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Abstract

The existence of extra dimensions could lower the fundamental Planck scale to
the low TeV scale and very excitingly allow string theory to be probed at the
LHC. This thesis presents novel searches for signatures of string theory via three
models that have never been searched for by any experiment: scalar cascades,
noncommutative black holes, and non-minimal dark sectors. This thesis includes the
first-time exploration of a novel final state. Deep learning is employed through the
use of particle flow networks to learn jet substructure and design analysis regions.
The background estimation is automated through the implementation of distance
correlation in the neural network loss function. A novel jet reclustering algorithm is

used to overcome the challenges associated with a soft final state.



Lay Summary

The Standard Model (SM) of particle physics seeks to explain the most fundamental
building blocks of the universe and the forces that govern them. It describes all of
known particles, as well as three of the four forces: the strong force, weak force,
and electromagnetic force. The strong force forms atoms from subatomic particles,
the weak force causes the radiactive decay of atoms, and the electromagnetic force
controls visible light and interactions between atoms. The Standard Model, however,
does not explain gravity. String theory is an alternative model of the universe that
does try to explain gravity. According to string theory, the fundamental building
blocks of nature are not the point-like particles that the Standard Model predicts.
Instead, they are vibrating strings. String theory includes fascinating ideas such as
extra dimensions (beyond the 3 spatial and 1 time dimension that we know about)

and the existence of parallel universes.

Extra dimensions could help explain why gravity is so much weaker than the three
other forces. Gravity might be spread over each of the extra dimensions, thereby
diluting its strength. This would help solve this pressing problem of modern physics:
how to explain, in a single theory, gravity and the three other forces. Excitingly,
the ATLAS experiment at the Large Hadron Collider in Geneva, Switzerland can be
used to search for evidence of string theory. String theory could potentially appear in
many different ways. This thesis focuses on three ideas of how extra dimensions may
behave. When particles collide at the LHC, the production of a very large number of
light particles may be possible evidence of string theory. Sometimes these particles
will be scattered widely in all directions and sometimes they will be collected into a
narrow spray (referred to as a jet). The patterns formed by these particles can be
studied.

The analyses in this thesis use a machine learning system to attempt to identify
the patterns of particles that are most interesting. The machine learning system is

trained with computer simulations of evidence for string theory. It is then used to
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try to identify the same things in real data from the ATLAS experiment. Though
the searches in the thesis did not provide any evidence for string theory, they
have developed novel techniques that will help future searches. Additionally, these
searches help future searches by having eliminated some of potential places that

evidence for string theory may be hiding.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is a quantum field theory that unifies
classical field theory, quantum mechanics, and special relativity. It serves as the
most accurate description of particle physics to date, describing all known particles
and their interactions with three of the four forces: the electromagnetic force,
the weak force, and the strong force. However, despite its success, the Standard
Model has some notable shortcomings. For example, it does not account for gravity.
Additionally, it does not describe, on a particle level, dark matter or dark energy,
both of which are known to exist due to astronomical observations. The inability
to explain the discrepancy in strength between the weak force and the gravitational
force, wherein gravity is a full 24 orders of magnitude weaker than the weak force, is
deemed the hierarchy problem and remains a flagrant shortcoming of the Standard
Model.

The Large Hadron Collider (LHC) in Geneva, Switzerland collides two beams of
protons to create proton-proton collisions. These collisions are recorded by detectors.
One such detector is the ATLAS experiment. These collisions, of either quarks or
gluons from the protons, result in the generation of additional particles. These
particles and the signatures that they leave in the detector can be analyzed to search
for new physics. This thesis present novel searches for three possible models of new
physics that have never been searched for by any experiment: scalar cascades, non-
minimal dark sectors, and noncommutative black holes. These models could address
some of the unresolved problems of the Standard Model: the incorporation of gravity

in Quantum Field Theory, the nature of dark matter, and the hierarchy problem.

The discovery of the Higgs Boson in 2012 [1] [2], a mere two years after the LHC



began, gave hope to particle physicists that more discoveries were just around the
corner. However, over a decade later, hundreds of searches have failed to discover
new physics. There are several possible explanations for this. New physics could
be beyond the energy reach of the LHC (or any future collider). Alternatively, the
LHC may require more data to uncover new physics. More excitingly, it could be
that new physics has already been produced at the LHC, but has been hiding in
signatures different than those we have used in searches. The last possibility served
as the inspiration for the development of the scalar cascade model that this thesis
targets. With no evidence of new physics, the goal was to target unexplored phase

space.

The scalar cascade models used in this thesis were designed specifically for this
analysis in collaboration with the theorists from [3]. The couplings in the models in
this thesis were engineered such that the internal structure of the models from [3] was
broken so as to force and allow maximum multiplicity of final state particles. This
arose from the author of this thesis desiring to design a novel final state and, thus, a
novel search targeting challenging phase space. The goal was to design a final state
with at least 30 soft (low transverse momentum) jets (the collider object definition
of the collimated decay products of quarks and gluons) and missing tranverse energy
(non-interacting energy in the detector), so as to have the signature fail all existing
data filtering mechanisms (triggers), except the trigger that utilizes missing energy
(non-interacting particles), and have its analysis and potential discovery be missed

by the collaboration.

The incentive behind targeting a minimum of 30 soft jets was that soft jets can
blend into Standard Model background processes. If the desired signature looks like
background, perhaps new analysis strategies have to be developed in order to identify
the signal. The reason behind trying to have the scalar cascades fail all triggers except
the missing energy trigger is so the scalar cascades would avoid all constraints posed
by existing multijet searches (searches requiring many jets). Similarly, the goal was
to avoid any energetic leptons appearing in the model, so as to evade limits from
processes with an energetic lepton. Of course, a trigger is needed in order save the
event and be able to have data to analyze. Therefore, the goal was to have the
scalar cascades produce enough missing energy in order to survive the filtering of the

corresponding trigger.

The detailed path to discovering which set of parameters and which class of
scalar cascades yielded a novel and striking signature, and how the most striking

signature arose in the most counterintuitive region of phase space, will be described



systematically in a later chapter. A brief summary is provided here. The scalar
cascade model is a model of new scalars (spin-0 particles). Each scalar decays into
additional scalars, which then decay into more scalars. The last step of the cascade
results in the generation of a lightest scalar, which is either stable or unstable. Due
to the nature of the model, in which there are a number of scalars simultaneously
decaying into lightest stable scalars, there can be many lightest stable scalars. The
lightest stable particle would pass through the detector undetected and would be
registered as missing energy. The intuitive assumption is that the heavier the mass
of the lightest scalar, the higher the missing energy. By having many lightest scalars,
however, the total amount of missing energy is not equal to the sum of the masses of
the lightest stable scalars, as there would be some cancellation of the missing energy
due to a number of stable particles moving into opposite directions. Setting the mass
of the lightest stable scalar to be large, while requiring high particle multiplicity,
however, may cause the mass of the heaviest scalar to be too large to yield cross
sections suitable for discovery. The most counter-intuitive region of phase space for
finding high missing energy is lightest stable scalars with very low masses (roughly
0.5 GeV). As the missing energy is expected to come from the lightest scalar, if the
scalar is very light, one would not expect substantial missing energy. The benchmark
used in the analysis yields 54 stable particles. Naively, this would be expected to
yield 27 GeV in missing energy. However, enough missing energy (for example, at
least 200 GeV) is produced so as to allow for acceptance by the missing energy
trigger. A possible explanation could be the generation of tracks that are too soft
to be reconstructed (meaning below 500 MeV), which would then appear as missing
energy. The final state yielded is one of very high track multiplicity and missing

energy.

Six different classes of scalar cascades were studied in order to select a final
benchmark for the analyis. The benchmark with the highest particle multiplicity,
highest missing energy, and thereby highest acceptance by the missing energy trigger,
was chosen. Due to the number of scalars in the model, all scalar cascade benchmarks
charted in this thesis have evaded exclusion limits due to their small cross sections
and low trigger efficiencies. If, however, the scalar cascade model was forced to have
very few scalars, and therefore very small particle multiplicity, constraints may be
imposed by dijet searches [4] (searches for two jets). This thesis, however, focuses

on high multiplicity states.

The scalar cascade model could be a model of baryogenesis. Baryogenesis refers to

the creation of an excess of baryons over antibaryons. Additionally, the scalar cascade



model can be a model of extra dimensions. Scalar cascades share the same final states
(high particle multiplicity) as fermionic cascades. (Fermions are spin half particles.)
Light fermions arise in string theory. String theory is the theory that states that
nature’s fundamental building blocks are strings, rather than particles. These strings
vibrate. Different particles are associated with different vibrational patterns. For
example, the vibrational pattern associated with an electron is different from the
vibrational pattern associated with the down quark. One vibrational pattern in string
theory is associated to the graviton, which is a particle that carries the gravitational
force. String theory, therefore, provides a way to explain gravity, a feat that the
Standard Model does not accomplish. String theory requires extra dimensions and
would allow for the unification of quantum mechanics and general relativity. By
virtue of having the same final states as fermionic cascades, scalar cascades would be a
signature of string theory. Additionally, scalar cascades are a model of hidden sectors.
Hidden sectors (or dark sectors) [5] [6] are quantum fields and their corresponding
particles that do not interact strongly with the Standard Model and remain hidden.

Hidden sectors are dark matter models.

The two other models that the analyses in this thesis targets are noncommutative
black holes and non-minimal dark sectors. These are models of extra dimensions,
string theory, and dark matter. They are characterized by final states with high
particle multiplicity, though not as high as those seen in scalar cascades. These
particles form jets. Noncommutative black holes are of interest because they have
a softer transverse momentum spectrum than the highly energetic black holes that
ATLAS has previously searched for. The constraints on noncommutative black holes
come primarily from the model-independent limits on the Planck scale in higher
dimensions. The Planck scale is the scale at which the quantum effects of gravity
become important. The limits on the Planck scale in 2, 3, 4,5, 6, and 7 extra
dimensions are 11.2, 8.5, 7.1, 6.4, 5.9 TeV, and 0.8 TeV respectively [7] [8]. A future
chapter uses these limits to derive the viable phase space for noncomcommutative
black holes. The non-minimal dark sector model has 6 free parameters. A single
benchmark for non-minimal dark sectors can require the generation of hundreds
or even thousands of subprocesses. As it is not possible to map out the entire
unexcluded phase space for non-minimal dark sectors, 6 benchmarks were designed
to ensure evasion of model-independent limits imposed by the mono-jet analysis [7]

(a search requiring an energetic jet) and multijet analyses [9].

Chapter 2 introduces the theory that governs particle physics, the Standard Model,

describes its limitations, and proposes potential solutions. Three models that propose



the existence of more than four dimensions are introduced: noncommutative black
holes, scalar cascades, and non-minimal dark sectors. The rest of the thesis details
dedicated and novel searches for these new physics models. These searches will target
final states with many particles, particularly targeting jets. The author proposed
these searches in ATLAS and served as the sole analysis contact. This work is not

yet published.

Chapter 3 introduces the accelerator at which theoretical models proposing solutions
to the unresolved problems of the Standard Model can be tested: the Large
Hadron Collider (LHC). The chapter details how the LHC works and introduces
the experiments it provides collisions for. Special emphasis is given to the ATLAS
experiment as this thesis uses ATLAS data to perform each search. Each subdetector
of the ATLAS experiment is described and a description of the trigger system, the
mechanism by which ATLAS records and filters its data, is provided.

Chapter 4 introduces event reconstruction within ATLAS, the process of transform-
ing raw and uncalibrated hits across a number of detector subsystems into meaningful
reconstructed physics objects. It describes the advanced algorithms that are used
to identify all stable Standard Model particles. Special emphasis is placed on the
algorithms used to reconstruct jets. Two main types of jets are described: small
radius jets (small R jets) and large radius jets (large R jets). The concept of jet
substructure, the internal structure of large R jets, is introduced as a means of
distinguishing signal from background. The analysis strategy for all three models

centers on large R jets and jet substructure.

Chapter 5 describes calibrations derived by the author for jets in the upgraded
ATLAS trigger system for Run 3 (the higher energy LHC run). These jets are
called JFEX jets. This chapter describes why calibrations are needed, discusses how
the optimal calibration was chosen, and shows the improvements afforded by the
calibration. In order to qualify for ATLAS authorship, each member of ATLAS
must complete a service task, or a qualification task. The jFEX studies served as
the author’s qualification task. These studies are for use for Run 3 and, therefore,

are not used in the Run 2 searches presented in this thesis.

In Chapter 6, a set of benchmarks is selected for each model. Though no experiment
has ever searched for noncommutative black holes, scalar cascades, or non-minimal
dark sectors, model-independent limits from other ATLAS searches are taken into
account in order to design searches that target unexplored phase space. This chapter

determines the unexcluded and potentially reachable phase space for each model.



Chapter 7 presents 2D representations of the collisions, called event displays, to
depict how final state particles are spread throughout the detector and give insight
into the number of jets each exotic model makes. The event displays show that
each exotic model exhibits jet substructure. This chapter presents studies that
demonstrate that the thresholds imposed by standard ATLAS reconstruction on
large R jets are often insufficient to capture the exotics process, and details the

design and optimization of a novel large R jet reconstruction algorithm as a remedy.

Chapter 8 details the event selection for each search. It also describes the simulated
Monte Carlo samples used to model Standard Model background processes and the
exotic processes and lists the datasets used to analyze Run 2 data. It quantifies the

background rejection afforded by the initial cuts.

Chapter 9 describes how machine learning is used for signal region definition
and background estimation in each search. It introduces the machine learning
architecture, which relies on permutation invariant neural networks called particle
flow networks. Track information from the most energetic and second most energetic
large R jets is provided to the neural network so that the jet substructure can be
learned and used to distinguish signal from background. Two decorrelated variables,
the NN output and another variable that discriminates signal from background, are

used for the background estimation of the Standard Model background processes.

Chapter 10 describes the derivation of the data-driven background estimation via the
ABCD background estimation method. A plane is created using the 2 decorrelated
variables from the previous chapter and four quadrants are defined. The background
contribution in the signal region is determined from the data counts in the other
3 quadrants, called control regions. The background and data distributions are
compared in the control regions to ensure that the neural network is generalizing
well and behaving as expected. The chapter then describes the expected event yield
uncertainties on the ABCD plane, providing an expected background estimate with

uncertainties.

Chapter 11 introduces the statistical analysis performed to estimate the search
sensitivity on the exotic models. The systematic uncertainties incorporated in the

analysis are discussed.

Chapter 12 presents the conclusion of the three searches.



Chapter 2

Theoretical Background

This chapter begins with an introduction to the theoretical framework that governs
particle physics: the Standard Model of particle physics. The fundamental particles
and forces of the Standard Model are introduced and the limitations of the model are
described. The chapter then describes theories that could provide solutions to the
limitations of the Standard Model. Some of these theories contain extra dimensions,
namely additional dimensions to the four dimensions (3 spatial and 1 time) that the
Standard Model predicts. The chapter describes the three models that the searches
in this thesis target: noncommutative black holes, scalar cascades, and non-minimal
dark sectors. No experiment has ever searched for these models. As noted in the
introduction chapter, the scalar cascade models were designed specifically for this
analysis in collaboration with theorists. The commonality between all three models
is that they yield a similar experimental signature: final states with many particles.
This similarity will be exploited throughout the thesis to design similar, though

distinct, search strategies for each model.

2.1 The Standard Model

The Standard Model (SM) of particle physics is a quantum field theory that unifies
classical field theory, quantum mechanics, and special relativity. It serves as the
most accurate description of particle physics to date, describing all known particles
and their interactions with three of the four forces: the strong force, electromagnetic

force, and weak force.



The Standard Model describes, as seen in Figure[2.1], 6 quarks and 6 leptons, totaling
12 spin half particles called fermions. The four integer spin gauge bosons predicted
by the Standard Model are gluon, photon, Z boson, and W boson. A scalar is a
spin 0 particle. The Higgs Boson is a scalar particle. Fermions serve as the building
blocks of everyday matter, while bosons serve as force carriers, or a particle that
mediates an interaction - a force - between other particles. As seen in Figure [2.1] all
particles have a characteristic mass, electric charge, and spin. For each particle, the
Standard Model also describes an antiparticle. Though an antiparticle has the same
mass as its particle counterpart, it has opposite electric charge. The gluon, photon,

and Z boson are their own antiparticles. These particles are electrically neutral. In

additional to being electrically neutral, the photon is massless.
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Figure 2.1

taken from [10)].

The 17 particles of the Standard Model of Particle Physics.

Figure

There are three generations of fermions. Each generation contains two quarks and

two leptons.

generation is the lightest, while the third generation is the heaviest.

The generations are ordered by increasing mass such that the first

The first

generation of fermions consists of the down quark, up quark, electron, and electron



neutrino. The second generation of fermions consists of the strange quark, charm
quark, muon, and muon neutrino. The third generation of fermions consists of the
bottom quark, the top quark, the tau, and the tau neutrino. Second and third
generation particles decay to first generation particles due to the mass hierarchy,
which explains why the first generation particles are the particles that constitute
everyday matter. Each fermion is characterized by a flavor. The electron, muon,
and tau have electric charges of -1e, where e is the magnitude of the electric charge
of the electron. Each charged lepton has a neutrino with no charge. The up quark,
charm quark, and top quark all have an electric charge of + 2/3e, while the down

quark, strange quark, and bottom quark all have an electric charge of -1/3e.

The electromagnetic force is a force that occurs between electrically charged particles
and is mediated by the photon. The range of the electromagnetic force is infinite
and the relative strength of the electromagnetic force is 1072 times smaller than that

of the strong force, which will be discussed shortly.

The weak force via the charged current changes the flavor of quarks, such that a down
quark becomes an up quark or an up quark becomes a down quark. Consequently, the
weak force allows a neutron to turn into a proton, an electron and an anti-neutrino.
(Protons are comprised of two up quarks and one down quark, while a neutron is
comprised of one quark and two down quarks). The range of the weak force is 1071%
m, which is on the subatomic scale. The strength of the weak force is 107% times
that of the strong force. The W~, W, and Z bosons serve as mediators of the
weak force. The weak force and electromagnetic force are predicted to be the same
force at an energy scale of 246 GeV according to the unified theory of electroweak

Interactions.

The strong force is the force that both confines quarks into hadrons (ie: protons
and neutrons) and binds protons and neutrons to form atomic nuclei. As indicated
earlier, it is 100 times greater than the electromagnetic force and 10° times stronger
than the weak force. The range of the strong force is 107'> m. The strong force
is mediated by the gluon. The field theory that describes the strong interaction is
called Quantum Chronodynamics (QCD). The strong force does not act on leptons,
but instead only acts on quarks. This is because quarks and gluons alone have color
and the strong force only acts between particles that have color. There are three
types of color: blue, green, and red. Color carrying particles, as noted earlier, are
confined into hadrons. This is because the total color charge must be zero. In the
event that a colored particle is separated from a hadron, other color carrying objects

are produced in order to ensure that the total color charge is zero. This showering



of particles, or collimated spray of particles, is called a jet. Jets will be described in

detail in the subsequent chapters.

The Standard Model, in its original formalism, predicted all particles to be massless.
This was in stark contrast to observation. In 1964, Peter Higgs, Francois Englert,
and Robert Brout independently proposed a solution. Particles could be given mass
via the coupling of massive Standard Model particles to the Higgs field, where the
Higgs is a scalar field. The Higgs boson was discovered in 2012 at the Large Hadron
Collider by the ATLAS and CMS collaborations [1] [2].

In addition to the most recent discovery of the Higgs Boson, the Standard Model has a
rich history of achieving validation through experimental observation. The up quark,
strange quark, down quark, electron, electron neutrino, muon, and muon neutrino
where discovered in the 1960s while the charm quark was discovered in 1974 [11] [12].
The tau was discovered in 1975 [I3], the bottom quark was discovered in 1975 [14],
the W and Z bosons were discovered in 1983 [15] [16], the top quark was discovered
in 1995, and the tau neutrino was discovered in 2000 [I7] [I8]. As noted previously,
the Higgs boson was discovered in 2012 [1] [2].

However, despite the success of the Standard Model, it has some notable shortcom-
ings. While it successfully describes the electromagnetic force, the weak force, and
the strong force, the Standard Model does not account for gravity. The Standard
Model predicts neutrinos to be massless in contrast of observations indicating a
non-zero mass [19]. Additionally, the Standard Model does not describe, on a
particle level, dark matter or dark energy, both of which are known to exist due to
astronomical observations. Astrophysical experiments have indicated that roughly
only 5% of the universe consists of observable matter, while roughly 26% consists
of dark matter and roughly 69% consists of dark energy. Dark matter is a non-
interacting form of matter that is believed to be responsible for the structure of
the universe, gravitational lensing, and the movement of galaxies [20]. Dark energy
neither emits or interacts with light and is believed to stretch the fabric of spacetime.
Another shortcoming of the Standard Model is the inability to explain the abundance
of matter over antimatter. The inability to explain the discrepancy in strength
between the weak force and the gravitational force, wherein gravity is a full 24
orders of magnitude weaker than the weak force, is deemed the hierarchy problem
and remains a flagrant shortcoming of the Standard Model. The searches in this
thesis seek new fermions and new scalars beyond that which the Standard Model
predicts. These new fermions and scalars seek to address some of the unresolved

problems of the Standard Model: the incorporation of gravity in Quantum Field
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Theory, the nature of dark matter, and the hierarchy problem.

2.2 Novel searches for String Theory

The sections below will provide the theoretical background for the three models
targeted in the novel searches in this thesis: scalar cascades, non-minimal dark
sectors, and noncommutative black holes. These models can be searched for at
the Large Hadron Collider (LHC) with the ATLAS experiment. More detail on both
the LHC and the ATLAS experiment will be given in the next chapter. However, it
is useful to note here that the LHC collides two beams of protons to create proton-
proton collisions. These collisions, of either quarks or gluons from the protons, result
in the generation of additional particles. These particles and the signatures that
they leave in the detector can be analyzed to search for new physics. The models
considered in this thesis predict final states with many particles. Specifically, these
models predict the formation of jets, which were introduced earlier as collimated
sprays of particles originating from the decay of quarks and gluons. Scalar cascades,
non-minimal dark sectors, and noncommutative black holes are all models of extra
dimensions and serve as signatures of string theory. Additionally, they all are dark
matter models. String theory, introduced earlier in the Introduction chapter, is the
theory that states that nature’s fundamental building blocks are strings, rather than

particles.

2.3 ADD-type extra dimensions

The ADD model of extra dimensions was developed by Dimopoulos, G. Dvali, and N.
Arkani-Hamed. It proposes extra dimensions that are large and flat. The ADD model
is an example of a bulk-brane model. In a bulk-brane model, the brane (which is a
term that originated from the word membrane) is a 4D (3 spatial dimensions and
1 time dimension) hyperspace that lives in a higher dimensional spacetime called
the bulk. In the ADD model of extra dimensions, all Standard Model fields are
confined to the 4D brane. However, gravity alone is believed to propagate in more
than four dimensions (into the higher dimensional bulk). An important term to
introduce is the Planck scale. The Planck scale is the scale at which the quantum
effects of gravity become important. In four dimensions, the Planck scale is believed

to be at 10Y GeV. If more than four dimensions exist, the Planck scale can be
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lowered, perhaps even to the TeV scale. In the ADD model, extra dimensions are
compactified on an n-dimensional torus, where n is the number of extra dimensions.
The radius of the torus upon which the extra dimensions are compactified is called

the compactification radius, which is denoted as R..

In ADD-type extra dimensions, the fundamental Planck scale in higher dimensions,
Mp, is related to the 4D Planck scale, Myp, by the volume of the compactified extra
dimensions [21], V,,, such that

M,p* =V, Mp. (2.1)

The definition of the volume of extra dimensions, V,,, is

Vn = (27TRc)n. (2.2)

Consequently, as can be seen in Equation [2.2] the Planck scale in higher dimensions,
Mp, is smaller than the Planck scale that is predicted in 4D, Myp. The convention

h = ¢ =1 has been used here.

2.4 RS-type extra dimensions and Universal Extra

Dimensions

The RS model [22] of extra dimensions, developed by Raman Sundrum and Lisa
Randall, predicts one tiny, warped extra dimension that is compactified. As in ADD-
type extra dimensinal models, Standard Model fields in RS-type extra dimensions
are confined to the brane. Universal Extra Dimensions (UED), however, allow all

fields to propagate in the bulk.

2.5 Black Hole Formation at the LHC

A black hole is an object that has a singularity at its center and that is surrounded
by an event horizon. A singularity is a break down of spacetime. An event horizon
is the point, on the outer edge of the black hole, beyond which nothing can escape
(due to the strength of the gravitational pull). The term “black hole” originated

12



from the fact that not even light can escape beyond the event horizon. The classical
Hoop Conjecture states that a black hole is formed when an object is compressed
in all directions into a space with a circumference less than 27r,, where the object’s
Schwarzschild radius is denoted as 7, [23]. The Schwarzschild radius is the distance
between the center of the black hole and the event horizon. The criteria for black hole
formation at the LHC is that the hoop conjecture must be satisfied by two partons
from a proton-proton collision [24], [23]. Black hole generators at the LHC utilize
the classical hoop conjecture. A quantum version of the hoop conjecture, however,
was proposed by Casadio, Micu, and Scardigli [24] and serves as a more precise

description of the hoop conjecture for the production of quantum black holes.

Semiclassical black holes [25], string balls, and quantum black holes are the main
types of black hole and signatures of TeV-scale predicted for formation at the LHC
and searched for so far. (Unlike stellar or supermassive black holes, black holes at
the LHC are microscopic and decay instantly.) Semiclassical black holes, which will
be discussed in more detail shortly, are characterized by energetic final states with
many particles. String balls are the excited string states that are produced from the
decay of semiclassical black holes in scenarios of weakly coupled string theory. Like
semiclassical black holes, string balls [20] are characterized by energetic final states
with many particles. Quantum black holes [27] are black holes with masses that are
predicted to be at the Planck scale. Quantum black holes are characterized by a
primarily two particle final state. Both ATLAS [28] and CMS [29] have performed
searches for semiclassical black holes yielding many jets characterized by high energy.
Additionally, ATLAS searched for semiclassical black holes decaying to jets and
at least one energetic lepton [30]. ATLAS have searched for quantum black holes
decaying to two energetic jets [4] as well as quantum black holes decaying to a lepton
and jet [31], quantum black holes decaying to two leptons (epu, er, and pr) [32], and
quantum black holes decaying to a photon and a jet [33]. CMS has searched for
quantum black holes decaying to two leptons (eu, er, and pr) [34], quantum black
holes decaying to a photon and jet [35], and quantum black holes decaying to two
energetic jets [36]. None of these searches have found any evidence of signature of
TeV-scale at the LHC.

2.6 Semiclassical Black Holes

If the black hole mass is much greater than the Planck scale, semiclassical black holes

are predicted to form. However, because the maximum energy design of the LHC is
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currently 14 TeV, semiclassical black holes are likely beyond the reach of the LHC.
Semiclassical black holes are arbitrarily decaying black holes, decaying thermally into

many particles via Hawking radiation.

The experiments at the LHC model semiclassical black hole production primarily
with the BlackMax [37] Monte Carlo generator and the Charybdis2 [38] Monte
Carlo generator, both of which use ADD-type extra dimensions. This thesis uses
the Charybdis2 black hole generator. The black hole cross section, o, is modeled
by the Charybdis2 generator as approximately equal to 7mrg?, where the black
hole’s Schwarzschild radius is denoted as rg. The black hole radius is modeled by
Charybdis2 as

1
n+3 n+1
8I'
1 Mmin < 2 )
ﬁMD Mp n—+2

(2.3)

where n is the number of extra dimensions, m,,;, is the minimum mass required
for the black hole to be produced, Mp is the fundamental Planck scale in higher

dimensions, and I' is the Gamma function defined below as

I'(z) = /tmletdt. (2.4)

The Charybdis2 generator forces a black hole to be formed in every collision. For
every 50,000 events (collisions) generated, 50,000 black holes will be formed. The
four phases of black hole decay are modeled by the Charybdis2 generator. First is the
balding (formation) phase, second is the spin-down phase, third is the Schwarzschild
phase, and fourth is the Planck phase. Due to gravitational radiation, the black hole
loses its asymmetry and multipole moments in the balding phase [38]. Gravitational
radiation is the emission of ripples in space-time called gravitational waves. Hawking
radiation is the radiation emitted outside a black hole’s event horizon. Due to
Hawking radiation, the black hole loses its angular momentum and mass in the
spin-down phase. Also due to Hawking radiation, the black hole loses mass in the
Schwarzschild phase. In the final stage of black hole decay, the Planck phase, the
black hole mass and perhaps the black hole temperature reach the Planck scale.
More details on the Charybdis2 black hole generator can be found in [3§].
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2.7 Noncommutative Black Holes

Noncommutative black holes are different from all other black holes previously
searched for by ATLAS in that they are not arbitrarily decaying. Noncommutative
black holes decay up until a certain point and then stop decaying. What remains of
the black hole is called a black hole remnant. The black hole remnant is stable and

is a dark matter candidate.

This remnant appears as missing energy, EM. Noncommutative black holes
result from noncommutativity being incorporated into extra dimensions. The

noncommutativity is defined in [39] as

AB

{m, IB:| = 078 = z‘/’iNCQ, (2.5)

where Ayc is the noncommutative scale, eA? is the dimensional, frame-independent
antisymmetric matrix with real and constant entries, vMp is the noncommutative

1
parameter and is approximately equal to .
NC

The effect of noncommutativity is that mass distributions in the energy-momentum
tensor [39] become smeared. Instead of being characterized by a ¢ function (0M), a
point mass, m, becomes a spherically symmetric, static, Gaussian smeared matter

source p [39]

where V0 is the noncommutative parameter, Axc is the noncommutative mass
scale, n is the extra dimensions (beyond the four known dimensions), and rg is

the Schwarzschild radius.

Noncommutative black holes have three free parameters: number of extra dimen-
sions, minimum black hole mass (1, in units of TeV), and noncommutative
scale. An additional parameter is the fundamental Planck scale Mp (in units of
TeV). The noncommutativity causes the black hole to be cold and have a softer

transverse momentum spectrum than the highly energetic black holes that ATLAS

15



has previously searched for. Noncommutative black holes emit many relatively soft
particles. This stark contrast served as the motivation to search for noncommutative
black holes, allowing for the opportunity to chase a challenging final state at colliders.
Noncommutativity is motivated by string theory. Therefore, noncommutative black

holes are a signature of string theory.

2.8 Scalar cascades

Another model this thesis targets is the scalar cascade model. The scalar cascade

model [3] is a model of N real scalars, ¢, with the following Lagrangian, L:

TTLZ'2

2

Ly = 0,¢:0"p; — — Wik QiPj Pk — Nijk1 i@ PrPr- (2.7)

Here, m; is the mass of the scalar, a;j; is the strength of the trilinear interaction,

and \;;i; is the strength of the quartic interaction.

These are hidden sector models. Hidden sectors (or dark sectors) [5] [6] are
quantum fields and their corresponding particles that do not interact strongly with
the Standard Model and remain hidden. The interaction of hidden sectors with
Standard Model particles is believed to be mediated by gravity or via a mediator
particle called a portal. Both the ATLAS experiment and the CMS experiment have
rich search programs for hidden sectors [40] [41] [42] [43] [44] [45] [46] [47] [48]
[49] 0] [51] [B2] [53] [B4] [B5] [56].

The portal in the scalar cascade model is the Higgs. New scalars ¢ are connected
to the Standard Model coupling through the Higgs portal couplings as seen in the

following Lagrangian term:

Lo = —a™Mgi|H|* — N 0,0, H| . (2.8)

These scalars share the same final states (high particle multiplicity) as the light
fermions that arise in string theory and, therefore, by virtue, would be signatures of

string theory.

The new scalars are produced via either a scalar-mediated pair production process

or scalar-mediated single production, as seen in Figure 2.2
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(a) (b)

Figure 2.2 Scalar cascade generation via (a) pair production o ~ (ASM)2 (where
h* is the Higgs) and (b) single production o ~ (aS™)2. Figure modified
from [3].

The new scalars can decay via either a hidden sector quartic coupling, a Higgs portal
coupling, a hidden sector trilinear coupling, or a Standard Model trilinear coupling,

as seen in Figure [2.3]
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Figure 2.3 Scalar cascade collider phenomenology. Scalar Cascade decays via (a)
hidden sector quartic T' ~ A2, (b) Higgs portal T' ~ (ASM)2 (c) hidden
sector trilinear T' ~ a2, and (d) SM trilinear T ~ (a™M)2. Figure
modified from [3].

This analysis studies the pair production of scalar cascades. The two new scalars,
¢; and ¢;, created via pair production, as seen in Figure 2.2 will be referred to as
¢; and ¢;. As they are the first scalars produced in the cascade, they will also be
referred to in future diagrams and tables as ¢;. Future chapters in this thesis will

identify final state particles as having originated from ¢; or ¢;.

There are 6 classes of scalar cascades studied in this thesis: a 3 Body Stable Chain
Decay where the lightest scalar is stable, a 3 Body Unstable Chain Decay where the
lightest scalar is unstable, a 3 Body Stable Cascade Decay where the lightest scalar
is stable, a 3 Body Unstable Cascade Decay where the lightest scalar is unstable, a 2
Body Stable Cascade Decay where the lightest scalar is stable, and a 2 Body Unstable
Cascade Decay where the lightest scalar is unstable. As noted in the introduction, the

scalar cascade models used in this thesis were designed specifically for this analysis
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in collaboration with the theorists from [3] to allow for final states with maximum
particle multiplicity. The final state of each class depends on the number of scalars
included in the model. The phenomenology implications of the number of scalars in
each model will be detailed in a future chapter. The search conducted in this thesis
focuses on a scalar cascade model with a final state characterized by high particle

multiplicity and containing substantial missing energy.

2.8.1 3 Body Stable Chain Decay

In the case of the 3-body chain decay where the lightest scalar is stable, two ¢’s
are produced via pair production and each ¢ decays to another ¢ and two Standard
Model particles at every step of the cascade. The exception is at the last step of the
decay, where the ¢ decays to a stable ¢ and two Standard Model particles. Figure

shows the decay of one of the pair produced ¢’s.

Figure 2.4  Scalar Cascades 3 Body Stable Chain Decay. New scalars are denoted
as ¢’s, while b’s (for b quarks) are illustrative and represent Standard
Model particles. Dashed lines indicate that there can be more steps in
the decay. The lightest ¢ is stable.

The mass, m;, of each subsequent ¢ must abide by the relation m; = m;,1 + 2mgyp,
where 2mgyp denotes the mass of two Standard Model particles, in order to
energetically accommodate the generation of two Standard Model particles. For
example, in the decay to two b quarks, this requirement would be m; = m; 1 + 10

GeV because the mass of the b quark is 4.18 GeV.
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The Standard Model coupling constant, ASM, for the 3 Body Stable Chain Decay
class, must be satisfy \SM < Nﬁ The 3-Body Stable Chain class does not couple to
the hidden sector, so A8 = 0.

2.8.2 3 Body Stable Cascade Decay

In the case of the 3 Body Stable Cascade decay where the lightest scalar is stable,
two ¢’s are produced via pair production and each ¢ decays to three ¢’s. At each
step of the cascade, each ¢ decays to three ¢’s. The exception is at the last step of
the decay where the ¢ decays to a stable ¢ and two Standard Model particles [57].
Figure shows the decay of one of the pair produced ¢’s. The Standard Model
particles are illustrated in the diagram as b quarks, but can be other particles. For
example, the Standard Model particles can be other particles such as charm quarks,
taus, electrons, and muons. The type of Standard Model particle allowed is directly
related to the mass spacing between the lightest scalar and the second lightest scalar.
For example, a 10 GeV mass spacing would allow for the generation of two b quarks.
A 3 GeV mass spacing would allow for the generation of two charm quarks, but
would not allow for the generation of two b quarks. In the studies performed for
this thesis, in which the focus was on models with a large number of scalars, the
preferred coupling of the scalars was to charm quarks, b quarks, and taus. No filter
was applied at the simulation level for the decays of these models. All final state

particles were permitted to be generated.

Figure 2.5 Scalar Cascades 3 Body Stable Cascade Decay. New scalars are denoted
as ¢’s, while b’s (for b quarks) are illustrative and represent Standard
Model particles. Dashed lines indicate that there can be more steps in
the decay. The lightest ¢ is stable.
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The mass of each scalar in the decay must abide by the relation m; 2 3m;,; in order
to accommodate the generation of three new scalars. The last scalar, however, need
only be generated from a scalar that is heavier by at least the mass of two Standard
Model particles in order to allow for the production of two Standard Model particles
at the last step of the decay. As will be seen in a future chapter, the mass scale of
the scalars depends on how many scalars are in the model, as well as the particular
class the model belongs to. For models in the 3 Body Stable Cascade Decay class
that contain fewer scalars, the heaviest scalars can be below, for example, even 50
GeV. However, for models with more scalars, the heaviest scalars will necessarily
have higher masses such as 200 GeV, 300 GeV, 400 GeV, or higher. This will be

charted out in a future chapter.

The Standard Model coupling constant, ASM, for the 3 Body Stable Cascade Decay

class, must be satisfy ASM < WW The limit of the hidden sector coupling constant,

1672
IS for the 3 Body Stable Cascade Decay class is such that A5 < NZ

57.

2.8.3 2 Body Stable Cascade Decay

In the case of the 2-body cascade decay where the lightest scalar is stable, two ¢’s
are produced via pair production and each ¢ decays to two ¢’s. At each step of the
cascade, each ¢ decays to two ¢’s. The exception is at the last step of the decay
where the ¢ decays to a stable ¢ and two Standard Model particles. Figure [2.6/shows
the decay of one of the pair produced ¢’s.
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Figure 2.6  Scalar Cascade 2 Body Stable Cascade Decay. Dashed lines indicate
that there can be more steps in the decay. New scalars are denoted

as ¢’s, while b’s (for b quarks) are illustrative and represent Standard
Model particles. The lightest ¢ is stable.

The mass of each scalar in the decay must abide by the relation m; 2 2m;,; in order
to accommodate the generation of two new scalars. The last scalar, however, need
only be generated from a scalar that is heavier by at least the mass of two Standard
Model particles in order to allow for the production of two Standard Model particles

at the last step of the decay.

The Standard Model coupling constant, ASM, for the 2 Body Stable Cascade class
4
must be satisfy ASM < Nﬁ The hidden sector coupling constant of the 2 Body Stable

4
Cascade class, A5 must fulfill AFS < % 157).

2.8.4 3 Body Unstable Chain Decay
In the case of the 3-body chain decay where the lightest scalar is unstable, two ¢’s

are produced via pair production and each ¢ decays to a ¢ and two Standard Model

particles at every step of the cascade. The exception is at the last step of the decay,
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where the ¢ decays to a stable ¢ and two Standard Model particles. Then, the
unstable ¢ decays to two Standard Model particles. Figure shows the decay of

one of the pair produced ¢’s.

Figure 2.7  Scalar Cascade 3 Body Unstable Chain Decay. Dashed lines indicate
that there can be more steps in the decay. New scalars are denoted
as ¢’s, while b’s (for b quarks) are illustrative and represent Standard
Model particles. The lightest ¢ is unstable.

The limit of the Standard Model coupling constant, ASM, for the 3 Body Unstable
4

Chain Decay class is such that \SM < WW The 3 Body Unstable Chain Decay class

does not couple to the hidden sector, so A1 = 0 [57].

2.8.5 3 Body Unstable Cascade Decay

In the case of the 3-body cascade decay where the lightest scalar is unstable, two
¢’s are produced via pair production and each ¢ decays to three ¢’s. At each step
of the cascade, each ¢ decays to three ¢’s. The exception is at the second to last
step of the decay, in which the ¢ decays to an unstable ¢ and two Standard Model
particles. Then, the unstable ¢ decays to two Standard Model particles. Figure [2.§
shows the decay of one of the pair produced ¢’s.
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Figure 2.8 Scalar Cascade 3 Body Unstable Cascade Decay. Dashed lines indicate
that there can be more steps in the decay. New scalars are denoted
as ¢’s, while b’s (for b quarks) are illustrative and represent Standard
Model particles. The lightest ¢ is unstable.

The limit of the Standard Model coupling constant, ASM, for the 3 Body Unstable
Cascade Decay class is such that A\3M < NF The hidden sector coupling constant,

1672
A for the 3 Body Unstable Cascade Decay class must satisfy AFS < TZ [51].

2.8.6 2 Body Unstable Cascade Decay

In the case of the 2-body cascade decay where the lightest scalar is unstable, two ¢’s
are produced via pair production and each ¢ decays to two ¢’s. At each step of the
cascade, each ¢ decays to two ¢’s. The exception is at the second to last step of the
decay, in which the ¢ decays to an unstable ¢ and two Standard Model particles.
Then, the unstable ¢ decays to two Standard Model particles. Figure 2.9 shows the
decay of one of the pair produced ¢’s.
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Figure 2.9 Scalar Cascade 2 Body Unstable Cascade Decay. Dashed lines indicate
that there can be more steps in the decay. New scalars are denoted
as ¢’s, while b’s (for b quarks) are illustrative and represent Standard
Model particles. The lightest ¢ is unstable.

The limit of the Standard Model coupling constant, AS™, for the 2 Body Unstable

™
Cascade Decay class is such that A\3M < N The hidden sector coupling constant,

4
A5 for the 2 Body Unstable Cascade Decay class must satisfy AFS < ]7\;;7; [57].

2.9 Non-minimal Dark Sectors

Non-minimal dark sectors [58] are a model of large ensembles. They are extra
dimensional models that are also models of dark matter. They yield long decay

chains of many particles.

The non-minimal dark sectors have three production mechanisms. These mechanisms
rely on new scalars, referred to here as ¢, and new fermions, referred to as xy. They
are particles beyond that which the Standard Model predicts. To be clear, while also
spin 0 particles, the new scalars in the non-minimal dark sector model are not the

same new scalars that appear in the scalar cascades model.

Figure [2.10f shows the production of non-minimal dark sectors via one y and one
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scalar mediator, ¢. This process is referred to as the y¢ process. The ¢ produces a

quark and a x. This leaves two x’s and a quark.

X‘I’L q X'H’L

A

¢ \‘ q
o ‘ M , < ‘.

Figure 2.10 x¢ Production Channel of Non-minimal Dark Sectors

Throughout this document, the decay products of the ¢ and the decay products of
the x will be referred to as “branch 17 and “branch 2”. It does not matter which
one is referred to as “branch 1”7 or “branch 2”. All that matters is that the decay

products from the y are known to originate separately from the ¢.

The x’s, referred to as x,, and x,, then both decay via the y cascade chain depicted
in Figure [6.1. The non-minimal dark sectors in this analysis can be described as
an ensemble of N x,, where n ranges from 0 to N - 1. (N is the number of dark
fermions.) The subscript n or m for a given x,, or x, increases by one every time a
new Y is produced. The decay chain stops upon the production of a lightest, stable
x. Each step of the decay yields two quarks. For simplicity, the theorists in [58]
have demanded that the quark be an up quark.

q q q q q q q q
- // // // ......... : // .
d)Jf Xm (;ST Xng (f)T Xna Xns_1 dﬁ

Figure 2.11  Decay chain in which each x (ensemble constituent) decays into a x
and two quarks. The process ends with the production of two quarks
and a stable, lightest x.

The second production occurs via two ¢ mediators. This process is referred to as
the ¢¢ process. It is depicted in Figure [2.12] Each ¢ mediator yields a quark and a

x. Again, the y’s are referred to as either x,, or x,.
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Figure 2.12  ¢¢ Production Channel of Non-minimal Dark Sectors

Throughout this document, the decay products of one of the two ¢’s and the decay
products of the other ¢ will be referred to as “branch 1”7 and ”branch 2”. These x’s
both decay via the non-minimal dark sector decay chain depicted in Figure [6.1] and

in the same manner as described above.

The third production mechanism for non-minimal dark sectors, depicted in Fig-
ure [2.13] occurs via the ¢ mediated production of two x’s, xm or x,. This is called

the xx production channel.

q XT(L

—_—
¢

— T—— %,

Figure 2.13 xx Production Channel of Non-minimal Dark Sectors

Throughout this document, the decay products of one of the two x’s and the decay
products of the other x will be referred to as “branch 1”7 and “branch 2”. These x’s
both decay via the chain depicted in Figure [6.1]

A single simulated signal sample must contain all 3 processes properly weighted by

production cross sections.

Non-minimal dark sectors have 6 free parameters: A m, 6, v, co, mg, and, my. The
equations presented here that describe the physics of non-minimal dark sectors all
come from [58]. The mass of the scalar mediator is denoted as my,. The mass scaling

of the ensemble is described by m,,, where

mn, = mo + n’Am (2.9)

and mg represents the mass of the lowest ensemble constituent, a stable particle
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which appears as missing energy, J is the mass scaling parameter, n ranges from 0 to
N - 1, and Am represents the mass gap between ensemble constituents. The mass

me, for example, is greater than m;.

The coupling relation to describe the coupling of the dark fermion, y, to quarks at
different steps in the ensemble depicted in Figure is ¢,q, Where

Cng = coq(Z—Z)T (2.10)

Here, v is a coupling scaling exponent. The coupling is different for different flavors
of quarks. However, as noted, the theorists restricted the quark to be an up quark

for simplification purposes only.

1
Three benchmark values of ¢ that are of particular theoretical interest are § = 2

0=1,and = 2. A ¢ value of % describes scenarios dictated by string theory [58]. A
0 value of 1 and a ¢ value of 2 describe scenarios of a single tiny, warped compactified
extra dimension from RS-type extra dimensions but are not indicative of string
theory [5§].

The set of parameter values chosen to model the ensemble must satisfy certain
consistency checks. One consistency check involves the number of ensemble

constituents, N. N should satisty the following condition:

)2 (2.11)

where my, is the mass of the up quark in the ensemble depicted in Figure [6.1] This

constraint is imposed by the theorists in [58] for simplification purposes only.
For ~ greater or equal to 0, the coupling constant of the lowest state must statisfy

A -
co=dr|1+ == (N-1)"| . (2.12)
0

due to the perturbative assumptions made. For the same reason, v less than or equal

to 0, co must satisfy ¢y = 4.

In the case where x,, and Yy, are produced via the direct production of the scalar
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mediator ¢, seen in Figure [2.12] an extra condition is applied to ¢y in order to

kinematically allow for the direct production of the scalar mediator. Specifically,

N-1 2 1

- ) 2y

co < 4ﬁ{2(%)”(1 —~ SZQ) 2 (2.13)
n=0

A more detailed discussion of these parameters will occur later in this thesis.

2.10 Summary

This chapter introduced the theory that governs particle physics, the Standard
Model, described its limitations, and proposed potential solutions. Three models
that propose the existence of more than four dimensions were introduced: noncom-
mutative black holes, scalar cascades, and non-minimal dark sectors. The rest of the
thesis will detail dedicated searches for these new physics models. These searches
will target final states with many particles, particularly targeting jets, the collimated

sprays of particles originating from the decay of quarks and gluons.
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Chapter 3

The Large Hadron Collider and the
ATLAS Detector

The previous chapter detailed the unresolved problems posed by the Standard Model
and introduced new physics models that could serve as solutions. This chapter
introduces the machine at which these new models could be discovered: the Large
Hadron Collider (LHC). The chapter details how the LHC works and introduces
the experiments it provides collisions for. Special emphasis is given to the ATLAS
experiment as this thesis uses ATLAS data to perform each search. Out of all the
detectors ever made for particle colliders, the ATLAS detector is the largest. Starting
from the innermost layer of the detector, this chapter goes through each subdetector
of the ATLAS experiment, working its way to outermost layer of the detector and
ending with a description of the trigger system, the mechanism by which ATLAS

records and filters its data.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) at the European Organization of Nuclear
Research, CERN, is the world’s biggest and highest energy particle accelerator. It is
installed in a 27 km ring 100 m underground and is located near Geneva, Switzerland.
CERN seeks to investigate the Standard Model of particle physics, its problems, and

possible solutions.
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Figure 3.1  Aerial view of Geneva, Switzerland and the surrounding area with a
drawing of the Large Hadron Collider (LHC) and associated experiments
overlaid. Figure taken from [59).

Protons are accelerated around the 27 km ring to nearly the speed of light. A bottle
of hydrogen gas serves as the source of these protons. An electric field strips the
hydrogen atoms of their electrons, leaving only protons. Before reaching the LHC,
these hydrogen atoms pass through Linac 2, the first linear accelerator in a series of
accelerators to accelerate the protons [60] [61] [62].

31



The CERN accelerator complex
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Figure 3.2 CERN Accelerator Complex. Figure taken from Reference [63].

The protons are accelerated up to 50 MeV by Linac 2. The protons are further
accelerated, this time to an energy of 1.4 GeV, by the Proton Synchrotron Booster
(PSB), which is comprised of four superimposed synchrotron rings. The protons are
next accelerated by the Proton Synchrotron (PS) to an energy of 25 GeV. The protons
are accelerated then to an energy of 450 GeV by the Super Proton Synchroton. The
protons are then circulated in two beams around the LHC ring. Under nominal
operating conditions, each proton beam contains 2808 bunches, where there are 101!
protons per bunch. The proton beams are controlled by a combination of dipole and
quadropole magnets. Dipole magnets steer the beams along the trajectory of the ring.
Quadrupole magnets focus and squeeze the proton beams so as to allow for more
particles to collide. The protons collide at four interaction points. A detector lies at
each of these four interaction: the ATLAS (A Toroidal LHC Apparatus) detector,
ALICE (A Large Ion Collider Experiment) detector, LHCb (Large Hadron Collider
beauty) detector, and CMS (Compact Muon Solenoid) detector [60] [61] [62].
Along with the CMS detector, the ATLAS detector is one of the two general purpose
detectors at the LHC designed to seek evidence of physics beyond the Standard

Model and to make precision measurements of Standard Model processes.

The instantaneous luminosity of the LHC, L, is given by
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£ Mfremany (3.1)

2mo,0y

where ny is the number of bunches per beam, f,., is the revolution frequency, n; and
ny are the number of particles per bunch for each of the two beams, and o, and o,

are the z and y components, respectively, of the beam width.

At the LHC, the number of events that occur for a given process is given by

N = U/E(t)dt. (3.2)

where o is the cross section of the process and the integrated luminosity is [ £(t)dt.

The integrated luminosity is quoted in inverse femtobarns (fb™!).

As seen in Figure 3.3 the LHC physics schedule from 2010 to 2041 can be split into
6 stages: Run 1, Run 2, Run 3, Run 4, Run 5, and Run 6.
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Figure 3.3 LHC timeline. Figure taken from Reference [67)].

In 2010, Run 1 began and the LHC produced collisions with a total center of mass
energy, /s, of 7 TeV by accelerating protons to an energy of 3.5 TeV per beam. Run
1 continued through 2010 and 2011 with collisions of /s = 7 TeV. In 2012, the LHC

continued the Run 1 campaign, but with collisions of a heightened total center of mass

33



energy of 8 TeV. The LHC delivered 25 fb~! of data to the ATLAS detector when
running in 2011-2012. In 2015, after a long shutdown consisting of many detector
upgrades, Run 2 began and the LHC provided proton collisions of a total center of
mass energy of 13 TeV [65] [66] [67]. Run 2 finished at the end of 2018, thereby
marking the beginning of Long Shutdown 2 (LS2), which lasted until the spring of
2022. As seen in Figure [3.5] the LHC delivered 156 fb~! of integrated luminosity
during Run 2, with 139 fb~! of data determined to be good for physics studies. The
nominal instantaneous luminosity that the LHC was designed to operate with was
1 x 103 cm~2. During Run 2, the LHC operated with an instantaneous luminosity
of 2 x 103 ecm™2, which is twice the instantaneous luminosity that the LHC was
designed to operate with. The mean number of interactions per bunch crossing, or
the pileup, is shown in Figure[3.4] Pileup increases with increased luminosity. Pileup
presents challenges to experiments insofar as experiments have to distinguish events

of interest from pileup events that look like potential signal events.
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Figure 3.4 ATLAS Integrated Luminosity delivered in Run 2. Figure taken from
Reference [68].
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Figure 3.5 Mean Number of Interactions in the ATLAS detector during Run 2.
Figure taken from Reference [6§].

Run 3 started in July 2022 and protons were collided at a record high energy of
13.6 TeV. Run 3 will continue until 2026, at which point Long Shutdown 3 will
begin and upgrades for the High Luminosity - Large Hadron Collider (HL-LHC) will
commence. The HL-LHC will begin in 2031 and continue until 2041 and is expected
to operate with an instantaneous luminosity 5 to 7.5 times greater than the nominal

LHC instantaneous luminosity.

3.2 Coordinate System and Geometry

The ATLAS detector is 44 m long, weighs 7000 t, and has a diameter of
25 m. It consists of a series of subdetectors and subsystems: the Trigger
system, the Calorimeters, the Inner Detector, and the Muon Systems. The Inner
Detector consists of three sub-detectors: the pixel, transition radiation tracker,
and semiconductor tracker. The Inner Detector measures the momentum, charge,
and direction of charged particles. The Calorimeter contains the Tile Hadronic

Calorimeter and Liquid Argon Calorimeter and measures energies carried by neutral
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and charged particles. The Muon Spectrometer contains Resistive Plate Chambers,
Thin Gap Chambers, Monitored Drift Tubes, and Cathode Strip Chambers and
identifies and measures muons momenta. The Trigger and Data Acquistion System

carefully selects interesting physics events.

The ATLAS detector uses a right-handed coordinate system, as seen in Figure (3.6

Muon Detectors Tile Calorimeter LAr Calorimeter Side A ide (

SCT Tracker TRT Tracker

J cente
Toroid Magnets Solenoid Magnet Pixel Detector r-¢p-z cylindrical coordinates and © - visualization

Figure 3.6 ATLAS Detector depicted in figure on the left, taken from
Reference [69]. Coordinate system used by ATLAS on the right, taken

from Reference [T0].

The coordinate system’s origin is the nominal interaction point, while the z axis
is the direction of the beam, the x axis points to the center of the LHC from the
interaction point, the y axis points upwards from the interaction point, and the xy-
plane is perpendicular to the direction of the beam. The azimuthal angle, ¢, starts
from the positive x axis and extends into the transverse plane. The polar angle,
0, starts from the z axis and extends into the transverse plane. The quantity 7 is

defined in terms of 6 as

0= —In <tan g) | (3.3)

The 7n is more frequently used than ¢ because it is invariant under Lorentz boost.

The distance between particles in the 1 ¢ plane can be expressed as

AR = /(Bn)? + (B (3.4)

In proton-proton collisions, the net momentum in the transverse plane (pr, defined

36



as \/m), must be zero. Any additional momentum in the tranverse plan at
the end of the collision is termed missing energy (EXS). The existence of EMiss
could indicate Standard Model particles that pass through the detector undetected
or BSM particles that similiarly pass undetected through the detector.

3.3 Inner Detector

The Inner Detector is the detector subsystem closest to the interaction point. Its
immersion in a 2 T solenoid magnet causes charged particles to bend. The three
concentric subdetectors - the pixel, the semiconductor tracker, and the transition
radiation tracker - that comprise the Inner Detector enable vertex reconstruction,
track finding, and momentum measurements of charged particles. The structure
of the Inner Detector can be seen in Figure while Table shows some of its

important parameters.

The pixel detector is the innermost part of the Inner Detector, spanning from radii of
33 mm to 122.5 mm with respect to the interaction point. Its original design consisted
of three concentric cylindrical layers surrounding the beamline and 3 layers at each
end of the detector, perpendicular to the beamline. It contains 1744 pixel-sensor
modules, where each module contains 46080 pixels. The typical pixel size is 50 pm
(R — ¢) x 400 pum (z) each. The accuracy of the pixels in the barrel is 10 ym in R
- ¢ and 115 pum in z, while the accuracy in the endcaps is 115 pym in R. In 2014, a
fourth layer, the insertable B-layer (IBL) was added to the barrel. The IBL contains
12 million silicon pixels. The typical size of the pixel is 50 pm in R - ¢ and 250 pm

in z. The IBL aids in the identification of secondary vertices for B hadrons.

The SCT spans from radii of 299 mm to 554 mm with respect to the interaction
point and contains roughly 6.3 million readout channels. The accuracy of modules
in the barrel is 17 pm (R - ¢) and 580 pum in Z, while the accuracy of the modules
in the endcap is 17 um (R - ¢) and 580 pm (R).

Surrounding the SCT is the TRT, which spans from radii of R = 554 mm to R
= 1082 mm. The TRT consists of 351,000 straw tube readout channels filled with
gas consisting of 3% O,, 27% CO,, and 70% Xe. Each straw tube has a diameter
of 4 mm and contains a 31 pum gold-plated tungsten anode wire that collects the
ionized particles that results from the gas interacting with charged particles. Straws

within the barrel have a length of 144 cm along the z axis while straws are positioned
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radially in the endcaps and have a length of 37 cm. Valuable tracking information
is obtained due to the TRT allowing for 36 hits per track.

Figure 3.7

' End-cap semiconductor fracker

ATLAS Inner Detector. Figure taken from Reference [69].

Item Radial extension (mm) Length (mm)

Overall ID envelope 0<R< 1150 0< |zl <3512

Beam-pipe 29 <R <36

Pixel Overall envelope | 45.5 < R <242 0 < |z <3092

3 cylindrical layers ~ Sensitive barrel | 50.5 < R < 122.5 0 < |z < 400.5

2 x 3 disks Sensitive end-cap | 88.8 < R < 149.6 495 < |z] < 650

SCT Overall envelope | 255 < R < 549 (barrel) 0 < |z] <805
251 <R <610 (end-cap) | 810 < |z] < 2797

4 cylindrical layers ~ Sensitive barrel | 299 < R < 514 0 < |z] <749

2 x 9 disks Sensitive end-cap | 275 < R < 560 839 < |z] < 2735

TRT Overall envelope | 554 < R < 1082 (barrel) 0 < |z] <780
617 < R < 1106 (end-cap) | 827 < |z| < 2744

73 straw planes Sensitive barrel | 563 < R < 1066 0< |zl <712

160 straw planes

Sensitive end-cap

644 < R < 1004

848 < |z| <2710

Table 3.1

Inner Detector Parameters. Table taken from Reference [69)].
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3.4 Calorimeters

The ATLAS calorimeter system is compromised of two separate calorimeters: the
Electromagnetic Calorimeter (ECAL) and the Hadronic Calorimeter (HCAL). The
ECAL measures the energy of electrons and photons while the HCAL measures the
energy of hadrons. These measurements are done by absorbing the particles. The
ATLAS calorimeter system extends to n < 4.9, having finer granularity in the region
of 7 < 2.5, where the measurements of electrons and photons are undertaken, and

coarser granularity in n > 2.5 for measurements of jets and missing energy.

3.5 Electromagnetic Calorimeter

The Electromagnetic Calorimeter consists of a component in the barrel from
—1.475 < n < 1.475, a component in the endcap from —1.375 < n < —2.5 and
a component in the endcap from 1.375 < n < 2.5. Electrons interacting with the
ECAL lose energy via Bremsstrahlung radiation, yielding a subsequent energy, F,
equal to

—x

F = Eye—. 3.5
0€X0 ( )

Here, Ej is the electron’s initial energy, X, is the radiation length, and z is the
distance traveled. Photons interacting with the ECAL lose energy via ete™ pair
production, such that the resulting intensity of the photon, I, is equal to

—Tx

I =Ile—— .
0€9X0, (36)

where I is the photon’s initial intensity and, as before, X is the radiation length,
and z is the distance traveled. The radiation length is a characteristic of the material

used in the calorimeter. The radiation length is defined as

716.44
287\’
Z(Z + (%)

(3.7)

0:
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where Z is the atomic number and A is the atomic weight. The Electromagnetic
Calorimeter uses lead as the stopping material, as the large Z value yields a small
radiation length. The barrel component of the Electromagnetic Calorimeter has a
thickness of 22 radiation lengths, while the end-caps have a thickness of 24 radiation
lengths. The Electromagnetic Calorimeter has an accordion-like structure, with

layers of liquid argon and lead interleaved throughout, as seen in Figure [3.8]

47 cm

outer copper layer

inner copper layer
kapton

outer copper layer

stainless steel

glue
lead

Figure 3.8 View of the accordion structure of the Electromagnetic Calorimeter and
the composition of the ECAL. Figure taken from Reference [71)].

The liquid argon acts as the active medium, measuring the energy of the particles.
The calorimeter is kept at -184 degrees Celcius in order to ensure that the argon
remains a liquid. Details of the parameters of the Electron Calorimeter can be found
in Table [3.2]
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Barrel | End-cap
EM calorimeter
Number of layers and |1 coverage
Presampler 1 Inl<152 |1 1.5<n|<1.8
Calorimeter 3 In| <135 | 2 1.375<|n| < 1.5
2 135<|n| <1475 | 3 15<|n| <25
2 25<n[ <32
Granularity An x A¢ versus |1|
Presampler 0.025 x 0.1 In] <1.52 | 0.025x0.1 1.5<n|< 1.8
Calorimeter 1st layer 0.025/8 x 0.1 In| < 1.40 | 0.050x%0.1 1.375 < |n| < 1.425
0.025x0.025 1.40<|n| <1475 | 0.025x0.1 1425 <|n| < 1.5
0.025/8 x 0.1 1.5<n|<1.8
0.025/6 x 0.1 1.8<|n|<2.0
0.025/4 x 0.1 20<|n| <24
0.025 % 0.1 24<n| <25
0.1 x0.1 25<|n| <32
Calorimeter 2nd layer 0.025 x 0.025 In| < 1.40 | 0.050 x 0.025 1.375 < |n| < 1.425
0.075x0.025 1.40<|n| <1475 | 0.025x0.025 1.425<n| <25
0.1x0.1 25<n|<32
Calorimeter 3rd layer 0.050 x 0.025 In| < 1.35 | 0.050 x 0.025 1.5<n| <25
Number of readout channels
Presampler 7808 1536 (both sides)
Calorimeter 101760 62208 (both sides)
LAr hadronic end-cap
[n| coverage 1.5<|n| <32
Number of layers 4
Granularity An x A¢ 0.1x0.1 1.5<n| <25
0.2x0.2 25<n| <32
Readout channels 5632 (both sides)
LAr forward calorimeter
[n| coverage 3.1<|n| <49
Number of layers 3
Granularity Ax X Ay (cm) FCall: 3.0 x 2.6 3.15<|n| <4.30
FCall: ~ four times finer  3.10 < |n| < 3.15,
430<|n| <4.83
FCal2: 3.3 x4.2 3.24 < |n| <4.50
FCal2: ~ four times finer ~ 3.20 < |n| < 3.24,
4.50 < |n| < 4.81
FCal3: 5.4 x4.7 3.32 < |n| < 4.60
FCal3: ~ four times finer  3.29 < |n| < 3.32,
4.60 < |n| <4.75
Readout channels 3524 (both sides)
Scintillator tile calorimeter
Barrel Extended barrel
[n| coverage In| < 1.0 08<|nl<1.7
Number of layers 3 3
Granularity An x A¢ 0.1 x0.1 0.1 x0.1
Last layer 0.2x0.1 0.2x0.1
Readout channels 5760 4092 (both sides)

Table 3.2

Reference [6].

Parameters of the Electromagnetic Calorimeter.

Table taken from
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3.6 Hadronic Calorimeter

The Hadronic Calorimeter contains the Tile Calorimeter (TileCal) and the Hadronic
End-cap Calorimeter (HEC). The TileCal spans —1.7 < n < 1.7, while the HEC
spans —3.2 < n < —1.5and 1.5 < n < 3.2. Hadrons interact via the strong force with

the nuclei of the calorimeter material, resulting in hadronic showers. The nuclear

A

m s Where

interaction length, A, that dictates the hadronic shows is defined as
p is the density of the material, N, is Avogadro’s number, and ¢ is the inelastic
nuclear cross section. The TileCal uses 420,000 plastic scintillating tiles to measure
the energy of particles, while steel is used to stop the particles. The TileCal spans

from a radius of 2.28 m to 4.25 m, having a total thickness of 9 A.

The HEC contains two wheels for each end-cap, where each wheel consists of 32
wedge-shaped modules shown in Figure[3.9] These wheels are made of copper plates,
where the copper acts as the stopping material. Liquid argon is interleaved between

the copper plates and serves to measure the energy of the particles.

Figure 3.9  Wedge-shaped module in the HEC. Figure taken from Reference [72].
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3.7 Forward Calorimeter

The Forward Calorimeter (FCAL) ranges from —4.9 <7 < —3.1 and 3.1 <7 < 4.9.
Liquid argon is similarly used to measure the energy of the particles, while tungsten
and copper are used to stop the particles. The FCAL has a thickness of 10 interaction
lengths.

3.8 Muon Spectrometer

The Muon Spectrometer consists of four subsystems, as seen in Figure 3.11} the
Monitored Drift Tubes (MDTs), the Cathode Strip Chambers (CSCs), the Resistive
Plate Chambers (RPC), and the Thin Gap Chambers (TGC). As muons are
minimally ionizing particles, muons interact only minimally with the calorimeters.
The Muon Spectrometer, consequently, play a vital role in identifying muons,
measuring the momentum of muons, and providing valuable information to the
trigger. The Monitored Drift Tubes extend from —2.7 < n < 2.7 and providing
tracking information for muons. The MDTs consist of 33 m diameter aluminum
tubes with lengths varying from 70 cm to 630 cm. The tubes contain gas with the
following composition: 91% Argon, 5% CHy, and 4% Nj. A tungsten rhenium wire
lies within each tube. The ionization of muons in the MDT results in the release of
electrons, which are then measured by the wire. The MDT's have a resolution in the
z direction of 35 pum. The CSCs are comprised of two rings of eight chambers, where
each chamber contains four wire planes. The CSCs span from —2.7 < n < —2.0 and
2.0 < n < 2.7, providing a resolution of 40 pym in the z direction and a resolution
of 5 mm radially. The MDTs and CSCs both provide precise measurements of the
muon. The RPCs and TGCs are used for triggering. The RPCs span —1.5 <n < 1.5
and consist of two resistive plates that are parallel and separated by a gas gap. The
TGCs are similarly used for triggering and span —2.4 <n < —1.0 and 1.0 < n < 2.4.
TGCs are multiwire chambers containing a 2.8 mm gas gap and provides a resolution

of roughly 2 to 7 mm in both the radial and z directions.

Now that the Inner Detector, Electromagnetic Calorimeter, Hadronic Calorimeter,
and Muon Spectrometer have all been introduced, a summary of the performance
values for different ATLAS subdetectors is provided in Table While coverage

extends to n < = 4.9, the resolution is optimal in the central n < 4.9 region.
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Detector component Required resolution 1 coverage
Measurement Trigger
Tracking 0y, /pr = 0.05% pr ©1% +2.5
EM calorimetry or/E =10%/VE ©0.7% +3.2 +2.5
Hadronic calorimetry (jets)
barrel and end-cap ox/E =50%/E &3% +3.2 +3.2
forward or/E=100%/VE®10% |3.1<|n| <49 |3.1<|n|<49
Muon spectrometer 0y, /pr=10% at pr =1 TeV +2.7 +2.4

Table 3.3

from Reference [69].

Thin-gap chambers (TGC)

Parameters of various components of the ATLAS detector. Table taken

Cathode strip chambers (CSC)

Barrel toroid

\" Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.10  Muon Spectrometer

Figure 3.11 ATLAS Muon Spectrometer. Figure taken from Reference [69].

3.9 Forward Detectors

The Forward Detectors are the ALFA (Absolute Luminosity For ATLAS) detector,
the ZDC (Zero Degree Calorimeter) detector, and the LUCID (LUminosity mea-
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surement using Cerenkov Integrating Detector) detector. As the names suggest,
these detectors are used to precisely measure the luminosity delivered from the
beams. LUCID detector measures, in the forward region, the proton-proton inelastic
scattering and, with only a 5% error, gives ATLAS’s primary online luminosity
measurement. ALFA gives measurements of the absolute luminosity from elastic
proton-proton collisions at very small angles. The ZDC detector provides luminosity

measures for heavy ion collisions.

3.10 Magnet System

The magnet system within ATLAS consists of both a solenoid and toroid in the
barrel and two sets of toroids in the end-caps, as depicted in Figure The barrel
solenoid extends 1.2 m radially from the beamline and is 5.3 m in length along
the beamline. It creates a 2T magnetic field that forces the trajectory of charged
particles to bend. The barrel toroid, which produces a 0.5 T magnetic field, and the
two end-cap toroids, which produce a 1 T magnetic field, bend the trajectories of

muons passing through the Muon Spectrometer.

Figure 3.12 ATLAS Magnet System. Figure taken from Reference [6].

3.11 Trigger and Data Acquisition System

With an LHC collision rate of 40 MHz, there are far too many events than can be
stored. The Trigger and Data Acquisition System, TDAQ), is the means by which

ATLAS filters out uninteresting data and stores interesting physics events. The
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ATLAS trigger system, seen in Figure [3.13], is comprised of two levels: a hardware
level 1 (L1) trigger and a software higher level trigger (HLT) [73]. The HLT is
comprised of two levels: the Level 2 trigger and an event filter.

Calorimeter detectors

TileCal | Muon detectors

Detector
Level-1 Calo ] 44 Level-1 Muon | Read-Out
Preprocessor Endcap Barrel - -
sector logic | | sector logic .
! —
JEP (jet, E) : _ )
MUCTPI § OD OD OD
&
N - DataFlow l
» Ll1Topo S
cTP § — Read-Out System (ROS)
I CTPCORE
CTPOUT

0

Level-1 3
(5}

R L& Data Collection Network
Rol - Fast TracKer «——
1 (FTK) ‘
A

High Level Trigger

Ll [Accept

Processors

Data Storage

Event |

Data Tier-0 I

Figure 3.13 ATLAS Trigger System. Figure taken from Reference [7])].

3.11.1 L1 trigger

The L1 trigger runs on Field Programmable Gate Arrays (FPGAs) and reduces the
event rate to 100 kHz from the original rate of 40 MHz within a span of 2.5 us. The
L1 trigger takes as input information from the calorimeter and muon spectrometer
systems. The L1 trigger reads information from the calorimeter with a granularity of

An=0.1x0.1. These regions are called trigger towers and can be seen in Figure|3.14]
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Figure 3.14  Level 1 trigger tower. Figure taken from Reference [7})].

The RPC and TGC subsystems in the muon spectrometer provide triggering for
energetic muons. The central trigger processor (CTP) makes the final decision for

the L1 trigger, selecting events which are then sent to the HLT.

3.11.2 HLT

The Level 2 trigger performs further reduction, passing events to the event filter.
The event filter reconstructs the event and provides additional selections, yielding a
final event rate from the HLT of roughly 1.5 kHz. These events are then passed to

permanent storage.

