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ABSTRACT

Natural supersymmetry has earned a unique focus in the search for new physics, in part because
of its solution to the hierarchy problem. Minimizing fine tuning in this solution often puts the su-
perpartners of the Higgs boson (higgsino) and top quark (stop) well within LHC reach. In the most
natural scenario, the higgsino and stop masses are expected to be close to the masses of their Stan-
dard Model partners. Additionally, in the case of higgsinos with multiple mass eigenstates, these
masses should be close to each other. Such small mass splittings are known as a compressed spec-
trum. In a decay chain this presents several experimental challenges, since the final state objects are
very soft and there is little missing energy. In order to build a sensitive analysis around these difficul-
ties, a variety of new techniques are utilized, including improvements with ISR-assisted topologies
using the Recursive Jigsaw Reconstruction (RJR) method. In this thesis, these novel strategies and
the idea of naturalness are used as a lens to interpret the status of stop and higgsino searches with

ATLAS at the conclusion of the Large Hadron Collider Run IL
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Miles Davis

Introduction

THE GOAL OF MODERN PARTICLE PHYSICS is to understand the fundamental laws of nature. Such
a simple statement of the task belies its size and complexity. Achievement requires knowledge of
the elementary constituents of the universe, their interactions with one another, and how those

interactions manifest at all possible energy levels. This does not come without difficulties. Since



the birth of the universe 13.8 billion years ago, these fundamental laws of nature have taken varying
forms, requiring increasingly innovative forensics efforts to trace them back to their origins. Another
key obstruction is the unavoidable consequence of quantum mechanics, which dictates a base level
of uncertainty that shrouds any statement in probabilistic terms.

Trapped within such confines, the journey towards this complete knowledge of nature is marked
by the building and testing of models, working ever closer to a complete picture. Throughout this
pattern of question and answer, numerous campaigns have been made against these limiting factors,
to great success on the part of physics research. The probabilistic quality of physics led to a reinter-
pretation of the elementary degrees of freedom as fields rather than particles, translating the classical
lexicon of elements, atoms, and protons into a new language, that of quantum field theory. Further-
more, technical advances in particle acceleration & detection have allowed research to take place at
energies rivaling the environment of the Big Bang, bringing the frontiers of knowledge tantalizingly
close to the absolute beginning.

Centuries of this steady and persistent progress have brought the field to an appealing, yet palpa-
bly imperfect, resting point: the Standard Model. This model contains a set of particles known at
present to be fundamental, provides a framework through which they all communicate, and most
importantly, it does all this in a way that is predictive of reality and verifiable by experiment. The
Standard Model is a remarkable achievement; however, some questions and flaws persist. Itis clear
that the Standard Model is incomplete, and that some beyond the Standard Model physics must
exist to fill in the gaps and make sense of the remaining mysteries.

Supersymmetry is a novel and refined option for this task. Its genesis can be traced back several



decades, although the discovery of a 125 GeV Higgs-like boson in 2012 positioned it under a unique
spotlight. Supersymmetry extends the Standard Model to a vast number of new fundamental par-
ticles, along the way providing a viable dark matter candidate, a sensible motivation for the value
of the physical Higgs mass, and a unification of fundamental forces, among other things. Perhaps
as importantly for physicists, it can take a huge variety of forms, leading to a proliferation of ideas
for experimental investigation. In the context of solving problems in the Standard Model, some of
these forms are more compelling than others. Given that a search has to start somewhere, the most
well-motivated models are often used as the compass for experimental forays. A particular category
of supersymmetry models known as natural has assumed this role for many physicists, encircling a
set of theories that are both theoretically well-motivated and testable at accessible energy levels.

Two of the new particles proposed in supersymmetry, called the stop and higgsino, have a partic-
ularly notable role in these natural models. As a result, searches for stops and higgsinos have been an
integral part of the supersymmetry program, with the theory providing a clear and encouraging no-
tion of how such particles appear in modern detectors, and where they are likely to exist in the vast
phase space of supersymmetry. A first pass through these clear and encouraging options, performed
with past experiments like the Tevatron at Fermilab and the first run of the Large Hadron Collider
at the European Organization for Nuclear Research (CERN), was not successful. No evidence for
the existence of stops or higgsinos appeared in collider datasets. This is not to say that they do not
exist, but rather, that the task of finding them is more complicated than was initially assumed. This
thesis is about some of the hard searches, the ones that must be done when the first ideas don’t work

out, and the ways in which physicists get creative to make the impossible possible.



