events in data since the momentum of the W boson is approximately equal to the
vectorial sum of the momentum of the lepton and the missing transverse momentum, for
reasonably high H%liss. Integrating over all events in data for a given Njet, Npjer and Hr,
weighted by the factor derived from the standard event-by-event lost-lepton procedure,
provides a H%ﬁss pdf for that region. This pdf can be normalized to the expected number
of lost-lepton events at low H%liss obtained from the standard lost-lepton approach and an
estimate of the number of search region events at high Hfrniss can be obtained. According
to studies in [314], the statistical uncertainty is reduced by a factor of 24, i.e., the
statistical precision increase by a factor of 4-16. This is especially useful for some of the
highly sensitive search regions that have a high probability that no control region events
are observed at all.

However, the event-by-event is already a sophisticated approach since it makes use of a
plethora of efficiency maps and introduces a detailed factorization of correction factors and
efficiencies to model the single-lepton control region or lost-lepton search region events.
The HrrfniSS extrapolation introduces even more complexity and has to be studied in detail,
carefully reviewed and documented so that it is clearly comprehensible and reproducible,
and, not least, it introduces considerable systematic uncertainties from the extrapolation
procedure.

The second starting point for further improvements is to further reduce the dependence

on simulation. The lost-lepton background estimation method is based on control region
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events selected in data, the efficiency maps are validated in data, if possible, and some
of the efficiencies are parametrized as a function of leptonic observables, so the estimated
number of lost-lepton events depends only to a small degree on the modeling of leptons
in simulated events. However, this last item has not been realized yet with regards to
the isolated track veto efficiency. Since the factorization of the veto efficiency was split
into three contributions Eﬁ‘(ﬁi, iso’frk and ef:gfk for the most recent publication, the track
efficiency for not-reconstructed or not-identified, and not-isolated lepton events can be
parametrized in leptonic observables, similar to efd and efso. This is not possible for efs‘(fi,
for the same reasons discussed concerning the lepton acceptance efficiency (see Section 8.4).

Generally, a lot of effort is necessary to maximize the usage of data. This is primarily
the case for the fraction of events, in which the lepton is not reconstructed or identified or
not isolated. However, as shown in Fig. 8.3, the dominant fraction are out-of-acceptance
lost-lepton events, and the acceptance efficiency has to be derived from simulated events
and cannot be validated in data. Instead, only theoretical uncertainties from variations of
the parton density function and of the renormalization and factorization scale are taken
into account as presented in Section 8.7.4. This clearly has to be kept in mind, despite
the very successful application of the approach.

Finally, the general background estimation procedure can be simplified if, instead of two
vetoes on isolated leptons and isolated tracks, only a single veto on isolated leptonic objects
is used, defined as the conjunction of leptons and tracks. Accordingly, the definition of
the single-lepton control region is adjusted, and the background estimation method is in
principle reduced to the “classical” method shown in Eq. (8.18).

A second, more severe simplification is to combine the estimation of the lost-lepton and
the hadronically decaying tau backgrounds since these processes are very similar in nature.
Unfortunately, the event-by-event lost-lepton background estimation method cannot be
extended to incorporate the second background since it assumes that the magnitude of all
search variables is the same, independent whether the lepton is found (CR) or lost (SR).
To that end, another sophisticated background estimation method is employed, which
samples the visible fraction of the momentum of the hadronically decaying tau from a
template (see Section 7.4.3).

As a direct consequence to some of the limitations of the event-by-event approach a
second, independent, but less data-driven estimation of the lost-lepton background is

discussed in the next chapter.
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Transfer Factor Approach

The so-called average transfer factor method is based on a simple concept so that the
estimated lost-lepton background yield can be used as a validation for the more compli-
cated event-by-event approach. The average transfer factor approach is a well-established
background estimation method and was used in other searches for SUSY [7-9]. Further-
more, it can easily be extended to include an estimate of the hadronically decaying tau
lepton background. Similar to the event-by-event approach, the average transfer factor
background estimation method can in principle be implemented for arbitrary search re-
gion intervals but in this chapter, it is discussed in context of the analysis discussed in
this thesis.

This chapter starts with a detailed explanation of the method in Section 9.1. In Sec-
tion 9.2, the transfer factor is calculated and the background estimation method is applied
on simulated event samples. In Section 9.3, the estimated lost-lepton background yield is
used to verify the result of the more sophisticated and more complex event-by-event ap-
proach. Section 9.4 provides a short summary of the implemented average transfer factor

approach, and shows how the hadronically decaying tau background can be included.

9.1 Description of Method

The general concept of the average transfer factor method is similar to the event-by-event
approach: Single-lepton control region events are selected in data as defined in Section 8.2.
All baseline selection criteria listed in Section 7.3.4 are applied except the isolated lepton
and isolated track veto, and exactly one isolated muon and no isolated electrons are
required for the single-muon control region, or vice versa for the single-electron control
region. Furthermore, an additional requirement is applied on the transverse mass mr
formed by the lepton pr and E%liss, as given by Eq. (3.4), to reduce potential signal
contamination. The selected events are then distributed among the 174 search intervals
according to the observed values of the search variables Hr, H%liss, Njet, and Npjer. Finally,
the number of control region events is set into relation with the number of lost-lepton
events in the corresponding search region interval. However, the lost-lepton background is
not factorized into different correction factors and efficiencies starting from particle-level
events with prompt leptons. Instead, a single transfer factor TF is derived for every search
region interval.

The transfer factor is derived from simulated event samples and is defined as

_ NgR (i, 4, k, 1)

TF(, j, k,1) = —SR )50
P80 = Nawi kD)

(9.1)
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where ¢, j, k and [, correspond to the index of the Hr, H%liss, Njet and Ny jet intervals of the
analysis, and Ngif{“ and Néig are the total number of lost-lepton search region and single-
lepton control region events in the given search region interval. Thus, the transfer factor
is defined as the inverse of the ratio shown in Fig. 8.5. For simplicity, the indices labeling
the search region intervals are suppressed in the following derivation of the background
estimation method, so that

S NG Vg

TF = Nsim = e,sim ,sim (92)
¢k Neg o +New

As can be seen in the latter part of the equation, a single, flavor-independent transfer
factor is derived, i. e., summing the number of lost-electron (Nse’ﬁim) and lost-muon (Né}’fim)
events in the numerator, as well as the number of single-lepton (Néf’{lm) and single-muon
(NES™) control region events in the denominator.

This factor can directly be applied to the observed yield in every single-lepton control
region selected in data, and an estimate of the lost-lepton background yield is retrieved

for the corresponding search region interval:
N&&™ ~ TF - Ngi™ = TF - (NG + Vg (9.3)

The main difficulty of the average transfer factor method arises from the application of
correction factors for observed discrepancies of simulation, concerning the lepton track-
ing, reconstruction, identification and isolation efficiencies. These correction factors are
commonly referred to as scale factors (SFs). Taking these corrections into account, the

calculation of the transfer factor has to be modified to

_ SFsg - NG

TF = R_
SFop - Ngm

(9.4)
The scale factor for control region events SFcr can be derived by Tag and Probe procedures
as a function of leptonic properties, as discussed in Section 8.6. Accordingly, SFcR - N(Sjigl
means that the potential scale factors for the mentioned effects have to be folded with N(Sjiﬁl
according to the distribution of the leptons in the control region. Similarly, a scale factor
for events where the lepton is lost has to be applied on the expected lost-lepton events
Ngifin. However, the determination of the scale factor for search region events (SFsR) is
more complicated and is discussed in Sections 9.1.1 and 9.1.2, for events with one and two
prompt leptons, respectively.

A more detailed notation is established, clearly indicating the exact selection require-
ments for every variable since a variety of similar but not identical quantities has to be

introduced. In this notation, Eq. (9.4) is given by:

SE . AJsim
TF = At (9.5)
SFy - Nj }mT<1OO

N}EK suggests that all events without an isolated lepton or isolated track are selected, thus
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suggests that

corresponding to the search region events Ngiﬁ“. Furthermore, Njim !mT <100
all events with an isolated lepton are selected but additionally, a selection requirement on
the transverse mass is applied, thus corresponding to the definition of the control region
events N(Sjiﬁ]. Therefore, SF i and SFy denote the corresponding scale factors for search

and control region events, respectively.

9.1.1 Transfer Factor for Events with One Prompt Lepton

If no dileptonic contributions to the search and control region are taken into account,
Eq. (9.5) can be written as

. AT6sim " . ATH,SIm
L SEe N+ SE o N2 ©.6)
SFg - Ny*™| '

+ SFJt - NP ’

mr<100 m<100
separating between events with prompt electrons and muons.

The scale factor for events with one prompt electron or muon that is lost, SF/Z?K, cannot
be determined in data. Thus, it is derived using simulated event samples based on the

sim

fact that the total number of events with a single, prompt lepton N e/t . must not be

’ promp
e/u,sim . . .
prfmpt is determined on particle level

and only depends on the cross section of the considered processes and any analysis-level

affected by the application of any scale factor.

selection requirements:

e/p,sim e/u e/ u,sim e/u e/ u,sim
Nprompt = SF/ . N/m{ + SFmrk . Ne|trk . (9.7)
N 2{5 lfim is the number of events in which a prompt electron or muon is reconstructed as

an isolated lepton or an isolated track, and SF; ;'{i

can be determined in data via Tag and Probe procedures. In order to obtain the scale

is the corresponding scale factor, which

factor for events in which the prompt lepton is lost, Eq. (9.7) can be solved for

e/ u,sim e/u e/ u,sim
SFe/” . Nprompt o SF£|trk ’ N£|trk
K T Ne/,u,sim
A

, (9.8)

and SF;,Q:K can be calculated for every search interval, independently for events with a

prompt electron or muon.

9.1.2 Extension of Transfer Factor for Events with Two Prompt Leptons

Additionally, events with two prompt leptons contribute to the control and the search
region if one or both leptons are lost, respectively. These contributions are typically found
to be around 3% of the control region events and around 1% of the search region events

(see Section 8.2). The application of the scale factors on such small contributions can be
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neglected and Eq. (9.6) can be extended to include dileptonic contributions

e . \esim “w . ATH,SIm 2[,sim
P St N * Wi N * N 9.9)
e,sim " L,sim ,sim ) !
SEY - N, ‘mT<1oo+SF£ "Ny ‘mT<100+N€ }mT<100

21,sim 2[,sim
where N/Mk/ and N, ‘mT<100

leptons that pass the search region and control region requirements of the analysis, re-

are the expected number of events with two prompt

spectively.

However, there might be cases where the scale factor has to be applied on the dileptonic
contributions. This should be considered if significant mismodeling of the lepton efficien-
cies are observed in simulated events with respect to data, or non-negligible contributions

from dileptonic events are expected in some search intervals. The transfer factor is then

given by:
 presim B pATH,sim 20 \2  ar2lsim
P SE e Nt + Sy N + (SEpie) N/%l& (9.10)
e,sim “w L,sim 2l ,sim
SEy - N, |mT<100+SF£ Ny ‘mT<1oo+SF/SFf'NZ |mT<100

Accordingly, two new scale factors are introduced that are applied per lepton of a dileptonic
event: SF}L& has to be applied two times on search region events from processes with two
prompt leptons, N}’Sim, since both of them are not reconstructed as an isolated lepton
or track. SF} is the corresponding scale factor for events in which a prompt lepton from
a dileptonic process is not reconstructed as an isolated lepton, not taking into account
whether it is reconstructed as an isolated track. Since one of the prompt leptons is present
in a control region event, SFy is also applied once on control region events from dileptonic
processes Nezl’Sim }mT<100.

Because of the limited number of dilepton events in the signal and control region, it is
not feasible to derive three scale factors independently for ee, ey and pp events. Instead,
all events with two prompt leptons are combined and a single scale factor is derived. This
does not affect the result of the average transfer factor method since the application of
two independent scale factors on lost-electron and lost-muon events will lead to the same
overall yield that is obtained by applying the weighted average of the scale factors to all
lost-lepton events.

Similar to events with a single prompt lepton, the number of events with two prompt

2[,sim
Nprompt?

can be derived using simulated event samples, solving the equation

leptons, must not be affected by the application of any scale factor. Thus, SF}L{K

NQl,sim o SFQ[ 2 N2l,sim SF2l SF. N2l,sim
prompt — LK) Y ek + T P L trk T Y ek

2 21,sim
+ (SF£|trk) .N€€|€trk|trktrk' (911)

2 a1 2 <1 2 a1 .
N /gf’blm, N letflim and N MZ{ZE‘ ek Are the number of events with a total of zero, one and two

isolated leptons or tracks, respectively, and the scale factors SF}irK and SFy|q are applied

corresponding to the number of reconstructed isolated leptons and tracks. Eq. (9.11) is a
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quadratic equation in SF}L&, and since each of the summands is positive, only one of the
solutions is positive, and SF}iﬂ{ can be obtained for every search interval.

Furthermore, SF} is required for the evaluation of the transfer factor established in
Eq. (9.10). Since no isolated tracks are taken into account for the single-lepton control re-
gions, a similar equation to Eq. (9.11) has to be solved where isolated tracks are neglected,
ie.,

. 2 . .

+ (SEy)* - NZ™, (9.12)

As before, this quadratic equation in SF} only has one positive solution and can be solved
for every search interval.

Identical to the event-by-event approach, contributions from processes with three or
more prompt leptons are neglected in the background estimation method since an overall
yield of much less than 1% is expected in both control and search regions (see Section 8.2).
Accordingly, the transfer factors derived in Egs. (9.9) and (9.10) are the basis for the
estimation of the lost-lepton background, which is discussed in detail in the following

section.

9.2 Prediction of Lost-Lepton Background

In this section, the average transfer factor method is applied on simulated event samples
and each step of the background estimation is discussed in detail. As for the event-by-
event approach, b tag reweighting is applied on the simulated event samples to increase the
statistical precision for events with a high number of b tags (compare Section 7.2.3). First,
all necessary scale factors are determined in Section 9.2.1. These scale factor are used in
Section 9.2.2 to correct the transfer factor for potential mismodeling of the simulation and

estimate the number of expected lost-lepton events.

9.2.1 Calculation of Scale Factors

The scale factors for events in which an isolated lepton or an isolated track are recon-
structed are derived via the data-driven Tag and Probe procedure, introduced in Sec-
tion 8.6. These correction factors are centrally determined and parametrized as a function
of n and pr of the lepton.