3.11.3 Summary

The LHC is the highest energy particle collider in the world. This chapter explored
the different components of the ATLAS detector, all to set the stage for the next
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chapter, which explores how particles interact with different parts of the detector
leaving different experimental signatures. The next chapter details how the ATLAS
experiment uses different algorithms to reconstruct particles so that data can be

analyzed.
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Chapter 4

Object Reconstruction

The previous chapter introduced the ATLAS detector and its various subdetectors
and components. This chapter introduces event reconstruction, the process of
transforming raw and uncalibrated hits across a number of detector subsystems into
meaningful reconstructed physics objects. Advanced algorithms are used to identify
all stable Standard Model particles. As the following chapters will show, the most
important physics objects for the analyses in this thesis are tracks (the trajectory
calculated from reconstructed hits of charged particles), missing energy (particles
that escape the detector without a trace), and jets (the collimated decay products of
gluons and quarks). This chapter provides an introduction to all of these objects and
places special emphasis on the algorithms used to reconstruct jets. Two main types
of jets are described: small radius jets (small R jets) and large radius jets (large R
jets). Small R jets take up less area in the n-¢ plane than large R jets. Both types of
jets are key to the analysis. The concept of jet substructure, the internal structure
of large R jets, is introduced as a means of distinguishing signal from background.
As will be seen, the analysis strategy for all three models will center on large R jets
and jet substructure. This chapter provides the building blocks upon which the rest
of the thesis will be based.
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4.1 Object Reconstruction

4.1.1 Tracks, Vertexing, Topo-clusters

Event reconstruction is the process of transforming raw and uncalibrated hits across
a number of detector subsytems into meaningful physics objects. Tracks, vertices,
and “topo-clusters” serve as the fundamental building blocks of event reconstruction.
The Inner Detector measures charged particles near the interaction point. Charged
particles leave hits in the Inner Detector that are then used to form tracks [75]. Tracks
are the reconstructed trajectories of charged particles. A particle’s momentum and
electromagnetic charge can be indicated by the curvature of the track. The points on
the beamline where large quantities of tracks intersect are used to determine collision
vertices. The primary vertex is identified as the vertex with the highest scalar sum
of transverse momenta of all tracks associated to it [76]. Topo-clusters are formed

by the three dimensional topological grouping of calorimeter cells. Each calorimeter
EM ’EcellEM‘
- EM

EM

cell is assigned a signficance (een where o includes pileup and

Ocell
noise uncertainties and |Eeq | is the energy of the cell [77]. A topo-cluster seed is

a cell in which the significance is greater than 40. Cells that are both adjacent (in 3
dimensions) to the seed cluster and that have a significance of 20 are subsequently
added to the topo-cluster seed. The iterative process is continued until all adjacent
cells have a significance of less than 20. In order to correct for the chance that
multiple independent signatures are added to one topo-cluster, a test for a local
maximum is performed. A local maximum occurs when a cell has greater than 500
GeV and there are no neighboring cells with greater energy. In the event that a single
topo-cluster has more than one local maximum, the topo-cluster is divided along the
energy peaks. When a cell neighbors more than one local maximum, the two clusters
with the highest energy are assigned the cell. The local cell weighting (LCW) scale
and the electromagnetic (EM) scale are two distinct approaches to measuring the
energy of a topo-cluster. The sum of energy of all cells in a topo-cluster serves as the
defintion of total energy for the EM scale. The LCW approach, however, determines
whether a cluster is hadronic or electromagnetic. In the case of a hadronic cluster,
the LCW applies Monte Carlo based corrections to account for the energy dependent

response of the calorimeter to hadronic showers.
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4.1.2 Electrons and Photons

Both photons and electrons produce electromagnetic showers and deposit energy
in the Liquid Argon Calorimeter. The key distinction, however, comes from the
electrically neutral nature of the photons and the electrically charged nature of
electrons. Photons, due to their neutrality, do not leave a charged track in
the Inner Detector. Identification of electrons is done by matching a cluster of
energy in the Liquid Argon detector to a charged track in the Inner Detector. A
multivariate algorithm is used to identify interesting electrons (prompt electrons)
from uninteresting electrons resulting from background processes such as heavy
flavor decays or converted photons [78]. Electron identification is categorized by
either a Loose Working Point, Medium Working Point, or Tight Working Point. The
shape of the electromagnetic shower and the matching of tracks to clusters are key
components upon which the multivariate algorithm makes its distinction. The Loose
Working Point offers the weakest background rejection while the Tight Working
Point offers the strongest background rejection. Care must be taken when choosing
which Working Point to use, as a stronger background rejection can also lead to a
higher rejection of signal electrons. Because prompt electrons have a higher chance
of being isolated than background events, Isolation Working Points are assigned such
that electrons can be chosen or rejected based on the distance between the electron

and other objects in the event.

Photons are distinguished from background processes, such as non-prompt photons
that arise from, for example, hadron decays, by an identification process that relies

on the shape of the electromagnetic shower and isolation requirements.

4.1.3 Muons

Measurements from the Muon Spectrometer, Inner Detector, and calorimeter are
used as input by the muon reconstruction algorithm. Sensitivity to muons with
transverse momentum ranging the low GeV scale to the low TeV scale is afforded by
the use of measurements from multiple subsystems. Tracks from the Inner Detector
are reconstructed separately from tracks from the Muon Detector. There are four
ways by which a muon candidate is reconstructed. Combined muons are formed
from reconstructed tracks in the Inner Detector and reconstructed tracks in the
Muon Spectrometer that satisfy a global fit procedure [79]. Extrapolated muons
use tracks from the Muon Spectrometer which have a high probability of having
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originated from the primary vertex. Extrapolated muons improve acceptance in
the central pseudorapidity region of 2.5 < n < 2.7. Segmented muons have Inner
Detector tracks that are compatible with at least one segment from the CSC or
MDT. Calorimeter-tagged muons use Inner Detector tracks that are matched to a
calorimeter energy deposit that is consistent with a minimum-ionizing particle. This
is the muon type with the lowest purity. Quality cuts are used to reject background

from pion and kaon decays.

4.1.4 Missing Energy

Protons collide in ATLAS perpendicular to the transverse plane. Since the initial
tranverse momentum is zero, conservation of momentum dictates that the final
transverse momentum must be zero. An imbalance in transverse momentum is called
missing energy (ER). Missing energy is calculated by taking the magnitude of the
negative vector sum of all final state objects in the collision. The final state objects
used to calculate the missing energy in this analysis are electrons, muons, and jets,
which constitute what ATLAS refers to as the “hard term”, and then objects in what
ATLAS refers to as the “soft term”. The “soft term” refers to any detector signal
that is unassociated with objects in the “hard term”. These unassociated objects can
either be related to unassociated soft calorimeter clusters or unassociated tracks. The
definition of the soft term used in this analysis is the track-based soft term, which
uses unassociated objects based on tracks and that is more robust against pileup

than soft term based on soft calorimeter clusters [80)].

The source of ERS can be either real or fake. Real E¥** comes from particles that
are invisible to the detector, such as potential Beyond the Standard Model particles
that are stable or neutrinos. Fake E arises from instrumental errors such as noisy

detector regions, errors due to calibration, and dead channels.

4.1.5 Jets

Energetic quarks and gluons resulting from the collisions of protons are called
partons. These partons can radiate gluons, which can in turn produce quarks via
pair production. This process is called fragmentation. This process continues until
the particles become less energetic. So as to conserve color and provide color neutral

states for these particles, more gluons and quarks are created, but this time from
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vacuum. This is called hadronization. The resulting collimated spray of particles
from hadronization is called a jet. The parton shower is the phrase that describes

this process from start to finish.

Jets leave energy deposits in the calorimeter. These energy deposits are matched with
the tracks the jets leave in the Inner Detector. Jet reclustering algorithms use both
tracking information and calorimeter information as input. The most common jet
reclustering algorithm used in ATLAS is the anti-k; jet reclustering algorithm [81], an
reclustering algorithm that relies on sequential recombination algorithms. Sequential
recombination algorithms seek to identify pairs of final state particles that are most
likely to have originated from the same initial process [82]. To do so, two distances,
d;; and d,p are utilized. The distance d;; is defined in Equation , while the
distance d;p is defined in Equation [4.2]

The distance d;; is defined as

AR;;?
RQ

Qp)

di; = mm(p?rz — Pr; (4.1)

Here, i and j represent final state particles or pseudojets. Pseudojets are the term
used to refer to particles and their four vector combinations. The distance d;; is the
distance between the i*" and j* pseudojet. The transverse momentum of the ‘"
pseudojet is denoted as pr;, while the transverse momentum of the 5™ pseudojet is
denoted as pr ;. The distance between the i and j* pseudojet in the 7-¢ plane is
denoted as AR;; and defined as AR?; = (n; — ;) + (¢; — ¢;)*. The parameter p can
take values of -1, 0, and 1 depending on the type of reclustering algorithm, as will

be discussed further later. The radius parameter is R.

The distance between the ™" pseudojet and the beamline is denoted as d;z and is
defined as

dip = pi;. (4.2)

The sequential recombination algorithm begins by taking all final state particles and
picking a particle (pseudojet) i and a particle (pseudojet) j. If the distance d;;
between these two pseudojets is less than the distance d;5 between the i*" pseudojet
and the beamline, then pseudojet ¢ and pseudojet j are combined - ie: the four

momenta of pseudojet ¢ and pseudojet j are combined. If the distance d;p is smaller
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than the distance d;;, then the pseudojet 7 is removed from the list and final state

particles and declared a jet. This procedure is continued until there are no final state
particles left.

As noted earlier, the value of the parameter p depends on the type of reclustering
algorithm.  For the k; reclustering algorithm, the value of p is 1. For the
Cambridge/Aachen algorithm, the value of p is 0. For the anti-k; algorithm, the value
of p is -1. Given the value of p, the k; reclustering algorithm necessarily combines
softer final state particles first in the sequential recombination process. Due to the
value of p, the anti-k; algorithm preferentially combines final state particles with
higher transverse momentum, resulting in largely circular and compact jets. The k;
algorithm, however, preferentially combines final state particles with softer (lower)

transverse momentum first. The jets resulting from the anti-k; algorithm, the k;

algorithm, and the Cambridge/Aachen algorithm can be seen in the figure below.

|__Cam/Aachen, R=1_|
b, [GeV] Cam/Aachen, R=1

en
RS
0
y

(b) Cambridge-Aachen Reclustering
Algorithm

(c) ki Reclustering Algorithm

Figure 4.1 Illustration of jet clustering with three different jet reclustering
algorithms applied to the same event. Each colored region corresponds
to a different reconstructed jet. Figure taken from [81)]
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To be robust, a jet reclustering algorithm must be both infrared safe and collinear
safe. To be infrared safe, the presence of additional particles with low transverse
momentum must not alter the set of jets output by the reclustering algorithm. To be
collinear safe, the set of jets output by the reclustering algorithm must be unaffected
by the collinear splitting of a jet. For example, in the event that the hardest particle is
split into a pair of particles, the algorithm must recognize that pair as the jet with the
highest transverse momentum and not consider a particle that has lower transverse
momentum than the original hardest particle but higher transverse momenta than
the particles resulting from the collinear splitting to be the hardest jet. Since the
anti-k; algorithm clusters particles with the highest transverse momenta first, the

anti-k; algorithm is both infrared safe and collinear safe.

The Jet Vertex Tagger (JVT) [83] is a variable that ATLAS uses to distinguish and
reject jets arising from pileup events. The primary vertex was introduced earlier
in this chapter as the vertex with the highest scalar sum of transverse momenta of
all tracks associated to it. The hard scatter is the interaction of interest. Pileup
is additional soft (low transverse momentum) radiation in an event, arising from
proton-proton interactions other than the collision of interest, and is typically much
softer than the hard scatter. In order to determine the primary vertex, multiple
vertex candidates are reconstructed. The highest ranking candidate (which will be
referred to in the equations below as PVy) is taken to be the hard scatter. The other
candidates for the primary vertex are attributed to pileup and are referred to as PV,

in the subsequent discussion.

The JVT is a multivariate combination of two independent track-based variables:
the corrected Jet Vertex Fraction (corrJVT), depicted in Equation , and the ratio
of track pr to jet pr (R, ), depicted in Equation

The corrJVT is defined as

trkp
corrJVT = — 2P " (PVo) (4.3)

anl Zzp'tlfkl(PVn) .
k- nﬁg

l ptTrkl (PVy)

The scalar transverse momentum sum of tracks that originate from the hard scatter
and that are associated with the jet is denoted by >, pr™*(PV,). The scalar
transverse momentum sum of tracks that stemming from any of the pileup (PU)
interactions is written as > -, > PN (PV,). This quantity, POREDY PEN(PV,), is

divided by k- nlY, where n{} is the total number of pileup tracks per event and k is
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0.01. Here, the k value of 0.01 is approximately the slope of the linear relationship of
2@1 ; pfffkl (PV,,) with total number of pileup tracks per event. This is a standard
ATLAS calculation. This division occurs in order to correct for the linear increase

of > 512 P (PV,) as the total number of pileup tracks per event increases.

The track-based variable R, is the scalar transverse momentum sum of tracks
originating from the hard scatter and vertex and associated with the jet, divided
by the transverse momentum of the calibrated jet. It is defined as

pT — i

pjet :
T

(4.4)

The ability to distinguish between jets arising from pileup and jets arising from
the hard scatter can be seen in Figure [4.2] where jets originating from pileup are
peaked at JVT values of 0 and jets originated from the hard scatter are peaked
at JVT values of 1. Both jets originating from the hard scatter and from pileup
do, however, have tails that extend to lower and higher JVT scores, respectively,
indicating that the JVT can only reduce the contribution of jets arising from pileup

and not fully eliminate them.
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Figure 4.2  Distribution of Jet Vertex Tagger scores for jets originating from pileup
(PU) and the hard scatter (HS) and with transverse momentum ranges
from 20 GeV to 30 GeV. Figure taken from [83]

Due to the JVT being a track-based quantity, its use is restricted to the n range
of the tracker: -2.4 < n < 2.4. The forward Jet Vertex Tagger (fJVT), however,
identifies and distinguishes forward pileup jets from jets originating from the hard

scatter.

4.1.6 Small R jets

One of the most common jets used in ATLAS is the small radius, or “small R”, jet.
This jet is created by using a jet reclustering algorithm with a radius, R, of 0.4 in the
n-¢ plane. There exist different types of small R jets in ATLAS. The searches in this
thesis uses small R Particle Flow jets (PFlow jets), or jets created using the Particle
Flow algorithm. The Particle Flow algorithm is an algorithm that runs the anti-k;

jet reclustering algorithm with both topo-clusters and tracks provided as input [84].
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4.1.7 Large R jets and Jet Substructure

Another prevalent jet used in ATLAS is the large radius, or “large R”, jet. The
generic, standard large R jet used in ATLAS is created via the anti-k; jet reclustering
algorithm and has a radius, R, of 1.0. (It is not practical for ATLAS to provide
standard large R jets with a variety of different radii as it takes dedicated teams of
dozens of people to provide even one fully validated and calibrated large R jet to
the collaboration. The choice to use R = 1.0 is simply because that radius fits the
physics needs of most analyses and groups in ATLAS reliant on large R jets.)

Standard large R jets with a transverse momentum of at least 200 GeV are fully
supported within ATLAS insofaras they are calibrated. Large R jets are of use
when the physics process of interest has a collimated spray of particles spanning
wider than the radius, R, of 0.4 in the 7-¢ plane. Additionally, large R jets are of
particular interest and value when the physics process of interest produces distinct
clusters, or subjets, within a given radius, where the radius is greater than R =
0.4. The existence of subjets within large R jets is referred to as jet substructure.
Jet substructure provides a means of differentiating non-interesting Standard Model
background processes from interesting physis processes. A QCD jet (or a jet arising
from Quantum Chronodynamics processes) exhibits a one prong structure, in which
there is no distinctive substructure. This can be seen in Figure [85].

Boosted QCD Jet, R=0.8

1.75
o/ 1.35 AR
7/ \
/ \
/ \
P o - P p .
1 ) \
0.85} | B |
/ =S | F ® |
9/q \ .= '
A} I}
v - '
\ /
0.35 N . R
— -0.1
P = 35 -1 05 0
n

Figure 4.3  Energy spread of a boosted QCD jet with R = 0.6. Figure taken from
185

W and Z processes, when characterized by high transverse momentum, are consid-

ered “boosted” and can exhibit a two prong structure, indicating jet substructure.

o8



This can be seen in Figure [£.4]

Boosted W Jet, R = 0.6
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Figure 4.4  Energy spread of a boosted W jet with R = 0.6. Figure taken from [85]

Top processes, when boosted, can exhibit a 3 prong structure, indicating jet
substructure. This can be seen in Figure [4.5] Exotic processes with two or three
prong structures can readily be distinguished from QCD multijets. Exotic processes
with greater than 3 prong structure thereby gain distinction from boosted W, Z,

and top processes, as well as QCD multijets.
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Figure 4.5 Energy spread of a boosted top jet with R = 0.8. Figure taken from
185]

Exotic processes with a two prong structure can be distinguished from a W or Z

with a two prong structure and exotics processes with a three prong structure can
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be distinguished from a top with a three prong structure in a number of ways.
For example, the mass or transverse momentum of the large R jet can be used to

distinguish the exotics process for the Standard Model processes.

The strategy for the analyses in this thesis relies on the use of large R jets. However,
as will be shown in future chapters, the mass or transverse momentum of the large R
jet are not powerful discriminants for the analyses in this thesis to distinguish signal
from background. Instead, this analysis uses the position and transverse momentum
of the tracks in the large R jet to differentiate exotic signal from background.
A number of standard jet substructure observables exist for studying the energy
distributions within large R jets. Instead of using such observables, this analysis
uses machine learning to learn the jet substructure of the large R jets from the track

information and distinguish signal from background.

An important point to highlight is the 200 GeV threshold requirement for the
transverse momentum for standard ATLAS large R jets. As will be seen in future
chapters, this 200 GeV requirement on transverse momentum is often too high for
large R jets containing the decay products of the exotic processes considered in this
thesis. This, and the reliance of the analyses on tracks within the large R jets, will

motivate the creation of a new reclustering algorithm for large R jets.

4.1.8 Summary

This chapter discussed the algorithms used in ATLAS to reconstruct particles so
that data can be analyzed. The key physics objects for the analyses in this thesis,
namely tracks, jets, and missing energy, were introduced. Jet substructure, upon
which the analysis strategy will center, was also introduced. High energy collider
experiments are constantly developing and improving algorithms in order to adapt to
the changing detector conditions and in order to best identify interesting events from
uninteresting background events. The next chapter discusses algorithms developed

to accommodate the increase in luminosity from Run 2 to Run 3.
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Chapter 5

Trigger Upgrade and jJFEX Jet

Calibrations

The previous chapter described the various reconstruction algorithms used to identify
physics objects so that ATLAS data can be analyzed. This chapter describes
reconstruction algorithms designed to improve jet identification in the ATLAS trigger
system for Run 3. The chapter starts with an introduction to the upgrades for the
ATLAS trigger system for Run 3, paying special emphasis on the inclusion of the jet
Feature EXtractor (JFEX), a hardware-based jet finder for the upgraded level 1 (L1)
trigger system. The jFEX identifies both small R jets at L1 (called small R jFEX
jets) and large R jets at L1 (called large R jFEX jets). Due to the detector being
nonuniform in 7, jFEX jets need to be calibrated. This chapter describes calibrations
derived by the author for small R jFEX jets, discusses how the optimal calibration

was chosen, and shows the improvements afforded by the calibration.

5.1 Upgrade

During the Long Shutdown 2 that took place between late 2018 and early 2022,
the ATLAS trigger system underwent several key upgrades [86]. Two major sets
of upgrades to the ATLAS level 1 trigger system were the LAr supercell [87]
and the Feature EXtractors (FEXs): Jet FEX (JFEX), global FEX (gFEX), and
electromagnetic FEX (eFEX) [88]. These upgrades can be seen in Figure [5.1] which

shows the old L1 Calo system in dashed red lines, with the new upgrades outside
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the lines.

L1Calo LA e e New
LAr supercells Electron ibre-Optic| L1Topo L1A
(digital) i == Feature 2 a - Exchan ——LICTP [—»
Extractor |Z (2 o) H—__:
L1To|
Jets, t, TE; Eymis
0.1x0.1 DAQ & Rol
Fibre- | Ui | Jet Feature — (FELIX)
Optic Extractor | s|lo
I | H
Large-R Jets
0.2 0.2 DAQ & Rol
(n,4) Global (FELIX)
Q Feature
Extractor ~4]
L - -_ -— L L - - | -— -_—
l 0.2x0.2 Jets, TE; 7 I\a\
=il DAQ & Rol
(n.4) Hit
Lar JetEnergy |\ || FEL | Counts
I (analogue) u
| weulmes T |
l Pre efy, T
Tile il
(analogue) + Cluster cmx— I
Te RODs P
sl FEX Test
I (n.o) Jrorops ] | Module
- a o o o e e e e s omm o

Figure 5.1 L1 Calorimeter from Run 2 and Run 3. Figure taken from [88]

There are six jJFEX modules. Each jFEX module, seen in Figure [5.2] is an ATCA
(Advanced Telecommunication Computing Architecture) board with 4 processor

Xilinx UltraScale+ FPGAs (field-programmable gate array) and can process a total
input data rate of 3.6 Th/s [8§].
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Figure 5.2 jFEX prototype. Figure taken from Reference [8§]

The jFEX identifies jets, large-area taus (leptons with conical shape footprint in the
detector), and calculates missing transverse momentum and other energy sums. The

new jEEX jets have much finer resolution in 7-¢ than Run 2 L1 jets, and have more
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calibration options available. A jJFEX jet is a 0.7 x 0.7 rounded-off square with a 0.1
x 0.1 tower granularity and 0.3 x 0.3 seed, as shown below. The tower depicted in
figure below is a jTower. A L1 jet region of interest (ROI) is a 0.8 x 0.8 square with
a 0.2 x 0.2 tower granularity and 0.4 x 0.4 seed [88].

L

jFEX jet

tower

Figure 5.3 Small R jFEX jet for Run 3. Figure modified from [89]

A small R jFEX jet is reconstructed using the sliding window algorithm [89]. A
noise threshold of 2 GeV is required for any jTower so that noise from pileup and
electronics can be suppressed. If a jTower does not meet the noise threshold, the Er
of the jTower is set to 0. Each 0.1 x 0.1 jTower is surrounded by a 0.3 x 0.3 seed
that consists of 3 x 3 jTowers. The local maximum, or the seed with the highest
Er, is determined by scanning all seeds that live within a range of 5 x 5 jTowers
and finding the seed with the highest Ep [89]. A small R jFEX jet is taken to be a
cone of A R = 0.4, where R is \/m, with the A R = 0 point originating from
the center of the local maximum. The Et of each jTower in the cone is summed to
yield the jet Er [89]. L1 jet ROIs are massless, so pr equals Et for L1 jets. (At L1,
ATLAS works with energy sums and does not consider any mass components, doing
massless jet reconstruction by design. Then, later, at the offline reconstructed level,
more information is available, such as the fully reconstructed four-vector jet, as well
as additional information from other detector parts, allowing for a fully optimized
object. ATLAS, therefore, transitions from energy calibrations at L1 to calibrations
that incorporate mass at the offline reconstructed level. At LHC energies, L1 jet Er

and offine jet pr would correlate reasonably well.)

Large R JFEX jets are formed using the sliding window algorithm, but with a window
of 1.7 to reflect that a cone of A R = 0.8 is used for Large R jFEX jets, shown in
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Figure 5.4
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Figure 5.4 Large R jFEX jet for Run 3. Figure taken from [89]

This differs from the Run 2 L1 large R jet approach, which implemented a simple
cone algorithm that drew a circle of radius 1.0 around each small R jet and calculated
the large R jet Ex by summing the Er for each small R jet within the circle, vetoing
an Fr from the sum if the Fr was less than 15 GeV [89]. The incorporation of
jFEX and gFEX in Run 3 has caused L1 jet triggers to change significantly [89]. To
maintain the efficiency of the L1 and HLT jet chains and to maximize use of L1 rate,
it is crucial that L1 jet triggers perform as well as possible. To that end, it is vital
to study the performance of the new L1 jet triggers, derive potential calibrations,
and determine the resulting L1 jets that should seed each HLT chain. Improved
granularity and more-accurate shape of jJFEX jets allows for improvements in jFEX
trigger turn-ons and gives better prospects for L1 jet calibration in Run 3 than in
Run 2. Jet triggers for low-threshold multijet triggers and for Trigger-level analyses
benefit from polished jJFEX jets and L1 calibration. Calibration of the jJFEX jets is
needed because the ATLAS detector is not uniform in 7, so the jet response is not
uniform in 7. The goal for the trigger is to select all jets that had true pr above
X. For a response, R, that is constant everywhere, the L1 selection would be at
X*R. If R is a function of 7, a cut at a single value X*R will select truth jets at
different pr across n. Figure shows the high variance of energy response over 7
without calibrations and thereby demonstrates the need to calibrate. (A description
of truth particles: output of MC event generator with full information of the physics
all of the particles involved. This is an unphysical level of detail because we know
exactly what happened in our simulation. Then reconstructed quantities are the

non-idealized versions of this data that would be reproduced by a real experiment.)
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Figure 5.5  High variance of jet energy response over 1. Figure taken from [7])]

5.2 jJFEX Jet Calibration

A calibration can be derived to correct for the nonuniformity of jet response across
eta. The ideal goal of calibrations is to allow for a response to be 1. Isolated,
reconstructed jFEX jets are matched to truth jJFEX jets, serving as an initial jet
energy scale calibration. A central ATLAS framework called IsolatedJetTree [90] is
used to perform the isolation of the reconstructed jJFEX jets and match these jets to
truth jFEX jets. These outputted isolated and truth-matched reconstructed jFEX
jets are then used as input to code developed by the author to derive the calibration
via steps that will be explained now. All subsequent plots in this chapter were

created by the author.

The distribution of (reconstructed energy)/(truth energy) for jFEX jets is binned
in  and truth energy and is fitted with a Gaussian. The mean of Gaussian fit is
the average energy response. The average energy response is parameterized as a
function of reconstructed energy and n. The inverse of the average energy response

in each bin of reconstructed energy and 1 becomes the jet calibration factor for each
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bin of reconstructed energy and 7. Two approaches for the fit were used for the
jFEX jet calibration: the first being the Gaussian fit already described, and the
second being more naive, simply taking the mean value of the bin of (reconstructed
energy)/(truth energy), deemed the response, vs. 7. The second approach, simply
utilizing the mean, provided a better calibration, so this is the approach used in the

final calibration.

An entirely separate calibration that can also be derived using pr instead of energy.
The procedure for the pr calibration is exactly the same as the energy calibration
with the only difference being that pr is used instead of energy. As the pr calibration
proved to be more effective than the energy calibration, only the results of the pr
calibration follow. Calibration of jJFEX jets allows for better JFEX jets and ultimately
the ability to probe lower pr.

The pr calibration was performed with the following pr binning: minimum pr to
20 GeV, 20 GeV to 30 GeV, 30 GeV to 40 GeV, 40 GeV to 50 GeV, 50 GeV to 65
GeV, 65 GeV to 80 GeV, 80 GeV to 110 GeV, 110 GeV to 150 GeV, 150 GeV to
maximum pr. The pr calibration used the following 7 binning: -4.9 to -1.6, -1.6 to
-0.8, -0.8 to 0,0 to 0.8, 0.8 to 1.6, and 1.6 to 4.9. The response map provided to
hardware experts is depicted in Figure 5.6, The calibration factor is the inverse of

the value in each bin of pt and 7.
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Figure 5.6  Response map for hardware. The pr response is plotted as a function
of n and jFEX reconstructed jet pr.

The power of the calibration can be seen in Figure and Figure 5.8 The pr
response, or the reconstructed pr over truth pr, of the uncalibrated jFEX jets can
be seen to be highly variant and well below 1 for all pt - n bins. The calibrated jFEX
jets have a pr response of roughly 1 across all bins of pr and 7, except for the first
bin, which extends from 0.85 towards 1. As the goal of the calibration was to make

the pr response of the JFEX jets roughly 1, the calibration is shown to be successful.
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Comparison of the performance of the calibrated jFEX jets to the
performance of the uncalibrated jEEX jets by showing pt response as
a function of pr of jJFEX truth jets. Results shown for the following n
bins: -4.9 <n < -1.6, -0.8 <n < 0, and 0.8 <n < 1.6. The pt of the
JFEX truth jet is labeled as pt True.
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Figure 5.8  Comparison of the performance of the calibrated jFEX jets to the
performance of the uncalibrated jFEX jets by showing pr response as
a function of pr of jJFEX truth jets. Results shown for the following n
bins: -1.6 <n < -0.8, 0 <n < 0.8, and 1.6 <n < 4.9. The pt of the
JFEX truth jet is labeled as pt True.

The resolution in each pr bin is calculated by dividing the standard deviation of
the bin by the mean of the bin. (In the Gaussian fit approach, the resolution was
calculated by dividing the standard deviation of the fit in the bin by the mean of the
Gaussian fit.) A successful calibration would allow for an improved resolution - or a
smaller resolution - in each bin, which is exactly what is observed in Figure [5.9| and
Figure |5.10}
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Figure 5.9  Comparison of the performance of the calibrated jEFEX jets to the
performance of the uncalibrated jJEFEX jets by showing resolution as a
function of pr of JFEX truth jets. Results shown for the following n
bins: -4.9 <n < -1.6, -0.8 <n < 0, and 0.8 <n < 1.6. The pt of the
JFEX truth jet is labeled as pt True.
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Figure 5.10  Comparison of the performance of the calibrated jFEX jets to the
performance of the uncalibrated jFEX jets by showing resolution as a
function of pr of JFEX truth jets. Results shown for the following n
bins: -1.6 <n < -0.8, 0 <n< 0.8, and 1.6 <n < 4.9. The pr of the
JFEX truth jet is labeled as pt True.

For each pr - n bin, the calibrated jFEX jets have a smaller resolution than the
uncalibrated jFEX jets. This, coupled with the improved responses, indicates a

successful calibration.

The binning of pr calibration was chosen to make the firmware implementing easier.
A calibration that was more finely binned in 1 was also performed. The 7 binning for
the fine calibration was the following: -4.5 to -4.0, -4.0 to -3.5, -3.5 to -3.0, -3.0 to -
2.5,-2.5t0-2.0,-2.0to-1.5,-1.5to-1.0, -1.0 to -0.5, and -0.5 to 0. The same binnings
hold for the positive values of 1. The performance of the more coarsely binned pr
calibration and the more finely binned pr calibration are shown in Figure and
Figure |5.12] Both calibrations have responses close to 1 and improved resolution.
There is no significant degradation resulting from using coarser 7 bins, so the pr
calibration with the coarser 77 binning was used to make things easier for the hardware

experts.
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Figure 5.11

Comparison of the performance of the jFEX calibration using fine n
binning to the performance of the jJEEX calibration using coarser n
binning by showing resolution as a function of pr of JFEX truth jets.
Results shown for coarse n bins 0 < n < 0.8 and 0.8 < n < 1.6 and
the following fine n bins: 0.5 <n < 1.0 and -0.5 <n < 0. The pr of
the truth jet is labeled as pt True.
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Figure 5.12  Comparison of the performance of the jJFEX calibration using fine n
binning to the performance of the jFEX calibration using coarser 1
binning by showing resolution of as a function of pr of JFEX truth
jets. Results shown for coarse n bins -4.9 <n < -1.6 and -0.8 <n < 0
and the following fine n bins: -4.5 <n < -4.0 and -0.5 <n < 0. The
pr of the truth jet is labeled as pt True.

5.3 Summary

A series of calibrations were derived to make calibrated jFEX jets have a flat response
in . Out of all of the calibrations derived, the one provided to hardware experts
was a calibration of the JFEX jet pr response in bins of jFEX jet pr and 7, where
the 1 binning was defined as -4.9 <n < -1.6,-1.6 <1 <-0.8,-08 <n < 0,0 <n<
0.8,0.8 <n < 1.6, and 1.6 < n < 4.9. The calibration corrected the JFEX jet pr
response to the desired value of 1 in almost every pt — n bin with the exception of
the bins with the lowest pt values, which deviated from 1 by no more than 15%,
and the highest pt values, which deviated from 1 by no more than roughly 5%. The
resolution saw significant improvement, decreasing across each pr bin for each n bin.
Depending on the pr-n bin, the pr response for calibrated jJFEX jets is roughly 1.5
to 2.5 times that of the pr response for uncalibrated jFEX jets. The resolution of
calibrated jFEX jets is as small as 0.71 times the resolution of uncalibrated jFEX
jets in higher pt bins or can be up to 0.95 times the resolution of uncalibrated jJFEX

jets in lower pr bins. The objective was achieved and the calibration improved both
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the response of jJFEX jets across n and the resolution of the jFEX jets.
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Chapter 6

Unexcluded Phase Space,
Kinematics, and Search Strategy for
Non-minimal Dark Sectors, Scalar

Cascades, and Noncommutative
Black Holes

No experiment has ever searched for noncommutative black holes, scalar cascades,
or non-minimal dark sectors. However, model-independent constraints from other
ATLAS searches are taken into account in order to design searches that target
unexplored phase space. This chapter determines the unexcluded and potentially
reachable phase space for each model. The first section categorizes hundreds of
potential noncommutative black hole benchmarks into benchmarks that are excluded
by the model-independent limits on the Planck scale in ADD-type extra dimensions,
benchmarks that are unexcluded and yield at least 5 events at 139 fb=! at 13 TeV,
benchmarks that yield under 5 events and are, therefore, unviable at 139 fb~! at
13 TeV, and benchmarks that require greater than the LHC collisional energy of 13
TeV to be produced. The second section outlines 6 benchmarks of interest for non-
minimal dark sectors. The non-minimal dark sector model has 6 free parameters.
This means that the possible combinations of parameters is vast. Additionally, a
single non-minimal dark sector benchmark can require the generation of hundreds

or even thousands of subprocesses. It is, therefore, not possible on the timescale
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of a PhD to determine the full unexcluded phase space for this model. Therefore,
6 benchmarks yielding potentially reachable phenomenology and that have evaded
exclusion limits are presented and discussed. The third part of this chapter describes
the various classes of scalar cascades and presents collectively over a hundred different
benchmarks that have not been excluded due to small cross sections and small trigger

efficiencies. For each model, a set of benchmarks is selected for each analysis.

6.1 Noncommutative Black Hole Parameters and
MC Samples

This section details the determination of the unexcluded phase space of noncommu-
tative black holes. In order to determine the unexcluded phase space, the author
designed hundreds of potential benchmarks. This entailed a series of calculations
by the author. As a reminder, the key parameters in the noncommutative black
hole model are the Planck scale in higher dimensions, Mp, the noncommutative
parameter v/, and the minimum black hole mass required for the black hole to be

produced, myiy,.

In this chapter, the noncommutative parameter v/0 will be written in units of Mp as
VOMp. The value vVOMp will be referred to as the noncommutative scale. The first
step in designing a potential noncommutative black hole benchmark is to consider
the range of vAMp that can be probed at the LHC. Table shows the allowed
range of vOMp that can be probed at the LHC for a given n, where n is the number

of extra dimensions.

n | (74 )min/ VO | (Mumin/Mp)(VOMp)~ "D | /05 Mp | VOmaxMp
2 2.51 65.2 0.248 0.377
3 2.41 58.8 0.361 0.667
4 2.34 48.6 0.460 0.789
5 2.29 37.9 0.546 0.869
6 2.26 28.2 0.621 0.929
7 2.23 20.3 0.686 0.982

Table 6.1  Range of VOMp in units of Mp that can be probed at the LHC.
The (1S)min 1S the minimum Schwarzschild radius needed for black hole
formation. Table modified from Reference [91]
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The maximum allowed value of vOMp is denoted as vBmaeMp. The minimum
allowed value of vVOMp is denoted as V0, Mp. The next step required is to pick a
value for n. For example, for 2 extra dimensions, n is 2. Then the value of VOM), is
chosen between \/gmin]\/[ p and ﬂmaxM p for the chosen n. For 2 extra dimensions,

for exle, VOMp can be any value from 0.248 to 0.377. The third column in

TX;HH) (ﬂMD)_(nH) for a given n. For
D

2 extra dimensions, this value is 65.2. By setting (@) (\/@MD)_(nH) equal to

Mp
the value in the third column, the ratio m;, to Mp can be calculated by plugging

Table shows the value of the relation (

in the chosen number of extra dimensions, n, and the chosen value of VOMp. The

Mmin

only remaining step is to chose a value of Mp and use the value calculated for
D
to determine the value of m;,.

After performing these calculations, the author inputted the my;,, Mp, and n into
the Charybdis2 generator to simulate the production and decay of noncommutative
black holes and produce an output file called a Les Houches Event (LHE) file. These
files contain event information which includes the total predicted cross section of the
black hole. The procedure detailed above was systematically used to create LHE files
and obtain cross sections for noncommutative black holes for various combinations
of VOM Dy Mmin, and n. All of the remaining tables in this section were generated

by the author using this procedure.

In order to determine unexcluded and reachable phase space, a number of additional
considerations were taken into account. The black hole minimum mass threshold
Mmin cannot exceed the total energy of the LHC. Any benchmark that has a m,;, that
corresponds to a Mp of greater than 13 TeV for a given number of extra dimensions
and a given noncommutative scale, v/OMp, cannot be formed at 13 TeV. As the value

Mmin

increases and the values of Mp at which

of the noncommutative scale increases,
the black hole cannot form decreases, res?ricting the values of Mp. The exclusion
limits on the Planck scale in higher dimensions are considered for all numbers of
dimensions for which the LHC has set explicit limits [7]. The limit from the full
Run 2 (at 139 fb~!) ATLAS mono-jet analysis is the following for 2, 3, 4, 5, and 6
extra dimensions, respectively: 11.2, 8.5, 7.1, 6.4, and 5.9 TeV [7]. This can be seen
in Table 6.2l The ATLAS mono-jet analysis was performed by requiring no more
than 4 small R jets above 30 GeV, requiring at least 200 GeV in E and requiring
the closest small R jet to the ER to be greater than a value of 0.4, among other

selections.
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ADD Model Limits on Mp (95% CL)
Expected [TeV] Observed [TeV]
n=2 11.6719 11.2739
n=23 8.670°¢ 8.510%
n=4 7.2754 71508
n=>5 6.4753 6.470%
n==6 5.9102 5.910%

Table 6.2  Limits on Mp from ATLAS search for ADD-type extra dimensions via
monojet final state with full Run 2 data at 139 fb~'. Figure taken from
Reference [7]

Additionally, the model independent limits on cross sections set by the latest (full
Run 2 at 139 fb™!) multijet SUSY (supersymmetry) analysis [9] and the monojet
search [7] are considered. In [9], it can be seen that, for the selection of 8 jets above
50 GeV, no b-jets, and a requirement of a sum of mass greater than 500 GeV (for all
large R jets of R=1.0 and within —1.5 < n < 1.5, the model-independent exclusion
limit on the cross section X efficiency is 1.16 fb. Similarly from [9], for the selection
of 9 jets above 50 GeV, no b-jets (jets that arise from b quarks), and a requirement
of a sum of mass greater than 340 GeV, the model-independent exclusion limit on
the cross section X efficiency is 0.95 fb. Similarly from [9], for a selection of 10 jets
above 50 GeV, 1 b-jet, and a requirement of a sum of mass greater than 500 GeV,
the model-independent exclusion limit on the cross section x efficiency is 0.12 fb.
These three selections are sufficient to use to determine unexcluded phase space for

scalar cascades, noncommutative black holes, and non-minimal dark sectors.

Using all of the information presented so far and using the procedure described at the
beginning of the chapter, the unexcluded and viable phase space for noncommutative
black holes is systematically charted out below for 2 to 7 extra dimensions. As seen
in Table the observed exclusion limit from the mono-jet analysis on Mp in
2 extra dimensions is 11.2 TeV. Table [6.3] shows the m,;, and cross sections for
given values of Mp for (from left to right) vOMp values of 0.25 and 0.3. As a
reminder, as seen in Table , the allowed range of VOMp that can be probed at
the LHC in 2 extra dimensions is 0.248 < vOMp < 0.377. The following studies
will demonstrate that cross sections become smaller for a given value of Mp as
VOM), values increase. As benchmarks with the lowest possible vVAMp values and,
therefore, highest cross sections, provide the best opportunity for sensitivity, it is

advantageous to assess the viable phase space for a given number of extra dimensions
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starting with the lowest possible vOMp values. Therefore, the assessment of the
viability of phase space in 2 extra dimensions begins with a vAMp value of 0.25.
The vVOMp value is then increased to 0.3. However, as will be seen, it is not always
necessary to study vAMp ranging to the maximum allowed vVOMp value (which, in
the instance of 2 extra dimensions would be 0.377) because there may be no viable
phase space left at lower values of vVAMp. In that case, there would be no viable
phase space left at higher vOMp values because higher vOMp values have lower
cross sections. The red color-coded benchmarks in Table [6.3 indicate benchmarks
that have been excluded by limits on the Planck scale, Mp. The blue color-coded
benchmarks indicate benchmarks that have cross sections that yield less than 5
events at 139 fb~! at 13 TeV and that are, therefore, unviable to search for in Run
2. The cross section that corresponds to this threshold is 3.6 x107° pb. The purple
color-coded benchmarks indicate benchmarks with a black hole minimum mass My,
greater than 13 TeV, which means that the energy required to produce the black
hole is out of reach (OOR) of the 13 TeV collider for Run 2. These benchmarks are
labeled “OOR”. For VOMp = 0.25, benchmarks with Mp values below 11.2 TeV
are excluded, while benchmarks listed with Mp values from 11.5 TeV to 12.5 TeV
has cross sections that yield too few events, and the benchmark with Mp = 13 TeV
is out of reach at the 13 TeV collider for Run 2. For vOMp = 0.3, black holes are
already out of reach by 7.5 TeV. Since cross sections become smaller as the value
of VOMp increases, there is no need to look at vOMp values beyond 0.3 to know
that no unexcluded and viable phase space remains for noncommutative black hole

production in 2 dimensions at 13 TeV.
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VoOMp VoOMp

0.25 0.3

Mp Mmin | o (pb) Mp Mmin | o (Pb)
(TeV) (TeV) (TeV) (TeV)

2.0 2.038 2.80E402 1.0 1.760 3.20E+403
2.5 2.547 6.80E401 1.5 2.641 2.60E4-02
3.0 3.056 1.90E401 2.0 3.521 3.20E401
3.5 3.566 5.80E+-00 2.5 4.401 4.60E+00
4.0 4.075 1.90E4-00 3.0 5.281 7.00E-01
4.5 4.584 6.10E-01 3.5 6.161 1.00E-01
5.0 5.094 2.00E-01 4.0 7.042 1.30E-02
5.5 5.603 6.70E-02 4.5 7.922 1.40E-03
6.0 6.113 2.20E-02 5.0 8.802 1.20E-04
6.5 6.724 5.90E-03 6.0 10.562 1.60E-07
7.0 7.131 2.00E-03 6.5 11.443 | 1.80E-09
7.5 7.641 5.60E-04 7.0 12.323| 7.20E-12
8.0 8.150 1.40E-04 7.5 13.203| OOR

8.5 8.659 3.30E-05 8.0 14.083| OOR

9.0 9.169 6.60E-06

9.5 9.678 1.10E-06

10.0 10.188 1.50E-07

10.5 10.697 1.60E-08

11.0 11.206 1.20E-09

11.5 11.716 7.50E-11

12.0 12.225 3.00E-12

12.5 12.734 5.50E-14

13.0 13.244 OOR

Table 6.3 Noncommutative Black Hole Parameters Mp, mmin, and Cross Section
(o) for a given JOMp for n = 2 Extra Dimensions. The color-coding
scheme is defined as follows. Red: benchmarks excluded by the limits on
Mp. Blue: benchmarks that yield under 5 events at 139 fb™1 at 13 TeV.
Purple: out of reach (OOR) benchmarks.

The observed exclusion limit from the mono-jet analysis on Mp in 3 extra dimensions
is 8.5 TeV. As seen in Table , the allowed range of VM that can be probed at
the LHC in 3 extra dimensions is 0.361 < vMp < 0.667. Table shows the mpyi,
and cross sections for given values of Mp for vVOMp values of 0.37, 0.4, 0.5, and
0.6 in 3 extra dimensions. All benchmarks for VOMp = 0.37 are either excluded,
yield too few events, or are out of reach of the LHC for 13 TeV. All benchmarks
for VOMp = 0.4 are either excluded or out of reach of the LHC for 13 TeV. All
benchmarks for vVAMp values of 0.5 and 0.6 are excluded. As the noncommutative
scale increases, the cross sections get smaller. No viable phase space remains to
search for noncommutative black holes in 3 extra dimensions at the LHC with 13

TeV.
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VoMp VoMp

0.37 0.4

Mp Mmin | o (pb) Mp Mmin | o (pPb)
(TeV) | (TeV) (TeV) (TeV)

1.0 1.102 2.00E+04 1.0 1.505 9.10E4-03
1.5 1.653 2.30E403 1.5 2.258 8.60E+02
2.0 2.204 4.30E403 2.0 3.011 1.20E402
2.5 2.755 9.90E+01 2.5 3.763 2.20E+402
3.0 3.306 2.60E+01 3.0 4.516 4.30E4-00
3.5 3.857 7.60E400 3.5 5.268 8.70E-01
4.0 4.408 2.30E+00 4.0 6.021 1.70E-01
4.5 4.959 7.00E-01 4.5 6.773 3.00E-02
5.0 5.510 2.10E-01 5.0 7.526 4.90E-03
5.5 6.061 6.40E-02 5.5 8.279 6.70E-04
6.0 6.612 1.80E-02 6.0 9.032 7.10E-05
6.5 7.163 4.90E-03 6.5 9.784 5.20E-06
7.0 7.714 1.20E-03 7.0 10.537 | 2.30E-07
7.5 8.265 2.80E-04 7.5 11.290 | 5.4E-09
8.0 8.816 5.60E-05 8.0 12.042 | 5.9E-10
8.5 9.367 9.30E-06 8.5 12.795 | 1.1E-13
9.0 9.918 1.20E-06 9.0 13.547 | OOR

9.5 10.469 1.20E-07 9.5 14.300 | OOR
10.0 11.020 8.90E-09

10.5 11.571 4.60E-10

11.0 12.122 1.50E-11

11.5 12.673 3.00E-13

12.0 13.224 OOR

12.5 13.775 OOR

13.0 14.324 OOR

VoMp VéMp

0.5 0.6

Mp Mmin | o (pb) Mp Mmin | o (Pb)
(TeV) (TeV) (TeV) (TeV)

1.0 3.625 3.30E+02 1.0 7.582 4.50E-02
1.5 5.513 6.50E+00 1.5 11.372 | 2.90E-07
2.0 7.350 1.00E-01 2.0 15.163 | OOR

2.5 9.188 6.10E-04 2.5 18.954 | OOR

3.0 11.025 3.10E-07 3.0 22.751 | OOR

3.5 12.863 1.80E-13

4.0 14.700 OOR

4.5 16.538 OOR

Table 6.4 Noncommutative Black Hole Parameters Mp, mmin, and Cross Section
(o) for a given VOMp for n = 3 Extra Dimensions. The color-coding
scheme is defined as follows. Red: benchmarks excluded by the limits on
Mp. Blue: benchmarks that yield under 5 events at 139 fb™1 at 13 TeV.

Purple: out of reach (OOR) benchmarks.

The observed exclusion limit from the mono-jet analysis on Mp in 4 extra dimensions
is 7.1 TeV. As seen in Table , the allowed range of VOMp that can be probed
at the LHC in 4 extra dimensions is 0.460 < vAMp < 0.789. Table shows the
Mmin and cross sections for given values of Mp for VOMp values of 0.37, 0.4, and 0.5
in 4 extra dimensions. Noticeably, the VM) values of 0.37 and 0.4 are below the
allowed values of v/AMp. However, they exist in Table simply as comparison to
VOMp = 0.5, as VOMp = 0.5 is immediately seen to be excluded. No viable phase

space remains to search for noncommutative black holes in 4 extra dimensions at the

LHC with 13 TeV.
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VOMp VoOMp VOMp

0.37 0.4 0.5

Mp Mmin | o (pb) Mp Mmin | o (pPb) Mp Mumin o (pb)
(TeV) | (TeV) (TeV) (TeV) (TeV) (TeV)

1.0 1.519 1.30E4-04 1.0 3.779 3.80E-03 1.0 8.168 0.17
1.5 2.278 1.20E4-03 1.5 5.669 7.00E4-00 1.5 12.252 1.6E-09
2.0 3.038 1.80E4-02 2.0 7.558 9.30E-02 2.0 16.336 OOR
2.5 3.797 3.20E+01 2.5 9.448 3.90E-04

3.0 4.556 6.20E+00 3.0 11.337 | 8.50E-08

3.5 5.316 1.20E+-00 3.5 13.227 | OOR

4.0 6.075 2.30E-01 4.0 15.117| OOR

4.5 6.834 4.20E-02 4.5 17.006 | OOR

5.0 7.594 6.60E-03 5.0 18.896 | OOR

5.5 8.353 5.30E-03

6.0 9.113 8.70E-05

6.5 9.872 6.00E-06

7.0 10.631 2.40E-07

7.5 11.391 4.90E-09

8.0 12.150 4.30E-11

8.5 12.909 9.50E-15

9.0 13.669 OOR

Table 6.5 Noncommutative Black Hole Parameters Mp, mmin, and Cross Section
(o) for a given \JOMp for n = 4 Extra Dimensions. The color-coding
scheme is defined as follows. Red: benchmarks excluded by the limits on
Mp. Blue: benchmarks that yield under 5 events at 139 fb™! at 13 TeV.
Purple: out of reach (OOR) benchmarks.

The case of 5 extra dimensions is the first instance in which noncommutative black
holes can be viably searched for at the LHC with 13 TeV. The observed exclusion
limit from the mono-jet analysis on Mp in 5 extra dimensions is 6.4 TeV. A new
color is added to the color-coding scheme. Green indicates benchmarks that are
unexcluded and yield at least 5 events at 13 TeV at a luminosity of 139 fb=1. As
seen in Table , the allowed range of vOMp that can be probed at the LHC in
5 extra dimensions is 0.546 < VM p < 0.869. Table shows the my,;, and cross
sections for given values of Mp for vVOMp values of 0.546, 0.55, and 0.56 in 5 extra
dimensions. The unexcluded phase space of Mp that allows for at least 5 events to
be generated at 13 TeV with a luminosity of 139 fb=! in 5 extra dimensions is the
following: 6.4 TeV < Mp < 9.0 TeV for VOMp = 0.546, 6.4 TeV < Mp < 8.5 TeV
for vVOMp = 0.55, and 6.4 TeV < Mp < 8.5 TeV for VOMp = 0.56.
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VoOMp VOMp VOMp
0.546 0.55 0.56
Mp Mmin | o (pb) Mp Mmin o (pb) Mp Mmin | o (Pb)
(TeV) (TeV) (TeV) (TeV) (TeV) (TeV)
4.0 4.017 9.20E4-00 5.0 5.255 7.30E-01 4.5 5.260 9.40E-01
4.5 4.519 0.31E+401 5.5 5.770 2.40E-01 5.0 5.844 0.27E400
5.0 5.021 0.11E+401 6.0 6.293 7.40E-02 5.5 6.429 7.30E-02
5.5 5.523 3.60E-01 6.5 6.819 2.20E-02 6.0 7.013 1.90E-02
6.0 6.025 0.12E4-00 7.0 7.344 6.30E-03 6.5 7.598 4.40E-03
6.5 6.527 3.90E-02 7.5 7.868 1.60E-03 7.0 8.182 9.50E-04
7.0 7.029 1.20E-02 8.0 8.392 3.90E-04 7.5 8.767 1.80E-04
7.5 7.531 3.50E-03 8.5 8.917 8.2E-05 8.0 9.351 2.70E-05
8.0 8.033 9.40E-04 9.0 9.442 1.50E-05 8.5 9.935 0.32E-05
8.5 8.535 2.30E-04 9.5 9.966 2.1E-06 9.0 10.520 0.28E-06
9.0 9.037 0.50E-04 10.0 10.49 2.30E-07 9.5 11.104 | 0.16E-07
9.5 9.539 9.20E-06 10.5 11.016 1.90E-08 10.0 11.689 0.62E-09
10.0 10.041 1.40E-06 11.0 11.54 1.10E-09 10.5 12.273 0.14E-10
10.5 10.543 1.60E-07 11.5 12.065 4.30E-11 11.0 12.858 2.90E-14
11.0 11.046 1.40E-08 12.0 12.589 1.3E-12 11.5 13.442 OOR
11.5 11.548 | 9.50E-10 12.5 13.114 4.50E-13 12.0 14.026 OOR
12.0 12.050 | 4.30E-11 13.0 13.638 OOR 12.5 14.611 OOR
12.5 12.552 1.60E-12 13.0 15.195 OOR
13.0 13.054 OOR

Table 6.6  Noncommutative Black Hole Parameters Mp, mmin, and Cross Section

Additional values of vOMp, seen in Table can be considered in order to assess
the allowed phase space for noncommutative black holes in 5 dimensions at 13 TeV.
However, little remain viable. In 5 extra dimensions, as indicated by the green color-
coding scheme, the range of Mp that allows for at least 5 events to be generated at
13 TeV with a luminosity of 139 fb~! is 6.4 < Mp < 7.5 for VOMp = 0.57. For
VOMp = 0.58, only Mp = 6.5 TeV is viable. All values of Mp for VOMp = 0.59

and vVOMp = 0.6 are either excluded, yield too few events, or are out of reach of the

(o) for a given VOMp for n = 5 Extra Dimensions. The color-coding
Red: benchmarks excluded by the limits
on Mp. Green: benchmarks that are unexcluded and yield at 5 events at
139 b1 at 13 TeV. Blue: benchmarks that yield under 5 events. Purple:

scheme is defined as follows.

out of reach (OOR) benchmarks.

LHC for 13 TeV.
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VOMp VoMp
0.57 0.58
Mp Mmin | o (pb) Mp Mmin o (pb)
(TeV) (TeV) (TeV) | (TeV)
5.5 7.149 1.80E-02 6.0 8.657 4.40E-04
6.0 7.799 3.50E-03 6.5 9.378 0.44E-04
6.5 8.449 6.00E-04 7.0 10.100 3.00E-06
7.0 9.099 0.83E-04 7.5 10.821 0.12E-06
7.5 9.749 0.88E-05 8.0 11.542 2.60E-09
8.0 10.398 | 6.40E-07 8.5 12.264 0.24E-10
8.5 11.048 | 2.90E-08 9.0 12.985 4.50E-18
9.0 11.698 | 7.80E-10 9.5 13.707 OOR
9.5 12.348 | 1.10E-11 10.0 14.428 OOR
10.0 12.998 1.20E-11 10.5 15.149 OOR
10.5 13.648 | OOR 11.0 15.871 OOR
11.0 14.298 | OOR 11.5 16.592 OOR
11.5 14.948 | OOR 12.0 17.314 OOR
12.0 15.598 | OOR 12.5 18.035 OOR
12.5 16.248 | OOR 13.0 18.756 OOR
13.0 16.897| OOR
VoOMp VOMp
0.59 0.6
Mp Mmin | o (pb) Mp Mmin o (pb)
(TeV) (TeV) (TeV) (TeV)
5.5 8.792 3.80E-04 5.0 8.840 0.44E-03
6.0 9.592 2.80E-05 5.5 9.724 2.30E-05
6.5 10.391 | 1.20E-06 6.0 10.608 0.59E-06
7.0 11.190 | 2.40E-08 6.5 11.492 5.90E-09
7.5 11.990 | 2.10E-10 7.0 12.376 1.90E-11
8.0 12.789 | 3.00E-13 7.5 13.260 OOR
8.5 13.588 | OOR 8.0 14.144 OOR
9.0 14.387| OOR 8.5 15.028 OOR
9.5 15.187| OOR 9.0 15.912 OOR
10.0 15.986 | OOR 9.5 16.796 OOR
10.5 16.785| OOR 10.0 17.680 OOR
11.0 17.585| OOR 10.5 18.564 OOR
11.5 18.384 | OOR 11.0 19.448 OOR
12.0 19.183| OOR 11.5 20.332 OOR
12.5 19.983| OOR 12.0 21.216 OOR
13.0 20.782 | OOR 12.5 22.100 OOR
13.0 22.984 OOR

Table 6.7 Noncommutative Black Hole Parameters Mp, mmin, and Cross Section
(o) for a given VOMp for n = 5 Extra Dimensions. The color-coding
scheme is defined as follows. Red: benchmarks excluded by the limits
on Mp. Green: benchmarks that are unexcluded and yield at 5 events at
189 tb=! at 13 TeV. Blue: benchmarks that yield under 5 events. Purple:
out of reach (OOR) benchmarks.

Viable phase space for noncommutative black holes in 6 extra dimensions exist for
some values of VOMp. As seen in Table , the allowed range of VOMp that can
be probed at the LHC in 6 extra dimensions is 0.621 < vMp < 0.929. Table
shows the m,;, and cross sections for given values of Mp for VOMp values of 0.621,
0.622, 0.63, 0.65, 0.67, 0.70, 0.72, 0.74, and 0.78 in 6 extra dimensions. However,
VOMp values of 0.67 and higher can immediately be ruled out, as seen in Table
6.8 due to either already being excluded, yielding too few events, or the minimum
black hole mass required for black hole creation being out of reach of the LHC. The
observed exclusion limit from the mono-jet analysis on Mp in 6 extra dimensions is

5.9 TeV. The viable Mp range for noncommutative black holes in 6 extra dimensions
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and with a VOMp value of 0.621 is 5.9 TeV < Mp < 9 TeV, while the viable range
for VOMp = 0.622 is 5.9 TeV < Mp < 9.0 TeV. For vVOMp = 0.63, the range of
viable Mp is 5.9 TeV < Mp < 8.5 TeV. For VOMp = 0.65, the range of viable Mp
becomes restricted to 5.9 TeV < Mp < 6.5 TeV.
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VOMp VoMp VoMp

0.621 0.622 0.63

Mp Mmin | o (Pb) Mp Mumin o (pb) Mp Mmin | o (pPb)
(TeV) (TeV) (TeV) | (TeV) (TeV) (TeV)

4.5 4.52 0.39E+01 4.5 4.57 0.36E4-01 4.5 4.99 1.80E4-00
5 5.02 1.30E4-00 5 5.08 1.20E4-00 5 5.54 5.60E-01
5.5 5.52 0.46E+00 5.5 5.59 4.10E-01 5.5 6.09 1.60E-01
6 6.03 1.50E-01 6 6.09 1.40E-01 6 6.65 0.47E-01
6.5 6.53 4.90E-02 6.5 6.60 0.43E-01 6.5 7.20 1.30E-02
7 7.03 1.50E-02 7 oIl 1.30E-02 7 7.76 3.10E-03
7.5 7.53 4.40E-03 7.5 7.62 3.70E-03 7.5 8.31 6.90E-04
8 8.03 1.20E-03 8 8.13 0.96E-03 8 8.86 1.30E-04
8.5 8.54 0.29E-03 8.5 8.63 2.30E-04 8.5 9.42 2.20E-05
9 9.04 6.30E-05 @ 9.14 0.47E-04 9 9.97 2.80E-06
9.5 9.54 1.20E-05 9.5 9.65 0.82E-05 9.5 10.53 2.60E-07
10 10.04 0.18E-05 10 10.16 0.11E-05 10 11.08 0.17E-07
10.5 10.55 0.20E-06 10.5 10.67 1.20E-07 10.5 11.63 7.80E-10
11 11.05 0.18E-07 11 11.17 9.50E-09 11 12.19 2.10E-11
11.5 11.55 0.12E-08 11.5 11.68 5.60E-10 11.5 12.74 1.80E-13
12 12.05 5.10E-11 12 12.19 2.10E-11 12 13.29 OOR
12.5 12.55 0.18E-11 12.5 12.70 4.80E-13 12.5 13.85 OOR
13 13.06 OOR 13 13.20 OOR 13 14.40 OOR
VOMp VOMp VOMp

0.65 0.67 0.70

Mp Mmin | o (pPb) Mp Mmin o (pb) Mp Mmin | o (pb)
(TeV) (TeV) (TeV) (TeV) (TeV) (TeV)

4 5.53 1.00E4-00 4 6.836 9.80E-02 5.5 12.77 OOR
4.5 6.22 2.30E-01 4.5 7.691 1.20E-02 6 13.93 OOR

5 6.91 4.70E-02 5 8.5455 1.20E-03 6.5 15.10 OOR
5.5 7.60 0.87E-02 5.5 9.400 8.10E-05 7 16.26 OOR

6 8.29 1.40E-03 6 10.255 3.20E-06 7.5 17.42 OOR
6.5 8.99 0.18E-03 6.5 11.109 0.54E-07 8 18.58 OOR

7 9.68 1.70E-05 7 11.964 3.50E-10 8.5 19.74 OOR
7.5 10.37 0.11E-05 7.5 12.818 0.20E-12 9 20.90 OOR

8 11.06 4.00E-08 8 13.673 OOR 9.5 22.06 OOR
8.5 11.75 0.80E-09 8.5 14.527 OOR 10 23.22 OOR

9 12.44 8.00E-12 9 15.382 OOR 10.5 24.39 OOR
9.5 13.13 OOR 9.5 16.236 OOR 11 25.55 OOR
10 13.82 OOR 10 17.091 OOR 11.5 26.71 OOR
10.5 14.52 OOR 10.5 17.946 OOR 12 27.87 OOR

11 15.21 OOR 11 18.800 OOR 12.5 29.03 OOR
11.5 15.90 OOR 11.5 19.655 OOR 13 30.19 OOR
VOMp VOMp VOMp

0.72 0.74 0.78

Mp Mmin | o (pPb) Mp Mmin o (pb) Mp Mmin | o (Pb)
(TeV) (TeV) (TeV) | (TeV) (TeV) (TeV)

5 14.14 OOR 4 13.71 OOR 3 14.86 OOR
5.5 15.56 OOR 4.5 15.42 OOR 3.5 17.34 OOR

6 16.97 OOR 5 17.13 OOR 4 19.81 OOR
6.5 18.39 OOR 5.5 18.85 OOR 4.5 22.29 OOR

7 19.80 OOR 6 20.56 OOR 5 24.77 OOR
7.5 21.21 OOR 6.5 22.27 OOR 5.5 27.24 OOR

8 22.63 OOR 7 23.99 OOR 6 29.72 OOR
8.5 24.04 OOR 7.5 25.70 OOR 6.5 32.20 OOR

9 25.46 OOR 8 27.41 OOR 7 34.67 OOR
9.5 26.87 OOR 8.5 29.13 OOR 7.5 37.15 OOR
10 28.29 OOR 9 30.84 OOR 8 39.63 OOR
10.5 29.70 OOR 9.5 32.55 OOR 8.5 42.10 OOR
11 31.11 OOR 10 34.27 OOR 9 44.58 OOR
11.5 32.53 OOR 10.5 35.98 OOR 9.5 47.06 OOR

Table 6.8 Noncommutative Black Hole Parameters Mp, Mmin, and Cross Section
(o) for a given VOMp for n = 6 Extra Dimensions. The color-coding
scheme is defined as follows. Red: benchmarks excluded by the limits
on Mp. Green: benchmarks that are unexcluded and yield at 5 events at
139 b= 1 at 13 TeV. Blue: benchmarks that yield under 5 events. Purple:
out of reach (OOR) benchmarks.

The largest available phase space is found in 7 extra dimensions. Unlike 2 to 6 extra

dimensions, no explicit model-independent limits have been set by ATLAS on Mp
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in 7 extra dimensions. However, in 2008, the D0 detector at the Fermilab Tevatron
Collider reported a exclusion limit of 0.8 TeV on Mp in ADD-type extra dimensions
for 7 extra dimensions [§]. Though ATLAS has not explicitly set a limit on Mp in
7 extra dimensions, the limits set on the mass of the string scale, M, by a 2012
ATLAS search for dileptons can be translated to limits on the Mp [92].

As seen in Table , the allowed range of vOMp that can be probed at the LHC
in 7 extra dimensions is 0.686 < VOMp < 0.982. Table shows the m;, and
cross sections for given values of Mp for VOMp values of 0.686, 0.687, 0.7, 0.71, 0.72,
and 0.73 in 7 extra dimensions. The lowest values of Mp are not included in the
table because, though no explicit model-independent limit on Mp exists above 0.8
TeV in 7 extra dimensions, the cross sections for those Mp values are large enough
that they would have likely already been seen in LHC data. The viable ranges of
Mp for VOMp = 0.686 and VOMp = 0.687 are 3.5 < Mp <9.0 TeV, while the
viable ranges of Mp for VOMp = 0.7 and VOMp = 0.71 are 3.5 < Mp <8.0 TeV
and 3.0 < Mp <7.0 TeV, respectively. The viable ranges of Mp for VOMp = 0.72
and VOMp = 0.73 are 3.0 < Mp <6.5 TeV and 3.0 < Mp <6.0 TeV. The viable
ranges of Mp for VOMp = 0.74 and VOMp = 0.75 are 2.5 < Mp <5.5 TeV and 2.5
< Mp <4.5 TeV, respectively.

87



VoM Vo M| VOMp
0.686 0.687 0.7
Mp Mmin | o (Pb) Mp | Mmmin o (pb) Mp Mmin | o (pPb)
(TeV)| (TeV) (TeV] (TeV) (TeV) | (TeV)
3.5 3.485 4.40E4-01 3.5 3.525 4.20E401 3.5 4.096 1.70E+401
4.0 3.982 1.50E+4-01 4.0 4.029 1.40E+401 4.0 4.681 4.90E4-00
4.5 4.480 5.00E4-00 4.5 4.533 4.60E4-00 4.5 5.266 1.40E400
5.0 4.978 0.17E+401 5.0 5.036 0.16E401 5.0 5.851 0.40E+4-00
5.5 5.476 0.60E+00 5.5 5.540 5.40E-01 5.5 6.436 1.10E-01
6.0 5.974 2.00E-01 6.0 6.044 0.18E400 6.0 7.022 2.80E-02
6.5 6.471 0.66E-01 6.5 6.547 5.70E-02 6.5 7.607 6.60E-03
7.0 6.969 2.10E-02 7.0 7.051 1.80E-02 7.0 8.192 1.40E-03
7.5 7.467 6.10E-03 7.5 7.555 5.10E-03 7.5 8.777 2.60E-04
8.0 7.965 1.70E-03 8.0 8.058 1.40E-03 8.0 9.362 0.39E-04
8.5 8.463 0.43E-03 8.5 8.562 0.33E-03 8.5 9.947 0.46E-05
9.0 8.960 9.50E-05 9.0 9.066 7.00E-05 9.0 10.532 | 3.80E-07
9.5 9.458 0.18E-04 9.5 9.569 1.30E-05 9.5 11.117 0.21E-07
10.0 9.956 0.29E-05 10.0 10.073 1.90E-06 10.0 11.703 | 0.79E-09
10.5 10.454 | 3.50E-07 10.5 10.576 2.10E-07 10.5 12.288 1.60E-11
11.0 10.952 | 3.30E-08 11.0 11.080 1.70E-08 11.0 12.873 1.30E-14
11.5 11.449 | 2.30E-09 11.5 11.584 1.10E-09 11.5 13.458 | OOR
12.0 11.947 | 1.10E-10 12.0 12.087 4.50E-11 12.0 14.043 | OOR
12.5 12.445 | 4.10E-12 12.5 12.591 1.40E-12 12.5 14.628 | OOR
13.0 12.943 | 1.10E-16 13.0 13.095 OOR 13.0 15.213 | OOR
VoM, VoM VoMp
0.71 0.72 0.73
Mp Mmin | o (pPb) Mp | Mmin o (pb) Mp Mmin | o (Pb)
(TeV)| (TeV) (TeV] (TeV) (TeV) (TeV)
3.0 3.933 3.30E+01 3.0 4.398 0.16E402 3.0 4.911 7.10E4+00
3.5 4.588 0.80E+01 3.5 5.131 0.33E401 3.5 5.730 0.12E4-01
4.0 5.244 0.20E+-01 4.0 5.864 6.90E-01 4.0 6.548 2.00E-01
4.5 5.899 4.80E-01 4.5 6.597 1.30E-01 4.5 7.367 0.29E-01
5.0 6.554 0.11E+400 5.0 7.330 0.24E-01 5.0 8.185 0.34E-02
5.5 7.210 0.24E-01 5.5 8.063 0.36E-02 5.5 9.004 3.10E-04
6.0 7.865 4.50E-03 6.0 8.796 0.44E-03 6.0 9.822 0.18E-04
6.5 8.521 7.40E-04 6.5 9.529 0.40E-04 6.5 10.641 0.57E-06
7.0 9.176 0.99E-04 7.0 10.262 0.23E-05 7.0 11.459 | 7.80E-09
7.5 9.832 9.70E-06 7.5 10.996 0.74E-07 7.5 12.278 | 3.80E-11
8.0 10.487 | 0.64E-06 8.0 11.729 1.20E-09 8.0 13.096 | OOR
8.5 11.142 | 2.50E-08 8.5 12.462 8.60E-12 8.5 13.915 | OOR
9.0 11.798 | 0.58E-09 9.0 13.195 OOR 9.0 14.733 | OOR
9.5 12.453| 0.71E-11 9.5 13.928 OOR 9.5 15.552 | OOR
10.0 13.109| OOR 10.0 14.661 OOR 10.0 16.370 | OOR
10.5 13.764| OOR 10.5 15.394 OOR 10.5 17.189 | OOR
11.0 14.420| OOR 11.0 16.127 OOR 11.0 18.007 | OOR
11.5 15.075| OOR 11.5 16.860 OOR 11.5 18.826 | OOR
12.0 15.731| OOR 12.0 17.593 OOR 12.0 19.644 | OOR
12.5 16.386 | OOR 12.5 18.326 OOR 12.5 20.463 | OOR
13.0 17.041 OOR 13.0 19.059 OOR 13.0 21.281 OOR
Table 6.9 Noncommutative Black Hole Parameters Mp, Mmin, and Cross Section

(o) for a given VOMp for n = 7 Extra Dimensions. The color-coding
Green: benchmarks that are unexcluded
and yield at 5 events at 139 tb= at 13 TeV. Blue: benchmarks that yield

scheme is defined as follows.

under 5 events. Purple: out of reach (OOR) benchmarks.
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VoOMp VoOMp

0.74 0.75

Mp Mmin | o (pb) Mp Mmin | o (pPb)
(TeV) (TeV) (TeV) | (TeV)

2.5 4.563 1.90E401 2.5 5.081 8.60E+00
3.0 5.476 2.80E+00 3.0 6.097 0.96E4-00
3.5 6.389 0.38E4-00 3.5 7.113 9.40E-02
4.0 7.301 4.50E-02 4.0 8.129 7.10E-03
4.5 8.214 4.30E-03 4.5 9.145 3.50E-04
5.0 9.127 0.28E-03 5.0 10.161 | 0.86E-05
5.5 10.040 0.11E-04 5.5 11.178 | 0.67E-07
6.0 10.952 0.17E-06 6.0 12.194 | 0.12E-09
6.5 11.865 8.70E-10 6.5 13.210 | OOR
7.0 12.778 | 0.48E-12 7.0 14.226 | OOR
7.5 13.690 OOR 7.5 15.242 | OOR

8.0 14.603 OOR 8.0 16.258 | OOR

8.5 15.516 OOR 8.5 17.274 | OOR
9.0 16.428 OOR 9.0 18.291 | OOR

9.5 17.341 OOR 9.5 19.307 | OOR
10.0 18.254 OOR 10.0 20.323 | OOR
10.5 19.166 OOR 10.5 21.339 | OOR
11.0 20.079 OOR 11.0 22.355 | OOR
11.5 20.992 OOR 11.5 23.371 | OOR
12.0 21.904 OOR 12.0 24.388 | OOR
12.5 22.817 OOR 12.5 25.404 | OOR
13.0 23.730 OOR 13.0 26.420 | OOR

Table 6.10 Noncommutative Black Hole Parameters Mp, mmin, and Cross Section
(o) for a given VOMp for n = 7 Extra Dimensions. The color-coding
scheme is defined as follows. Green: benchmarks that are unexcluded
and yield at 5 events at 139 fb~' at 13 TeV. Blue: benchmarks that
yield under 5 events. Purple: out of reach (OOR) benchmarks.