The telling of this story necessarily begins with an overview of the theoretical landscape, both
known and unknown, which is provided in Part I. Chapter 1 introduces the Standard Model of
particle physics, followed by a synopsis of the theory of supersymmetry in Chapter 2. Chapter 3 pro-
vides a phenomenological perspective on the detector signatures of natural supersymmetry models,
connecting the theoretical idea to the observation possibilities.

Part II details the experimental means to test the theory. Chapters 4 describes the Large Hadron
Collider, the largest experiment in the world, colliding protons at nearly the speed of light outside
the city of Geneva in Switzerland. Chapter s introduces a detector of these collisions, ATLAS, and
explains the subsystems and data-taking capacity that enable the modern high energy physics analy-
ses detailed here.

In doing such analyses, various techniques are applied to the process of sifting through data and
quantifying its characteristics. Part III details a subset of this methodology, discussing three tech-
niques that are especially relevant to the work discussed in this treatment. Chapters 6 introduces
the Recursive Jigsaw Reconstruction method used to provide additional sensitivity to certain natu-
ral supersymmetry searches. Chapter 7 gives the motivation and mechanism of the event cleaning
procedure, which eliminates particular sources of non-collision and noise-related backgrounds from
sensitive analysis regions. The last strategy is the use of common particle physics statistical methods
to quantify and characterize the results of searches, as discussed in Chapter 8.

Part IV then dives into the searches themselves, discussing two in detail; one for the stop in Chap-
ter 9, and one for the higgsino in Chapter 10. These two chapters describe the motivation, construc-

tion, and results of each analysis, highlighting where the strategies of Part III are utilized. This thesis



concludes with an outlook in Part V, including a discussion of future search prospects in Chapter 11,

and conclusions in Chapter 12.



Part 1

Theory



The Standard Model

To DISCUSS WHAT PARTICLE PHYSICS IS WORKING TOWARDS, it is necessary to describe where
it stands at present. The Standard Model is the current best theory for describing the fundamen-
tal interactions of all known elementary particles. It is a composite theory patched together from

decades of speculation and subsequent discovery, culminating in a model that has been strikingly



predictive throughout decades of experiments. In this chapter, the Standard Model is discussed; Sec-
tion 1.1 describes its contents, and Section 1.2 gives a history of its experimental victories as well as its

imperfections.

1.1 PARTICLES, FORCES, & SYMMETRIES

The Standard Model (SM) of particle physics is a renormalizable quantum field theory that is invari-
ant under transformations of the local symmetry G's )/ given in Equation 1.1. It is spontaneously

broken as follows:

Gsmy =SUB)c@SUR2)LoU)y = SUB)c@U(1)pm (r1)

Each symmetry is, by definition, a group of field transformations that leave the Lagrangian in-
variant. The representations of this group constitute the spin-1/2 fermions, organized into three
mass generations, which make up all known matter in the universe. There are three generators of the
group, corresponding to three gauge boson degrees of freedom that represent fundamental forces,
along with a single scalar field. To determine how the interplay between these constituents forms
a viable description of nature, it is assistive to examine the most generic renormalizable Lagrangian

that contains the fermionic and bosonic fields that emerge from this symmetry (Equation 1.2).

L= Lrin+ £¢ + Lyur + £¢ (r.2)



Each of these allowable groups of terms can be traced to physical realities in particle physics.
* Lpin describes the propagation of the fields in spacetime and the gauge interactions:

1

Lyin = =7 (Flo,)* + 0 (i) — [ Do’ (1)

Here, F%, = 0, A% — 9,A% + gf*"Ab AS, D, = 0, — igA%t%,and. B = 4" D,, for
fermion fields v, scalar field ¢, gauge fields A, representation matrices ¢, structure constants
f% (= 0 for the electroweak force), and matrices y* that are representations of the Clifford
algebra. This part of the Lagrangian determines the fundamental forces (electromagnetism,
the strong force, and the weak force), with one such term for each of the gauge boson de-
grees of freedom. Each force corresponds to a group in Equation r.1: SU(3)¢ is the symmetry
group of the strong interaction, and SU(2)7, X U(1)y corresponds to the electroweak interac-
tion, which is spontaneously broken in electromagnetic and weak force components. Forces
are mediated by a designated spin-1 gauge boson, specifically the gluon and photon/W=/Z"
bosons for the strong and electroweak interactions respectively. Gravity is not included in

the theory.

. £¢ gives the Dirac or Majorana fermion mass terms. This part is equal to o in the SM.

Ly=0 (r.4)

* Ly i describes the Yukawa interactions:

Ly uk = Yijhitjé (rs)

These terms connect all fermions to one another via the scalar field and the Yukawa coupling

Yij» where i and j represent different fermion representations.