First, the scale factor for events with one prompt lepton is calculated by solving Eq. (9.8).
According to the equation, the centrally provided scale factors have to be applied on a
per event basis on all events in which a prompt lepton occurs as an isolated lepton or
track IV Z{f k’Sim. For events with an isolated lepton, SF’ ;lff . corresponds to the product
of the tracking, reconstruction and identification and isolation efficiency scale factors. If

the lepton is reconstructed as an isolated track, SF’ e/n

Ylerk corresponds to the product of the

tracking and track isolation scale factors.
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Furthermore, it is beneficial to solve Eq. (9.8) independently, not just for events with
prompt electrons and muons, but also independently for simulated t£, W+ jets, single top
quark production and other rare SM background processes introduced in Table 7.1. Thus,
the kinematic distributions of the leptons are taken into account for every process and the
effect of the scale factor on the composition of the control and search regions is considered.
This does not affect the value of the transfer factor but is necessary to evaluate the impact
of systematic uncertainties in the estimated lost-lepton yield.

In the following, the scale factors SFy and SF/;/ , which are needed to determine the
average transfer factor, are evaluated for tt and W + jets events with a single prompt
electron as shown in Fig. 9.1. Similar figures for events with prompt muons and the other
SM background processes can be found in Section A.7. The statistical precision of the
derived scale factors is not shown in the figures since it is considered in the calculation
of the transfer factor in the next section, and would otherwise result in counting it twice.
Instead, the statistical and systematic uncertainty in the centrally provide scale factors
have to be taken into account but these uncertainties are not evaluated by the currently
implemented procedure. The average transfer factor approach is not meant to provide a
full background estimate and the systematic uncertainties are not of particular interest
since they have the same magnitude as the ones of the event-by-event approach.

In Fig. 9.1 (a), SFy is evaluated for t¢ events by applying the centrally provided scale
factors according to the kinematic distribution of leptons in every control region. Apart
from three intervals with high Ht and H%liss at Njet = 2, where no events with prompt
electrons are expected from the available simulated ¢ event samples, the scale factor
is always smaller than unity with small fluctuation around 0.95, and the relative yield of
electron control region events is reduced in average by about 5%. By evaluation of Eq. (9.8)
for every search interval, SFy, . is obtained as shown in Fig. 9.1 (b). As expected, the
derived scale factor is greater than unity since it has to absorb the decrease in events
caused by the application of SF; ;‘trk. This scale factor is very similar to SF; discussed
previously but not directly needed in the evaluation of the average transfer factor. The
corresponding figures can be found in Section A.7. Furthermore, since typically a higher
number of single-lepton than lost-lepton events are expected SF/;M{/ is observed to deviate
more from unity than SF7, again to balance the yield in the total number of prompt
electron events. The relative yield of lost-electron events is on average increased by almost
10% by the application of the scale factors. In some regions with two jets, large values
of more than 1.3 are determined for SF} , which is caused by the limited statistical
precision for tt events with that topology. However, this does not have a sizable impact
on the transfer factor since these regions are dominated by W+ jets events.

The scale factors that are derived based on W+ jets events are presented in Fig. 9.1 (c)
and (d). SF} shows some slightly different behavior compared to the scale factor derived
in tt events since the kinematic distribution of the leptons are not expected to be the same.
Moreover, S. /;/prl{ is typically observed to be higher for W+ jets events than for tf events
since the fraction of lost-lepton events relative to the number of prompt lepton events is

smaller, so a larger scale factor is necessary to balance the effect of SFy.
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Figure 9.1: The electron scale factors for control region events SF;* and search region events
SF¢ i for events with one prompt electron, derived as a function of the search intervals.
All scale factors are evaluated based on simulated ¢t and W+ jets event samples. For other
SM background processes, the histograms can be found in Section A.7.

For the average transfer factor approach, the factorization of the scale factors in search
intervals is convenient since it does not have to be folded with the distribution of the
kinematic properties of the leptons in every control or search region to derive the transfer
factor according to Eq. (9.9). However, each scale factor can also be derived as a function
of pp and 7 of the lepton since Eq. (9.7) has to hold for arbitrary observables. The
factorization in lepton related observables is more intuitive and the derived scale factors
shown in Figs. 9.2 and 9.3 can be used as a sanity check but are not directly used in the
background estimation method.

The scale factor for single-electron control region events as a function of lepton related
observables, SFy, shown in Fig. 9.2 (a) and Fig. 9.3 (a), are essentially always less than
one, and almost identical for ¢t and W + jets events since it is directly provided by the
Tag and Probe procedures. However, small deviations arise because the scale factors are
applied as a function of the reconstructed properties of the electron but the histograms
are parametrized as a function of the particle-level properties. Thus, slight migration of
events between neighboring regions is expected. All in all, this is only a minor effect but

the parametrization in particle-level lepton properties is necessary since no isolated lepton
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Figure 9.2: The electron scale factors for control region events SF; and search region
events SF}M for events with one prompt electron, derived as a function of pr and n of
the lepton. All scale factors are evaluated based on simulated ¢t event samples. For other
SM background processes, the histograms can be found in Fig. 9.3 and Section A.7.
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Figure 9.3: The electron scale factors for control region events SF;’ and search region events
SF}M for events with one prompt electron, derived as a function of pt and 7 of the lepton.
All scale factors are evaluated based on simulated W+ jets event samples. For other SM
background processes, the histograms can be found in Fig. 9.2 and Section A.7.
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is observed in search region events and reconstructed quantities cannot be used. The scale
factor for search region events SF7, - is shown in Fig. 9.2 (b) and Fig. 9.3 (b), and a similar
behavior for ¢t and W+ jets events can be observed. As before, SF¢ ek is typically higher
for W + jets events since in these processes a lower fraction of the prompt leptons are
lost. In either case, the scale factor is highest for central regions of the detector where the
lowest fraction of lost-lepton events is expected. This illustrates again that the magnitude
of SF 14 primarily depends on the fraction of lost-lepton events in a given region. Thus,
SFy, 4 deviates significantly more from unity than SFy for events with In| < 1. In the
forward region of the detector, the probability to lose a prompt electron is higher, so
SF¢ ik 1 smaller, although SF} has similar values than in the central region.

In case scale factors have to be applied on dileptonic contributions, Egs. (9.11) and (9.12)
have to be solved. For tf events the scale factors SE2 s L and SF? /m{ are shown in Fig. 9.4, for
single top quark production' and other rare SM background processes the histograms can
be found in Section A.7. W + jets processes cannot give rise to events with two prompt
leptons and do not have to be considered.

Generally, a similar distribution compared to the scale factor for events with a single
prompt lepton is observed. As expected, the scale factor for events where the isolated
track veto is taken into account is typically larger since the veto reduces the lost-lepton
background yield in average by about 30%, and a larger scale factor SF2 /prl{ is needed to
make up for the decrease in events where the lepton is isolated due to the application of
SFy.
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Figure 9.4: The scale factor for control region events if one of the leptons is lost SF2

a function of the search region interval for events with two prompt electrons, evaluated
on simulated ¢t event samples. Furthermore, the corresponding scale factor for the search
region events SF' Qiﬂ{ is shown, i.e., taking the veto on isolated tracks into account. For
other SM background processes, the histograms can be found in Section A.7.

1Single top quark production also includes events in which the top quark is produced in association with
a W boson, which can give rise to a second prompt lepton.
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9.2.2 Application of the Transfer Factor Approach

In this section, the average transfer factor method is used to estimate the lost-lepton
background yield in simulated events. However, compared to the event-by-event approach
no “closure test” is necessary (see Section 8.5), since the average transfer factor method by
definition predicts the true yield of lost-lepton events if applied on simulated event samples.
Instead, the effect of the various scale factors on the estimated yield is evaluated.

The transfer factor is derived for every search interval according to Eq. (9.10), and all
scale factors including the correction for dileptonic events are taken into account. To that
end, the yield of events from tt, W + jets, single top quark and other SM background
is summed and for each process the corresponding scale factor is applied. The value of
the transfer factor in every search region interval is displayed in Fig. 9.5. As mentioned
before, the distribution of the transfer factor is expected to be similar to the inverse
of the ratio shown in Fig. 8.5, differing only by the applied scale factors. The most
pronounced structure of the transfer factor can be seen as a function of Njet, which was
found to be related to lepton acceptance efficiency and significantly increases for events
with a high number of jets as presented in Fig. 8.11. Accordingly, the fraction of out-of-
acceptance leptons decreases and since this is typically the largest fraction of lost-lepton
events, this is directly reflected in the average transfer factor. Furthermore, the statistical
uncertainty in the transfer factor is displayed, arising from the limited statistical precision
of the simulated event samples. Especially for some of the search regions with Nje; = 2, a
significant uncertainty of more than 20% can be observed, which can be propagated directly
to the predicted yield of lost-lepton background events. The impact of this uncertainty is

discussed in more detail in Section 9.2.3.
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Figure 9.5: The transfer factor derived from all simulated event samples listed in Table 7.1
and corrected by the determined scale factors, including the correction on dileptonic events.
The displayed uncertainty only takes the statistical precision of the simulated event sam-
ples into account.
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In Fig. 9.6, the determined transfer factor is applied to simulated single-electron and
single-muon control region events, and the total yield of lost-lepton events is estimated.
Furthermore, the estimated yield is compared to the results of the method if no scale factors
are applied on the transfer factor. Typically, the estimated background yield increases by
5—10% for the search regions, which also means that the corresponding transfer factor
increases by the same amount.

Nevertheless, there are some search intervals where the application of the scale factors
decreased the predicted lost-lepton background yield in contrast to what is expected by the
scale factors derived in the previous section. These regions suffer from a very low statistical
precision of simulated events and relatively large contributions from events with negative
weights, as present in some of the simulated event samples for single top quark production
or other rare SM processes. However, this effect can be neglected since the predicted
yield is dominated by significant uncertainties from the limited statistical precision of the
control region. All in all, this study illustrates that the mismodeling of leptonic properties
in simulation can lead to considerable effects on the lost-lepton background yield and

potential scale factors cannot be neglected.
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Figure 9.6: The lost-lepton background in the 174 search regions of the analysis as esti-
mated by the average transfer factor method with (points, with statistical uncertainties)
and without (histograms, with statistical uncertainties) the scale factors applied on the
determined transfer factor.

The effect of the scale factors derived for dileponic contributions to the control and
search regions is illustrated in Fig. 9.7. The transfer factor is evaluated according to
Eq. (9.9) and Eq. (9.10), and the predicted lost-lepton yields are compared. Apart from
two search region intervals with Njet = Npjer = 2 where the largest relative fraction of
dileptonic events is expected, the effect of the dileptonic scale factors on the predicted

background yield is observed to be less than 1%.
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Figure 9.7: The lost-lepton background in the 174 search regions of the analysis as esti-
mated by the average transfer factor method without (points, with statistical uncertain-
ties) and with (histograms, with statistical uncertainties) additional scale factors applied
on dileptonic contributions to the transfer factor.

All in all, the evaluation of the dileptonic scale factors is rather complicated and the
effect can generally be covered by introducing a small systematic uncertainty, which is neg-
ligible compared to the statistical uncertainty of the single-lepton control regions. Thus,
no scale factors for dileptonic events will be applied on the transfer factor and the average

transfer factor method is performed according to Eq. (9.10) in the following.

9.2.3 Uncertainties

This section gives an overview of the uncertainties of the average transfer factor approach.
For most search region intervals, the dominant uncertainty is caused by the statistical
precision of the control region events selected in data, which is typically about 2—100%,
as it was the case for the event-by-event approach since the same definition of the control
regions is used for both methods. Furthermore, there is a variety of systematic effects
that can bias the yield predicted by the average transfer factor approach. However, the
systematic uncertainties have not been implemented in the scope of the thesis but basically
all sources of uncertainties that were considered in the event-by-event approach have to
be taken into account, too. Furthermore, similar values of the systematic uncertainties
are expected in both approaches as the same effects are propagated to the predicted event
yield. The only exception is the so-called non-closure uncertainty, which does not exist
in the average transfer factor approach since it is self-consistent by definition, i.e., the
true yield of lost-lepton events is predicted if applied on control region events selected

from simulated event samples. This is one of the main benefits of the average transfer
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factor approach since the non-closure uncertainty is observed to be the leading systematic
uncertainty, even exceeding the statistical uncertainty in the estimated background yield
in case of a sufficient statistical precision of the control region.

The leading systematic uncertainty of the average transfer factor approach is induced
by the statistical precision of the transfer factor mentioned in the previous section (see
Fig. 9.5). This uncertainty corresponds to the statistical uncertainty in the efficiency
maps introduced in the event-by-event approach and is caused by the statistical limitation
of simulated event samples. Though this can lead to an uncertainty of more than 20%
on the predicted background yield, in some of the search region intervals with Nje; = 2,
the uncertainty in the transfer factor is small compared to the statistical uncertainty in
the prediction since the corresponding luminosity of simulated event samples is usually a
factor 10-10000 larger than the luminosity of the recorded data.

Furthermore, the uncertainties in the scale factors have to be taken into account, which
are related to the statistical and systematic uncertainty of the Tag and Probe procedure.
To that end, each scale factor is varied within its uncertainty and SFy and SF ¢ are
calculated for each variation, according to the procedure described in Section 9.1. Thus,
the transfer factor can be calculated for each variation of the transfer factor and the
deviation with respect to the nominal value of the transfer factor can be determined.

The uncertainty in the predicted lost-lepton yield due to PDF variations and the renor-
malization and factorization scale requires a similar procedure than the one described in
the event-by-event approach (see Section 8.7). For both theoretical uncertainties, a set of
additional event weights is present in the simulated event samples, which can be used to
determine the effect on the expected yield of simulated control and search region events
for every search interval, and the average transfer factor can be recalculated.

The remaining uncertainties can be derived as discussed for the event-by-event ap-
proach in Section 8.7: The uncertainty in the jet energy corrections is propagated to
the reconstructed E%liss and mr, affecting the number of control region events that pass
the mt < 100 GeV selection requirement, and a modified transfer factor can be derived.
Other, small systematic uncertainties arise from the modeling of the lepton purity and
dileptonic contributions to the control and search regions, including the disregard of the
lepton scale factors for dileptonic events.