The studies detailed above were used to determine benchmarks for the analysis. The
noncommutative black holes benchmarks analyzed in this thesis are shown in Table
All 6 of these benchmarks are used in the subsequent truth-level studies. Truth-
level kinematic studies were performed on all benchmarks that were determined
to be potentially reachable (meaning, all benchmarks that appear in green in the
previous tables). However, for conciseness, the kinematics of only 6 are presented
in this thesis. As will be seen in the next chapter (in Figure , the value of the
noncommutative scale can affect the transverse momentum spectrum of the model.
To demonstrate the effect of noncommutative scale on transverse momentum, two
different benchmarks, NCBH1 and NCBH4 were chosen. Benchmark NCBH1, which
has a noncommutative scale of 0.55, has a higher transverse momentum spectrum
(demonstrated for large R jets in Figure than benchmark NCBH4, which
has a noncommutative scale of 0.63. When requesting Monte Carlo samples in
the collaboration, a prominent question from convenership was how varying the
minimum mass of the black hole (1M, ), while fixing the number of extra dimensions
and noncommutative scale, affects the kinematic distribution of the model. Two
additional benchmarks (NCBH2 and NCBH3) were created to demonstrate how the
kinematics change when taking the same number of extra dimensions and the same

noncommutative scale as NCBH1, but increasing the minimum black hole mass from
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6.8 TeV to 7.9 TeV and 8.9 TeV, respectively. Due to the relation between m,,;, and

VOM) seen in Table ((%) (\/5 MD) - (n+1) ), changing the minimum black hole
mass (M) also changes M Dj.j The Mp values for benchmarks NCBH2 and NCBH3
are 7.5 TeV and 8.5 TeV (an increase from the Mp value of 6.5 TeV for benchmark
NCBHI1.) Similarly, benchmarks NCBH5 and NCBH6 were created to demonstrate
how the kinematics change when taking the same number of extra dimensions and
the same noncommutative scale as benchmark NCBH4, but increasing the minimum
black hole mass from 6.7 TeV to 7.8 TeV and 8.9 TeV, respectively. The Mp values
for benchmarks NCBH2 and NCBH3 are 7 TeV and 8 TeV (an increase from the
Mp value of 6 TeV for benchmark NCBH1). As will be seen in the next chapter
in Figure [7.21] the minimum black hole mass does not have a significant impact on
the kinematics, unlike the noncommutative scale. Since this analysis uses machine
learning, 500,000 events were needed for each reconstructed black hole sample. Due
to this relatively large requirement for the number of events needed for generation of
the sample, convenership limited the number of reconstructed noncommutative black
hole samples to 2 samples, noting that the statistical result of the analysis can be
scaled, such that statements could be made on the cross sections of other black hole
benchmarks. (The number of reconstructed samples for non-minimal dark sectors,
which also required 500,000 events was similarly limited to 3. Scalar cascades, which
required 2 million events due to low trigger efficiencies, were permitted a single
reconstructed sample.) Since this is the first analysis for noncommutative black
holes, and since it was not certain how sensitive the analysis would be to the model,
benchmarks NCBH1 and NCBH4 were chosen because, out of the samples with a
noncommutative scale of 0.55, benchmark NCBH1 had the highest cross section and,
out of the benchmarks with a noncommutative scale of 0.63, benchmark NCBH4 had

the highest cross section. Lower minimum black hole masses allow for higher cross

sections.
Signal Sample Number Noncommutative Mp (TeV) Mmin (TeV) o (pb)
of Extra Scale
Dimensions
NCBH1 5 0.55 6.5 6.819 0.022
NCBH2 5 0.55 7.5 7.868 0.0016
NCBH3 5 0.55 8.5 8.917 0.000082
NCBH4 6 0.63 6 6.668 0.047
NCBH5 6 0.63 7 7.779 0.0031
NCBH6 6 0.63 8 8.886 0.00013

Table 6.11  Parameters and Cross Sections (o) for Noncommutative Black Hole
Samples
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6.2 Non-minimal Dark Sector Parameters and MC

Samples

The non-minimal dark sector benchmarks analyzed in this thesis are shown in Table
As noted at the beginning of the chapter, the full unexcluded phase space
for non-minimal dark sectors is not mapped out in this thesis due to how elaborate
and intricate the Monte Carlo generation process is for non-minimal dark sectors, as
well as how expansive the phase space is due to the non-minimal dark sector model
having 6 free parameters. Instead, 6 benchmarks that have all evaded the exclusion
limits from the SUSY multijet and monojet searches mentioned earlier are included.
All 6 of these benchmarks are used in the subsequent truth level studies. Two of
these benchmarks, NMDS2 and NMDS4, are taken from recommendations from the
non-minimal dark sector theorists in [58], where it was noted that they evaded
the exclusion limits from the SUSY multijet and monojet searches. The remaining
four benchmarks were designed by the author by choosing values for each of the 6
free parameters of the model for each benchmark. This chapter will detail how the
various parameters of the non-minimal dark sector model affect the phenomenology
of the model. In particular, it will be described how the parameters of the model
are adjusted to affect the transverse momentum spectrum of the model. As will
be explained in detail later, the non-minimal dark sector benchmarks NMDS2 and
NMDS4 provide insight into a regime characterized by moderate pr. Benchmarks
NMDS5, NMDS1, and NMDS6 were designed specifically to provide insight into a
regime characterized by low pr. These benchmarks evade the model-independent
limits from the mono-jet analysis due to passing the missing energy triggers at low

rates (as seen in Tables [13.26] [13.24] and [13.22]in the appendix) and the model-

independent limits from the multijet analysis due to passing the multijet (many jets)
triggers at low rates (again, as seen in Tables [13.24] and [13.22)). Benchmark
NMDS3 was designed to probe the high pr, or severely boosted, region of phase
space. The benchmark NMDS3 evades exclusion limits due to its very small cross
section, as seen in Benchmarks NMDS1, NMDS2, and NMDS3 are used in the
reconstructed analysis as they each represent one of the three pr regimes: low pr,

moderate pr, and high pr.
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Signal Sample me Am mo % co 5 o (pb)
NMDS1 650 50 500 1 0.1 0.5 0.11
NMDS2 800 50 500 1 0.1 1 0.0271
NMDS3 1841 600 500 1 0.1 0.5 0.000133
NMDsS4 1000 50 500 1 0.1 1 0.00778
NMDS5 600 10 500 3 0.1 1 0.164
NMDS6 561 25 500 2 0.1 0.5 0.215

Table 6.12  Parameters and Cross Sections (o) for Non-minimal Dark Sector
Signal Samples

Tables 6.14] and show the parameter values and cross sections for
all subprocesses of yx production, all subprocesses of ¢x production, and the ¢¢
production for Non-minimal Dark Sector Benchmark NMDS4. All tables in this
section were produced via calculations performed by the author. The next set of
passages describe the calculations performed in order to create a benchmark. Though
the procedure is outlined for the Non-minimal Dark Sector Benchmark NMDS4, the

general procedure is the same for all benchmarks.

As a reminder, dark fermions in the non-minimal dark sector model decay via the

following decay chain.

q q q q q q q q
S // // // ......... : /// .
(f)f an (j)T Xn.z (f)T Xn.3 Xn_g_l q{ﬁ

Figure 6.1  Decay chain in which each x (ensemble constituent) decays into a x
and two quarks. The process ends with the production of two quarks and
a stable, lightest x.

As noted previously, the mass relation between each ensemble constituent in the

decay is governed by

m, =mo +n°Am. (6.1)
The value n represents the n'" step of the ensemble. The mass of the lowest ensemble
constituent, or the mass of the ensemble constituent at the 0" step of the ensemble, is

denoted as mg. The mass of the ensemble constituent at the n'" step of the ensemble

is denoted as m,,.
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The coupling relation to describe the coupling at different steps in the ensemble is

Cng, Where

Cng = Cog(—)” (6.2)

and 7 is the coupling scaling exponent.

The parameters of benchmark NMDS4 are defined in Table The mass of the
scalar mediator, my, is 1000 GeV. The mass of the lowest ensemble constituent, my,
is 500 GeV. The Am is 50 GeV. As ¢ is defined as 1, the mass relation becomes

my, = 500 + n(50). (6.3)

The number of ensemble constituents theoretically allowed when decaying from a
scalar mediator mass of 1000 GeV to the lowest ensemble constituent mass of 500
GeV in steps of 50 GeV is 10. Explicitly, the masses of the ensemble constituents from
n=0to n=10 are 500 GeV, 550 GeV, 600 GeV, 650 GeV, 700 GeV, 750 GeV, 800 GeV,
850 GeV, 900 GeV, and 950 GeV. In the yx production process of non-minimal dark
sectors, there are two x’s. Therefore, all possible ensemble constituents from both x
decays need to be considered. Therefore, the number of theoretically possible unique
combinations of ensemble constituents that the xy process can transition to have
to be considered. Tables [6.13] accounts for each of these possible combinations of
ensemble constituents in the yy production process of non-minimal dark sectors. For
example, the scalar mediator of 1000 GeV can decay directly to a x,, with a mass of
850 GeV and a y,, with a mass of 650 GeV. Similarly, it could have decayed directly
to a x,, with a mass of 550 GeV and a y, with a mass of 500 GeV. All of these

possibilities have to be accounted for.

In Table [6.13] the column “m of x,,” indicates that the ensemble constituent is at

9

the m'" step of the ensemble. The column “n of y,” indicates that the ensemble

constituent is at the n'® step of the ensemble. (There is both a y,, and a y, in
the yx production process because there are two x’s. In the ¢y process, there is
only one y, so the tables for the ¢y production process for each benchmark only

have a column for “m of x,,”.) The column m,, refers to the mass of y,,, while

Y

the m,, refers to the mass of x,. A value of 0 for “m of x,,” and a value of 0 for

)

“n of x,” corresponds to a scenario in which the scalar mediator (with a mass of
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1000 GeV) decays directly to a y,, with a mass of 500 GeV and a x, with a mass

" corresponds

of 500 GeV. A value of 4 for “m of y,,” and a value of 8 for “n of x,’
to a scenario in which the scalar mediator decays directly to a x,, with a mass of
700 GeV and a y, with a mass of 900 GeV. These masses were calculated by the
author using Equation [6.1} The ¢, and ¢, refer to the coupling of that particular
Xn» and x,,. These couplings were calculated by the author using Equation (6.2}
The o (pb) refers to the specific cross section of that particular subprocess. (Each
possible decay state of the scalar mediator, meaning each possible combination of
Xm and x,, is referred to as a subprocess.) In order to obtain the cross section of
a subprocess, the author generated the subprocess with version 2.3.3 of the Monte
Carlo generator MadGraph [93]. (MadGraph simulates the proton-proton collision
of a given process.) In MadGraph, the author used Universal FeynRules Output
(UFO) [94] models provided directly by the theorists from [58]. UFO is a model
format that contains the details of the model for processing by MadGraph. (No

citation exists for the specific UFO models provided for non-minimal dark sectors.)

The cross section was obtained from the resulting LHE file. The “Relative ¢” is the
cross section of a particular subprocess with respect to all processes and subprocesses
throughout the entire MC sample. This will be described in more detail later, but it
refers to calculating the cross sections of all subprocesses in each of the production
processes for non-minimal dark sectors (yxx production, ¢y production, and ¢¢
production), summing these cross sections to produce a total cross section for the
benchmark, and then calculating the relative cross section of a specific subprocess
with respect to the total cross section. This again was calculated by the author. The
column “Total number of Events” refers to the number of events in the Monte Carlo

sample that were produced for a given subprocess.
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xx: 6 =1, mge = 1000 GeV, mg = 500 GeV, Am = 50 GeV, v =1, ¢ = 0.1
m of xXm n of xn Mom My Cm Cn o (pb) Relative Subprocess Total
o (pb) number of
Events

0 0 500 500 0.10 0.10 1.50E-06 1.93E-04 S1 21.21
1 0 550 500 0.11 0.10 1.62E-06 2.08E-04 S2 22.90
2 0 600 500 0.12 0.10 1.58E-06 2.04E-04 S3 22.39
3 0 650 500 0.13 0.10 1.70E-06 2.18E-04 S4 24.01
4 0 700 500 0.14 0.10 1.87E-06 2.40E-04 S5 26.38
5 0 750 500 0.15 0.10 1.80E-06 2.31E-04 S6 25.39
6 0 800 500 0.16 0.10 1.76E-06 2.27E-04 S7 24.95
7 0 850 500 0.17 0.10 1.86E-06 2.38E-04 S8 26.23
8 0 900 500 0.18 0.10 1.84E-06 2.37E-04 S9 26.04
9 0 950 500 0.19 0.10 1.71E-06 2.20E-04 S10 24.21
1 1 550 550 0.11 0.11 1.78E-06 2.29E-04 S11 25.15
2 1 600 550 0.12 0.11 1.76 E-06 2.26E-04 S12 24.90
3 1 650 550 0.13 0.11 1.87E-06 2.40E-04 S13 26.43
4 1 700 550 0.14 0.11 1.89E-06 2.43E-04 S14 26.71
5 1 750 550 0.15 0.11 2.05E-06 2.63E-04 S15 28.95
6 1 800 550 0.16 0.11 1.93E-06 2.48E-04 S16 27.23
7 1 850 550 0.17 0.11 1.98E-06 2.55E-04 S17 28.00
8 1 900 550 0.18 0.11 2.01E-06 2.59E-04 S18 28.48
9 1 950 550 0.19 0.11 1.91E-06 2.45E-04 S19 26.94
2 2 600 600 0.12 0.12 1.81E-06 2.33E-04 S20 25.61
3 2 650 600 0.13 0.12 1.93E-06 2.48E-04 S21 27.31
4 2 700 600 0.14 0.12 1.97E-06 2.54E-04 S22 27.92
5 2 750 600 0.15 0.12 2.06E-06 2.64E-04 S23 29.06
6 2 800 600 0.16 0.12 1.18E-05 1.52E-03 S24 166.94
7 2 850 600 0.17 0.12 2.01E-06 2.58E-04 S25 28.36
8 2 900 600 0.18 0.12 2.07E-06 2.66E-04 S26 29.25
9 2 950 600 0.19 0.12 1.99E-06 2.56E-04 S27 28.14
3 3 650 650 0.13 0.13 2.08E-06 2.67E-04 S28 29.38
4 3 700 650 0.14 0.13 2.11E-06 2.71E-04 S29 29.79
5 3 750 650 0.15 0.13 2.13E-06 2.74E-04 S30 30.18
6 3 800 650 0.16 0.13 2.30E-06 2.95E-04 S31 32.49
7 3 850 650 0.17 0.13 2.31E-06 2.97E-04 S32 32.67
8 3 900 650 0.18 0.13 2.10E-06 2.70E-04 S33 29.75
9 3 950 650 0.19 0.13 2.09E-06 2.69E-04 S34 29.57
4 4 700 700 0.14 0.14 2.19E-06 2.81E-04 S35 30.95
5 4 750 700 0.15 0.14 2.27E-06 2.92E-04 S36 32.15
6 4 800 700 0.16 0.14 2.36E-06 3.04E-04 S37 33.39
7 4 850 700 0.17 0.14 2.29E-06 2.95E-04 S38 32.42
8 4 900 700 0.18 0.14 2.22E-06 2.85E-04 S39 31.35
9 4 950 700 0.19 0.14 2.31E-06 2.97E-04 S40 32.70
5 5 750 750 0.15 0.15 2.41E-06 3.10E-04 S41 34.09
6 5 800 750 0.16 0.15 2.37E-06 3.05E-04 S42 33.54
7 5 850 750 0.17 0.15 2.41E-06 3.09E-04 S43 34.04
8 5 900 750 0.18 0.15 2.48E-06 3.19E-04 S44 35.10
9 5 950 750 0.19 0.15 2.23E-06 2.87E-04 S45 31.54
6 6 800 800 0.16 0.16 2.41E-06 3.09E-04 S46 34.03
7 6 850 800 0.17 0.16 2.33E-06 2.99E-04 S47 32.92
8 6 900 800 0.18 0.16 2.41E-06 3.10E-04 S48 34.14
9 6 950 800 0.19 0.16 2.36E-06 3.03E-04 S49 33.31
7 7 850 850 0.17 0.17 2.50E-06 3.21E-04 S50 35.30
8 7 900 850 0.18 0.17 2.36E-06 3.04E-04 S51 33.42
9 7 950 850 0.19 0.17 2.52E-06 3.24E-04 S52 35.59
8 8 900 900 0.18 0.18 2.46E-06 3.16E-04 S53 34.78
9 8 950 900 0.19 0.18 2.42E-06 3.11E-04 S54 34.23
9 9 950 950 0.19 0.19 2.58E-06 3.32E-04 S55 36.54

Table 6.13  Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of xx production for Non-minimal Dark Sector Benchmark

NMDS4

The description of the calculations performed in order to create a benchmark (in this
case the non-minimal dark sector benchmark NMDS4) is not yet done, and instead
continues with a description of the calculations performed for the ¢y production
process of benchmark NMDS4. In Table [6.14] the possible decay states of a ¢y
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process are shown. Here, there is only one y. Therefore, for this benchmark in
which the lowest ensemble constituent is 500 GeV and there are only 10 possible
ensemble constituents to which the scalar mediation of mass 1000 GeV can decay to,
only 10 possible decay states are listed. The author generated each subprocess with
version 2.3.3 of MadGraph. The cross section for each subprocess was obtained from
the resulting LHE file. The total cross section of the ¢y process was calculated by

summing the cross sections of the individual subprocesses.

¢x: § =1, my = 1000 GeV, mg = 500 GeV, Am = 50 GeV, v =1, ¢g = 0.1
m of Xm Cm Mo o (pb) Relative Total Events
o (pb)

0 0.10 500 2.59E-04 3.33E-02 3666.52
1 0.11 550 2.97E-04 3.82E-02 4205.91
2 0.12 600 3.20E-04 4.11E-02 4525.50
3 0.13 650 3.36E-04 4.31E-02 4745.49
4 0.14 700 3.50E-04 4.50E-02 4954.62
5 0.15 750 3.56E-04 4.58E-02 5032.78
6 0.16 800 3.86E-04 4.96E-02 5458.91
7 0.17 850 3.50E-04 4.50E-02 4954.77
8 0.18 900 3.54E-04 4.55E-02 5004.20
9 0.19 950 3.47E-04 4.46E-02 4910.69

Table 6.14  Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of ¢px production for Non-minimal Dark Sector Benchmark

NMDS4

The description of the calculations performed in order to create a benchmark (in this
case the non-minimal dark sector benchmark NMDS4) continues with a description
of the calculations performed for the ¢¢ production process of benchmark NMDSA4.
In Table [6.15] the ¢¢ process is shown. The author generated this one state with
version 2.3.3 of MadGraph. The cross section was obtained from the resulting LHE
file. The total cross section of the yx process, the total cross section of the ¢x process,
and the total cross section of the ¢¢ process were summed to provide a total cross
section for the entire benchmark. As mentioned previously, relative cross sections
were calculated by the author for the ¢¢ process and each individual subprocess of
the ¢x and Yy processes. These relative cross sections were then used to ensure

that each subprocess was generated with a number of events that reflects its relative

weight.
¢¢: § =1, my = 1000 TeV, mg = 500 GeV, Am = 50 GeV, v =1, ¢g = 0.1
m of xm n of xn o (pb) Relative Total Events
o (pb)
0 0 4.30E-03 0.55 6.08E+4-04

Table 6.15  Parameters and Cross Sections (o) for ¢p¢ production for Non-minimal
Dark Sector Benchmark NMDS/

Once all of subprocesses were generated with the correct number of events in
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MadGraph, the author passed the resultant LHE files through special code developed
by the non-minimal dark sector theorists to further decay the y,, and yx,, in the case
of the xx process, or further decay the x,, in the case of the ¢y, or further decay
the results of the ¢¢ decay. Once these further decays were executed, the final files
were hadronized with Pythia. (The theorists sent their code in files directly to the

author. No repository is available for citation.)

The mass spacing (or mass difference) between the different x’s in the ensemble is
dictated by the mass relation equation and determines the pr of the jets. A lower
mass spacing yields a lower jet pr spectrum. A very large mass spacing yields higher
pr signals. The coupling determines the number of interactions between various
states of the ensemble. Stronger coupling yields more interactions, while weaker
coupling yields less. The benchmark NMDS4 with its moderate mass spacing of 50
GeV yields moderate pr signals. An ensemble has equal mass spacings between
each ensemble constituent only when 0 = 1 due to the mass relation equation
6.1l Therefore, benchmark NMDS4 has equal mass spacings between each ensemble

constituent.

This concludes the description of the procedure for generating a single non-minimal
dark sector benchmark. This procedure was used to generate each of the 6 non-
minimal dark sector benchmarks in Table [6.12] The rest of the section describes the
parameters and properties of the remaining 5 benchmarks. For each benchmark, 3
tables are provided. There is one for each of the following production processes: ¢x

production, yy production, and ¢¢ production.

Tables 6.17) and show the parameter values and cross sections for
all subprocesses of yx production, all subprocesses of ¢x production, and the ¢¢
production for Non-minimal Dark Sector Benchmark NMDS2. With a mass spacing
identical to that of the NMDS4 benchmark, the NMDS2 benchmark similarly yields

a signature with moderate pr.
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xx: 6 =1, mg = 800 GeV, mg = 500 GeV, Am = 50 GeV, v =1, ¢g = 0.1

m of Xm n of xn Mam s Cm Cn o (pb) Relative Subprocess Total number
o (pb) of Events
0 0 500 500 0.10 0.10 2.82E-06 1.04E-04 S1 12
1 0 550 500 0.11 0.10 3.00E-06 1.10E-04 S2 13
2 0 600 500 0.12 0.10 3.12E-06 1.15E-04 S3 13
3 0 650 500 0.13 0.10 3.21E-06 1.18E-04 S4 14
4 0 700 500 0.14 0.10 3.27E-06 1.20E-04 S5 14
5 0 750 500 0.15 0.10 3.28E-06 1.21E-04 S6 14
1 1 550 550 0.11 0.11 3.19E-06 1.18E-04 S7 13
2 1 600 550 0.12 0.11 3.34E-06 1.23E-04 S8 14
3 1 650 550 0.13 0.11 3.44E-06 1.27E-04 S9 14
4 1 700 550 0.14 0.11 3.51E-06 1.29E-04 S10 15
5 1 750 550 0.15 0.11 3.54E-06 1.30E-04 S11 15
2 2 600 600 0.12 0.12 3.52E-06 1.30E-04 S12 15
3 2 650 600 0.13 0.12 3.63E-06 1.34E-04 S13 15
4 2 700 600 0.14 0.12 3.70E-06 1.36E-04 S14 16
5 2 750 600 0.15 0.12 3.74E-06 1.38E-04 S15 16
3 3 650 650 0.13 0.13 3.77TE-06 1.39E-04 S16 16
4 3 700 650 0.14 0.13 3.85E-06 1.42E-04 S17 16
5 3 750 650 0.15 0.13 3.90E-06 1.44E-04 S18 16
4 4 700 700 0.14 0.14 3.95E-06 1.46E-04 S19 17
5 4 750 700 0.15 0.14 4.01E-06 1.48E-04 S20 17
5 5 750 750 0.15 0.15 4.09E-06 1.51E-04 S21 17

Table 6.16  Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of xx production for Non-minimal Dark Sector Benchmark

NMDS?2

¢x: § =1, my = 800 GeV, mg = 500 GeV, Am = 50 GeV, v =1, ¢g = 0.1
m of xm Cm Moy, o (pb) Relative Total
o (pb) Events
0 0.10 | 500 8.60E-04 3.17E-02 3485
1 0.11 | 550 9.18E-04 3.38E-02 3723
2 0.12 600 9.65E-04 3.56E-02 3911
3 0.13 650 9.97E-04 3.67E-02 4042
4 0.14 700 1.02E-03 3.76E-02 4131
5 0.15 750 1.03E-03 3.78E-02 4160

Table 6.17  Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of ¢px production for Non-minimal Dark Sector Benchmark

NMDS?2

¢p: & = 1: my = 800 GeV, mg = 500 GeV, Am = 50 GeV, v =1, ¢g = 0.1
m of xXm n of xn o (pb) Relative Total

o (pb) Events
0 0 2.13E-02 7.84E-01 86251

Table 6.18  Parameters and Cross Sections (o) for ¢p¢ production for Non-minimal
Dark Sector Benchmark NMDS2

Tables 6.20, and show the parameter values and cross sections for
all subprocesses of xx production, all subprocesses of ¢y production, and the
¢¢ production for Non-minimal Dark Sector Benchmark NMDS3. The NMDS3

benchmark has a § value of 0.5 which forces the mass spacing between each possible

ensemble constituent to be inconsistent. The Am value of 600 GeV is a remarkably

large mass gap. The combination of a ¢ value of 0.5 and a Am value of 600 GeV lends

to huge mass spacing between the lowest ensemble consistents and then gradually
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decreasing mass spacing between higher ensemble consistents. The smallest the mass
spacing gets between ensemble constituents is 160.8 GeV, which is still relatively
large compared to the 50 GeV mass spacing of benchmarks NMDS1, NMDS2, and
NMDS4. The smallest mass spacing between ensemble constituents can be seen in
Table[6.19| by looking at the mass, m,,, of the x,,, with m = 3 (1539.20 GeV) and the
mass of the y,, with m =4 (1700 GeV). The largest mass spacing between ensemble
constituents can be seen in Table by looking at the mass of the y,, with an m
of 0 (500 GeV) and the mass of the x,,, with an m of 1 (1100 GeV).

The largest the mass spacing becomes is 600 GeV. These mass spacing values causes

this benchmark to be characterized by very energetic decays.

xx: 6 = 0.5, mey = 1841.64 GeV, mg = 500 GeV, Am = 600 GeV, v =1, ¢g = 0.1
m of Xm n of xn Mo, mnp, Ccm Ccn o (pb) Relative Subprocess Total
o (pb) number of
Events

0 0 500.00 500.00 0.10 0.10 3.07E-07 2.31E-03 S1 255

1 0 1100.00| 500.00 0.22 0.10 1.53E-07 1.15E-03 S2 127

2 0 1348.50| 500.00 0.27 0.10 3.99E-07 3.00E-03 S3 330

3 0 1539.20| 500.00 0.31 0.10 3.33E-07 2.51E-03 S4 276

4 0 1700.00| 500.00 0.34 0.10 3.14E-07 2.36E-03 S5 260

1 1 1100.00| 1100.00 0.22 0.22 7.40E-07 5.56E-03 S6 612

2 1 1348.50( 1100.00 0.27 0.22 6.93E-07 5.21E-03 S7 574

3 1 1539.20| 1100.00 0.31 0.22 6.33E-07 4.76E-03 S8 524

4 1 1700.00| 1100.00 0.34 0.22 5.70E-07 4.29E-03 S9 472

2 2 1348.50| 1348.50 0.27 0.27 6.95E-07 5.22E-03 S10 575

3 2 1539.20| 1348.50 0.31 0.27 6.15E-07 4.62E-03 S11 509

4 2 1700.00| 1348.50 0.34 0.27 5.48E-07 4.12E-03 S12 454

3 3 1539.20| 1539.20 0.31 0.31 5.47E-07 4.11E-03 S13 453

4 3 1700.00| 1539.20 0.34 0.31 5.06E-07 3.81E-03 S14 419

4 4 1700.00( 1700.00 0.34 0.34 4.60E-07 3.46E-03 S15 381

Table 6.19  Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of xx production for Non-minimal Dark Sector Benchmark

NMDS3
¢x: 6 =1, my = 1841.64 GeV, mg = 500 GeV, Am = 600 GeV, v =1, ¢g = 0.1
m of xm cm Moy, o (pb) Relative Total
o (pb) Events
0 0.10 500.00 1.47E-05 1.10E-01 12134
1 0.22 1100.00| 2.48E-05 1.87E-01 20548
2 0.27 1348.50| 2.31E-05 1.74E-01 19107
3 0.31 1539.20| 2.07E-05 1.55E-01 17084
4 0.34 1700.00| 1.82E-05 1.37E-01 15050

Table 6.20 Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of ¢px production for Non-minimal Dark Sector Benchmark

PP 6 =1, mg = 1841.64 GeV, mg = 500 GeV, Am = 600 GeV, v =1, ¢g = 0.1
m of xm n of xn o (pb) Relative Total Events
o (pb)
0 0 2.40719E- | 0.180921021 19901.31227
05

Table 6.21  Parameters and Cross Sections (o) for ¢p¢ production for Non-minimal
Dark Sector Benchmark NMDS3
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Tables 6.23], and show the parameter values and cross sections for
all subprocesses of xx production, all subprocesses of ¢x production, and the
¢¢ production for Non-minimal Dark Sector Benchmark NMDS5. The NMDS
benchmark NMDS5 has a very small Am value of 10 GeV. The goal of this small Am
is to allow for a benchmark that probes the low pr regime. The use of a higher ~ value
is an attempt to force stronger coupling between neighboring ensemble constituents
and dissuade loose coupling that prompts direct decays to lower ensemble constituent

and increases the mass spacing and pr of resultant decays.
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xx: 6 =1, mg = 600 GeV, mg = 500 GeV, Am = 10 GeV, v = 3, ¢g = 0.1
m of Xm n of xn Man My Cm Cn o (pb) Relative Subprocess Total
o (pb) number
of Events
0 0 500 500 0.10 0.10 4.61E-06 2.81E-05 S1 4
1 0 510 500 0.11 0.10 5.06E-06 3.08E-05 S2 4
2 0 520 500 0.11 0.10 5.48E-06 3.34E-05 S3 4
3 0 530 500 0.12 0.10 6.04E-06 3.68E-05 S4 5
4 0 540 500 0.13 0.10 6.51E-06 3.97E-05 S5 5
5 0 550 500 0.13 | 0.10 | 7.22E-06 4.40E-05 S6 5
6 0 560 500 0.14 | 0.10 | 7.77E-06 4.74E-05 S7 6
7 0 570 500 0.15 0.10 8.36E-06 5.10E-05 S8 6
8 0 580 500 0.16 0.10 9.14E-06 5.57E-05 S9 7
9 0 590 500 0.16 0.10 9.81E-06 5.98E-05 S10 7
1 1 510 510 0.11 0.11 5.59E-06 3.41E-05 S11 4
2 1 520 510 0.11 0.11 6.09E-06 3.71E-05 S12 5
3 1 530 510 0.12 0.11 6.71E-06 4.09E-05 S13 5
4 1 540 510 0.13 0.11 7.31E-06 4.46E-05 S14 5
5 1 550 510 0.13 0.11 7.82E-06 4.77TE-05 S15 6
6 1 560 510 0.14 0.11 8.47E-06 5.17E-05 S16 6
7 1 570 510 0.15 0.11 9.23E-06 5.63E-05 S17 7
8 1 580 510 0.16 0.11 9.94E-06 6.06E-05 S18 7
9 1 590 510 0.16 0.11 1.07E-05 6.54E-05 S19 8
2 2 520 520 0.11 0.11 6.67E-06 4.07E-05 S20 5
3 2 530 520 0.12 0.11 7.35E-06 4.48E-05 S21 5
4 2 540 520 0.13 0.11 7.98E-06 4.87E-05 S22 6
5 2 550 520 0.13 | 0.11 | 8.61E-06 5.25E-05 S23 6
6 2 560 520 0.14 | 0.11 | 9.04E-06 5.51E-05 S24 7
7 2 570 520 0.15 0.11 9.81E-06 5.98E-05 S25 7
8 2 580 520 0.16 0.11 1.08E-05 6.61E-05 S26 8
9 2 590 520 0.16 0.11 1.16E-05 7.08E-05 S27 8
3 3 530 530 0.12 0.12 7.90E-06 4.82E-05 S28 6
4 3 540 530 0.13 0.12 8.48E-06 5.17E-05 S29 6
5 3 550 530 0.13 0.12 9.40E-06 5.73E-05 S30 7
6 3 560 530 0.14 0.12 1.01E-05 6.13E-05 S31 7
7 3 570 530 0.15 0.12 1.07E-05 6.54E-05 S32 8
8 3 580 530 0.16 0.12 1.19E-05 7.26E-05 S33 8
9 3 590 530 0.16 0.12 1.26E-05 7.68E-05 S34 9
4 4 540 540 0.13 0.13 9.46E-06 5.77E-05 S35 7
5 4 550 540 0.13 0.13 1.03E-05 6.27E-05 S36 7
6 4 560 540 0.14 0.13 1.10E-05 6.69E-05 S37 8
7 4 570 540 0.15 0.13 1.19E-05 7.27E-05 S38 8
8 4 580 540 0.16 | 0.13 | 1.27E-05 7.76E-05 S39 9
9 4 590 540 0.16 | 0.13 | 1.39E-05 8.50E-05 5S40 10
5 5 550 550 0.13 0.13 1.09E-05 6.63E-05 S41 8
6 5 560 550 0.14 0.13 1.19E-05 7.24E-05 S42 8
7 5 570 550 0.15 0.13 1.29E-05 7.87TE-05 S43 9
8 5 580 550 0.16 0.13 1.39E-05 8.49E-05 S44 10
9 5 590 550 0.16 0.13 1.50E-05 9.17E-05 S45 11
6 6 560 560 0.14 0.14 1.25E-05 7.65E-05 S46 9
7 6 570 560 0.15 0.14 1.39E-05 8.49E-05 S47 10
8 6 580 560 0.16 0.14 1.50E-05 9.13E-05 S48 11
9 6 590 560 0.16 0.14 2.57E-06 1.57E-05 S49 2
7 7 570 570 0.15 0.15 1.52E-05 9.27E-05 S50 11
8 7 580 570 0.16 0.15 1.64E-05 1.00E-04 S51 12
9 7 590 570 0.16 0.15 1.73E-05 1.05E-04 S52 12
8 8 900 900 0.18 0.18 2.46E-06 3.16E-04 S53 35
9 8 950 900 0.19 0.18 2.42E-06 3.11E-04 S54 35
9 9 950 950 0.19 | 0.19 | 2.58E-06 3.32E-04 S55 37

Table 6.22  Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of xx production for Non-minimal Dark Sector Benchmark

NMDS5
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¢x: 6 =1, mg = 600 GeV, mg = 500 GeV, Am = 10 GeV, v =3, ¢g = 0.1
m of Xm Cm Mm Subprocess o (pb) Relative Total
o (pb) Number
of Events

0 0.10 500 S1 2.44E-03 1.49E-02 1635
1 0.11 510 S2 2.68E-03 1.63E-02 1797
2 0.11 520 S3 2.83E-03 1.72E-02 1897
3 0.12 530 S4 3.13E-03 1.91E-02 2099
4 0.13 540 S5 3.52E-03 2.14E-02 2359
5 0.13 550 S6 3.67E-03 2.24E-02 2462
6 0.14 560 S7 3.97E-03 2.42E-02 2660
7 0.15 570 S8 4.30E-03 2.62E-02 2883
8 0.16 580 S9 4.63E-03 2.83E-02 3109
9 0.16 590 S10 2.48E-03 1.51E-02 1661

NMDS5

PP 5 =1, mg = 600 GeV, mg = 500 GeV, Am = 10 GeV, v = 3, ¢g = 0.1
m of xXm n of xn o (pb) Relative Total
o (pb) Number
of Events
0 0 1.30E-01 7.91E-01 87041

Table 6.23  Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of ¢px production for Non-minimal Dark Sector Benchmark

Table 6.24  Parameters and Cross Sections (o) for ¢p¢ production for Non-minimal
Dark Sector Benchmark NMDS5

Tables 6.26] and show the parameter values and cross sections for
all subprocesses of xx production, all subprocesses of ¢y production, and the
¢¢ production for Non-minimal Dark Sector Benchmark NMDS1. The NMDS1
benchmark has a Am value of 50 GeV. While this mass gap may not seem small,
the 0 value of 0.5 causes the mass spacing to gradually decrease such that the mass
gap between the lowest ensemble constituent and the second ensemble constituent is
50 GeV, while the mass gap between the highest possible ensemble constituent and
second highest possible ensemble constituent is less than 10 GeV. In fact, aside from
the gap of 50 GeV in mass between the lowest and second lowest possible ensemble
constituent, the highest mass spacing between neighboring ensemble constituents is
roughly 20 GeV. All other spacings are less than 15 GeV. This combination of Am

and ¢ allow for a benchmark that probes the low pr regime.
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xx: 6 =1/2, mg = 650 GeV, mg = 500 GeV, Am = 50 GeV, v =1, ¢ = 0.1
m of xm n of xn Mon My Cm Cn o (pb) Relative Subprocess| Total
o (pb) number
of
Events
0 0 500.00 500.00 0.10 0.10 3.39E-06 3.09E-05 S1 4
1 0 550.00 500.00 0.13 0.10 5.31E-06 4.83E-05 S2 6
2 0 570.70 500.00 0.15 0.10 5.99E-06 5.45E-05 S3 6
3 0 586.60 500.00 0.16 0.10 6.57E-06 5.98E-05 S4 7
4 0 600.00 500.00 0.17 0.10 7.59E-06 6.91E-05 S5 8
5 0 611.80 500.00 0.18 0.10 8.10E-06 7.38E-05 S6 9
6 0 622.50 500.00 0.19 0.10 8.76E-06 7.98E-05 ST 9
7 0 632.30 500.00 0.20 0.10 9.34E-06 8.51E-05 S8 10
8 0 641.40 500.00 0.21 0.10 1.05E-05 9.59E-05 S9 11
1 1 550.00 550.00 0.13 0.13 9.85E-06 8.97E-05 S10 10
2 1 570.70 550.00 0.15 0.13 9.84E-06 8.96E-05 S11 10
3 1 586.60 550.00 0.16 0.13 1.13E-05 1.03E-04 S12 12
4 1 600.00 550.00 0.17 0.13 1.15E-05 1.04E-04 S13 12
5 1 611.80 550.00 0.18 0.13 1.26E-05 1.15E-04 S14 13
6 1 622.50 550.00 0.19 0.13 1.36E-05 1.24E-04 S15 14
7 1 632.30 550.00 0.20 0.13 1.51E-05 1.38E-04 S16 16
8 1 641.40 550.00 0.21 0.13 1.66E-05 1.51E-04 S17 17
2 2 570.70 570.70 0.15 0.15 1.11E-05 1.01E-04 S18 12
3 2 586.60 570.70 0.16 0.15 1.26E-05 1.15E-04 S19 13
4 2 600.00 570.70 0.17 0.15 1.40E-05 1.28E-04 S20 15
5 2 611.80 570.70 0.18 0.15 1.49E-05 1.36E-04 S21 15
6 2 622.50 570.70 0.19 0.15 1.63E-05 1.48E-04 S22 17
7 2 632.30 570.70 0.20 0.15 1.81E-05 1.65E-04 S23 19
8 2 641.40 570.70 0.21 0.15 1.89E-05 1.72E-04 S24 19
3 3 586.60 586.60 0.16 0.16 1.41E-05 1.28E-04 S25 15
4 3 600.00 586.60 0.17 0.16 1.56E-05 1.42E-04 S26 16
5 3 611.80 586.60 0.18 0.16 1.70E-05 1.54E-04 S27 17
6 3 622.50 586.60 0.19 0.16 1.77E-05 1.61E-04 S28 18
7 3 632.30 586.60 0.20 0.16 2.00E-05 1.83E-04 S29 21
8 3 641.40 586.60 0.21 0.16 2.06E-05 1.87E-04 S30 21
4 4 600.00 600.00 0.17 0.17 1.74E-05 1.59E-04 S31 18
5 4 611.80 600.00 0.18 0.17 1.89E-05 1.72E-04 S32 19
6 4 622.50 600.00 0.19 0.17 2.04E-05 1.86E-04 S33 21
7 4 632.30 600.00 0.20 0.17 2.17E-05 1.98E-04 S34 22
8 4 641.40 600.00 0.21 0.17 2.45E-05 2.23E-04 S35 25
5 5 611.80 611.80 0.18 0.18 2.01E-05 1.83E-04 S36 21
6 5 622.50 611.80 0.19 0.18 2.18E-05 1.98E-04 S37 22
7 5 632.30 611.80 0.20 0.18 2.35E-05 2.14E-04 S38 24
8 5 641.40 611.80 0.21 0.18 2.50E-05 2.28E-04 S39 26
6 6 622.50 622.50 0.19 0.19 2.39E-05 2.17E-04 S40 24
7 6 632.30 622.50 0.20 0.19 2.54E-05 2.31E-04 S41 26
8 6 641.40 622.50 0.21 0.19 2.62E-05 2.39E-04 S42 27
7 7 632.30 632.30 0.20 0.20 2.63E-05 2.40E-04 S43 27
8 7 641.40 632.30 0.21 0.20 2.84E-05 2.59E-04 S44 29
8 8 641.40 641.40 0.21 0.21 3.03E-05 2.76E-04 S45 31

Table 6.25  Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of xx production for Non-minimal Dark Sector Benchmark

NMDS1

ox: 8 = 1/2, mg = 650 GeV, mg = 500 GeV, Am = 50 GeV, v =1, ¢g = 0.1

m of Xm Cm Mo Subprocess o (pb) Relative Total

o (pb) Number
of Events

0 0.10 500.00 S1 1.52E-03 1.38E-02 1520

1 0.13 550.00 S2 2.32E-03 2.12E-02 2328

2 0.15 570.70 S3 2.74E-03 2.50E-02 2746

3 0.16 586.60 S4 3.11E-03 2.83E-02 3111

4 0.17 600.00 S5 3.47E-03 3.16E-02 3472

5 0.18 611.80 S6 3.73E-03 3.40E-02 3736

6 0.19 622.50 S7 3.96E-03 3.61E-02 3972

7 0.20 632.30 S8 4.24E-03 3.86E-02 4251

8 0.21 641.40 S9 4.59E-03 4.18E-02 4598

Table 6.26  Parameters and Cross Sections (o) for individual subprocesses (possible

decay states) of ¢px production for Non-minimal Dark Sector Benchmark
NMDS1
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¢¢: § = 1/2, mg =650 GeV, mg = 500 GeV, Am = 50 GeV, v =1, ¢ = 0.1
m of Xm n of xn Subprocess o (pb) Relative Total
o (pb) Number
of Events
0 0 S1 7.94E-02 7.23E-01 79538

Table 6.27  Parameters and Cross Sections (o) for ¢p¢ production for Non-minimal
Dark Sector Benchmark NMDS1

Tables and show the parameter values and cross sections for all
subprocesses of production, all subprocesses of production, and the production for
Non-minimal Dark Sector Benchmark NMDS6. The NMDS6 benchmark has a Am
value of 20 GeV and a ¢ value of 0.5. This combination affords the smallest mass
spacing among ensemble constituents out of any of the non-minimal dark sectors
discussed. The mass spacing diminishes to as low as 6 GeV between the highest
possible ensemble constituent and second higher ensemble constituent. The v value
of 2 attempts to strengthen the coupling to prevent direct decays to the lowest

ensemble constituent. The NMDS6 benchmark marks a sample that probes the low

pr regime.
Xx: 8 = 1/2: myg = 561.27 GeV, mg = 500 GeV, Am = 25 GeV, v = 2, ¢g = 0.1
m of Xm n of xn Mon My Cm Cn o (pb) Relative Subprocess| Total
o (pb) number
of Events

0 0 500.00 500.00 0.10 0.10 4.19E-06 1.95E-05 S1 3

1 0 525.00 500.00 0.11 0.10 4.70E-06 2.19E-05 S2 3

2 0 535.35 500.00 0.11 0.10 4.97E-06 2.31E-05 S3 3

3 0 543.30 500.00 0.12 0.10 5.15E-06 2.40E-05 S4 3

4 0 550.00 500.00 0.12 0.10 6.63E-06 3.09E-05 S5 4

5 0 555.90 500.00 0.12 0.10 5.65E-06 2.63E-05 S6 3

1 1 525.00 525.00 0.11 0.11 5.13E-06 2.39E-05 S7 3

2 1 535.35 525.00 0.11 0.11 5.62E-06 2.61E-05 S8 3

3 1 543.30 525.00 0.12 0.11 5.61E-06 2.61E-05 S9 3

4 1 550.00 525.00 0.12 0.11 6.11E-06 2.84E-05 S10 4

5 1 555.90 525.00 0.12 0.11 6.13E-06 2.85E-05 S11 4

2 2 535.35 535.35 0.11 0.11 5.95E-06 2.77TE-05 S12 4

3 2 543.30 535.35 0.12 0.11 6.34E-06 2.95E-05 S13 4

4 2 550.00 535.35 0.12 0.11 6.53E-06 3.04E-05 S14 4

5 2 555.90 535.35 0.12 0.11 6.46E-06 3.00E-05 S15 4

3 3 543.30 543.30 0.12 0.12 6.12E-06 2.85E-05 S16 4

4 3 550.00 543.30 0.12 0.12 6.51E-06 3.03E-05 S17 4

5 3 555.90 543.30 0.12 0.12 6.85E-06 3.19E-05 S18 4

4 4 550.00 550.00 0.12 0.12 6.52E-06 3.03E-05 S19 4

5 4 555.90 550.00 0.12 0.12 6.73E-06 3.13E-05 S20 4

5 5 555.90 555.90 0.12 0.12 7.17E-06 3.34E-05 S21 4

Table 6.28  Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of xx production for Non-minimal Dark Sector Benchmark

NMDS6
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¢x: 6 = 1/2: mg = 561.27 GeV, mo = 500 GeV, Am = 25 GeV, v = 2, ¢g = 0.1
m of Xm Ccm m Subprocess o (pb) Relative Total Events
o (pb)

500 0.1 0 S1 0.00313 0.0146 1600

525 0.11025( 1 S2 0.00351 0.0163 1790

535.35 0.1146 2 S3 0.00371 0.0173 1900
543.3012 0.11807| 3 S4 0.00382 0.0178 1950

550 0.121 4 S5 0.00392 0.0183 2010

555.9 0.1236 5 S6 0.00405 0.0188 2070

Table 6.29  Parameters and Cross Sections (o) for individual subprocesses (possible
decay states) of ¢px production for Non-minimal Dark Sector Benchmark

NMDS6

¢¢p: § = 1/2: my = 561.27 GeV, mg = 500 GeV, Am = 25 GeV, v = 2, ¢cg = 0.1

m of Xm n of xn, o (pb) Relative Subprocess Total Events
o (pb)

0 0 1.93E-01 8.97E-01 S1 98600

Table 6.30  Parameters and Cross Sections (o) for ¢p¢ production for Non-minimal
Dark Sector Benchmark NMDS6

6.3 Scalar Cascade Parameters and MC Samples

Tables [6.31], [6.32] [6.33], [6.34], and show the calculations of masses, couplings,
and cross sections of the 2 Body Stable Cascade decay benchmarks, 2 Body Unstable

Cascade decay benchmarks, 3 Body Stable Cascade decay benchmarks, 3 Body
Stable Chain decay benchmarks with up to 15 scalars, and Body Stable Chain decay
benchmarks with up to 25 scalars, respectively. None of the benchmarks shown
have been excluded at the LHC as their smaller cross sections have evaded exclusion
limits. Some key, general trends are the following. As the number of scalars, ¢’s,
in the model increase, the Standard Model and hidden coupling strengths decrease.
As the Standard Model coupling decreases, the cross section decreases. The 3-body
Chain Decay has the most scalars, so the coupling is affected greater in these models

than in others.

The tables in this section were produced using calculations performed by the author.
The general procedure for producing these tables is described as follows. First,
the author chose the number of scalars, IV, to include in a benchmark. Then, the
number of scalars was used to calculate the highest allowed values of Standard Model
couplings A®M and hidden sector couplings AFS. The author then chose values for
MM and A5, Subsequently, masses of each scalar were calculated. The motivations
for these choices of the coupling constants and scalar masses for each class of
scalar cascades is described in the passages below. The author used MadGraph

to generate LHE files by assigning couplings and masses in UFO models provided
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by theorists [57]. The author then hadronized the LHE files with Pythia. The cross
section of the scalar cascade benchmark was obtained from the LHE files. (There
is no citation available for the code for these UFO models as they were developed

specifically for this analysis.)

The benchmarks for the 2 Body Stable Cascade Decay Class were designed by
clinging as closely to the allowed limit of the Standard Model couplings, A5M, as
possible. For the 2 Body Stable Cascade Decay Class, this necessarily meant using
as close to, but less than, %T as possible. N is the number of scalars, ¢’s, in the
model. Smaller values of AM result in smaller cross sections, so the value of ASM
was maximized in order to have as large a cross section as possible. As can be
seen in Table [6.31] the resultant cross sections are small, so this was an important

optimization step.

The mass spacing between ¢’s necessarily was such that the mass of the original
scalar is roughly greater than or equal to twice the mass of the subsequent scalar.

The hidden sector coupling for the 2 Body Stable Cascade Decay Class was set such

where N is the number of scalars [57]. The tables in this section
chart out, from left to right, the mass of each scalar in the model starting with
the heaviest scalar and proceeding to the lightest scalar. The tables maps out the
number of stable particles (StaP) and Standard Model particles (SMP) present in

each step of the cascade. The coupling of the hidden sector, A\'S

, and the coupling
of the Standard Model, A3M, are provided for each benchmark. The cross section (o)
is listed in pb. Table [6.31] shows that models with 8 scalars have extremely small
cross sections. Coupled with very small trigger efficiencies, 2 Body Stable Cascade
Decay models with 8 scalars are not viable for discovery at 139 fb=! with 13 TeV.
The 2 Body Stable Cascade Decay models with 7 scalars, however, are of greater
interest, as they afford slightly higher cross sections while still yielding high particle
multiplicity with a total of 128 Standard Model particles produced by the end of
the decay. In order to reach this high multiplicity while still abiding by the mass
relations, the lowest scalar, the stable particle, had to be confined to a small mass.
The lowest scalar, in the stable decay classes, is what manifests as missing energy.
The goal was to maximize the mass of the lowest scalar in order to maximize the
amount of missing energy and, thereby, allow for a robust triggering strategy. (If
there is substantial missing energy in an event, the ATLAS missing energy trigger

can be used to capture the event.)

However, for these higher multiplicity states, the mass of the lowest scalar necessarily
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has to be small. However, as will be seen later in this chapter, this low scalar mass for
the lightest scalar allows for an unexpectedly sufficient amount of missing energy for
triggering for a fraction of events. Models with 4 or fewer scalars, with small cross
sections and using only 139 fb~! of luminosity, are not likely to have substantial
discriminating power against background, as there will be only 16 or few Standard
Model particles. Those models were, therefore, not considered. Scalar cascades
with 5 scalars allow for higher missing energy, but have only 32 Standard Model
particles. The kinematic distributions discussed later will show that these models
have less spectacular kinematic features. From this 2 Body Stable Cascade Decay
Class, benchmarks B10 and B34 were chosen to use in the subsequent truth-level
studies. The B10 benchmark was chosen because of the staggering 128 Standard
Model particles in the final state that it yields. Additionally, as will be seen
later, this benchmark yields an unexpectedly sufficient amount of missing energy
for triggering, despite the mass of the lowest scalar being small. This allows the
interesting phase space of high particle multiplicity to be picked up by the detector.
The B34 benchmark was chosen because, though it only has 32 Standard Model
particles in the final state, it has the potential to have significant missing energy. This
benchmark was chosen to study whether a benchmark with lower particle multiplicity

has any distinctive kinematic features.

107



2 Body 4 8 16 StaP 32 StaP 64 StaP 128
StaP StaP StaP
Stable 8 16 32 SMP 64 SMP 128 256
SMP SMP SMP SMP
Cascade Mg, Mgy Mgy Mg, L. Mg Mg, mg AHS ASM o (pb)
(GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV)

B1 367 183 91 45 22 10 7 2 2.13E-04
B2 271 135 67 33 16 10 7 2 1.11E-03
B3 255 127 63 31 15 5 3 2 1.52E-03
B4 385 192 95 47 23 11 3 1 1.71 1.20E-04
B5 247 123 61 30 20 7 2.42 2.64E-03
B6 327 163 81 40 30 7 2.42 5.90E-04
B7 247 123 61 50 8 3.05 4.19E-03
B8 282 140 55 40 8 3.05 2.08E-03
B9 191 95 47 23 11 0.5 0.4 2 6.84E-03
B10 293 146 72 35 17 8 0.5 0.3 1.71 5.33E-04
B11 146 72 35 17 8 0.5 0.4 2 2.72E-02
B12 286 142 70 30 14 0.5 0.4 2 8.29E-04
B13 207 103 51 25 12 2 1.4 2 4.52E-03
B14 285 142 70 34 15 1 0.7 2 8.44E-04
B15 212 105 52 25 9 1 0.7 2 3.99E-03
B16 189 94 46 22 10 5 2.5 2 7.22E-03
B17 250 123 59 28 13 3 2 2 1.69E-03
B18 250 124 61 28 12 1 0.7 2 1.69E-03
B19 290 144 70 30 14 0.5 0.4 2 7.71E-04
B20 210 104 50 24 11 1 0.7 2 4.19E-03
B21 266 130 64 30 13 1 0.7 2 1.22E-03
B22 260 128 63 50 8 3.05 3.19E-03
B23 220 108 53 40 8 3.05 7.66E-03
B24 247 122 60 4 4 3.05 4.19E-03
B25 198 98 47 23 11 1 0.7 2 5.69E-03
B26 286 142 70 34 16 7 2.42 1.21E-03
B27 200 47 23 11 1 0.9 2.42 7.91E-03
B28 223 111 55 27 13 6 1 0.5 1.71 2.24E-03
B29 305 145 72 35 16 7 1 0.5 1.71 4.30E-04
B30 300 125 62 30 14 1 0.5 1.71 4.70E-04
B31 383 191 95 47 23 11 5 0.5 0.25 1.5 9.46E-05
B32 176 87 43 21 10 4 3 2 1.04E-02
B33 200 47 23 11 1 0.8 2.42 7.91E-03
B34 295 147 73 36 25 8 2.42 1.03E-03
B35 255 127 63 31 25 8 2.42 2.23E-03
B36 287 143 71 35 30 8 2.42 1.19E-03
B37 327 163 81 40 29 8 2.42 5.90E-04
B38 191 95 47 23 11 5 0.5 0.3 1.71 5.00E-03
B39 220 95 47 23 11 5 0.5 0.3 1.71 2.41E-03

Table 6.31  Masses, hidden sector couplings (\BS), Standard Model couplings
(ASM). number of Standard Model particles (SMP), number of stable
particles (StaP), and cross sections (o) for 2 Body Stable Cascade
Benchmarks. The benchmarks chosen for the truth-level analysis are
highlighted.

The benchmarks for the 2 Body Unstable Cascade Decay Class were designed by
using values as close to the allowed limit of the Standard Model couplings, ASM, as
possible. The coupling of the 2 Body Unstable Cascade Decay Class was restricted to
less than NW, where N is the number of scalars, ¢’s, in the model. The mass spacing
between ¢’s necessarily was such that the mass of the original scalar is roughly
greater than or equal to twice the mass of the subsequent scalar. The hidden sector

4
coupling for the 2 Body Stable Cascade Decay Class was set such that A5 < kil

~ N3/2 ?
where N is the number of scalars. Table [6.32] maps out the number of Standard
Model particles (SMP) present at each step of the cascade. Models in the 2 Body

Unstable Cascade Decay Class with 5 scalars allow for larger cross sections than 6
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scalar or 7 scalar models while still retaining an unusually high particle multiplicity
of 64 Standard Model particles. However, the mass of the highest scalar is too low
to garner the necessary kinematics for effective triggering. Models with 7 scalars
have too small cross sections for any substantial yield when pairing with trigger
efficiencies. Models with 6 scalars allow for 128 Standard Model particles to be
generated. Depending on the mass, the cross sections are small, but not entirely
unviable. Trigger efficiencies lessen the yield. The benchmark B6 from the 2 Body
Unstable Cascade Decay class is taken for discussion in the subsequent truth-level
analysis due to its high particle multiplicity of 128 Standard Model particles in the

final state and potentially viable cross section.

2 Body 8 16 32 SMP 64 SMP 128 SMP 256
SMP SMP SMP
Unstable Mg, Mgy LN Mg, L. Mg Mg, AHS ASM o (pb)
(GeV) | (GeV) (GeV) (GeV) (GeV) (GeV) (GeV)

B1 259 127 63 31 20 8 2.4 2.02E-03
B2 247 123 61 50 8 3.05 4.19E-03
B3 175 87 43 21 10 8 2.4 1.54E-02
B4 127 63 31 15 5 4 2.4 8.10E-02
B5 255 127 63 31 15 5 3 2 1.52E-03
B6 223 111 55 27 13 4 2.5 2 3.07E-03
B7 143 71 35 17 8 7 2.4 4.36E-02
B8 127 63 31 20 8 3.05 1.31E-01
B9 167 83 41 20 8 3.05 3.16E-02
B10 225 112 50 30 8 3.05 6.82E-03
B11 200 90 40 10 8 3.05 1.26E-02
B12 181 90 18 5 5 3.05 2.10E-02
B13 200 70 28 5 5 3.05 1.26E-02
B14 242 120 58 28 5 4 2.4 2.88E-03
B15 350 170 80 36 16 4 3 2 2.78E-04
B16 351 175 87 43 21 10 7 2 2.73E-04
B17 321 160 79 39 19 9 4 2 1.7 3.22E-04
B18 359 179 79 39 19 9 4 2 1.7 1.75E-04
B19 447 223 111 55 27 13 6 2.5 1.7 5.03E-05

Table 6.32  Masses, hidden sector couplings (A\1S), Standard Model couplings
(ASM) number of Standard Model particles (SMP), and cross sections
(o) for 2 Body Unstable Cascade Benchmarks. The benchmark chosen
for the truth-level analysis is highlighted.

The benchmarks for the 3 Body Stable Cascade Decay Class were designed by using

values as close to the allowed limit of the Standard Model couplings, A\SM

, as possible.
The coupling of the 3 Body Stable Cascade Decay Class was restricted to less than
Nﬁ, where N is the number of scalars, ¢’s, in the model. The mass spacing between
@’s necessarily was such that the mass of the original scalar is roughly greater than or

equal to three times the mass of the subsequent scalar. The hidden sector coupling for
167>

the 3 Body Stable Cascade Decay Class was set such that A5 =<
the number of scalars. Table [6.33] maps out the number of Standard Model particles
(SMP) and stable particles (StaP) present at each step of the cascade. Models in the
3 Body Stable Cascade Decay Class with 6 scalars allow for extremely high particle
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multiplicity, totalling a staggering 324 Standard Model particles. However, the cross
sections are too low to be viable for a search at 13 TeV with 139 fb~!. Models with 4
scalars allow for lightest scalars to have higher masses, thereby allowing for missing
energy. However, the particle multiplicity for models with 4 scalars is confined to 36
Standard Model particles. Models with 5 scalars, however, allow for 108 Standard
Model particles by the end of the decay. The lightest scalars necessarily needed to
have small masses in order to allow for such high particle multiplicity. However, as
seen in the 2 Body Stable Cascade Decay, this low scalar mass for the lightest scalar
still allows for an unexpectedly sufficient amount of missing energy for triggering for
a fraction of events. Benchmarks B26 and B21 are taken from the 3 Body Stable
Cascade Decay class for the subsequent truth-level analysis discussion in order to
highlight the kinematics of a mass point with a lightest scalar bearing considerable
mass and with lower particle multiplicity and a mass point with a lightest scalar

having very little mass and yielding high particle multiplicity, respectively.

6 StaP 18 StaP 54 StaP 162 StaP

3 Body 12 SMP 36 SMP 108 SMP 324 SMP
Stable
Benchmark | mg, Mgy Mgy Mgy, Mgy Mg AHS ASM o (pb)

(GeV) (GeV) (GeV) (GeV) (GeV) (GeV)
B1 362 120 38 12 2 6 2.4 3.32E-04
B2 330 109 36 11 0.5 6 2.4 5.52E-04
B3 298 98 32 10.6 0.5 6 2.4 9.59E-04
B4 308 102 33 20 8 3 1.25E-03
B5 360 116 38 25 8 3 5.35E-04
B6 215 70 23 10 8 3 8.35E-03
B7 200 60 18 5 8 3 1.22E-02
B8 165 48 14 2 8 3 3.26E-02
B9 260 80 20 5 8 3 3.09E-03
B10 229 76 25 7 2 6 2.4 3.85E-03
B11 152 50 16 5 1 6 2.4 3.18E-02
B12 283 94 31 10 3 6 2.4 1.26E-03
B13 151 50 15 4 8 3 5.14E-02
B14 220 68 22 5 8 3 7.41E-03
B15 337 112 37 12 2 6 2.4 4.92E-04
B16 294 94 31 10 1 6 2.4 1.03E-03
B17 256 85 28 9 0.5 6 2.4 2.15E-03
B18 200 50 16 5 8 3 1.22E-02
B19 244 7 25 7 2 6 2.4 2.76E-03
B20 189 62 20 5 1 6 2.4 1.04E-02
B21 310 103 34 11 1 6 2.4 7.75E-04
B22 320 106 35 30 8 3 1.02E-03
B23 190 45 13 1 8 3 1.58E-02
B24 160 50 16 5 1 6 2.4 2.44E-02
B25 368 122 40 33 8 3 4.73E-04
B26 332 110 36 29 8 3 8.35E-04
B27 420 139 46 40 8 3 2.24E-04
B28 452 150 49 16 5 1 4 2 6.52E-05
B29 251 83 27 20 8 3 3.72E-03

Table 6.33  Masses, hidden sector couplings (A\1S), Standard Model couplings
MM number of Standard Model particles (SMP), number of stable
particles (StaP), and cross sections (o) for 8 Body Stable Cascade
Benchmarks. The benchmarks chosen for the truth-level analysis are
highlighted.

Both Tables [6.34] and [6.35| display benchmarks for the 3 Body Stable Chain Decay
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Class. The benchmarks for the 3 Body Stable Chain Decay were designed by using

values as close to the allowed limit of the Standard Model couplings, A\3M

, as possible.
The coupling of the 3 Body Stable Chain Decay class was restricted to less than %,
where N is the number of scalars, ¢’s, in the model. The mass spacing between ¢’s
necessarily was such that the mass of the original scalar is greater than the sum of
the mass of the subsequent scalar and the masses of two Standard Model particles in
order to allow for their generation. There is no hidden sector coupling for the 3 Body
Stable Chain Decay Class, so A8 = 0. Tables [6.34|and [6.35| map out the number of
Standard Model particles (SMP) and stable particles (StaP) present at each step of
the cascade. Table describes benchmarks containing less than 15 scalars, while
Table describes benchmarks containing less than 25 scalars. The 3-body Chain

Decay Class has the most scalars out of any of the classes discussed so far, so the

coupling is affected greater in these models than in others. Smaller couplings lend to
smaller cross sections. In order to achieve the highest particular multiplicity without
immediately going into territory where cross sections are not viable, the lightest
scalar has to be given a smaller mass. The stable chain decays, unlike the stable
cascade decays for 2 Body or 3 Body decays which allowed for even 50 stable particles,
have only 2 stable scalars at the end of the decay. This means that, if the lightest
scalar has a small mass, there is not a multiplicative factor of say 50 that makes
the total expected missing energy 50 times larger than the lighest scalar. Instead,
the expected missing energy is only two times the lightest scalar mass. Therefore,
the tables also contain examples of benchmarks with lightest scalars containing high
masses and then, subsequently, containing a smaller number of scalars in the whole
benchmark. Benchmark Bl from Table [6.35]is taken for further discussion in the
subsequent truth-level analysis due to its high particle multiplicity of 64 Standard

Model particles and potentially viable cross section.
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3 Body 4 8 12 16 20 24 28 32 36 40
SMP SMP SMP SMP SMP SMP SMP SMP SMP SMP
Chain ASM| (pb) Mgy Mgy mg Mg, mg mg mg mg mg, Mg | Meqq
(GeV)| (GeV)| (GeV)| (GeV)| (GeV)| (GeV)| (GeV)| (GeV)| (GeV)| (GeV)| (GeV)
B1 1 9.50E-04 214 203 192 181 170 158 145 132 120 85 50
B2 1.53 1.40E-03 234 222 210 198 186 174 162 150
B3 1.53 8.72E-04 256 243 230 218 206 194 182 170
B4 1.53 8.54E-04 257 246 235 224 213 202 191 180
B5 0.95 4.94E-04 238 226 213 201 190 177 165 150 138 125 112
B6 0.95 | 6.03E-04 229 218 207 195 180 165 150 138 125 113 94
B7 1.3 2.97E-03 190 177 165 150 138 125 112 100 80
B8 1.2 1.37E-03 214 203 192 181 170 158 145 132 120 100
B9 1.2 1.17E-04 340 330 320 310 300 290 280 270 260 250
B10 1.7 2.35E-04 340 330 320 310 300 290 280
B11 0.89 1.97E-05 420 400 390 380 370 360 350 340 330 324 313
B12 1.2 7.35E-05 370 360 350 340 330 324 313 302 291 280
B13 0.89 | 2.72E-04 260 242 228 213 198 186 175 162 150 100 60
B14 0.95 | 3.10E-04 260 255 250 245 240 235 230 225 220 215 210
B15 0.95 | 4.94E-04 238 226 213 201 190 177 165 150 138 125 112
B16 0.95 | 6.03E-04 229 218 207 195 180 165 150 138 125 113 94
B17 1.3 2.97E-03 190 177 165 150 138 125 112 100 40
B18 1.2 1.37E-03 214 203 192 181 170 158 145 132 120 116
B19 1.7 2.51E-04 336 330 324 318 312 306 300
B20 1.7 2.35E-04 340 335 330 325 320 315 310
B21 1.7 6.29E-05 430 425 420 415 410 405 400
B22 1.3 6.85E-04 252 243 234 225 216 207 198 189 180
44 48 52
SMP SMP SMP
Continued Mgio | Meig | Moy,
(GeV)| (GeV)| (GeV)
B1 10
B5 100 80
B6 80 60
B11 302 291 280
B13 40 20 5
B14 205 200
B15 100 30
B16 80 10
Table 6.34  Masses, hidden sector couplings (/\HS), Standard Model couplings

(ASM) number of stable particles (StaP), and cross sections (o) for
8 Body Stable Chain Benchmarks up to 15 Scalars. Fach benchmark
yields 2 stable scalars.
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Chain 4 8 12 16 20 24 28 32
Decay 3 SMP SMP SMP SMP SMP SMP SMP SMP
Body
Benchmark| ASM o (pb) Mg,y Mg, LU Mgy, L Mg M, Mg Mg
(GeV) | (GeV) | (GeV) | (GeV) | (GeV) | (GeV)| (GeV)| (GeV) | (GeV)
B1 0.73 1.20E-03 181 170 159 148 137 126 115 104 93
B2 0.45 1.83E-04 216 207 198 189 180 171 162 153 144
B3 0.45 8.55E-05 250 240 230 220 210 200 190 180 170
B4 0.6 8.11E-04 181 171 161 151 141 131 121 111 101
B5 0.73 3.48E-04 230 225 220 215 210 205 200 195 190
B6 0.73 2.19E-03 161 151 141 131 121 111 101 91 81
B7 0.59 1.90E-04 238 226 214 202 190 179 167 155 143
B8 0.45 1.01E-04 242 232 222 212 202 192 182 172 162
B9 0.45 3.69E-03 121 116 111 106 101 96 91 86 81
B10 0.57 5.00E-04 195 190 185 180 175 170 165 160 155
36 40 44 48 52 56 60 64
SMP SMP SMP SMP SMP SMP SMP SMP
Continued M1 | Mo11 | Mé12 | M1z | Mg | Mé1s | Mo | Tear
(GeV) | (GeV) | (GeV) | (GeV) | (GeV) | (GeV) | (GeV) | (GeV)
B1 82 71 60 49 38 27 16 5
B2 135 126 117 108 99 90 81 72
B3 160 150 140 130 120 110 100 90
B4 91 81 71 61 51 41 31 21
B5 185 180 175 170 165 160 155 150
B6 71 61 51 41 31 21 11 1
B7 131 119 107 95 83 71 59 47
B8 152 142 132 122 112 102 92 82
B9 76 71 66 61 56 51 46 41
B10 150 145 140 135 130 125 120 115
68 72 76 80 84 88 92 96
SMP SMP SMP SMP SMP SMP SMP SMP
Continued Me1g | Me1g | Mg | "1 | Mooy | Maag | Mooy | Meos
(GeV) | (GeV) | (GeV) | (GeV) | (GeV)| (GeV) | (GeV)| (GeV)
B2 63 54 45 36 27 18 9 0.5
B3 80 70 60 50 40 30 20 10
B4 11 1
B7 35 23 12 1
B8 72 62 52 42 32 22 12 2
B9 36 31 26 21 16 11 6 1
B10 110 105 100

Table 6.35  Masses, hidden sector couplings (/\HS), Standard Model couplings
(ASM) | decay particle multiplicity, and cross sections (o) for 3 Body
Stable Chain Benchmarks up to 25 Scalars. FEach benchmark yields
2 stable scalars. The benchmark chosen for the truth-level analysis is

highlighted.