* L gives the scalar potential:

Ly=—12¢' ¢ — NoT¢)? (1.6)

which leads to spontaneous electroweak symmetry breaking via the Higgs mechanism. Here,

p and \ are parameters that determine the shape of the Higgs potential.



This Lagrangian provides a complete description of nature at its fundamental level, consisting of
three forces, five bosons (gluon g, photon 7, W+, 70, and Higgs), and twelve fermions (six quarks
and six leptons). Since all of the forces emerge from symmetries in the SM, Noether’s theorem dic-
tates that they each introduce a conservation law and thus a charge. Particles that interact via the
electromagnetic force carry electrical charge; the same relationship exists for the strong force and
color, and the weak force and weak charge.

The strong force is unique in that is a non-Abelian group as described by quantum chromody-
namics (QCD); that is, the structure constant f abe oL () and the gluon carries color charge. This
leads to a gluon self-interaction and a strong coupling constant cvs that “runs” as a function of inter-
action scale, generating several interesting properties. One of these is asymptotic freedom, meaning
that as the interaction energy goes to 00, the coupling constant approaches zero, the interaction is
diminishingly weak, and quarks can propagate as free particles. The other side of this effect is con-

finement: at very low energies, ovs goes to 00, and the strong force diverges. As a result, quarks and
gluons can never be observed as free particles. Instead, strong force bound states called hadrons form
out of two or three quarks, creating particles known as mesons and baryons, respectively.

The complete Standard Model can be seen diagrammatically in Figure 1.1, where its constituents
are organized by type and mass generation. Each particle represents an entity that has no further
internal structure and can be uniquely characterized by a set of quantum numbers. Three of these
numbers are listed along with each entry: mass, electrical charge, and spin. A particle’s mass and spin
are derived from their representation of the Poincaré group, which is an external symmetry group

in that it describes actions taken in spacetime such as rotations, translations, and boosts. In contrast,
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other quantum numbers describing a particle’s ability to participate in the various fundamental in-
teractions are derived from internal symmetries of the Lagrangian. All known stable matter can be
found in the first mass generation, while the heavier generations decay into lighter particles accord-

ing to their allowed interactions.

mass - =2.3 MeV/c* =1.275 GeV/¢c? =173.07 GeV/c? 0 =126 GeV/c?
charge - 2/3 2/3 C 2/3 0 o . 0 H
spin > 172 w 112 J 112 y 1 0
Higgs
up charm top gluon _J boSon
=4.8 MeV/c* =95 MeV/c? =4.18 GeV/c* 0
A3 A3 S 13 , 0 1)
7 17 N J 112 ; 1
down strange bottom photon |
v
0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic? 91.2 GeVic?
-1 -1 -1 0 —
112 ej 12 }‘ly’ 112 L 1 @ V)
=
electron muon tau Zboson | O
)
(7)) <22eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c? 8
= o 0 0 +1 al
w
E 12 l‘)ﬁ’ 172 ]ﬁ’ 12 ]ﬁ 1 O
o —
electron muon tau
" neutrino neutrino neutrino W boson ) g

Figure 1.1: The Standard Model of particle physics.

As a relativistic quantum field theory, the Standard Model is invariant under the combined rever-
sal of three fundamental symmetries (CPT):

1. Charge conjugation (C), which transforms particles into their anti-particles by reversing their

charge and all internal quantum numbers. Neutral bosons (photon, Z°, Higgs) are their own
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antiparticles.

2. Parity conjugation (P), which transforms a left-handed particle into a right-handed particle
by the reversal of spatial coordinates. The weak interaction violates parity maximally; no

right-handed particles feel the weak force.

3. Time reversal (T).

The combined operation CP transforms matter into anti-matter. There is a small amount of CP
violation in the Standard Model, discovered via the decay of strange-flavored mesons [1]. This is
attributable to the presence of a phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which
describes mixing between quark flavors in weak interactions. Since the universe appears to be domi-
nated by matter, the amount of CP violation in the SM is especially relevant to the evolution of the

universe and the reason behind this asymmetry.

1.2 EXPERIMENTAL VERIFICATION

The parameters of the Standard Model are experimentally determined, demonstrating an extensive
landscape of accelerator and detector technology elapsing over decades. Yet just as there is ample evi-
dence that bolsters the theory, there are results that reveal its deficiencies. Reviewing both successes
and failures is necessary to understand the current state of the field. The following is a brief historical

overview of these influential experimental results, covered in much greater detail in other works [2].