Further uncertainties can arise from studies comparing kinematic properties of the lep-
tons in data and simulated event samples. In Section 8.2, it was noted that simulation
tends to overestimate the reconstructed pr of the leptons in the control regions. This can
have a significant effect on the expected yield of lost-lepton events since high momentum
leptons are typically less likely to be lost. However, the transfer factor is determined inclu-
sively for every search region interval neglecting any deviations of the kinematic properties
of the leptons between data and simulation. Accordingly, studies comparing the kinematic
distributions of leptons in data and simulated samples are of high relevance and poten-
tial effects on the transfer factor have to be well-understood and corrected for, typically

involving an additional systematic uncertainty.
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9.3 Comparison with Results of Event-by-Event Approach

One of the main motivations for the implementation of a second, independent lost-lepton
background estimation method is to verify the results of the event-by-event approach. As
a first test, both methods are applied on the same control region events obtained from all
simulated samples listed in Table 7.1, and all scale factors for observed mismodeling of
the lepton tracking, reconstruction and identification, and isolation efficiency are applied,
as well as the corresponding scale factors for the isolated tracks veto efficiency. The
comparison of the estimated event yields is shown in Fig. 9.8. Both predictions agree on
the level of the closure test of the event-by-event approach (see Fig. 8.17) since the average
transfer factor approach provides the true yield of lost-lepton events. Still, the conclusion
can be drawn that data/simulation scale factors are applied in a consistent way in both
approaches. In Section 10.1, both methods are applied on control region events selected

in data and a more thorough comparison of the predicted lost-lepton yields is performed.
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Figure 9.8: The lost-lepton background in the 174 search regions of the analysis as esti-
mated by the average transfer factor method (points, with statistical uncertainties) and
as estimated by the event-by-event method (histograms, with statistical uncertainties).
Data/simulation scale factors are applied in both estimates.

One of the main disadvantages of the average transfer factor approach is that any
potential mismodeling of the properties of leptons affect it more significantly than the
event-by-event approach, which takes potential deviations in the lepton pr distribution
into account when modeling the fraction of leptons that are not identified and not isolated.
However, the largest fraction of lost-lepton events are typically events in which the lepton
is out-of-acceptance and for these events both background estimation methods rely on
simulation. Most importantly, the main advantage of the event-by-event approach, which

is that it relies more on data than the average transfer factor approach, is further limited
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since the same selection of data control region events is performed, so that both methods
are dominated by high statistical uncertainty, especially in many of the most sensitive
search regions. Thus, potential mismodeling of the lepton py distribution is expected to
be covered by introducing a minor systematic uncertainty with respect to the statistical
precision of the predicted event yield. Nevertheless, if the average transfer factor method
is chosen as the primary background estimation method to interpret the data, careful
investigation of potential deviations of simulation with respect to data are necessary and
the effects on the estimated background yield have to be well-understood and, if required,
corrected for.

Furthermore, the average transfer factor approach does not suffer from a non-closure
uncertainty, which is typically the leading systematic uncertainty of the event-by-event
approach. However, the transfer factor suffers from significant statistical uncertainties
for search regions with a limited statistical precision, as shown before in Fig. 9.5. Even
though this uncertainty is typically lower than the statistical uncertainty related to lim-
ited precision of the control regions used for the background estimation, the uncertainty
in the transfer factor can only be reduced by increasing the corresponding luminosity of
the simulated event samples. In the event-by-event approach, the statistical uncertainty
in the efficiency maps could be reduced by combining search regions, or choosing a dif-
ferent parametrization option. If similarly, an inclusive transfer factor is calculated for
a combination of search regions, a non-closure uncertainty is introduced and one of the

main advantages of the transfer factor approach is lost.

9.4 Summary and Outlook

In this chapter, a second, data-driven background estimation method for events with lost-
leptons was presented in detail. This approach was implemented in the scope of the thesis
apart from any systematic uncertainties since it is primarily used as a check of the event-
by-event approach discussed in Chapter 8. The background estimation method is based
on a single transfer factor that is derived for every search region interval from simulated
event samples and can be used to predict the yield of lost-lepton background events when
multiplied with the selected number of control region events in data. The main difficulty
arises from the application of potential lepton and isolated track scale factors on the
transfer factor since the scale factors have to be derived for search region events, in which
the lepton was lost.

While the average transfer factor approach suffers from the same, dominant uncertainty
due to the limited precision of the selected control region events, no non-closure uncertainty
has to be introduced. Furthermore, the average transfer factor method is less sophisticated
but also less complex and it relies more on simulated events. Accordingly, detailed studies
of potential mismodeling of the simulation with respect to data are essential.

Moreover, the average transfer factor approach will most likely be used as the primary
background estimation method for further publications of the search for SUSY in all-

hadronic final states presented in this thesis. This decision is motivated by the advantage
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that the average transfer factor method can easily be extended to include an estimate of
the hadronically decaying tau lepton background, which was discussed in Section 7.4.3.
To that end, the nominator of the transfer factor denoted in Eq. (9.4) can be extended
by the number of seach region events that contain a hadronically decaying tau lepton
Ngﬁ’sm. Since no explicit veto on isolated tau leptons is applied in the baseline selection,
only potential scale factors for the isolated pion track veto have to be applied on NS'TI’;L’Sim.
These scale factors can be calculated by solving an equation similar to Eq. (9.7), including
the constraint that the number of events with a prompt, hadronically decaying tau lepton

has to stay constant if scale factors are applied.






10 Application on Data and Results of the Search

In this chapter, the four primary background estimation methods for the different SM back-
grounds are applied on the dataset collected in 2016, which corresponds to an integrated
luminosity of about 35.9 fb~!. In addition, the data distributions in the search regions are
compared to the resulting background expectation and results are further discussed.

In Section 10.1, the estimates of the lost-lepton background yield obtained by the event-
by-event method and the average transfer factor method in data are analyzed and com-
pared against each other. In Section 10.2, all predictions for the different SM background
processes are summed and compared to search region data. Since no significant devia-
tion from the SM expectation is found, limits on the production cross section of various

supersymmetric signal scenarios are evaluated in Section 10.3.

10.1 Prediction of the Lost-Lepton Background

As a final validation of the lost-lepton background estimation, both independent methods
are applied on the control region events that are selected in data. The predicted yield is
compared in Fig. 10.1. Good agreement within the statistical precision of the estimated
lost-lepton yields is observed. Only in search regions with Njet = 2,3—4 and Ny jer = 0
the prediction of the event-by-event approach is observed to be systematically low by
about most 2-3%. This behavior became already evident in the closure test discussed in
Section 8.5 and is not corrected for since lost-lepton events are a minor SM background
in these regions compared to Z(— vv)+ jets events. Accordingly, no systematic trends
that are caused by the average transfer factor approach relying more heavily on simulated
event samples is observed. The event yields predicted by the event-by-event approach are
used as the estimate of the lost-lepton background for the search for SUSY presented in
this thesis. An overview of the predicted number of lost-lepton events including the total
statistical and systematic uncertainty can be found in Tables A.1 to A.5.

Furthermore, the lost-lepton background yield is also estimated in the low Hffniss control
regions C1-C3 (see Fig. 7.3), as well as in the low-A¢ control regions, where the require-
ment on Ad(jets 34}, HIIsS) of the baseline selection is inverted, so at least one of the
four leading jets has to fail that selection. Both regions are dominated by QCD multijet
events but the contamination from SM events with genuine H%‘iss is needed for both QCD
multijet background estimation methods (see Section 7.4.5). To that end, the lost-lepton
background estimation is performed with the event-by-event approach as described in Sec-
tion 8. However, all efficiency maps have to be derived from simulated events selected in
the low-A¢ region since this requirement can bias the selection of special event topologies

which has a direct influence on the lepton efficiencies.
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Figure 10.1: The lost-lepton background in the 174 search regions of the analysis as deter-
mined by the average transfer factor approach (points, with statistical uncertainties) and
as predicted by event-by-event approach (histograms, with statistical uncertainties). Both
background yields are estimated based electron and muon control region events observed
in data. In case, no control region events are observed, no values are displayed.

10.2 Results

In this section, the yields predicted by the four main SM background estimation methods
are combined and compared to data. The results for all 174 search regions are presented in
Fig. 10.2 including the total uncertainty in the background predictions. Numerical values
including separate statistical and systematic uncertainties for each estimated background
yield are given in Section A.8. No significant excess of the data with respect to the SM
background expectation is observed. The largest deviation is present in search region 126
(Njet =7 —8, Npjer = 1, Hr XH%ﬁSS region 10), where a total of O.Qfééfgé are predicted
and 6 events are observed. As shown in Fig. 10.2 (bottom), this corresponds to a pull of
about 3.5 standard deviation [308]. In addition, there are three search regions, 74, 114,
151, that show differences between 2 and 3 standard deviations, but for all other search
region intervals the difference between the predicted SM background and the observed
data is less than 2 standard deviations. Thus, no evidence for beyond the Standard Model
physics is found.

Furthermore, the results are evaluated in the twelve aggregated search regions intro-
duced in Table 7.5 that target potentially interesting topologies motivated by simplified
model scenarios. To that end, the predicted SM background yields are summed from the
174 search regions that correspond to a given aggregate search region. Also in this more
clearly arranged representation of the results of the search for SUSY no significant excess

of the data above the SM expectation is determined.
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Figure 10.2: The observed numbers of events and SM background predictions in the 174
search regions of the analysis. Numerical values are given in Tables A.1 to A.5. The
hatching indicates the total uncertainty in the background predictions. The lower panel
displays the fractional differences between the data and SM predictions (top) and the pull
distribution (bottom), respectively [3,300].
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To further illustrate how potential evidence for BSM physics can reveal itself, Fig. 10.4
shows a two-dimensional projection of all search regions as a function of Nje; and Npjet,
while integrating over all search regions with HISS > 750 GeV and HISS > 750 GeV.
Moreover, the expected yield from two potential signal scenarios are stacked on top. Sim-
ilar figures for other signal scenarios can be found in Fig. A.9. For gluino pair production,
where each gluino decays to a t¢ pair and a neutralino, shown in Fig. 10.4 (a), more than 10
events are expected at search regions with Nje; = 9 for the given masses of the SUSY parti-
cles and only negligible contributions from SM background events are predicted. However,
just a single event is observed in data for these regions, so the exemplary signal scenario
can most likely be excluded. The statistical analysis and interpretation of the results of
the search is discussed in more detail in Section 10.3.

Another illustration of the result of the search is presented in Fig. 10.5. For six different
scenarios of gluino and squark pair production a one-dimensional projection of the data
and the expected SM background yields is chosen. Furthermore, additional selection
requirements are applied as indicated in the figures, so that the relative contribution of
signal events is emphasized. In each of the scenarios, two different mass splittings of
the gluino or squark and the neutralino are considered and the expected signal yield is
overlain. In these figures, it can clearly be seen that the expected yield from compressed
signal scenarios does not significantly raise above the SM background expectations and
more generally, the best discovery potential is in search regions with low background
contributions for many models. This high sensitivity at the tails of the SM background
distributions justifies again the choice of the more sophisticated, data-driven background

estimation methods.

10.3 Interpretation of the Results

Based on the results discussed in the previous section, exclusion limits on the production
cross sections of various simplified model signal scenarios are derived. As conventional,
95% confidence level (C.L.) upper limits on the signal cross sections are derived, as a
function of the mass of the pair-produced gluino mg or squark mg, and the mass of

X
dimensional upper mass limit scans signal samples are produced using FastSim since an

the neutralino mygo (compare Section 3.5). As mentioned in Section 7.2, for these two-

enormous number of events have to be simulated with different masses and mass splittings
of the SUSY particles. The theoretical cross section of the corresponding simplified signal
scenarios are derived in [282-286].

Since the statistical analysis of the data was not carried out by the author of the thesis,
only a brief overview of the technical background of the statistical interpretation is given
in Section 10.3.1. The results of this evaluation are then presented in Section 10.3.2. A
discussion of the derived exclusion limits and a detailed comparison with other analysis

can be found in Section 11.
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Figure 10.4: Observed numbers of events and corresponding SM background predictions
in intervals of Njet and Ny e, integrated over search regions with Hr}niss > 750 GeV and
HIss > 750 GeV. As a reference, two example signal scenarios are shown by the (stacked)
purple histogram [300]. Similar figures for other signal scenarios can be found in Fig. A.9.
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Figure 10.5: The observed numbers of events and SM background predictions for regions
in the search region parameter space particularly sensitive to the production of events in
a selection of simplified signal model scenarios. The selection requirements are given in
the figure legends. The hatched regions indicate the total uncertainties in the background

predictions [3].
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10.3.1 Statistical Treatment

The upper limits on the signal cross sections are calculated by a modified frequentist
approach, referred to as the CL; criterion [322-326]. This modified frequentist method
has the advantage that upper limits are not overestimated in case a downward fluctuation
of the data is observed in search regions where only little contributions from signal are
expected.

The information from all search regions is combined by constructing a likelihood func-
tion as the product of Poisson probability density functions. These functions model the
probability to observe a given number of events in each search region, including the SUSY
signal strength p. The signal strength is defined as such that p = 0 corresponds to the
background only hypothesis and @ = 1 corresponds to the case that the signal cross section
is equivalent to the theoretical cross section. Furthermore, so-called nuisance parameters
are introduced, which account for uncertainties in the background predictions and ex-
pected signal yields. Potential correlations of these nuisance parameters are considered in
the limit setting process.

This likelihood function is used to derive the test statistic

qu = —2In (‘Cu/ﬁmax) ; (10.1)

which is employed to evaluate the compatibility of the data with the background only
or background and signal hypothesis. Lpax is the maximum likelihood determined by
allowing all parameters including the signal strength to float, and £, is the maximum
likelihood for a given signal strength p. This test statistic can now be used to derived an
upper limit on p for a given confidence level.

A summary of all considered systematic uncertainties in the yield of signal events is
given in Table 10.1, along with the typical magnitude of the uncertainty for a selection of

representative SUSY signal models.