The scalar cascade benchmarks that appear in the truth-level analysis in this thesis
are shown in Figure [6.36] where they are provided simpler names that will be used
thoroughout the remainder of this thesis. For example, Scalar Cascade 2 Body Stable
Cascade Benchmark B10 from Table [6.31] will be referred to as SC1.

Signal Sample Signal Sample Name
Scalar Cascade 2 Body Stable Cascade Benchmark B10 from Table |6.31 SC1
Scalar Cascade 3 Body Stable Cascade Benchmark B21 from Table [6.33| SC2
Scalar Cascade 3 Body Stable Chain Benchmark Bl from Table |6.35 SC3
Scalar Cascade 2 Body Stable Cascade Benchmark B34 from Table |6.31 SC4
Scalar Cascade Unstable Cascade Benchmark B6 from Table l6A32] SC5
Scalar Cascade 3 Body Stable Cascade B26 from Table SC6

Table 6.36  Scalar Cascade Signal Samples Names
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6.4 Summary

Though no experiment has ever searched for noncommutative black holes, scalar
cascades, or non-minimal dark sectors, this chapter took into account the model-
independent limits from other ATLAS searches in order to determine the unexcluded
and potentially reachable phase space for each model and then create a set
of benchmarks for each model. Six noncommutative black hole benchmarks
were designed. These were designed to both probe the effect that varying the
noncommutative scale has on the transverse momentum spectrum of the model,
as well as study the effect that varying the minimum black hole mass has on the
kinematics of the model. Six non-minimal dark sector benchmarks were designed,
where 2 benchmarks were designed to target models with a moderate transverse
momentum spectrum, 3 models were designed to target phase space characterized
by low transverse momentum, and 1 model was designed to target a phase space
characterized by high transverse momentum. For the scalar cascade model, 6
benchmarks were designed in order to study the effect that particle multiplicity
has on the kinematics on the model and in order to study the effect that the mass of
the lightest stable scalar has on the amount of missing energy produced. The next
chapter will study the characteristics of the selected benchmarks in more detail,

providing studies that then define the entire analysis strategy.
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Chapter 7

A jet-substructure-based analysis
strategy and a novel

jet-reconstruction algorithm

This chapter presents 2D representations (event displays) of what would appear
in the ATLAS detector if a proton-proton collision generated a scalar cascade,
noncommutative black hole or non-minimal dark sector. These provide depictions of
how final state particles are spread throughout the detector and give insight into the
number of jets each exotic model makes. The event displays show that each exotic
model exhibits jet substructure. This chapter presents studies that demonstrate that
the thresholds imposed by standard ATLAS reconstruction on large R jets are often
insufficient to capture the exotic processes, and details the design and optimization

of a novel large R jet reconstruction algorithm as a remedy.

7.1 Event Displays

The optimal analysis strategy can be derived by studying the 2D representations of
the collisions, called event displays. The event displays in this chapter were produced
by code developed by the author. They contain truth-level information. As described
in the previous chapter, the author used Monte Carlo generators to simulate the
production and decay of the scalar cascades, noncommutative black holes, and non-

minimal dark sectors. These generators outputted LHE files, defined in the previous
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chapter, which the author then transformed, via standard ATLAS commands, into
an ATLAS data format suitable for analyzing truth information. The event displays

were then produced by running the author’s event display code over these files.

The next chapter will outline the basic cuts implemented for the analysis. The
one cut that needs introduction in this chapter is the 200 GeV ER* cut. A 200
GeV EMiss cut is applied when creating every event display. This is motivated by
calculations performed by the author with code developed by the author to determine
the efficiencies for various Run 2 triggers of each benchmark for scalar cascades,
noncommutative black holes, and non-minimal dark sectors and, thereby, determine
the optimal trigger strategy for each analysis. The ER trigger provided the best
trigger efficiencies for each model. More details on the triggers used in the analysis
will be provided in the next chapter. The trigger efficiencies for each signal sample

appear in the Appendix.

This section will systematically go through the event displays for four of the six
scalar cascade benchmarks. Then, the event displays for the two noncommutative
black hole benchmarks and the three non-minimal dark sector benchmarks that are
used for the reconstructed analysis will be shown. Though studied by the author,
the event displays for the Scalar Cascade Benchmark SC5 and the Scalar Cascade
Benchmark SC6 are not included here as these benchmarks pass the B trigger at
very low rates. The kinematics of the Scalar Cascade Benchmark SC5 and the Scalar

Cascade Benchmark SC6 are included in the kinematics distributions, however.

The event displays illustrate the distribution of final state particles in the n-¢ plane
for a single collision event for a given model. Though each event display is a single
event, hundreds of event displays were studied for each of selected benchmarks.
Representative event displays are included in this chapter. Final state truth particles
are tagged as originating from the decay of a given exotic process or from initial state
radiation (ISR). ISR is the radiation of gluons before or after the hard scattering

process of the collision.

As a reminder, all scalar cascade classes studied in this thesis involve the pair

production of two new scalars ¢; and ¢;, as seen in Figure [7.1]
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(a) Pair production o ~ (A\SM)2

Figure 7.1 Scalar cascade generation via pair production. Figure taken from [3]

All decay products from the scalar cascades process stem from either ¢; or ¢;. The
event displays for scalar cascades in this chapter identify the final state particles as
coming from ¢; or ¢; of the scalar cascade process. Figure shows the legend for

all event displays describing scalar cascade events.
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Stable ¢ (EIT“f“) from ¢; of SC process
Stable ¢ (EXs%) from ¢; of SC process

Other stable particles (EX%) from ¢; of SC process
Other stable particles (EX%) from ¢; of SC process

Stable particles (E&5) not from SC process

pr indicator (anti-k; truth jets with R = 0.4 and pr > 20 GeV)
pr indicator (anti-k; truth jets with R = 0.4 and pt < 20 GeV)
pr indicator (anti-k; truth jets with R = 0.2 and pp > 20 GeV)
pr indicator (anti-k; truth jets with R = 0.2 and pp < 20 GeV)
pr indicator (anti-k; truth jets with R = 1.0 and pp > 20 GeV)
pr indicator (anti-k; truth jets with R = 1.0 and pr < 20 GeV)

Leading pr anti-k; truth jet with R = 0.4
Subleading pr anti-k; truth jet with R = 0.4
Third leading pr anti-k; truth jet with R = 0.4
Fourth leading pr anti-k; truth jet with R = 0.4
Fifth leading pr anti-k; truth jet with R = 0.4
Sixth leading pr anti-k; truth jet with R = 0.4
All other anti-k; truth jets with R = 0.4
Leading pr anti-k; truth jet with R = 1.0
Subleading pr anti-k; truth jet with R = 1.0
Third leading p anti-k; truth jet with R = 1.0
Fourth leading pr anti-k; truth jet with R = 1.0
Fifth leading pr anti-k; truth jet with R = 1.0
Sixth leading pr anti-k; truth jet with R = 1.0
All other anti-k; truth jets with R = 1.0

anti-k; truth jets with R = 0.2

e from ¢; of SC process

e from ¢; of SC process

e not from SC process

p from ¢; of SC process

p from ¢; of SC process

1 not from SC process

7 from ¢; of SC process

m from ¢; of SC process

7 not from SC process

Other hadron from ¢; of SC process
Other hadron from ¢; of SC process
Other hadron not from SC process

miss
ET

pr indicator
of jets

Small R truth jets

Large R truth jets

R = 0.2 truth jets

Leptons

Hadrons

Figure 7.2

Legend for all Scalar Cascade Fvent Displays. The final state particles

are tagged as coming from ¢; or ¢; of the scalar cascade model or as
not coming from the scalar cascade process.
breakdown of seven main categories: E%‘iss, leptons, hadrons, anti-k;
truth jets of R = 0.2, R = 0.4, and R = 1.0, and pr indicators (the
smallest colored circles in the display) that indicate whether the truth
jet is greater or less than 20 GeV, the minimum pt value for calibrated
small R jets in ATLAS. The anti-k; truth jets are additionally color
coded to indicate the jet with the highest pr (leading jet), the jet with
the second highest pr (subleading jet), etc.

The legend includes a

The event display legend identifies the types of final state particles produced and tags

them as coming from either ¢; or ¢; of the scalar cascade model or as not coming

from the scalar cascade model. The ER is sectioned into five different categories:

the lightest stable scalar that originates from ¢; or ¢; of the scalar cascade model,

other stable particles coming from ¢; or ¢; of the scalar cascade model, or stable

particles not originating from the scalar cascade process. Anti-k; truth jets of three
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different radii are studied, with the leading through sixth leading jet color coded
for anti-k; truth jets of R = 0.4 (small R truth jets) and anti-k; truth jets of R =
1.0 (large R truth jets). The pr of each anti-k; jet is indicated by a colored circle
that states whether the jet is greater or less than 20 GeV, the minimum pr value for
calibrated small R jets in ATLAS.

Figure shows the event display for the Scalar Cascade Benchmark SC1 defined
in Table [6.36]
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- Subleading large R jet . Leading large R jet
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Figure 7.3  Distribution of final state particles in the n-¢ plane for Scalar Cascade

Benchmark SC1 (defined in Table for a single event. A 200 GeV
Effliss cut is applied. Large, dashed ellipses represents large R anti-k
truth jets of R = 1.0 and smaller, solid ellipses represent small R anti-k
truth jets of R = 0.4. Final state particles are indicated as colored dots
and are tagged as originating from ¢; or ¢; of the scalar cascade model.
The corresponding legend for this event display is found in Figure .

For the Scalar Cascade Benchmark SC1 (which contains a total of 128 standard
model particles), the leading (highest pr) large R jet with radius R = 1.0, drawn as

the red

ellipse, is shown as containing particles from initial state radiation (indicated

by the asterisks), not the scalar cascade process. The second leading large R jet,

the blue ellipse, contains the final state particles from one ¢ of the scalar cascades

process,

while the third leading large R jet, the green ellipse, contains the final state
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particles from the other ¢ of the scalar cascades process. The large R jet from initial
state radiation has a three prong structure, containing three small R jets. The two
large R jets containing the exotics process both exhibit multi-prong structures, with
the second leading large R jet being 4-pronged and the third leading large R jet being
2-pronged. At first glance, the third leading large R jet appears to be 4-pronged as
well. However, due to two of the four small R jets in the third leading R jet being
below the 20 GeV pr threshold that ATLAS uses for small R jets, as indicated by
the small magenta circles that serve as pr indicators, the third leading large R jet
is only 2-pronged. All large R jet in the event, therefore, exhibit jet substructure.
As indicated by the annotated large R jet pr values on the event display, the two
large R jets containing the exotics process are both below the 200 GeV threshold
that ATLAS requires for large R jet calibration. These two large R jets would not
be usable if reliant on standard ATLAS large R jet reconstruction. This means that
nearly all of the exotic process would be lost from the event. (As a reminder, the
large R jets depicted in the event displays in this chapter are large R truth jets.)
These two large R jets with radius R = 1.0 are very close together, even overlapping.

There is a strikingly large amount of particles grouped together.

Figure [7.4] shows another event display for the Scalar Cascade Benchmark SC1, this
time with there being only two large R jets: a leading large R jet coming from initial
state radiation and a second leading large R jet containing nearly all of the decay
products from the exotics process. While each event display represents a single event,
large-scale studies at the end of the chapter for Scalar Cascade Benchmark SC1 show

that the leading large R jet is predominantly from initial state radiation.
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Figure 7.4  Distribution of final state particles in the n-¢ plane for Scalar Cascade
Benchmark SC1 (defined in Table for a single event. A 200 GeV
E%liss cut is applied. Large, dashed ellipses represents large R anti-k
truth jets of R = 1.0 and smaller, solid ellipses represent small R anti-k;
truth jets of R = 0.4. Final state particles are indicated as colored dots
and are tagged as originating from ¢; or ¢; of the scalar cascade model.
The corresponding legend for this event display is found in Figure @

The event topology yielded by the Scalar Cascade Benchmark SC1 is mirrored in
the event displays of the Scalar Cascade Benchmark SC2 (defined in Table and
which contains 108 standard model particles), shown in Figure and Figure ,
where the leading large R jet comes from initial state radiation and the exotics
process is contained in the second leading and third leading large R jet (grouped

closely together and overlapping) in Figure and almost entirely in the second
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leading

large R jet in Figure The large R jets containing the exotic process

again fail the standard ATLAS large R reconstruction technique and exhibit both

a strikingly large amount of particles grouped closely together and pronounced jet

substructure.

Emiss = 241.0 GeV

- Third leading large R jet Leading large R jet
— pr = 70.4 GeV pr = H544.0 GeV
— From Scalar Cascade process ISR jet \

: ' 3

Subleading large R jet
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—_
\b]
w

Figure 7.5 Distribution of final state particles in the n-¢ plane for Scalar Cascade

Benchmark SC2 (defined in Table for a single event. A 200 GeV
Effliss cut 1s applied. Large, dashed ellipses represents large R anti-k
truth jets of R = 1.0 and smaller, solid ellipses represent small R anti-k
truth jets of R = 0.4. Final state particles are indicated as colored dots
and are tagged as originating from ¢; or ¢; of the scalar cascade model.
The corresponding legend for this event display is found in Figure .
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Figure 7.6  Distribution of final state particles in the n-¢ plane for Scalar Cascade
Benchmark SC2 (defined in Table for a single event. A 200 GeV
E%“iss cut is applied. Large, dashed ellipses represents large R anti-k;
truth jets of R = 1.0 and smaller, solid ellipses represent small R anti-k;
truth jets of R = 0.4. Final state particles are indicated as colored dots
and are tagged as originating from ¢; or ¢; of the scalar cascade model.
The corresponding legend for this event display is found in Figure .

Jet substructure is observed in Figure [7.7]in the event display of the Scalar Cascade
Benchmark SC3 (defined in Table and which contains 64 Standard model
particles), where the leading R jet stems from initial state radiation and the exotic
process is contained in the second leading large R jet. This model is less striking
than the Scalar Cascade Benchmark SC1 and the Scalar Cascade Benchmark SC2

in terms of sheer particle multiplicity.
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Figure 7.7  Distribution of final state particles in the n-¢ plane for Scalar Cascade
Benchmark SC3 (defined in Table for a single event. A 200 GeV
E%‘iss cut is applied. Large, dashed ellipses represents large R anti-k;
truth jets of R = 1.0 and smaller, solid ellipses represent small R anti-k;
truth jets of R = 0.4. Final state particles are indicated as colored dots
and are tagged as originating from ¢; or ¢; of the scalar cascade model.
The corresponding legend for this event display is found in Figure .

The Scalar Cascade Benchmark SC4 (defined in Table [6.36]), with only 32 stable
particles produced from the decay, exhibits jet substructure but not as striking
particle multiplicity as the scalar cascade benchmarks mentioned above. Again,
all but the leading large R jet fails ATLAS standard large R jet construction. The
particles from the scalar cascade process are contained in the second and third leading

large R jet, which are 2-pronged and 3-pronged, respectively.
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Figure 7.8  Distribution of final state particles in the n-¢ plane for Scalar Cascade
Benchmark SC4 (defined in Table for a single event. A 200 GeV
E{E‘iss cut is applied. Large, dashed ellipses represents large R anti-k;
truth jets of R = 1.0 and smaller, solid ellipses represent small R anti-k;
truth jets of R = 0.4. Final state particles are indicated as colored dots
and are tagged as originating from ¢; or ¢; of the scalar cascade model.
The corresponding legend for this event display is found in Figure .

The next set of event displays are for the non-minimal dark sector models. As
described earlier, there are three different production channels for non-minimal dark
sectors. As a reminder, Figure [7.9| shows the ¢¢ production process of non-minimal
dark sectors. The decay products of one of the two ¢’s and the decay products of

the other ¢ will be referred to as having originated from “branch 1”7 and “branch 2”.
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Figure 7.9 ¢¢ Production Channel of Non-minimal Dark Sectors

Figure shows the x¢ production process of non-minimal dark sectors. The
decay products of the x and the decay products of the ¢ will be referred to as having

originated from “branch 1”7 and “branch 2”.

X‘I’l q X'H’L

A

¢ \‘ q
Yom g M ¢’ < X?t

Figure 7.10 x¢ Production Channel of Non-minimal Dark Sectors

Figure shows the xx production process of non-minimal dark sectors. The decay
products of one of the y’s and the decay products of the other x will be referred to

as having originated from “branch 1”7 and “branch 2”.
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Figure 7.11  xx Production Channel of Non-minimal Dark Sectors

Figure shows the event display legend for final state particles coming from

branch 1 or branch 2 for the non-minimal dark sector model.
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Figure 7.12  Legend for

all NMDS FEvent Displays. The final state particles are

tagged as coming from branch 1 or branch 2 of the NDMS model or as
not coming from the NMDS process. The legend includes a breakdown

miss

of seven main categories: BT, leptons, hadrons, anti-k; truth jets of
R =02 R =204, and R = 1.0, and pr indicators (the smallest colored
circles in the display) that indicate whether the truth jet is greater or
less than 20 GeV, the minimum pr value for calibrated small R jets in
ATLAS. The anti-ky truth jets are additionally color coded to indicate
the jet with the highest pr (leading jet), the jet with the second highest
pr (subleading jet), etc.

The event display legend identifies the types of final state particles produced and tags

them as coming from either branch 1 or branch 2 of the non-minimal dark sector

process or as not coming from the non-minimal dark sector process. The ET"™* is

sectioned into five different

categories: the stable y that originates from branch 1

or branch 2 of the non-minimal dark sector process, other stable particles coming

from branch 1 or branch 2 of the non-minimal dark sector model, or stable particles
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not originating from the non-minimal dark sector process. Anti-k; truth jets of three
different radii are studied, with the leading through sixth leading jet color coded
for anti-k; truth jets of R = 0.4 (small R truth jets) and anti-k; truth jets of R =
1.0 (large R truth jets). The pr of each anti-k; jet is indicated by a colored circle
that states whether the jet is greater or less than 20 GeV, the minimum pr value for

calibrated small R jets in ATLAS.

Figure shows the event display for final state particles coming from branch 1
and branch 2 of non-minimal dark sector process for benchmark NMDS1 (defined
in Table . This is a benchmark with small mass spacings between ensemble
constituents that lead to a final state with a low pr spectrum. In the event display,
the leading large R jet is from initial state radiation and exhibits jet substructure,
while the decay products of the exotic process are spread among four additional jets,
with the second leading jet exhibiting jet structure. All large R jets apart from the
leading large R jet fail the standard ATLAS reconstruction technique.
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Figure 7.13  Distribution of final state particles in the n-¢ plane for NMDS

Benchmark NMDS1 (defined in Table for a single event. A 200
GeV E%ﬁss cut is applied. Large, dashed ellipses represents large R
anti-k; truth jets of R = 1.0 and smaller, solid ellipses represent small
R anti-k; truth jets of R = 0.4. Final state particles are indicated as
colored dots and are tagged as originating from branch 1 or branch 2
of the NMDS model. The corresponding legend for this event display

is found in Figure[7.13

The event display of the non-minimal dark sector benchmark NMDS2 (defined in
Table [6.12)) is shown in Figure [7.14] This is a benchmark with mass spacings of

50 GeV between ensemble constituents that lead to a final state with a moderate
pr spectrum. Here is the first example of the leading large R jet not being from

initial state radiation. The subleading and third leading large R jets all contain jet

substructure. The exotic decay products from this model are scattered among four
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large R jets.
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Figure 7.14  Distribution of final state particles in the n-¢ plane for NMDS
Benchmark NMDS2 (defined in Table for a single event. A 200
GeV ET*™° cut is applied. Large, dashed ellipses represents large R
anti-k; truth jets of R = 1.0 and smaller, solid ellipses represent small
R anti-k; truth jets of R = 0.4. Final state particles are indicated as
colored dots and are tagged as originating from branch 1 or branch 2
of the NMDS model. The corresponding legend for this event display

is found in Figure .

The event display of the non-minimal dark sector benchmark NMDS3 (defined in
Table [6.12)) is shown in Figure This is a benchmark with large mass spacings
between ensemble constituents that lead to a final state with a high pt spectrum.

The decay products of the exotics process are spread over a large number of large R
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jets, with a number exhibiting jet substructure.
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Figure 7.15  Distribution of final state particles in the n-¢ plane for NMDS
Benchmark NMDS3 (defined in Table for a single event. A 200
GeV E%‘iss cut is applied. Large, dashed ellipses represents large R
anti-ky truth jets of R = 1.0 and smaller, solid ellipses represent small
R anti-k; truth jets of R = 0.4. Final state particles are indicated as
colored dots and are tagged as originating from branch 1 or branch 2
of the NMDS model. The corresponding legend for this event display

is found in Figure[7.13,

Figure [7.16] shows the event display legend for final state particles coming from

noncommutative black holes.
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Figure 7.16  Legend for all NCBH Event Displays. The final state particles are
tagged as either coming from the black hole or as not coming from the
black hole. The legend includes a breakdown of seven main categories:
E%liss, leptons, hadrons, anti-k; truth jets of R = 0.2, R = 0.4, and R
= 1.0, and pr indicators (the smallest colored circles in the display)
that indicate whether the truth jet is greater or less than 20 GeV, the
minimum prt value for calibrated small R jets in ATLAS. The anti-
k¢ truth jets are additionally color coded to indicate the jet with the
highest pt (leading jet), the jet with the second highest py (subleading
jet), etc.

The event display legend for noncommutative black holes identifies the types of final
state particles produced and tags them as either coming from the black hole or not
coming from the black hole. The EM¥s is sectioned into three different categories:
the stable remnant from the black hole, other stable particles from the black hole,
or stable particles not from the black hole. Anti-k; truth jets of three different radii
are studied, with the leading through sixth leading jet color coded for anti-k; truth
jets of R = 0.4 (small R truth jets) and anti-k; truth jets of R = 1.0 (large R truth
jets). The pr of each anti-k; jet is indicated by a colored circle that states whether
the jet is greater or less than 20 GeV, the minimum pr value for calibrated small R

jets in ATLAS.

Figure shows an event display of Noncommutative Black Hole Benchmark
NCBH1 (defined in Table 6.12) with a E¥* cut of 200 GeV with final state
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particles identified as coming from the black hole. This is the benchmark with
a noncommutative scale (\/§MD) of 0.55, which shifts the pr spectrum of the
benchmark to be higher than that of the NCBH4 benchmark (which has v0Mp
= 0.63). All three large R jets exhibit jet substructure, displaying two prongs. The
third leading large R jet fails the standard ATLAS large R jet reconstruction.
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Figure 7.17  Distribution of final state particles in the n-¢ plane for NCBH
Benchmark NCBH1 (defined in Table for a single event. A 200
GeV ET*™° cut is applied. Large, dashed ellipses represents large R
anti-k; truth jets of R = 1.0 and smaller, solid ellipses represent small
R anti-k; truth jets of R = 0.4. Final state particles are indicated as
colored dots and are tagged as originating from the black hole. The
corresponding legend for this event display is found in Figure .
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Figure shows an event display of Noncommutative Black Hole Benchmark
NCBH4 (defined in Table with a B cut of 200 GeV with final state particles
identified as coming from the black hole. As noted above, this is the benchmark
with vOMp = 0.63, which yields a lower pr spectrum than that of the NCBH1
benchmark. The decay products of the exotic process are spread among five large R
jets, with the leading large R jet exhibiting a 3 prong structure and all of the large
R jets except the leading jet failing the standard ATLAS jet reconstruction.
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Figure 7.18

Distribution of final state particles in the n-¢ plane for NCBH
Benchmark NCBHY (defined in Table for a single event. A 200
GeV E%“iss cut is applied. Large, dashed ellipses represents large R
anti-k; truth jets of R = 1.0 and smaller, solid ellipses represent small
R anti-k; truth jets of R = 0.4. Final state particles are indicated as
colored dots and are tagged as originating from the black hole. The
corresponding legend for this event display is found in Figure .

The event displays show that scalar cascades, non-minimal dark sectors, and

noncommutative black holes all exhibit jet substructure.

The large R jets that

contain the exotics process are often below the 200 GeV pr threshold imposed by

standard ATLAS reconstruction on large R jets. The event displays motivate an

analysis strategy centered around jet substructure. The next sections seek to identify

the best ways to target the substructure.
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7.2 Large R jet Distributions

The event displays show that all three models - noncommutative black holes,
non-minimal dark sectors, and scalar cascades - exhibit striking jet substructure.
Additionally, the jet substructure is often too soft to be reconstructed with standard
ATLAS jet reconstruction. Common variables that ATLAS uses to distinguish exotic
processes that have a strong dependence on large R jets are mass and pr, often
employing cuts requiring high mass and high pr. The mass and pr of a jet are
extracted from its four-vector. This section will provide large R jet kinematic plots
that show that, in addition to largely failing the ATLAS standard reconstruction,
these variables are not useful for noncommutative black holes, non-minimal dark
sectors, and scalar cascades. Alternative strategies to elucidate the jet substructure
from noncommutative black holes, non-minimal dark sectors, and scalar cascades

have to be employed.

Many searches in ATLAS place a requirement on the sum of the mass of all large
R jets in the event that have a pr greater than 100 GeV, and typically within a
certain n range. A pr threshold of 100 GeV is used for these large R jets because
the mass of the W boson and the mass of the Z boson are 80 GeV and 90 GeV,
respectively, and one wants to consider at least a minimally boosted case in order to
be able to use the identification of boosted bosons to distinguish background from
signal. To increase the signal to background ratio, typical cuts used are, for example,
a requirement of at least 500 GeV or at least 340 GeV for the sum of large R jets
with a pr greater than 100 GeV, as referenced earlier in the thesis in regards to a
SUSY search [9]. (The SUSY search used two different cuts because they had more
than one signal region.) However, as seen in Figure , the mass sum of all large R
jets with pp greater than 100 GeV for each of the three models emphasize how mass
is not a useful quantity to apply a strong cut on for this analysis. A requirement
on the sum of masses of 500 GeV for scalar cascades results in a loss of all signal
and almost all signal for noncommutative black holes. All non-minimal dark sectors
except the NMDS3 benchmark fail the cut almost entirely. For a 340 GeV sum of

mass cut, a severe loss of signal would result for all but the NMDS3 benchmark.

Though not the primary focus of this section, it is worthwhile to comment on
the distributions of various benchmarks for a given model in order to understand
the effect that various parameters have on the phenomenology of the model. In
Figure [7.19, the distributions of the mass sum for noncommutative black hole
benchmarks NCBH4, NCBH5, and NCBHG6 are largely aligned. These benchmarks
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all live in 6 extra dimensions and have a vOMp value of 0.63. However, unlike
benchmark NCBH4, which has a minimum black hole mass of 6.7 TeV, benchmarks
NCBH5 and NCBH6 have minimum black hole masses of 7.8 TeV and 8.9 TeV,
respectively. Since minimum black hole mass and Mp are related, benchmarks
NCBH5 and NCBHG6 also have different values of Mp (7 TeV and 8 TeV, respectively)
than benchmark NCBH4, which has a Mp value of 6 TeV. The distributions for
the mass sum of noncommutative black hole benchmarks NCBH1, NCBH2, and
NCBH3 are similarly largely aligned and distinctly seperate from the distributions
for NCBH4, NCBH5, and NCBH6. Benchmarks NCBH1, NCBH2, and NCBH3
have a VM p value of 0.55 and live in 5 extra dimensions. While the minimum
black hole mass for benchmark NCBH1 is 6.8 TeV, the minimum black hole mass
for benchmarks NCBH2 and NCBH3 are 7.8 TeV and 8.9 TeV, respectively. (The
Mp value of benchmark NCBH1 is 6.5 TeV, while the Mp value of benchmarks
NCBH2 and NCBH3 are 7.5 TeV and 8.5 TeV, respectively.) The noncommutative
scale is seen to have a stronger effect on the phenomenology than the relatively
negligible effect of varying the minium black hole mass. The mass sum is larger for
benchmarks with vOM p = 0.55 than for benchmarks with 0.63. The non-minimal
dark sector benchmarks with small mass spacings between ensemble constituents
(NMDS6, NMDS5, NMDS1) and therefore lower pr spectrums have mass sum
distributions that are noticably lower than the non-minimal dark sector benchmarks
with moderate mass spacings of 50 GeV between ensemble constituents. The non-
minimal dark sector benchmark with the highest mass spacings between ensemble
constituents has the highest values for the mass sum. The scalar cascade benchmarks
with the smallest number of Standard Model particles in the final state, SC4 and
SC6, has lower mass sum distributions that the scalar cascade benchmarks with the
highest number of Standard Model particles. The distributions for benchmarks SC3
and SC5H are barely, if not at all, noticable, due to the low rates at which they pass
the 200 GeV EX cut. This low acceptance is due to benchmark SC5 having no
stable scalars in the final state and benchmark SC3 having only 2 stable scalars with

masses of 5 GeV.
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Figure 7.19 Noncommutative Black Hole, Non-minimal Dark Sector, and Scalar
Cascades Large R jet Sum of masses with a 200 GeVEEFiSS cut applied.

As seen in Figure [7.20] the pr distributions of the second leading, third leading, and
fourth leading large R jets for scalar cascade benchmarks all would suffer from the
200 GeV pr requirement from ATLAS for large R jets. As this is where the event
displays showed the exotic signal to be, this would destroy the sensitivity to new
physics. The leading large R jet pr distributions would similarly not benefit from a
requirement of at least one large R jet with a pr of 460 GeV. (This is the threshold
cut required to trigger on an event with an least one large R jet. It also serves as
an example of a high pr cut an analysis may impose on the leading large R jet to
distinguish signal from background.) The leading large R jet pr is, therefore, not a

good variable to cut on for large R jets in the analysis.

As with the mass sum distributions, the scalar cascade benchmarks with the smallest
number of Standard Model particles in the final state, SC4 and SC6, have softer pT
distributions for large R jets than the scalar cascade benchmarks with the highest
number of Standard Model particles. The distributions for benchmarks SC3 and
SC5 largely disappear again due to the low rates at which they pass the 200 GeV

EFS cut.
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Figure 7.20 Scalar Cascades Large R jet pr distributions with a 200 GeV E%‘iss
cut applied

As seen in Figure [7.21], the pr distributions of the third leading and fourth leading
large R jets for noncommutative black holes all would suffer from the 200 GeV
pr requirement from ATLAS for large R jets. As this is where the event displays
showed that exotic signal could lie in these jets for noncommutative black holes, that
similarly would not allow for sensitivity to new physics. The leading large R jet pr
distributions lose roughly half of the signal if they were to undergo a 460 GeV cut

in pr. A 460 GeV cut on leading large R jet pr is, therefore, not an optimal cut.

As with the mass sum distributions, the large R jet pr distributions for noncom-
mutative black hole benchmarks with a @M value of 0.63 (NCBH4, NCBH5, and
NCBHG6) are largely aligned and distinctly lower and seperate from the large R jet pr
distributions for noncommutative black hole benchmarks with a v/ M p value of 0.55
(NCBH1, NCBH2, and NCBH3). The noncommutative scale has a greater impact
than the minimum black hole mass. These observations hold true for the leading
and subleading large R jets. For the third and fourth leading large R jets, there is

less of a distinction among the 6 models.
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Figure 7.21 Noncommutative Black Hole Large R jet pr distributions with a 200
GeV EXSS cut applied

As seen in Figure[7.22] the second leading large R jet would struggle with a 200 GeV
pr for all non-minimal dark sector models except the NMDS3 benchmark. Such a
cut on the third and fourth leading large R jets would destroy sensitivity for all but
the NMDS3 benchmark. All models except the NMDS3 benchmark and perhaps the
NMDS2 benchmark would suffer from a 460 GeV pr cut on the leading large R jet.

The non-minimal dark sector benchmarks with small mass spacings between
ensemble constituents (NMDS6, NMDS5, NMDS1) have lower large R jet pr
spectrums than the non-minimal dark sector benchmarks with moderate mass
spacings of 50 GeV between ensemble constituents. The non-minimal dark sector
benchmark with the highest mass spacings between ensemble constituents has the

highest values for the large R jet pr spectrums.
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Figure 7.22 Non-minimal Dark Sectors Large R jet pr distributions with a 200
GeV ErT]rliss cut applied

This motivates the use of innovative designs to distinguish noncommutative black

holes, non-minimal dark sectors, and scalar cascades from background.

7.3 Novel Large R jet Reconstruction Algorithm
(Hybrid Jet Reclustering) vs. Standard Large R

Jet Reclustering

From the event displays and large R jet distributions, it is clear that scalar cascades,
non-minimal dark sectors, and noncommutative black holes all exhibit soft jet
substructure. As the usual strategies employed by ATLAS searches are not well
suited for this signature, a different strategy must be adopted. A novel large R
jet reconstruction algorithm was designed specifically for this analysis. The ATLAS
technique of jet reclustering allows for large R jets with pr less than 200 GeV to
be created from calibrated small R jets, as well as allowing for flexibility in the size

of the jet radius. However, because the only inputs are small R jets, the standard
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ATLAS jet reclustering only includes tracks that are within the small R jets in the
reclustered large R jet. This results in a potentially significant loss of soft particles.
To avoid this, a novel jet reconstruction technique, deemed hybrid jet reclustering,
was developed to allow for the formation, from calibrated objects, of large R jets
even below 200 GeV, while also allowing for a flexible radius of the new large R jet
and the preservation of all tracks within the large R jet catchment area. Hybrid
reclustering takes as input calibrated small R jets and all tracks within the full jet

catchment area of the large R jet.

On the left side of Figure [95], a standard ATLAS large R jet (without reclustering)
and all of its associated truth particles in the full jet catchment area of the large
R jet are shown. On the right side of Figure [7.23] the reclustered large R jet is
shown with all of the truth particles associated with a small R jet. It can be seen
that reclustering causes all truth particles not associated with a small R jet in the
large R jet to be lost. (Though Figure was produced using truth particles, the
same conclusion holds for tracks.) Hybrid jet reclustering eliminates this issue while
also allowing for variable radius and lower pr, unlike standard ATLAS large R jets.

Hybrid jet reclustering can have broad applications for many other physics searches.
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Figure 7.23  Left plot: A wisual of large R jet reclustering showing (a) Left: the
large R jets and all of its associated truth particles (b) Right: all of the
small R jets associated with the large R jet. Figure taken from [95]
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7.3.1 Technical details of Hybrid Jet Reclustering

The author implemented the hybrid jet reclustering algorithm in an analysis
framework that the author created for this analysis. The analysis framework connects
to common ATLAS functionalities, such as object calibration and object isolation

(principles described earlier in the thesis) via the xAODAnahelpers package [96].

The specific technical details of the hybrid jet reclustering algorithm are the
following. First, the anti-k; algorithm is run over all calibrated small R jets with
pr > 20 GeV (and that pass the rest of the requirements set forth by the analysis
for jet selection, which are outlined in the next chapter). The radius of the large
R jet must be specified when running the anti-k; algorithm. (In this analysis, for
reasons that will be evident later in the chapter, the radius was specified to be R =
1.5.) This creates a Standard ATLAS reclustered large R jet. The constituents, or

components, of this jet are small R jets.

This next step is where the hybrid jet reclustering algorithm makes a departure from
Standard ATLAS jet reclustering. A list of all of the tracks in the event (that pass
the requirements set forth by the analysis for track selection, which are outlined in
the next chapter) is created. This list will be referred to as the list of original tracks.
This list of original tracks is then copied to a new list which will be referred to as
the list of “ghost tracks”, a term that will be explained shortly. This list of ghost
tracks contains identical copies of the original tracks with the exception that the pr
of the track has been set to an infinitesimally small value. The anti-k; algorithm is
then run (with the same designated radius as before) over all calibrated small R jets
with pr > 20 GeV and the list of ghost tracks in the event. Since the ghost tracks
have infinitesimally small pr, they do not, in any way, bias or affect the reclustering
algorithm. This is why these tracks are referred to as ghost tracks. It is as though
each track is invisible, or a ghost. At this point, it is known which reclustered jet a
ghost track is in. For the analysis, however, only real tracks are useful. Therefore,
each ghost track in the list of ghost tracks is mapped back to each track in the list
of original tracks. This is easy to do, of course, as the ordering of the list of original
tracks is the same as the ordering of the copied list of ghost tracks. Now, it is known
which tracks in the original list of tracks, the real tracks, are associated to which
large R in the event. Additionally, it is known which small R jet is associated to
which large R in the event. There are now two views of the large R jet: a track view
in which the constituents, or components, of the large R jet are tracks and a small

R jet view in which the constituents of the large R jet are small R jets. With this
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novel technique, the large R jet captures even tracks that are outside the small R

jets and, therefore, not previously available. This is a hybrid jet.

This thesis uses the anti-k; algorithm to form the hybrid jets. This is because, prior to
developing the novel hybrid jet reclustering technique, the author conducted studies
with generic large R jet reclustering and found that the anti-k; algorithm was more
efficient at capturing the final state particles originating from the exotics process (for
example, the scalar cascade process) than the k; and Cambridge-Aachen algorithms.
The anti-k; algorithm was subsequently used for the hybrid jet reclustering. The
next subsection details the decision to use a radius of R = 1.5 for the hybrid jet
reclustering algorithm. Though not shown below, the hybrid jet reclustering was
additionally tested for radius values of R = 1.0, R=12 R=14, R=15 R =
1.6, R = 1.8, and R = 2.0. A radius of R = 1.5 was shown to be more efficient at
capturing the final state particles originating from the exotics process than a radius
of R < 1.5, while also not being much less efficient than large values of R. As larger
values of R could potentially cause signal to be less distinctive from background, a

radius of R = 1.5 was chosen.

Afterwards, studies by the author are shown that were used to validate the hybrid
jet reclustering technique. Specifically, the performance of the hybrid jet reclustering
technique at capturing the final state particles originating from the exotics process
was compared to that of standard ATLAS jet reclustering, showing that the hybrid jet
reclustering technique outperformed the standard ATLAS jet reclustering algorithm.

7.3.2 Determining a radius for Hybrid Jet Reclustering

To determine the radius of the hybrid jet used in the analysis, truth level studies of
AR quantities by the author, in addition to the studies mentioned earlier, were used.
In Figure [7.24] when applying a 200 GeV E cut, the AR (distance in 7-¢ space)
between the ¢; of the scalar cascades process and the final state particles from the
scalar cascades process was determined to be almost exclusively below a value of 2
and predominantly below a value of 1.5. As noted above, a radius of R = 1.5 was
chosen as larger values of R could potentially weaken the ability to separate signal
from background. The 200 GeV EM cut shifted the small R jet pr of the scalar
cascades to be almost exclusively above 200 GeV, motivating a 200 GeV pr cut for
the analysis. A point to note is that, due to the 200 GeV EI cut applied in the
bottom plot of Figure [7.24] there are considerably fewer events than in the two top
plots of Figure [7.24] Though not marked as such, the scale of the z axis in the top
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plots and the bottom plot are different, so it is not such that the light blue in the

bottom plot indicates more events than the dark blue in the top two plots.
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Figure 7.24 AR between final state particles and ¢; of the scalar cascade process
as a function of (top left) EMiSS without any cuts applied, (top right)
leading small R jet pr without any cuts applied, (bottom) leading small
R jet pr with a 200 GeV E%liss cut applied. This is for the Scalar
Cascades Benchmark SC1.

7.3.3 Validating the Hybrid Jet Reclustering Algorithm

The performance gain of using the novel hybrid jet reclustering technique with a

radius of 1.5 over the standard ATLAS reclustering technique with a radius of 1.5
can be seen in Figure
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Figure 7.25 Hybrid Jet Reclustering vs. Standard Large R jet Reclustering perfor-
mance comparison for Scalar Cascade Benchmark SC1: Fractions of
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efficient at capturing exotic particles (Top right) the reclustered jet that
is second most efficient at capturing exotic particles (Bottom left) the
leading pr reclustered jet (Bottom right) second leading pr reclustered
jet. A 200 GeV EXS cut applied.

The top left plot shows, for the Scalar Cascade Benchmark SC1, the fraction exotic

particles from the scalar cascade process that is captured by the reclustered jet that

is determined to be the most efficient at capturing the exotic particles for both the

hybrid reclustering technique and the standard reclustering technique. The hybrid

reclustering technique captures more exotic particles then the standard ATLAS

reclustering. The bottom two plots show that the second leading reclustered jet is the

jet that best captures the exotic particles from the scalar cascade decay. The bottom

right plot shows that the hybrid reclustering technique is more efficient at capturing

the particles from the exotic process than then standard reclustering technique.

This novel reclustering technique is used in the analysis to form reclustered jets from

which a neural network takes track information to learn jet substructure.
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7.4 Summary

Event displays show that scalar cascades, noncommutative black holes, and non-
minimal dark sectors all exhibit jet substructure. Additionally, the jet substructure
is often soft. The large R jets containing the exotics process are often below the
200 GeV pr threshold that ATLAS requires for large R jet calibration. Due to the
soft nature of the large R jets, the standard ways to differentiate exotic signal from
background via means of the large R jet pr and large R jet mass are not viable.
A novel jet reclustering technique, called hybrid jet reclustering, was developed to
allow the creation of jets that are below the 200 GeV pr threshold and capture as
many tracks as possible, including those inaccessible by existing algorithms. Studies
were performed to demonstrate that the hybrid jet reclustering algorithm captures
a higher fraction of the decay products of the exotic processes than the standard
ATLAS reclustering algorithm. Additionally, optimization studies were performed
to choose a radius of R = 1.5 for the hybrid jet reclustering algorithm for use in the
analyses. The hybrid jet reclustering algorithm is used in the subsequent chapters
to reconstruct large R jets whose track information is then fed into a neural network
to learn the jet substructure in order to distinguish signal from background. This
is applicable to all three models. Now that the analysis strategy and basic analysis
objects have been established, the next chapter details the event selection for the

analyses.
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Chapter 8

Datasets and Event Selection

This chapter details the preliminary event selection (termed “preselection”) for each
search. It also describes the simulated Monte Carlo samples used to model Standard
Model background and exotic processes and lists the datasets used to analyze Run

2 data. It quantifies the background rejection afforded by the initial cuts.

8.1 Datasets

This analysis uses the full Run 2 datasets. The LHC divides data into roughly 1
minute long segments called lumiblocks, marking them as good or bad depending
on whether the LHC beam was in good condition during the time of data-taking.

The list of good lumiblocks for each year are collected in the following good run lists
(GRLs), shown in Table [8.1}

Year GRL

2015 datal5_13TeV.periodAllYear_DetStatus-v89-pro21-02_Unknown_PHYS_Standard GRL_All_Good_25ns

2016 datal6_-13TeV.periodAllYear_DetStatus-v89-pro21-01_DQDefects-00-02-04_PHYS_Standard GRL_All_Good_25ns

2017 datal7_13TeV.periodAllYear_DetStatus-v99-pro22-01_Unknown_PHYS_Standard GRL_All_Good_25ns_Triggernol7e33prim
2018 datal8-13TeV.periodAllYear_DetStatus-v102-pro22-04_Unknown_PHYS_Standard GRL_All_Good_25ns_Triggernol7e33prim

Table 8.1  Good Run Lists for Run 2 data-taking

This equates to 139 fb~! of good quality data, with 3.21 fb~! being attributed to
2015, 32.99 fb~! being attributed to 2016, 44.31 fb~! coming from 2017, and 58.45
fb~! coming from 2018. Events are rejected if the events are not complete, if a
subsystem was not working properly during the recording of the event, or if the

event is corrupted.
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Events are selected via data filtering algorithms called triggers. This analysis selects
events based on the presence of substantial missing energy (ER) via EIS triggers.
The EXss triggers used in this analysis are documented, by year, in Table

Year Trigger

2015 HLT _xe70_mht

2016 HLT xe90_mht_L1XES50, HLT xel110_mht_L1XE50

2017 HLT xe90_pufit_L1XE50, HLT xel10_pufit_.L1XE55

2018 HLT xel10_pufit_xe70_L1XE50, HLT xel120_pufit_L1XE50, HLT xel10_pufit_xe65_L1XE50

Table 8.2 ErTniss triggers by year of Run 2 data-taking

The EXsS triggers are known to start becoming 100% efficient somewhere in the range
of 200 GeV to 250 GeV, depending on the given ATLAS analysis [97]. The analysis
therefore applies a basic 200 GeV ER cut for data and Monte Carlo background
and signal samples. (The author applied this cut directly to the samples.) For two
of the three searches (non-minimal dark sectors and noncommutative black holes),
a higher BT cut is ultimately used in the final analysis result. The EX cut in
the context of scalar cascades will be revisited in the discussion of experimental

uncertainties. Signal Monte Carlo trigger efficiencies appear in the appendix.

8.1.1 Background Processes

An assortment of Monte Carlo generators are used at the LHC to generate simulated
events, whether they are Standard Model background processes or exotics signal
processes. The hard scatter process from the proton-proton collision is first simulated
and the resulting final state particles are then showered and decayed. An intricate
detector simulation then processes the entire event information. This simulation
is based on GEANT4 [98]. The average number of bunch crossings per interaction
crossing observed in ATLAS data plays an important role, as Monte Carlo simulation
is then weighted to this distribution via three different MC Campaigns (MC16a,
MC16d, and MC16e). MC16a corresponds to the 2015 and 2016 data-taking period,
while MC16d corresponds to the 2017 data-taking period, and MC16e corresponds
to the 2018 data-taking period.

As scalar cascades, noncommutative black holes, and non-minimal dark sectors all
have multiple jets in the final state, the main background contributions come from
Standard Model background processes that yield jets. Therefore, the dominant
background processes that the analysis has to distinguish signal from are W/Z +
jets, dibosons, top quark pair production, single top production, and QCD multijets.
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(QCD multijets refers to jets arising from Quantum Chronodynamics processes.)
The background Monte Carlo samples used are summarized, according to their DSID
(data set identifier) in Table [8.3] with full sample names included in the appendix.

DSID Background Process

700323 - 700325 | Sh_2211_Zmumu_*

700326 - 700334 | Sh_2211_Ztautau_*

700335 - 700337 | Sh_2211_Znunu_*

700338 - 700340 | Sh 2211 Wenu_*

700341 - 700343 | Sh_2211_Wmunu_*

700344 - 700349 | Sh_2211_Wtaunu_*

700439 Sh_2211_Zqq-ptZ_-100_ECMS

700441 Sh_2211_Wqq_ptW_200_ECMS

410470 PhPy8EG_A14_ttbar_hdamp258p75_nonallhad
410471 PhPy8EG_A14_ttbar_hdamp258p75_allhad

410644 PowhegPythia8EvtGen_A14 singletop_schan lept_top
410645 PowhegPythia8EvtGen_A14_singletop_schan_lept_antitop
410646 PowhegPythia8EvtGen_A14_Wt_DR_inclusive_top
410647 PowhegPythia8EvtGen_A14_Wt_DR_inclusive_antitop
410658 PhPySEG_A14_tchan_BW50_lept_top

410659 PhPy8EG_A14_tchan_ BW50_lept_antitop

364702 - 364712 | Pythia8EvtGen A14ANNPDF23LO jetjet JZ*WithSW
361106 PowhegPythia8EvtGen AZNLOCTEQGL1 Zee
363355 Sherpa_221_NNPDF30NNLO _ZqqZvv

363357 Sherpa_221_ NNPDF30NNLO _WqqZvv

363360 Sherpa_221_NNPDF30NNLO_WplvWmqq

363489 Sherpa_221_ NNPDF30NNLO_WIlvZqq

363359 Sherpa_221_ NNPDF30NNLO_WpqqWmlv

Table 8.3  Standard Model MC Background Processes used in these searches and
their corresponding DSIDs

The production of a W boson in association with a quark is depicted in Figure [8.1]
W/Z + jet processes are simulated and hadronized with the Sherpa 2.2.11 generator.
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Figure 8.1 W production in association with a jet

Diboson production is depicted in Figure [8.2] Diboson processes are simulated and
hadronized with the Sherpa 2.2.11 generator [99).
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S

Figure 8.2 Diboson production, where V can be a W boson or Z boson

Top quark pair production is shown in Figure 8.3l Top quark pair production is
simulated with Powheg Box 2 [I00] and hadronized with [101].
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Figure 8.3 Top quark pair production

Single top production is shown in Figure [8.4] Single top production is simulated
with Powheg Box 2 and hadronized with Pythia.
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QCD multijet production is simulated with Pythia8.230 using the A14 tune and
NNPDF2.3 LO.

8.1.2 Object Definition and Selection

Primary Vertex (PV) The vertex in which the scalar sum of transverse momenta
of all tracks associated to it is the highest is the primary vertex. This analysis requires

the selection of events in which the primary vertex contains at least 2 tracks.

Tracks This analysis reduces contribution from pileup by requiring tracks to adhere
to a tight reconstruction working point [102], as well as tight track-to-vertex
association requirements [102]. Specifically, tracks are required to have track pr >
500 MeV. The impact paramater dy is defined as the radial distance between the
point of closest approach of a track to the primary vertex. Tracks are required to
have dy < 0.5 mm. The impact parameter Azysinf is defined as the longitudinal

distance between the point of closest approach of a track to the primary vertex.
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Tracks are additionally required to have Azgsinf < 0.5 mm. Tracks are restricted
to the full range of the Inner Detector: -2.5 < n < 2.5.

Muons

This analysis vetos both muons and electrons in order to enhance background
rejection as signal typically does not contain leptons. However, muons and electrons
are first both used in the overlap removal algorithm (to be discussed shortly) and in
the algorithm used to reconstruct missing energy (to be discussed shortly). Muons
are selected such that the minimum pr is greater than 20 GeV and -2.5 < n < 2.5.
The medium quality cut [I03] and tight isolation criteria [I03] are applied and the

muons are calibrated. The muons are subsequently vetoed later in the preselection.

Electrons Electrons are required to meet the following criteria. Electrons are
selected such that the minimum pr is greater than 20 GeV and -2.7 < n < 2.7. The
tight identification criteria [104] and tight isolated criteria [104] are applied and the

electrons are calibrated. Electrons are subsequently vetoed later in the preselection.
Jets

ATLAS small R jets of radius R = 0.4 are reconstructed with the ParticleFlow
algorithm. (As a reminder, the Particle Flow algorithm is an algorithm that runs
the anti-k; jet reclustering algorithm with both topo-clusters and tracks provided
as input [84]). These jets are calibrated and have pr < 20 GeV and -3.2 < n <
3.2. The JVT tight working point is applied [83]. The analysis applies two different
types of cleaning criteria to jets: Tight cleaning and Loose cleaning. The Tight
cleaning criteria comprise a stricter set of quality requirements than the Loose
cleaning criteria. The Loose cleaning criteria [105] is applied to all small R jets
in the event above 20 GeV. Additionally, the leading small R jet in the event is
required to pass the Tight cleaning criteria [105].

Missing Energy

The missing energy is constructed using the electrons, muons, and jets that fufill the
criteria above. The missing energy construction is performed before overlap removal.
As noted in the Reconstruction chapter, the definition of the soft term used in this
analysis is the track-based soft term. (As a reminder, this means that the soft term

consists of tracks unassociated to electrons, muons, and jets).

Overlap Removal
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To avoid particles being reconstructed as different objects, a procedure called
“Overlap Removal” is performed. In the instance where a jet and electron are
separated by a radius R < 0.4, the electron is removed and the jet is kept. Similarly,
in the instance where a jet and muon are separated by a radius R < 0.4, the muon

is removed and the jet is kept.

Reclustered Large R jets The reclustered large R jets are created with the anti-
k; algorithm with radius R = 1.5. The reclustered jets take as input the calibrated
small R jets passing the criteria outlined above, as well as the tracks passing the

criteria outlined above.

8.1.3 Cuts Specific to Background and Cuts Specific to Data

QCD multijet samples are sliced by transverse momentum into 13 individual
samples in order to ensure sufficient statistics. The naming scheme of these
samples are Pythia8EvtGen_A14NNPDF23LO_jetjet_JZ*WithSW, where the JZ0OW
slice corresponds to the QCD multijet sample with the lowest transverse momentum
and JZ12 corresponds to the sample with the highest transverse momentum. This
analysis ignores QCD multijet samples JZ0 and JZ1 because the analysis selects
events with leading small R jets with pr > 200 GeV and the JZ0 and JZ1 samples
correspond to events with leading small R jet pr < 200 GeV. QCD multijet slices
J7Z2W, JZ3W, and JZ4W are additionally treated to account for pileup overlay. Both
the JZ2W and JZ3W QCD multijet samples undergo a cut that requires the leading
small R jet pr <1500 GeV, while the JZ4W QCD multijet sample undergoes a cut
that requires the leading small R jet pr <1000 GeV. These cuts are applied only
to QCD multijet samples because QCD multijet samples are sliced by pp. This is
a standard procedure in ATLAS for physics analyses dealing with QCD jets. As
noted earlier, in ATLAS Monte Carlo generation, pileup is added on top of the hard
scatter. By definition, pileup is supposed to be softer than the hard scatter. In QCD
multijet slices with lower pr, such as JZ2W, JZ3W, and JZ4W, the hard scatter may
occasionally be softer than pileup. Since lower pr QCD multijet slices have higher
cross sections than higher pr QCD multijet slices, a pileup event with high pr from a
JZ2W slice will appear as an anomalously weighted event in the full jet pr spectrum.

These cuts remove anomalously weighted events.

Data events are vetoed if any of the small R jets in the event that pass the selection
criteria for jets points to a bad tile module. The effect of the bad tile module veto

and tight cleaning cuts on individual years can be found in the appendix. Both
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the bad tile module event veto and the tight cleaning requirement for the leading
small R jet offer great improvements to the ER ¢ distribution, resulting in the
elimination of peaks in the distribution when both are applied. While the tight
cleaning requirement is applied to Monte Carlo, the bad tile module veto can only
be applied to data. This is because the ATLAS Collaboration does not simulate
the bad tile modules in Monte Carlo, so there is no need to correct for them. The
ATLAS detector description in Monte Carlo is reasonably close to an ideal detector,
so random bits of the detector are not turned off. An efficiency cut is therefore
applied to Monte Carlo to reflect the reduction in data due to rejecting events in
which a jet points to a bad tile module. This efficiency factor is calculated for the
selection cuts for each model prior to machine learning and will be quoted at the

relevant parts of this thesis.

After applying the bad tile module veto, the log plot of the ER ¢ distribution in
data (calculated by the author and shown in Figure looks as expected.
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Figure 8.5 Log of E%liss ¢ distribution after bad tile module event veto and after
applying tight cleaning. Full Run 2 dataset is used.
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8.1.4 Scalar Cascade Cuts

As mentioned previously, the ATLAS collaboration limited the scalar cascade
analysis to 1 benchmark due to the amount of Monte Carlo events required to
generate a single reconstructed sample for use in machine learning. Scalar Cascade
Benchmark SC1 (defined in Table was chosen because, out of all of the
benchmarks, it provided the most favorable combination of number of Standard
Model particles in the final state (a staggering 128 particles), trigger efficiencies
for the B trigger, and cross section. The scalar cascade selection cuts prior to
machine learning are summarized in the Table|8.4] These include cuts on the number
of reclustered large R jets, the n values and mass values of the reclustered jets, the
number of small R jets in the event, and the minimum angle between the closest

large R jet and EX5 almost entirely dictated by the event displays.

A cut of at least 50 GeV is applied to the second leading small R jet for cleaning
purposes and background rejection. At least 5 small R jets of at least 20 GeV
are required as an efficient way to reduce background. As seen in Figure the
distribution of the number of small R jets in the scalar cascade model peaks at 8
small R jets, while the distribution for background peaks at 5 small R jets. The ¢
value of the B is largely aligned with the ¢ value of the closest leading large R
jet, as in seen in Figure [8.6]

The angle between the closest large R jet to the B2 is defined as Agpn(J, ERS),

where

Agbmin(Ja E’III‘liSS) = ¢Jmin - ¢E;Fniss. (81>

The angle between the closest small R jet to the EX is defined as Agpn (7, ERS),

where

A¢min(j7 E}’I{liss) = ¢jmin - QSE%“SS’ (82>

In Figure , AGin(J, EX5) can be seen peaking sharply at 0 and the vast majority
of signal residing below values of 0.5. This invokes a requirement that Ay, (J, EXsS)
is less than 1. While the analysis places a cut on Ady,(J, ER), it is worthwhile to
observe the distribution of Ay, (7, EsS).
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Many dark matter searches, whether they are monojet searches or multijet searches,
reduce QCD background by requiring A¢umin (7, E2) or Agmin(J, ER) to be greater
than 0.5. QCD does not typically produce EM5. Measurable EX in QCD events
comes typically from mis-reconstruction of the event. Jets are dense objects, and
there is some inefficiency in reconstructing all of the particles in them. Since QCD is
a process that yields jets, it is subject to this reconstruction inefficiency. The Emiss
in QCD is aligned with the jet because the EX5 comes from the component of the

jet that is not reconstructed and, therefore, appears as EMiss,

AS Adyin(j, E¥5) can be seen in Figure to peak at 0 and lie almost entirely below
0.5, this immediately places this search outside the bounds of phase space typically
explored. In recent years, both ATLAS [53] and CMS [54] have undertaken searches
for semivisible jets, which has a distinctive signature of ER aligned with a jet.
Scalar cascades, however evade these search strategies due to the soft nature of the
scalar cascades, wherein the scalar cascades either fail the high pr triggers employed
or fail the high jet mass requirements. (The semivisible jet model has EM aligned
with a jet because its decay products are stable particles that appear as E¥*5 and
unstable particles, all of which are captured in a jet. Scalar Cascade Benchmark SC1
produces tracks that are too soft to reconstruct, resulting in measurable £ which
is large enough to pass the E¥"S trigger. This could then appear as EX aligned
with the jet.) The unique phase space of scalar cascades is further highlighted in
the strikingly high track multiplicity in the second leading reclustered jet, as seen in
Figure [8.6] With the number of tracks in the second leading reclustered jet peaking
at roughly 100 tracks, the scalar cascades clear the vast majority of background.
(The number of tracks in the second leading reclustered jet is related to the number
of Standard Model particles in a given scalar cascade benchmark, which is related
to the number of scalars in the model. The peak at 100 tracks corresponds to the
Scalar Cascade Benchmark SC1. However, this can describe other scalar cascade

benchmarks that yield high Standard Model particle multiplicities).

As the particles from the exotics process are contained largely in the second leading
reclustered large R jet of R = 1.5, at least two reclustered large R jets are required.
Both the leading reclustered jet and the subleading reclustered jet are required to
have greater than 0 tracks in order for tracks to be inputted in a machine learning
algorithm focused on learning the jet substructure of the event. Due to the strikingly
high track multiplicity, the second leading reclustered jet is additionally required to

have at least 30 tracks.

The plots in Figure were produced by scaling the simulated signal events to
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a luminosity reflecting the full run 2 dataset and scaling by the total predicted
cross section, then normalizing to one. The background distributions were similarly
created by scaling the simulated background events to the full Run 2 dataset and
scaling by cross section, then normalizing each individual background process in a
manner such that the total background process was normalized to 1. These plots, and
all similar plots appearing in the thesis, were produced via calculations performed
by the author with an analysis framework created by the author (and referred to

earlier).

Distributions given in Figure have arbitrary units. Even though the integrated
luminosity was previously defined as [ £(¢)dt, in the following plots it is marked with
the label “L”. This holds true for all plots that carry this label. Additionally, a point
to note is that L = 139 fb~! is included even on plots that have been normalized. It
is helpful to include the luminosity used even on normalized plots with arbitray units
because it indicates what data the MC background samples correspond to and also
how the Monte Carlo samples were weighted. (For example, MC16a was weighted to
a luminosity of 36.2 fb~!, while MC16d was weighted to a luminosity of 44.31 fb™!,
and MC16e was weighted to a luminosity of 58.45 fb=!, as opposed to being evenly
weighted throughout the different MC campaigns).
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Figure 8.6 Discriminating Variables of Scalar Cascade Benchmark SC1. Depicted
here are Agmin(j, ER), Apmin(J, EXIS), and the number of tracks in
the second leading reclustered jet.
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Quantity Requirement
Reclustered Jets At least 2 reclustered jets of R = 1.5

number of small R jets in leading reclustered jet > 0

number of small R jets in subleading reclustered jet >
0

leading reclustered jet |n| < 2

subleading reclustered jet |n| < 2

Small R jets > 4 small R jets pr of at least 20 GeV
Second leading small R jet pr > 50 GeV

Emiss alignment A¢pin(J, BRSS) < 1
Tracks Up to 250 tracks in leading reclustered jet
Up to 250 tracks in subleading reclustered jet

Greater than 0 tracks in leading reclustered jet

Greater than 30 tracks in subleading reclustered jet

Lepton Veto No electrons > 20 GeV
No muons > 20 GeV

Trigger lowest unprescaled EX'S triggers

Emiss > 200 GeV

Leading small R jet pr | > 200 GeV

Table 8.4  Scalar Cascades cuts prior to Neural Network Cuts

The effects of the Scalar Cascade cuts are seen in Table 8.5 Due to the relatively
low cross section, after the selection, only an expected 2.7 signal events survive. The

significance, defined as

number of signal events

significance = (8.3)

v/number of background events’

for Scalar Cascade Benchmark SC1, is 0.0053. In the remaining chapters, the term
significance when used refers to Equation
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QCD is the primary background, contributing 76.7%, then followed by Z, W, and

Top processes.

Process SC1 Total Background QCD zZ w Top
Event Yields 2.7 256845 197086.6 9938.6 18153.3 30396.3
Background Composition % 76.73% 3.87 7.07% 11.83%
Tile Efficiency Correction 51.84%

Significance: signal/sqrt(background) 0.0053

Increase in significance from 200 E%‘iss cut 265%

Table 8.5 MC Event Yields for Scalar Cascades cuts prior to the SC Neural
Network Cuts defined in Table [8.4]  Background composition, signal
significance, and Tile Efficiency Correction resulting from these cuts are
also included.

8.1.5 Noncommutative Black Hole and Non-minimal Dark
Sector Cuts

The noncommutative black hole and non-minimal dark sector selection cuts prior
to machine learning are summarized in the table below. Though noncommutative
black holes and non-minimal dark sectors contain many jets in the final state, there
is a modest requirement of a minimum of 3 small R jets for noncommutative black
holes and non-minimal dark sectors. A requirement for a larger number of small
R jets for noncommutative black holes and non-minimal dark sectors was found
to bias the surviving background events to those exhibiting jet substructure and,
thereby, decreased the performance of the neutral network. Scalar cascades were
immune to this effect because of their high track multiplicity, which distinguishes
them from background. Additionally, noncommutative black holes and non-minimal
dark sectors do not have ER aligned with the closest small R jet or closest large
R jet, so there is no requirement that Aduy,(J, EX5) < 1. Detailed studies of the
kinematic distributions of noncommutative black holes and non-minimal dark sectors

appear in the next chapter.
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Quantity Requirement
Reclustered Jets At least 2 reclustered jets of R = 1.5

number of small R jets in leading reclustered jet

>0

number of small R jets in subleading reclustered
jet >0

leading reclustered jet |n| < 2

subleading reclustered jet |n| < 2

Small R jets > 2 small R jets pr of at least 20 GeV
Second leading small R jet pr > 50 GeV
Third leading small R jet pr > 20 GeV

Tracks Up to 250 tracks in leading reclustered jet
Up to 250 tracks in subleading reclustered jet
Greater than 0 tracks in leading reclustered jet

Greater than 0 tracks in subleading reclustered jet

Lepton Veto No electrons > 20 GeV
No muons > 20 GeV

Trigger lowest unprescaled ER* triggers

Emiss > 200 GeV

Leading small R jet pr | > 200 GeV

Table 8.6  Most basic set of cuts for NCBH and NMDS prior to Neural Network
Cuts. Some NCBH and NMDS benchmarks have additional cuts prior to
the NN, which will be discussed in the next chapter

As with the scalar cascades, in addition to requiring the E¥*S to be greater than
200 GeV, the leading small R jet pt to be greater than 200 GeV, and the subleading
small R jet pr to be greater than 50 GeV, the third leading small R jet pr is required
to be greater than 20 GeV.

As seen in Figure apart from the NMDS benchmark NMDS3 which has large

mass spacings between ensemble constituents which lead to energetic decays and the
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scalar cascades (whose lead jet is always initial state radiation and not the exotic
process), all NCBH and NMDS benchmarks peak around 200 GeV in lead small R
jet pr (when the 200 GeV requirement is set for small R jets).

— NMDS3 —NCBH1

(2]

E  10Es=13Tev, L =139 fb’ [ QCD Multijets W

2\ L [ Top Iy

- Il Diboson —SC1

5 10° . — NMDS1 — NMDS2
=2

<

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
leading small R jet P, [GeV]

Figure 8.7 Lead small R jet pr with basic 200 GeV cuts applied.

The effects of these basic cuts are seen in Table[8.7] QCD is the primary background,
contributing to 72% of the background, while Z processes, W processes, and Top
processes make up 7.60%, 12.42%, and 7.27% of the background. The significance
of the Scalar Cascade Benchmark SC1 is 0.002, while the significance of the NMDS
benchmarks NMDS1, NMDS2, and NMDS3 (defined in Table are 0.8, 0.51, and
0.006. The NCBH benchmarks NCBH1 and NCBH4 (both defined in Table
have significances of 0.78 and 0.95. All of these require optimization to have decent
sensitivity, and those optimizations occur in the subsequent chapters. The Scalar
Cascade cuts imposed in Table yield a significance that it is 2.65 times improved
compared to the one obtained with the cuts in Table [8.6]
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Background Process Total Background QCD Z Processes W Processes Top Processes
Background Yield 3354078.5 2415577.88 256004.5 416688.43 243832.46

Background Composition 2% 7.60% 12.42% 7.27%

Signal Process SC1 NMDS1 NMDS2 NMDS3 NCBH1 NCBH4
Signal Yield 3.90 1462.91 933.58 10.9 979.1 1194.85
Significance 0.002 0.8 0.51 0.006 0.78 0.95
Tile Efficiency Correction 68.6%

Table 8.7 MC FEwvent Yields for Noncommutative Black Holes, Nonminimal Dark
Sectors, and Scalar Cascades and Background processes after appyling
the basic NCBH and NMDS cuts defined in Table [8.6l Background
composition, signal significance, and tile efficiency correction resulting
from these cuts are also included.

8.2 Summary

This chapter described the simulated Monte Carlo samples used in the analyses to
model Standard Model background processes and the exotic processes and lists the
datasets used to analyze Run 2 data. It detailed the preliminary event selection for
each search. High track multiplicity in the second leading reclustered jet, high jet
multiplicity, and small values of A@ui,(J, ER) were shown to be defining features
of Scalar Cascade Benchmark SC1, motivating cuts on these variables. As will be
seen in the next chapter, noncommutative black holes and non-minimal dark sectors
are less distinct from background than scalar cascades. A looser set of preselection
cuts (the most important being a requirement of at least 3 small R jets with pr >
20 GeV in the event) were applied to noncommutative black holes and non-minimal
dark sectors in order to avoid biasing the surviving background events to be rich in jet
substructure and thereby degrade the neural network performance. The significance
obtained for each model after initial cuts are all below values of 1. These significance
values are all generally low, which shows that further optimization is required in
order to increase background rejection while preserving high signal efficiency. The
next chapter describes how this optimization is performed via machine learning. The
position and transverse momentum of tracks in the leading reclustered jet, tracks in
the subleading reclustered jet, and all small R jets in the event are used to learn
the jet substructure of the event and distinguish signal from background, thereby

improving the sensitivity of each analysis.
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Chapter 9

Machine Learning for Signal Region
Definition and Background

Estimation

Machine learning is a powerful tool that is used in many different areas of high
energy physics. This chapter introduces machine learning and neural networks and
describes how machine learning is used for signal region definition and background
estimation in each search. It introduces the machine learning architecture, which
relies on permutation invariant neural networks called particle low networks. Track
information from the most energetic and second most energetic large R jets is
provided to the neural network so that the jet substructure can be learned and
used to distinguish signal from background. Event level variables and the kinematic
information of all small R jets in the event also serve as inputs to the neural
network (NN). Two decorrelated variables, the NN output and another variable
that discriminates signal from background, are used for the data-driven estimation
of the Standard Model background processes. Monte Carlo is used to train the neural
networks and for cross-checks in the background estimation, so this chapter presents
comparisons between Monte Carlo and data to check that things are behaving as
expected prior to the use of machine learning. However, as the background estimation
is data-driven, there does not need to be perfect agreement between the two. The
performance of the neural network for each analysis is evaluated to show that they

are performing well.
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9.1 Principles of Machine Learning and Neural

Networks

Machine learning (ML) is a branch of artifical intelligence (AI) that allows algorithms
to learn patterns without being explicitly programmed. High energy physics at the
LHC employs machine learning in a multitude of ways to distinguish interesting
events from uninteresting events. Machine learning is used in certain trigger designs,
allowing a better selection of interesting events, in object reconstruction to more
accurately reconstruct objects, and in event selection to distinguish signal from

background.

There are four types of machine learning: supervised learning, unsupervised learning,
semi-supervised learning, and reinforced learning. Supervised learning trains a model
on labeled datasets, while unsupervised learning trains on unlabeled datasets. Semi-
supervised learning trains on a small number of labeled datasets and a larger number
of unlabeled datasets. Reinforcement learning allows for learning theough trial and
error, using rewards to signal positive behavior and punishments to signal negative

behavior.

This thesis employs supervised learning. There are two types of supervised
learning: classification and regression. The distinction between classification
supervised learning and regression supervised learning is that the output of
classification supervised learning is categorical, providing concrete values, while
the output of regression supervised learning are continuous values. Classification
supervised learning can further be broken down into four types: binary classification,
multiclass classification, multilabel classification, and imbalanced -classification.
Binary classification allows for output data to have two mutually exclusive labels,
while multiclass classification allows for output to be of three or more classes.
Multilabel classification allows for output to have multiple mutually non-exclusive
classes. Imbalanced classification is when the training dataset has an unequal
distribution of classes. This thesis uses machine learning to distinguish signal from
background via binary classification supervised learning through the use of neural

networks.

Neural networks are a subset of machine learning whose structure is inspired by the
human brain. A neuron, depicted in Figure is comprised of four key parts. The
dendrite receives signals from other neurons. The neuron body, termed the soma,

sends signals to the axon if the signals received from the dendrite exceed a certain
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threshold voltage. The axon sends signals from the soma to other neurons. The
axons are connected to other neurons via synapses, the fourth key part of a neuron.
The dendrite can be considered the input layer of the neuron and the axon can be

considered the output layer of the neuron.
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Figure 9.1  Neuron structure Reference [106]

Similarly, an artificial neural network, seen in Figure has a structure in which
there is an input layer and an output layer. The input layer is connected to the
output layer via a middle layer called the hidden layer. There can be one or more
hidden layers. Dense neural networks containing two or more hidden layers are called

deep neural networks.
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Figure 9.2  Architecture of a neural network with one or multiple hidden layers.
This figure is a personal remake of a figure from Reference [107]

Figure depicts a dense neural network with a single hidden layer. Each of the
nodes in the hidden layer is connected to each of the nodes in the input layer.
Similarly, each of the nodes in the hidden layer is connected to each of the nodes in
the output layer. In the case of multiple hidden layers, not depicted in Figure [9.2]
each node of the input layer would be connected to each node of the first hidden
layer. Each node of the first hidden layer would be connected to each node of the
second hidden layer. If a third hidden layer exists, each node of the second hidden
layer would be connected to each node of the third hidden layer. In the absence of a
third hidden layer, each node of the second hidden layer would be connected to each

node of the output layer.