2.1 HisToRriCcAL TIMELINE

The Standard Model coalesced into a unified theoretical framework in the 1960s through the work

of Glashow, Weinberg, Salam, and others on the unification of electromagnetism and the weak in-
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teraction [3, 4, 5]. At the time, this early version of the SM had recently expanded from a simple
relation of leptons and forces to include a quark model and the foundations of QCD, a spontaneous
symmetry breaking mechanism by which all particles acquired mass, and renormalizability [6]. The
following decades gave way to a cascade of new particles, each solving a different problem in the
existing model.

The charm quark, discovered in 1974 by way of the J/2 particle [7, 8], explained the absence
of flavor-changing neutral currents. The 7 lepton [9] (1975) and bottom quark [10] (1977) gave
rise to a third matter generation, giving a mechanism for the observed CP violation through the
complex phase of the CKM matrix [11]. The W+ and Z° bosons, long predicted to have masses on
the weak scale, were discovered at the CERN Super Proton Synchrotron in 1983 [12]. The top quark
discovery at the Fermilab Tevatron in 1995 [13, 14] and the Higgs boson observation at the Large
Hadron Collider in 2012 [15, 16] were the final pieces missing from the puzzle. As of 2012, all particles
concretely predicted to be in the Standard Model had been found.

This current version of the Standard Model has remarkable capabilities for describing the natural
world. An an example, the running of the strong coupling constant a5 predicted by QCD has been
corroborated in a variety of different particle interactions, as shown in Figure 1.2. Furthermore, the
compatibility of theoretically computed and experimentally determined cross sections for processes

of interest is strong (see Figure 1.3).
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Figure 1.2: Summary of measurements of a4 as a function of the energy scale Q[17].
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Figure 1.3: Overview of cross section measurements for several processes of interest, as obtained by the ATLAS Exper-
iment[17].
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1.2.2 SHORTCOMINGS

Armed with a strong theoretical foundation and extensive experimental confirmation, the Standard
Model is a solid theory. However, there are some problems that remain unsolved.

* Despite having a clear explanation for the strong, weak, and electromagnetic forces, the Stan-

dard Model does not describe gravity.

+ It also does not have a viable candidate for dark matter (DM), a nonluminous, noninter-
acting, and long-lived form of matter that must exist to account for the total gravitational

strength in rotating galaxies [18].

* Though spontaneous electroweak symmetry breaking is required to explain the observed

particle spectrum, it is not clear through what mechanism this process occurs.

* The SM has 19 free parameters, which span several orders of magnitude. This large difference
across parameter values, and characteristic interaction energy/length scales as a corollary, is

known as the hierarchy problem.

* Itis not understood why the Higgs couplings to fermions and thus their masses are so un-

equal, known as the flavor puzzle.

* Recent experimental evidence via neutrino oscillations points to small but non-negligible

masses for these particles [19], though the mechanism that gives this mass is still unclear.

* The large discrepancy between matter and anti-matter density in the universe today is not
sufficiently explained by the known amount of CP violation in the SM, prompting questions

about the origin of this asymmetry.

These issues are all key components of the global high energy physics research program, because
they indisputably point to the necessity of new beyond the Standard Model (BSM) physics. Further-
more, the lack of evidence for new physics thus far indicates that this hypothetical but necessary new

physics must exist at energies larger than the current experimental reach.

I5



This relationship between physics realization and energy emerges from the notion that each inter-
action has its own characteristic energy scale, which in turn determines the masses of participating
particles. The running of the strong coupling determines its characteristic scale at 200 MeV, which
is also the mass of hadrons made of light quarks. The electroweak scale is an order of magnitude
higher, at the Higgs vacuum expectation value (vev) of 246 GeV, again similar to the masses of the
Higgs, W, and Z bosons. It is clear that probing BSM physics will reveal new interactions, and thus
introduce higher mass scales where new particles can exist.

Discussing this hierarchy of different gauge strengths, further confusions with the Standard
Model are uncovered. As determined from Newton constants of classical gravitational interactions,
the characteristic scale of gravity is the Planck scale, M p; ~ 1019 GeV. Is it possible that nature has
a “gauge desert” (see Figure 1.4), in that are no emergent scales between the electroweak and gravi-
tational forces? If so, why are the magnitudes of the fundamental forces so different? Even if this
inequality was accepted as truth, the stability of the existing hierarchy is under question in the con-
text of quadratically divergent corrections to the Higgs mass, discussed more in the next chapter.