Ttem Relative uncertainty (%)
Trigger efficiency 0.2-2.8
Jet quality requirements 1.0
Initial-state radiation 0.0-14
Renormalization and factorization scales 0.0-6.2
Jet energy scale 0.0-7.7
Jet energy resolution 0.0-4.2
Statistical uncertainty of MC samples 1.5-30
Hr and HIS modeling 0.0-13
Pileup 0.2-5.5
Isolated-lepton & isolated-track vetoes 2.0
(T1tttt, T1tbtb, mixed T1, T5qqqqVV, and T2tt models)

Integrated luminosity 2.5
Total 3.9-34

Table 10.1: Systematic uncertainties in the yield of signal events, averaged over all search
regions. The variations correspond to different signal models and choices for the SUSY
particle masses. Results reported as 0.0 correspond to values less than 0.05% [3].
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Most of the uncertainties have already been discussed since they also have to be eval-
uated for the lost-lepton background prediction. A brief explanation of the considered

effects that were not mentioned before is given in the following:

e Trigger efficiency: The yield of the simulated signal has to be scaled according
to the trigger efficiency determined in data. This procedure is affected by a small

uncertainty.

e Jet quality requirements: The event filter concerning jet identification criteria
(see Section 7.3.5) cannot be applied on events simulated with FastSim. Accordingly,
a flat 1% correction is applied for the observed efficiency of the filter and a systematic
uncertainty is applied.

e Hy and Hr‘l?iss mismodeling: FastSim does not perfectly describe all observables.
The dominant effect is observed in the distribution of the reconstructed HEFiSS, which
differs too much with respect to the particle-level Hil“iss in FastSim. This effect is

corrected for and a systematic uncertainty is applied.

e Isolated lepton and track vetoes: This uncertainty can be neglected in case no
prompt leptons are expected from the considered signal model, i.e., it is only taken
into account for scenarios with top quarks or vector bosons in the decay chain of the
SUSY particles.

e Integrated luminosity: The uncertainty in the integrated luminosity is centrally
determined [167].

Moreover, uncertainties in the b (mis-)tagging efficiencies are evaluated but this uncer-
tainty only leads to migration of signal events between search regions and does not affect
the total signal yield.

Furthermore, all uncertainties in the predicted background yields are taken into account
in the limit setting procedure, including correlations between search regions, as discussed
in Section 8.7 for the lost-lepton background prediction. Concerning the lost-lepton back-
ground estimate, it is important to note that the control region partially overlaps with
the control region used for the estimate of the hadronically decaying tau background. Ac-
cordingly, the statistical uncertainty is treated correlated for these two SM background
estimates.

Finally, although a selection requirement on the transverse mass formed by the lepton
pr and Effmss is applied on the single-lepton control region events, residual signal contam-
ination has to be taken into account in the limit setting procedure. For some potential
signal models, this is not a negligible effect since the signal contamination can be as high
as 60% in search region intervals with large values of Njet, Npjet, Hr and/or H%‘iss (see
Section 8.2). Thus, signal contamination artificially increases the yield of estimated SM
background events. In order to correct for this effect, single-lepton control region events
are selected from the simulated signal event samples and the lost-lepton background esti-
mation method is performed. The predicted yield is then subtracted from the predicted

number of background events in the search region.
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10.3.2 Interpretation in the Context of Simplified Models

In this section, the derived 95% C.L. upper limits on the production cross section for
the signal model scenarios introduced in Fig. 3.4 are presented. More details about the
expected distribution of exclusion limit as a function of the mass of the gluino mg or
squark mg, and the mass of the neutralino mgo, including results derived in Run I as a
reference, can be found in Section 3.5.

In Fig. 10.6, the results for models with gluino pair production are shown. For low
masses of the neutralino, gluinos with masses of up to 1800-1960 GeV can be excluded,
depending on the considered decay chain of the gluino. Generally, it becomes evident that
the observed exclusion limits are typically higher than the expected exclusion limits for
compressed signal scenarios, while the opposite can be observed for uncompressed signal
scenarios. This discrepancy was investigated and found to be caused by low (high) data
yields with respect to the estimated background yields in search regions that are sensitive
to compressed (uncompressed) signal scenarios. Thus, these effects are not artifacts of
the limit setting procedure but can be traced back to statistical fluctuations of the data.
However, it is not clear where the observed effects come from. Statistical fluctuations of
the data are not very likely since the models, for which the interpretations are done, have
different sensitive search regions, but the observed limit is degraded for all uncompressed
scenarios. Systematic effects in the estimated background yields are more likely, but
more than one of the background estimation methods has to be affected since different
dominant background contributions are expected in the most sensitive search regions for
the considered models. Finally, it could be a slight hint for a BSM signal but the results
from other SUSY searches cannot confirm the observation, as is discussed in Section 11.3.

In Fig. 10.6 (e), only the decay modes g — bf}}f, g — ti)ﬁE are considered, but a more
model independent scenario is analyzed in Fig. 10.6 (f), where each gluino can decay via
G — bEXE, § — tbXE, § — bbXT, § — ttXi with various branching ratios. It is important
to note that in those two scenarios, the signal acceptance becomes small for low masses of
the neutralino, while the signal contamination of the single-lepton control regions increases,
so that a precise determination of the search sensitivity is difficult and no limits are derived
for mgo < 25 GeV. This can be explained by the kinematic properties of this model which
is illustrated in Fig. 3.4 (g) [3]: The neutralino and the chargino are assumed to be almost
mass degenerate (mﬁ — Mg = 5GeV), so My also becomes small as mgo decreases,
and the chargino becomes highly boosted. Furthermore, for small mgo, less momentum
is transferred to the neutralino and more to the off-shell daughter W boson. For events
with a hadronically decaying W boson, only small HITIliSS is expected from the neutralino
so these events might not exceed the baseline selection requirement. Furthermore, the jets
from the W boson have high momentum and are typically aligned with the neutralino so
the event can get rejected by the A¢ requirement of the baseline selection, further lowering
the signal acceptance. If the W boson decays leptonically, additional H%liss is generated
by the neutrino but the momentum of the charged lepton also increases and the event is
more likely to get rejected by the isolated lepton or track vetoes, also reducing the signal

acceptance, while increasing the signal contamination of the control regions.
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Figure 10.6: The 95% C.L. upper limits on the production cross section for models with
gluino pair production, as a function of the gluino and neutralino masses mg and mgo.
The name of the models (a)—(f) refers to the signal scenarios defined in Fig. 3.4. The
thick solid (black) curves show the observed exclusion limits and the thin solid (black)
curves the change in these limits due to variation of the signal cross sections within their
theoretical uncertainties. The thick dashed (red) curves present the expected limits under
the background-only hypothesis, while the thin dotted (red) curves indicate the region

containing 68% of the distribution of limits expected under this hypothesis [3].
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Finally, Fig. 10.7 shows the results for models with squark pair production. Stop quarks
can be excluded up to masses of 960 GeV. However, no cross section upper limit is derived
for signal scenarios with low masses of the neutralino if the mass splitting of the stop and

X
in Section 3.5, these signal events are essentially degenerate with SM ¢t production, causing

top quark are the so-called stop corridor, i.e., Am (f, )2(1)) = mi—Mgo = My. As discussed

high signal contamination of the single-lepton control regions and a precise determination
of the search sensitivity is difficult. Nevertheless, there is a small region close to the
disregarded region (m; < 230 GeV,mgo < 20 GeV) that is not excluded by the data.
While the exclusion limit on the mass of sbottom quarks is observed to be as high as
990 GeV for low neutralino masses, which is slightly higher than the one of stop quarks,
it is significantly higher for light squarks. If all eight light squarks are mass degenerate,
i.e., all four flavors of the squarks and both superpartners for the quark spin states have
the same mass, then light squarks can be excluded for masses of up to 1390 GeV, in case
of a low mass neutralino. However, the exclusion limit is also derived for scenarios where
only one of these eight squarks is at low mass and the other decouple from the spectrum.
The upper limit on the mass is reduced to 950 GeV in this case since the production cross

section is significantly lower.
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Figure 10.7: The 95% C.L. upper limits on the production cross section for models with
squark pair production, as a function of the squark and neutralino masses mg and mg.
The name of the models (a)—(c) refers to the signal scenarios defined in Fig. 3.4. The

meaning of the curves is described in the caption of Fig. 10.6 [3].






11 Discussion of Results and Comparison with Other

Searches

Similar to Run I at /s = 8 TeV (see Section 3.5), a great variety of searches for SUSY
have been performed based on data recorded at Run II at /s = 13TeV, covering an
even more extensive range of potential final states and search channels. Even though a
major increase in the production cross section of supersymmetric particles is expected, no
evidence for SUSY has been observed by CMS or ATLAS searches.

In this chapter, a brief overview of the latest exclusion limits on colored sparticles is
given, and particular strenghts of the search for SUSY presented in this thesis [3] are
set into context. In Section 11.1, the improvements of the exclusion limits presented in
this thesis are reviewed with respect to the results of earlier publications of the analysis
based on data with a lower integrated luminosity [1,2]. Furthermore, an overview of
the efforts to find SUSY at CMS is given in Section 11.2, highlighting the diversity of
executed searches. In Section 11.3, the results of the search presented in this thesis are
compared to the results of other searches for SUSY that are sensitive to signal models
with pair production of gluinos and squarks. Finally, in Section 11.4, a short outlook on

the promising future of beyond the Standard Model searches at the LHC is given.

11.1 Extension of Exclusion Limits by the Search

In Run I, strong limits were set on the mass of colored sparticles up to the 1TeV range,
analyzing almost 20fb~! of recorded proton-proton collision data. However, these limits
were easily extended using data recorded at an increased center-of-mass energy of /s =
13 TeV. To illustrate this, exclusion limits for two simplified model scenarios are shown as
an example. These exclusion limits were determined by earlier publications of the analysis
presented in this thesis that used only a fraction of the recorded luminosity with respect
to Run I data. Additional comparisons for other signal scenarios derived in previous
publications of the analysis can be found in Section A.10.

Fig. 11.1 (left) shows the exclusion limit for gluino pair production with top quarks
in the final state of the first publication [1]. Only data with an integrated luminosity of
2.3fb~! was recorded in 2015, yet the exclusion limit was significantly raised with respect
to the limit derived in Run I (compare Fig. 3.8). For a low mass neutralino, the excluded
mass limit of the gluino was increased from about 1.3 GeV to 1.6 TeV. Unfortunately, the
gluino mass limit for the same signal scenario was only slightly extended by the second
publication [2], even though more than five times as much data was analyzed, as shown
in Fig. 11.1 (right). In this search, the observed exclusion limit on the gluino mass was

observed to be up to 200 GeV lower than the expected limit, which is caused by the data
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fluctuating high with respect to the expected SM background yield in some of the most
sensitive search regions for this scenario. However, this limit got extended to almost 2 TeV
by analyzing the full dataset recorded in 2016, as shown before in Fig. 10.6 (a).

Fig. 11.2 shows the exclusion limit for light squark pair production, as determined for the
second publication. The limit on the light squark mass is observed to be around 1.2 TeV
for low neutralino masses if all eight light squarks are degenerate, and only 400 GeV if only
one light squark is accessible. Although these exclusion limits were generally increased by
analyzing the full dataset of 2016, especially for more compressed scenarios (mg < mﬁ)), a
gain in sensitivity is observed. This is mostly originates from the extension of the baseline

selection of the analysis to include search regions with Nje; =2.

11.2 Overview of Searches at CMS

As discussed in Chapter 3, there are many search channels that are sensitive to strongly
produced sparticles. Accordingly, there is a variety of analyses at CMS that probe different
final states and kinematic regions and complement the search presented in this thesis. In
order to review and understand the particular strengths of the presented analysis and
to evaluate its impact in a bigger picture, a representative overview of complementary
searches for gluino or squark pair production that were published by the CMS collaboration

in 2017 is given here and their characteristic features are briefly summarized:

e Inclusive analysis (0f): A second analysis in the all-hadronic final state was
published that uses the M9 variable introduced in Section 3.3 but covers similar final
states and provides some level of redundancy with respect to the search presented
in this thesis [7]. Since different background estimation techniques are used, this
is a justified approach, which becomes especially viable in the case of an observed

excess. Both all-hadronic searches are sensitive to the final states shown in Fig. 3.4.

e Focus on gluino pair production with leptons in the final state: Further-
more, there are a variety of searches for gluino pair production in finals state with
leptons: one lepton [327,328], two leptons [329] and three leptons [330]. Searches
in final states with leptons have the advantage that leptonic triggers can be used.
Accordingly, the baseline selection requirement on EITrliSS can be lowered, which pro-
vides additional sensitivity for compressed model scenarios. However, these searches
only sensitive to models with top quarks (compare Fig. 3.4 (c)), or with additional

vector bosons (compare Fig. 3.4 (h)) in the final state.

e Focus on top squark pair production: There are also specialized analyses that
focus on stop pair production (compare Fig. 3.4 (f)). Since these searches are de-
veloped to be sensitive for this single simplified model, their reach is usually higher
than the one of the inclusive analyses. Most importantly, these analyses often im-
prove the sensitivity at kinematically challenging regions, by defining search regions
that are highly sensitive to scenarios with certain masses, mass splittings and decay
chains of the sparticles. Within the CMS Collaboration there are analyses in the
final state without leptons [8], one lepton [331] and two leptons [332].
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Figure 11.1: The 95% C.L. upper limits on the production cross section for gluino pair
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of the search presented in this thesis [1] (left) and [2] (right).
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pair production (T2qq), as a function of the squark and neutralino masses mg and mg.
Taken from a previous publications of the search presented in this thesis [2].
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e Focus on bottom squark pair production and compressed stop scenarios:
For the first scenario, a standard b tagging algorithm is used but for the second
scenario, a special ¢ tagging algorithm is employed for increased sensitivity especially
towards compressed models. In these models, the direct decay ¢ — t¥} is heavily
suppressed and the two body decay ¢ — cx{ can become substantial, especially if
FCNCs are allowed [9].

e Focus on gluino pair production with boosted Higgs bosons in final state:
The search is a spin-off of the main analysis presented in this thesis [333]. It focuses
on a final state with boosted H bosons from YJ — Hx{ that are identified by a
designated H tagging algorithm. By requiring one or two identified Higgs candidates,
the contribution from SM background processes can be significantly reduced, while
a high selection efficiency of H — bb decays can be achieved. This provides an

excellent sensitivity to this specific scenario.

e All-hadronic analysis with focus on final states with top quarks: This anal-
ysis is an extension of the standard all-hadronic analyses and it provides additional
sensitivity towards all final states with top quarks [334]. The centerpiece of this
analysis is a customized top tagging algorithm, which actually consists of three dif-
ferent algorithms, in order to provide an high identification efficiency for top quark
decays over a wide range of top quark pr.

e Focus on top squark pair production with soft leptons and jets: This
analysis investigates more challenging scenarios in which the mass splitting between
the top squark and the neutralino is smaller than the mass of the W boson [335].
This typically leads to a final state with very soft jets and leptons. Thus, a high
momentum ISR jet is required to boost the system to high ErTniSS (compare Fig. 3.5).