The nodes of the input layer are depicted in Figure as ri, Ta, T3, T4, and xs.
The nodes of the hidden layer are denoted in the figure as ai, as, as, a4, as. Each
connection has a weight. The input node z; is connected to the input node a; with
the weight w1, while input node z; is connected to the input node az with the weight
wiz and the input node x4 is connected to the input node as with the weight wys.

The general formula to compute the value of given node, a;, in the hidden layer is

170



aj = f(z Wi ;). (9.1)

The value of each input node, x;, is multiplied by the value of each weight, w;;, of
the connection between x; and a; and summed together. The sum is then passed
through an activation function, f, to give the value of a given node, a;. There are a
number of different activation functions used in neural networks. The most popular

functions can be seen in Figure [9.3

Leaky RelLU

max(0.1* x,x)

max(01 * x,x)

Binary Step Function Linear

o

Sigmoid / Logistic Parametric ReLU

fly)

Figure 9.3  Activation functions in ML. Taken from Reference [108]

The rectified linear unit (ReLU) is an activation function that is commonly used for

hidden layers of neural networks.

The value of the node, y;, in the output layer is calculated with the following function
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The value of each node, a;, in the hidden layer is multiplied by the value of each
weight, wjg, of the connection between a; and y, and summed together. The sum
is then passed through an activation function to give the value of the output node,
yr- The sigmoid activation function is commonly used in the output layer of binary

classification, as the outputted values of the function are either 0 or 1.

Neural networks are trained by minimizing the difference between the function output
of the neural network and the desired output of the neural network. As noted, in
binary classification supervised learning, the desired output of a neural network is
either 0 or 1, where 0 is typically used to denote background in a physics analysis
context and 1 is typically used to denote signal. A loss function calculates the
difference between the function output of the neural network and the desired output.
It is, therefore, the loss function that must be minimized. There are a variety of loss
functions that can be used for neural networks. A loss function that is commonly

used due to the quality of its performance is the binary cross entropy loss function.

Binary cross entropy [109] is described through the following equation:

BOB = <[> s log (p(u)) + (1~ ) -Toa(1 — p(u:)]. (9:3)

i=1

The term y; is the desired output (label) of a neural network, being either 0 or 1
for binary classification, N is the number of data samples considered during the loss

calculation, and p(y;) is the function output (prediction) of the neural network.

The training of the neural network occurs through a process called backpropagation.
A subset of the full dataset is randomly selected to form a training dataset. Data in

this context means labeled simulation.

Several different techniques can be used to update the neural network weights during
backpropagation. Some options for the binary cross entropy loss function, being a
differentiable function, are batch gradient descent, mini-batch gradient descent, and

stochastic gradient descent.

In each of these three descent methods, the following general procedure is followed.
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The neural network weights of this training datasets are randomly initialized. The
neural network is run over the training dataset. The loss function calculates the
error from the predicted output and the desired output (labels). The neural network
weights are then adjusted to minimize the loss function. The process is repeated for
either a set number of epochs, where an epoch is one iteration of this process, or,
in the case of the technique of “early stopping”, when the training stops improving.
The difference among the three gradient descent methods is the amount of data that

is used to minimize the loss function in a single epoch.

In batch gradient descent [110], the neural network weights are updated according

to the following relation

0=0—n-VeJb, (9.4)

where VyJ6 is the gradient of the loss function with respect to 6 for the entire
training dataset and 7 is the learning rate, or rate by which to approach the minima
of the loss function. Here, the weights are updated once in a single epoch for the

entire training dataset.

In stochastic gradient descent [I10], the neural network weights are updated

according to the following relation

0=0—n-VeJ0;z®;y®, (9.5)

where the weights are updated for each event, =, and label, y(*

In mini-batch gradient descent [I10], the neural network weights are updated

according to the following relation

where the weights are updated for each mini-batch of n training samples in the

training dataset.

This thesis employs mini-batch gradient descent for backpropagation. Any of the
gradient descent methods described have been acceptable to use. Mini-batch gradient
descent for backpropagation was chosen simply out of necessity of having to chose

one.
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9.2 Deep Sets Based Architectures

Now that the basic principles of generic neural networks have been explained, more
complex neural networks can be discussed. The Deep Sets architecture treats inputs
as an unordered, variable length set. While a sequence is a list of elements where
order matters, a set is a list of elements where order does not matter. In machine
learning, the term latent space refers to a lower dimensional space, a space with
reduced features, that encodes the most important features of higher-dimensional
input data. The fundamental principle applied in [ITI] is that a permutation
invariant function of variable length inputs can be constructed by mapping the inputs
into a latent space, summing the latent space representations of each of those inputs,
and feeding the summation into a reverse mapping from the latent space to the results
of the target function that are desired. The key to this recipe is that summation is

a permutation invariant operation.

Mathematically, this can be depicted [112] as

F({i, ooy s }) = F(i@@i)), (9.7)

i=1

where @ is the function that maps each element, x;, ..., £, individually into the latent
space and F' is the function that acts on a single entity, the sum of the latent space
representations of all of the individual elements, to provide a mapping out of the

latent space to a single output value.

The allowance of the Deep Sets architecture for the permutation invariance and
variable length of the inputs is important in a collider physics context because
each event contains a variable length, unordered list of particles. The Deep Sets
architecture described in [IT1] has been adapted and applied to particle physics in

[T12]. There, an observable, O, is defined as a function of particles, such that

O({pr, - par}) = F(impi)). (95)

=1

The p1, ..., par denotes the attributes (charge, momentum, flavor, etc.) of M particles

in an event. The ® is the function that maps each particle into the latent space.
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F' is the function that acts on the sum of the latent space representations of each

particle, providing a single output.

These operations are depicted pictorially in Figure

Particles Observable
Per—Particle Representation Event Representation
Latent Space |
| e o |
O — |
[T e |
77 o Fes el
N —@— N F
— = F hd
i |
O |

____________________________________________________

Energy/Particle Flow Network

Figure 9.4  lllustration of ® providing a per particle mapping into latent space
and F acting on the sum of the latent space representations to map
out of latent space and provide a single output. Figure taken from
Reference [112]

Equation can be modified to allow for infrared-collinear safe observables.
Infrared-collinear safe observables are observables that collinear safe (robust against
collinear splittings of a particle) and infrared safe (robust against the addition of
a soft particle). Collinear safety and infrared safety were described in more detail
in Chapter To achieve this, a weight can be applied to each particle and the
function ® can be made to only depend on the geometry, p;, of the particle. The
geometry of the particle, p;, is the rapidity, y;, and ¢; of the particle. The values

are calculated using the four-vector information of the particle. The weight applied
i Pr;i

> i PT.j

E
would correspond to energy and be either z; = L or z = , where Ej; is

Zj Ej

the energy.

The infrared-collinear safe equation can be written as
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O{pr, -, pu}) = F(izl@(ﬁi)). (9.9)

i=1

Reference [112] calls networks described by Equationparticle flow networks, while
calling networks described by Equation energy flow networks. Reference [112]
shows that particle flow networks perform better than energy flow networks in a
number of tests regarding differentiating between gluon jets and light quark jets.
While it is not necessary to distinguish gluon jets from quark jets for this analysis,
what is needed is to distinguish signal from background and background will have
jets from gluons. This chapter will detail how particle flow networks are used to

distinguish signal from background in the analyses.

9.3 Distance Correlation (DisCo)

The background estimation for the analysis, the so-called ABCD method and which
will be discussed in detail later, is contingent on the employment of two independent
variables. Often, analyses at the LHC determine these variables by creating an
extensive series of 2D histograms for a large number of pairings of different variables,
hoping to find variables that are inherently independent. Another tactic, and that
which is used in this analysis, is to force two variables to be decorrelated via the use
of machine learning. To perform this automated and forced decorrelation, a function
is needed that provides a way to measure the nonlinear dependence of distributions.
Additionally, in order to use the function as a loss function for machine learning, the
function needs to be differentiable and to be able to be calculated from the sample.
A function that meets these demands is the distance correlation (DisCo) function.
The distance correlation function can be understood best by first explaining distance

covariance, from which it is derived.

Distance covariance is defined as

dCov(X,Y)? = / Psd®t| oy (5,) — Fx () fron| (s, o), (9.10)

where X and Y are random variables, X is contained within all real numbers in p

dimensions and Y is contained within all real numbers in q dimensions. The functions
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fx and fy are characteristic of X and Y, respectively. The joint characteristic
function of X and Y is fxy. The relation fxy = fxfy upholds if and only if
X and Y are independent variables [I13].

The weight function, w(s,t) from is defined as as

w(s, t) o |s|~@FD g~ (9.11)

The distance covariance equation can be rewritten as

dCov(X,Y)* = (|X = X'[[Y =Y'|) + (| X = X|){(|Y = Y'|) = 2(X - X[|[Y = Y"),
(9.12)

where | X — X'|, [Y —=Y'|, and |Y — Y| are Euclidean vector norms and (X',Y"),
(X,Y), and (X", Y") are independent and identically distributed random variables
from the joint distribution of (X,Y")

Distance correlation is obtained by normalizing by the individual distance

variances, such that

s dCov(X,Y)?
~ dCov(X, X)dCov(Y,Y)’

dCorr(X,Y) (9.13)

Distance correlation ranges from 0 to 1 and is 0 if and only if X and Y are independent
[113].

The distance correlation term can be used to form the following loss function [113],

called the DisCo loss function:

L= Lclassiﬁer(?7 m) + )\dCOI‘I‘2ytme:0(m, 7) (914>

This loss function has two parts. Lepassifier 1S the generic loss function that compares
the output from the neural network and the truth label, ygu. In this analysis,
Laassifier 18 the binary cross entropy loss function. The term )\dCoery“ue:O(m, 7) is
the term that incorporates distance correlation. The A is the hyperparameter that
determines the strength of the decorrelation. The NN output is denoted as 7 The
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variable that is to be forced to be decorrelated from the NN output is denoted here as
mt. The term Yurue = 0 indicates that only the background, which has a truth label of
0, is forced to be decorrelated. For reasons related to the background determination
(as will be explained in Chapter ), while it is important for these two variables to be
decorrelated for background, it is also important for the two variables to be highly

correlated for signal. Therefore, the distance correlation is not applied to signal,

Ytrue = 1.

9.4 Particle Flow Network - DisCo Architecture

The analysis distinguishes signal from background and creates two decorrelated
variables for background estimation via a neural network that employs particle flow
networks and a DisCo loss function. The neural network was created by the author
and implemented in a machine learning framework created by the author. The
definition of the distance correlation was taken from Reference [114] The architecture

of the neural network is depicted in Figure [9.5]

tracks of leading reclustered jet | InputLayer tracks of subleading reclustered jet | InputLayer all small R jets in the event | InputLayer

Jet Padding Layer | InstanceMethod

Jet Padding Layer | InstanceMethod

Jet Padding Layer | InstanceMethod

Mapping to Latent Space | TimeDistributed(Dense) |l\4uppmgluLzll:‘m Space | TimeDistributed(Dense) Mapping to Latent Space | TimeDistributed(Dense) |mzl:kd|h=‘l> Lenmbdu‘
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Mapping from Latent Space

Lambda ‘ | Mapping to Latent Space
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Dense Dense

Mapping from Latent Space
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Dense ‘PFN output for subleading reclustered jet | Dense | | event level variables |PFN output for all small R jets

Figure 9.5  Particle Flow Network - DisCo NN Architecture

InputLayer

As shown in previous chapters, jet substructure is key to the analysis strategy. The
neural network learns the jet substructure of the event by taking as input the pr,

rapidity, and ¢ of all tracks in the leading reclustered jet and, additionally, the pr,
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rapidity, and ¢ of all tracks in the subleading reclustered jet. To account for there
being multiple small R jets in the event, the pr, rapidity, and ¢ of all small R jets in
the event are also taken as input. This kinematic information serves to form three
separate input layers, each supplied to a separate particle flow network (PFN). As a
preprocessing step, the pr of each track in the leading reclustered jet is divided by
the total pr of all of the tracks in the leading reclustered jet. The same normalization
process is applied to the tracks in the subleading reclustered jet, and to the small
R jets. This normalization procedure forces the neural network to learn the internal

structure of the reclustered jet or event, instead of recognizing specific pr values.

The average ¢ of all of the tracks in the leading reclustered jet is subtracted from
the ¢ of each track in the leading reclustered jet. The ¢ values of tracks in the
subleading reclustered jet, and the small R jets in the event, also have their respective
averages subtracted. A similiar procedure is undertaken for the rapidity values. This
processing means each track in the leading reclustered jet has its position expressed
in relation to the centre of the jet instead of in terms of absolute coordinates of the
detector. This holds true for the tracks in the subleading reclustered jet and the
small R jets in the event. This prevents the neural network from identifying events
as signal or background based on what part of the detector they hit and, instead,
forces the neural network to focus on the important information - the location of

particles with respect to each other.

As the number of tracks in the leading reclustered jet, the number of tracks in the
subleading reclustered jet, and the number of small R jets in the event are not
known in advance, each layer is passed to a corresponding padding layer, in which
a set maximum number is designated for, depending on the input layer, the number
of tracks in the leading reclustered jet, the number of tracks in the second leading
reclustered jet, or the number of small R jets in the event. This padding layer
takes a maximum value of 250, 250, and 25 for the number of tracks in the leading
reclustered jet, the number of tracks in the second leading reclustered jet, or the
number of small R jets in the event, respectively. If an event contains less than the
maximum number of particles, the event is padded with zeros in lieu of the missing
particles, such that each event has the maximum number of entries populated. If,
for example, an event contains 250 tracks in the leading reclustered jet, then only
the first 250 tracks in the inputted list of tracks in the leading reclustered jet are

taken.

This padded layer is then mapped to latent space with two sequential time distributed

layers. The time distributed layers are what implement the deep sets theorem
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described earlier. Each time distributed layer applies in a permutation invariant
manner a function ¢, which is a dense layer with 128 nodes and a rectified linear
unit (ReLLU) activation function, to each track in either the first or second leading
reclustered jet or to each small R jet in the event. This is the per-particle mapping
described earlier. The output of each of the time distributed layers is then passed to
a dot layer in which a mask in applied such that the entries in each event contain a
pr of zero, the padded entries are ignored. The output is then mapped out of latent
space with two sequential dense layers, acting as the function F' described earlier,
each containing 128 nodes and utilizing a ReLLU activation function. The output
of the last layer is then passed to a dense layer of 4 nodes and a ReLLU activation

function.

At this point, as depicted in Figure there are three separate intermediate output
layers: one for the particle flow network of the leading reclustered jet, one for the
particle flow network of the second leading reclustered jet, and one for the particle
flow network of all small R jets in the event. Before concatenating these layers, a
separate, additional layer is formed containing some select event level variables that
help distinguish signal from background. These four layers are then concatenated
into a single input that is then passed into a dense layer with 128 nodes with a ReLLU
activation function. This is the first of several dense layers that are operating as a
standard neural network classifier, taking as input the information from the particle
flow networks and event level variables and providing a classifier output. The output
of the last dense layer is then passed into another dense layer with 128 nodes with
a ReLU activation function. The output is then passed into a final dense layer with
a single node with a sigmoid activation function. The sigmoid activation function
allows for a single output result with values ranging from 0 to 1. This classifier
result is obtained by employing a DisCo loss function The studies below will
show the advantage of using a DisCo loss function instead of a binary cross entropy
loss function. The optimizer used to perform the mini-batch gradient descent is the
Adam optimizer. The “learning rate” controls the step size at each iteration of the
Adam Optimizer as it minimizes the loss function. The Adam Optimizer is run with
a learning rate of 0.001. This is a default choice commonly used in machine learning.
When minimizing the loss function, the impact of the local gradient is combined
with a set of historical gradients from previous iterations, weighted such that their
influence decays in future iterations. This decay rate is controlled by the parameter
beta, which takes a value between 0 to 1. The Adam Optimizer is run with a beta

value of 0.9, which, again, is a default choice commonly used in machine learning.
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9.5 Introduction to event shape variables and other

event level characterizations

Event shape variables are variables used to describe the geometry of an event. Five
event shape variables commonly used in high energy physics analyses are sphericity,
transverse sphericity, aplanarity, event shape variable ', and event shape variable
D. The variables can be constructed from the eigen values, A;, Ay, and A3, of the
linearized sphericity tensor, M,,.. The linearized sphericity tensor M,,. is defined

as

1 1 p:%,i Pz,iPy,i  Da,iDzi
— 2
Mryz - ZZ |ﬁ;| Z |p—;| Py,iPx,i py,i py,zfz,i . (915>
pz,ipac,i pz,ipy,i D%

7
)

where p,;, p,i, and p,; are the x, y, and 2z components of the i input particle’s
momentum in three dimensions. The inputs can be track, jets, constituents of jets,

etc. The eigen values of this tensor must meet the criterion that

> =1 (9.16)

and

)\1 > )\2 > )\3. (917)

Sphericity, S, is defined as

S:

DO | o

(A2 + A3). (9.18)

Sphericity indicates the homogeneity of the final state energy distribution. A high
sphericity value indicates an isotropic event, while a low sphericity value indicates a

dijet event.

Aplanarity, A, is defined as
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A gxg. (9.19)

Aplanarity values of 0 indicate a planar event, while a isotropic event has an
aplanarity value of 0.5. Since aplanarity and sphericity are both calculated from

the eigen values of the linearized sphericity tensor, they are correlated.

The event shape variable C' is defined as

C =3 (AAa+ Mz + dads) . (9.20)

The event shape variable C' ranges from 0 to 1. A small value indicates a dijet event,

while a large value indicates a 3 jet event.

The event shape variable D is defined as

The event shape variable D ranges from 0 to 1. A small value indicates a dijet event,

while a large value indicated a four jet event.
The transverse linearized sphericity tensor is defined as

1 L[ P2 Deibyi
M,y = == — o ). 9.22
b rPIIE ( 922

2
py,ipx,i py,i

The transverse sphericity is defined as

29

S, = .
TN

(9.23)

A high transverse sphericity value indicates an isotropic event, while a low transverse

sphercity value indicates a dijet event.

Other ways to describe events involved studying the momentum imbalance in the
event and studying the placement of the missing energy with respect to the various

jets in the event.
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The pr balance of the leading and subleading large R jet, pha(J;, Jo), is defined as

’?T J1) +?T J2) |

R (Jy, T , 9.24
(N Jo) = \%Jlm?”y (9.24)

where the leading large R jet is denoted as J; and the subleading large R jet is
denoted as Js.

The pr balance of the closest small R jet to the E and the farthest small R jet
to the B is defined as

P (nins Jmax) = L7 T(jmm) ?_T>( imar) |
| ?T ]mln | pT(]max) |

: (9.25)

where the closest small R jet to the E%‘iss is denoted as jnin and the farthest small
R jet to the E¥s is denoted as jmax-

The angle between the closest large R jet to the EXS is defined as A (J, BRSS),

where

Amin(J, EF™) = 1,1, — Opmiss- (9.26)

The angle between the farthest large R jet to the EM and the ER is defined as
APax(J, EFS) | where
A¢max(J7 Erlfniss) - ¢Jmax — ¢E’1i‘niss. (927)

The difference between A@pay(J, EF) and A@pin(J, ERS) is A¢
defined as

J, ETmiss) 7

maxmin (

A¢ J, B2 = Admax(J, ER55) — Apin (J, B2, (9.28)

maxmin(

These variables can similarly be defined for small R jets.

The angle between the closest small R jet to the E2 is defined as Ay (j, BRSS),

where
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A¢min(j7 E'II‘nlbb) = ¢jmin - QSE%)iss. (929)

The angle between the farthest small R jet to the EX' and the EM is defined as
Aduax(J, EX55) | where

A¢max<j7 E’Il‘niss) = ¢jmax - ¢E¥i55' (930>

The difference between A¢pay(f, EE55) and Aduin (4, B2 is defined as

A¢maxmin(j> E"Ifniss) = A(bmaX(jv E%iss) - A¢min(ja Ell?iss)' (9'31>

The average distance in the n — ¢ plane between all small R jets in the event is
termed |AR,e(j)|. The distance in the n — ¢ plane between the leading small R jet
and subleading small R is termed |AR(j1,j2)].

9.6 Scalar Cascades Neural Network Results

As a reminder, the Scalar Cascades analysis is undertaken for Scalar Cascade
Benchmark SCI1, defined in Table 8.4 As noted previously, the neural network
for all analyses in this thesis contains four parts: a particle low network for the
leading reclustered jet, a particle flow network for the second leading reclustered
jet, a particle flow network for all small R jets in the event, and an event level
tagger. The sole variables inputted to the event level tagger of the neural network
for scalar cascades are the number of tracks in the second leading reclustered jet,
the event shape variable C, and the mass of the second leading reclustered jet. As
seen in Figure [9.6) and as noted earlier, the track multiplicity in the second leading
reclustered jet is by far the strongest discriminating variable for scalar cascades, with

its peak of 100 tracks clearing the bulk of background.

It is worthwhile to note that the total number of scalar cascade events present in
the plots in Figure is 2.72 events. It is not such, therefore, that a cut on high
track multiplicity would yield a plethora of signal events. The small cross section
combined with the low trigger efficiency of the scalar cascades are factors that make

this challenging analysis even more challenging.
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As seen in Figure scalar cascades exhibit a peak at an event shape variable C
value of 0.03, a very low value indicating a strong dijet-like structure to the event.
Background exhibits more of a plateau-like distribution predominantly from event
variable C' values ranging from 0.08 to 0.75. Adding the mass of the second leading
reclustered jet to the event level variable tagger is useful because the exceptional
background events with high track multiplicity will likely be a jet with a mass at the
tail end of the mass spectrum for background, whereas a scalar cascades have high
track multiplicty and are predominantly peaked around masses of 100 GeV. (These
signal distributions are plotted for Scalar Cascade Benchmark SC1, but they can be
applicable to other scalar cascade benchmarks depending on the specific parameters
of the model, such as the number of final state particles in the model and the number

of scalars in the model.)

In order to determine that the number of tracks in the second leading reclustered
jet is the most discriminating variable for scalar cascades, the author calculated and
plotted, via the analysis framework created by the author and described in [7.3.1]
hundreds of potential analysis variables to compare the difference in shape between
signal and background. The number of tracks in the second leading reclustered jet
was the most distinctive variable. The event shape variable C', though not nearly as
powerful, was another strong discriminating variable. The reason only three variables
appear in the event level tagger for scalar cascades is because adding more variables
diluted the strength of the neural network because no variable is as discriminating as
the number of tracks in the second leading reclustered jet. Three variables, instead
of one variable, were included because the variable that the neural network was
decorrelating against was the number of tracks in the second leading reclustered jet.
Adding two additional variables to the event level tagger acted as a way to make the

task of decorrelating the neural network simpler.
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Figure 9.6 Variables inputted into event level tagger of NN for Scalar Cascades.
The Pre-ML Scalar Cascade Analysis Cuts from Table have been
applied to these wvariables. Data and Monte Carlo distributions are
overlaid for the distributions of event shape variable C' and the mass
of the second leading reclustered jet.

This analysis employs a data-driven background estimation technique. However,
background Monte Carlo is used in the training of the neural network, as well as
cross-checks in the background estimation. Therefore, comparisons of Monte Carlo to
data are performed prior to the use of neural networks to show reasonable agreement
of MC to data, such that behavior after the use of the neural network can sensibly be
compared. As this is a data-driven background estimation technique, the agreement
does not have to be perfect. Qualitatively, Figure shows that the shape of data
is broadly consistent with background Monte Carlo for the event shape variable C'
and the mass of the second leading reclustered jet for the scalar cascade model.
The inclusive distribution of the number of tracks in the second leading reclustered
jet in Figure was not overlaid with data because the number of tracks in the
second leading reclustered jet is used as the decorrelated variable in the training of
the neutral network for scalar cascades. The next chapter will discuss the choice to
require greater than 80 tracks for signal region definition. In order to look at the

comparisons of Monte Carlo and data outside of the signal region, the distributions
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of the number of tracks in the second leading reclustered jet for data and Monte
Carlo were compared for track multiplicities less than 80 tracks in the second leading

reclustered jet, as seen in Figure 9.7}
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Figure 9.7  Top plot: Comparison of Monte Carlo and data distributions of number
of tracks in the second leading reclustered jet for Scalar Cascades. The
comparisons are made for track multiplicities smaller than 80 tracks in
order to avoid the signal region. This distribution is normalized. The
Pre-ML Scalar Cascade Analysis Cuts from Table[8.4] have been applied.
Bottom plot: The Monte Carlo to Data ratio of the number of tracks
in the second leading reclustered jet. This distribution was created from
the normalized distributions in the top plot.

The Monte Carlo to data ratio stays at a value of 1 within errors until greater than 55
tracks in the second leading reclustered jet. Beyond 55 tracks, the Monte Carlo and
data distributions stay within roughly 10% of each other, with the exception being
in the last bin, where the discrepancy is slightly more than 2 o (or about 20%).
This small discrepancy is not a concern, however, as the background estimation is

data-driven.

Another cross-check is the comparison of Monte Carlo and data of the 7 distributions
of the leading and subleading reclustered jets, as seen in Figure and
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Figure 9.8  Top plot: Data and Monte Carlo comparision for the n distributions
of the leading reclustered jets for Scalar Cascades. This distribution is
normalized. Bottom plot: Monte Carlo to data ratio of the normalized
distribution of the n of the leading reclustered jets for Scalar Cascades.
The Pre-ML Scalar Cascade Analysis Cuts from Table have been
applied to these variables.

The distributions of Monte Carlo and data for the n of the leading reclustered jet
are within either 2 o or 20% for all bins. This is similarly true for the distributions
of Monte Carlo and data for the n of the subleading reclustered jet. This is an
acceptable level of agreement. The Monte Carlo to data ratio for the n of the leading
reclustered jet has a spike at roughly n = 1.78, while the ratio for the 7 of the second
leading reclustered jet has a spike at roughly n = -0.98. Each of these two spikes can
be attributed to an anomalously weighted Monte Carlo event. As these spikes still

yield ratio values of 1 within 1 o, they can safely be ignored.
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Figure 9.9 Top plot: Data and Monte Carlo comparision for the n distributions of
the second leading reclustered jets for Scalar Cascades. This distribution
is normalized. Bottom plot: Monte Carlo to data ratio of the normalized
distribution of the n of the second leading reclustered jets for Scalar
Cascades. The Pre-ML Scalar Cascade Analysis Cuts from Table
have been applied to these variables.

As discussed previously, the pr, rapidity, and ¢ of all of the tracks in the leading
reclustered jet were provided as inputs to the leading reclustered jet particle flow
network, while the pr, rapidity, and ¢ of all of the tracks in the second reclustered
jet were provided as inputs to the second leading reclustered jet particle low network,
and the pr, rapidity, and ¢ of all the small R jets in the event were provided as inputs
to the particle flow network of all small R jets in the event. Shown in Figure [9.10[and
Figure these distributions look as expected before the application of machine
learning. The pr distribution of track particles in the second leading reclustered jet
is more sharply peaked under 20 GeV for signal than background. Similarly, the
pr distribution of all small R jets in the event is more sharply peaked at 20 GeV
for signal than background. The slight step at 200 GeV in the distribution of all
small R jets in the event is due to the requirement that the leading small R jet be at
least 200 GeV. The rapidity of the track particles in the second leading reclustered
jet for signal is more sharply peaked at central values of rapidity for signal than

background.
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Figure 9.10 Kinematics of all tracks within the first and second leading reclustered
jets for Scalar Cascades and Background with Pre-ML Scalar Cascade

Analysis Cuts from Table@l applied
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Figure 9.11 Kinematics of all small R jets in the event for Scalar Cascades and
Background with Pre-ML Scalar Cascade Analysis Cuts from Table[8.])]
applied

The rapidity of the small R jets in the second leading reclustered jet are similarly
more sharply peaked at central values of rapidity than background. Otherwise the
remaining 6 of these 9 distributions themselves do not provide any significant signal
versus background discrimination. However, the power of particle flow networks is
the ability to examine the structure within each jet or - in the case of the small R
jet particle flow network, within the jet - rather than looking at each of these low

level kinematic inputs as event level observables.

Below is a presentation and discussion of the results of the neural network with
running with a DisCo A parameter of 50. The next chapter will provide a discussion
regarding the choice to use 50 for the DisCo A parameter. The performance of a
neural network can be assessed with a receiver operating characteristic (ROC) curve.
A ROC curve is created using two quantities: the true positive rate and the false
positive rate. The true positive rate (tpr) is the fraction of the total number of events
in which signal events are correctly identified as signal events. The false positive rate
(fpr) is the fraction out of the total number of events in which background events

are incorrectly marked as signal events. In Figure tpr is plotted on the z
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axis, while 1 - fpr is plotted on the y axis. Extremely high background rejection is
achieved for roughly 80% signal retention and staying well above 99% background
rejection through over 95% signal retention. This points to the robustness of the

neural network.
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Figure 9.12 ROC Curve of Background Rejection vs. Signal Efficiency for the
Scalar Cascade Benchmark SC1 with DisCo hyperparameter \ value
of 50 and SC' cuts from Table[8-4 applied. The decorrelated variable is
the number of tracks in the second leading reclustered jet.

Two metrics against which to access the stability of the neural network are the
evolution of the accuracy and the loss of the neural network. For these metrics,
it is customary to compare the accuracy or loss of the training sample with the
respective quantity of the validation samples. In this case (and is the case for the
neural networks for noncommutative black holes and non-minimal dark sectors), the
training sample consisted of roughly 100k signal events and 100k background events.
Each signal event was weighted according to its total predicted cross section and
scaled to a luminosity reflecting the full run 2 dataset. The weight of each signal
event was then summed to create a total signal weight for the signal sample. The
weight of each signal event was then divided by the total signal weight for the signal
sample. To generate the 100k sample of background events for the training sample,
each Monte Carlo background dataset for the analysis (from Table was slimmed
by a factor of 100 and the weight of each event was then multiplied by 100. Each

background event was then weighted according to its total predicted cross section and
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scaled to a luminosity reflecting the full run 2 dataset. Then, the same normalization
procedure that was applied to signal was applied to background events, such that
the total weight of background events is normalized to 1. With this construction, the
signal sample and background sample are of equivalent significance to the training.
This normalization procedure was used for all neural networks in this thesis. As
a reminder, for all neural networks in this thesis, the training was done through
backpropagation, specifically mini-batch gradient descent, which was described in
9. 11

The validation sample for this neural network was millions of MC simulated events
from all background processes properly weighted by cross section and scaled to the
full Run 2 luminosity. The purpose for having different samples to train and validate
the neural network is to ensure that the neural network does not generalize poorly
when running on different data then that which it was trained on. Overtraining
occurs when the neural network learns trends specific to the training sample and not
the whole data sample. Undertraining occurs when the neutral network performs
poorly on the training dataset. In Figure[9.13] it is positive to see that the accuracy
of the neural network for both the training and validation datasets improves as
the number of epochs that the neural network is trained for increases. The NN
was trained for 50 epochs. The accuracy of over 90% suggests a strong ability to

distinguish signal from background.
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Figure 9.13  Ewvolution of NN walidation accuracy and training accuracy as a
function of epochs for NN using the Scalar Cascade Benchmark SC1
with DisCo hyperparameter X value of 50 and SC cuts from Table[8.])
applied. The decorrelated variable is the number of tracks in the second
leading reclustered jet.

In Figure[9.14] the loss of the neural network decreases over time for both the training
sample and the validation sample, which is the desired behavior, as the goal in

training is to minimize the loss.
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Figure 9.14  Fwvolution of NN walidation loss and training loss as a function of
epochs for NN using the Scalar Cascade Benchmark SC1 with DisCo
hyperparameter \ wvalue of 50 and SC cuts from Table applied.
The decorrelated variable is the number of tracks in the second leading
reclustered jet.

The ability of the neural network to correctly identify signal from background can
be seen by plotting the output labels, 0 (background) or 1 (signal), for signal Monte
Carlo simulated events. In Figure [9.15] it can be seen that almost all of the signal
is peaked in the bin ranging from 0.99 neural network output to 1.0 neural network
output. (A green circle highlights this bin.) This suggests that the neural network

has a very strong ability to differentiate signal from background.
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Benchmark SC1 with DisCo hyperparameter A value of 50 and SC
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the bin containing the magjority of the signal.)

Similarly, looking at the plot of output labels for background Monte Carlo simulated
events in Figure[9.16] it can be seen that the vast majority of background events are
encapsulated in the bin of the neural network that ranges from 0 to 0.01. (A green
circle highlights this bin.) This again suggest a robust neural network. Notably, the
amount of background in the bin ranging from a neural network output of 0.99 to a
neural network output of 1.0 is larger than the amount of signal in that bin. This
necessitates cutting on an additional variable. This additional variable will be shown

in the next chapter to be the number of tracks in the second leading reclustered jet.
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Figure 9.16 NN prediction on background events for NN using the Scalar Cascade
Benchmark SC1 with DisCo hyperparameter A value of 50 and SC
cuts from Table applied. The decorrelated variable is the number
of tracks in the second leading reclustered jet. (A green circle highlights
the bin containing the majority of the background.)

0.7 Noncommutative Black Holes and Non-minimal

Dark Sector Neural Networks

The variables inputted to the event level tagger of the neural network for non-
commutative black holes and non-minimal dark sectors are the five event shapes
sphericity, aplanarity, event shape variable C', event shape variable D, and transverse
sphericity, the number of small R jets above 20 GeV, p2!(jinin, Jjmax), the po2i(Jy, Jo),
Abin(G: BE), Adymmin(s BE), A psnin(J, BE), Ay (J, B2=), 1 of leading
reclustered jet, n of second leading reclustered jet, number of tracks in the leading
reclustered jet, number of tracks in the second leading reclustered jet, number of

small R jets in the leading reclustered jet, number of small R jets in the second

197



leading reclustered jet, |ARuv(j)|, and |[AR(j1, j2)|. In order to select these variables,
the author calculated and plotted, via the analysis framework created by the author
and described in [7.3.1] hundreds of potential analysis variables. The difference in
shape between signal and background were compared and variables offering the most

pronounced difference in shape were chosen to be included in the event level tagger.

This section describes the NN taggers for noncommutative black holes and non-
minimal dark sectors at 200 GeV and then, for some of the benchmarks at additional
cuts. This serves as a useful way to understand the general behavior of the models
at fewer cuts, how the behavior changes with additional cuts, discuss the challenges
faced by various models, and then segue into the final analysis results obtained for

the benchmarks that undergo additional cuts.

0.7.1 Noncommutative Black Holes and Non-minimal Dark
Sector Neural Networks - 200 GeV EM* cut

In Figure [9.17] noncommutative black holes and nonminimal dark sectors exhibit
a higher fraction of events with mild (around 0.4) to high (greater than 0.7)
sphericity values than background, indicating that the noncommutative black holes
and nonminimal dark sectors have a higher fraction of more isotropic events than
background. This holds true for the transverse sphericity spectrum, in which there is
an even more pronounced difference between the fraction of noncommutative black
holes and nonminimal dark sectors and background with mild to high transverse
sphericity values, indicating a higher fraction of isotropic events than background.
The background aplanarity falls off much more sharply after peaking in the lowest
aplanarity bin of 0 to 0.2 than the noncommutative black hole and nonminimal
dark sector aplanarity distributions do, despite them also peaking in the lowest bin.
The nonminimal dark sector benchmark NMDS3, which is the non-minimal dark
sector benchmark with the largest mass spacing between ensemble constituents and,
therefore, the most energetic decays, notably plateaus, rather than peaks, from 0 to
0.5 in aplanarity. This suggests that a higher fraction of background events exhibit a
dijet-like behavior, as denoted by low aplanarity values, than noncommutative black
hole and non-minimal dark sectors. Noncommutative black holes and nonminimal
dark sectors exhibit a higher fraction of events with higher event shape variable C,
event shape variable D, and transverse sphericity values, indicating a more three
jet-like structure than background, a more four jet-like structure than background,

and a more isotropic distribution than background, respectively. Qualitatively, the
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shape of Monte Carlo and data is observed to be broadly consistent for aplanarity,
event shape variable C', event shape variable D, sphericity, and the number of small
R jets above 20 GeV. Data is not overlaid in the inclusive transverse sphericity
distribution, as transverse sphericity will serve as a decorrelated variable for one
of the nonminimal dark sector benchmarks. (As a reminder, in addition to QCD
multijets, the background processes used in the analyses in this thesis include
both the hadronic and leptonic decays of Z bosons, W boson, and top quarks.
The analyses veto leptons and muons above 20 GeV, but the leptonic decays of
background processes are included to account for events which do not fail the lepton

veto. The list of background samples used can be found in the Appendix, as well as

in Table .
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Figure 9.17 Discriminating Variables for Noncommutative Black Hole and
Nonminimal Dark Sector with Basic Noncommutative Black Hole

and Nonminimal Dark
Applied. Monte Carlo

Sector Pre-ML Analysis Cuts from Table
and Data distributions are overlaid for all

variables except transverse sphericity, which serves as a decorrelated
variable for a non-minimal dark sector benchmark.

Both p2(jimin, jmax) and pi2l(Jy, Jo) offer discriminatory power as noncommutative
black holes and nonminimal dark sectors peak at higher values than background.
Both the distribution of Ay, (4, E2) and the distribution of A¢,,, (], ERS)
indicate that a higher fraction of events for noncommutative black holes and non-

minimal dark sectors have a greater separation between the EX5 and the closest jet,

be it small R jets or large R jets.
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From the distribution of A¢
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it can be seen that noncommutative black holes and non-minimal dark sectors

typically have smaller values of Ag¢
background.
o
E 105 ys=13TeV, L =139 fb ' [ QCD Multijets W
=~ E I Top 0z
| Il Diboson — NMDS1
= F — NMDS2 — NMDS3
2 ok — NCBH1 —NCBH4
< E
E -+ Data

102 3

102k

107

0 01

02 03 04

05 06 07 08 09 1

bal , , .
pT (jmin"l )

max

[%2]

’:E: Vs=13TeV,L=139fb’ [JQCD Multijets EEW

> ETop Oz

I [l Diboson — NMDS1

=2 — NMDS2 — NMDS3

< — NCBH1 — NCBH4
5

0

= Vs =13 TeV, L = 139 fb™ [[] QCD Multijets @ W

2 [ Top Jz

2 MEDiboson  — NMDSL1

= — NMDS2 — NMDS3

-2 — NCBH1 — NCBH4

25 3 35
miss
A(pmin(‘] ! ET )

maxmin (.7 )

Arbitrary Units Arbitrary Units

Arbitrary Units

E’II‘niSS ) and A ¢maxmin ( ']7 E’II‘lrliSS ) than

10E (s =13 TeV, L = 139 fb™ [} QCD Multijets W
F I Top 0z
1= [l Diboson —NMDS1
E — NMDS2 — NMDS3
10 — NCBH1 — NCBH4
E —+Data
107
107
107
01 02 03 04 05 06 07 08 09 1
pi‘""(J 29
10E ys =13 TeV, L= 139 fb ' [ QCD Multijets @W
2 Top Jz
Il Diboson — NMDS1
— NMDS2 — NMDS3
— NCBH1 — NCBH4

- Data

107?
107
107
25 3 35
. MISS:
A ¢maxmin(l ! ET )
10E s =13 TeV, L= 139 fb "' [ QCD Multijets @ W
2 Top Jz
1 Il Diboson — NMDSH1
— NMDS2 —NMDS3
10 — NCBH1 — NCBH4
- Data
107?
107
107

0 05 . 25 3 35
A0 ET

maxmin

Figure 9.18 Discriminating Variables for Noncommutative Black Hole and
Nonminimal Dark Sector with Basic Noncommutative Black Hole
and Nonminimal Dark Sector Pre-ML Analysis Cuts from Table
Applied. Monte Carlo and Data distributions are overlaid for all

variables except A¢min(J, EB)), which serves as a decorrelated

variable for noncommutative black holes.

Qualitatively, data and Monte Carlo distributions in Figure [9.18

Q

are broadly

consistent in shape, with any deviations being restricted to the tails of the

201



‘]7 E"rfniss)> Agbmaxmin (]7 Egrniss)’

distributions (as seen in the distributions of A, .. (

and A¢pin(J, ER)).

The |AR(j1,72)| peaks at lower values for noncommutative black holes and scalar
cascades, suggesting that the leading and subleading small R jets are spaced closer
together for these exotic signals than for background. Noncommutative black holes
and non-minimal dark sectors have a higher fraction of events with lower values
of |ARayg(7)| than background, suggesting that the small R jets are more closely
spaced together than for background. The 7 of the leading reclustered jet and the
subleading reclustered jet offer discriminating power as the leading and subleading
jets for noncommutative black holes and non-minimal dark sectors peak more sharply
at central values than background. A higher fraction of events have higher track
multiplicity values in the leading and subleading reclustered jets for noncommutative
black holes and non-minimal dark sectors than background. Similarly, a higher
fraction of events have a higher number of small R jets in the leading and subleading
reclustered jets for noncommutative black holes and non-minimal dark sectors than
background. Qualitatively, data and Monte carlo distributions in Figure [9.19 are

broadly consistent in shape.

Figures [9.17, [9.18, and show that all benchmarks for noncommutative
black holes and non-minimal dark sectors have powerful discriminating power from
background in variables that are sensitive to high jet multiplicity, such as event
shapes, as well as variables that describe the momentum imbalance in the event and
variables that describe the placement of the missing transverse momentum with
respect to various jets in the event. This is expected as both noncommutative
black holes and non-minimal dark sectors are characterized by high jet multiplicity.
Noncommutative black holes yield a stable remant, which appears as E& while
non-minimal dark sectors yield two stable fermions that appear as EX2'. Having the
EXiss come primarily from one object is not the same phenomenological scenario as
having the EZ come primarily from two objects. However, these scenarios are a lot
more similar than having the EM* come from a higher multiplicity of particles. This
explains why noncommutative black holes and non-minimal dark sectors distributions
in variables related to the placement of the EX* and the jets in the event are distinct,

though broadly share similar features.
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Figure 9.19 Discriminating Variables for Noncommutative Black Hole and
Nonminimal Dark Sector with Basic Noncommutative Black Hole
and Nonminimal Dark Sector Pre-ML Analysis Cuts from Table
Applied
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The agreement between Monte Carlo and data can be examined quantitatively in
control regions for the variables that will serve as the decorrelated variables for the
various models. As discussed earlier, the control region for the number of tracks in
the second leading reclustered jet is track multiplicity less than 80. The Monte Carlo
to data comparisons for the track multiplicity in the second leading reclustered jet,
with the basic noncommutative black hole and nonminimal dark sector cuts from
Table applied, in Figure [9.20, show agreement within 20% through 70 tracks,
with the Monte Carlo to data ratio increasing slightly towards higher values of track

multiplicity, as expected.

[7)]
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Figure 9.20 Top plot: Data and Monte Carlo comparisons for the track multiplicity

in the second leading reclustered jet with Basic Noncommutative
Black Hole and Nonminimal Dark Sector Pre-ML Analysis Cuts from
Table Applied. This distribution is normalized. Bottom plot:
Monte Carlo to data ratio of the normalized distribution of the number
of tracks in the second leading reclustered jet.

The decorrelated variable for noncommutative black holes is A¢, ;. (J, E¥). As will
be discussed in the next chapter, the signal depleted region of phase space for which
it is safe to compare Monte Carlo and data is A¢,;,(J, E¥5) < 0.75. Figure m
shows that the Monte Carlo and data distributions of A¢,; (J, E¥*5) agree within
5% for all but 4 bins, which agree within 10%.
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Figure 9.21  Top plot: Data and Monte Carlo comparisons for Ag, . (J, ERs)
with Basic Noncommutative Black Hole and Nonminimal Dark Sector
Pre-ML Analysis Cuts from Table Applied. This distribution is
normalized. Bottom plot: Monte Carlo to data ratio of the normalized
distribution of A¢py, (J, ERSS).

The decorrelated variable for one of the nonminimal dark sector benchmarks, as
will be discussed, is the transverse sphericity. In the next chapter, it will be shown
that the control region for this variable is transverse sphericity values less than
0.2. Figure shows that the Monte Carlo and data distributions for transverse
sphericity agree within 10%.
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Figure 9.22 Top plot: Data and Monte Carlo comparisons for the transverse
sphericity with Basic Noncommutative Black Hole and Nonminimal
Dark Sector Pre-ML Analysis Cuts from Table Applied. This
distribution is normalized. Bottom plot: Monte Carlo to data ratio
of the normalized distribution of the transverse sphericity.

As with the scalar cascades, the pr, rapidity, and ¢ of all of the tracks in the leading
reclustered jet for noncommutative black holes and non-minimal dark sectors are
provided as inputs to the leading reclustered jet particle low network, while the pr,
rapidity, and ¢ of all of the tracks in the second reclustered jet are provided as inputs
to the second leading reclustered jet particle flow network, and the pr, rapidity, and
¢ of all the small R jets in the event are provided as inputs to the particle flow
network of all small R jets in the event. Shown in Figure [0.23 and Figure [9.24]
these distributions look as expected before the application of machine learning. The
rapidity of the track particles in the leading and second leading reclustered jet are
more sharply peaked at central values of rapidity than background. The reduction
of events in these two distributions below rapidity = -2 and above rapidity = 2 is
due to the analysis cut that restricts the 7 of the leading and subleading reclustered

jets to -2 <n < 2.
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Figure 9.23 Kinematics of all tracks within the first and second leading reclustered
jets for Noncommutative Black Hole and Nonminimal Dark Sector with
Noncommutative Black Hole and Nonminimal Dark Sector Pre-ML

Analysis Cuts Applied

The rapidity of all small R jets in the event are similarly more sharply peaked at

central values of rapidity than background. The reduction of events in these two

distributions below rapidity = -2 and above rapidity = 2 is due to the analysis cut
that restricts the n of the leading and subleading reclustered jets to -2 < n < 2. The

step in the pr distribution of all small R jets in the event is due to the analysis cut

that requires the leading small R jet pr > 200 GeV.

Otherwise the remaining 5 of these 9 distributions themselves do not provide any
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notable signal versus background discrimination. However, as mentioned previously,
the power of particle flow networks is the ability to examine the structure within each

jet or - in the case of the small R jet particle flow network, within the jet - rather

than looking at each of these low level kinematic inputs as event level observables.

j2} j2}
e Vs =13 TeV, L = 139 fb ' macD Multiets mmw € 10 [Z1QCD Multijets EEW
Da C I Top 0oz g Fis=13TeV,L=1391 " ggTop 0z
S 104 [l Diboson — NMDSH1 I C [l Diboson — NMDS1
3 E NMDS2 — NMDS3 2 L NMDS2 — NMDS3
< F — NCBH1 — NCBH4 < L — NCBH1 — NCBH4
10“2@'
1072 et
104 107 E
E[...I....I....I....I....I....I....I....I....I....I :I. ol b e b b
0 100 200 300 400 500 600 700 800 900 1000 -3 -2 -1 0 1 2 3

p, of all small R jets in the event [GeV]

¢ of all small R jets in the event

12}

g - .1 E1QCD Multijets EEW

5 Vs=13TeV,L=139 fb 1ETOD o EZ

-1
g 10k I Diboson — NMDS1
£ & NMDS2 — NMDS3
< L — NCBH1 — NCBH4
1072

P P IR S|
-05 0 0.5 1 1.5 2 25
rapidity of all small R jets in the event

Figure 9.24 Kinematics of all tracks within the first and second leading reclustered

jets for Noncommutative Black Hole and Nonminimal Dark Sector with
Noncommutative Black Hole and Nonminimal Dark Sector Pre-ML
Analysis Cuts Applied

9.7.2 Noncommutative Black Holes Networks - 500 GeV EITniSS

cut

Of the two noncommutative black holes used in the reconstructed analysis, the NCBH
Benchmark NCBHI1 is the one for which final search results have been produced.
Instead of a 200 GeV EM'S cut, a 500 GeV ER'* cut was used for the final results
of the NCBH Benchmark NCBH1. This provided a handle on reducing background
events in the signal region beyond the reduction provided by the NN. As seen in
Figure [0.25] both noncommutative black hole benchmarks and NMDS benchmark
NMDS3 have substantially more EX5 than scalar cascades and the lower mass non-

minimal dark sector models.

208



10°E 5= 13 TeV, L = 139 fb [ QCD Multijets W

i2

i=

i 10° [ Top 0z

g 10 M Diboson ~ —SC1

5 — NMDS1 ~ NMDS2
-:% 1 — NMDS3 — NCBH1

107" __— NCBH4

200 400 600 800 1000 1200 1400
E™ [GeV]

Figure 9.25 ErTIliss distribution of noncommutative black holes and non-minimal
dark sectors with basic 200 GeV cuts applied.

Preliminary noncommutative black hole analysis results (not included in this thesis)
at 200 GeV for both black hole benchmarks showed a large number (hundreds of
thousands) of background events surviving the analysis cuts. The analysis became
sensitive to signal cross sections ten times smaller by increasing to a 500 GeV Emiss
cut. A requirement of ER > 500 GeV was, therefore, imposed. This cut has the
effect of making the NN appear to perform worse. However, in reality, the NN simply
has a harder task to perform because the background events that are easier to reject
have already been removed by the 500 GeV EMs* cut.

The selection cuts for the analysis for the NCBH Benchmark NCBH1 can be seen in
Table 0.1} The noncommutative black hole benchmark NCBH4 struggled more with
the statistical fit at 500 GeV, so it is not included in the final search results. However,
the NBCH benchmark NCBH4 is included in the distributions of signal vs. MC
background at 500 GeV, shown below, to demonstrate it still holds discriminatory
power at this cut. However, placing such a high E cut proved to be suboptimal
and a lesser EXss cut would likely be advantageous. Optimization is underway (by
the author, for publication) for NCBH Benchmark NCBH4.
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Quantity Requirement
Reclustered Jets At least 2 reclustered jets of R = 1.5

number of small R jets in leading reclustered jet > 0

number of small R jets in subleading reclustered jet
>0

leading reclustered jet |n| < 2

subleading reclustered jet |n| < 2

Small R jets > 2 small R jets pr of at least 20 GeV
Second leading small R jet pr > 50 GeV
Third leading small R jet pr > 20 GeV

Tracks Up to 250 tracks in leading reclustered jet
Up to 250 tracks in subleading reclustered jet
Greater than 0 tracks in leading reclustered jet

Greater than 0 tracks in subleading reclustered jet

Lepton Veto No electrons > 20 GeV
No muons > 20 GeV

Trigger lowest unprescaled ER triggers

Eiss > 500 GeV

Leading small R jet pr | > 200 GeV

Table 9.1  Selection cuts for analysis of Noncommutative Black Hole Benchmark
NCBH1 with a 500 GeV E¥S cut

The background rejection offered to both noncommutative black hole benchmarks
from the 500 GeV EX cut is shown in Table [0.2]

A tile efficiency correction of 0.6305 is applied under the 500 GeV ER* cut. The
primary background now stems from W processes instead of QCD, leading at 30.54%.
Benchmark NCBH1 has a significance of 2.4, which is lower than the 2.52 significance
of benchmark NCBH4 due to benchmark NCBH4 having a higher cross section. The
significance (defined in Equation of the NCBH1 benchmark under the 500 GeV

Emiss cut is 3.07 times improved compared to the benchmark’s significance under
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Background Process Total Background QCD Z Processes W Processes Top Processes

Background Yield 3354078.502 2415577.88 256004.5 416688.43 243832.46
Background Composition 24.77% 26.14% 30.54% 15.35%
Signal Process NCBH1 NCBH4

Signal Yield 443.64 466.89

Significance: Signal/sqrt(background) 2.4 2.52

Increase in significance from 200 E%‘iss cut 3.07 2.65

Tile Efficiency Correction 0.6305

Table 9.2  Background yield, signal yield, background composition, significance
increases, and tile efficiency correction at 500 GeV E%iss cut for
Noncommutative Black Holes

the 200 GeV EX cut (from Table . The significance of the NCBH4 benchmark
under the 500 GeV EXs cut is 2.65 times improved compared to the benchmark’s
significance under the 200 EX GeV cut (from Table [8.7)).

The variables inputted to the event level tagger of the neural network for noncom-
mutative black holes with a 500 GeV ER cut outlined in Table are the same
variables inputted into the neural network for noncommutative black holes and non-
minimal dark sectors at 200 GeV ER: sphericity, aplanarity, event shape variable
C, event shape variable D, and transverse sphericity, the number of small R jets
above 20 GeV, P (jiin, jmax), the pi(J1, J2), Adumin(f, ER), Adpumin (J, ),
A¢ J, EXiss) CAg . (J, EmisS) o of leading reclustered jet, n of second leading

reclustered jet, number of tracks in the leading reclustered jet, number of tracks in

maxmin(

the second leading reclustered jet, number of small R jets in the leading reclustered

jet, number of small R jets in the second leading reclustered jet, |AR,.(j)|, and

|AR(]17]2)|

While the increase in the EXS cut noticeably reduces the discriminatory power of
the variables (in Figures , and compared to Figures , , and
for the 200 GeV EXs cut) - some more than others - there are still visible shape
differences in most of the variables. All variables remain in the tagger because, even
if, for example, the number of small R jets above 20 GeV now more closer resembles
that of background, being able to link the occurence of an event with a high value
of pr balance of the leading large R jet with a given jet multiplicity may provide a
handle as to whether an event is a signal event or a background event. The advantage
of machine learning is the ability to derive connections that are not readily visible

to the human eye.

As can be seen in Figure m, under the 500 GeV EM cut, the noncommutative
black holes exhibit a smaller fraction of events that contain high values of sphericity,
aplanarity, event shape variable C', event shape variable D, and transverse sphericity.

However, the fraction of events that contain high values of those quantities are
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still greater than that of background, still providing discriminatory power against
background. This means that the isotropic nature of the noncommutative black holes

miss

is still more distinguished than that of background under the harsher E}

cut. It

also indicates, however, that the EI cut has biased the distributions to be more
dijet-like than before. Figure [9.26) shows, qualitatively, that data and Monte Carlo
are broadly consistent in shape, with any deviations being restricted to the tails of

the distributions.
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Discriminating Variables for Noncommutative Black Hole with 500

In Figure under the 500 GeV ERs cut, the noncommutative black holes retain

discriminatory power against background, though to a significantly lesser extent

2

12



than under the 200 GeV EMs cut, in p5(Jy, Jo), Admin(J, ER5), A menin (1, ERS),
AQseonin (J; EEISS) - phal( L Gmax), and Agmin(J, E25). Compared to background,
there remain a higher fraction of events for noncommutative black holes and non-
minimal dark sectors that have a greater separation between the £ and the closest
jet, be it small R jets or large R jets. Figure shows that data and Monte
Carlo are, qualitatively, broadly consistent in shape, with deviations existing in the
tails of the distributions of A¢,,. (s EE55), Admin(J, ER), Admin(J, EX5), and
paal(Jy, Jo). This section will present ratio plots of data and Monte Carlo to quantify

the agreement of Monte Carlo and data under these selection cuts.
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Figure 9.27 Discriminating Variables for Noncommutative Black Hole with 500
GeV E%liss cut from Table Applied.
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In Figure , under the 500 GeV EI cut, noncommutative black holes retain
some discriminary power in the 7 distribution of leading reclustered jet, though to a
lesser extent than under the 200 GeV EX®s cut. No discriminatory power remains
in the 7 distribution of the subleading reclustered jet. This holds true as well for
the number of small R jets in the second leading reclustered jet and the number
of tracks in the second leading reclustered jet. The observables |AR(j1,j2)| and
|ARqavg ()| retain discriminatory power, though to a lesser extent than under the 200
GeV ERs cut. Figure shows that the data and Monte Carlo distributions are,

qualitatively, broadly consistent in shape.
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Figure 9.28 Discriminating Variables for Noncommutative Black Hole with 500
GeV ERS cut from Table Applied.

Figure [9.29| shows that the distributions of Monte Carlo and data in event shape

215



variable C' agree within either 20% or 2 o.
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Figure 9.29  Top plot: Comparison of Monte Carlo and data distributions for
event shape variable C'. This distribution is normalized. The 500

GeV Noncommutative Black Hole ENS cuts from Table have
been applied. Bottom plot: The Monte Carlo to Data ratio of event
shape variable C. This distribution was created from the normalized

distributions in the top plot.

Figure [9.30] shows that the Monte Carlo and data distributions for the n of the

leading reclustered jet agree within 20%.
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Figure 9.30  Top plot: Comparison of Monte Carlo and data distributions for
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normalized. The 500 GeV Noncommutative Black Hole Efrniss cuts
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Data ratio of the n distribution of the leading reclustered jet. This
distribution was created from the normalized distributions in the top

plot.

The decorrelated variable for noncommutative black holes is A¢, ;. (J, EX). As will
be discussed in the next chapter, the signal depleted region of phase space for which it
is safe to compare Monte Carlo and data is A¢,,;, (J, E2%) < 1.2. Figure shows
largely good agreement between Monte Carlo in the distribution of Ag,, (J, F3ss).
The ratio stays largely flat for the entire distribution except for Ag,,;,(J, E¥) <
0.2, which is far from the signal region of A¢,,;,(J, E¥) > 1.2. As will be seen
in the next chapter, everything below a Ag, ;. (J, EX%) value of 0.75 is outside the
range of A¢,; (J, B3 used in the background estimation and so not taken into

account in the estimation background in the signal region.
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Figure 9.31  Top plot: Comparison of Monte Carlo and data distributions for
the distribution of A¢yi,(J, EXSS). This distribution is normalized.
The 500 GeV Noncommutative Black Hole EX cuts from Table
have been applied. Bottom plot: The Monte Carlo to Data ratio of
A¢in(J, ERSS) . This distribution was created from the mormalized
distributions in the top plot.

9.7.3 Non-minimal Dark Sector Networks - 500 GeV E¥* cut
with 1400 GeV H; cut

Of the three non-minimal dark sector benchmarks used in the reconstructed analysis,
the NMDS Benchmark NMDS3 is the one for which final search results have been
produced. The reason for this will be explained in the subsequent passages. As
a reminder, NMDS3 is the benchmark that has the highest mass spacing between
ensemble constituents out of all of the non-minimal dark sector benchmarks. It,
therefore, has the most energetic decays. As seen in Figure [0.25 and Figure the
NMDSS3 has substantial E& and Hr. In this analysis, Hr is defined as the sum of

transverse momenta of all jets in the event about 20 GeV.

A requirement of at least 500 GeV in B and at least 1400 GeV in Hy was imposed.
This set of cuts was chosen because it greatly reduces MC background while still
allowing signal to be distinguishable from background. Cutting higher on ER or

Hrt would have made the signal less distinct against background. The cuts applied
are shown in Table [9.3]
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Quantity Requirement
Reclustered Jets At least 2 reclustered jets of R = 1.5

number of small R jets in leading reclustered jet > 0

number of small R jets in subleading reclustered jet > 0
leading reclustered jet |n| < 2
subleading reclustered jet |n| < 2

Small R jets > 4 small R jets pr of at least 20 GeV
Second leading small R jet pt > 50 GeV

Tracks Up to 250 tracks in leading reclustered jet
Up to 250 tracks in subleading reclustered jet
Greater than 0 tracks in leading reclustered jet

Greater than 0 tracks in subleading reclustered jet

Lepton Veto No electrons > 20 GeV
No muons > 20 GeV

Trigger lowest unprescaled EX* triggers
Eriss > 500 GeV
Hyp > 1400 GeV

Leading small R jet pr | > 200 GeV

Table 9.3  Selection cuts for analysis of Non-minimal Dark Sector benchmark

NMDS8 with a 500 GeV E%iss and 1400 GeV HT cut.

The effects of the cuts are seen in Table[9.4] QCD remains the primary background,
contributing 44.95%. The significance (defined in Equation with a 500 GeV
Emiss and 1400 GeV HT cut is 0.05, which is 8.4 times improved compared to the
significance obtained from the basic 200 GeV ER cuts. With the basic 200 GeV
Emiss cut, the NMDS benchmark NMDS3 was overtaken by background and the final
analysis statistical fit failed. The 500 GeV EX cut and Hp provided a remedy,
though the extremely small cross section will be shown to limit the sensitivity. The
low pr NMDS benchmark NMDS1 and the moderate pr NMDS benchmark struggled
with the 200 GeV basic cuts, failing the statistical fits. This was due to the very large
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number of background events in the signal region being coupled with a nonclosure of
5%. Those benchmarks are excluded from the final search results as optimizations
are underway, such as the use of more discriminating decorrelated variables. (These

optimizations are being performed by the author to include in the publication.)

Background Process Total Background QCD Z Processes W Processes Top Processes
Background Yield 5145.74 2313.1 591.94 1990.05 1173.83
Background Composition 44.95% 11.50% 38.70% 22.80%
Signal Process NMDS3

Signal Yield 3.58

Signifiance: Signal/sqrt(background) 0.05

Increase in significance from 200 EF'®® cut 8.4

Tile Efficiency Correction 0.47145

Table 9.4  MC background yields, MC background composition, Signal Yields,
Significances, Tile Efficiency Correction with 500 GeV E%liss and 1400
GeV HT cut.

The variables inputted to the event level tagger of the neural network for non-
commutative black holes and non-minimal dark sectors are the five event shapes
sphericity, aplanarity, event shape variable C', event shape variable D, and transverse
sphericity, the number of small R jets above 20 GeV, p2!(jinin, Jmax), the po2i(Jy, Jo),
Abuin (7, EE), Abpmasanin (s EE™), Abasanin (J, BES), Ayin (J, ER=), 1 of leading
reclustered jet, n of second leading reclustered jet, number of tracks in the leading
reclustered jet, number of tracks in the second leading reclustered jet, number of
small R jets in the leading reclustered jet, number of small R jets in the second
leading reclustered jet, |ARayg(7)], and [AR(j1, j2)|-

As can be seen in Figure (compared to the distributions for the 200 GeV ER cut
in Figure , the non-minimal dark sector benchmark NMDS3 retains powerful
discriminatory power against MC background in higher values of the event shape
variables sphericity, aplanarity, event shape variable C', event shape variable D, and
transverse sphericity, indicating that requirement of at least 500 GeV EM and at
least 1400 GeV in Hp has not tarnished the isotropic nature of the events. There
remains a visible shape difference in the number of small R jets above 20 GeV
for the MC background and non-minimal dark sector benchmark NMDS3, though
this variable in particular has less discriminatory power than with just a 200 GeV
B cut. Figure m shows that the distributions of data and Monte Carlo are,
qualitatively broadly consistent in shape in these variables, with any deviations being
restricted to the tails. Transverse sphericity serves as the decorrelated variable for
the NN for the non-minimal dark sector benchmark NMDS3, so data is not overlaid

in the plot here and instead will be examined in a control region shortly.
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Figure 9.33 Discriminating Variables for Non-minimal dark sector benchmark
NMDS3 with 500 GeVE%iSS cut and 1400 GeV Hr cut from Table
Applied.

As can be seen in Figure [9.34] though slightly less pronounced than with the
200 GeV ERss cut (seen in Figure , the non-minimal dark sector bench-
mark NMDS3 retains strong discriminatory power against MC background in
PRI, J2), Adin (s ), Abin s FE), A mnin (2 B2, PR i, )
and A¢,;,(J, ER). There remain a higher fraction of events for non-minimal dark
sector benchmark NMDS3 that have a greater separation between the E¥** and the
closest jet, be it small R jets or large R jets. Figure[9.34]shows that the distributions

of data and Monte Carlo are broadly consistent in shape. Deviations appear in the
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Figure 9.34 Discriminating Variables for Non-minimal dark sector benchmark
NMDS3 with 500 GeVE?F“iSS cut and 1400 GeV Hr cut from Table

Applied.

Figure shows that, under the 500 GeV ER cut and 1400 GeV Hy cut, the Non-

minimal dark sector benchmark NMDS3 has lost almost all of its discriminatory

power in the number of tracks in the second leading reclustered jet, the n of the

second leading reclustered jet, and the number of small R jets in the second leading

reclustered jet (compared to the 200 GeV EX cut in Figure [9.19).

Though less

powerful than before, the benchmark retains discriminatory power in the number

of tracks in the leading reclustered jet, peaking at 50 tracks, while MC background
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peaks at 30 tracks. The benchmark still holds slight shape differences in the n
of the leading reclustered jet, having more central values of 7, and in |A R (j)],
having a higher fraction of events with lower values than MC background. Strong
discriminatory power remains in the |AR(jy, j2)|, with signal having a higher fraction
of events with the leading small R jet close to the second leading small R jet.
Figure [9.35| shows that the Monte Carlo and data distributions are, qualitatively,

broadly consistent in shape.
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Figure 9.35 Discriminating Variables for Non-minimal dark sector benchmark
NMDSS3 with 500 GeV EX cut and 1400 GeV Hr cut from Table
Applied.
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Figure |9.36 shows that, due to the large uncertainties, the ratio of the Monte Carlo

and data distributions in event shape variable C' is largely within 1.
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Figure 9.36  Top plot: Comparison of Monte Carlo and data distributions for event
shape variable C' for Non-minimal dark sector benchmark NMDSS3 with

500 GeV EXSS cut and 1400 GeV Hr cut from TableApplied. This
distribution is normalized. Bottom plot: The Monte Carlo to Data
ratio of event shape variable C'. This distribution was created from the

normalized distributions in the top plot.

As seen in Figure [0.37] the Monte Carlo to data ratio for the n distribution of the
leading reclustered jet stays at 1 within a 2 ¢ uncertainty for almost all bins.
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Figure 9.37  Top plot: Comparison of Monte Carlo and data distributions for the n
distribution of the leading reclustered jet for Non-minimal dark sector
benchmark NMDSS8 with 500 GeV Effniss cut and 1400 GeV Hrp cut
from Table[9.3 Applied. This distribution is normalized. Bottom plot:
The Monte Carlo to Data ratio of the n distribution of the leading
reclustered jet. This distribution was created from the normalized

distributions in the top plot.

The decorrelated variable for Non-minimal dark sector benchmark NMDS3 is the
transverse sphericity. As will be discussed in the next chapter, the signal depleted
region of phase space for which it is safe to compare Monte Carlo and data is
transverse sphericity values less than 0.2. Figure [0.3]shows good agreement between
data and Monte Carlo in the distribution of the transverse sphericity. The ratio stays

largely at 1 within error bars for the entire distribution.
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Figure 9.38  Top plot: Comparison of Monte Carlo and data distributions for the
n distribution of transverse sphericity for Non-minimal dark sector
benchmark NMDSS8 with 500 GeV Effniss cut and 1400 GeV Hrp cut
from Table[9.3 Applied. This distribution is normalized. Bottom plot:
The Monte Carlo to Data ratio of the transverse sphericity. This
distribution was created from the normalized distributions in the top
plot.

0.7.4 Noncommutative Black Holes Neural Network Results

The NN results of both the NCBH Benchmark NCBH1 and NCBH benchmark
NCBH4 with a 200 GeV EP* cut are compared to the NN results of NCBH
Benchmark NCBH1 at a 200 GeV EX' to illustrate the effect the 500 GeV ER cut
has on the tagger. The general procedure for how all neural networks in this thesis
were trained was described in 0.6l All noncommutative black hole neural networks

were trained for 100 epochs.

Figure[9.39| shows the results of the NN for NCBH benchmark NCBH4 when running
with a DisCo A\ parameter of 2 and with the pr balance of the closest and furthest
small R jet to the EX. The ROC curve in Figure m shows a background
rejection of 90% for a roughly 65% signal retention. Noncommutative black holes
are inherently less striking against background compared to the scalar cascades, so
it makes sense that the neural network of the noncommutative black holes is not as
robust as that of the scalar cascades. Nonetheless, the background rejection indicates

that the network is still performing well.
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It is worthwhile to note that the DisCo A parameter for this neural network and
all noncommutative black hole networks in this thesis is a value of 2, which is far
less than the DisCo A\ parameter of 50 that the scalar cascades use. This is because
higher values of the DisCo A parameter degrade the performance of noncommutative
black holes in a way that is not seen for the striking signature of scalar cascades.
Inherently, the decorrelation provided by DisCo comes with the penalty of decreased
NN performance. Since the noncommutative black holes are not as distinctive of a
signature as scalar cascades, this penalty is more pronounced and a higher value for

the DisCo A\ parameter cannot be afforded for noncommutative black holes.
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Figure 9.39 ROC Curve of Background Rejection vs. Signal Efficiency for NCBH
benchmark NCBH4 with DisCo hyperparameter X = 2 and 200 E%liss
cut and basic cuts from Table[8.6 applied. The decorrelated variable is
the pt balance of the closest and further small R jet to the E%liss.

The ROC curve in Figure [0.40, which shows the NN results for NCBH benchmark
NCBHI1, shows a background rejection of 90% for a roughly 73% signal retention.
The NN is trained using a DisCo hyperparameter A value of 2 and a decorrelated value
of the pr balance of the closest and further small R jet to the EX5. Again, though
less striking against background compared to the scalar cascades, the background

rejection indicates that the network is still performing well.
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Figure 9.40 ROC Curve of Background Rejection vs. Signal Efficiency for NCBH
benchmark NCBH1 with DisCo hyperparameter A value of 2 and 200
GeVEITniSS cut and basic cuts from Table applied. The decorrelated
variable is the pt balance of the closest and further small R jet to the
E%IISS.

The output labels in Figure for background Monte Carlo simulated events for
this model and training show that background peaks at NN output values of 0. There

is a shallow shoulder, however, that extends to higher NN output values.
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Figure 9.41 NN prediction for background events using NN for NCBH benchmark
NCBH1 with a DisCo hyperparameter A value of 2 and applying the
200 GeV EXS cut and basic cuts from Table . The decorrelated
variable is the pt balance of the closest and further small R jet to the
E%[‘HISS.

As seen in Figure [0.42] the signal neural network output for the NCBH benchmark
NCBHL1 is peaked at a NN output of around 1 in the figure below, with a broad
shoulder extending to lower NN output values. Together with the NN prediction for
background events, this would be consistent with a background rejection of 90% for

a signal retention of 73%.
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Figure 9.42 NN prediction for signal events using NN for NCBH benchmark
NCBH1 with a DisCo hyperparameter A value of 2 and applying the
200 GeV ETIniss cut and basic cuts from Table . The decorrelated
variable is the pr balance of the closest and further small R jet to the
E%IISS.