All of these questions unequivocally point to the necessity of beyond the Standard Model physics.
There is no end to the prospective theories that attempt to solve these problems. However, one of
them in particular deserves mention due to its mathematical elegance and expansive manifestations:

mpemymmetry.
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Supersymmetry

One of the primary motivations for the theory of supersymmetry is solving the hierarchy problem.
This unanswered question in the Standard Model pertains to the visible mass of the Higgs boson. In
the SM, the physical mass of the Higgs is given as the sum of two terms, shown in Equation 2.1.

2 2 2
My = Mg tree + Am (2'-1)

18



Figure 2.1: Feynman diagram showing top quark loop in the Higgs boson propagator.

Here, My tree is the tree mass of the Higgs, which is a free parameter, and Am is a radiative cor-
rections term. These corrections stem from loop Feynman diagrams in the Higgs propagator, an
example of which can be found with a top loop as shown in Figure 2.1. This diagram contributes
especially strongly because the top is the most massive quark, and therefore has the largest coupling
to the Higgs. Taking the top loop as an example, this corrections term Am takes the form shown in

Equation 2.2.

am? = P fop2 4 o (2 (2 (2.2)
T 7 In - 2.2,

Here, y; is the Yukawa coupling of the top quark ¢ and A is the cutoft energy of the theory, above
which the SM ceases to be valid and new physics must enter. It is evident that Am goes as the cutoft
scale A. If there is no new physics outside of the Standard Model, these corrections will be on the
order of the Planck scale, as shown in Figure 1.4.

The 2012 discovery of a Higgs-like particle at 125 GeV put this relationship into the spotlight [1s,
16]. With a physical mass on the order of the weak scale (10* GeV?), and a quadratic corrections

3

term of order 10%® GeV?, only a dramatic coincidence of 1in 10 4 could put the value of the tree
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mass parameter 1M ¢ree at precisely the right place to maintain Equation 2.1. Such a coincidence
represents a very large amount of fine tuning, meaning that free parameters are constrained and
required to cancel to an extremely high precision. A general quantifiable measure of fine tuning A is
given in Equation 2.3 [20]. Qualitatively, avoiding fine tuning means that A is kept small, indicating
that the size of the corrections term is smaller than m g ¢rce.

2Am?%,

A=— (23)

MV tree
The solution offered by supersymmetry is the existence of a second corrections term A1, aris-
ing from a new particle being introduced with spin differing by 1/2 with respect to the original SM
partner. In the previously used example of a SM top quark ¢, this means an SM boson S is intro-
duced, with the following analogous coupling as given in Equation 2.4. Note that the sign of the

corrections term is opposite to that in Equation 2.2.

pafan(@)]

Since this new particle only differs from its SM partner by a spin of 1/2, it can reasonably be ex-

2
A~2: ‘yS’
m +167r2

pected to have a similar coupling to the Higgs, and the magnitudes of y; and ys can be approxi-
mately equal. Therefore, since both radiative corrections terms are equal and opposite, they can es-

sentially cancel out. The residual correction term in the case of the top can then be written as shown
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Equation 2.s.

2
~ Y
Am3; = Am? + Am? = 16;2 |m% —m? (2.5)

Equation 2.3 can now be used to imagine the upper limit on the amount of fine tuning in the
theory. To relieve the pressure of fine tuning constraints in this expression and ensure that the cor-
rections term is reasonably on the scale of the tree mass parameter, the masses of the partner particles

are further constricted:

Im% — mfc] S1TeV? (2.6)

This relationship indicates that in such a desirable manifestation of supersymmetry, with can-
cellation of Higgs mass radiative corrections to first order and little fine tuning, new particles could
emerge at the TeV scale.

With the inclusion of this new boson S and A necessarily comes partner loop diagrams in the
Higgs propagator, as reflected in Figure 2.2, and in turn these new loops represent new particles.
However, this example so far has only utilized the top loop contribution. In reality, all particles that
couples to the Higgs participate in similar loop diagrams, and thus new partner particles will be
generated to provide a cancellation of corrections terms. In this way, the resolution of the hierarchy
problem via the addition of a second Higgs mass corrections term creates not just one but many new
particles, each of which is a partner to a Standard Model particle, and a new symmetry that relates

them, supersymmetry (SUSY) [21]. The prediction of superpartners for each SM particle generates a
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Figure 2.2: Feynman diagram showing the supersymmetric top partner loop in the Higgs boson propagator.

vast new phase space in which to search for yet-to-be-discovered particles (see Figure 2..3).
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The new states predicted by SUSY all differ from their SM partners by half a unit of spin. All
fermions in the Standard Model have bosonic superpartners and vice versa. Of these new particles,
all partners of SM bosons are named with the suffix “-ino”, and all partners of fermions are named

»

with the prefix “s-”. For example, the SUSY partner of the gluon is called a gluino, and the partner of
a Standard Model quark is called a sguark. Supersymmetric partners are indicated by the addition of
a to the SM particle symbol. The masses of these superpartners (or sparticles) can in principle be the
same as their SM counterparts, but the lack of observation of supersymmetric particles at common
collider energy scales rules this mass relationship out. SUSY must therefore be a broken symmetry,
with superpartner masses heavier than current SM particles and above the current experimental
reach.