This diversity of analyses is one of the strengths of the CMS Collaboration and ensures
that a wide range of potential realizations of SUSY are investigated, such that SUSY is
very likely to be discovered at the LHC if it exits in these or similar scenarios at the TeV

scale.

11.3 Comparison of Sensitivity with Other Searches

In this section, an overview of the latest exclusion limits for various simplified model
scenarios with gluino or squark pair production is provided. Special attention is given to
highlight particular strengths and weaknesses of the analysis discussed in the thesis with
respect to similar searches for SUSY performed by the CMS and ALTAS collaboration.

Gluinos
First, an overview of models with gluino pair production is provided in Fig. 11.3. In all of
these figures, the analysis presented in this thesis is labeled “SUS-16-033, 0-lep (Hiss)”
and the exclusion limit is indicated by a blue line.

Fig. 11.3 (a) shows the exclusion limit for scenarios where both gluinos decay to top

quarks and a neutralino. A variety of searches in channels with zero, one and two lepton
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are sensitive to that scenario depending on the decay products of the top quarks. Generally,
the “0-lep (HITniSS)” search is very competitive among searches with zero or one leptons in
the final state and sets the strongest exclusion limit for low mass neutralinos. Compared
to the other all-hadronic analysis “O-lep (Mr2)” [7], stronger exclusion limits are observed
independent of the mass of the neutralino, since typically many jets are expected in this
scenario. The “0-lep (M2)” analysis uses search regions for events with Nje; > 7, whereas
the “0-lep (HITmSS)” analysis provides less inclusive search regions with Nje; > 9, extending
the sensitivity for the considered model. However, one of the more recent analyses [334] is
not shown in the figure. By focusing on events with identified top quarks the search sets
the most stringent limits on the gluino mass of more than 2 TeV for a low mass neutralino.
Searches with two or more leptons in the final state are observed to be less sensitive for
uncompressed scenarios due to the lower branching ratio of these channels. However, the
search “> 2-lep (SS)” [329] provides excellent sensitivity to compressed scenarios since
less missing transverse energy is expected, and, by using a leptonic trigger, a significantly
lower threshold of Efrniss > 50 GeV can be used in the baseline selection.

In Fig. 11.3 (b) and (c), the scenario where both gluinos decay to bottom or light quarks
and a neutralino is shown. Since no prompt leptons are expected in these final state, only
the two full-hadronic analysis are sensitive to the models. Both analysis provide similar
exclusion limits, however the kinematic selection of search region events is not identical.
Especially for events with high Hr, the “0O-lep (Mr2)” [7] analysis lowers the baseline
selection to Efrniss > 30 GeV by using a variety of triggers selecting events with high Hr,
while the selection requirement on Mo only provides an indirect constraint on EEFiSS.

The exclusion limits provided by ALTAS searches for all these potential decay scenarios
of the gluino are summarized in Fig. 11.3 (d). Generally, for scenarios where the gluino
decays to top or bottom quarks, the excluded upper cross section limit is very similar to
the one provided by the CMS searches. However, for scenarios with light quarks in the
final state, the ATLAS limit is by about 200 GeV higher in case of low mass neutralinos,
indicated by the red line in the figure. This limit was determined by the “0 lep.” analy-
sis [336], which combines two complementary approaches that both lead to similar results.
One approach uses the effective mass meg = Ht + ErTniSS to define the search regions, and
selection requirements on Effniss and E%liss /+/Meg to suppress SM background contribu-
tions. The latter variable is similar to the Er’fliss—signiﬁcance introduced in Section 3.3
and can effectively be used to identify QCD multijet events. A further increase of the
sensitivity for the discussed scenario is achieved by selecting only events with four high
momentum jets, as expected from the gluino decays. The second approach uses a more
complicated technique, referred to as Recursive Jigsaw Reconstruction (RJR) [337-339].
The RJR method partially mitigates the loss of information from invisible particles by
making approximations of the rest frames of intermediate particle states for every single

event.
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Figure 11.3: Summary of latest 95% C.L. exclusion limits for models with gluino pair
production for CMS analysis (a)—(c) [150] and ATLAS analyses (d) [340]. Exclusion limits

in the gluino-neutralino mass plane are shown.

The dashed and solid lines show the

expected and observed limits, respectively, whereas the dotted lines illustrate the effect on
the exclusion limits coming from theoretical uncertainties in the production cross section.
For each exclusion limit, only a single decay mode with a branching fraction of 100% is
considered. The analysis presented in this thesis is labeled “SUS-16-033, 0-lep (H{ﬂniss)”.
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Squarks

In Fig. 11.4, similar figures are shown for signal scenarios with pair-produced squarks.
A summary of most recent exclusion limits determined by CMS analysis is shown in
Fig. 11.4 (a). Special attention was given to signal scenarios in the “top corridor” that was
not covered by analysis using Run I data (compare Fig. 3.7). Great progress was achieved
by the collaborative work of all analyses that are sensitive to that scenario and, apart from
the region at low m;, where signal contamination becomes extremely high, the majority
of signal scenarios close to the top corridor could be excluded. In this corridor region,
the “O-lep (H%ﬁss)” analysis proves to be very competitive, excluding scenarios of up to
mj = 500 GeV, while the similar all-hadronic “0-lep (Mr2)” is observed to be significantly
less sensitive. Detailed investigations showed that this is caused by differences in the
signal acceptance of the baseline selection: Along the corridor, events with Mrs =~ 0 GeV
are favored, wheres higher values of H{?iss are preferred. In the uncompressed region,
most of the searches provide similar exclusion limits, but searches specialized in stop
pair production extend the exclusion limit to almost 1.2 TeV. This is achieved by using
techniques to identify evens with top quarks: The “0-lep stop” search [8] uses a top
tagging algorithm, whereas the “l-lep stop” search [331] uses the so-called topness [341]
that efficiently identifies events with a leptonically decaying top quark. The “2-lep stop”
search [332] is significantly less sensitive since the branching ratio of a leptonic decay of
both top quarks is only about 10% [174].

In Fig. 11.4 (b), exclusion limits for bottom squark pair production is shown. Since no
prompt leptons are expected in the final state, only all-hadronic analyses are sensitive
to this scenario. All three presented analysis provide similar exclusion limits. However,
as discussed in Section 10.3.2, the observed exclusion limit of the “O-lep (HM%)” search
presented in this thesis is by about 100 GeV lower than the expected exclusion limit and
subsequently also lower than the observed limits determined by the other analysis.

Similarly, in the case of light squark pair production shown in Fig. 11.4(c), the “0-
lep (H®)” and the “O-lep (Mr2)” analysis both derive competitive exclusion limits.

b

In general, the “0-lep (Mr9)” analysis is more sensitive to that scenario, mostly caused
by differences in the kinematic selection of the search regions, and accordingly slight
differences in the signal acceptance of the search.

Finally, in Fig. 11.4(d), the exclusion limits on top squark pair production determined
by ATLAS analysis is presented. Compared to the CMS analyses, the results are also
interpreted for scenarios where the decay ¢ — tf(? is kinematically forbidden. For an
intermediate mass of the top squark, exclusion limits are derived for scenarios with a
virtual top quark decay t — be((l], and for very low masses of the top squark, decays
via an additional virtual W boson are still possible. The strongest exclusion limits are
set by an all-hadronic search “OL” [342], that uses five different definitions of the search
regions in order to be sensitive to variety of these scenarios. Generally, in scenarios with
a sufficiently high mass splitting Am (f, )2(1)) > my, 1. e., the region that is also covered by
the CMS analyses, similar exclusion limits in the stop-neutralino mass plane are achieved

by CMS and ATLAS searches, excluding top squarks of up to around 1TeV, in case of a
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low mass neutralino.

Furthermore, a variety of exclusion limits on different models for light squark pair pro-
duction are shown in Fig. 11.4 (e). The simplest scenario with a direct decay of the squark
4 — qx) is indicated by the red line and is determined by the combination of two analysis.
For uncompressed scenarios, the exclusion limit is dominated by the “0 lep.” analysis [336],
which also has a high sensitivity for scenarios where gluinos decay to light quarks and a
neutralino. In order to provide sensitivity to scenarios with light squark pair production,
special signal regions requiring two high momentum jets are defined, as expected from
the signal topology. For compressed scenarios, an interpretation of a search in “mono-jet”
events [343] is performed that targets the production of dark matter. This search espe-
cially targets scenarios with an energetic ISR jet but the momentum is mostly transferred
to the neutralinos, so that the jets from the squark decay have very low momentum and

are typically not observed.

All in all, the inclusive analyses use similar techniques, independent from from the num-
ber of leptons in the final state. The search region is typically defined by requirements on
Hr and E%ﬁss or related variables and less important, analysis specific requirements. As
mentioned in Section 3.3, in some analyses Ht is replaced with meg, and E%liss with H%ﬁss
or Elfniss—signiﬁcance. All of these search variables have special benefits but ultimately sim-
ilar sensitivity to signal models with strongly produced sparticles is achieved as reviewed
in this section. The more model specific analyses then provide slightly more sensitivity to
specific models by adding additional analysis techniques or selection requirements. Some
of the more prominent ones are top tagging, requirements on the momentum of the leading
jets or specific search regions that are only sensitive to very specific models where certain
decays modes are kinematically forbidden.

A representative overview of all these searches by the CMS Collaboration is given in
Fig. 11.5 along with the highest determined exclusion limit on the pair produced sparticle.
These results significantly extend the exclusion limits determined based on data collected
at a center-of-mass energy of \/s = 8 TeV shown in Fig. 3.6. Generally, the exclusion limits
provided by different searches are very competitive. Depending on the decay scenario
gluinos of up to 2 TeV can be excluded, as well as squarks of up to more than 1TeV, for
low mass neutralinos. As mentioned earlier, these kind of summaries serve as a qualitative
guideline for the mass reach in various search channels, but any direct interpretation has
to be handled with care. For searches at ATLAS a similar table is provided in Fig. A.2.
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Figure 11.4: Summary of latest 95% C.L. exclusion limits for models with squark pair
production for CMS analysis (a)—(c) [150] and ATLAS analyses (d)—(e) [340]. Exclusion
limits in the squark-neutralino mass plane are shown. The dashed and solid lines show the
expected and observed limits, respectively, whereas the dotted lines illustrate the effect on
the exclusion limits coming from theoretical uncertainties in the production cross section.
For each exclusion limit, only a single decay mode with a branching fraction of 100% is
considered. The analysis presented in this thesis is labeled “SUS-16-033, 0-lep (H{Piss)”.
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11.4 Outlook

Despite the extensive coverage of potential supersymmetric final states by a variety of
analyses summarized in this chapter, no evidence for physics beyond the Standard Model
could be observed. The effort of the CMS and ATLAS SUSY programs managed to
significantly increase the upper exclusion limits with respect to the LHC Run I results
for all final states considered in this thesis. Although fully natural models with A <
10 (compare Section 2.3.2) are still allowed, given the reach of current SUSY searches,
most of the corresponding parameter space has been ruled out and only more compressed
scenarios still satisfy the postulation of naturalness. However, these interpretations are
done based on simplified models and the parameter space of a full supersymmetric theory
with realistic branching fractions is often not that stringently constrained. Finally, it
should be stressed again, that the measure of naturalness is no strict theoretical limit
rather than a phenomenological approach that provides a vague idea about what could be
considered a “good” physical theory. Fine-tuning at a level of A ~ 100 or even more is
often considered reasonable and does not provide any problematic theoretical implications,
while the corresponding parameter space is unlikely to be excluded in most SUSY models
by future searches at the LHC [344].

Although no direct evidence for BMS physics was found, a number of anomalies have
been observed in processes involving decays of b mesons by BarBar, Belle and LHCb
[345-352]. A possible, common explanation for these deviations are models introducing a
potential new particle, a so-called leptoquark [353,354]. A leptoquark (LQ) is a particle
that carries color and electric charge and that can decay to a quark and a lepton of the
same generation [355]. The existence of leptoquarks has been postulated by many BSM
theories, including Grand Unified Theories [356,357] but also by R-parity violating SUSY
theories [70]. At the LHC, these leptoquarks are dominantly produced in pairs and one of
the potential final state can be observed as jets and missing transverse energy, if both of
the leptoquarks decay to a quark and a neutrino. This basically resembles squark pair pro-
duction, and the analysis presented in this thesis can be used to set constraints on models

” search mentioned in

with leptoquarks, as it will soon be published for the “O-lep (Mr3)
the previous section [7]. This motivates to further pursue the analysis presented in this
thesis even though no evidence for BSM physics was found yet. The analysis uses simple
hadronic observables that do not assume a special topology of the event and in principle
it is sensitive to all models, not just SUSY, that predict final states with at least two jets
and sufficiently high missing transverse energy.

Ultimately, the goal is to discover any BSM physics and not just set exclusion limits on
potential model scenarios. However, so far only about 36 fb~! of data has been analyzed,
while by the end of 2018, a total of about 150 fb~! of data is expected which will further
enhance the discovery potential at the LHC. Unfortunately, only a minor upgrade of the
center-of-mass energy to /s = 14TeV is possible in Run III, so no significant increase
in the production cross section of potential new particles is expected, as it was the case

for Run II. Furthermore, improved analysis techniques like new tagging algorithms, allow
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to develop searches that are more sensitive to compressed scenarios, which typically have
more challenging final states, or more generally to achieve a better separation of SM
background and potential signal events. Nevertheless, this should not affect the large
diversity of analyses that are performed at CMS. In the previous section, it was illustrated
that it is highly beneficial to have some more inclusive analysis that cover a large variety
of potential signal scenarios and other more targeted searches that focus on a specific
signal scenario or kinematic topology. If no evidence for any BSM physics is found by
the end of Run III in 2023 where another 300fb~! of data are expected, there is still a
further upgrade of the LHC: A gigantic and long-term project, the High-Luminosity LHC
(HL-LHC) will be installed, reaching up to seven times the design luminosity of the LHC
and collecting more than 3000 fb~! of data until 2038 [358].