Below is a presentation and discussion of the results of the NN for NCBH benchmark
NCBH1 with a 500 GeV E¥** when running with a DisCo A parameter of 2. The
decorrelated variable is the minimum ¢ between the closest and furthest small R jet
to the £, The ROC curve in Figure shows a background rejection of 90%
for a roughly 47% signal retention. Though not the 65% or 73% signal rejection seen
by the NCBH benchmarks at 200 GeV, the NN for the NCBH benchmark NCBH1
with a 500 GeV EXs cut still offers discrimination which, combined with the EMss

cut yields a strong handle against background.
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Figure 9.43 ROC Curve of Background Rejection vs. Signal Efficiency using NN
for NCBH benchmark NCBH1 with 500 GeVE%liss cut and cuts from
Table[9.1) applied. The decorrelated variable is the minimum ¢ between
the closest large R jet and E%liss. The DisCo hyperparameter A value
s 2.

The accuracy of this neural network for both the training and validation datasets
improves as the number of epochs that the neural network is trained for increases,
which is the desired behavior. The somewhat ragged nature of the curve is not a
concern as this is commonly observed behavior in machine learning training. The
important point is that the accuracy improves for both the training and validation

datasets.
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Figure 9.44  Evolution of accuracy of NN validation accuracy and training accuracy
as a function of epochs for NN using NCBH benchmark NCBH1 with a
500 GeV E%iss cut and cuts from Table applied. The decorrelated
variable is the minimum ¢ between the closest large R jet and ET"™.
The DisCo hyperparameter A value is 2.

The loss of the neural network decreases over time for both the training sample and
the validation sample, which is the desired behavior, as the goal in training is to

minimize the loss.
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Figure 9.45  Fwvolution of NN walidation loss and training loss as a function of
epochs for NN using NCBH benchmark NCBH1 with a 500 GeVE%liSS
cut and cuts from Table applied. The decorrelated variable is the
minimum ¢ between the closest large R jet and E%ﬂss. The DisCo
hyperparameter A value is 2.

The plot of output labels for background Monte Carlo simulated events in Figure(9.46
for the NN using NCBH benchmark NCBH1 with a 500 GeV EX* cut shows a very
broad shoulder stemming from a NN output value of 0 and cutting nearly diagonally
across the NN output values. Here an obvious difference can be seen between the
NN performance of the noncommutative black holes with a 200 GeV EI* cut and a
500 GeV EMiss cut, as the background NN output is far less sharply peaked around
NN values of 0 when a 500 GeV EX'ss cut applied.
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Figure 9.46 NN prediction for background events using NN for NCBH benchmark
NCBH1 with 500 GeVEEFniSS cut and cuts from Table applied. The
decorrelated variable is the minimum ¢ between the closest large R jet
and Effniss. The DisCo hyperparameter \ value is 2.

The signal neural network output in Figure[9.47is peaked at a NN output of around
0.88, with a broad shoulder extending to lower NN output values. The distribution
is noticeably less peaked than the signal NN predictions of noncommutative black
holes with a 200 GeV EXs cut.
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Figure 9.47 NN prediction for signal events using NN for NCBH benchmark
NCBH1 with 500 GeVE%liSS cut and cuts from Table applied. The
decorrelated variable is the minimum ¢ between the closest large R jet
and Effniss. The DisCo hyperparameter \ value is 2.

0.7.5 Non-minimal Dark Sector Neural Network Results

Below is a presentation and discussion of the results of the non-minimal dark sector
neural network when running with a DisCo A\ parameter of 2. As noted, only the
NMDS3 benchmark procedes to final analysis results. However, it is instructive to
also look at the behavior of the NMDS2 NN result at the 200 GeV EXi* cut to see
how a non-minimal dark sector with a mass spacing of 50 GeV between ensemble
constituents (which gives rise to a lower pr spectrum and a less boosted final state
than that of the NMDS3 benchmark) behaves. The general procedure for how all
neural networks in this thesis were trained was described in Q.61 All non-minimal

dark sector models were trained for 100 epochs.

The ROC curve in Figure [9.48 shows a background rejection of 90% for a roughly
63% signal retention. Just as the noncommutative black holes are less striking
against background compared to the scalar cascades, the non-minimal dark sectors
are less striking against background compared to scalar cascades, so it similarly
makes sense that the neural network of the non-minimal dark sectors is not as robust
as that of the scalar cascades. Nonetheless, the background rejection indicates that
the non-minimal dark sector neural network is still performing well. As with the

noncommutative black holes, the DisCo A\ parameter is set to 2 for all non-minimal
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dark sector neural networks in this thesis due to the degradation in performance

observed at higher A values.
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Figure 9.48 ROC Curve of Background Rejection vs. Signal Efficiency using NN
for NMDS benchmark NMDS2 with 200 GeVE%ﬁSs cut and basic cuts
from Table [8.6] applied. The decorrelated variable is the pt balance
of the closest and further small R jet to the E%ﬁss. The DisCo
hyperparameter X value is 2.

From the plot in Figure of output labels for background Monte Carlo simulated
events for the non-minimal dark sector neural network, it can be seen that the
background peaks at NN output values of rougly 0. There is a shallow shoulder,
however, that extends to higher NN output values.
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Figure 9.49 NN prediction for background events using NN for NMDS benchmark
NMDS2 with a 200 GeV Effmss cut and cuts from Table applied.
The decorrelated variable is the pt balance of the closest and further
small R jet to the Effniss. The DisCo hyperparameter \ value is 2.

The signal NN output in Figure [9.50|is peaked at roughly 0.7, with a broad shoulder
extending to lower NN output values. Together with the background NN output
prediction, this would be consistent with a background rejection of 90% for a signal

retention of 63%.
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Figure 9.50 NN prediction for signal events using NN for NMDS benchmark
NMDS2 with a 200 GeV E%iss cut and cuts from Table applied.
The decorrelated variable is the pt balance of the closest and further
small R jet to the E%liss. The DisCo hyperparameter \ value is 2.

However, even though the NN has the ability to reject background at a rate of 90%
while retaining 63%, the NMDS benchmark NMDS2 struggled with the combination
of large background events remaining the 200 GeV background cut coupled with the
background uncertainty. Additional cuts degraded the performance of the NN.

Below is a presentation and discussion of the results of the NMDS benchmark NMDS3
(with the 500 GeV ER cut and 1400 GeV HT cut from Table applied) when
running with a DisCo A parameter of 2. The ROC curve in Figure [9.51] shows a
background rejection of 90% for a roughly 65% signal retention. Still less striking
against background than scalar cascades, so it good to see that the NN performance

is still performing well despite the harsher cuts.
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Figure 9.51 ROC Curve of Background Rejection vs. Signal Efficiency using
NN for NMDS benchmark NMDSS8 with a 500 GeV E%‘iss cut, 1400
GeV HT cut, and basic cuts from Table[9.5 applied. The decorrelated
variable is the transverse sphericity. The DisCo hyperparameter A
value is 2.

From Figure [9.52] it is positive to see that the accuracy of the neural network for
both the training and validation datasets improves as the number of epochs that
the neural network is trained for increases. The seemingly periodic structure in the
accuracy curve is not a concern as this something that can be observed in machine
learning training. The important thing is that the accuracy is improving for both

datasets.
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Figure 9.52  Fwvolution of NN walidation accuracy and NN training accuracy as
a function of epochs using NN for NMDS benchmark NMDS3 with a
500 GeV E%“iss cut, 1400 GeV HT cut, and basic cuts from Table
applied. The decorrelated variable is the transverse sphericity. The
DisCo hyperparameter \ value is 2.

The loss of the neural network, seen in Figure [0.53] decreases over time for both
the training sample and the validation sample, which is the desired behavior, as the
goal in training is to minimize the loss. Again, the seemingly periodic structure in
this curve is not a concern as this is something that can be observed in machine
learning training. The important thing is that the loss is decreasing as a function of

the number of epochs for both datasets.
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Figure 9.53  Fvolution of accuracy of NN wvalidation loss and NN training loss as
a function of epochs using NN for NMDS benchmark NMDS3 with a
500 GeV E%“iss cut, 1400 GeV HT cut, and basic cuts from Table
applied. The decorrelated variable is the transverse sphericity. The
DisCo hyperparameter \ value is 2.

Looking at the plot of output labels, in Figure [9.54] for background Monte Carlo
simulated events for benchmark NMDS3, it can be seen that the background peaks

at NN output values of 0.05. There is a shallow shoulder, however, that extends to

higher NN output values.
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Figure 9.54 NN prediction for background events using NN for NMDS benchmark
NMDSS8 with a 500 GeV E%‘iss cut, 1400 GeV HT cut, and basic cuts
from Table applied. The decorrelated variable is the transverse
sphericity. The DisCo hyperparameter \ value is 2.

The signal neural network output in Figure [9.55|is peaked at a NN output of around
0.98, with a shoulder extending to lower NN output values. Together with the plot of
the background NN output prediction, this would be consistent with a background

rejection of 90% for a signal retention of 65%.

244



V5 =13 TeV, L =139 fb~? +
0.14

0.12
0.1

0.08

Number of events

0.06

0.04

e

0.02

O_KT’ITITIIITITNTIIIITNWIIIITTTITII

NN output

Figure 9.55 NN prediction for signal events using NN for NMDS benchmark
NMDS3 with a 500 GeV Effmss cut, 1400 GeV HT cut, and basic cuts
from Table applied. The decorrelated variable is the transverse
sphericity. The DisCo hyperparameter A value is 2.

9.8 Summary

This chapter described how machine learning is used for signal region definition
and background estimation in each search. A machine learning architecture was
developed to use track information from the leading and subleading reclustered jet
to learn the jet substructure of each model. Event level variables and the kinematic
information of all small R jets in the event also served as input to the neural
network. The machine learning architecture was used to create two decorrelated
variables, the neural network output and a second variable that discriminates signal
from background, for each analysis for use in the data-driven estimation of the
Standard Model background processes that will be described in the next chapter.
The decorrelated variables for scalar cascade benchmark SC1, non-minimal dark
sector benchmark NMDS3, and noncommutative black hole benchmark NCBH1 are
the number of tracks in the second leading reclustered jet, the Aduy,(J, E&), and
the transverse sphericity, respectively. Monte Carlo and data comparisons were
performed and showed an overall satisfactory agreement prior to the use of machine

learning.

The performance of the neural network for each analysis was evaluated to show
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that the neural networks are performing well. Out of the three models, the
neural network for scalar cascade benchmark SC1 was the most robust, providing a
background rejection of 99% through a signal retention of 95%. The robustness of
the neural network is due to the strikingly high track multiplicity in the second
leading reclustered jet, which peaked at roughly 100 tracks. Non-minimal dark
sectors and noncommutative black holes are less distinguishable from background
than scalar cascades and, as a result, their neural networks did not perform as well
as that of SC1. The neural network for the NMDS benchmark NDMS3 performed
second best with a 90% background retention for a 65% signal retention. The neural
network for the noncommutative black hole benchmark NCBHI1 provided a 90%
background retention for a 47%. Due to its low cross section and trigger efficiences,
the SC1 benchmark has the lowest significance. The significance of scalar cascade
benchmark SC1 prior to defining the signal region is 0.0053, while the significance
of noncommutative black hole benchmark NCBH1 is 2.4, and the significance of
nonminimal dark sector benchmark NMDS3 is 0.05. As a general observation,
optimization is needed to improve the analysis sensitivity. The next chapter will
describe how this is achieved for each analysis via a cut on the neural network

output and a cut on the decorrelated variable.
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Chapter 10

Background Estimation and
Statistical Analysis

This chapter describes the derivation of the data-driven background estimation
via the ABCD background estimation method. Monte Carlo simulation does not
precisely model hadronic signatures and tends to have large uncertainties on the
multijet Monte Carlo modeling. As a solution, the ABCD background estimation
method uses data to estimate the background estimation in the signal region. The
last chapter showed how the analyses in this thesis employ machine learning to
construct two decorrelated variables. This chapter describes how these two variables
are used in the ABCD background estimation method. The ABCD method creates
a 2D plane, called an ABCD plane, where one decorrelated variable forms the y
axis and the second decorrelated variable forms the z. The ABCD plane is split
into four quadrants, wherein the background contribution in the signal region is
determined from the data counts in the other 3 quadrants. Signal is largely localized
in one region. The other 3 quadrants are referred to as the control regions. The
Monte Carlo background and data distributions are compared in the control regions
to ensure that the neural network is generalizing well and behaving as expected.
Since this is a data-driven approach, the agreement between Monte Carlo and data
does not have to be perfect. Checks are performed to ensure that the two variables
are decorrelated so that they can be used to make the prediction of background
estimation in the signal region. A nonclosure uncertainty is applied to account for
any remaining correlation. The statistical uncertainties and systematic uncertainties
on the background estimation are also calculated and shown, providing a total

background yield in the signal region of the ABCD plane.
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10.1 Background Estimation

As mentioned in the previous chapter, the background estimation for the analysis
is reliant on the identification of two independent variables. Distance Correlation
(DisCo) was introduced as a means to force a variable to be decorrelated with respect
to the neural network output. The two variables used in the ABCD background
estimation for this analysis are, therefore, the neural network output and the variable

that DisCo forces to be decorrelated from the neural network output.

In the case of scalar cascades, the variable that DisCo forces to be decorrelated
with respect to the neural network output is the number of tracks in the second
leading reclustered jet. In the ABCD background estimation, a plane, such as the
one depicted in Figure [10.1] is constructed by plotting one independent variable on

the z axis and the second independent variable on the y axis.

B A
C D
X / —;(2 X3

Figure 10.1  Ezample of an ABCD plane. Figure modified from Reference [115]

This plane is divided into four different regions in a manner such that a single region
is created that contains the vast majority of the signal. This signal region will be
referred to as region A, while the other regions are called region B, region C, and
region D. In Figure [10.1] region A extends from x5 to x3 and ys to y3. Region D
extends from x5 to x3 and y; to ys, while region B extends from x; to x5 and y, to

y3, and region C extends from x; to x5 and y; to y».

The ABCD background estimation method is a data-driven background approach.
Monte Carlo simulation does not precisely model hadronic signatures and tends to
have large uncertainties on the multijet Monte Carlo modeling. As a remedy, the

ABCD background estimation uses data to estimate the background in the signal
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region. It is customary for physics analyses at the LHC to not look at the data
in the signal region until all aspects of the analysis have been thoroughly validated
by the collaborations. This is to ensure that analyses do not bias the experimental
result by optimizing the analysis based on observed trends in the data in the signal
region. This practice of not looking at the data in the signal region is called blinding
the data. (The signal region is then referred to as blinded.) Unblinding is the term
given to the act of looking at the data in the signal region once all aspects of the
analysis have been validated. Signal-free regions in which data can be looked at
prior to unblinding are called the control regions. Regions B, C, and D will serve as
the control regions in the ABCD plane. The control regions are used to validate the
various aspects of the analysis. In the case of the ABCD background estimation, the
control regions are used to estimate the background contribution in signal region A.
Control regions are additionally used to make comparisons between data and Monte
Carlo.

In the case there is not signal contamination in regions B, C, and, D, the number of

background events in region A can be determined with the following relation

NpNg

N &P —
A NC

(10.1)

This expression uses the principles of proportionality and that it assumes negligible

correlation between x and y.

The statistical uncertainty on the expected number of events in the signal region is
a Poisson, which is the typical uncertainty for counting numbers and which can be

approximated by a Gaussian standard deviation, oy (N4)“P, defined as

Ustat(NA)eXp =V NAeXp. (102)

The relation is approximately valid for large N. For this analysis, the author later
demonstrates that the approximation is valid for N = 6.6 events. The statistical
uncertainty on the expected number of events in any given region of the ABCD

plane can be described as

o(Ni)stat = /N (10.3)
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The statistical uncertainties on background regions B, C, and D can be added in

quadrature to predict the systematic uncertainty on signal region A, such that

Usys(NAeXp) = \/U(NB)gtat + U(NC)gtat + U<ND)§tat' (10-4>

A more meticulous way to write this is multiply the systematic uncertainty on each
region by the gradient of the number of events in signal region A with respect to the

number of events in the given region. The previous equation then becomes

Usys(NAexp) =
aNAexp 2 ) aNAeXp 2 ) aNAexp 2 )
ONg O_(NB)stat + ONg O_(NC)stat + ONp U(ND)stat'
erp
The use of the gradient, ie: N where i is either B, C, or D, allows for the

influence of the uncertainties on the number of events in a given region to be weighted
by the influence of the number of events on the signal region. If the change in the
number of events in, for example, region B does not affect the number of events in
region A, then the uncertainty on the number of events in region B is irrelevant.
The gradient would be 0 and, therefore, given the multiplication, the contribution to
the systematic uncertainty of the ABCD plane from that region on the signal region
would be zero. Conversely, if a small change in, for example, the number of events
in region B has a large effect on the number of events in the signal region, then the

uncertainty from region B on the signal region is very important.

Using equation [10.1], this expression can then be reduced to

o N3ZN% N3N NiNp
Osys(Na p)=\/ BNgD ]’i,é BN% : (10.5)

To validate the ABCD background estimation, the ABCD technique is applied and
tested outside of the signal region in the ABCD plane. There are a number of
different ways to do this validation. Figure illustrates one such set up.
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Ys

Figure 10.2 Example of splitting an ABCD plane into additional regions
for mnonclosure and wvalidation studies. Figure modified from

Reference [115]

Here, a second ABCD region is constructed within the original ABCD plane. The
region formed from combining regions Ay and A, is the region for which the
background will be estimated via the ABCD method. The “V” in Ay stands for
validation and the “nc” in A,. stands for nonclosure. This region spans from x5 to
3 and v, to y4 and will be called region A’. The region A’ is a validation region and,
necessarily, is not signal enriched. Region D', defined as the region spanning from
Ty to x5 and 41 to 1y, will serve as a control region. Similarly, region B’, defined as
the region spanning from z; to z, and v, to y4. Region C’, spanning from 1 to

. . . ’
and 1, to ys, also serves as a control region. The number of events in region A can
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be found by the ABCD relation

(10.6)

The objective of creating this second ABCD plane is to determine whether the
predicted number of background events in region A is the same, within a given
uncertainty, as the actual number of events in region A". Adding in quadrature
the statistical uncertainty of the number of events in region A" and the systematic
uncertainty from the ABCD plane on region A" yields the following total uncertainty

on the number of background events in region A’

\/ 0s2tat + O—SZys‘ (1O7>

If the absolute value of the difference between the number of expected background
Ny N,y

/

events in region A’ and the actual number of background events in region

A’ is greater than Equation then an uncertainty, called the nonconclosure
uncertainty, must be calculated in order to account for the discrepancy. In other

words, the nonclosure uncertainty accounts for any correlation in the ABCD plane.

In order to determine the nonclosure uncertainty, another ABCD plane must be
created and tested. To do so, regions D', C" By, and A, are used. The number of

events in A, is then calculated as

N, N,
Ny, = —L2"Bne (10.8)
NC/
The relative nonclosure uncertainty, o}, is then determined as
o [ Naw = NiY
One = Nexp . (109)

Anec

The nonclosure uncertainty on region A, oy,.(Na, “P), is obtained by multiplying
the relative nonclosure uncertainty by the number of expected events in region A,
such that
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OnC(NAncemp) - U;CNA exp. (1010)

nc

Another ABCD plane is created to test this nonclosure uncertainty. The new ABCD
plane is formed from the following regions: region Ay, region By, region D", C",
which is a region formed by merging region C and region By, and D", which is
a region formed by merging region D and A,.. The expected number of events in

region Ay is calculated via the ABCD relation such that

_ NB//ND//

Nay N
C

(10.11)

The nonclosure uncertainty on the number of events in region Ay is obtained by
multiplying the relative nonclosure determined earlier by the expected number of

events in region Ay, such that

Oue( NGP) = o7 NG, (10.12)

< \/agtat—l—ﬂ + 0ue(Ny,Y)?, the ABCD method is

sys

If NAV,observed - NAV,expected
considered fully validated.

10.2 ABCD Analysis for Scalar Cascades

As noted earlier, the ABCD plane for the scalar cascades analysis is obtained by
plotting the neural network output on the y axis and the number of tracks in the
second leading reclustered jet on the z axis. The author produced all subsequent
plots with the machine learning framework created by the author. After running the
neural network prediction, the author defined the ABCD plane by applying cuts on
the NN output and the second decorrelated variable.

The performance optimization of the neural network at decorrelating the number
of tracks in the second leading reclustered jet from the neural network output was
carried out by the author for a scan of DisCo hyperparameter \ values from 0 to

100 in increments of 5. A DisCo A value of 0 corresponds to a standard binary
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cross entropy loss function in which no DisCo loss has been added. The neural
network that ran with a DisCo A value of 50 provided an ABCD plane with a strong

decorrelation of variables x and y.

The decorrelation between the x variable of the ABCD plane and the y variable of
the ABCD plane can be obtained using the Pearson correlation coefficient calculation

po 2@ ZDEW ) (10.13)

V(i — )8 (y; — )

Two variables that are perfectly decorrelated will have a Pearson correlation
coefficient of 0, while two variables that are perfectly correlated with have a Pearson
correlation coefficient of 1, and two variables that perfectly anti-correlated will have

a Pearson correlation coefffient of -1.

For the 2D plane ranging from number of tracks 0 to 250 on the x axis and NN output
0 to 1 on y axis and produced for a neural network run with DisCo A parameter
50 (Figure , the Pearson correlation coefficient is 0.10, which corresponds to
a correlation of 10%. This indicates, as seen in Figure [10.3] that the plane is
very largely uncorrelated. A small fraction of background extends to higher track
multiplicity at lowest neural network outputs and an even smaller fraction extends
to higher track multiplicity at higher track multiplicity values. Otherwise, the
background ABCD plane, seen on the left hand side of Figure [10.3, appears very

largely uncorrelated.
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Figure 10.3 MC Background ABCD Plane with DisCo hyperparameter A = 50 for

Scalar Cascade Analysis.

The signal ABCD plane, Figure can be seen to have the majority of events

above a neural network output of 0.95 and above 80 tracks in the second leading

reclustered jet.
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Figure 10.4 MC Signal ABCD Plane with DisCo hyperparameter A = 50 for Scalar

Cascade Analysis.
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Each region of the ABCD plane for the scalar cascades is defined in Table

Region | Range of Number of tracks in second leading reclustered jet (z axis) | Range of NN output (y axis)
A 80 to 250 0.95to 1
B 0 to 80 0.95to 1
C 0 to 80 0 to 0.95
D 80 to 250 0 to 0.95
Table 10.1  Definitions of regions in the ABCD plane for the Scalar Cascade

Analysis

These regions are drawn on the MC background ABCD plane in Figure [10.5]

NN output
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Figure 10.5
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Number of tracks in second leading reclustered jet

MC Background ABCD Plane with DisCo hyperparameter X = 50

for Scalar Cascade Analysis. ABCD region definitions are drawn on

plane.

The regions are drawn on the signal ABCD plane in Figure [10.6
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Figure 10.6 MC Signal ABCD Plane with DisCo hyperparameter X\ = 50 for Scalar
Cascade Analysis. ABCD region definitions are drawn on plane.

The signal, MC background, and data yields in each region of the ABCD plane for
scalar cascades are outlined in Table[10.2] (All studies in this chapter and all analysis
chapters use the full Run 2 data of 139 fb=!. The data samples are defined in Table

51)

Signal
Region Signal | MC Data % of Total | 100x — 8820
. K . K Background
yields yields Yields Signal
A: 80 < T <250,0.95 < NN < 1.0 | 243 39.01 Blinded | 90% N/A
B: 0 < T < 80,095 < NN < 1.0 0.13 8895 5147 4.81% 0.00146%
C:0< T < 80,0 < NN < 0.95 0.12 247500 | 201900 | 4.44% 0.0000484%
D: 80 < T < 250, 0 < NN < 0.95 0.017 411 259 0.0063% 0.0041%

Table 10.2  Monte Carlo Yields, Data Yields, and Signal Yields for the A, B, C,
and D Regions of the ABCD plane for the Scalar Cascade Analysis.
Column “% of Total Signal” gives the percent of total signal events in
the ABCD plane that are contained in a given region. The column

ignal
1 0x —180

Background

” turns into a percent the fraction of signal events

in a given region with respect to the number of background events in
the region. The number of tracks in the second leading reclustered jet is

denoted as ‘T’ and the NN output is denoted as NN.
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Table shows that the vast majority of the signal lies in the signal region and,
consequently, the validation regions have safely been formed in regions where there
is very little signal compared to the total number of signal events in the plane.
Additionally, the amount of signal in the validation regions is very small compared
to the amount of background in the validation regions. This is the desired behavior.
Background is also behaving as expected as the majority of it lies outside of the

signal region.

The power of the neural network at discriminating signal from background can be
seen by comparing the number of background events that survive all cuts prior to
the machine learning to the number of background events in the signal region, after
the application of machine learning. The original 256845 simulated background
events were reduced to 39.01 events in the signal region. The significance (defined in
Equation obtained is 0.39. The significance prior to the NN and ABDC plane
was 0.0053. With a 73.4 times improved significance, these results suggest a robust
means for reducing background from the scalar cascade signal. While this significance
is too small to set a limit on the cross section of the scalar cascade sample used, a
limit can be set for higher cross sections. A powerful comparison to make is that
of that significance at the 200 GeV ER* and basic cuts from Table . Compared
to an original significance of 0.002, the cuts from Table and the cuts from the
ABCD cuts on NN output and number of tracks in the second leading reclustered
jet, allowed for a 182.6 times improved significance. This is impressive given the
scalar cascades analysis only had 3.9 scalar cascade events from the most basic event
selections in Table and managed to preserve 2.70 signal events while providing
significant reduction to background (as evidenced by the increase in significance).

This serves as a testament to how striking this phase space is.

The passages below show the validation of the ABCD plane and results of the
statistical analysis performed on data. The behavior of data was checked against
the behavior of Monte Carlo in the control regions of the ABCD plane (regions B,
C, and D). As seen in Figure , the normalized distributions of background and

data are within 20 uncertainties for all but one bin in the control region B.
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Figure 10.7  Top plot: Number of tracks in the second leading reclustered jet in
Control Region B of the ABCD plane for the Scalar Cascade Analysis.
Distribution is normalized. Bottom plot: Ratio of MC to data for the
distribution of the number of tracks in the second leading reclustered
jet in Control Region B of the ABCD plane. This ratio is created from
the normalized distribution shown in the top plot.

Similarly, as seen in Figure [10.8] data and Monte Carlo are within either 2o

uncertainties or %10 in control region C.
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Data and Monte Carlo are within 20 uncertainties for all but two bins in control

Number of tracks in second leading reclustered jet in region C of the ABCD plane

Top plot: Number of tracks in the second leading reclustered jet in
Control Region C of the ABCD plane for the Scalar Cascade Analysis.
Distribution is normalized. Bottom plot: Ratio of MC to data for the
distribution of the number of tracks in the second leading reclustered
jet in Control Region C of the ABCD plane. This ratio is created from
the normalized distribution shown in the top plot.

region D, seen in Figure [10.9, The anomalously weighted bin can safely be ignored

as the error bars encompass a MC and data ratio value of 1.
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Figure 10.9  Top plot: Number of tracks in the second leading reclustered jet in
Control Region D of the ABCD plane for the Scalar Cascade Analysis.
Distribution is normalized. Bottom plot: Ratio of MC to data for the
distribution of the number of tracks in the second leading reclustered
jet in Control Region D of the ABCD plane. This ratio is created from
the normalized distribution shown in the top plot.

In the signal region A, data is blinded, but the difference in shape between

background and signal can be seen below.
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Figure 10.10  Number of tracks in the second leading reclustered jet in Signal
Region (Region A) of the ABCD plane for the Scalar Cascade
Analysis. Comparison of distributions for MC background and MC
signal. Data is absent. Distributions are normalized.
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When combining all four regions of the ABCD plane for MC and comparing the three
control regions of data, still blinded in the signal region, MC and data are shown to
largely agree within uncertainties, as seen in Figure [10.11] Though comparing four
regions (3 control region and 1 signal region) of Monte Carlo background yields to
only the 3 control regions of data, this is a reasonable comparison to make due to

the low expected background yield (only 39 events) in the signal region.
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Figure 10.11  Top plot: number of tracks in the second leading reclustered jet for
all regions of the ABCD plane (Region A, B, C, and D) combined for
Monte Carlo. This is compared to the number of tracks in the second
leading reclustered jet for the control regions (Regions B, C, and D)
for data. Bottom plot: Ratio of MC to data for the distribution of
the number of tracks in the second leading reclustered jet in the four
regions of the ABCD plane for Monte Carlo vs. the three control
regions of the ABCD plane for data. This ratio is created from the
normalized distribution shown in the top plot. This is for the Scalar
Cascade Analysis.

Finally, the distribution of the NN output from all four regions of the ABCD plane
combined for Monte Carlo are within uncertainties of the distribution of the NN
output from the three control regions for data. Again, this a reasonable comparison
to make due to the low expected background yield (only 39 events) in the signal

region.
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Figure 10.12  Top plot: NN output for all regions of the ABCD plane (Region A,
B, C, and D) combined for Monte Carlo. This is compared to all
control regions (Regions B, C, and D) for data. Bottom plot: Ratio
of MC to data for the distribution of the number of tracks in the
second leading reclustered jet in the four regions of the ABCD plane
for Monte Carlo vs. the three control regions of the ABCD plane for
data. This ratio is created from the normalized distribution shown in
the top plot. This is for the Scalar Cascade Analysis.

The ABCD plane of data events blinded in the signal region is shown in Figure [11.2
closely resembling that of the MC ABCD plane.
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Figure 10.13  Data ABCD plane with the signal Region blinded. This is for the
Scalar Cascade Analysis. Full Run 2 dataset of 139 fb~ used.

Following the procedure outlined in the previous chapter, two smaller ABCD planes
were formed within the ABCD plane specified above in order to determine a

nonclosure uncertainty and in order to validate the ABCD plane method.

The validation regions for MC background for the Scalar Cascade analysis are shown

in Figure [10.14]
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The validation regions for data for the Scalar Cascade analysis are shown in

Figure [10.15]
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The region of the ABCD plane that is used to determine the nonclosure uncertainty
spans from a NN output of 0 to 0.6, where the division into different regions on the
y axis occurs at 0.4, and a range of 0 to 250 tracks in the second leading reclustered
jet, where the z axis is divided at 80. Table summarizes the MC and data
yields in the various regions of this plane. Both data and MC have small Pearson
correlation coefficients indicating a high level of decorrelation. The MC nonclosure
uncertainty is 45.82 %, while the data nonclosure uncertainty is 25.78 %. As a
reminder, the nonclosure uncertainty is calculated via Equation [10.9] and accounts

for any correlation in the ABCD plane.

Region MC yields Data Yields Exp MC events | Exp Data events
Anc: 80 < T < 250, 0.4 < NN < 0.6 5.87 5 10.83 6.74

Bne: 0 < T < 80,04 < NN < 0.6 6382.5 5235

C:0<T<80,0<NN<O04 189075 186500

D: 80 < T < 250,0< NN <04 320.93 240

MC NC Uncertainty 45.82%

Data NC Uncertainty 25.78%

MC Corr. Coeff -0.011

Data Corr. Coeff 0.016

Table 10.3  Monte Carlo Yields and Data Yields in subvalidation regions Apc,
Bue, C’, D’ used to test for nonclosure. The definitions of Anc, Bne,
C’, D’ are found in Figure [10.3 Monte Carlo and Data Nonclosure
Uncertainties (MC NC' Uncertainty, Data NC Uncertainty), Pearson
Correlation Coefficients for MC (MC Corr. Coeff) and Data (Data
Corr. Coeff), expected MC and Data event yields (Exp MC' events and
Exp Data yields) are also included. The number of tracks in the second
leading reclustered jet is denoted as ‘I’ and the NN output is denoted
as NN. This is for the NCBH Analysis.

The region of the ABCD plane that is used to apply the nonclosure uncertainty
(Equation and test for closure spans from a NN output of 0 to 0.95, where
the division into different regions on the y axis occurs at 0.6, and a range of 0 to
250 tracks in the second leading reclustered jet, where the x axis is divided at 80.
Table summarizes the MC and data yields in the various regions of this plane.
Both data and MC have small Pearson correlation coefficients indicating a relatively
high level of decorrelation. The MC nonclosure uncertainty is 25.06%, while the data
nonclosure uncertainty is 7.18%. The nonclosure of 25.8 % from the previous plane

provides closure to this validation plane.
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Region MC yields Data Yields Exp MC events | Exp Data events
Ay: 80 < T < 250, 0.6 < NN < 0.95 19.60 14 26.15 13.06

By: 0 < T < 80,0.6 <NN < 0.95 15514.22 10220

Bne + C:0< T <80,0< NN < 0.6 234413.53 191700

Ane + D280 < T <250,0 < NN < 0.6 | 395.07 245

MC NC Uncertainty -25.06%

Data NC Uncertainty 7.18%

MC Corr. Coeff 0.026

Data Corr. Coeff 0.047

Table 10.4  Monte Carlo Yields and Data Yields in subvalidation regions Ay,
By, Ay + D’, and By + C’ used to validate nonclosure uncertainty.
The definitions of Ay, By, Anc + D’, and By, + C’ are found in
Figure . Monte Carlo and Data Nonclosure Uncertainties (MC NC
Uncertainty, Data NC Uncertainty), Pearson Correlation Coefficients
for MC (MC Corr. Coeff) and Data (Data Corr. Coeff), expected MC
and Data event yields (Exp MC events and Ezxp Data events) are also
included. This is for the Scalar Cascades Analysis. The number of
tracks in the second leading reclustered jet is denoted as ‘T’ and the NN
output is denoted as NN.

To reduce verbiage in the captions of event yields in the remainder of this caption,
let MC Corr. Coeff be known as the Pearson Correlation Coefficient for MC, Data
Corr. Coeff be known as the Pearson Correlation Coefficient for data, Data Yields
be the Observed Data Yields, MC yields be the observed MC yields, Exp MC events
be the expected MC event yield, Exp Data events be the expected data event yield,
MC NC Uncertainty be the MC nonclosure uncertainty, and Data NC Uncertainty

be the data nonclosure uncertainty.

However, it is not sufficient to say the nonclosure of 25.8 % validates that plane,
as the MC in the signal region of the ABCD plane that is used in the actual scalar
cascades analysis is 164 % and the discrepancy between 25.8 % and 164 % is large.
Table shows the breakdown of the yields, Pearson correlation coefficients, and
uncertainties in the full ABCD plane spanning a NN output of 0 to 1 and number
of tracks in the second leading reclustered jet from 0 to 250, where the signal region
is defined as 80 to 250 tracks and 0.95 NN output to a NN output of 1.
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Region MC yields Data Exp MC events Exp Data events Signal

Yields Yields
A 39.01 Blinded 14.77 6.60 2.43
B 8895 5147 0.13
C 247500 201900 0.12
D 411 259 0.017

MC NC Uncertainty 164.08%
Data NC Uncertainty | Blinded
MC Corr. Coeff 0.098

Data Corr. Coeff Blinded

Table 10.5 Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D in the ABCD plane used for the Scalar Cascades Analysis.
The number of tracks in the second leading reclustered jet is denoted as
‘T’ and the NN output is denoted as NN.

The MC exhibits a Pearson Correlation Coefficient of 0.10. As there are few events
in the signal region, and as a slight arm extended to higher track multiplicities in

higher NN output, the 164% nonclosure in the signal region is understandable.

The next passages detail the procedure undertaken to derive the mnonclosure
uncertainty for the scalar cascades analysis. This involves studying the difference
between data and Monte Carlo nonclosure uncertainties for alternative sets of

validation regions. Tables [10.6] [10.7], [10.8] [10.9] [10.10] [10.11], [10.12] [10.13] and

show various alternative validation regions. For simplicity, the regions in the

alternative validation regions are labeled in the tables as A, B, C, and D. Each of
these regions represent some set of phase space with NN outputs below the signal
region NN output of 0.95. Different combinations of cuts along the y axis, all under
NN output values of 0.95, are made so as to study the Pearson correlation coefficients

and nonclosure uncertainties as y varies.

For example, Tables [10.6|shows an alternative ABCD plane in which the NN output
spans from 0 to 0.6, with the y axis dividing the ABCD regions at a NN output of
0.3. In Table [10.7, the NN output spans from 0 to 0.5, with the y axis diving at
0.3. In Table [10.13] NN output spans from 0 to 0.7, with the y axis diving at 0.4.
The goal is to vary, in regions strictly below the signal region, either the range of
the NN output used to define the ABCD plane, the point at which the NN is cut to
form different regions in the ABCD, or both.

The Pearson correlation coefficients for the validation regions are all below 5%
and the difference between signal and data nonclosure uncertainty (in global

uncertainties, not relative uncertainties) is never more than 20%. In the instance
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where there is a 20% difference, MC is higher than data. Taking the highest instance
in which data is greater than MC, there is a global difference of 16%. To derive the
nonclosure uncertainty in the signal region for data, the nonclosure uncertainty in
the signal region for MC (164%) is taken (from Table and the highest difference
between data and MC (from Tables [10.6} [10.7} {10.8] [10.9} [10.10} [10.11{ {10.12} {10.13]
and is added. The 20% difference (where MC is higher than data) is used to be

conservative. This yields a conservative nonclosure of 184%. The nominal expected

value of data events in the signal region, as predicted by the ABCD method, is 7
(6.6) events. The statistical uncertainty is 3 events, while the nonclosure uncertainty
is 12 events, and the systematic uncertainty is 0.4 events. The errors are added in

quadrature to yield a total uncertainty of 12 events.

NN range 0 to 0.3 to 0. 6

Region MC yields Data Yields Exp MC events | Exp Data events
A: 80 < T < 250,03 <NN<O0.6 13.87 10.40 23.59 17.69
B:0<T<80,03<NN<O0.6 13800 10350

C:0<T<80,0<NN<O03 246800 185100

D: 80 < T < 250,0 < NN < 0.3 421.9 316.43

MC NC Uncertainty -41.21%

Data NC Uncertainty -55.32%

MC Corr. Coeff -0.011

Data Corr. Coeff 0.016

Table 10.6  Monte Carlo and Data Observed Yields, Ezxpected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D for an alternative ABCD plane used for validation.

Region MC yields Data Yields Exp MC events | Exp Data events
A: 80 < T <250,0.3<NN<O0.5 7.14 4 12.65 7.95
B:0<T<80,03<NN<O0.5 7401 6066

C:0<T<80,0<NN<O03 185100 183200

D: 80 < T < 250,0 < NN < 0.3 316.43 240

MC NC Uncertainty 43.56%

Data NC Uncertainty 49.66%

MC Corr. Coeff -0.015

Data Corr. Coeff 0.013

Table 10.7  Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D for an alternative ABCD plane used for validation. This is
for the Scalar Cascades Analysis. The number of tracks in the second

leading reclustered jet is denoted as ‘T’ and the NN output is denoted
as NN.
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Region MC yields Data Yields Exp MC events | Exp Data events
A: 80 < T < 250,03 <NN<O0.8 17.265 9 29.732 17.65938

B:0< T <80,03<NN<O0.38 17392.5 13480

C:0<T<80,0<NN<O03 185100 183200

D: 80 < T < 250,0 < NN < 0.3 316.425 240

MC NC Uncertainty 41.93%

Data NC Uncertainty 49.04%

MC Corr. Coeff -0.0011

Data Corr. Coeff 0.027

Table 10.8 Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D for an alternative ABCD plane used for validation. This is
for the Scalar Cascades Analysis. The number of tracks in the second
leading reclustered jet is denoted as ‘T’ and the NN output is denoted
as NN.

Region MC yields Data Yields Exp MC events | Exp Data events

A: 80 < T < 250,0.3 < NN < 0.7 12.94 7 23.36 14.41

B:0< T <80,03<NN<O0.7 13665 11000

C:0< T <80,0<NN<O0.3 185100 183200

D: 80 < T < 250,0 < NN < 0.3 316.43 240

MC NC Uncertainty -44.62%

Data NC Uncertainty -51.42%

MC Corr. Coeff -0.011

Data Corr. Coeff 0.022

Table 10.9 Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D for an alternative ABCD plane used for validation. This is
for the Scalar Cascades Analysis. The number of tracks in the second
leading reclustered jet is denoted as ‘T’ and the NN output is denoted
as NN.

Region MC yields Data Yields Exp MC events | Exp Data events

A: 80 < T < 250, 0.3 < NN < 0.95 26.6175 19 42.373769 24.5764

B: 0 < T < 80,03 < NN <0.95 24787.5 18760

C:0< T <80,0<NN<O0.3 185100 183200

D:80 < T < 250,0 < NN <0.3 316.425 240

MC NC Uncertainty -37.18%

Data NC Uncertainty -22.69%

MC Corr. Coeff 0.023

Data Corr. Coeff 0.047

Table 10.10

Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure

Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D for an alternative ABCD plane used for validation. The
number of tracks in the second leading reclustered jet is denoted as ‘T’
and the NN output is denoted as NN.
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Region MC yields Data Yields Exp MC events | Exp Data events
A: 80 < T < 250, 0.7 < NN < 0.95 16.60 12 19.92 9.87

B: 0 < T < 80,07 <NN <0.95 11909.60 7762

C:0<T<80,0<NN<O.7 238040.82 194200

D: 80 < T < 250,0 < NN < 0.7 398.09 247

MC NC Uncertainty -16.68%

Data NC Uncertainty 21.55%

MC Corr. Coeff 0.026

Data Corr. Coeff 0.047

Table 10.11  Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D for an alternative ABCD plane used for validation. This is
for the Scalar Cascades Analysis. The number of tracks in the second
leading reclustered jet is denoted as ‘T’ and the NN output is denoted

as NN.

Region MC yields Data Yields Exp MC events | Exp Data events
A: 80 < T < 250, 0.5 < NN < 0.95 23.58 15 31.64 16.38

B: 0 < T < 80,05 < NN <0.95 18710.76 12700

C:0<T<80,0<NN<O05 231239.65 189200

D: 80 < T <250,0 < NN < 0.5 391.07 244

MC NC Uncertainty -25.49%

Data NC Uncertainty -8.42%

MC Corr. Coeff 0.026

Data Corr. Coeff 0.047

Table 10.12 Monte Carlo and Data Observed Yields, Fxpected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D for an alternative ABCD plane used for validation. This is
for the Scalar Cascades Analysis. The number of tracks in the second
leading reclustered jet is denoted as ‘T’ and the NN output is denoted

as NN.
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Region MC yields Data Yields Exp MC events | Exp Data events
A: 80 < T < 250,04 < NN <O0.7 8.4 7 16.45 9.90

B:0< T < 80,04 <NN<O0.7 9690 7692

C:0<T<80,0<NN<O04 189075 186500

D: 80 < T < 250,0 < NN <04 320.93 240

MC NC Uncertainty 49%

Data NC Uncertainty 29%

MC Corr. Coeff

Data Corr. Coeff

Table 10.13

Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D for an alternative ABCD plane used for validation. This is
for the Scalar Cascades Analysis. The number of tracks in the second
leading reclustered jet is denoted as ‘T’ and the NN output is denoted
as NN.

Region MC yields Data Yields Exp MC events | Exp Data events
A: 80 < T < 250, 0.2 < NN < 0.95 31.04 22 52.54 30.85
B:0<T<80,02<S<0.95 30255 23260

C:0<T<80,0<S<0.2 179625 178700

D:80 < T < 250,0<S<0.2 311.93 237

MC NC Uncertainty 40.92%

Data NC Uncertainty 28.68%

MC Corr. Coeff 0.023

Data Corr. Coeff 0.047

Table 10.14  Monte Carlo and Data Observed Yields, Fxpected Yields, Nonclosure

Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D for an alternative ABCD plane used for validation. This is
for the Scalar Cascades Analysis. The number of tracks in the second
leading reclustered jet is denoted as ‘T’ and the NN output is denoted
as NN.

10.3 NCBH ABCD Analysis

As described earlier, the DisCo loss function is used to decorrelate two variables,
where one of them is the neural network output. These decorrelated variables form
the two axes of the ABCD plane, which is used to estimate the background for the
analysis. The ABCD plane for the noncommutative black hole benchmark NCBH1
is defined by plotting the minimum angle between the missing transverse energy and

the closest large R jet (A¢uin(J, EX%)) on the x axis, as the decorrelated variable,

and the NN output on the y axis.
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The MC background plane spanning the full NN range of 0 to 1 and the full range
of A¢pmin(J, EX55) can be found below in Figure [10.16
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Figure 10.16  Plane showing NN output vs. A¢min(J, ER) for MC background
for full range of NN output and full range of ¢ for NCBH Analysis
of NCBH benchmark NCBH1

The MC background is seen to be predominantly below A, (J, EX5) values of
0.75. Creating a smaller ABCD plane by applying a cut that removes Ay, (J, E3SS)
values below 0.75 would both significantly reduce the MC background in the ABCD
plane and remove the clustering of MC background events at lower NN values and

low values of ¢, thereby leading to better decorrelation.

The NCBH signal plane spanning the full NN range of 0 to 1 and the full range of
APuin(J, EX5) is shown in Figure
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Figure 10.17  Plane showing NN output vs. Apmin(J, E%iss) for full range of NN
output and range of ¢. This is for the NCBH Analysis of NCBH
benchmark NCBH1

The signal is contained predominantly in higher NN output values and higher values
of A¢min(J, EMs5). However, signal does leak into lower values of Ay, (J, ER)

and lower NN output values.

The 1D distributions of Agpn(J, EX) for background and signal can be found in
Figure [10.18| and Figure [10.19} respectively.
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Figure 10.18 1D Distribution of Agmin(J, ER) for MC background. This is for
the NCBH Analysis of NCBH benchmark NCBH1
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Figure 10.19 1D Distribution of A¢min(J, EXS%) for MC signal. This is for the
NCBH Analysis of NCBH benchmark NCBH1

In order to make a smaller, optimized ABCD plane, care must be taken to ensure
that cuts are made to minimize the amount of signal contamination in the control
regions. After performing a series of optimization studies, the author determined that
applying a cut of Adyin(J, EX5) < 1.2 would strongly reduce the MC background
while also minimizing the signal contamination. This motivates having the z axis of
the ABCD plane, the Agp,(J, ERi5) values, span from 0.75 to 3.25, with the signal
region containing ¢ values above 1.2. To migitate signal contamination, the plane is
confined to NN output values of 0.3 to 1, with the signal region encompassing values
of NN output greater than 0.5.

The region definitions of the ABCD plane, as well as the Monte Carlo and Data

Yields, expected number of events, and Pearson Correlation Coefficients are show in

Table [0.15]
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Region MC yields Data Yields Exp MC events | Exp Data events
A: 1.2 < ¢ <325 05 <NN<I1.0 3134 Blinded 2697.2 3275.6

B: 0.75 < ¢ < 1.2,0.5 < NN < 1.0 1058 1187

C:0.75< < 12,03 <NN<O05 678.6 782

D:1.2< ¢ <325 03<NN<O0.5 1730 2158

MC NC Uncertainty 16.19%

Data NC Uncertainty Blinded

MC Corr. Coeff 0.0236

Data Corr. Coeff Blinded

Table 10.15 Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions A, B,
C, and D of the ABCD plane used for the NCBH Analysis of NCBH
benchmark NCBH1. The A¢min(J, E%liss) is abbreviated as ‘¢’ and the
NN output is denoted as NN.

The final MC background ABCD plane for the NCBH benchmark NCBH1 is shown

in Figure [10.20, appearing very largely uncorrelated.
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Figure 10.20 MC background ABCD plane as a function of Admin(J, ER) and
NN output. This is for the NCBH Analysis of NCBH benchmark
NCBH]1.

As seen in Table [10.15] there is relatively high decorrelation between the two
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variables, as indicated by the Pearson Correlation Coefficient of 0.0236.

The signal ABCD plane for the NCBH benchmark NCBH1 is shown in Figure [10.21
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Figure 10.21  Signal ABCD plane as a function of Admin(J, EX55) and NN output.
This is for the NCBH Analysis of NCBH benchmark NCBH1.

The signal yields for each region of the ABCD plane are defined in Figure [10.16

S I
Region Signal | MC % of | 100x 88
. i Background
yields yields Total
Signal
A: 1.2 < ¢ <325 05 < NN < 1.0 226 3134 69.3% N/A
B:0.75 < ¢ < 12,05 < NN < 1.0 52.91 1058 16.2% 4.5%
C:0.75 < ¢ < 12,03 < NN < 0.5 10.41 678.6 3.2% 1.3%
D:1.2 < ¢ <325 03<NN<O0.5 36.95 1730 11.3% 2.2%

Table 10.16  Monte Carlo Yields and Signal Yields for the A, B, C, and D Regions
of the ABCD plane for the NCBH Analysis of NCBH benchmark
NCBH1. Column “% of Total Signal” gives the percent of total signal

events in the ABCD plane that are contained in a given region. The

Signal

column “100x ” turns into a percent the fraction of signal

Background
events in a given region with respect to the number of background

events in the region. The Admin(J, ER) is abbreviated as ‘¢’ and
the NN output is denoted as NN.
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Table [10.16| shows that the majority of the signal is largely contained in the signal
region. Additionally, the amount of signal in the validation regions is small compared

to the amount of background in the validation regions. This is the desired behavior.

The significance for the NCBH benchmark NCBH1 after the NN and ABCD plane
cuts is 4. This significance is 1.68 times improved compared to the significance
evaluated at the 500 GeV E¥5 cut. Compared to the basic cuts at 200 GeV,
the significance after the NN is 5.13 times improved. Though having a higher
cross section than scalar cascades, noncommutative black holes are more difficult to
distinguish from background. Still, the increase in significance provided by analysis
cuts has greatly helped distinguish signal from background - just not to the extent

that those of the Scalar Cascades analysis allowed for.

The behavior of data was checked against the behavior of Monte Carlo in the control
regions of the ABCD plane (regions B, C, and D). As seen in Figure [10.22] the

normalized distributions of background and data are within 20 uncertainties.
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Figure 10.22  Top plot: Normalized distributions of Admin(J, ER) in Control
Region B with data, background MC, and signal overlaid. Bottom
plot: Ratio of MC to data for the distribution of A¢pmin(J, EWISS).
This ratio is created from the normalized distribution shown in the top
plot. This is for the NCBH Analysis of NCBH benchmark NCBH]1.
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Similarly, the normalized distributions of background and data are within 20
uncertainties in control region C in Figure

n
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Figure 10.23  Top plot: Normalized distributions of Admin(J, EX5) in Control
Region C with data, background MC, and signal overlaid. Bottom
plot: Ratio of MC to data for the distribution of Amin(J, EWISS).
This ratio is created from the normalized distribution shown in the top
plot. This is for the NCBH Analysis of NCBH benchmark NCBH]1.

The normalized distributions of background and data are within 20 uncertainties for

all but two bins in control region D in Figure [10.24
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Figure 10.24  Top plot: Normalized distributions of Apmin(J, ErTniSS) in Control
Region D with data, background MC, and signal overlaid. Bottom
plot: Ratio of MC to data for the distribution of A¢min(J, EWS).
This ratio is created from the normalized distribution shown in the top
plot. This is for the NCBH Analysis of NCBH benchmark NCBH]1.

The validation regions for background are shown in Figure [10.25
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Figure 10.25 Nonclosure and Validation Regions of ABCD plane for MC
background for NCBH analysis. Regions Ay, Anc, By, Bne, C’, and

D’ are defined in Figure

The validation regions for data are shown in Figure [10.26
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Figure 10.26  Nonclosure and Validation Regions of ABCD plane for data for
NCBH analysis. Regions Ay, Ane, By, Bne, C’, and D’ are defined

in Figure @

The region of the ABCD plane that is used to determine the nonclosure uncertainty
spans from a NN output of 0.3 to 0.43, where the division into different regions on
the y axis occurs at 0.36, and a range of 0.75 to 3.25 in Agpn(J, ER), where the z
axis is divided at 1.2. Table summarizes the MC and data yields in the various
regions of this plane. Both data and MC have small Pearson correlation coefficients
indicating a high level of decorrelation. The MC nonclosure uncertainty is 7.51%,

while the data nonclosure uncertainty is 4.12%.
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Region MC yields Data Yields Exp MC events | Exp Data events
A: 1.2 < ¢ < 3.25,0.36 < NN < 0.43 600.2 780 648.75 749.11

B: 0.75 < ¢ < 1.2,0.36 < NN < 0.43 234.9 272

C:0.75 < ¢ < 1.2,0.3 < NN < 0.36 196.9 244

D: 1.2 < ¢ <3.25,03 < NN <0.36 543.8 672

MC NC Uncertainty 7.51%

Data NC Uncertainty 4.12%

MC Corr. Coeff -0.0023

Data Corr. Coeff -0.0029

Table 10.17 Monte Carlo Yields, Data Yields, Monte Carlo and Data Nonclosure
Uncertainties (MC NC Uncertainty, Data NC' Uncertainty), Pearson
Correlation Coefficients for MC (MC Corr. Coeff) and Data (Data
Corr. Coeff), expected MC and Data event yields (Exp MC events and
Exp Data yields) for regions of an ABCD plane used to calculate the
nonclosure uncertainty for the NCBH Analysis of NCBH benchmark
NCBHI1. The A¢min(J, ER%) is denoted as ‘¢’ and the NN output is

denoted as NN.

The region of the ABCD plane that is used to apply the nonclosure uncertainty and

test for closure spans from a NN output of 0.3 to 0.5, where the division into different
regions on the y axis occurs at 0.43. The Ay, (J, EX) is from 0.75 to 1.2 to 3.25.

The table below summarizes the MC and data yields in the various regions of this

plane. Both data and MC have small Pearson correlation coefficients indicating a

relatively high level of decorrelation. The MC nonclosure uncertainty is 10.38%,

while the data nonclosure uncertainty is 5.68%. The nonclosure of 4.12% from the

previous plane provides closure to this validation plane as |N Av.opserved — VAV expected

2 2 €XpP\2
\/Jstat + Usys + UHC(NAV ) :

NN range 0.3 to 0.43 to 0.5

Region MC yields Data Yields Exp MC events | Exp Data events
A: 1.2 < ¢ <325 043 <NN<O0.5 586 706 653.9 748.5

B:0.75 < ¢ < 1.2, 043 < NN < 0.5 246.8 266

C:0.75 < ¢ < 1.2,0.3 < NN < 0.43 431.8 516

D: 1.2 < ¢ < 3.25 0.3 <NN <043 1144 1452

MC NC Uncertainty -10.38%

Data NC Uncertainty -5.68%

MC Corr. Coeff -0.038

Data Corr. Coeff -0.059

Table 10.18 Monte Carlo and Data Observed Yields, Fxpected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions of
an ABCD plane used to validate the nonclosure uncertainty for the
NCBH Analysis of NCBH benchmark NCBH1. The A¢wmin(J, E%iss)

1s denoted as ‘¢’ and the NN output is denoted as NN.
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Tables [10.19] [10.20} [10.21], and [10.22| show various alternative validation regions.

For simplicity, the regions in the alternative validation regions are labeled in the

tables as A, B, C, and D. Each of these regions represent some set of phase space
with NN outputs below the signal region NN output of 0.5. Different combinations
of cuts along the y axis, all under NN output values of 0.5, are made so as
to study the Pearson correlation coefficients as y varies. These various regions
all have Pearson correlation coefficients below 6%, showing an acceptable level of
decorrelation. The highest nonclosure in data is 9.35%. The value of 3.58% derived
from the subvalidation plane in Table provides closure to all of these alternative
validation regions, including the plane with the highest nonclosure uncertainty in
data of 9.35%. The MC nonclosure in the signal region of the actual ABCD plane
used for the NCBH analysis (NN output 0.3 to 0.5 to 1 and miminum ¢ 0.75 to
1.2 to 3.25) is 16.19%. As this is not drastically different from the data nonclosure
uncertainty of 4.12% derived in the subvalidation region in the way seen for Scalar
Cascades (164% vs. 25.8%), we can view the MC as a cross-check and safely use the

fully data-driven approach, taking 4.12% as the nonclosure uncertainty.

The nominal expected value of data from the plane is 3276. The nonclosure
uncertainty is 135 events, the total systematic error on the background is 167 events,
and the total statistical error is 57 events. The total uncertainty of the background,
when summing in quadrature the nonclosure uncertainty, total systematic error, and

total statistical error, is 222 events.

Region MC yields Data Yields Exp MC events | Exp Data events
A: 1.2 < ¢ <3.25,0.36 < NN <0.5 1186 1486 1330.362 1481.7049
B:0.75 < ¢ < 1.2,0.36 < NN < 0.5 481.7 538

C:0.75 < ¢ < 1.2,0.3 < NN < 0.36 196.9 244

D: 1.2 < ¢ <3.25,0.3 < NN < 0.36 543.8 672

MC NC Uncertainty -10.85%

Data NC Uncertainty 0.03%

MC Corr. Coeff -0.038

Data Corr. Coeff -0.059

Table 10.19 Monte Carlo and Data Observed Yields, Fxpected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for Regions A,
B, C, and D of an alternative ABCD plane used for wvalidation.
This is for the NCBH Analysis of NCBH benchmark NCBHI1. The
Apuin(J, EBS) s denoted as ‘¢’ and the NN output is denoted as
NN.
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Region MC yields Data Yields Exp MC events | Exp Data events
A: 1.2 < ¢ <325, 047 < NN <05 247.6 297 263.98 317.60

B:0.75 < ¢ < 1.2,0.47 < NN < 0.5 102.6 114

C:0.75 < ¢ < 1.2, 0.3 < NN < 0.47 576 668

D: 1.2 < ¢ < 3.25,0.3 < NN < 047 1482 1861

MC NC Uncertainty -6.21%

Data NC Uncertainty -6.48%

MC Corr. Coeff -0.038

Data Corr. Coeff -0.059

Table 10.20 Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for Regions A,
B, C, and D of an alternative ABCD plane used for wvalidation.
This is for the NCBH Analysis of NCBH benchmark NCBHI1. The
Apuin(J, EB) s denoted as ‘¢’ and the NN output is denoted as

NN.

Region MC yields Data Yields Exp MC events | Exp Data events
A: 1.2 < ¢ < 3.25,0.36 < NN < 047 938.6 1189 1047.0 1167.74

B: 0.75 < ¢ < 1.2, 0.36 < NN < 0.47 379.1 424

C:0.75 < ¢ < 1.2, 0.3 < NN < 0.36 196.9 244

D: 1.2 < ¢ <3.25,03 < NN <0.36 543.8 672

MC NC Uncertainty -10.35%

Data NC Uncertainty 1.82%

MC Corr. Coeff -0.037

Data Corr. Coeff -0.048

Table 10.21  Monte Carlo and Data Observed Yields, Fxpected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for Regions A,
B, C, and D of an alternative ABCD plane used for wvalidation.
This is for the NCBH Analysis of NCBH benchmark NCBHI1. The
A¢min(J, ER5) s denoted as ‘¢’ and the NN output is denoted as

NN.
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Region MC yields Data Yields Exp MC events | Exp Data events
A: 1.2 < ¢ <325 033<NN<O05 1463 1833 1592.31 1676.18

B:0.75 < ¢ < 1.2,0.33 < NN < 0.5 581.2 655

C:0.75 < ¢ < 1.2,0.3 < NN < 0.33 97.31 127

D: 1.2 < ¢ <3.25,0.3 < NN <0.33 266.6 325

MC NC Uncertainty -8.12%

Data NC Uncertainty 9.35%

MC Corr. Coeff -0.038

Data Corr. Coeff -0.059

Table 10.22  Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for Regions A,
B, C, and D of an alternative ABCD plane used for wvalidation.
This is for the NCBH Analysis of NCBH benchmark NCBHI1. The
Apuin(J, EB) s denoted as ‘¢’ and the NN output is denoted as

NN.

10.4 NMDS ABCD Plane

The ABCD plane for the non-minimal dark sector benchmark NMDS3 is defined by
plotting the transverse sphericity on the x axis and the NN output on the y axis.
Figure [10.27| shows the MC background plane spanning the full NN output of 0 to

1 and the full range of transverse sphericity. The MC background is seen to be

predominantly below NN output values of 0.4 and transverse sphericity values of

0.15. Creating a smaller, optimized ABCD plane spanning NN output values of 0.4

to 1.0 and transverse sphericity values of 0.15 to 1 greatly reduces the background,

while also improving the decorrelation.
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Figure 10.27 NN output vs. transverse sphericity for MC background for full NN
output range and full transverse sphericity range for NMDS analysis
of benchmark NMDSS.

Figure [10.28 shows the NN output vs. transverse sphericity distribution for the
non-minimal dark sector NMDS3 benchmark. The signal most densely lies in high
NN values and transverse sphericity values above 0.2. However, signal does spread
throughout the plane, so care must be to ensure that regions are defined such that

the signal region contains the majority of the signal.
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Figure 10.28 NN output vs. transverse sphericity for MC signal for full NN
output range and full transverse sphericity range for NMDS analysis
of benchmark NMDSS.

The regions of the ABCD plane for the non-minimal dark sector NMDS3 benchmark

are resultingly defined below.

Region MC yields Data Exp MC | Exp Data | Signal
Yields events events Events

A 138.1 Blinded 91.34 116.09 1.83

B 24.94 31 0.12

C 52.56 47 0.077

D 192.5 176 0.59

MC NC Uncertainty 51.19%
Data NC Uncertainty | N/A
MC Corr. Coeff 0.12
Data Corr. Coeff N/A

Table 10.23  Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for Regions A,
B, C, and D of the ABCD plane for the NMDS Analysis of NMDS
benchmark NMDSS3. The transverse sphericty is denoted as ‘S’ and
the NN output is denoted as NN.

The ABCD plane for MC background is shown in Figure [10.29
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Figure 10.29 MC background ABCD plane as a function of transverse sphericity
and NN output for NMDS analysis of NMDS benchmark NMDSS.

Table|10.23|shows that the Monte Carlo has a Pearson Correlation coefficient of 0.12,
indicating that the plane has an acceptable level of decorrelation. Figure|10.29 echos
this.

The ABCD plane for signal is shown in Figure [10.30
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Figure 10.30 MC signal ABCD plane as a function of transverse sphericity and
NN output for NMDS analysis of NMDS benchmark NMDSS3.

The signal yields in each region of the ABCD plane are shown in Table [10.24]

I
Region Signal | MC % of | 100x _ Signal
. . Background
yields yields Total
Signal
A:02<S<1,07T<NN<<I1.0 1.83 138.1 70% N/A
B: 0.15 < S<0.2,0.7<NN<1.0 0.12 24.94 4.7% 0.4%
C:0.15<S5<0.2,04 <NN<O0.7 0.077 52.56 2.9% 0.16%
D:02<S<1,04<NN<O.7 0.59 192.5 22.4% 0.33%

Table 10.24  Monte Carlo Yields and Signal Yields for the A, B, C, and D Regions
of the ABCD plane for the NMDS Analysis of NMDS benchmark
NMDS3. Column “% of Total Signal” gives the percent of total signal

events in the ABCD plane that are contained in a given region. The

Signal

column “100x 7 turns into a percent the fraction of signal

Background
events in a given region with respect to the mumber of background

events in the region. The transverse sphericity is abbreviated as ‘S’
and the NN output is denoted as NN.

Table shows that the majority of the signal is contained in the signal region.

Additionally, the amount of signal compared to background in each region is small.

The significance (defined in Equation after applying the cuts to form the signal
region (defined as a transverse sphericity value greater than 0.2 and a NN output
greater than 0.7) is 0.16. The significance is 3.12 times improved compared to the
significance obtained upon appyling a 500 GeV EXs and 1400 GeV Hyp cut and basic

cuts. In total, the final significance is 26.2 times improved compared to the original
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significance of the signal from applying a 200 GeV EX cut and basic cuts. Of the
three searches, the non-minimal dark sector search has the second highest increase

in significance, preceded by the scalar cascades and followed by the noncommutative
black holes.

The behavior of data was checked against that of Monte Carlo in the control regions
of the ABCD plane (regions B, C, and D). As seen in Figure the normalized
distributions of background and data are largely in agreement in the control region
B. All but two bins have error bars that capture a MC to Data ratio of 1.

[2]
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> —_———— —— signal
g —4— data
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<
0.155 0.16 0.165 0.17 0.175 0.18 0.185 0.19 0.195 0.2
Transverse sphericity in region B of the ABCD plane
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Figure 10.31 Top plot: Normalized distributions of transverse sphericity in
Control Region B of NMDS ABCD plane with data, background MC,
and signal overlaid. Bottom plot: Ratio of MC to data for the
distribution of transverse sphericity in control Region B. This ratio is
created from the normalized distribution shown in the top plot. This
is for the NMDS Analysis of NMDS benchmark NMDS3

In Figure [10.32, the normalized distributions of background and data are largely in

agreement in the control region C, with only 1 bin falling outside o of a ratio of 1.
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Figure 10.32  Normalized distributions of transverse sphericity in Control Region
C of NMDS ABCD plane with data, background MC, and signal
overlaid. Bottom plot: Ratio of MC to data for the distribution of
transverse sphericity in control Region C. This ratio is created from
the normalized distribution shown in the top plot. This is for the
NMDS Analysis of NMDS benchmark NMDS3

In Figure [10.33] the normalized distributions of background and data in the control
region D are largely in agreement due to large error bars, reflective of the small

statistics.
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Figure 10.33  Normalized distributions of transverse sphericity in Control Region
D of NMDS ABCD plane with data, background MC, and signal
overlaid. Bottom plot: Ratio of MC to data for the distribution of
transverse sphericity in control Region D. This ratio is created from
the normalized distribution shown in the top plot. This is for the
NMDS Analysis of NMDS benchmark NMDS3

Following the procedure outlined in the previous chapter, two smaller ABCD planes
were formed within the ABCD plane specified above in order to determine a

nonclosure uncertainty and in order to validate the ABCD plane.

These regions for MC background appear in Figure [10.34]
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Figure 10.34  Nonclosure and Validation Regions of ABCD plane for MC
background for NMDS analysis. Regions Ay, Anc, By, Bue, C’, and

D’ are defined in Figure [10.2,

These regions for data appear in Figure
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Figure 10.35  Nonclosure and Validation Regions of ABCD plane for data for

NMDS analysis. Regions Ay, Ane, By, Bne, C’, and D’ are defined

in Figure[10.2

The region of the ABCD plane that is used to determine the nonclosure uncertainty
spans from a NN output of 0.4 to 0.6, where the division into different regions on the
y axis occurs at 0.5, and a range of 0.15 to 1 in the transverse sphericity, where the
x axis is divided at 0.2. The table below summarizes the MC and data yields in the
various regions of this plane. Both data and MC have small Pearson correlation
The MC nonclosure

uncertainty is 6%, while the data nonclosure uncertainty is 37%. The MC Pearson

coefficients indicating an acceptable level of decorrelation.

Correlation Coefficient is 0.018, while the data Pearson correlation coefficient is 0.10.

Both suggest an acceptable level of decorrelation.
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Region MC yields Data Yields Exp MC events | Exp Data events
Anc: 02 <S<1.0,05 <NN<O0.6 61.89 48 58.20 75.79

Bne: 0.15 <S5 <0.2,05 <NN<O0.6 16.82 18

C:0.15<S<0.2, 04 <NN<O0.5 21.21 19

D:02<S<10,04<NN<O0.5 73.39 80

MC NC Uncertainty 6%

Data NC Uncertainty -37%

MC Corr. Coeff 0.018

Data Corr. Coeff 0.10

Table 10.25 Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions in the
ABCD plane used calculate the nonclosure uncertainty. This is for
the NMDS Analysis of NMDS benchmark NMDS3. The transverse
sphericty is denoted as ‘S’ and the NN output is denoted as NN.

The region of the ABCD plane that is used to apply the nonclosure uncertainty
and test for closure spans from a NN output of 0.4 to 0.7, where the division into
different regions on the y axis occurs at 0.6. The transverse sphericity ranges from
0.15 to 1, where the x axis occurs at 0.2. The table below summarizes the MC
and data yields in the various regions of this plane. Both data and MC have small
Pearson correlation coefficients indicating an acceptable level of decorrelation. The
MC nonclosure uncertainty is 11%, while the data nonclosure uncertainty is 39%.

The nonclosure of 37% from the previous plane provides closure to this validation

plane within the uncertainty of the current plane, as |N Avobserved — VAV expected | <
2 2 €Xp\2
\/Jstat + Usys + UHC(NAV ) :
Region MC yields Data Yields Exp MC events | Exp Data
events
Ay: 0.2 < S <1.0,0.6 <NN<O0.7 57.26 48 51.71 34.59
By: 0.15< S <0.2,0.6 <NN<O0.7 14.53 10
Apne + D015 <S<0.2,04 <NN<O0.6 | 38.02 37
Bne +C:02<S<1.0,04<NN<O0.6 135.3 128
MC NC Uncertainty 11%
Data NC Uncertainty 39%
MC Corr. Coeff 0.018
Data Corr. Coeff 0.10

Table 10.26  Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for regions in the
ABCD plane used to validate the nonclosure uncertainty. This is for
the NMDS Analysis of NMDS benchmark NMDS3. The transverse
sphericty is denoted as ‘S’ and the NN output is denoted as NN

The tables below show various alternative validation regions. These various regions
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all have Pearson correlation coefficients below 10%, showing an acceptable level of
decorrelation. The highest nonclosure in the alternative validation regions is 52%.
The MC nonclosure in the signal region of the ABCD plane that is actually used in
the NMDS analysis (NN output 0.4 to 0.7 to 0.1 and transverse sphercity of 0.15 to
0.2 to 1.0) is 51.2%. The nonclosure of 37% provides closure to the data validation
region containing a 52% nonclosure uncertainty. The nonclosure is, therefore taken
to be 37%.

The nominal expected value of data from the plane is 116 events. The total
systematic uncertainty is 28 events, the nonclosure uncertainty is 43 events, the total
statistical uncertainty is 11 events. Adding the statistical uncertainty, systematic
uncertainty, and nonclosure uncertainty in quadrature, the total uncertainty on the

background is 53 events.