The extension of the SM Lorentz group through an additional supersymmetry has many possible
manifestations, given the number of generators in the symmetry group and the arrangement of
particles into supermultiplets. As a result, a huge variety of SUSY models and frameworks exist
that extend the SM in this way. The one that introduces the smallest number of new particles is
the minimal supersymmetric extension to the Standard Model (MSSM) [23, 24, 25, 26]. Because of
its relative simplicity in a vast field of potential SUSY workings, the MSSM can be used as a useful
benchmark for further discussions.

A new quantum number, R, is defined to have values that distinguish between standard and

supersymmetric particles. It is a function of baryon number B, lepton number L, and particle spin
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as seen in Equation 2.7.

Pg = (—1)30tE+s (2.7)

With this definition, all SM particles have Pr = +1, and all SUSY particles have Pr = -1. In the
MSSM, the discrete symmetry of R-parity is conserved in all interactions. This has several effects.
First, it ensures that the MSSM accurately reflects the observed universe, specifically that baryon or
lepton number violating operators do not exist. Additionally, it means that SUSY particles can only
be produced in pairs in collisions of SM particles, and that the lightest supersymmetry particle (LSP)
cannot decay and thus must be stable.

In the MSSM, the Higgs sector is extended to include two Higgs doublets. After electroweak
symmetry breaking, they mix with the other supersymmetric electroweak boson partners to form six
fermionic mass eigenstates, two of which are charged ( )?liQ) and four of which are neutral (92(1)72,37 4)-
These mass eigenstates are referred to as charginos and neutralinos, respectively. In this scenario, the
lightest neutralino )Z(f can be assumed to be the LSP. Since it is naturally massive, neutral, stable
(due to R-parity conservation), and weakly interacting, the LSP can be taken as a viable dark matter
candidate. In this way, though SUSY was motivated in this treatment by the hierarchy problem, it
has the potential to solve the dark matter mystery as well [27, 28].

In the sfermionic sector, a similar mixing occurs between left- and right-handed squarks. The
difference between mass eigenstates is only non-negligible for the third generation squarks, since the

mixing depends on the mass of the SM fermion. Therefore, mixing between left- and right-handed
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top squarks yields two distinct mass eigenstates denoted ¢1 and £, where t1 is the lighter of the two
(hereafter referred to as the szop). The stop is again a particularly important discussion point because
it is a dominant contributor to the stabilization of the Higgs mass, as described earlier in this section
(see Figure 2.2).

This role of the stop quark in solving the hierarchy problem gives rise to an additional set of re-
quirements on its mass, which are crucial in determining the feasibility of a SUSY discovery in the
current collider search program. However, to observe a particle, it must be possible to produce it.
Unfortunately the production cross sections for supersymmetric particles are strikingly low at the
LHC, in many cases several orders of magnitude below typical SM processes (Figure 2.4). This ad-
versity in the course of producing such particles in an experimental environment motivates creative
and effective novel analysis strategies, to ensure that in the rare collision where such a particle might
have been made, it is likely to be detected. These aspects of SUSY production and hunting will be

discussed in later chapters of this thesis.

NATURALNESS

The notion that certain mass choices for sparticles can minimize the amount of fine tuning in the
theory is known as naturalness. Specifically, a fully natural manifestation of supersymmetry would
allow the quadratic corrections terms in Equations 2.2 and 2.4 to cancel each other out to high preci-
sion. A corollary of this cancellation is that the stop mass is equal to that of the top mass, so that the
loop diagrams of Figures 2.1 and 2.2 cancel evenly as well. However, as discussed, the current state of

particle physics prohibits this, and SUSY particles must be heavier than their SM partners.
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Though an exact replication of SM masses to their superpartners is ruled out, the idea of minimiz-
ing fine tuning in the Higgs mass is still a driving feature of SUSY model building. At tree level, the
value of the physical Higgs mass is driven by the mass parameter p, with other contributions at loop
level, specifically the top quark diagram at one-loop and the gluon at two-loop. It is therefore espe-
cially crucial from a fine tuning perspective that the partners of the Higgs, top, and gluon have small
masses, so as to maintain a natural cancellation of SM and SUSY contributions to the Higgs mass.
Additional mass parameters, such as those associated to the other electroweakino components (M1
and M2), are not as influential in placing the Higgs at the observed mass of 125 GeV, and therefore
can exist at an arbitrarily high scale. This decoupling of mass scales also provides a valuable simplifi-
cation, reducing the number of new parameters to be considered in a search.