In case evidence of a supersymmetric signal is found at the LHC, it is important to
verify this signal across many different search channels, and, obviously, properties like the
masses and couplings of the sparticles are of great interest. Typically, lepton colliders
are best suited for precise measurements of these properties since they provide a cleaner
reconstruction of the event and the exact momentum transfer in the interaction can be
adjusted [359-361]. However, some level of information can also be extracted from LHC
data. Since in R-parity conserving models any sparticle decays directly or indirectly to SM
particles and a neutralino that cannot be detected, it is not possible to directly extract the
invariant mass of the sparticle from the event. Instead, one of the most common techniques
is based on so-called kinematic edges [141-148]. A simple example when this technique
can be used to measure the mass of the gluino is if a two-body decay of {3 is kinematically
forbidden, i.e., the gluino decays via § — qgx3, X9 — £T¢X? [64]. These events can be
reconstructed as two jets and two leptons of opposite sign but same flavor. Unfortunately,
a significant contribution from ¢t events is expected, but for these SM events the flavor
of the leptons is uncorrelated. By studying the invariant mass of the jj¢*¢~ system as
lete™] + [uTu~] — [etp™] — [wTe], contributions from those backgrounds are removed
and a shoulder in the spectrum can be reconstructed, as illustrated in Fig. 11.6. The
endpoint of this distribution then correlates with the mass of the gluino. However, the
reconstruction of the mass can be experimentally challenging since the shoulder is usually
distorted by several effects such as background contributions, selection requirements that

are necessary in the event analysis, or detector effects like the energy resolution of the jets.

Events

mMyjjee

Figure 11.6: Sketch of the invariant mass distribution of the jj¢T¢~ system from a gluino
decay, exhibiting an endpoint in the spectrum that correlates with the mass of the gluino.
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This thesis presents a search for SUSY [3] in the data collected by the CMS experiment
in 2016 at a center-of-mass energy of /s = 13 TeV, which corresponds to an integrated
luminosity of 35.9 fb~!. The search is performed in the final state with at least two jets and
a large transverse momentum imbalance. The number of jets and tagged bottom quark
jets, as well as the transverse and missing transverse momentum are used to categorize
the events into four-dimensional, exclusive search regions, in order to achieve sensitive
to a variety of potential supersymmetric final states. This search uses data-driven SM
background estimation methods to constrain the background yields in the signal region,
which reduces the dependence on simulated event samples.

A particular focus of this thesis lies on the estimation of the so-called lost-lepton back-
ground. In these events, a neutrino is produced and the associated electron or muon is not
observed as an isolated lepton or track, thus evading the lepton veto, and the event enters
the search region. The background estimation method has been fully implemented based
on first studies presented in [301] and is referred to as the event-by-event approach [4-6].
The most important advantage of this method is the factorization of all known effects
into efficiencies, which enables a thorough validation of the method using Tag and Probe
methods in real data. Furthermore, the fraction of lost-lepton events, in which the lepton
is not identified or not isolated, can be modeled with respect to the properties of the
leptons in the control region. Detailed studies of the background estimation method allow
an optimization of the veto on isolated tracks, which is a new development for the analysis
that reduces search region contributions from lost-lepton events by about 30%. All in all,
decisive improvements in the lost-lepton approach are achieved, which are reflected in the
performance of the closure test and result in a significant reduction of the corresponding
systematic uncertainty compared to previous implementations of the method.

Furthermore, a second, independent background estimation method for lost-leptons
events is presented, referred to as the average transfer factor approach [7-9], which is
mainly used to validate the recent developments of the event-by-event approach. This
method is based on a less sophisticated and less data-driven principle. A single trans-
fer factor is derived for every search region interval from simulated event samples and
multiplied with the corresponding number of control region events in data. The main dif-
ficulty arises from the application of potential correction factors that account for known
mismodeling of the simulation. The presented study shows that these corrections can be
neglected for dileptonic events, thus significantly simplifying the background estimation
method. The average transfer factor approach will be used for further publications of
the presented analysis, as it can easily be extended to include a second SM background
contribution from events with hadronically decaying tau leptons.

Comparing the total predicted SM background yields to the observed counts in the
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search regions, no evidence of a supersymmetric signal was observed. The results of the
search are used to constrain the masses of SUSY particles in simplified scenarios that
assume the neutralino to be the lightest supersymmetric particle. Limits on the cross
section for the pair production of gluinos and squarks are derived for various production
and decay scenarios, which correspond to lower limits on the gluino mass as large as 1800—
1960 GeV and to lower limits on squark masses as large as 960-1390 GeV at 95% C.L.,
depending on the model. These maximum exclusion limits are obtained for scenarios with
low mass neutralinos. In general, the obtained upper mass limits are competitive with the
results of other SUSY searches by the CMS and ALTAS collaborations and in some cases
constitute the strongest exclusion limits currently available. The effort of all these searches
for SUSY provide extensive coverage of potential supersymmetric final states, significantly
increasing the upper exclusion limits with respect to the LHC Run I results. Although fully
natural models with low mass gluinos or top squarks are still allowed, mostly compressed
scenarios with a low mass splitting between the gluino or squark and the neutralino can still
satisfy the postulation of naturalness, given the reach of current SUSY searches. However,
the exclusion limits on the production cross sections are determined based on simplified
models, which consider only a small number of kinematically accessible sparticles. The
parameter space of a full supersymmetric theory with realistic branching fractions is often
less strongly constrained, and, after all, the measure of naturalness is no strict theoretical
limit on the mass of the SUSY particles.

All in all, the presented analysis uses simple hadronic observables that do not assume
a special topology of the event, and, in principle, it is sensitive to many extensions of the
SM, not only SUSY, that predict final states with at least two jets and sufficiently high
missing transverse energy. This motivates to further pursue and optimize the analysis to
achieve an even better separation between SM background and potential signal events or
to be sensitive to an even larger variety of final states. This will only become more feasible
with the growing size of the available datasets.

Furthermore, this thesis presents a new and efficient framework for the propagation
of particles inside the tracker for the FastSim software package. FastSim is a fast and
effective simulation of the CMS detector with many fields of application, such as the
interpretation of search results or upgrade studies of the CMS experiment. The new
framework is developed to prepare FastSim for the recently performed upgrade of the
CMS pixel detector. This algorithm models the material of the CMS tracking detector by
cylinders with zero spatial thickness. The particles are propagated to the next point of
intersection with any of these cylinders using analytical functions, where models for the
material interactions are evaluated. The implemented algorithm is successfully validated
and is already used as the standard tracker simulation of FastSim. Because of the high
degree of configurability and maintainability of the new framework, it is expected to remain

a core part of FastSim throughout further upgrade phases of the CMS detector.
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A.1 Summaries of Exclusion Limits of ATLAS SUSY Searches

In this section, a representative selection of ATLAS SUSY searches is shown. The mass
reach of Run I analyses (Fig. A.1) has significantly been improved using data at /s =
13 TeV (Fig. A.2). These summaries also reveal some more information for every search,
including the number of leptons (photons) and jets and other details about the search
channel, as well as assumptions on the masses or branching fractions of the sparticles
etc. In general, the mass limits are in good agreement with the ones observed by CMS
analyses, but also additional categories like searches for long-lived particles are included.
Additionally, two different models for light squark pair production are shown, an un-
compressed spectrum with mpgp = 0 GeV (second row) and a compressed spectrum with
(Msquark — M1sp) < 10GeV (third row). In the latter case, the limit on the squark mass

is significantly lower because of the more challenging final state (compare Section 3.2).
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*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

Figure A.1: Run I mass reach of ATLAS searches for Supersymmetry [340]. Only a representative selection of the available results is shown. See

analysis documentation for details and theoretical assumptions.
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A.2 Kinematic Distributions of Squark Pair Production Models

In this section, distribution of the search variables for a variety of simplified models with
squark pair production is shown. Generally, similar differences between compressed and
uncompressed models can be seen as discussed for models with gluino pair production in
Section 7.3.6.

In the majority of events, 2-6 jets are expected, where the distributions are shifted to
lower values in compressed scenarios. In the distributions of the number of b-tagged jets,
only small differences for can be seen for compressed and uncompressed scenarios for light
and bottom squark pair production. Interestingly, the compressed model for top squark
pair production has a smaller mass splitting of the stop squark and the gluino than the
mass of the top quark. This affects the performance of the b jet identification so that in
the majority of events no b jets can be identified. The Ht and HEFiSS distributions are

overall shifted to lower values for compressed models.
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Figure A.3: Distribution of Nje; (top) and Ny jet (bottom) for a variety of simplified models
with squark pair production [299]. The figures on the left show a representative selection of
uncompressed mass spectra (mg > m)”c?)v whereas the figures on the right show compressed
spectra (mg 2 m~(1)). For each distribution, the baseline requirement for its respective

X
variable is ignored, and the last interval contains all events with higher values.



A.2 Kinematic Distributions of Squark Pair Production Models 235

CMS Simulation Supplementary 35.9 fb (13 TeV) CMS Simulation Supplementary 35.9 fb (13 TeV)
n T T T T T n T B R B AR SR
E 10* 3 arXiv:1704.07781 E E E arXiv:1704.07781 B
5 F —pp - bb,b ~ b X, (m; =650 GeV, m; = 1GeV) q 5 104; —pp ~ bb,b - b X, (m; =500 GeV, my; = 300 GeV) _
— 3 —pp - T~ tX (m=700Gev, m;n:‘SOGEV) ] — g —pp - T ) (m=300Gev, rn;u:lZOOGeV) g
g 10 i —pp - . - q X (m; = 1000 Gev, my = 100 Gev) E g 10° t —Pp = T3~ a X ;=700 GeV, mp=400Gev) ]
o i 1 o 3 E
e 2| | £ 1
> 10 E E g r ]
c F 1 < 10% 3
10 E i ]
g ] 10§ 4
1? N 3 E 1t R N S ek
10'17SH\HH\HH\HH\HH\‘E\i§< i PRI I\ v A S S
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
H, [GeV] H, [GeV]
CMS Simulation Supplementary 35.9 fb* (13 TeV) CMS Simulation Supplementary 35.9 b (13 TeV)
@ T g @ L e R e e e e A
% [ arXiv:1704.07781 ] % [ arXiv:1704.07781
5 10* E —pp — bb, b — b X (m; =650 Gev, ms=1GeV) 3 5 10° E —pp - bb, b ~ b ¥ (m;=500Gev, mo =300 GeV)
— ; —pp - T~ 1) (m=700Gev, mku:‘SOGeV) ; — r —pp - T, T~ t X (m=300Gev, mku:IZOOGev)
g 10° L —pp - @3 - a¥ (m;=1000 Ge\/“mg =100 Gev) 4 g 10* ? —pp - @3 - g% (m;=700Gev, ;"Q = 400 Gev)
Q £ k| Qo F
E ol ] E 10°F
2 10 c E
r 1 10°F
10k 3 §
i E 10¢
1 S ] ;
i SESENE 1e
0 S F§ i . . N
0 500 1000 ) 1500 0 500 1000 ) 1500
H'™® [GeV] H'™* [GeV]

Figure A.4: Distribution of Hr (top) and H®S (bottom) for a variety of simplified models
with squark pair production [299]. The figures on the left show a representative selection of
uncompressed mass spectra (mg > mi?)’ whereas the figures on the right show compressed
spectra (mg 2 mgo). For each distribution, the baseline requirement for its respective

X1
variable is ignored, and the last interval contains all events with higher values.
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A.3 Comparison of Lost-Lepton Control Region and Search

Region Events

In this section, a comparison of the number of lost-lepton search region and control region
events is shown. The dominant effect depends on the jet multiplicity where the ratio
increases from about one at Njet = 2 to approximately five for high jet multiplicities.
Furthermore, a strong trend can be seen for events with 500 GeV < Hp < 100 GeV. This
was discussed in Fig. 8.3, and is found to be caused by the strong dependency of the lepton
acceptance efficiency on the hadronic activity in the event. The minor trend as a function
of the b jet multiplicity is a direct consequence of this since events with a larger number

of jets are more likely to have a larger number of b jets.

CMS simulation Supplementary  35.9 fb'1(13 TeV) CMS simulation Supplementary  35.9 fb™ (13 TeV)
> ] > ]
8 105§ arXiv:1704.07781 Lost-lepton background E 8 105? arXiv:1704.07781 Lost-lepton background E
o E t  MC: control region (e+y) | 5 0 E t  MC: control region (e+y) | §
&’ 10% e = MC: lost-lepton events | ﬁ . = MC: lost-lepton events |
o ] @ ]
g 10° . = ] —_— =
& E . E & - E

10° - . E 10° - E
10 —3 10 _— -
1= = —=
c i:}::::}::::}::::}::::}:::f c ::::}::::}::::}::::}::::f
8|8 st E 8|8 E
[=] E 3 (=] 3
D 6 3 Q| 3
[h4 E E| 24 E|
SE 4 - .. e e e Sl% E
5|2 P O U SR ERRE 5|2 T Y S B NSRRI
ol» 500 1000 1500 2000 2500 3000 ol® 500 750 1000 1250 1500
miss
H; [GeV] HT'S [GeV]
CMS simulati N CMS simulati *
Simulation Supplementary  35.9 fb™ (13 TeV) Simulation Supplementary  35.9 fb™ (13 TeV)
%) FET T T T T T 7T 7T 7T 7T ™13 o T T T T T T T |
g 10° E arXiv:1704.07781 Lost-lepton background E g g aXivi1704.07781 Lost-lepton background E
|_|>J E t  MC: control region (e+y) | L|>J e ¢ MC: control region (e+y) |
10* e = MC: lost-lepton events E 10%E ——— MC: lost-lepton events =
10° s — 3 10° E
10° —— < 102k =
10; — 3 10; =
1= = 1= =
c S A S c S ——
5 5 sE T T T T T T T T T T E 5 5 T T T 3
o E = [=2] 3
Qo 6F 3 | o El
slE 4 e I
=1 = e i S N N B R B R S B E|5 I ‘ ! ‘ ! E
ol 2 3 4 5 6 7 8 9 10 11 12 ol® 1 2 3
Njet Nb-jet

Figure A.5: Comparison of the number of expected lost-lepton background events in the
search regions (points, with statistical uncertainties) and the sum of single-electron and
single-muon control region events (histograms, with statistical uncertainties) as a function
of the search variables of the analysis [300].
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A.4 Kinematic Distributions of Single-Electron Control Region

Events

In this section, various distribution of the single-electron control region events is shown.