Region MC yields Data Yields Exp MC events | Exp Data events
A:0.2<S<1.0,05<NN<O0.7 119.2 96 108.48 117.89

B: 0.15 < S <0.2,0.5 < NN < 0.7 31.35 28

C:0.15<S<0.2,04 <NN<O0.5 21.21 19

D:0.2<S<10,04<NN<O0.5 73.39 80

MC NC Uncertainty 9.9%

Data NC Uncertainty -19%

MC Corr. Coeff 0.018

Data Corr. Coeff 0.10

Table 10.27 Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for Regions A, B,
C, and D of an alternative ABCD plane used for validation. This is
for the NMDS Analysis of NMDS benchmark NMDSS3. The transverse
sphericty is denoted as ‘S’ and the NN output is denoted as NN

Region MC yields Data Yields Exp MC events | Exp Data events
A: 0.2 < S < 1.0,0.55 < NN < 0.65 59.72 48 48.19 57.93

B: 0.15 < S < 0.2, 0.55 < NN < 0.65 13.94 16

C:0.15<S<0.2,04 < NN < 0.55 30.4 29

D:0.2<S<1.0,04 < NN < 0.55 105.1 105

MC NC Uncertainty 24%

Data NC Uncertainty -17%

MC Corr. Coeff 0.010

Data Corr. Coeff 0.032

Table 10.28 Monte Carlo and Data Observed Yields, Expected Yields, Nonclosure
Uncertainties, and Pearson Correlation Coefficients for Regions A, B,
C, and D of an alternative ABCD plane used for validation. This is
for the NMDS Analysis of NMDS benchmark NMDS3. The transverse
sphericty is denoted as ‘S’ and the NN output is denoted as NN
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Region MC yields Data Yields Exp MC events | Exp Data events
A: 0.2 <S<1.0,0.53 < NN < 0.62 53.63 42 48.26 71.70

B: 0.15 < S < 0.2,0.53 < NN < 0.62 13.87 17

C:0.15<S<0.2,04 <NN <0.53 26.75 23

D: 0.2 <S < 10,04 < NN < 0.53 93.08 97

MC NC Uncertainty 11%

Data NC Uncertainty -41%

MC Corr. Coeff 0.00038

Data Corr. Coeff 0.014

Table 10.29 MC and Data Observed Yields,
Uncertainties, and Pearson Correlation Coefficients for Regions A, B,
C, and D of an alternative ABCD plane used for validation. This is
for the NMDS Analysis of NMDS benchmark NMDSS3. The transverse
sphericty is denoted as ‘S’ and the NN output is denoted as NN

FExpected Yields,

Nonclosure

Region MC yields Data Yields Exp MC events | Exp Data events
A: 0.2 <S<1.0,0.62 < NN < 0.7 45.83 37 43.12 24.33

B:0.15 < S<0.2,0.62 < NN < 0.7 11.94 7

C:0.15 < S <0.2,04 < NN < 0.62 40.62 40

D: 0.2 <S < 1.0,04 < NN < 0.62 146.7 139

MC NC Uncertainty 6.3%

Data NC Uncertainty 52%

MC Corr. Coeff 0.018

Data Corr. Coeff 0.10

Table 10.30 MC and Data Observed Yields,
Uncertainties, and Pearson Correlation Coefficients for Regions A, B,
C, and D of an alternative ABCD plane used for validation. This is
for the NMDS Analysis of NMDS benchmark NMDSS3. The transverse
sphericty is denoted as ‘S’ and the NN output is denoted as NN

10.5 Summary

This chapter described how a data-driven ABCD background estimation was used in

FExpected Yields,

Nonclosure

the signal region for each analysis. Comparisons between Monte Carlo background

and data in the control regions of the plane show that the neural networks for all

analyses generalize well and behave as expected. Checks were performed to ensure

that the two variables forming the ABCD plane were decorrelated. A nonclosure

uncertainty was derived for each analysis to account for any remaining correlation.

The scalar cascade analysis had the highest nonclosure uncertainty out of the three

models, with a value of 184% (the relatively large uncertainty due to the small

number of background events in the signal region), while the non-minimal dark

sector analysis had a nonclosure uncertainty of 37% and the noncommutative black
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hole analysis had a nonclosure uncertainty of 4.12%. The significance for scalar
cascades, noncommutative black holes, and non-minimal dark sectors after defining
a signal region were 0.39, 4, and 0.16, respectively. The significance of the scalar
cascade analysis was 73.4 times improved compared to prior to the NN, while the
significance of the noncommutative black hole analysis was 1.68 times improved, and
the significance of the non-minimal dark sector analysis was 3.12 times improved.
This is as expected, due to the scalar cascades having the best neural network
performance out of the three models, as well as having a second decorrelated variable
with the most discriminatory power out of any of the models. The significance of the
non-minimal dark sector model is low due to its small cross section while also not
having as distinctive characteristics as scalar cascades. The noncommutative black
hole model benefited from having a higher cross section than the other models, which
allowed for a higher significance. The data counts and uncertainties derived via the
ABCD method serve as inputs to the statistical analysis performed to estimate the

search sensitivity on the exotic models and that will be described in the next chapter.
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Chapter 11

Statistical Analysis

The last chapter defined a data-driven background estimate technique that created
a 2D plane consisting of four quadrants: three control regions and one signal region.
The data count in the signal region was derived from the data count in the control
regions. This chapter takes as input the number of data and signal events in
each region, together with their associated uncertainties, and derives the ABCD
background prediction for the signal region using a likelihood fit. Potential signal
contamination is taken into account in the estimate by expressing each number of
events as the sum of a background contribution and a signal contribution, modified

with a signal strength parameter.

The likelihood fit is used to determine the probability to obtain n events given the
parameters provided, including the systematic uncertainties. A description is given
of the Frequentist Approach, deriving a test statistic to test compatibility of data
with a background-only or a signal-plus-background hypothesis, and arriving at the
p-value to quantify the probability of such hypotheses. Exclusion limits can finally
be derived in function of model parameters, indicating at what signal strength a

given hypothesis can be ruled out.

11.1 Signal Contamination

Up until now, no consideration has been given to signal contamination in the
calculation of the number of expected background events in a given region. If signal

were to appear outside of the signal region, region A, the number of signal events in a
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given region could be subtracted from the number of events observed in a given region
to yield the number of background events in that region. However, this assumes that
the number of signal events in each region is known precisely. Given that signal
comes with theoretical and experimental uncertainties, it is only possible to state
that, in a given region of the ABCD plane, the actual number of signal events is given
by a range spanning the expected number of signal events plus or minus the total
uncertainty on the signal in that region - unless, however, a statistical fit is performed
in which the uncertainties and the signal strength are treated as parameters to be
fit to the data. If a statistical fit is performed, the value of each parameter in the fit
can be determined by seeing which value allows for the best description of the data.
When dealing with Monte Carlo, the signal strength of the signal is normalized to
1. Monte Carlo simulation, when weighting each event by the cross section of the
signal process and the relevant integrated luminosity, provides the nominal number
of signal events expected. A signal strength of 1 in collected data corresponds to the
signal plus background hypothesis, confirming the expectation of the signal at the
expected rate. If the signal process is absent in the collected data, the signal strength
is zero. A signal strength of zero corresponds to the null hypothesis, or scenario in
which only background events are expected in the signal region. The signal strength
can be a continuous variable. A negative signal strength indicates a deficit of events,

ie. below the average background events expected.

The total number of events observed in each region of the ABCD plane can be

described by the following relation:

The contribution from signal to the total number of events (either observed or
expected) in a given region is expressed as the signal strength g multiplied by the
number of signal events in the given region. The signal strength, u, is a parameter
that can be fit to the data via a statistical fit. The contribution from background
to the total number of events in a given region is expressed as b;(A, €2), where b; is
the number of background events and the full expression shows that b; depends on
uncertainties A and normalization parameters £2. The contribution from background
to the total number of events in a given region can be described in terms of normalized

parameters, instead of counts, that can be fit to data with a statistical fit.

The number of background events in region B can be defined as the parameterized

value pup such that
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The number of background events in region C can then be described in terms of g
and the relative ratio, g, of the number of background events in B to the number
of background events in region C. Like up, €pc is then a parameter than can be fit

to data via the statistical fit and can be defined as

bc = UBEBC- (11.3)
Similarly, the number of background events in region D can then be described in
terms of up and the relative ratio, egp, of the number of background events in B to
the number of background events in region D. The normalized parameter egp can
then be fit to data via the statistical fit

bD = UBEBD- (114)
The number of background events in region A can be described in terms of ug, €gc,
and egp, such that

bA = UBEBCEBD- (11.5)

These normalized background contributions can be added back into equation, such

that expected rate of events in region A is

[[na] = psa(A) + ba, (11.6)

while the expected rate in region B is

P[TLB] = /LSB(A) + bB. (117)

The expect rate in region C is
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I[nc] = psc(A) + be, (11.8)

while the expected rate in region D is

['[np] = pusp(A) + bp. (11.9)

11.2 Likelihood Fit

The statistical fit used in this analysis to fit free parameters to data is the likelihood
fit, depicted in Equation [11.10| [116] as

Ln|A Q) = | [T Pois(n | psi(A) + bi(A, ) [T fa(Aa | A). (11.10)

The likelihood function provides the probability to obtain n observed events given

the parameters provided. The goal is to maximize the likelihood fit.

The likelihood function can be broken down into two parts. The first term,
[licapcopPois(ni | psi(A) + bi(A,§2)), is the product of poisson distributions. In
this analysis, €2 are the normalized parameters from the ABCD plane derived earlier.
The vector A is the set of nuisance parameters. There are many different nuisance
parameters in this analysis. Experimental uncertainties on a number of different
reconstructed objects, such as jets, E tracks, muons, and electrons, are accounted
for in this analysis as nuisance parameters. These nuisance parameters represent
systematic uncertainties. The distributions of events in each region of the ABCD
plane are assumed in this equation to be described by a Poisson distribution as the
events are independent and random. The Poisson distribution for each region of the
ABCD plane takes the following form

—A\n
e\

, (11.11)

where © = A, B,C, or D represents the region of the ABCD plane, A is the sum of
the signal and background events predicted in that particular region of the ABCD
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plane and P(n; | A) is the probability of observing n; events in data in that particular
region of the ABCD plane.

The second term, J[, .5 fa(Aa | A), is the product, over all nuisance parameters, of
the constraint functions f, which restrict the values the nuisance parameters can take.

A, is the value of the nuisance parameter before the fit.

There are several options for which form the constraint functions can take. In this

analysis, the constraint functions are described by Gaussian distributions:

(Ay —A)?

f(A):\/12_7re_ 20 (11.12)

The width of the Gaussian is o.

In this analysis, the Poisson distributions in Equation describing the number
of expected events in each region of the ABCD plane are approximated as Gaussian
distributions. In regions B, C, and D, the width of Gaussian is the statistical error
on the number of expected events in the given region. In the signal region, region
A, the width of the Gaussian is the sum in quadrature of the nonclosure uncertainty
and the statistical error on the number of expected events in the signal region. The
motivation for approximating the Poisson distributions describing the number of
events in each region of the ABCD plane by Gaussian distributions was to allow
for a less constrained fit. Fitting the Gaussian with the sum in quadrature of the
statistical error and nonclosure uncertainty allowed for a well behaved fit. The use of
this approximation is justified because the values of the expected number of events in
Regions A, B, C, and D are large for noncommutative black holes and non-minimal

dark sectors.

Similarly, the use of this approximation is justified for scalar cascades because the

NN
number of expected number of events (6.6) in Region A, which is derived via BD

c
can be seen in Figure to have a Gaussian nature.
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Figure 11.1  Distribution displaying the Gaussian nature the expected (6.6) data
events in the signal region of the Scalar Cascades ABCD plane.
This serves as sufficient evidence for the number of events in the
signal region to be approximated as a Gaussian instead of a Poisson
distribution. This plot was created by drawing random wvalues for
the number of events in regions B, C, and D assuming Gaussian
distributions, calculating the resulting value of the number of expected
events in region A, and producing the probability density distribution
of the number of expected events in region A

11.3 Frequentist Approach

The result of the likelihood fit can be evaluated with the frequentist approach [117].
A quantity called a p-value is used to quantify the probability of observing a certain
outcome under a given hypothesis, H. Two hypotheses are tested in this analysis: the
background only hypothesis, Hy, in which the assumption is that data is consistent
with the Standard Model, and the signal plus background hypothesis, H,;, which
assumes the presence of a signal. The p-value is defined as

o0

p=[ [flg|H)dg (11.13)

qobs

where ¢ is a test statistic that is a single-valued function of the data observed. The
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q value is obtained by use of the negative log-likelihood ratio,

(11.14)

The numerator is the conditional likelihood which is maximized for a given signal
strength p. The denominator is the unconditional likelihood which is the maximum
fitted value for any g and A. The ratio of the two likelihoods is bounded between
0 and 1, as the conditional likelihood cannot be larger than the unconditional
likelihood. A value of 1 indicates good agreement between the data and the
hypothesis, whereas lower values (and thus higher values of A(u)) indicate worse

agreement.

When using the background only hypothesis, the test statistic, gy, is defined such
that the background only hypothesis is not rejected due to fluctuations from values of

i1, described earlier as a deficit of events with respect to the background prediction:

AO0), >0
o= 0 B20 (11.15)
0, <0

Similarly, when using the signal plus background hypothesis, the test statistic, g,,
is defined such that the background plus signal hypothesis is not rejected due to a
surplus with respect to the background plus signal hypothesis.

ANu), A<
S (11.16)

0, > p

Random pseudodata are used to determine the probability density functions of the
test statistic so that the p-value can be calculated. Once the p-value is calculated, a
significance, Z, can be derived. The significance is calculated by taking the inverse

cumulative distribution function, ® of a Gaussian, such that

Z=o11-p). (11.17)

Models can be excluded at the LHC if a significance of Z = 1.64 or greater is obtained.
A Z value of 1.64 corresponds to a p-value of 0.05. A p-value of 0.05 means that a
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model can be excluded with a 95% confidence level. Evidence of new physics can be
claimed with a Z value of 3. The threshold for discovery of new physics is set higher

with a Z value of 5.

Exclusion limits, as those seen in Figure[11.2] show the derived p-values as a function
of the signal strength in the signal plus background model. Expected exclusion limit
plots enables one to answer whether they have the ability to identify the presence
of a signal over background - whether the expected signal strength is detectable
within the uncertainty on the background prediction. The expected yields in the
ABCD plane from signal Monte Carlo correspond to ;4 = 1. The exclusion limit plot
identifies at which signal strength, u, should one be able to exclude the pu-scaled
signal. The intersection of the p=0.05 horizontal with the observed exclusion limit
gives the signal strength p value above which the model is excluded at 95%. C.L or
better. It is not possible to exclude signals with a smaller ;o value because the signal
may just be hiding behind background fluctuations. The yellow and green bands
represent the one and two ¢ uncertainties on those expected limits. The points at
which the yellow and green lines intersect the red line provides the lower and upper

limit on the range of x values that one is sensitive to with a range of uncertainties.

Expected and observed exclusion limits were derived by the author for all analyses
using a general framework [I18] that implemented the frequentist approach discussed
above. The inputs to this framework were the data and signal yields in each region

of the ABCD plane, as well as systematic uncertainties.

The author derived systematic uncertainties using an analysis framework created by
the author. The framework links to a package [90] that implements the methods
and settings recommended by the ATLAS Combined Performance groups (the groups

responsible for reconstruction, identification, and measurement of physics objects).

The result for scalar cascades when using a nonclosure uncertainty of 184% (derived

in the previous chapter) is shown in Figure m
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Figure 11.2  Scalar Cascade Fxclusion Limit. Result obtained via use of the
Frequentist method.

This plot was obtained by incorporating the full statistical uncertainty from
the ABCD plane, a 0.26% experimental signal uncertainty, a 184% nonclosure
uncertainty, a conservative 5% signal theory uncertainty, a 5% uncertainty to account
for any inefficiency in the EX trigger due to the 200 GeV EXS cut (as the
EXiss trigger is known to start becoming 100% efficient somewhere in the range
of 200 GeV to 250 GeV depending on the given analysis) [97], and a luminosity
uncertainty of 1.7% [119]. The experimental signal uncertainty was derived by
adding in quadrature the full set of experimental systematic uncertainties for signal.
These signal systematic uncertainties include the E¥5 systematic uncertainties, jet
systematic uncertainties, and track systematic uncertainties (as well as electron and
muon systematic uncertainties). The break down of all of these systematics (for
all three searches) are included in the appendix. The jet systematic uncertainties
are the leading systematic uncertainties, followed by the EMis® systematics, track
systematics, and zero valued electron and muon systematic. (This breakdown is true

for all three searches.)

With a nonclosure uncertainty of 184%, the expected exclusion limit for the scalar

cascade benchmark is a p value of 9.9. This means that the exclusion limit is set
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at a cross section of 9.9 times the nominal scalar cascade cross section. Since the
benchmark of the scalar cascade cross section is 5.33 x10~* pb, this means that a
limit can be set on a cross section of 5.28 x10~2 pb. The number of data events
observed was 23 events, so the observed limit becomes a signal strength of 14.52,
which translates to a cross section of 7.7 x 1072 pb. The exclusion plot shows that the
observed limit exhibits a roughly one sigma excess above the background hypothesis.

This is not, however, a significant excess.

11.4 NCBH Benchmark NCBH1 Exclusion Limit

The total data events observed in the signal region is 3703 events. The expected
exlusion limit for NCBH Benchmark NCBH1 when incorporating the full statistical
uncertainty from the ABCD plane, a luminosity uncertainty of 1.7%, an experimental
signal uncertainty of 0.65%, a conservative 5% signal theory uncertainty, and a
nonclosure uncertainty of 4.12% is a u value of 6.58. This means that the exclusion
limit is set at a cross section of 6.58 times the nominal noncommutative black hole
cross section. The cross section of the NCBH Benchmark NCBH1 is 0.022 pb,
meaning that an expected exclusion limit can be placed on a cross section of 0.14
pb. The observed exclusion limit is 10.49, meaning that an observed exclusion limit
can be placed on a cross section of 0.23 pb. These limits can be seen in Figure [I1.3]
The exclusion plot shows that the observed limit exhibits a roughly two sigma excess

above the background hypothesis. This is not, however, a significant excess.
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Figure 11.3 NCBH Benchmark NCBH1 exclusion limit. Result obtained via use
of the Frequentist method.
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11.5 NMDS Exclusion Limit
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Figure 11.4 NMDS Benchmark NMDS3 exclusion limit. Result obtained via use
of the Frequentist method.

The total data events observed in the signal region is 124 events. The expected
exclusion limit for NMDS Benchmark NMDS3 when incorporating the full statistical
uncertainty from the ABCD plane, a luminosity uncertainty of 1.7%, an experimental
signal uncertainty of 1.7%, a conservative theoretical signal uncertainty of 5%, and
a nonclosure uncertainty of 37% is a p value of 80.3. This means that the exclusion
limit is set at a cross section of 80.3 times the nominal non-minimal dark sector
cross section. The cross section of the NCBH Benchmark NMDS3 is 1.33 x10~*
pb, meaning that an expected exclusion limit can be placed on a cross section of
0.0107 pb. The observed exclusion limit is a p of 84.03, meaning that an observed
exclusion limit can be placed on a cross section of 0.011 pb. These limits can be seen
in Figure
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11.6 Summary

This chapter discussed the statistical method used to quantify the probability of
various model hypotheses, taking into account uncertainties, and finally deriving
expected and observed exclusion limits. The method was then applied to all three
models, and the outcome was briefly discussed. No significant excess was observed
in any of the three searches. No evidence of string theory has been reported. The

next chapter concludes the thesis and gives context to these results.
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Chapter 12

Conclusion

The existence of extra dimensions could lower the fundamental Planck scale to the
low TeV scale and very excitingly allow string theory to be probed at the LHC. This
thesis presents novel searches for signatures of string theory via three models that
have never been searched for by any experiment: scalar cascades, noncommutative
black holes, and non-minimal dark sectors. This thesis includes the first time
exploration of a novel final state characterized by a large multiplicity of soft jets
and EM5. These searches are performed on 139 fb~! of proton-proton collison data
at a center of mass energy /s = 13 TeV. Deep learning is employed through the
use of particle flow networks to learn jet substructure and design analysis regions.
The background estimation is automated through the implementation of distance
correlation in the neural network loss function. A novel jet reclustering algorithm,
called “hybrid jet reclustering”, has been developed to overcome the challenges

associated with a soft final state.

No significant excesses are observed with respect to the expected background
processes in any of the three searches. For scalar cascades, considering benchmark
SC1 (defined in Table with a cross section of 5.33 x10~* pb, observed upper
limits are set at the 95% C.L. at a cross section of 7.7 x10~3 pb. For noncommutative
black holes, considering benchmark NCBH1 (defined in Table with a cross
section of 0.022 pb for n=5 extra dimensions and Mp = 6.5 TeV, observed upper
limits are set at the 95% C.L. at a cross section of 0.23 pb. For non-minimal dark
sectors, considering benchmark NMDS3 (defined in Table [6.12]) with a cross section
of 0.000133 pb, observed upper limits are set at the 95% C.L. at a cross section of
0.011 pb.
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As no search existed from any experiment for any of these models, the analysis
strategy for each model was designed from scratch. Challenges posed by each of
these models were experienced for the first time. Hybrid jet reclustering has broad
applications for many other physics searches. The neural network can similarly be
employed in other searches. These searches serve as trailblazers for probing some of
the signatures of string theory. With no significant excesses observed, we are yet to
discover experimental evidence for string theory. These searches provide a roadmap
for future searches, highlighting the challenges and solutions for complicated final
states. The potential for LHC experiments to discover evidence of string theory is still
immense. By continuing to develop novel search strategies and novel reconstruction
techniques, target new models, improve the performance of the detector, and remain
relentless in the absence of significance excesses, the LHC experiments may still one

day be the first experiments to discover evidence of string theory.
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Chapter 13

Appendix

13.1 Effects of tight cleaning and bad tile event
veto on data

The effect of the bad tile module veto and tight cleaning cuts can be seen in

Figure for data 2017. The application of both the bad tile module veto and

tight cleaning allowed for the elimination of peaks in the distribution of the ¢; value

of EXss in all data years.
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Figure 13.1 Data 2017. Distribution of the ¢; value of EITniss in 4 cases: (top left)
without the bad tile module event veto and without tight cleaning, (top
right) without the bad tile module event veto and with tight cleaning,
(bottom left) with the tile module event veto and without tight cleaning,
and (bottom right) with the bad tile module event veto and with tight
cleaning
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13.2 Systematic Uncertainties for Signal Monte
Carlo Models

Systematic Uncertainty Value
JET _Flavor_Response__ldown 0.997
JET _Flavor_Response__lup 0.987
JET Flavor_Composition__ldown 0.982
JET _Flavor_Composition__lup 0.932
JET _Pileup_RhoTopology__1up 0.763
TRK_FAKE_RATE_TIGHT 0.691
JET _EffectiveNP_Modelling1__1down 0.478
JET _EffectiveNP_Modellingl__1up 0.476
JET Pileup_OffsetNPV__1down 0.311
JET_Pileup_OffsetNPV__1up 0.280
JET _Etalntercalibration_Modelling__1down 0.259
JET _Etalntercalibration_Modelling__lup 0.258
JET Pileup_OffsetMu__lup 0.194
JET Pileup_OffsetMu__1down 0.188
TRK_EFF_TIGHT_GLOBAL 0.165
JET _EffectiveNP_Mixed1__1lup 0.128
JET _EffectiveNP _Mixed2__1down 0.128
JET Pileup_PtTerm__1down 0.125
JET _EffectiveNP_Mixed2__1up 0.123
JET _Pileup_PtTerm__lup 0.112

JET _Etalntercalibration_NonClosure_2018data__lup 0.111
JET _Etalntercalibration_NonClosure_2018data__1down | 0.101

JET _EffectiveNP _Mixed1__1down 0.0952
TRK_EFF_TIGHT_IBL 0.0934
JET_JER_EffectiveNP_4__1down 0.0864
TRK_EFF_TIGHT_PHYSMODEL 0.0823
JET_JER_EffectiveNP_2__1down 0.0730
JET Etalntercalibration_TotalStat__1down 0.0730
JET _Etalntercalibration_TotalStat__lup 0.0578
JET EffectiveNP _Statistical3__1down 0.0537
JET_JER_EffectiveNP_9__1down 0.0461
JET _EffectiveNP _Statistical3__1up 0.0450
JET_JER _EffectiveNP_1__1up 0.0438
JET_JER _EffectiveNP _6__1up 0.0397
JET_JER _EffectiveNP _2__1up 0.0385
JET EffectiveNP _Detectorl__lup 0.0385
JET _EffectiveNP_Modelling3__1down 0.0374
JET _EffectiveNP_Modelling3__1up 0.0339

Table 13.1  Systematic values (in percentages) in order from greatest to lowest (in
percentages) for non-minimal dark sector benchmark NMDSS3 - Part 1
of 8 Tables 318



Systematic Uncertainty Value

JET _EffectiveNP _Detectorl__1down 0.0334
JET_JER _EffectiveNP_4__Tup 0.0321
JET _EffectiveNP_Modelling4__1up 0.0251
JET_JER _EffectiveNP_5__1down 0.0245
JET _EffectiveNP _Statistical4__1down 0.0234
JET EffectiveNP _Statistical2__1up 0.0234
JET EffectiveNP _Statistical2__1down 0.0210
JET_JER _EffectiveNP_6__laverage 0.0207
JET_JER _EffectiveNP_8__1up 0.0199
JET _EffectiveNP _Modelling4__1down 0.0199
JET _EffectiveNP _Statistical4__lup 0.0193
JET _EffectiveNP _Modelling2__1down 0.0193
JET_JER _EffectiveNP_12restTerm__lup 0.0187
JET EffectiveNP _Statistical6__1down 0.0181
JET _EffectiveNP _Statistical6__1up 0.0175
JET _EffectiveNP _Statisticall__lup 0.0175
TRK_EFF_TIGHT_PPO 0.0169
JET_JER _EffectiveNP_7__1down 0.0169
JET _EffectiveNP_Detector2__1up 0.0158
JET _Etalntercalibration_NonClosure_negEta__1up | 0.0150
JET _BJES_Response__lup 0.0140
JET EffectiveNP _Statistical5__1up 0.0128
JET EffectiveNP_Mixed3__1up 0.0123
JET_JER _EffectiveNP_11__1down 0.0123
JET EffectiveNP _Statisticall__1down 0.0117
JET _Etalntercalibration_NonClosure_posEta__1up | 0.0105

Table 13.2  Systematic values (in percentages) in order from greatest to lowest (in
percentages) for non-minimal dark sector benchmark NMDSS3. Part 2
of & Tables. Systematics are continued from Table[13.]]
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Systematic Uncertainty Value

TRK_BIAS_Z0-WM 0.00993
JET _EffectiveNP_Mixed3__1down 0.00876
JET _EffectiveNP_Modelling2__1up 0.00817
MET_SoftTrk_ResoPara 0.00817
JET_JER_EffectiveNP_8__1down 0.00759
JET_JER_EffectiveNP_3__1up 0.00759
JET _EffectiveNP _Statistical5__1down 0.00642
JET _Etalntercalibration_NonClosure_negEta__ldown | 0.00642
JET _EffectiveNP_Detector2__1down 0.00642
JET_JER_EffectiveNP_11__1lup 0.00584
JET_JER_DataVsMC_MC16__1down 0.00584
JET_JER_EffectiveNP_5__1up 0.00526
JET_JER _EffectiveNP_10__1down 0.00467
JET_JER_EffectiveNP_7__1up 0.00409
JET_JER_EffectiveNP_10__1up 0.00350
JET_JER_EffectiveNP_9__1up 0.00350
MET_SoftTrk_ResoPerp 0.00175
JET_JER_EffectiveNP_6__1down 0.00175
TRK_RES_Z0O-MEAS 0.00117
JET_JER_EffectiveNP_3__1down 0.00117
JET_BJES_Response__1down 0.00117
MET _SoftTrk_Scale__1up 0.00117
MET _SoftTrk_Scale__ldown 0.00117
TRK_RES_DO_MEAS 0.000584

TRK_BIAS_QOVERP_SAGITTA_-WM
MUON_CB__1up

MUON_CB__1down
MUON_SAGITTA_DATASTAT__lup
MUON_SAGITTA_DATASTAT__ldown

JET _Etalntercalibration_NonClosure_highE__1up
JET _Etalntercalibration_NonClosure_highE__1down
JET _PunchThrough MC16__1up
JET_PunchThrough-MC16__1down

JET _Pileup-RhoTopology_--1down
TRK_BIAS_DO_-WM
JET_JER_EffectiveNP_1__1down
EG_SCALE_ALL__1up

EG_SCALE_ALL__1down
MUON_SAGITTA_RESBIAS__1lup
MUON_SAGITTA_RESBIAS__1down
EG_SCALE_AF2__1up

EG_SCALE_AF2__1down
JET_JER_EffectiveNP_12restTerm__1down
MUON_SCALE__lup

MUON_SCALE__1down

JET _Etalntercalibration_NonClosure_posEta__1down
JET _SingleParticle_HighPt__lup

JET _SingleParticle_HighPt__1down
EG_RESOLUTION_ALL__1up
EG_RESOLUTION_ALL_.1down
JET_JER_DataVsMC_MC16__1up

O O O O O O O O O O O O O O 0O oo oo oo oo oo oo

Table 13.3  Systematic values (in percentages) in order from greatest to lowest (in
percentages) for non-minimal dark sector benchmark NMDSS3. Part 3
of 8 Tables. Systematics are contained from Table
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Systematic Uncertainty Value

JET _Flavor_Composition__lup 0.463

JET _Pileup_RhoTopology_-1up 0.421

JET _Flavor_Composition__ldown 0.401

JET _Flavor_Response__1down 0.319

JET _Flavor_Response__lup 0.279

JET _EffectiveNP_Modellingl__1up 0.205

JET _EffectiveNP_Modellingl__1down 0.166

JET _Pileup_OffsetNPV__lup 0.149

JET _Etalntercalibration_Modelling__lup 0.122

TRK_FAKE_RATE_TIGHT 0.122

JET _Pileup_OffsetMu__1down 0.0947
JET_JER _EffectiveNP_5__1up 0.0701
MET _SoftTrk_ResoPerp 0.0701
JET _Pileup_OffsetNPV__1down 0.0701
MET_SoftTrk_Scale__1down 0.0659
MET_SoftTrk_Scale__1up 0.0653
JET _Etalntercalibration_NonClosure_2018data__1up 0.0599
JET _Etalntercalibration_Modelling__1down 0.0539
JET_JER_EffectiveNP_6__1lup 0.0515
JET_JER _EffectiveNP_5__1down 0.0479
MET_SoftTrk_ResoPara 0.0461
JET _Etalntercalibration_NonClosure_2018data__1down | 0.0425
JET_JER_EffectiveNP_4__1down 0.0419
JET _Pileup_PtTerm__lup 0.0401
JET _Etalntercalibration_TotalStat__lup 0.0389
JET_JER_EffectiveNP _12rest Term__lup 0.0360
JET_JER _EffectiveNP_9__1down 0.0348
JET_JER _EffectiveNP_7__1up 0.0318
JET _Pileup_PtTerm__ldown 0.0312
JET _EffectiveNP _Statistical2__1down 0.0312
JET _EffectiveNP_Mixed2__1down 0.0276
JET _EffectiveNP_Mixed1__lup 0.0270
JET_BJES_Response__lup 0.0264
JET_JER_EffectiveNP_4__lup 0.0252
JET _EffectiveNP _Detectorl__lup 0.0252
JET_JER _EffectiveNP_8__1up 0.0246
JET_JER _EffectiveNP_10__1down 0.0246
JET _EffectiveNP _Statistical4__1up 0.0234
JET_JER _EffectiveNP_10__1lup 0.0216
JET _EffectiveNP_Modelling3__1down 0.0204
TRK_EFF_TIGHT_GLOBAL 0.0180
JET _EffectiveNP_Modelling2__1down 0.0174
JET _EffectiveNP_Modelling3__1up 0.0162
TRK_EFF_TIGHT_IBL 0.0144
JET _EffectiveNP_Mixed3__1down 0.0138
JET _Etalntercalibration_NonClosure_posEta__1down 0.0138
TRK_EFF_TIGHT_PPO 0.0138
JET _EffectiveNP _Statistical6__1up 0.0132
JET _EffectiveNP_Modelling4__1up 0.0132
JET_JER DataVsMC_MC16__1down 0.0126
JET _EffectiveNP_Statisticall__1down 0.0120

Table 13.4  Systematic values (in percentages) in order from greatest to lowest (in
percentages) for noncommutative black hole benchmark NCBHI1. Part
1 of 2 Tables
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Systematic Uncertainty Value
JET_JER_EffectiveNP_11__1up 0.0120
JET _EffectiveNP_Modelling2__1up 0.0120
TRK_RES_Z0-MEAS 0.0114
JET _EffectiveNP_Mixed3__1up 0.0114
JET _EffectiveNP _Statistical2__1up 0.0114
JET _Etalntercalibration_TotalStat__1down 0.0108
EG_RESOLUTION_ALL__1up 0.00959
JET _EffectiveNP_Mixed1__1down 0.00959
TRK_RES_DO_-MEAS 0.00959
JET _EffectiveNP _Statistical5__1up 0.00899
JET _EffectiveNP _Statistical5__1down 0.00899
JET _EffectiveNP _Statistical3__1down 0.00899
JET _EffectiveNP _Detector2__lup 0.00899
JET _EffectiveNP _Detector2__1down 0.00899
JET _BJES_Response__1ldown 0.00839
JET_JER_EffectiveNP_8__1down 0.00839
JET _EffectiveNP_Statisticall__1up 0.00839
JET _EffectiveNP _Statistical6__1down 0.00719
TRK_EFF_TIGHT_PHYSMODEL 0.00719
JET _EffectiveNP_Detectorl__1down 0.00659
JET _EffectiveNP_Modelling4__1down 0.00659
JET_JER_EffectiveNP_11__1down 0.00479
JET _EffectiveNP_Mixed2__lup 0.00419
JET _Etalntercalibration_NonClosure_negEta__ldown | 0.00419
JET _Pileup_OffsetMu__lup 0.00360
JET_JER_EffectiveNP_9__1up 0.00360
JET _Etalntercalibration_NonClosure_posEta__lup 0.00360
JET _Etalntercalibration_NonClosure_negEta__lup 0.00300
JET _EffectiveNP _Statistical4__1down 0.00300
JET _EffectiveNP _Statistical3__1up 0.00300
EG_RESOLUTION_ALL__1down 0.00180
JET_JER_EffectiveNP_6__1down 0.00180
TRK_BIAS_DO_-WM 0.00120
JET_JER_EffectiveNP_7__1down 0.00120
TRK_BIAS_Z0-WM 0.000600
JET _SingleParticle_HighPt__lup 0

JET _SingleParticle_HighPt__1down 0
MUON_SAGITTA_RESBIAS__1lup 0
MUON_SAGITTA_RESBIAS__1down 0
EG_SCALE_AF2__1up 0
EG_SCALE_AF2__ldown 0
JET_JER_DataVsMC_MC16__1up 0
TRK_BIAS_QOVERP_SAGITTA_-WM 0
MUON_SAGITTA_DATASTAT__1lup 0
MUON_SAGITTA_DATASTAT__1down 0

JET _Pileup_RhoTopology__1down 0
MUON_SCALE__lup 0
MUON_SCALE__1down 0
JET_PunchThrough-MC16__1up 0
JET_PunchThrough_-MC16__1down 0

JET _Etalntercalibration_-NonClosure_highE__1up 0

JET _Etalntercalibration_NonClosure_highE__1down 0
MUON_CB__1up 0
MUON_CB__1down 0
MUON_CB__laverage 0

Table 13.5  Systematic values (in percentages) in order from greatest to lowest (in
percentages) for noncommutative black hole benchmark NCBHI1. Part
2 of 2 Tables, continued from Table 322



Systematic Uncertainty Value

JET Flavor_Composition__1down 0.116

JET _Flavor_Composition__1up 0.114

JET _Pileup_RhoTopology__1up 0.112

JET _Flavor_Response__1down 0.0895
JET Flavor_Response__1up 0.0869
MET _SoftTrk_Resodown 0.0811
MET _SoftTrk_Resoup 0.0801
MET_SoftTrk_Scale__1up 0.0783
MET _SoftTrk_Scale__1down 0.0745
JET _EffectiveNP_Modellingl__lup 0.0720
JET _EffectiveNP_Modellingl__1down 0.0687
JET _Etalntercalibration_Modelling__1lup 0.0505
JET _Etalntercalibration_Modelling__1down 0.0465
TRK_FAKE_RATE_TIGHTup 0.0381
TRK_FAKE_RATE_TIGHTdown 0.0381
JET Pileup_OffsetNPV__1up 0.0604
JET Pileup_OffsetNPV__1down 0.0571
JET_JER _EffectiveNP_4__1down 0.0371
JET_JER _EffectiveNP_2__Tup 0.0368
JET _Pileup_OffsetMu__1up 0.0366
JET Etalntercalibration_TotalStat__lup 0.0322
JET Pileup_OffsetMu__1down 0.0309
JET _Etalntercalibration_NonClosure_2018data__1down | 0.0308
JET _Etalntercalibration_NonClosure_2018data__1up 0.0298
JET_JER _EffectiveNP_1__Tup 0.030

JET Etalntercalibration_TotalStat__1down 0.0295
JET_JER _EffectiveNP_8__1up 0.0269
JET_JER _EffectiveNP_9__1up 0.0261
JET_JER _EffectiveNP_6__1down 0.0257
JET EffectiveNP _Statistical2__1down 0.0234
JET_JER _EffectiveNP_3__1down 0.0231
JET_JER _EffectiveNP_12restTerm__lup 0.0231
JET EffectiveNP _Statistical2__1up 0.0222
JET _EffectiveNP _Mixed2__1down 0.0218

Table 13.6  Systematic values (in percentages) in order from greatest to lowest (in
percentages) for Scalar Cascade Benchmark SC1. Part 1 of 3 Tables
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Systematic Uncertainty Value

TRK_EFF_TIGHT_GLOBALdown 0.0211
TRK_EFF_TIGHT_GLOBALup 0.0211
JET _EffectiveNP_Mixed2__1up 0.0211
JET_JER _EffectiveNP_10__1down 0.0209
JET_JER _EffectiveNP_11__1up 0.0208
JET_JER _EffectiveNP _5__1up 0.0198
JET_JER DataVsMC_MC16__1down 0.0194
JET EffectiveNP_Mixed1__1down 0.0185
JET Pileup_PtTerm__1up 0.0181
JET_JER _EffectiveNP_5__1down 0.0167
JET_JER _EffectiveNP_7__1down 0.0164
JET _EffectiveNP_Mixed1__lupdown 0.0166
JET _EffectiveNP_Detectorl__lup 0.0163
JET _EffectiveNP_Mixed1__lup 0.0166
JET_JER _EffectiveNP _7__1up 0.0160
JET _EffectiveNP_Modelling2__1down 0.0157
JET _EffectiveNP_Modelling2__1up 0.0154
JET_JER _EffectiveNP_9__1down 0.0151
JET _EffectiveNP _Detectorl__1down 0.0150
JET Pileup_PtTerm__1down 0.0144
JET EffectiveNP_Modelling3__1up 0.0134
JET_JER _EffectiveNP _8__1down 0.0131
JET _EffectiveNP_Mixed3__1down 0.0123
JET_JER _EffectiveNP_6__1up 0.0122
JET EffectiveNP_Modelling3__1down 0.0121
JET_JER _EffectiveNP_11__1down 0.0118
JET _EffectiveNP_Mixed3__1up 0.0114
TRK_EFF_TIGHT_PHYSMODELup 0.0109
TRK_EFF_TIGHT_PHYSMODELdown | 0.0109

Table 13.7  Systematic values (in percentages) in order from greatest to lowest (in
percentages) for Scalar Cascade Benchmark SC1. Part 2 of 3 Tables,

continued from Table[13.0
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Systematic Uncertainty Value
JET _EffectiveNP_Statistical6__1down 0.0108
TRK_EFF_TIGHT_IBLdown 0.0126
TRK_EFF_TIGHT_IBLup 0.0126
JET_EffectiveNP_Modelling4__1down 0.00992
EG_RESOLUTION_ALL__1up 0.000945
EG_SCALE_ALL__1down 0.000945
TRK_EFF_TIGHT_PP0down 0.00930
TRK_EFF_TIGHT_PPOup 0.00930
JET _EffectiveNP_Detector2__lup 0.000908
JET _EffectiveNP_Statistical5__1down 0.00880
JET_JER_EffectiveNP_2__1down 0.00879
JET_Etalntercalibration_NonClosure_negEta__lup 0.00787
JET _EffectiveNP_Statisticall__1down 0.00780
JET_Etalntercalibration_.NonClosure_posEta__-1down 0.00742
JET_EffectiveNP_Modelling4__1up 0.00661
JET _EffectiveNP_Statistical6__1up 0.00660
JET _EffectiveNP_Statistical3__1down 0.00640
JET _EffectiveNP_Statistical5__1up 0.00635
JET _EffectiveNP_Statisticall__lup 0.00562
JET _EffectiveNP_Detector2__1downdown 0.00515
JET_EffectiveNP_Detector2__1downup 0.00515
JET _EffectiveNP_Statistical3__1up 0.00436
JET _EffectiveNP_Statistical4__1up 0.00426
JET _EffectiveNP_Statistical4__1down 0.00359
TRK_-RES_Z0-MEASdown 0.00352
TRK_-RES_Z0O-MEASup 0.00352
JET_Etalntercalibration_NonClosure_negEta__1down 0.00509
JET_JER_EffectiveNP_10__1up 0.004306
JET_JER_EffectiveNP_4__1up 0.00417
JET _Etalntercalibration_NonClosure_posEta__lup 0.00289
’JET_JER_EffectiveNP_3__1up 0.00255
TRK-RES_DO-MEASdown 0.00216
TRK-RES_DO_-MEASup 0.00216
TRK_BIAS_Z0_-WMdown 0.00212
TRK_BIAS_Z0O_-WMup 0.00212
JET_BJES_Response__lup 0.00199
JET_BJES_Response__ldown 0.00158
TRK_BIAS_DO_-WMdown 0.000101
TRK_BIAS_DO_-WMup 0.000101
TRK_BIAS_QOVERP_SAGITTA_WMdown 0
TRK_-BIAS_.QOVERP_SAGITTA_WMup 0
MUON_CB__1down 0
MUON_CB__1up 0
MUON_SAGITTA_DATASTAT__1down 0
MUON_SAGITTA_DATASTAT __lup 0
MUON_SAGITTA_RESBIAS__1down 0
MUON_SAGITTA_RESBIAS__lup 0
MUON_SCALE__1down 0
MUON_SCALE__lup 0
EG_RESOLUTION_ALL__.1down 0
EG_SCALE_AF2__ldown 0
EG_SCALE_AF2__1lup 0

JET _Etalntercalibration_NonClosure_highE__lupdown 0
JET_Etalntercalibration_.NonClosure_highE__lupup 0

JET _Etalntercalibration_NonClosure_highE__ldowndown 0

JET _Etalntercalibration_NonClosure_highE__ldownup 0
JET_JER_DataVsMC_MC16__1up 0
JET_JER_EffectiveNP_12restTerm__1down 0
JET_JER_EffectiveNP_1__1down 0
JET_Pileup_-RhoTopology__1down 0
JET_PunchThrough-MC16__1down 0
JET_PunchThrough-MC16__1up 0
JET_SingleParticle_HighPt__1down 0
JET_SingleParticle_HighPt__1lup 0

Table 13.8  Systematic values (in percentages) in order from greatest to lowest (in
percentages) for Scalar Cascade Benchmark SC1. Part 3 of 3 Tables,

continued from Table
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13.3 Full names of background MC samples, signal

MC samples, and data samples used

Below is a list of the full Background MC Sample names used in the searches in this

thesis for Run 2 MC Campaign MC16a. The DSID is highlighted in red.

MC16A

mcl16-13TeV.700323.Sh_2211_Zmumu-maxHTpTV2_BFilter.deriv.DAOD_EXO0T28.e8351_s3126_r9364_p5461
mcl16-13TeV.700324.Sh_2211_Zmumu-maxHTpTV2_CFilterBVeto.deriv.DAOD_EXO0T28.e8351_s3126_r9364_p5461
mcl16.13TeV.700325.Sh_2211_Zmumu_-maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700326.5h_2211_Ztautau_LL_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700327.Sh_2211_Ztautau_LL_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700328.5h_2211_Ztautau_LL_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl16.13TeV.700329.Sh_2211_Ztautau_LH_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700330.Sh_2211_Ztautau_LH_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700331.Sh_2211_Ztautau_LH_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700332.Sh_2211_Ztautau-HH_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700333.Sh_2211_Ztautau-HH_-maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl16.13TeV.700334.Sh_2211_Ztautau-HH_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6-13TeV.700335.5Sh_2211_Znunu_pTV2_BFilter.deriv.DAOD_EX0OT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700336.5h_2211_Znunu_pTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700337.Sh_2211_Znunu_pTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700338.5h_2211_Wenu-maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl16-13TeV.700339.Sh_2211_Wenu-maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl16-13TeV.700340.Sh-2211_Wenu-maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_-s3126_r9364_p5461
mcl16.13TeV.700341.Sh_2211_Wmunu_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl16.13TeV.700342.Sh_2211_Wmunu_-maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700343.5h_2211_Wmunu-maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700344.Sh_2211_Wtaunu_-L_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700345.5h_2211_Wtaunu_-L_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700346.5Sh_2211_Wtaunu_-L_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl16.13TeV.700347.Sh_2211_Wtaunu_-H_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700348.Sh_2211_Wtaunu-H_.maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mc16-13TeV.700349.Sh_2211_Wtaunu-H_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r9364_p5461
mcl6.13TeV.700439.Sh_2211_Zqq-ptZ-100-ECMS.deriv.DAOD_EXOT28.e8338_s3126_r9364_p5461
mcl16-13TeV.700441.Sh_2211_Wqq-ptW_200_.ECMS.deriv.DAOD_EXOT28.e8419_s3126_r9364_p5461
mcl16-13TeV.410470.PhPySEG_A1l4_ttbar_hdamp258p75_nonallhad.deriv.DAOD_EXOT28.e6337_s3126_r9364_p5461
mcl6.13TeV.410471.PhPy8EG_Al4_ttbar_hdamp258p75_allhad.deriv.DAOD_EXOT28.e6337.s3126_r9364_p5461
mcl16-13TeV.410644.PowhegPythia8EvtGen_A1l4_singletop_schan_lept_top.deriv.DAOD_EX0OT28.e6527_s3126_r9364_p5461
mcl16-13TeV.410645.PowhegPythia8EvtGen_A1l4_singletop_schan_lept_antitop.deriv.DAOD_EXOT28.e6527_s3126_r9364_p5461
mcl16-13TeV.410646.PowhegPythia8EvtGen_A14_Wt_DR-inclusive_top.deriv.DAOD_EXOT28.€6552_s3126_r9364_p5461
mcl16-13TeV.410647.PowhegPythia8EvtGen_A14_Wt_DR-inclusive_antitop.deriv.DAOD_EXOT28.e6552_s3126_r9364_p5461
mcl6.13TeV.410658 PhPy8EG_A14_tchan_BW50_lept_top.deriv.DAOD_EXOT28.e6671_s3126_r9364_p5461
mcl6.13TeV.410659.PhPy8EG_A14_tchan_BW50_lept_antitop.deriv.DAOD_EXOT28.e6671_s3126_r9364_p5461
mcl6.13TeV.364702.Pythia8EvtGen_ A14NNPDF23LO_jetjet_JZ2WithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl6.13TeV.364703.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_JZ3WithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl6.13TeV.364704.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_JZ4WithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl6.13TeV.364705.Pythia8EvtGen_ A14NNPDF23LO _jetjet_ JZ5WithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl16.13TeV.364706.Pythia8EvtGen_A14NNPDF23LO _jetjet_ JZ6WithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl6.13TeV.364707.Pythia8EvtGen_A14NNPDF23LO _jetjet_ JZ7TWithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl6.13TeV.364708.Pythia8 EvtGen_ A14NNPDF23LO_jetjet_JZ8WithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl6.13TeV.364709.Pythia8EvtGen_ A14NNPDF23LO_jetjet_JZ9WithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl6.13TeV.364710.Pythia8EvtGen_ A14NNPDF23LO _jetjet_JZ10WithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl6.13TeV.364711.Pythia8EvtGen_A14NNPDF23LO _jetjet_JZ11WithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl6.13TeV.364712.Pythia8EvtGen_ A14NNPDF23LO _jetjet_JZ12WithSW.deriv.DAOD_EXOT28.e7142_s3126_r9364_p5461
mcl6.13TeV.361106.PowhegPythia8EvtGen_ AZNLOCTEQ6L1_Zee.deriv.DAOD_EXOT28.e3601_-s3126_r9364_p5461
mcl6.13TeV.363355.Sherpa-221_NNPDF30NNLO_ZqqZvv.deriv.DAOD_EXOT28.e5525.s3126_r9364_p5461
mcl6.13TeV.363357.Sherpa-221_NNPDF30NNLO_-WqqZvv.deriv.DAOD_EXOT28.e5525_s3126_r9364_p5461
mcl6.13TeV.363360.Sherpa_-221_NNPDF30NNLO_WplvWmqq.deriv.DAOD_EXOT28.e5983_s3126_r9364_p5461
mcl6.13TeV.363489.Sherpa_221_NNPDF30NNLO_WlvZqq.deriv.DAOD_EXOT28.e5525_s3126_r9364_p5461
mcl6.13TeV.363359.Sherpa_-221_NNPDF30NNLO_WpqqWmlv.deriv.DAOD_EXOT28.e5583_s3126_r9364_p5461

Below is a list of the full Background MC Sample names used in the searches in this thesis for Run 2 MC Campaign MC16d.
DSID is highlighted in red.

MC16D
mcl16.13TeV.700323.Sh_2211_Zmumu_-maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl16.13TeV.700324.Sh_2211_Zmumu_-maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl16-13TeV.700325.Sh_2211_Zmumu-maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
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mcl6.13TeV.700326.5h_2211_Ztautau_-LL_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700327.Sh_2211_Ztautau_-LL_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700328.Sh_2211_Ztautau_-LL_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl16.13TeV.700329.Sh_2211_Ztautau_-LH_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700330.Sh_2211_Ztautau_LH_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl16-13TeV.700331.Sh_2211_Ztautau_-LH_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl16-13TeV.700332.Sh_2211_Ztautau-HH_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6-13TeV.700333.Sh_2211_Ztautau-HH_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700334.Sh_2211_Ztautau-HH_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700335.5Sh_2211_Znunu_pTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700336.5h_2211_Znunu_pTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126.r10201_p5461
mcl6.13TeV.700337.5h_2211_Znunu_pTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700338.5h_2211_Wenu-maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl16-13TeV.700339.Sh_2211_Wenu-maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351.s3126_r10201_p5461
mcl16.13TeV.700340.Sh_2211_Wenu_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700341.5Sh_2211_Wmunu-maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700342.Sh_2211_Wmunu-maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700343.5h_2211_Wmunu-maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700344.Sh_2211_Wtaunu_-L_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl6.13TeV.700345.5h_2211_Wtaunu_-L_.maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mc16.13TeV.700346.Sh_2211_Wtaunu_-L_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl16-13TeV.700347.Sh_2211_Wtaunu-H_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mc16.13TeV.700348.Sh_2211_Wtaunu-H_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl16-13TeV.700349.Sh_2211_Wtaunu-H_.maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10201_p5461
mcl16-13TeV.410644.PowhegPythia8EvtGen_A1l4_singletop_schan_lept_top.deriv.DAOD_EXOT28.e6527_s3126_r10201_p5461
mcl16-13TeV.410645.PowhegPythia8EvtGen_A1l4_singletop_schan_lept_antitop.deriv.DAOD_EXOT28.e6527_s3126_r10201_p5461
mcl6.13TeV.410646.PowhegPythia8EvtGen_A14_Wt_DR_inclusive_top.deriv.DAOD_EXOT28.e6552_s3126_r10201_p5461
mcl16-13TeV.410647 . PowhegPythia8EvtGen_A14_Wt_DR-inclusive_antitop.deriv.DAOD_EXOT28.e6552_s3126_r10201_p5461
mcl6.13TeV.410658. PhPy8EG_A14_tchan_BW50_lept_top.deriv.DAOD_EXOT28.e6671_s3126_r10201_p5461
mcl16-13TeV.410659.PhPy8EG_A14_tchan_.BW50_lept_antitop.deriv.DAOD_EXOT28.e6671_s3126_r10201_p5461
mcl6.13TeV.410470.PhPy8EG_A14_ttbar_hdamp258p75_nonallhad.deriv.DAOD_EXOT28.e6337_s3126_r10201_p5461
mcl6.13TeV.410471.PhPy8EG_Al4_ttbar_hdamp258p75_allhad.deriv.DAOD_EXOT28.e6337_s3126_r10201_p5461
mcl6.13TeV.364702.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_JZ2WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10201_p5461
mcl6.13TeV.364703.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_JZ3WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10201_p5461
mcl6.13TeV.364704.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_JZ4WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10201_p5461
mcl6.13TeV.364705.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_JZ5WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10201_p5461
mcl16.13TeV.364706.Pythia8EvtGen_ A14NNPDF23LO_jetjet_ JZ6WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10201_p5461
mcl16.13TeV.364707.Pythia8EvtGen_ A14NNPDF23LO_jetjet_ JZ7TWithSW.deriv.DAOD_EXOT28.e7142_s3126_r10201_p5461
mcl16.13TeV.364708.Pythia8EvtGen_ A14NNPDF23LO_jetjet_ JZ8WithSW.deriv.DAOD_EXOT28.e7142_83126_r10201_p5461
mcl16.13TeV.364709.Pythia8EvtGen_ A14NNPDF23LO_jetjet_ JZOWithSW.deriv.DAOD_EXOT28.e7142_s3126_r10201_p5461
mcl6.13TeV.364710.Pythia8EvtGen_A14NNPDF23LO _jetjet_-JZ10WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10201_p5461
mcl6.13TeV.364711.Pythia8EvtGen_A14NNPDF23LO _jetjet_JZ11WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10201_p5461
mcl6.13TeV.364712.Pythia8EvtGen_A14NNPDF23LO _jetjet_JZ12WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10201_p5461
mcl6.13TeV.363355.Sherpa-221_NNPDF30NNLO_ZqqZvv.deriv.DAOD_EXOT28.e5525_s3126_r10201_p5461
mcl6.13TeV.363357.Sherpa-221_NNPDF30NNLO_WqqZvv.deriv.DAOD_EXOT28.e5525_s3126_r10201_p5461
mcl6.13TeV.363360.Sherpa-221_NNPDF30NNLO_WplvWmgqq.deriv.DAOD_EXOT28.e5983_s3126_r10201_p5461
mcl6.13TeV.363489.Sherpa-221_NNPDF30NNLO_-WlvZqq.deriv.DAOD_EXOT28.e5525_s3126_r10201_p5461
mcl6.13TeV.363359.Sherpa_-221_NNPDF30NNLO_WpqqWmlv.deriv.DAOD_EXOT28.e5583_s3126_r10201_p5461
mcl6.13TeV.361106.PowhegPythia8 EvtGen_ AZNLOCTEQ6L1_Zee.deriv.DAOD_EXOT28.e3601_s3126_r10201_p5461

Below is a list of the full Background MC Sample names used in the searches in this thesis for Run 2 MC Campaign MC16e.

DSID is highlighted in red.

MC16E

mcl16.13TeV.700323.Sh_2211_Zmumu_-maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl16-13TeV.700324.Sh_2211_Zmumu_-maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl16-13TeV.700325.Sh_2211_Zmumu-maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl16-13TeV.700326.Sh_2211_Ztautau_-LL_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6-13TeV.700327.Sh_2211_Ztautau_-LL_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700328.5h_2211_Ztautau_-LL_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126.r10724_p5461
mcl6.13TeV.700329.5Sh_2211_Ztautau_LH_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl16-13TeV.700330.Sh_2211_Ztautau-LH_-maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl16-13TeV.700331.Sh_2211_Ztautau-LH_-maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl16-13TeV.700332.Sh_2211_Ztautau-HH_maxHTpTV2_BFilter.deriv.DAOD_EXO0T28.e8351.s3126_r10724_p5461
mcl6.13TeV.700333.Sh_2211_Ztautau - HH_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700334.5Sh_2211_Ztautau_-HH_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700335.5h_2211_Znunu_pTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700336.5h_2211_Znunu_pTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700337.Sh_2211_Znunu_pTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700338.5h_2211_Wenu-maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700339.5h_2211_Wenu_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mc16.13TeV.700340.Sh_2211_Wenu_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl16-13TeV.700341.Sh_2211_Wmunu-maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl16-13TeV.700342.Sh_2211_Wmunu-maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700343.Sh_2211_Wmunu_-maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
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mcl6.13TeV.700344.Sh_2211_Wtaunu_-L_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700345.5h_2211_Wtaunu_-L_maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700346.5Sh_2211_Wtaunu_-L_maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl16.13TeV.700347.Sh_2211_Wtaunu-H_maxHTpTV2_BFilter.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl6.13TeV.700348.Sh_2211_Wtaunu-H_.maxHTpTV2_CFilterBVeto.deriv.DAOD_EXOT?28.e8351_s3126_r10724_p5461
mcl16-13TeV.700349.Sh_2211_Wtaunu-H_.maxHTpTV2_CVetoBVeto.deriv.DAOD_EXOT28.e8351_s3126_r10724_p5461
mcl16.13TeV.700439.Sh_2211_Zqq-ptZ_-100_.ECMS.deriv.DAOD_EXOT28.e8338_s3126_r10724_p5461
mcl6.13TeV.700441.5h_2211_Wqq-ptW_200_ECMS.deriv.DAOD_EXOT28.e8419.s3126_r10724_p5461
mc16-13TeV.410644.PowhegPythia8EvtGen_A1l4_singletop_schan_lept_top.deriv.DAOD_EXOT28.e6527_s3126_r10724_p5461
mcl16-13TeV.410645.PowhegPythia8EvtGen_A1l4_singletop_schan_lept_antitop.deriv.DAOD_EXOT28.e6527_s3126_r10724_p5461
mcl6.13TeV.410646.PowhegPythia8EvtGen_A14_Wt_DR_inclusive_top.deriv.DAOD_EXOT28.e6552_s3126_r10724_p5461
mcl16-13TeV.410647 . PowhegPythia8EvtGen_A14_Wt_DR-inclusive_antitop.deriv.DAOD_EXOT28.e6552_s3126_r10724_p5461
mcl6-13TeV.410658. PhPy8EG_A14_tchan_BW50_lept_top.deriv.DAOD_EXOT28.e6671_s3126_r10724_p5461
mcl16-13TeV.410659.PhPy8EG_A14_tchan_-BW50_lept_antitop.deriv.DAOD_EXOT28.e6671_s3126_r10724_p5461
mcl6.13TeV.364702.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_JZ2WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl6.13TeV.364703.Pythia8EvtGen_ A14NNPDF23LO_jetjet_JZ3WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl6.13TeV.364704.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_JZ4WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl6.13TeV.364705.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_JZ5WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl6.13TeV.364706.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_JZ6WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl16.13TeV.364707.Pythia8EvtGen_ A14NNPDF23LO_jetjet_ JZ7TWithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl16.13TeV.364708.Pythia8EvtGen_ A14NNPDF23LO_jetjet_ JZ8WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl6.13TeV.364709.Pythia8EvtGen_ A14ANNPDF23LO_jetjet_-JZO9WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl6.13TeV.364710.Pythia8 EvtGen_ A14ANNPDF23LO_jetjet_JZ10WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl16-13TeV.364711.Pythia8EvtGen_ A14NNPDF23LO_jetjet_JZ11WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl6.13TeV.364712.Pythia8EvtGen_ A14NNPDF23LO _jetjet_JZ12WithSW.deriv.DAOD_EXOT28.e7142_s3126_r10724_p5461
mcl6.13TeV.363355.Sherpa_-221_NNPDF30NNLO_ZqqZvv.deriv.DAOD_EXOT28.e5525_s3126_r10724_p5461
mcl6.13TeV.363357.Sherpa_-221_NNPDF30NNLO_WqqZvv.deriv.DAOD_EXOT28.e5525_s3126_r10724_p5461
mcl6.13TeV.363359.Sherpa-221_NNPDF30NNLO_WpqqWmlv.deriv.DAOD_EXOT28.e5583.s3126_r10724_p5461
mcl6.13TeV.363360.Sherpa-221_NNPDF30NNLO_WplvWmgqq.deriv.DAOD_EXOT28.e5983_s3126_r10724_p5461
mcl6.13TeV.363489.Sherpa-221_NNPDF30NNLO_WlvZqq.deriv.DAOD_EXOT28.e5525_s3126_r10724_p5461
mcl16.13TeV.410470.PhPy8EG_A14_ttbar_hdamp258p75_nonallhad.deriv.DAOD_EXOT28.e6337_s3126_r10724_p5461
mcl6.13TeV.410471.PhPy8EG_Al4_ttbar_hdamp258p75_allhad.deriv.DAOD_EXOT28.e6337_s3126_r10724_p5461
mcl6.13TeV.361106.PowhegPythia8 EvtGen_ AZNLOCTEQ6L1_Zee.deriv.DAOD_EXOT28.e3601_s3126_r10724_p5461

Below are the list of signal samples used in the searches for this thesis for Run 2 MC Campaigns MC16a, MC16d, and MC16e.
DSID is highlighted in red.