The mass spectrum of a natural SUSY theory will therefore relegate certain particles to lower
masses, on the order of the weak scale, based on their importance in determining the physical Higgs
mass [30, 20]. Figure 2.5 gives an example mass spectrum driven by the aforementioned naturalness
arguments. More specifically, natural SUSY theories with a chosen upper bound of 10% fine tuning
as defined in Equation 2.3 predict a stop with a mass below 1.5 TeV and a higgsino with a mass of
a few hundreds of GeV [31]. Moreover, this mass spectrum demonstrates that sparticles like the
first generation squarks and sleptons are decoupled from naturalness pursuits. In this line of the
reasoning, the stop and higgsino are the first frontier for natural SUSY.

The implications of naturalness do not only affect the scales of supersymmetric particle masses.
They additionally influence the mass splitting between these particles of interest. Before the process

of electroweak symmetry breaking, the superpartners of the electroweak bosons exist in fermionic
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Figure 2.5: Natural electroweak symmetry breaking constrains the superpartners on the left to be light. Meanwhile,
the superpartners on the right can be heavy (> 1 TeV), without spoiling naturalness [20].
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electroweak eigenstates, called the wino, bino, and higgsino. The higgsino multiplet is composed of
two neutral fermions and one electrically charged fermion, the wino multiplet has one charged and
one neutral component, and the bino has one neutral component. Only the higgsino component,
driven by 1, is required to be light, and the M1 and M2 parameters that govern the bino and wino

mass respectively can be arbitrarily larger, generating the relationship seen in Equation 2.8.

< M1, M2 2.8
“

After electroweak symmetry breaking and the creation of the mass eigenstates as seen in Equa-
tion 2.9, each of the resulting six charged/neutral mass eigenstates denoted by s are a mix of wino,

bino, and higgsino components.

Ba Wa H — X(1)7273747 2?2 (2‘9)

The extent of this mixing is a key factor in determining the mass structure of the electroweaki-
nos. With no mixing of electroweak states, all of the mass eigenstates would be degenerate; more
mixing drives the mass eigenstates further apart.” In the parameter scenario of interest given by
Equation 2.8, a small amount of wino and bino components are given to the Higgsino multiplet
states. This is just enough mixing to break the degeneracy of the lightest two neutral states, XY and

5(,3, and the lightest charged state, %ic, generating a mass splitting of a few GeV between these sparti-

*Pure higgsinos have a very small mass splitting on the order of hundreds of MeV due to radiative correc-
tions [32].
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cles. Therefore, in this particular natural SUSY scenario, there are three light electroweakinos with

the mass hierarchy Mgy > Myt > Mso [33], and and three electroweakinos that can be heavier.
This is reflected in Figure 2.5 by the three Higgsinos H at the bottom of the mass spectrum, which
have a notably small space between them. Knowing that these sparticles are expected to be light, and
incorporating information about their mass splittings, provides a road map for the experimental

study of natural SUSY. It reduces the unwieldy task of searching for a whole second Standard Model

worth of particles, to a few precision strike points.

DARK MATTER

The aforementioned sparticle mass hypothesis was initially motivated by naturalness arguments.
However, the mass of the X or LSP is of particular interest to other aspects of the theory. As dis-
cussed in Section 1.2.2, the lack of an explanation for dark matter (DM) in the Standard Model is a
fundamental shortcoming. As a result, many theories of beyond the Standard Model physics pro-
pose solutions to this problem, and SUSY is no exception. Earlier in this chapter the viability of the
5(,(1) as a DM candidate was introduced, specifically that it is inherently massive, neutral, stable, and
weakly interacting. This description is consistent with the identifying criteria associated to a particu-
lar type of dark matter candidate called a Weakly Interacting Massive Particle, or WIMP.
Introducing cosmological evidence can further constrain this set of characteristics, specifically

on the mass of the proposed dark matter particle. The cosmological abundance of dark matter is