Similar trends are observed as for the single-muon control region events displayed in

Fig. 8.6. In all four search variables, an abundance of simulated events at high values

is observed.
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Figure A.6: Composition of the electron control region selected in data (points, with
statistical uncertainties) and simulated events (histograms, with statistical uncertainties)
as a function of the search variables of the analysis and kinematic properties of the lepton.
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A.5 Factorization of Isolated Tracks Veto Efficiency

In this section, the factorization of the isolated track veto efficiency is shown in contri-

butions from the electron, muon and pion track veto. This factorization is necessary to

propagate the systematic uncertainty determined by the Tag and Probe procedure dis-

cussed in Section 8.6.3 to the predicted lost-lepton yield.

A detailed description and explanation of the observed efficiencies can be found in

Section 8.4.
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Figure A.7: Isolated muon track veto efficiency for events with out-of-acceptance (top),
not-identified (middle), and not-isolated (bottom) leptons, for muons (left) and electrons
(right). Only the statistical precision of the simulated event samples is taken into account.
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Figure A.8: Isolated electron track veto efficiency for events with out-of-acceptance (top),
not-identified (middle), and not-isolated (bottom) leptons, for muons (left) and electrons
(right). Only the statistical precision of the simulated event samples is taken into account.
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A.6 Additional Closure Tests

In this section additional closure test can be found. In Figs. A.10 and A.11, it can be
seen that the background estimation method can be considered insensitive to the exact
composition of the SM background events. In Fig. A.12; the insensitivity to the pileup

and ISR reweighting procedure are tested.
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Figure A.10: Closure Test of lost-lepton background estimation method, for more infor-
mation see Fig. 8.17. The nominal cross section of ¢t (top) and W+ jets (bottom) event
samples (see Table 7.1) is increased by 50% but the nominal efficiency maps are used.
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Figure A.11: Closure Test of lost-lepton background estimation method, for more infor-
mation see Fig. 8.17. The nominal cross section of single ¢ quark (top) and rare (bottom)
event samples (see Table 7.1) is increased by 50% but the nominal efficiency maps are

used.
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Figure A.12: Closure Test of lost-lepton background estimation method, for more informa-
tion see Fig. 8.17. Pileup (top) and ISR (bottom) corrections are applied but the nominal
efficiency maps are used.
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A.7 Scale Factors for the Average Transfer Factor Approach

In this section, all scale factors derived for the average transfer factor approach are shown,

which have not been included in Section 9.2.1.
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Figure A.13: The electron scale factors for control region events SF; and search region
events SF}% for events with one prompt electron, derived as a function of the search
intervals. All scale factors are evaluated based on simulated single quark production and
other rare event samples (see Table 7.1).
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Figure A.14: The electron scale factor S £e|trk for events with one prompt electron, derived

as a function of the search intervals. All scale factors are evaluated based on simulated ¢,
W + jets, single quark production and other rare event samples (see Table 7.1).
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Figure A.15: The muon scale factor SF) E“L ¢y for events with one prompt muon, derived as

a function of the search intervals. All scale factors are evaluated based on simulated tt,
W + jets, single quark production and other rare event samples (see Table 7.1).
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Figure A.16: The scale factor for control region events if one of the leptons is lost SF} as
a function of the search region interval for events with two prompt electrons, evaluated
on simulated single quark production and other rare event samples (see Table 7.1). Fur-
thermore, the corresponding scale factor for the search region events SF}L{K is shown, i.e.,
taking the veto on isolated tracks into account.
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Figure A.17: The muon scale factors for control region events SF," and search region events
SF' j’m{ for events with one prompt muon, derived as a function of the search intervals. All
scale factors are evaluated based on simulated tt, W+ jets, single quark production and
other rare event samples (see Table 7.1).
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A.8 Summary Table of Results of the Search

All content taken from [3]. Tables A.1 to A.5 present the prefit predictions for the number
of standard model background events in each of the 174 search regions of the analysis,
along with the observed numbers of events, where “prefit” means there is no constraint
from the likelihood fit. The corresponding information for the 12 aggregate search regions

is presented in Table A.6.

Table A.1: Observed numbers of events and prefit background predictions in the Nje; = 2
search regions. The first uncertainty is statistical and second systematic. Taken from [3].

Bin HJS [GeV ] Hr [GeV] Nit Npjes Lost-e/p 7 — had 7 — v QCD Total pred. Obs.
1 300-350 300-500 2 0 4069787320 o744 FSTTE0 13231787THIC0 326112HIT0 2037071207050 21626
2 300-350 500-1000 2 0 32603375 226014 9441H18+5 45122 1541457138 1583
3 300-350 >1000 2 0 152138423 g7i2IH42L 5 gtaStad q srHOI6H08 75 3401455 102
4 350-500 350-500 2 0 2049745H%0 15531274200 93473 12674HST 130767951850 14019
5 350-500 500-1000 2 0 63172231 4397148 95024304150 4317122 36157991180 3730
6 350-500 >1000 2 0 135145710 134124728 9q0fS2TO 1304006008 122179388 139
7 500-750 500-1000 2 0 303117738 24710718 232873010 4570 288371080 3018
8 500-750 >1000 2 0 58727718 537143 66.27303% 0.037092002  7r.3resRT 96
9 >750 750-1500 2 0 17.353030 q7ar2itAd 295 THHAL 0357006008 330F 3 ta2 272
10 >750 >1500 2 0 00%5gth0 0380306 1267557 00UFGHTER  13.0755y 12
11 300-350 300-500 2 1 37073t essTtRR 1361t 4475+ 2063733180 1904
12 300-350 500-1000 2 1 5111047 31.6742+72 97210 6.7721+3T 18615418 186
13800850 >1000 21 LR o0thERE 5oz 0sst@el sTENl 13
14 350-500 350-500 2 1 21508 17otsE 9624519 2073+ 13767567110 1212
15 350-500 500-1000 2 1T 69.819TS  433H4AHOT o572 8.5730135 379713E50 409
16 350-500 >1000 2 1 372500 gt lr0d 97106112 0.13504400T 16,65 711 8 27
17 500-750 500-1000 2 1 28.9738488 9260125728 24013127 14870184088 296 t9t28 321
18 500-750 >1000 21 5FENE 03670RS 681N 0.037 550G 14
19 >750 T0-1500 21 38TTRY 41T 304717 00075500 31
0 70 S1500 21 007EATS 03atHIN 1a0tdRra 0007000l !
21 300-350 300-500 2 2 1410538 129733438 49107 3.000315¢ 79HES 122
22 300350 500-1000 2 2 2.872409 207040 35704112 05710 TH008 g .gtSatl 11
23 300-350 >1000 22 00FFFGG 000750000 0.19%GHNGT 008555 F0G 027350 0
24 350-500 350-500 2 2 11473525 g3tliizl 3570+12 1.0t93+12 53+6+13 84
25 350500 500-1000 2 2 GAFENT 207FGY  983700ES  044rGRROSS  187STEY 23
26 3050 1000 2 2 007500 0007 035 0N 00670000 0aThiyl 2
27 500-750 500-1000 2 2 143908 203705006 86T 1E 0.03101100s 121557532 16
28 500-750 >1000 22 00FFFRG 0007550000 024105500 0.005557 0% 0275061 0
29 >750 T0-1500 22 0.0%GERS 007TGETRN L09TOReG 0015550k 127840 4
30 >750 >1500 2 2 0O0FFEHGT  0.007Ga0HE0  0.05% 0505 00075566 0.0%35E 0
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Table A.2: Observed numbers of events and prefit background predictions in the 3 <
Njet < 4 search regions. The first uncertainty is statistical and second systematic. Taken
from [3].

Bin H%‘iss [GeV] Hr [GeV] Niex Nyjer Lost-e/u 7 — had Z — v QCD Total pred. Obs.
31 300-350 300-500  3-4 0 283077300 2152700100 83530 273FSHIE 1360871107250 14520
32 300-350 500-1000 34 0 1125THI20 gogFiSHl00 ogg7tH0  11g+Stol 46401334550 4799
33 300-350 >1000 34 0 72770461 5 3132464 176+3+14 411248 356+13+21 354
34 350-500 350-500 34 0 143973THI0 930t19+120 5014411280 11415+ 749610330 7973
35 350-500 500-1000 3-4 0 140203710 125373110 48115030 801573 74T 7735
36 350-500 >1000 34 0 1037581 77053918 303t1Ta 247110 506715750 490
37 500-750 500-1000 34 0 33911515 297HIOHI6  9143FBHIN0 55102423 9785 ITHIS0 9938
38 500-750 >1000 34 0 33.8T15F3S 305T34FZ) 21970416 12040334028 9gatZHIT 303
39 >750 750-1500 34 0 282704187 26,0253 319710 0327003010 373TaT 334
40 >750 >1500 34 0 200907 138TREGT  27.8738TY 01070000 322700758 46
41 300-350 300-500 34 1 74613313 627112+ 193518130 59+4+2] 26671115 2677
42 300-350 500-1000 34 1 296112%% 26279127 38574730 38418 981731438 1048
43 300-350 >1000 34 1 208744421 190726018 976t13HE2 1y qHQ8HAT 788700408 92
44 350-500 350500 34 1 3211742 263119122 73818+ 223714401 13437882 1332
45 350-500 500-1000 34 1 320917472 324733420 TETL 1retiiti? 1a07HEEE 1515
46 350-500 >1000 34 1 204750720 19.9420018 475t TERS 57H08H2E 934 fTAHES 113
47 500-750 500-1000 34 1 69.77 74486 56.0741159 32204483 13470104055 49 Fi2+36 472
48 500-750 >1000 34 1 15353400 70f 0T 344038 0387041048 sr.ofhatis 57
49 >750 750-1500 34 1 3.3715708 48715708 4851 TITY 0137001008 56875 01T 61
50 >750 >1500 34 1 LOFGEERS 0.77I0ISH0AE 44070SETOT 0.03*00I00 62738708 8
51 300-350 300-500 34 2 137+ 1337700 14511426 9.0111134 424113431 464
52 300-350 500-1000 34 2 923T34F3%  85.6TRIFTS 53.0%00T30  3stl2tle 235713118 227
53 300-350 >1000 342 34TPIOY 24070570 395T0RN0T 22370N0R 12003508 17
54 350-500 350-500 34 2 39.6754138  39.8739+38 g4titls 27156410 166119+1¢ 208
55 350-500 500-1000 34 2 83.975%TE 69474929 9711H18 31103413 25471320 286
56 350-500 >1000 34 2 6.2730110 3.8 106 6.8703 18 0.9570 508 177 AS 25
57 500-750 500-1000 34 2 118433420 10,5 18410 39 7H03HTA .92 004H000 o 1 RIS 64
58 500-750 >1000 34 2 2615300 2901300 4905031100 0105003001 1051333 13
59 >T750 7501500 34 2 0.0%pTop 0320100 63703y 003ETn 66555 4
60 >750 >1500 34 2 00%pptG0  0.03TGgSEN 06570087048 00070000 078 e

61 300-350 300-500 34 >3 64725707 103719127 50100128 03570184042 92,014 7130 27
62 300-350 500-1000 3-4 >3 4.9727F08  gofldtT 2sT0T 0.75F0R2T090 144852720 20
63 300350 >1000 34 >3 0.0°5300  0.94708TH04 02140014042 g 6402419 2.7129+20 4
64 350-500 350-500 34 >3 o0.6fat0l  4.2fiiHd 2550014 0.005501 0L 7.4t 0HLD 8
65 350-500 500-1000 3-4 >3 102F%3H21 0 70f}RRY 43T00tR 0.78f)1SO0s  22.3f79138 26
66 350-500 >1000 34 >3 0.0%5pte0  02070RT0E 036700708 0547008 1158l 5
67 500-750 500-1000 34 >3 14704 130T g 5010021088 01040104008 4.1 F56HL0 0
68 500-750 >1000  3-4 >3 0.0079557000 01270087005 0267007013 0.0270500 047103 2
69 >750 750-1500 34 >3 0.005557000  0.000a6000 0297001 1g 00150500, 03755703 1
70 >750 >1500 34 >3 0.0%g*G0  0.0079g0*000  0.0470867005 0.0017GH00  0.0%pptes 0
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Table A.3: Observed numbers of events and prefit background predictions in the 5 <
Njet < 6 search regions. The first uncertainty is statistical and second systematic. Taken

from [3].