MC16A

mcl16.13TeV.512597 MGPy8EG_A14NNPDF23_NMDS_B3.600-10-3.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl16-13TeV.512598 MGPy8EG_A14NNPDF23_NMDS_B4_Benchmark_A.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl16-13TeV.512599. MGPy8EG_A14NNPDF23_NMDS_B5_561.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl6.13TeV.512601.MGPy8EG_A14NNPDF23_SC_2BStableCas_Phi5_B1l.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl6.13TeV.512602.MGPy8EG_A14NNPDF23_SC_3BStableCas_Phi5_B1l.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl6.13TeV.512603.MGPy8EG_A14NNPDF23_SC_3BStableCas_Phi4_B2.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl6.13TeV.512604.MGPy8EG_A14NNPDF23_SC_2BUNSTABLECas_Phi6_B1l.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl6.13TeV.512606.MGPy8EG_A14NNPDF23_SC_3BodyChain_-Phil7_-B2.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl6.13TeV.510217.MGPy8EG_A14NNPDF23_SC_2BStableCascade_Phi7B10.deriv.DAOD_EXOT28.e8304.s3126_r9364_p5461
mcl6.13TeV.510218 MGPy8EG_A14NNPDF23_NMDS_650_String.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl6.13TeV.510410.MGPy8EG_A14NNPDF23_NMDS_800_50.deriv.DAOD_EXOT?28.e8304_s3126_r9364_p5461
mcl6.13TeV.510409.MGPy8EG_A14NNPDF23_NMDS_1841_String.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl6.13TeV.900505.CharybdisPyS8EG_A14NNPDF23_65NC55.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461
mcl6.13TeV.901951.CharybdisPy8EG_A14NNPDF23_6NC63.deriv.DAOD_EXOT28.e8304_s3126_r9364_p5461

MC16D

mcl6.13TeV.512597. MGPy8EG_A14NNPDF23_NMDS_B3_600-10-3.deriv.DAOD_EXOT28.e8304_s3126_r10201_p5461
mcl6.13TeV.512598 MGPy8EG_A14NNPDF23_NMDS_B4_Benchmark_A.deriv.DAOD_EXOT28.e8304_s3126_r10201_p5461
mcl6.13TeV.512599. MGPy8EG_A14NNPDF23_NMDS_B5_561.deriv.DAOD_EXOT28.e8304_s3126_r10201_p5461
mcl6.13TeV.512601.MGPy8EG_A14NNPDF23_SC_2BStableCas_Phi5_B1l.deriv.DAOD_EXOT28.e8304_s3126_r10201_p5461
mcl6.13TeV.512602.MGPy8EG_A14NNPDF23_SC_3BStableCas_Phi5_B1l.deriv.DAOD_EXOT28.e8304_s3126_r10201_p5461
mcl6.13TeV.512603.MGPy8EG_A14NNPDF23_SC_3BStableCas_Phi4_B2.deriv.DAOD_EXOT28.e8304_s3126_r10201_p5461
mcl6.13TeV.512604.MGPy8EG_A14NNPDF23_SC_2BUNSTABLECas_Phi6_B1l.deriv.DAOD_EXOT28.e8304_s3126_r10201_p5461
mcl6.13TeV.512606.MGPy8EG_A14NNPDF23_SC_3BodyChain_Phil7_B2.deriv.DAOD_EXOT28.e8304_s3126_r10201_p5461
mcl16.13TeV.510217. MGPy8EG_A14NNPDF23_SC_2BStableCascade_Phi7B10.deriv.DAOD_EXOT28.e8304_-s3126_r10201_p5461
mcl16.13TeV.510218 MGPy8EG_A14NNPDF23_NMDS_650_String.deriv.DAOD_EXOT28.e8304_-s3126_r10201_p5461
mcl16.13TeV.510410. MGPy8EG_A14NNPDF23_NMDS_800-50.deriv.DAOD_EXOT28.e8304_s3126_r10201_p5461
mcl6.13TeV.510409.MGPy8EG_A14NNPDF23_NMDS_1841_String.deriv.DAOD_EXOT28.e8304_s3126_r10201_p5461
mcl6.13TeV.900505.CharybdisPySEG_A14NNPDF23_65NC55.deriv.DAOD_EXOT28.e8304.s3126_r10201_p5461
mcl6.13TeV.901951.CharybdisPySEG_A14NNPDF23_6NC63.deriv.DAOD_EXOT28.e8304.s3126_r10201_p5461

MC16E
mcl6.13TeV.512597.MGPy8EG_A14NNPDF23_NMDS_B3_600-10_3.deriv.DAOD_EXOT28.e8304_s3126_r10724_p5461
mcl16.13TeV.512598 MGPy8EG_A14NNPDF23_NMDS_B4_Benchmark_A.deriv.DAOD_EXOT28.e8304_s3126_r10724_p5461
mcl16.13TeV.512599. MGPy8EG_A14NNPDF23_NMDS_B5_561.deriv.DAOD_EXOT28.e8304_s3126_r10724_p5461
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mcl6.13TeV.512601.MGPy8EG_A14NNPDF23_SC_2BStableCas_Phi5_B1l.deriv.DAOD_EXOT28.e8304_s3126_r10724_p5461
mcl6.13TeV.512602.MGPy8EG_A14NNPDF23_SC_3BStableCas_Phi5_B1l.deriv.DAOD_EXOT28.e8304_s3126_r10724_p5461
mcl6.13TeV.512603.MGPy8EG_A14NNPDF23_SC_3BStableCas_Phi4_B2.deriv.DAOD_EXOT28.e8304_s3126_r10724_p5461
mcl6.13TeV.512604.MGPy8EG_A14NNPDF23_SC_2BUNSTABLECas_Phi6_B1l.deriv.DAOD_EXOT28.e8304_s3126_r10724_p5461
mcl6.13TeV.512606.MGPy8EG_A14NNPDF23_SC_3BodyChain_Phil7_-B2.deriv.DAOD_EXOT28.e8304_s3126_r10724_p5461
mcl16-13TeV.510217. MGPy8EG_A14NNPDF23_SC_2BStableCascade_Phi7B10.deriv.DAOD_EXOT28.e8304_-s3126_r10724_p5461
mcl16-13TeV.510218 MGPy8EG_A14NNPDF23_NMDS_650_String.deriv.DAOD_EXOT28.e8304-s3126_r10724_p5461
mcl6.13TeV.510410.MGPy8EG_A14NNPDF23_NMDS_800.50.deriv.DAOD_EXOT28.e8304_s3126_r10724_p5461
mcl6.13TeV.510409.MGPy8EG_A14NNPDF23_NMDS_1841_String.deriv.DAOD_EXOT28.e8304_s3126_r10724_p5461
mcl6.13TeV.900505.CharybdisPySEG_A14NNPDF23_65NC55.deriv.DAOD_EXOT28.e8304.s3126_r10724_p5461
mcl6.13TeV.901951.CharybdisPySEG_A14NNPDF23_6NC63.deriv.DAOD_EXOT28.e8304_.s3126_r10724_p5461

Below are the data samples used in the searches for this thesis for all data-taking years of Run 2: 2015, 2016, 2017, and 2018

Data 15 datal5.13TeV.periodD.physics_Main.PhysCont. DAOD_EXOT28.grp15_v01_p5462
datal5_13TeV.periodE.physics_Main.PhysCont. DAOD_EXOT28.grp15_v01_p5462
datal5_13TeV.periodF.physics_Main.PhysCont. DAOD_EXOT28.grpl5_v01_p5462
datal5_13TeV.periodG.physics_Main.PhysCont. DAOD_EXOT28.grp15_v01_p5462
datal5_13TeV.periodH.physics_Main.PhysCont. DAOD_EXOT28.grp15_.v01_p5462
datal5_13TeV.periodJ.physics_Main.PhysCont. DAOD_EXOT28.grp15_v01_p5462

Data 16 datal6-13TeV.periodA.physics_-Main.PhysCont. DAOD_EXOT28.grp16-v01_p5462
datal6_13TeV.periodB.physics_Main.PhysCont. DAOD_EXOT28.grp16_v01_p5462
datal6_13TeV.periodE.physics_Main.PhysCont. DAOD_EXOT28.grp16_v01_p5462
datal6_13TeV.periodG.physics_Main.PhysCont. DAOD_EXOT28.grp16_v01_p5462
datal6_13TeV.periodK.physics_Main.PhysCont. DAOD_EXOT28.grp16_v01_p5462
datal6_13TeV.periodC.physics_Main.PhysCont. DAOD_EXOT28.grpl16_v01_p5462
datal6_-13TeV.periodD.physics_Main.PhysCont. DAOD_EXOT28.grp16_v01_p5462
datal6-13TeV.periodL.physics_-Main.PhysCont. DAOD_EXOT28.grp16_v01_p5462
datal6-13TeV.periodF.physics_Main.PhysCont. DAOD_EXOT28.grpl16_v01_p5462
datal6-13TeV.periodl.physics_-Main.PhysCont. DAOD_EXOT28.grp16_v01_p5462

Data 17 datal7-13TeV.periodB.physics_Main.PhysCont. DAOD_EXOT28.grp17_v01_p5462
datal7_13TeV.periodC.physics_Main.PhysCont. DAOD_EXOT28.grpl17_v01_p5462
datal7_13TeV.periodD.physics_Main.PhysCont. DAOD_EXOT28.grp17_v01_p5462
datal7_13TeV.periodF.physics_Main.PhysCont. DAOD_EXOT28.grpl17_v01_p5462
datal7_13TeV.periodK.physics_Main.PhysCont. DAOD_EXOT28.grp17_v01_p5462
datal7_13TeV.periodE.physics_Main.PhysCont. DAOD_EXOT28.grp17_v01_p5462
datal7-13TeV.periodH.physics_Main.PhysCont. DAOD_EXOT28.grpl17_v01_p5462
datal7-13TeV.periodl.physics_-Main.PhysCont. DAOD_EXOT28.grp17_-v01_p5462

Data 18 datal8_-13TeV.periodB.physics_Main.PhysCont. DAOD_EXOT28.grp18_v01_p5462
datal8_13TeV.periodC.physics_Main.PhysCont. DAOD_EXOT28.grp18_v01_p5462
datal8-13TeV.periodD.physics_Main.PhysCont. DAOD_EXOT28.grp18_v01_p5462
datal8-13TeV.periodF.physics_Main.PhysCont.DAOD_EXOT28.grp18_v01_p5462
datal8_-13TeV.periodl.physics_-Main.PhysCont. DAOD_EXOT28.grp18_v01_p5462
datal8-13TeV.periodK.physics_Main.PhysCont. DAOD_EXOT28.grp18_v01_p5462
datal8-13TeV.periodL.physics_-Main.PhysCont. DAOD_EXOT28.grp18_v01_p5462
datal8-13TeV.periodM.physics_-Main.PhysCont. DAOD_EXOT28.grpl18_v01_p5462
datal8-13TeV.periodO.physics_Main.PhysCont. DAOD_EXOT28.grp18_v01_p5462
datal8-13TeV.periodQ.physics_Main.PhysCont. DAOD_EXOT28.grp18_v01_p5462

329



13.4 Cross sections, filter efficiencies, and k Factors

for MC Background samples used

MC16 A Xsec Filter k Factor
DSID Efficiency

361106 1.900E4-03 1 1.026
363355 1.560E4-01 2.800E-01 1
363357 6.800E4-00 1 1
363359 2.470E+01 1 1
363360 2.470E+01 1 1
363489 1.140E+401 1 1
364702 2.433E409 9.863E-03 1
364703 2.645E+07 1.166E-02 1
364705 4.550E+03 1.453E-02 1
364706 2.580E+02 9.472E-03 1
364707 1.620E4-01 1.110E-02 1
364708 6.250E-01 1.015E-02 1
364709 1.960E-02 1.206E-02 1
364710 1.200E-03 5.893E-03 1
364711 4.226E-05 2.673E-03 1
364712 1.040E-06 4.289E-04 1
410470 7.298E4-02 5.438E-01 1
410471 7.298E4-02 4.562E-01 1
410644 2.027E4-00 1 1.017
410645 1.268E+00 1 1.017
410646 3.790E+01 1 1
410647 3.790E+01 1 0.946
410658 3.699E+01 1 1
410659 2.217E+01 1 1.185
364704 2.546E+05 1.337E-02 1
700323 2.221E+403 2.439E-02 1
700324 2.221E+403 1.300E-01 1
700325 2.221E+403 8.464E-01 1
700326 2.753E+02 2.491E-02 1
700327 2.221E+403 1.254E-01 1
700328 2.753E+02 8.504E-01 1
700329 2.221E+403 2.443E-02 1
700330 2.221E4-03 1.255E-01 1
700331 1.013E4-03 8.502E-01 1
700332 2.222E4-03 2.460E-02 1
700333 9.330E4-02 1.248E-01 1
700334 9.325E4-02 8.500E-01 1
700335 4.471E402 8.427E-02 1
700336 4.471E402 2.024E-01 1
700337 4.471E402 7.127E-01 1
700338 2.174E+404 9.376E-03 1
700339 2.174E+04 1.490E-01 1
700340 2.174E+04 8.436E-01 1
700341 2.181E+04 9.797E-03 1
700342 2.181E+04 1.460E-01 1
700343 2.181E+04 8.436E-01 1
700344 2.182E+04 9.011E-03 1
700345 7.680E+03 1.460E-01 1
700346 7.680E+03 8.475E-01 1
700347 1.413E4-04 8.678E-03 1
700348 1.413E4-04 1.434E-01 1
700349 1.413E4-04 8.475E-01 1
700439 4.900E4-02 1 1
700441 1.447E402 1 1
510218 1.100E-01 1 1
510217 5.330E-04 1 1
510409 1.330E-04 1 1
510410 2.710E-02 1 1
900505 2.420E-02 1 1
901951 5.067E-02 1 1
512597 1.640E-01 1 1
512598 7.780E-03 1 1
512599 2.150E-01 1 1
512601 1.030E-03 1 1
512602 7.750E-04 1 1
512603 8.350E-04 1 1
512604 3.070E-03 1 1
512605 5.330E-04 1 1
512606 1.200E-03 1 1
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MC16 D Xsec Filter k Factor
DSID Efficiency

361106 1.900E+-03 1 1.026
363355 1.560E+01 2.799E-01 1
363357 6.800E+4-00 1 1
363359 2.470E+01 1 1
363360 2.470E+01 1 1
363489 1.140E4-01 1 1
364702 2.433E4-09 9.863E-03 1
364703 2.645E4-07 1.166E-02 1
364705 4.550E+03 1.453E-02 1
364706 2.580E4-02 9.472E-03 1
364707 1.620E4+01 1.110E-02 1
364708 6.250E-01 1.015E-02 1
364709 1.960E-02 1.206E-02 1
364710 1.200E-03 5.893E-03 1
364711 4.226E-05 2.673E-03 1
364712 1.040E-06 4.289E-04 1
410470 7.298E+402 5.438E-01 1
410471 7.298E+02 4.562E-01 1
410644 2.027E4-00 1 1.017
410645 1.268E4-00 1 1.017
410646 3.790E+01 1 1
410647 3.790E+01 1 1
410658 3.699E4-01 1 1
410659 2.217E+01 1 1.185
364704 2.546E4-05 1.337E-02 1
700323 2221.2 2.439E-02 1
700324 2.221E4-03 1.300E-01 1
700325 2.221E403 8.464E-01 1
700326 2.753E402 2.491E-02 1
700327 2.221E403 1.254E-01 1
700328 2.753E402 8.504E-01 1
700329 2.221E+403 2.443E-02 1
700330 2.221E+403 1.255E-01 1
700331 1.013E4-03 8.502E-01 1
700332 2.222E4-03 2.460E-02 1
700333 9.330E4-02 1.248E-01 1
700334 9.325E4-02 8.500E-01 1
700335 4.471E402 8.427E-02 1
700336 4.471E402 2.024E-01 1
700337 4.471E402 7.127E-01 1
700338 2.174E4-04 9.376E-03 1
700339 2.174E4-04 1.490E-01 1
700340 2.174E4-04 8.436E-01 1
700341 2.181E4-04 9.797E-03 1
700342 2.181E+4-04 1.460E-01 1
700343 2.181E+4-04 8.436E-01 1
700344 2.182E+4-04 9.011E-03 1
700345 7.680E+403 1.460E-01 1
700346 7.680E+03 8.475E-01 1
700347 1.413E4-04 8.678E-03 1
700348 1.413E4-04 1.434E-01 1
700349 1.413E4-04 8.475E-01 1
700439 4.900E+-02 1 1
700441 1.447E402 1 1
510218 1.100E-01 1 1
510217 5.330E-04 1 1
510409 1.330E-04 1 1
510410 2.710E-02 1 1
900505 2.420E-02 1 1
901951 5.067E-02 1 1
512597 1.640E-01 1 1
512598 7.780E-03 1 1
512599 2.150E-01 1 1
512601 1.030E-03 1 1
512602 7.750E-04 1 1
512603 8.350E-04 1 1
512604 3.070E-03 1 1
512605 5.330E-04 1 1
512606 1.200E-03 1 1

Table 13.10  Cross sections, filter efficiencies, and k Factors for MC background
samples corresponding to Run 2 MC Campaign MC16d
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MC16E Xsec Filter k Factor
DSID Efficiency

361106 1.900E+-03 1 1
363355 1.560E+01 2.799E-01 1
363357 6.800E+4-00 1 1
363359 2.470E+01 1 1
363360 2.470E+01 1 1
363489 1.140E4-01 1 1
364702 2.433E4-09 9.863E-03 1
364703 2.645E4-07 1.166E-02 1
364705 4.550E+03 1.453E-02 1
364706 2.580E4-02 9.472E-03 1
364707 1.620E4+01 1.110E-02 1
364708 6.250E-01 1.015E-02 1
364709 1.960E-02 1.206E-02 1
364710 1.200E-03 5.893E-03 1
364711 4.226E-05 2.673E-03 1
364712 1.040E-06 4.289E-04 1
410470 7.298E+402 5.438E-01 1
410471 7.298E+02 4.562E-01 1
410644 2.027E4-00 1 1.017
410645 1.268E+4-00 1 1.017
410646 3.794E+01 1 0.945
410647 3.791E+01 1 0.946
410658 3.699E4-01 1 1
410659 2.217E+01 1 1.185
364704 2.546E4-05 1.337E-02 1
700323 2.221E+403 2.439E-02 1
700324 2.221E4-03 1.300E-01 1
700325 2.221E403 8.464E-01 1
700326 2.753E402 2.491E-02 1
700327 2.221E403 1.254E-01 1
700328 2.753E402 8.504E-01 1
700329 2.221E+403 2.443E-02 1
700330 2.221E+403 1.255E-01 1
700331 1.013E4-03 8.502E-01 1
700332 2.222E4-03 2.460E-02 1
700333 9.330E4-02 1.248E-01 1
700334 9.325E4-02 8.500E-01 1
700335 4.471E402 8.427E-02 1
700336 4.471E402 2.024E-01 1
700337 4.471E402 7.127E-01 1
700338 2.174E4-04 9.376E-03 1
700339 2.174E4-04 1.490E-01 1
700340 2.174E4-04 8.436E-01 1
700341 2.181E4-04 9.797E-03 1
700342 2.181E+4-04 1.460E-01 1
700343 2.181E+4-04 8.436E-01 1
700344 2.182E+4-04 9.011E-03 1
700345 7.680E+403 1.460E-01 1
700346 7.680E+03 8.475E-01 1
700347 1.413E4-04 8.678E-03 1
700348 1.413E4-04 1.434E-01 1
700349 1.413E4-04 8.475E-01 1
700439 4.900E+-02 1 1
700441 1.447E402 1 1
510218 1.100E-01 1 1
510217 5.330E-04 1 1
510409 1.330E-04 1 1
510410 2.710E-02 1 1
900505 2.420E-02 1 1
901951 5.067E-02 1 1
512597 1.640E-01 1 1
512598 7.780E-03 1 1
512599 2.150E-01 1 1
512601 1.030E-03 1 1
512602 7.750E-04 1 1
512603 8.350E-04 1 1
512604 3.070E-03 1 1
512605 5.330E-04 1 1
512606 1.200E-03 1 1

Table 13.11  Cross sections, filter efficiencies, and k Factors for MC background
samples corresponding to Run 2 MC Campaign MC16e
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13.5 Conservative Nonclosure Uncertainties

Cross-checks using most conservative nonclosure uncertainties. The use of these nonclosure
uncertainties is unnecessary as the ABCD planes were validated with the data nonclosure
uncertainty in the designated nonclosure region and validated each region of the plane, but

exist here for comparison.

Using the highest nonclosure uncertainty from data from one of the various validation
regions: 9.35%. It is worthwhile to note again that the nonclosure uncertainty used in the

analysis validated the region where there was a 9.35% nonconclosure uncertainty.

The total data events observed in the signal region is 3703 events. The expected
exlusion limit for noncommutative black hole benchmark NCBH1 when incorporating the
full statistical uncertainty from the ABCD plane, a luminosity uncertainty of 1.7%, an
experimental signal uncertainty of 0.65%, a conservative 5% signal theory uncertainty,
and a nonclosure uncertainty of 9.35% is a p value of 10.11. The cross section of the
noncommutative black hole benchmark NCBH1 is 0.022 pb, meaning that an expected
exclusion limit can be placed on a cross section of 0.22 pb. The observed exclusion limit
is 13.98, meaning that an observed exclusion limit can be placed on a cross section of 0.31

pb. These limits can be seen in Figure [13.2
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Figure 13.2  (Cross-check rerunning exclusion limits for NCBH Benchmark NCBH1
with nonclosure uncertainty of 9.35%

This result increases the expected exclusion limit by a factor of 1.54 and increases the

observed exclusion limit by a factor of 1.33.
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Using the Monte Carlo nonclosure uncertainty of 16.19%:

The total data events observed in the signal region is 3703 events. The expected
exlusion limit for noncommutative black hole benchmark NCBH1 when incorporating the
full statistical uncertainty from the ABCD plane, a luminosity uncertainty of 1.7%, an
experimental signal uncertainty of 0.65%, a conservative 5% signal theory uncertainty,
and a nonclosure uncertainty of 16.19% is a u value of 15.37. The cross section of the
noncommutative black hole benchmark NCBH1 is 0.022 pb, meaning that an expected
exclusion limit can be placed on a cross section of 0.34 pb. The observed exclusion limit
is 18.82, meaning that an observed exclusion limit can be placed on a cross section of 0.41
pb. These limits can be seen in Figure [I3.3]
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Figure 13.3  Cross-check rerunning exclusion limits for NCBH Benchmark NCBH1
with nonclosure uncertainty of 16.19%

This result increases the expected exclusion limit by a factor of 2.34 and increases the

observed exclusion limit by a factor of 1.79.

Non-minimal Dark Sectors: Using the highest nonclosure uncertainty from data in one
of the validation regions (which the 37% nonclosure uncertainty from the analysis had
validated)

The total data events observed in the signal region is 124 events. The expected exclusion
limit for NMDS Benchmark NMDS3 when incorporating the full statistical uncertainty
from the ABCD plane, a luminosity uncertainty of 1.7%, an experimental signal uncertainty
of 1.7%, a conservative theoretical signal uncertainty of 5%, and a nonclosure uncertainty
of 52% is a u value of 103.3. The cross section of the NMDS Benchmark NMDS3 is 1.33
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x10~* pb, meaning that an expected exclusion limit can be placed on a cross section
of 0.0137 pb. The observed exclusion limit is a p of 107.283, meaning that an observed

exclusion limit can be placed on a cross section of 0.0143 pb. These limits can be seen in

Figure
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Figure 13.4  Cross-check rerunning exclusion limits for NMDS Benchmark NMDS3
with nonclosure uncertainty of 52%

This result increases the expected exclusion limit by a factor of 1.280 and increases the

observed exclusion limit by a factor of 1.3.

13.6 Trigger Efficiencies for Signal Monte Carlo

All trigger efficiencies were calculated by the author using code developed by the author to
determine the fraction of events in the total Monte Carlo signal sample that pass a given

trigger.
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Scalar Cascade Benchmark SC4

mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6d
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe70_mht 0.408 HLT _xe90_mht_L1XE50 0.381
HLT_j80_xe80 0.313 HLT _xe110_mht_L1XE50 0.344
HLT_j360 0.0764 HLT_j360_a10_lcw_L1J100 0.095
HLT _ht850_L1J75 0.0302 HLT_j360_a10r_L.L1J100 0.0904
HLT _4j85 0.00927 HLT_j340 0.085
HLT_5j60 0.00697 HLT_j400_a10_lcw_L1J100 0.0778
HLT_6j45 0.0064 HLT_j400-a10r_-L1J100 0.0744
HLT_420_a210_lcw_L1J100 0.0704
HLT_j380 0.0692
HLT_420_a10r_L1J100 0.0677
HLT_ht850_L1J75 0.0302
HLT_ht1000-L1J100 0.0195
HLT_5j55 0.00937
HLT_4j85 0.00927
mcl6d 2017 Trigger mcl6a mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT xe90_pufit_L1XE50 0.378 HLT xel10_pufit_xe65_-L1XE50 0.329
HLT xel00_pufit_L1XE50 0.359 HLT xell0_pufit_xe70_-L1XE50 0.323
HLT xel00_pufit_-L1XE55 0.3535 HLT xel120_pufit_L1XES50 0.314
HLT xel10_pufit_-L1XE50 0.3373 HLT_jO_perf_ds1_L1J100 0.255
HLT xel10_pufit_-L1XE55 0.334 HLT_j460-a10r_-L.1J100 0.0586
HLT_j420-a210r_-L1J100 0.075 HLT_j460-a10r_.L1SC111 0.0593
HLT_j420-a10-lcw_subjes_-L1J100 0.0704 HLT_j460-al0_lcw_subjes_L1SC111 0.0569
HLT_j380 0.0695 HLT_j420 0.0556
HLT_j440_a10r_L1J100 0.0677 HLT_j460_al10t_lcw_jes_L1J100 0.0534
HLT_j420_al0_lcw_jes_L1J100 0.0672 HLT_j460_a10t_lcw_jes_L1SC111 0.0534
HLT_j440_a10_lcw_subjes_L1J100 0.0637 HLT_j460_a10t_lcw_jes_L1SC111 0.0534
HLT_j400 0.0635 HLT_taul60_mediumRNN _tracktwoMVA_L1TAU100 0.0462
HLT_j460_a10r_L1J100 0.0607 HLT_taul60-mediuml_tracktwoEF_L1TAU100 0.0461
HLT_j440_al10t_lcw_jes_.LL1J100 0.0596 HLT_tau200-mediumRNN _tracktwoMVA_L1TAU100 0.046
HLT_j390_a10t_lcw_jes_30smcINF_L1J100 0.0585 HLT _tau200-medium1_tracktwoEF_L1TAU100 0.0457
HLT_j460_a10_lcw_subjes_L1J100 0.0573 HLT_tau35_mediuml_tracktwoEF _xe70_-L1XE45 0.0454
HLT_j420 0.05697 HLT _tau35_-mediumRNN_tracktwoM VA _xe70_.L1XE45 0.0447
HLT _taul60-mediuml_tracktwo 0.0542 HLT_j420_a10t_lcw_jes_35smcINF_L1J100 0.0441
HLT _taul60-medium1l_tracktwo_LL1TAU100 0.0539 HLT_j420-a10t_lcw_jes_35smcINF_L1SC111 0.0441
HLT_j460-a10t_lcw_subjes_L1J100 0.0536
HLT _tau35-mediuml_tracktwo_xe70_-L1XE45 0.0536
HLT_j420-a10t_lcw_jes_40smsINF_L1J100 0.0422

Table 13.12

data-taking years: 2015, 2016, 2017, 2018

Trigger efficiencies for Scalar Cascade Benchmark SC4 for all Run 2
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Scalar Cascade Benchmark SC2

mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6d
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe70-mht 0.353 HLT xe90_-mht_L1XE50 0.306
HLT_j80_xe80 0.265 HLT xel110-mht_L1XE50 0.256
HLT_j360 0.0794 HLT_j360_a10_lcw_L1J100 0.105
HLT_ht850_-L1J75 0.0518 HLT_j360-a10r_L.1J100 0.0995
HLT_4j85 0.0225 HLT_j340 0.0884
HLT_6j45 0.0198 HLT_j400_a10_lcw_L1J100 0.0872
HLT_j400_.a10r_L.1J100 0.0822
HLT_420_.a10_lcw_L1J100 0.079
HLT_420_a10r_L1J100 0.0743
HLT_j380 0.072
HLT_ht850_L1J75 0.0518
HLT_ht1000-L1J100 0.0348
HLT_5j55 0.0248
mcl6d 2017 Trigger mcl6a mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT xe90_pufit_L1XES50 0.318 HLT _xell0_pufit_xe65_L1XE50 0.2647
HLT xel100_pufit_L1XE50 0.295 HLT _xel10_pufit_xe70_L1XE50 0.26
HLT xel00_pufit_L1XE55 0.0292 HLT xel120_pufit_L1XE50 0.2505
HLT xel10_pufit_-L1XE50 0.271 HLT_j460-.a10r_L.1J100 0.0645
HLT xel10_pufit_L1XE55 0.269 HLT_j460_a10r_L1SC111 0.0645
HLT_j420-.a210r_L.1J100 0.0811 HLT_j460-a10_lcw_subjes_L.1J100 0.0617
HLT_j420-a10_lcw_subjes_L.L1J100 0.077 HLT_j460-a10_lcw_subjes_L1SC111 0.0617
HLT_440_a10r_L1J100 0.0727 HLT_j420 0.0586
HLT_j380 0.0720 HLT_j460-a10t_lcw_jes_L.1J100 0.0585
HLT _420_al0t_lcw_jes_L1J100 0.0714 HLT_j460_al0t_lcw_jes_L1SC111 0.0584
HLT_440_al0_lcw_subjes_L1J100 0.0683 HLT_j420-al0t_lcw_jes_35smcINF_L1J100 0.0528
HLT_j390-a10t_lcw_jes_30smcINF_L1J100 0.0669 HLT_j420_-al0t_lcw_jes_35smcINF_L1SC111 0.05263
HLT_j460-a10r_-L1J100 0.0664 HLT_tau35_mediumRNN_tracktwoM VA _xe70_L1XE45 0.0515
HLT_j400 0.0652 HLT _tau35_mediumR1_tracktwoEF _xe70_L1XE45 0.0514
HLT_j440_al0t_lcw_jes_L1J100 0.0648 HLT_taul60-mediumRNN_tracktwoMVA_L1TAU100 0.049
HLT_j460_a10_lcw_subjes_L1J100 0.0622 HLT_tau200-mediumRNN _tracktwoMVA_L1TAU100 0.0493
HLT_j460_a10t_lcw_jes_.LL1J100 0.059 HLT_taul60-mediuml_tracktwoEF_L1TAU100 0.0489
HLT_j420 0.0585 HLT _tau200_medium1_tracktwoEF_L1TAU100 0.04855
HLT _tau35_-mediuml_tracktwo_xe70_L1XE45 0.0563 HLT_ht1000-L1J100 0.0355
HLT _taul60_mediuml_tracktwo 0.0548
HLT _taul60_mediuml_tracktwo_LL1TAU100 0.0545
HLT_j420-a10t_lcw_jes_40smcINF_L1J100 0.0487
HLT_ht1000-L1J100 0.0351

Table 13.13

data-taking years: 2015, 2016, 2017, 2018

Trigger efficiencies for Scalar Cascade Benchmark SC2 for all Run 2
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Scalar Cascade Benchmark SC6
mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6d
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe70-mht 0.439 HLT xe90_-mht_L1XE50 0.417
HLT_j80_xe80 0.341 HLT xel110-mht_L1XE50 0.382
HLT_j360 0.0872 HLT_j360_a10_lcw_L1J100 0.105
HLT_ht850_-L1J75 0.0294 HLT_j360-a10r_L.1J100 0.101
HLT_4j85 0.00623 HLT_j340 0.096
HLT_5j60 0.00473 HLT_j400_a10_lcw_L1J100 0.0879
HLT_j400-.a10r_-L1J100 0.0842
HLT_420_.a10_lcw_L1J100 0.0804
HLT_j380 0.0796
HLT_j420.a10r_-L1J100 0.0765
HLT_ht850_L1J75 0.0294
mcl6d 2017 Trigger mcl6a mcl6e 2018 mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT xe90_pufit_L1XE50 0.407 HLT _xel10_pufit_xe65_L1XE50 0.361
HLT xel00_pufit_L1XE50 0.389 HLT _xel10_pufit_xe70_L1XE50 0.355
HLT xel00_pufit_L1XE55 0.382 HLT xel20_pufit_L1XES50 0.345
HLT xel10_pufit_L1XE50 0.367 HLT_j460_a10r_L.1J100 0.0655
HLT xell10_pufit_L1XE55 0.364 HLT_j460_a10r_.LL1SC111 0.0654
HLT_j420_a10r_L1J100 0.0818 HLT_j460-a10_lcw_subjes_L.1J100 0.0633
HLT_j420-a10_lcw_subjes_L.L1J100 0.0783 HLT_j460-a10_lcw_subjes_L1SC111 0.0633
HLT_j380 0.0772 HLT_j420 0.0609
HLT_j440-a10r_L.1J100 0.0755 HLT_j460-a10t_lcw_jes_L.1J100 0.0595
HLT_420_al0t_lcw_jes_L1J100 0.0743 HLT_j460-a10t_lcw_jes_.L1SC111 0.0595
HLT_440_al0_lcw_subjes_L1J100 0.0721 HLT _taul60-mediumRNN_tracktwoMVA_L1TAU100 0.0518
HLT_j460-a10r_-L1J100 0.0687 HLT _tau200-mediumRNN _tracktwoMVA_L1TAU100 0.0515
HLT_j440-a10t_lcw_jes_L1J100 0.0682 HLT_taul60-mediuml_tracktwoEF_L1TAU100 0.0510
HLT_j460-a10_-lcw_subjes_-L.1J100 0.066 HLT_tau200-medium1_tracktwoEF_L1TAU100 0.0506
HLT_j420 0.0643 HLT_j420_al0t_lcw_jes_35smcINF_L1J100 0.0499
HLT_j390_a10t_lcw_jes_30smcINF_L1J100 0.0637 HLT_j420_al0t_lcw_jes_35smcINF_L1SC111 0.0497
HLT_j460_al0t_lcw_jes_L1J100 0.066 HLT _tau35_mediumR1_tracktwoEF_xe70_L1XE45 0.0453
HLT _taul60-mediuml_tracktwo 0.0605 HLT_tau35_-mediumRNN_tracktwoM VA _xe70_L1XE45 0.0443
HLT_ht1000-L1J100 0.0182

Table 13.14  Trigger efficiencies for Scalar Cascade Benchmark SC6 for all Run 2
data-taking years: 2015, 2016, 2017, 2018
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Scalar Cascade Benchmark SC5

mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6d
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe70-mht 0.197 HLT xe90_-mht_L1XE50 0.1393
HLT_j80_xe80 0.161 HLT_j360-a10_lcw_L1J100 0.0916
HLT_j360 0.611 HLT _xe110_mht_L1XE50 0.09097
HLT_ht850_-L1J75 0.05023 HLT_j360-a10r_L.1J100 0.08247
HLT_6j45 0.0243 HLT_j400.a10_lcw_L1J100 0.0711
HLT_4j85 0.0228 HLT_j340 0.0677
HLT_5j60 0.0192 HLT_j400_.a10r_L.1J100 0.0634
HLT_420_.a10_lcw_L1J100 0.0632
HLT_j400-a10r_-L1J100 0.0569
HLT_j380 0.0536
HLT_ht850_L1J75 0.0502
HLT_ht1000-L1J100 0.0331
HLT_5j55 0.0277
HLT_6j45 0.0242
mcl6d 2017 Trigger mcl6a mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT xe90_pufit_L1XES50 0.185 HLT _xel10_pufit_xe65_L1XE50 0.133
HLT xel00_pufit_-L1XE50 0.161 HLT xell0_pufit_xe70_L1XES50 0.13
HLT xel00_pufit_L1XE55 0.159 HLT xe120_pufit_L1XE50 0.0116
HLT xel10_pufit_-L1XE50 0.139 HLT_j460_a10r_L1SC111 0.0526
HLT xell0_pufit_L1XE55 0.138 HLT_j460-a10r_L.1J100 0.0520
HLT_j420-a10r_L.1J100 0.0658 HLT_j460-a10_lcw_subjes_L1SC111 0.052
HLT_j420-a10_lcw_subjes_L.1J100 0.0649 HLT_j460-a10_-lcw_subjes_L.1J100 0.042
HLT_j390-a10t_lcw_jes_30smcINF_L1J100 0.0606 HLT_j420-a10t_lcw_jes_35smcINF_L1J100 0.0478
HLT_j440-a10r_-L1J100 0.0584 HLT_j420_al0t_lcw_jes_35smcINF_L1SC111 0.0478
HLT_440_al0_lcw_subjes_L1J100 0.0576 HLT_j460_-al0t_lcw_jes_L.1J100 0.0461
HLT_j380 0.0566 HLT_j460_-al0t_lcw_jes_.L1SC111 0.0461
HLT_j460-a10r_-L1J100 0.0515 HLT_j420 0.0445
HLT_j440_al10t_lcw_jes_L.1J100 0.0513 HLT_tau35_-mediumRNN_tracktwoM VA _xe70_L1XE45 0.0361
HLT_j460_al0_lcw_subjes_L.1J100 0.512 HLT_ht1000-L1J100 0.0357
HLT_j440 0.0504 HLT_taul60-mediuml_tracktwoEF_L1TAU100 0.0344
HLT_j420_a10t_lcw_jes_40smcINF_L1J100 0.0462
HLT_j460_a10t_lcw_jes_.LL1J100 0.0457
HLT_j420 0.0444
HLT _tau35_-mediuml_tracktwo_xe70_L1XE45 0.0409
HLT _taul60-mediuml_tracktwo 0.0402
HLT _taul60-mediuml_tracktwo_L1TAU100 0.0397
HLT_ht1000-L1J100 0.0354

Table 13.15

data-taking years: 2015, 2016, 2017, 2018
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Scalar Cascade Benchmark SC1

mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6d
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe70-mht 0.340 HLT xe90_-mht_L1XE50 0.293
HLT_j80_xe80 0.254 HLT xel110-mht_L1XE50 0.241
HLT_j360 0.079 HLT_j360_a10_lcw_L1J100 0.106
HLT_ht850_-L1J75 0.050 HLT_j360-a10r_L.1J100 0.098
HLT_4j85 0.021 HLT_j340 0.088
HLT_6j45 0.020 HLT_j400_a10_lcw_L1J100 0.085
HLT_5j60 0.018 HLT_j400_.a10r_L.1J100 0.078
HLT_420_.a10_lcw_L1J100 0.077
HLT_j420.a10r_-L1J100 0.071
HLT_j380 0.071
HLT_ht850_L1J75 0.050
HLT_ht1000-L1J100 0.034
HLT_5j55 0.025
HLT_6j45 0.021
mcl6d 2017 Trigger mcl6a mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT xe90_pufit_L1XES50 0.305 HLT _xel10_pufit_xe65_L1XE50 0.252
HLT xel00_pufit_-L1XE50 0.283 HLT _xell10_pufit_xe70_L1XE50 0.247
HLT xel00_pufit_L1XE55 0.280 HLT xel120_pufit_L1XES50 0.236
HLT xel10_pufit_-L1XE50 0.260 HLT_j460-a10r_L.1J100 0.060
HLT xell0_pufit_L1XE55 0.259 HLT_j460.a10r_-LL1SC111 0.060
HLT_j420-a10r_L.1J100 0.078 HLT_j460-a10-lcw_subjes_L.1J100 0.058
HLT_j420-a10_lcw_subjes_L.1J100 0.074 HLT_j460-a10_lcw_subjes_L1SC111 0.058
HLT_420_al0t_lcw_jes_L1J100 0.070 HLT_j420 0.056
HLT_j380 0.070 HLT_j460_al0t_lcw_jes_L.1J100 0.055
HLT_j440-a10r_-L1J100 0.069 HLT_j460_al0t_lcw_jes_L1SC111 0.055
HLT_j390-a10t_lcw_jes_30smcINF_L1J100 0.067 HLT_j460-al0t_lcw_jes_L1J100 0.055
HLT_j440_a10_lcw_subjes_L1J100 0.067 HLT_j460_al0t_lcw_jes_.L1SC111 0.055
HLT_j400 0.063 HLT_j420_al10t_lcw_jes_35smcINF_L1J100 0.050
HLT_j460_.a10r_L1J100 0.062 HLT_j420_al0t_lcw_jes_35smcINF_L1SC111 0.050
HLT_j440_al0t_lcw_jes_.L.1J100 0.062 HLT _tau35_mediumR1_tracktwoEF _xe70_L1XE45 0.047
HLT_j420 0.057 HLT _tau35_mediumRNN_tracktwoMVA _xe70_L1XE45 0.047
HLT_j460_a10t_lcw_jes_.LL1J100 0.056 HLT_taul60-mediumRNN_tracktwoMVA_L1TAU100 0.045
HLT _tau35_-mediuml_tracktwo_xe70_L1XE45 0.055 HLT_tau200_mediumRNN _tracktwoMVA_L1TAU100 0.045
HLT _taul60_mediuml_tracktwo 0.054 HLT_taul60-mediuml_tracktwoEF_L1TAU100 0.044
HLT _taul60_mediuml_tracktwo_LL1TAU100 0.054 HLT _tau200-medium1_tracktwoEF_L1TAU100 0.044
HLT_j420-a10t_lcw_jes_40smcINF_L1J100 0.049 HLT_ht1000-L1J100 0.034
HLT_ht1000-L1J100 0.035 HLT_2j330_al0t_lcw_jes_35smcINF_L1J100 0.023
HLT_2j330-al0t_lcw_jes_35smcINF_L1SC111 0.023

Table 13.16

data-taking years: 2015, 2016, 2017, 2018
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Trigger efficiencies for Scalar Cascade Benchmark SC1 for all Run 2




Scalar Cascade Benchmark SC3

mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6d
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe70-mht 0.1704 HLT xe90_-mht_L1XE50 0.119
HLT_j80_xe80 0.1308 HLT xel110-mht_L1XE50 0.0768
HLT_j360 0.0462 HLT_j360_a10_lcw_L1J100 0.0678
HLT_ht850_-L1J75 0.0366 HLT_j360-a10r_L.1J100 0.061
HLT_4j85 0.0181 HLT_j340 0.0528
HLT_6j45 0.0162 HLT_j400_a10_lcw_L1J100 0.0525
HLT_j400-a10r_-L1J100 0.0478
HLT_420_a10-lcw_L1J100 0.0465
HLT_j420-a10r_-L1J100 0.0423
HLT_j380 0.0411
HLT_ht850_L1J75 0.0366
HLT_ht1000-L1J100 0.0227
HLT_5j55 0.0203
HLT_4j85 0.018
mcl6d 2017 Trigger mcl6a mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT xe90_pufit_L1XES50 0.153 HLT _xel10_pufit_xe65_L1XE50 0.109
HLT xel00_pufit_-L1XE50 0.133 HLT xell0_pufit_xe70_L1XES50 0.106
HLT xel00_pufit_-L1XE55 0.131 HLT xel120_pufit_L1XES50 0.0950
HLT xel10_pufit_-L1XE50 0.113 HLT_j460-a10r_L.1J100 0.0372
HLT xell0_pufit_L1XE55 0.112 HLT_j460.a10r_-LL1SC111 0.0372
HLT_j420-a10r_L.1J100 0.0471 HLT_j460-a10-lcw_subjes_L.1J100 0.0354
HLT_j420-a10_lcw_subjes_L.1J100 0.0448 HLT_j460-a10_lcw_subjes_L1SC111 0.0354
HLT_j390-a10t_lcw_jes_30smcINF_L1J100 0.0422 HLT_j420 0.0331
HLT_j440-a10r_-L1J100 0.04187 HLT_j460_al0t_lcw_jes_L.1J100 0.0328
HLT_j380 0.04183 HLT_j460_al0t_lcw_jes_L1SC111 0.0328
HLT _420_al0t_lcw_jes_L1J100 0.04157 HLT_j420-al10t_lcw_jes_35smcINF_L1J100 0.0328
HLT_j440_a10_lcw_subjes_L1J100 0.0402 HLT_j420_al0t_lcw_jes_35smcINF_L1SC111 0.0328
HLT_j460_a10r_L1J100 0.0375 HLT_tau35_-mediumR1_tracktwoEF _xe70_L1XE45 0.027
HLT_j400 0.0369 HLT_tau35_-mediumRNN_tracktwoM VA _xe70_L1XE45 0.027
HLT_j440-a10t_lcw_jes_L1J100 0.0368 HLT_taul60-mediumRNN_tracktwoMVA_L1TAU100 0.0263
HLT_j460_a10t_lcw_subjes_LL1J100 0.0362 HLT_tau200-mediumRNN _tracktwoMVA_L1TAU100 0.0263
HLT_j420 0.0327 HLT _taul60_mediuml_tracktwoEF_L1TAU100 0.0256
HLT_j460_a10t_lcw_jes_.LL1J100 0.0327 HLT_tau200-mediuml_tracktwoEF_L1TAU100 0.0254
HLT_j420.a10t_lcw_jes_40smcINF_L1J100 0.0315 HLT_ht1000-L1J100 0.0252
HLT _tau35_mediuml_tracktwo_xe70_-L1XE45 0.0311 HLT_2j330-a10t_lcw_jes_35smcINF_L1J100 0.0223
HLT _taul60-mediuml_tracktwo 0.03047 HLT_2j330-al10t_lcw_jes_35smcINF_L1SC111 0.0223
HLT _taul60-mediuml_tracktwo_LL1TAU100 0.0302
HLT_ht1000-L1J100 0.0251
HLT_2j330-a10t_lcw_jes_30smcINF_L1J100 0.0243

Table 13.17

data-taking years: 2015, 2016, 2017, 2018
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Trigger efficiencies for Scalar Cascade Benchmark SC38 for all Run 2




NCBH1

mcl6a 2015 Trigger mcl6a 2015 Trigger Efficiency

0.938 HLT _xe70_-mht

0.912 HLT_j80-xe80

0.828 HLT_j30-xel10-razorl70

0.496 HLT_j360

0.339 HLT_ht850-L1J75

0.281 HLT _g200_etcut

0.141 HLT_j225_bloose

0.129 HLT_mu6_-2j40_0eta490_invm400_L1MU6_J30.0ETA49_2J20.0ETA49
0.121 HLT_4j85

0.101 HLT_3j175

0.0875 HLT_gl120_loose

0.0855 HLT_g40_tight_xe40noL1

0.0735 HLT_5j60

0.0693 HLT_mu4_j40_dr05-3j40_L.14J20

0.0651 HLT_mu40

0.063 HLT_tau35_mediuml_tracktwo_xe70_-L1XE45
0.0579 HLT_j70-bmedium_3j70.L.13J25.0ETA23
0.0527 HLT_e24_lhmedium_L1EM20VH

0.0465 HLT_mu20_iloose_.L1IMU15

0.0452 HLT_6j45

0.0445 HLT_e60-lhloose_xe60noL1

0.0408 HLT _tau80_mediuml_tracktwo

0.0402 HLT_mu60_0etalO5_msonly

0.0398 HLT _e60_lhmedium

0.0391 HLT_tau80_mediuml_tracktwo_.L1TAUG60
mcl6a 2016 Trigger mcl6a 2016 Trigger Efficiency

0.930 HLT _xe90_-mht_L1XE50

0.917 HLT _xel10_mht_L1XE50

0.828 HLT_j30_xel0_razor170

0.819 HLT_j30_xel0_razor185

0.632 HLT_j360-a10_lcw_L1J100

0.621 HLT_j360-a10r_-L.1J100

0.565 HLT_j400-a10_lcw_L1J100

0.557 HLT_j400-a10r_L1J100

0.534 HLT_j420_a10_lcw_L1J100

0.533 HLT_j340

0.527 HLT_j420_a10r_L1J100

0.462 HLT_j380

0.339 HLT_ht850_L1J75

0.236 HLT_j80-bmv2c2060_split_xe60_-L12J50_XE40
0.234 HLT_ht1000-L1J100

0.166 HLT_j360_bmv2c2085_split

0.137 HLT_j55_bmv2c2060_split_ht500_L14J15
0.133 HLT_j300_-bmv2c2077_split

0.127 HLT_g60_-loose_xe60noL1

0.122 HLT_e300-etcut

0.121 HLT_g300_etcut

0.121 HLT_4j85

0.118 HLT_g70-loose_xe70noL1

0.117 HLT_j275_bmv2c2070_split

0.113 HLT_j225_bmv2c2060_split

Table 13.18  Trigger efficiencies for noncommutative black hole benchmark NCBH1
for Run 2 data-taking years: 2015, 2016
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NCBH1

mcl6d 2017 Trigger mcl6d 2017 Trigger Efficiency

0.927 HLT xe90_pufit_L1XE50

0.920 HLT xel00_pufit_-L1XE50

0.918 HLT xel00_pufit_-L1XE55

0.912 HLT xel10_pufit_-L1XE50

0.911 HLT xel1l0_pufit_-L1XE55

0.793 HLT_j30_xe60_razor220

0.554 HLT_j420-.a10r_-L1J100

0.537 HLT_j420-a10_lcw_subjes_L1J100

0.521 HLT_j440_a10r_L1J100

0.506 HLT_j440_a10_lcw_subjes_L1J100

0.503 HLT_j420-a10t_lcw_jes_-L1J100

0.492 HLT_j460_a10r_L1J100

0.479 HLT_j225_gsc380_boffperf_split

0.476 HLT_j460-al0_lcw_subjes_L.L1J100

0.472 HLT_j440-a10t_lcw_jes_L.1J100

0.469 HLT_j390-a10t_lcw_jes_30smcINF_L1J100

0.462 HLT_j380

0.443 HLT_j225_gsc400_boffperf_split

0.442 HLT_j460-a10t_lcw_jes_L.1J100

0.425 HLT_j400

0.408 HLT_j225_gsc420_boffperf_split

0.400 HLT_j420_a10t_lcw_jes_40smcINF_L1J100

0.393 HLT_j420

0.384 HLT _tau35_mediuml_tracktwo_xe70_L1XE45

0.376 HLT _taul60-mediuml_tracktwo

0.375 HLT _taul60-mediuml_tracktwo_L1TAU100

mcl6d 2018 Trigger mcl6a 2018 Trigger Efficiency

0.914 HLT xell0_pufit_xe65_L1XE50

0.913 HLT xel10_pufit_xe70_-L1XE50

0.905 HLT xel120_pufit_-L1XE50

0.890 HLT_jO_perf_ds1_L1J100

0.491 HLT_j460-a10r_.L1SC111

0.491 HLT_j460-a10r_-L1J100

0.473 HLT_j460_a10_lcw_subjes_L1J100

0.473 HLT_j460-al10_lcw_subjes_L1SC111

0.443 HLT_j460_al10t_lcw_jes_.L1SC111

0.443 HLT_j460-al10t_lcw_jes_L1J100

0.417 HLT_j420_a10t_lcw_jes_35smcINF_L1SC111

0.416 HLT_j420_a10t_lcw_jes_35smcINF_L1J100

0.412 HLT_j225_gsc420_boffperf_split

0.397 HLT_j420

0.358 HLT _tau35_-mediumRNN_tracktwoMVA xe70_L1XE45
0.355 HLT _tau35-mediuml_tracktwoEF xe70_L1XE45
0.341 HLT _taul60-mediumRNN_tracktwoMVA_L1TAU100
0.339 HLT _taul60-mediuml_tracktwoEF_L1TAU100

0.337 HLT _tau200-mediumRNN_tracktwoMVA_L1TAU100
0.335 HLT _tau200-medium1_tracktwoEF_L1TAU100

0.237 HLT_ht1000-L1J100

0.209 HLT_-mu4_j90_xe90_pufit-2dphil0_-L1MU4_XE60
0.186 HLT_mu4_j90_xe90_pufit_-2dphil0_-L1MU4_J50_XE50_DPHI-J20s2XE30
0.171 HLT_j85_gsc100_-bmv2c1050_split_xe85_pufit_xe50_L1XE55
0.140 HLT_j225_gsc360_-bhmv2c1077_split

0.124 HLT_j45_gsc55_-bmv2c¢1050_split_ht700_.L1HT190-J15s5.ETA21

Table 13.19  Trigger efficiencies for noncommutative black hole benchmark NCBH1
for Run 2 data-taking years: 2017, 2018
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NCBH4
mcl6a 2015 Trigger mcl6a 2015 Trigger Efficiency

0.818 HLT _xe70_-mht

0.746 HLT_j80-xe80

0.626 HLT_j30-xel10-razorl70

0.288 HLT_j360

0.176 HLT_g200_etcut

0.170 HLT_ht850_L1J75

0.110 HLT _g40_tight_xe40noL1

0.0817 HLT _g120_loose

0.0791 HLT_mu6-2j40_0eta490_invm400_L1MU6_J30.0ETA49_2J20.0ETA49
0.0786 HLT _tau35_mediuml_tracktwo_xe70_L1XE45
0.0674 HLT_e24_lhmedium_L1EM20VH

0.0672 HLT_j225_bloose

0.0658 HLT_mu40

0.0624 HLT_mu20.iloose_.L1MU15

0.0618 HLT_4j85

0.0567 HLT_tau80_-medium1l_tracktwo

0.054 HLT_tau80-medium1l_tracktwo_L1TAU60
0.053 HLT_e60-lhloose_xe60noL1

0.0502 HLT_e60-lhmedium

0.0467 HLT_5j60

0.0426 HLT_-mu60-Oetal05_-msonly

0.0421 HLT_mu4_j40_dr05_3j40_L14J20

0.0405 HLT_3j175

0.0373 HLT _e120_lhloose

0.032 HLT_6j45

mcl6a 2016 Trigger mcl6a 2016 Trigger Efficiency

0.801 HLT _xe90_-mht_L1XE50

0.772 HLT _xel110.mht_L1XE50

0.626 HLT_j30_xel0_razor170

0.612 HLT_j30-xel0_razor185

0.365 HLT_j360-a10_lcw_L1J100

0.361 HLT_j360-a10r_-L1J100

0.318 HLT_j400_a10_lcw_L1J100

0.314 HLT_j400-a10r_L1J100

0.312 HLT_j340

0.297 HLT_j420_a10_1lcw_L1J100

0.293 HLT_j420_a10r_L1J100

0.266 HLT_j380

0.170 HLT_ht850_L1J75

0.125 HLT_g60_-loose_xe60noL1

0.115 HLT_ht1000-L1J100

0.114 HLT_g70_-loose_xe70noL1

0.113 HLT_j80-bmv2c2060_split_xe60_-L12J50_XE40
0.103 HLT_g45_tight L1EM22VHI_xe45noL1
0.0824 HLT_e300-etcut

0.0823 HLT_g300_etcut

0.0819 HLT_j360-bmv2c2085_split

0.0786 HLT _tau35_-mediuml_tracktwo_xe70_-L1XE45
0.0724 HLT_j55_bmv2c2060_split_ht500_L14J15
0.070 HLT _gl140_loose

0.066 HLT_mu40

Table 13.20 Trigger efficiencies for noncommutative black hole benchmark NCBH),
for all Run 2 data-taking years: 2015, 2016
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NCBH4
mcl6d 2017 Trigger mcl6d 2017 Trigger Efficiency

0.797 HLT _xe90_pufit_L1XE50

0.780 HLT _xel100_pufit_L1XE50

0.774 HLT _xel100-pufit_L1XE55

0.760 HLT _xel10-pufit_L1XE50

0.755 HLT _xel10-pufit_L1XE55

0.577 HLT_j30_xe60_razor220

0.310 HLT_j420-a10r_L1J100

0.300 HLT_j420_a10r_L1J100

0.291 HLT_j440_a10r_L1J100

0.281 HLT_j440_a10_lcw_subjes_L1J100

0.280 HLT_j440_a10_lcw_subjes_L.1J100

0.276 HLT_j225_gsc380_boffperf_split

0.272 HLT_j460_a10r_-L1J100

0.268 HLT_j380

0.261 HLT_j460_a10_lcw_subjes_1.1J100

0.260 HLT_j440-a10t_lcw_jes_L.1J100

0.256 HLT_j225_gsc400-boffperf_split

0.253 HLT _tau35_-mediuml_tracktwo_xe70_L1XE45
0.252 HLT _tau35_-mediuml_tracktwo_xe70_L1XE45
0.248 HLT_j400

0.241 HLT_j460_-al0t_lcw_jes_L.1J100

0.238 HLT_j225_gsc420_boffperf_split

0.233 HLT_taul60_-mediuml_tracktwo

0.232 HLT_taul60_mediuml_tracktwo_L1TAU100
0.230 HLT_j420

0.204 HLT_j420_al0t_lcw_jes_.40smcINF_L1J100
0.160 HLT_j420_a10t_lcw_jes_40smcINF_L1J100
0.138 HLT_j420_a10t_lcw_jes_40smcINF_L1J100
0.117 HLT_j420_a10t_lcw_jes_40smcINF_L1J100
0.180 HLT_j420_a10t_lcw_jes_40smcINF_L1J100

mcl6e 2018 Trigger mcl6e 2018 Trigger Efficiency

0.746 HLT _xel10-pufit_xe65_L1XE50

0.740 HLT _xel10_pufit_xe70_L1XE50

0.723 HLT _xel120_pufit_L1XE50

0.643 HLT_jO_perf_ds1_L1J100

0.273 HLT_j460_al0r_L1SC111

0.273 HLT_j460_a10r_L.1J100

0.260 HLT_j460_a10_lcw_subjes_L1SC111

0.260 HLT_j460_al0_lcw_subjes_L.1J100

0.2417 HLT_j460_al0t_lcw_jes_.L1SC111

0.242 HLT_j460-a10t_lcw_jes_L1J100

0.238 HLT_tau35_-mediumRNN_tracktwoM VA _xe70_-L1XE45
0.235 HLT_tau35_mediuml_tracktwoEF _xe70_L1XE45

0.235 HLT_j225_gsc420-boffperf_split

0.226 HLT_j420

0.216 HLT_j420_al0t_lcw_jes_35smcINF_L1SC111

0.216 HLT_j420-al10t_lcw_jes_35smcINF_L1J100

0.209 HLT-taul60-mediumRNN_tracktwoMVA_L1TAU100
0.208 HLT_taul60_-mediuml_tracktwoEF_L1TAU100

0.205 HLT_tau200_-mediumRNN_tracktwoMVA_L1TAU100
0.203 HLT_tau200-medium1_tracktwoEF_L1TAU100

0.154 HLT_mu4_j90_xe90_pufit_2dphil0_-L1MU4_XE60

0.135 HLT_mu4_j90_xe90_pufit_2dphil0_-L1MU4_J50_XE50_DPHI-J20s2XE30
0.118 HLT_ht1000-L1J100

0.0983 HLT _g80_loose_xe80noL1

0.0909 HLT _e5_lhloose_nod0_j40_xe70_pufit_2dphil0_-L1XE60
0.0861 HLT_j85_gsc100_-bmv2c1050_split_xe85_pufit_xe50_L1XE55
0.0815 HLT_e300_etcut

0.0812 HLT_g300_etcut

0.0806 HLT _e5_lhloose_-nod0-j50-xe70_pufit-2dphil0-L1J40_-XE50_DPHI-J20s2XE50
0.0744 HLT_j225_gsc360_bhmv2c1077_split

Table 13.21  Trigger efficiencies for noncommutative black hole benchmark NCBH/
for all Run 2 data-taking years: 2017, 2018
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NMDsS1
mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6a
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe70-mht 0.736 HLT xe90_-mht_L1XE50 0.696
HLT_j80_xe80 0.574 HLT xel110-mht_L1XE50 0.633
HLT_j360 0.085 HLT_j360_a10_lcw_L1J100 0.125
HLT_ht850_-L1J75 0.063 HLT_j360-a10r_L.1J100 0.120
HLT_4j85 0.066 HLT_j340 0.097
HLT_5j60 0.053 HLT_j400_a10_lcw_L1J100 0.096
HLT_6j45 0.052 HLT_j400_.a10r_L.1J100 0.093
HLT_j420.210_lcw_L1J100 0.086
HLT_j420_a10r_L.1J100 0.083
HLT_j380 0.075
HLT_5j55 0.074
HLT_850_L1J75 0.063
HLT_4j85 0.055
HLT_6j45 0.052
HLT_6j45_0eta240 0.041
HLT_ht1000-L1J100 0.036
mcl6d 2017 Trigger mcl6d mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT xe90_pufit_L1XE50 0.676 HLT xell0_pufit_xe65_L1XE50 0.596
HLT xel00_pufit_L1XES50 0.641 HLT xell0_pufit_xe70_.L1XE50 0.587
HLT xel00_pufit_L1XE55 0.630 HLT xel120_pufit_L1XES50 0.563
HLT xell0_pufit_L1XES50 0.604 HLT _tau35_mediuml_tracktwo_xe70_-L1XE45 0.085
HLT xell0_pufit_-L1XE55 0.596 HLT tau35_-mediumRNN_tracktwoMVA _xe70_-L1XE45 0.083
HLT_j420-a10r_-L1J100 0.094 HLT_j460-a210r_-L1J100 0.712
HLT _tau35-mediuml_tracktwo_xe70-L1XE45 0.090 HLT_j460-a10r_-L1SC111 0.072
HLT_j420-a10-lcw_subjes_L.1J100 0.087 HLT_j460-al0_lcw_subjes_L1J100 0.068
HLT_j440-a10r-L1J100 0.080 HLT_j460-al0_lcw_subjes_L1SC111 0.068
HLT_j420_a10t_lcw_subjes_L1J100 0.081 HLT_j460_al0t_lcw_jes_L1J100 0.063
HLT_j390.a10t_lcw_jes_30smcINF_L1J100 0.080 HLT_j460_a10t_lcw_jes_L1SC111 0.063
HLT_j380 0.078 HLT_j420_al10t_lcw_jes_35smcINF_L1J100 0.062
HLT_j440_al0t_lcw_jes_.L.1J100 0.078 HLT_j420_a10t_lcw_jes_35smcINF_L1SC111 0.062
HLT_j460-.a10r_L1J100 0.074 HLT_j420 0.060
HLT_j440_a10_lcw_subjes_L1J100 0.072 HLT_taul60-mediumRNN_tracktwoMVA_L1TAU100 0.050
HLT_j460_a10_lcw_subjes_L1J100 0.070 HLT_tau200-mediumRNN _tracktwoMVA_L1TAU100 0.049
HLT_j420 0.062 HLT_taul60-mediuml_tracktwoEF_L1TAU100 0.048
HLT_j420_a10t_lcw_jes_40smcINF_L1J100 0.060 HLT_tau200-mediuml_tracktwoEF_L1TAU100 0.048
HLT _taul60-mediuml_tracktwo 0.059 HLT_ht1000-L1J100 0.040
HLT _taul60-mediuml_tracktwo_LL1TAU100 0.059
HLT _6j45_0eta240 0.048
HLT_6j45_0eta240_L14J20 0.041

Table 13.22  Trigger efficiencies for NMDS benchmark NMDS1 for all Run 2 data-
taking years: 2015, 2016, 2017, 2018
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NMDS2
mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6d
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe70-mht 0.897 HLT xe90_-mht_L1XE50 0.873
HLT_j80_xe80 0.083 HLT xel110-mht_L1XE50 0.836
HLT_j360 0.021 HLT_j360_a10_lcw_L1J100 0.342
HLT_ht850_-L1J75 0.200 HLT_j360-a10r_L.1J100 0.336
HLT_4j85 0.190 HLT_j400_a10_lcw_L1J100 0.265
HLT_5j60 0.194 HLT_j400_a10r_L.1J100 0.257
HLT_6j45 0.154 HLT_j340 0.242
HLT_j420.210_lcw_L1J100 0.231
HLT_j420.a10r_-L1J100 0.226
HLT_5j55 0.223
HLT_ht850_L1J75 0.200
HLT_4j85 0.190
HLT_j380 0.179
HLT_6j45 0.154
HLT_ht1000-L1J100 0.118
mcl6d 2017 Trigger mcl6d mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT xe90_pufit_L1XES50 0.087 HLT _xell10_pufit_xe65_L1XE50 0.821
HLT xel00_pufit_L1XES50 0.085 HLT xell0_pufit_xe70_.L1XE50 0.817
HLT xel00_pufit_-L1XE55 0.084 HLT xe120_pufit_L1XE50 0.801
HLT xel10_pufit_L1XES50 0.824 HLT_j460-a10r_L.1J100 0.192
HLT xell0_pufit_L1XE55 0.821 HLT_j460-a10r_-LL1SC111 0.192
HLT_j420-a10r_-L1J100 0.245 HLT_j460-a10_-lcw_subjes_L.1J100 0.175
HLT_j420-a10_lcw_subjes_L.1J100 0.225 HLT_j460-a10-lcw_subjes_L1SC111 0.175
HLT_j440-a10r_-L1J100 0.217 HLT_j420_al0t_lcw_jes_35smcINF_L1J100 0.170
HLT_j390-a10t_lcw_jes_30smcINF_L1J100 0.216 HLT_j420_al0t_lcw_jes_35smcINF_L1SC111 0.170
HLT_j420-a10t_lcw_jes_-L1J100 0.201 HLT_j460-al0t_lcw_jes_L1J100 0.156
HLT_j440_a10_lcw_subjes_L1J100 0.198 HLT_j460_al0t_lcw_jes_.L1SC111 0.156
HLT_j460_a10r_L1J100 0.189 HLT_tau35_mediuml_tracktwo_xe70_L1XE45 0.141
HLT_j380 0.178 HLT_tau35_-mediumRNN_tracktwoM VA _xe70_L1XE45 0.140
HLT_j440-a10t_lcw_jes_L1J100 0.175 HLT_j420 0.133
HLT_j460-a10_lcw_subjes_L1J100 0.171 HLT_ht1000-L1J100 0.123
HLT_j420_a10t_lcq-jes_-40smcINF_L1J100 0.162 HLT_taul60-mediumRNN_tracktwoMVA_L1TAU100 0.106
HLT _tau35_-mediuml_tracktwo_xe70_L1XE45 0.157 HLT_tau200_mediumRNN _tracktwoMVA_L1TAU100 0.104
HLT _taul60_mediuml_tracktwo 0.123 HLT_taul60-mediuml_tracktwoEF_L1TAU100 0.102
HLT _tau200-medium1_tracktwoEF_L1TAU100 0.100

Table 13.23  Trigger efficiencies for NMDS benchmark NMDS2 for all Run 2 data-
taking years: 2015, 2016, 2017, 2018
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NMDS5
mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6d
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe70-mht 0.595 HLT xe90_-mht_L1XE50 0.557
HLT_j80_xe80 0.421 HLT xel110-mht_L1XE50 0.498
HLT_j360 0.066 HLT_j360_a10_lcw_L1J100 0.090
HLT_ht850_-L1J75 0.034 HLT_j360-a10r_L.1J100 0.086
HLT_4j85 0.023 HLT_j340 0.074
HLT_5j60 0.021 HLT_j400_a10_lcw_L1J100 0.072
HLT_6j45 0.017 HLT_j400_.a10r_L.1J100 0.068
HLT_j420.210_lcw_L1J100 0.065
HLT_j420_a10r_L.1J100 0.606
HLT_j380 0.058
HLT_ht850_L1J75 0.034
HLT_5j55 0.029
HLT_4j85 0.023
HLT_ht1000-L1J100 0.019
HLT _tau35_mediuml_tracktwo_xe70_-L1XE45 0.017
HLT_6j45 0.017
mcl6d 2017 Trigger mcl6d mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT xe90_pufit_L1XE50 0.538 HLT xell0_pufit_xe65_L1XE50 0.458
HLT xel100_pufit_-L1XE50 0.504 HLT xel110_pufit_xe70_-L1XE50 0.449
HLT xel00_pufit_L1XE55 0.493 HLT xel120_pufit_L1XES50 0.043
HLT xell0_pufit_L1XES50 0.463 HLT _tau35_mediuml_tracktwo_xe70_-L1XE45 0.062
HLT xell0_pufit_-L1XE55 0.457 HLT tau35_-mediumRNN_tracktwoMVA _xe70_-L1XE45 0.060
HLT_j420-a10r_-L1J100 0.070 HLT_j460-a10r_-L1SC111 0.057
HLT_j420-a10_lcw_subjes_L.1J100 0.067 HLT_j460-a10r_-L.1J100 0.057
HLT _tau35-mediuml_tracktwo_xe70-L1XE45 0.065 HLT_j460-al10_lcw_subjes_-L.1J100 0.054
HLT_j440-a10r-L1J100 0.063 HLT_j460-al0_lcw_subjes_L1SC111 0.054
HLT_j420_a10t_lcw_jes_L1J100 0.063 HLT_j460_al0t_lcw_subjes_L1J100 0.050
HLT_j380 0.062 HLT_j460_al10t_lcw_subjes_L1SC111 0.050
HLT_j440_al0_lcw_subjes_L1J100 0.602 HLT_j420 0.049
HLT_j390_a10t_lcw_subjes_L.L1J100 0.059 HLT_j420_a10t_lcw_jes_35smcINF_L1J100 0.046
HLT_j460_a10r_L1J100 0.057 HLT_j420_al10t_lcw_jes_35smcINF_L1SC111 0.046
HLT_j420 0.051 HLT_taul60-mediumRNN_tracktwoMVA_L1TAU100 0.041
HLT_j460_a10t_lcw_jes_L1j100 0.054 HLT_taul60-mediuml_tracktwoEF_L1TAU100 0.041
HLT _taul60_mediuml_tracktwo 0.047 HLT_tau200-mediumRNN _tracktwoMVA_L1TAU100 0.041
HLT _taul60_mediuml_tracktwo_LL1TAU100 0.047 HLT _tau200-medium1_tracktwoEF_L1TAU100 0.040
HLT_j420_a10t_lcw_jes_40smcINF_L1J100 0.042 HLT_ht1000-L1J100 0.022

Table 13.24  Trigger efficiencies for non-minimal dark sector benchmark NMDS5
for all Run 2 data-taking years: 2015, 2016, 2017, 2018

348




NMDS4
mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6a
2015 2016
Trigger Trigger
Eff. Eff.
HLT _xe70-mht 0.094 HLT xe90-mht_L1XE50 0.922
HLT_j80-xe80 0.903 HLT xel110-mht_L1XE50 0.090
HLT_ht850_L1J75 0.507 HLT_j360-a10_lcw_L1J100 0.616
HLT_4j85 0.424 HLT_j360-a10r_-L.1J100 0.608
HLT_j360 0.420 HLT_j400_210_lcw_L1J100 0.519
HLT_5j60 0.404 HLT_j400_a10r_L1J100 0.514
HLT_6j45 0.359 HLT_ht850_L1J75 0.507
HLT_3j175 0.200 HLT_j420_210_lcw_L1J100 0.473
HLT _tau35_mediuml_tracktwo_xe70_-L1XE45 0.050 HLT_j340 0.468
HLT_5j55 0.463
HLT_4j85 0.424
HLT_j380 0.374
HLT_6j45 0.359
HLT_h1000-L1J100 0.342
mcl6d 2017 Trigger mcl6d mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT _xe90_pufit_L1XE50 0.919 HLT _xel10_pufit_xe65_L1XE50 0.888
HLT _xel00_pufit_L1XE50 0.906 HLT _xell0_pufit_xe70_L1XE50 0.884
HLT _xel00_pufit_L1XE55 0.904 HLT _xel120_pufit_L1XE50 0.876
HLT _xel10_pufit_-L1XE50 0.892 HLT_j460_a10r_L1SC111 0.414
HLT _xell0_pufit_L1XE55 0.891 HLT_j460-a10r_L.1J100 0.414
HLT_j420-a10r_-L1J100 0.505 HLT_j460-a10_lcw_subjes_L.1J100 0.390
HLT_j420_al10_lcw_subjes_L1J100 0.476 HLT_j460-a10_lcw_subjes_L1SC111 0.390
HLT_j440-a10r_L.1J100 0.463 HLT_j420-a10t_lcw_jes_35smcINF_L1J100| 0.382
HLT_j390-a10t_lcw_jes_-30smcINF_L1J100 0.454 HLT_j460-a10t_lcw_jes_L.1J100 0.358
HLT_j420-al10t_lcw_jes_-L1J100 0.442 HLT_j460-a10t_lcw_jes_.L1SC111 0.358
HLT_j460-a10r_-L1J100 0.420 HLT_ht1000-L1J100 0.351
HLT_j440_al0t_lcw_jes_-L1J100 0.400 HLT_j420 0.291
HLT_460_al0_lcw_subjes_LL1J100 0.394
HLT_j380 0.374
HLT_j460_al0t_lcw_jes_.LL1J100 0.394
HLT _taul60-mediuml_tracktwo 0.271

Table 13.25  Trigger efficiencies for non-minimal dark sector benchmark NMDS/
for all Run 2 data-taking years: 2015, 2016, 2017, 2018
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NMDS6
mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6d
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe70-mht 0.476 HLT xe90_-mht_L1XE50 0.447
HLT_j80_xe80 0.337 HLT xel110-mht_L1XE50 0.403
HLT_j360 0.058 HLT_j360_a10_lcw_L1J100 0.077
HLT_ht850_-L1J75 0.022 HLT_j360-a10r_L.1J100 0.011
HLT _tau35_mediuml_tracktwo_xe70_L1XE45 0.011 HLT_j400.a10_lcw_L1J100 0.062
HLT_4j85 0.011 HLT_j400_a10r_L.1J100 0.057
HLT_5j60 0.010 HLT_j420.a210_lcw_L1J100 0.056
HLT_6j45 0.008 HLT_j420_.a10r_-L1J100 0.052
HLT_j380 0.051
HLT_jt850_L1J75 0.023
mcl6d 2017 Trigger mcl6d mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT xe90_pufit_L1XE50 0.428 HLT _xel10_pufit_xe65_L1XE50 0.366
HLT _xel100_pufit_L1XE50 0.401 HLT _xel10_pufit_xe70_-L1XE50 0.358
HLT xel00_pufit_L1XE55 0.391 HLT xel120_pufit_L1XES50 0.342
HLT xel10_pufit_L1XE50 0.370 HLT _tau35_-mediuml_tracktwo_xe70_L1XE45 0.044
HLT xel10_pufit_L1XE55 0.364
HLT_j420_a10r_L1J100 0.055 HLT_j460-.a10r_-L1J100 0.044
HLT_j420-a10_lcw_subjes_L.L1J100 0.053 HLT_j460.a10r_.LL1SC111 0.044
HLT_j380 0.049 HLT _tau35_-mediumRNN_tracktwoM VA _xe70_.L1XE45 0.043
HLT_j440-a10r_L.1J100 0.049 HLT_j460-a10t_lcw_subjes_L1J100 0.042
HLT_j420-a10_lcw_subjes_L.L1J100 0.049 HLT_j460-a10t_lcw_subjes_L1SC111 0.042
HLT _tau35_-mediuml_tracktwo_xe70_-L1XE45 0.047 HLT_j420 0.039
HLT_j440-a10_lcw_subjes_L.1J100 0.046 HLT_j460-a10t_lcw_jes_L.1J100 0.039
HLT_j390-a10t_lcw_jes_30smcINF_L1J100 0.045 HLT_j460_al0t_lcw_jes_L1SC111 0.039
HLT_j400 0.044 HLT_j420-al0t_lcw_jes_35smcINF_L1J100 0.035
HLT_j460-a10r-L1J100 0.043 HLT_j420_-al0t_lcw_jes_35smcINF_L1SC111 0.035
HLT_j440_a10_lcw_subjes_L1J100 0.043 HLT_taul60_-mediumRNN_tracktwoMVA_L1TAU100 0.033
HLT _460_al10_lcw_subjes_L.1J100 0.041 HLT_taul60_-mediumRNN_tracktwoEF_L1TAU100 0.032
HLT_j420 0.038 HLT_tau200-mediumRNN _tracktwoMVA_L1TAU100 0.032
HLT _taul60-mediuml_tracktwo 0.037 HLT_tau200-mediuml_tracktwoEF_L1TAU100 0.032

Table 13.26  Trigger efficiencies for non-minimal dark sector benchmark NMDS6
for all Run 2 data-taking years: 2015, 2016, 2017, 2018
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NMDS3
mcl6a 2015 Trigger mcl6a mcl6a 2016 Trigger mcl6d
2015 2016
Trigger Trigger
Eff. Eff.
HLT xe90-mht_L1XE50 0.974 HLT xe90-mht_L1XE50 0.974
HLT_j360-a10_lcw_L1J100 0.970 HLT_j360-a10_lcw_L1J100 0.969
HLT_j360-a10r_L.1J100 0.968 HLT_j360-a10r_-L1J100 0.968
HLT _xel110_mht_L1XE50 0.966 HLT xel110_mht_L1XE50 0.967
HLT_ht850_L1J75 0.960 HLT_ht850_L1J75 0.960
HLT_j400_210_lcw_L1J100 0.951 HLT_j400_.a10_lcw_L1J100 0.951
HLT_j400-.a10r_L.1J100 0.949 HLT_j400-.a10r_L1J100 0.949
HLT_j30_xel0_razorl70 0.948 HLT_j30_xel0_razorl70 0.948
HLT_j30_xel0_razorl185 0.942 HLT_j30_xel0_razor185 0.942
HLT_j420_.a10_lcw_L1J100 0.939 HLT_j420.a10_lcw_L1J100 0.939
HLT_j340 0.937 HLT_j340 0.937
HLT_j420-.a10r_L.1J100 0.937167 | HLT_j420.a10r_L.1J100 0.937
HLT_ht1000-L1J100 0.926125 | HLT_ht1000-L1J100 0.926
HLT_j380 0.898 HLT_j380 0.898
HLT_4j85 0.837 HLT_4j85 0.837
mcl6d 2017 Trigger mcl6d mcl6e 2018 Trigger mcl6e
2017 2018
Trigger Trigger
Eff. Eff.
HLT _xe90_pufit_L1XE50 0.974 HLT xell0_pufit_xe65_L1XE50 0.963
HLT _xel100_pufit_L1XE50 0.970 HLT xel10_pufit_xe70_L1XE50 0.962
HLT _xel00_pufit_L1XE55 0.969 HLT xel20_pufit_L1XE50 0.959
HLT _xel10_pufit_L1XE50 0.965 HLT_h1000-L1J100 0.933
HLT _xell0O_pufit_L1XE55 0.965 HLT_j460-a10r_L.1J100 0.092
HLT_j420-a10r_L.1J100 0.947 HLT_j460-a10r_.L1SC111 0.092
HLT_j420-a10_lcw_subjes_L1J100 0.940 HLT_j460-a10t_lcw_subjes_L1J100 0.913
HLT_j440-a10_lcw_subjes_L1J100 0.926 HLT_j460-a10t_lcw_subjes_L1SC111 0.913
HLT_h1000-L1J100 0.933 HLT_j420-a10t_lcw_jes_35smcINF_L1J100 0.900
HLT_j420-a10t_lcw_jes_-L1J100 0.932 HLT_j420-a10t_lcw_jes_35smcINF_L1SC111 0.900
HLT_j440_al10_lcw_subjes_L1J100 0.926 HLT_j420 0.850
HLT_j460_a10r_L1J100 0.919 HLT _taul60_-mediumRNN_tracktwoMVA_L1TAU100 0.774
HLT_j440_a10_lcw_subjes_L1J100 0.916 HLT _tau200-mediumRNN_tracktwoMVA_L1TAU100 0.774
HLT_460_al0_lcw_subjes_.LL1J100 0.910 HLT _taul60_-mediumRNN_tracktwoEF_L1TAU100 0.769
HLT_j380 0.899 HLT _tau200_medium]l_tracktwoEF_L1TAU100 0.769
HLT_j460_al10t_lcw_jes_.LL1J100 0.898 HLT _tau35_mediumRNN_tracktwoM VA xe70_L1XE45 0.767
HLT_j390_a10t_lcw_jes_-30smcINF_L1J100| 0.894 HLT _tau35_mediuml_tracktwoEF xe70_L1XE45 0.764
HLT_taul60-mediuml_tracktwo 0.821

Table 13.27  Trigger efficiencies for non-minimal dark sector benchmark NMDSS3

for all Run 2 data-taking years: 2015, 2016, 2017, 2018
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