Bin HMs [GeV ] Hr [GeV ] Lost-e/u 7 — had Z = vp QCD Total pred. Obs.
71 300-350 300-500 217142 166+5+20 48971212 49723 922751738 1015
72 300-350 500-1000 0 3975 40379+38 7724168 113HHT 16867319 1673
73 300-350 >1000 0 49.671331  551T3SEES 1000700482 497142 25411424 996
74 350-500 350-500 0 Tt 474310 2421920 127423158 g7otI1st2) 464
75 350-500 5001000 0 384112433 412111482 1110+15+84 652+27 197130109 2018
76 350-500 >1000 0 76.9784189 724718103 170814 2871112 34722 320
77 500-750 5001000 0 66. 77308 70130 302410t 3270418 442t 460
78 500-750 >1000 0 239720743 312734100 1235703 H0d o5t L 1810 170
79 >750 750-1500 0 40112407 49010894052 5o 0 3EHTE  0.231004H000 61.3730T5 74
80 >750 >1500 0 0907501 1A6TGETOE 16575557 02570080 1907538 19
81 300-350 300-500 1 13018+ 13148417 13343419 12.8728182  4o7t13420 450
82 300-350 500-1000 1 29011142 30218+% 218448 45T 851725030 781
83 300-350 >1000 1 258734725 316729120 200718 H4) 18.4708TT 10577 100
84 350500 350-500 L 2 e S 28 i 651124193 37H05HLE  146tIHS 160
85 350-500 500-1000 1 228710420 26975421 31053+ 287511 834119738 801
86 350-500 >1000 1 40.5735712  36.0153105 4947230 11.970THIS 138790 138
87 500-750 500-1000 1 23.47535%26 391128433 8415412 L4505 141MTHE 135
88 500-750 >1000 1 8.5 18l 13.0718HS 353t 0TS 1337047405 s8.0RITES 49
89 >750 7501500 1 37507 29700104 14.9713128 . 071001008 216728120 16
90 >T750 >1500 1 LOG*GIET038  LA6TET0IS 479000 01670000 T2 ENG 6
91 300-350 300-500 2 601770160 5o.2t33tAS 93 8T0GHTL 9 gt0SHLL g7 IO+l qy3
92 300-350 500-1000 2 13719133 1607514 397112 11.8118+46 347413422 339
93 300-350 >1000 2 16.9738120 159721421 51403413 56704122 435139133 36
94 350-500 350-500 2 133550008 701028 1170 EE 10250544049 32974346 98
95 350-500 500-1000 2 107.5775T86 1910458400 55+1+18 5971928 29071322 988
96 350-500 >1000 2 1428288 1572220 g rAdar20 gofditl? 41.8750M0 4
97 500-750 500-1000 2 84735 83T 15070300 0347005018 321F8 TN 35
98 500-750 >1000 2 21515508 40Tet0s 627040 016700 000 125730730 18
0 >T0 701500 2 0TATGINR 068N 260N 0051000 41t E Y
100 >750 >1500 2 07TIGESTOS LOTRORETOE 0.8470I3T0R 003T0G0N  27H0NE 3
101 300-350 300-500 >3 2.875H03 5.1139+08 2000011 0501 08TH00T 104125418 18
102 300-350 500-1000 >3 17.0732H16 93 5f2afiZ 4 9t0 1428 3.9723H45 4878062 yy
103 300-350 >1000 >3 4472H06 9 5010864047 0.650:0410-3 3340443 T 10.8730138 ¢
104 350-500  350-500 >3 08TpI0T  LIRISTOY 08TIOGIOA 0.A8TOGR0d 3.0t 4
105 350-500 5001000 >3 152726018 q76t2242T 5 7H0atEd L7 HLe 40.2748 48 3q
106 350-500  >1000 23 1ofgel  38Ipfhr LTGRO 2450357 92mgET s
107 500-750 5001000 >3 18Tt0S LTS ITOeT 148TROE 0.207001H03 s2f it 4
108 500-750 >1000 >3 1137094025 0.9410 00T 7340044040 (1170034012 9 gHLOH0G 9
109 5730 7501500 >3 0.00DRR 007D 03B 0020008 0.ani3H2 o
W T 150 >3 000G 003700 01DBE 000 0B orrirgl
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Table A.4: Observed numbers of events and prefit background predictions in the 7 <
Njet < 8 search regions. The first uncertainty is statistical and second systematic. Taken
from [3].

Bin H [GeV] Hr [GeV] Niet Npjer Lost-e/p 7 — had Z = v QCD Total pred.  Obs.
111 300-350 500-1000 78 0 480139154 60.8134480 7631l 307212 21553118 218
112 300-350 >1000 78 0 2127294238 90 322428 9393328 90510388 g5.9fEIHNE g5
113 350-500 500-1000 7-8 0 43.2735+40  54.2F3645T 8975 143515539 2010 215
114 350-500 >1000 78 0 225728127 9331228 483 IAY 12675732 106.7T518E 75
115 500-750 500-1000 7-8 0 6.971 5 49610 RT0T 26573538 0.88T0 101058 39.20 08T 34
116 500-750 >1000 78 0 5ATIT0S  9.9fEHT 27of3TTRl 1567003000 441FiTET 38
117 >750 750-1500 78 0 126X07*030 144XT0% 3.611fR0  0.07IGRRINGE 64X 5
118 >750 >1500 78 0 0.69%050Ng L03TOSRE  LaTpFNY 00700 33Tt 5
119 300-350 500-1000 78 1 64.721184  77.0MR9TTS SLTERIESS 112708 HT 18475114 146
120 300-350 >1000 78 1 16.372471 T 199722421 03714427 93402435 5481482 6
121 350-500 500-1000  7-8 1 469744130 58613 THST g7 0f2AH0T 75 F04HE2 15018+18 113
122 350-500 >1000 78 1 19.5%25421  1g5F28420 9103030 53405422 g53430E g7
123 500-750 500-1000  7-8 1 7.6730 55711708 115716030 03670944015 24.9F35434 19
124 500-750 >1000 78 1 9.3+2+13 7501508 1147530 0,087 01204l 29,0739 99
125 >750 750-1500 78 1 0.4FGIOE 0.447F5FR0 148*0R0G;  0.07T00300 214705700 4
126 >750 >1500 78 1 0.00%gEtoay  0.14FGGIGER 070203505 0.03550 00 09%3teE 6
127 300-350 500-1000 78 2 347735436 gy p30tdd g1f0tas 5.370:5+24 95.8785HTL 95
128 300-350 >1000 7-8 2 9.0721+1-2 10.8714F18 24108410 3.2704+18 954136424 96
129 350-500 500-1000 7-8 2 26.2130125  31.0125+33 9.6+08+11 2.5102410 69.3128161 84
130 350-500 >1000 78 2 13.372500% 133518008 4rfStRY 1.o5f0 10T 3337530 35
131 500-750 500-1000 78 2 2571505 0.867599H02L 9603 0105001001 6.0 7
132 500-750 >1000 78 2 6.0733+10 3.3709+08 29704412 9940064009 g yF3AHLT g
133 >750 750-1500 78 2 0167031000 0447835000 0.391010 0 003050 103105505 2
134 >750 >1500 78 2 0.53%SHRN0 0.6170351035 01350057006 0067003100 13ToeT 2
135 300-350 500-1000 7-8 >3 8.1+1:8+1.0 9.4114+13 41103423 29706438 946323 1o
136 300-350 >1000 78 >3 4.772:0H07 5471308 15110 HT08 g g OatRY 13.973:2+39 8
137 350-500 500-1000 7-8 >3 5971908 74774112 47103427 1.2751418 19.2732438 16
138 350-500 >1000 7-8 >3 2.671-4+0:3 4.8113+07 31703418 21193423 12.6+25+30 8
139 500-750  500-1000 78 >3 0.2370557000  0.3070WFGN0 L70TGRT0R  0.11FR0IT0eE 23470905 3
140 500-750 >1000 78 =3 341317 LsofREOE 15100 022830 67N 4
141 >750 750-1500 78 >3 0.007055t000  0.05755500  0.19%GEAT 0.035055F0% 0355951 0
142 >750 > 1500 7-8 2'3 0‘001»0‘724»0.0‘] 0_041»0.464»0.02 0. 12+(J,10+U.U7 0‘014»01)34»0.01 0.2+1'2+0‘1 0

0.00—0.00 0.02—0.02 —0.06—0.07 —0.01-0.00 —0.1-0.1
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Table A.5: Observed numbers of events and prefit background predictions in the Nje; > 9
search regions. The first uncertainty is statistical and second systematic. Taken from [3].

Bin H¥F® [GeV] Hr [GeV] Nyt Npjet Lost-e/p 7 — had 7 — v QCD Total pred. ~ Obs.
M3 a00350 500100 29 0 6273007 sdegmnR 2604307 29010 BAgya 7
144 300-350 >1000 >9 0 3.511:210:6 46739106 3.011-010:8 42703119 152727420 12
M5 0500 5001000 20 0 230708008 23070 20nBRT 0omRRE sl o
146 350-500 >1000 9 0 BTETGE  46TgtGE 55Ty 3aT0hE 17005557 13
147 500-750 500-1000  >9 0 01570324000 03510501012 1.0%33r0d 0105008100 167080 2
HSs0070 S100 20 0 09SHER0R LosTIE astliRT  0arEmd 6onmy  u
M9 ST TSI 20 0 000SEESR 000t 0.00BEEG 0.01t8BRE 00tiieE o
150 STS0 10 20 0 02T 0asTNN 000 0B 005 IR 06013

151 300-350  500-1000 >9 1 6571801 ASTIORTOTT 183t R NS 102P000 00 18.9738 Y 25
152 300-350 >1000  >9 1 SISO 733t 208708080 2437000000 17573008 20
153 350-500 500-1000 >9 1 2.92%03F05T 2967000 2,009 0T 0.53T0024032  8.4F O] 8
154 350-500 >1000 >9 1 5.4714+07 7 3971808 1487505080 18431 14
55 S0TH O S0000 >0 1 04GR 02eBE rURE ooEE 1t
156 500-750 >1000 >0 1 068TRTRS L20TGETN 24555005 020505000 455i8Ts 4
5T TS0 TS50 20 1 00RO 00tETR 000N 00t BRem  01tiien o
B ST G0 >0 1 OISII 0OSRETES 000ThI 000 0T o
15930030 5001000 20 2 ATMPRT 4RO 0eetBON 0a0fie osEiiz
160 300-350 >1000  >9 2 5.211:5%0-7 55112010 737 085+08T 1 3p+015+0.68 g 72EHLd g
6L 30500 S0 >0 2 SOURNE AT 0RO osefROl ST
162 350-500 >1000  >9 2 4471708 63tgt0E 13sT0ATST 063700808 12.7038H 12
163 500750 500-1000 =9 2 0.00%555*000  035FRITRT 0.257 08 048 0.01500 00 0.61755503 0
164 500-750 >1000 29 2 20%pted  LOSIGITNOER 0.84f0RTOGE 0.00700500 4.9t 7
165 >750 750-1500 =9 2 0.00ZGGT00  0.01X0507000  0.0055aatR0)  0.00550*00  0.0555500 0
166 >750 >1500 292 0.00505000  0.00%0a0 00 0.005330+000  0.00EGETER  0.0100T R 0
167 300-350 500-1000 >9 >3 1067084027 10670571028 0.3710151028 04710131056 3.0ty at0T 1
168 300-350 >1000  >9 >3  3.57;7H08 2.6H59+0T  0.4214049+40.29 9 g H0.3+24 8.6121+26 4
169 350-500  500-1000 =9 >3 LO3FGEGSD LASTRTRAT 040739505 01070006 31hgR0e 3
170 350-500 >1000 29 >3 08URTON 0967037018 0.77IRN0R 1303 38ty 2
171 500-750 500-1000 >9 >3 0.00t0d43+0.00  03+0AG4008 () 1440 10+011 0 01 +0.024001 (18000 g
172 500-750 >1000 =9 >3 0.0053ER00  0.53¥05I0N 048700 01351 LTl 3
173 >750 750-1500 29 >3 00010505000 0.00X0505000  0.003550000  0.00EGEHOG  0.0100T 0 0
174 >750 >1500 29 >3 0.00%553 000 0.005656%000 0.00% 000 000 0.025605+005  0.02405506 0

Table A.6: Observed numbers of events and prefit background predictions in the aggregate
search regions. The first uncertainty is statistical and second systematic. Taken from [3].

Bin HES [GeV] Hy [GeV] Nt Nyjet Lost-e/p 7 — had Z — v QCD Total pred.  Obs.
1 >500 >500 >2 0 8427 2+48 753H10H65  5gtASHI00 91 4FOGHES 75gy tO3HST0 783
2 >750 >1500 >3 0 48MRENE 42ipgtgd 4ssintiY 04TIOQICES 5528005 T
3 >500 >500 >5 0 1110754783 1976139185 55gtla+se 9.4702432  goetlatEE 819
&S0 SI00 35 0 LSO axFIIOl IsatHIRT 0sTHN0I 23098t %
5 >750 >1500  >9 0 023TG{T0G  0.28%0R0F  0.00705 000 0.0570G 00 065550 1
6 >500 >500 >2 >2 46.9%89730 44.075TE2 1022+ 25708012 19670341 216
7 >750 >750 >3 >1  115tpls 13.7t3otl2 8730 0.87F0 03 113480 123
8 >500 >500 >5 >3 6.6533108 53119109 6.8705128  0.87F00N 195732132 7
9 >750 >1500 25 22 L3Tggtod L8TGIRd L20005t0R 03IR00E  44tSR0E 6
00 ST ST 20 23 0007 00070 0.00BER 003 0088 o
11 >300 >300 >7  >1 328tz 380730422 19375738 6911720 969735737 890

—
v}

>750

\
3
ot
<)
v
ot
%
—_

+2.84+0.8 +2.4+0.8 +2.4+3.9 ~+0.14+0.26 +5.7+4.0
7'2—1.6—0.7 7'7—1,4—0,8 26'6—1,8—3,7 0'6‘)—0.11—[)‘23 42‘2—3.5—3.9 48
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A.9 Projections of Results of the Search

In this section, similar figures to Fig. 10.4 are shown, but different signal models are

stacked on top of the SM background predictions. Details about the considered simplified

models can be found in legend of the figure.
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Figure A.18: Observed numbers of events and corresponding SM background predictions
in intervals of Njet and Ny e, integrated over search regions with H3"™® > 750 GeV and
HP'ss > 750 GeV. As a reference, two example signal scenarios are shown by the (stacked)

purple histogram [300].
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Figure A.19: Observed numbers of events and corresponding SM background predictions
in intervals of Njet and Ny e, integrated over search regions with H"® > 750 GeV and
HEFiSS > 750 GeV. As a reference, two example signal scenarios are shown by the (stacked)

purple histogram [300].
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A.10 Additional Exclusion Limits from Previous Publications

In this section, the remaining interpretations of previous publications of the search are

shown, that are not discussed in Section 11.1. In all cases, stronger limits have been

derived by the latest publication [3], which uses 35.9fb™! of data.
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Figure A.20: The 95% C.L. upper limits on the production cross section for gluino pair

production, with each gluino decaying to bottom (top) or light (bottom) quarks and a
neutralino, as a function of the gluino and neutralino masses mg and mgo. Taken from
previous publications of the search presented in this thesis [1] (left) and [2] (right).
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Figure A.21: The 95% C.L. upper limits on the production cross section for gluino pair
production, with each gluino decaying to light quarks a vector boson and a neutralino,
as a function of the gluino and neutralino masses mg and mgo. Taken from a previous
publication of the search presented in this thesis [2].
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Figure A.22: The 95% C.L. upper limits on the production cross section for top (top)
and bottom (bottom) squark pair production, as a function of the squark and neutralino

masses m; or mj and mgo. Taken from a previous publication of the search presented in
this thesis [2].
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