TThe value and hierarchy of mass parameters, as well as the value of j, affects both the amount of
wino/bino/higgsino mixing and the number of mass eigenstates that must be light.
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hypothesized to stem from WIMPs pair-interacting at thermal equilibrium with SM particles pairs
in the early universe. At some point in time as the universe expanded and cooled, this DM-SM in-
teraction ceased to occur, and pair production of DM particles reached a point of “freeze-out”. The
annihilation cross section of WIMPs into SM matter sets this freeze-out point, which in turn sets
the relic density of WIMP:s left after this point. The observed density of dark matter in the universe
is consistent with an annihilation cross section that corresponds to a DM particle with weak scale
interactions and a mass on the weak scale, of order 100 GeV [34, 35]. This fits remarkably well with
the picture of electroweakinos with a mass driven by 1 and thus on the weak scale as well, adding
another component of excitement to an already well-motivated picture.

The constraints from cosmological DM searches have been an important ingredient of modern
supersymmetry theories. Given that the amount of wino-bino-higgsino mixing, the mass of the
electroweakinos, and the WIMP annihilation cross section are all separate but interrelated features
of the model, the issue of fine tuning is prone to resurfacing. The Well-Tempered Neutralino [36]
and Not-So-Well-Tempered Neutralino [37] evolved to address some of these fine tuning concerns,
by motivating a mixed-state LSP with a mass on the order of 100 GeV, with small mass splittings
between the neighboring )zli and X9 on the order of 10 GéV. Figure 2.6 gives hypothetical masses for
the lightest four electroweakinos as a function of 1 in the Not-So-Well-Tempered Neutralino model.

All of these constraints lead to a picture of supersymmetry that encouragingly predicts new spar-
ticles on the weak scale, nicely within the energy range that is currently accessible by experiment.
These new particles are at the forefront of importance in exploring beyond the Standard Model

physics, as a result of the many current issues in physics that are solved by SUSY. With this idea in
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Figure 2.6: Electroweakino mass spectrum as function of the Higgsino mass parameter (4 in the Not-So-Well Tempered
Neutralino DM scenario [37].

hand, a phenomenological discussion is required to determine the physical signatures of this well-

motivated scenario.
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Natural Phenomenology & Compressed

Spectra

The concept of naturalness provides a beautiful manifestation of supersymmetry, but more impor-
tantly, it is a relevant consideration when designing a search. With no additional information about

the parameters introduced in SUSY, the phase space available for new particles is discouragingly vast.
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However, by using theory to determine the particles most likely to be light, and incorporating the
existence of a TeV-scale proton collider, naturalness provides a map which can be used to determine
the fastest route to experimental sensitivity. This map connects the mathematics of SUSY to its
collider phenomenology, giving focus to the most well-motivated search scenarios: those that have
minimal fine tuning and are accessible with the LHC.

As discussed in Chapter 2, SUSY is a broken symmetry, and the masses of the supersymmetric
particles must be heavier than those of Standard Model particles. Given the relationship between
SM and SUSY partners in the Higgs mass, the most natural possible scenario is to have stop and
higgsino masses that are close to the masses of their SM partners. In fact, from a standpoint of solv-
ing the hierarchy problem, the smaller the mass difference between sparticle and Standard Model
counterpart, the less fine tuning in the Higgs mass radiative correction terms. Furthermore, because
of the discussed mass parameter hierarchy where ;1 < Mi, M2, the expectation of mass splitting
between the lightest three electroweakinos is expected to be small, on the order of a few GeV.

This revelation has a common effect: the most interesting mass hierarchies from a naturalness
standpoint will somewhere have small splittings between particles in a decay chain. This is known as
a compressed mass spectrum: the mass of the parent particle is almost equal to the sum of the masses
of the daughter particles. The kinematic potential for such a decay to occur is narrow. Almost of
the mass energy of the parent particle must go into the masses of the daughter particles, leaving little
additional energy that can be imparted to the daughters as momentum. Such a decay occurs on
the edge of phase space; small changes in the mass hierarchy would render the decay kinematically

impossible.
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The result of such a compressed decay is that the daughters, and their final state decay products,
are very soft. This is problematic for detection because of the nature of collider experiments, in
which rare signals of interest must be distinguished from the myriad events containing only known
SM processes. Since SUSY particles are often predicted to decay to some SM daughter particles, the
unique characteristics of those decay byproducts can be used to trigger on potential SUSY events. If
all final state products are soft, no features of the event can be observed that could potentially denote
the presence of a sparticle production upstream, making signal acceptance a significant challenge.

This interesting scenario can appear in a variety of hypothetical sparticle decays. Since naturalness
dictates that higgsinos and stops are likely the lightest SUSY particles, the consequences of com-
pressed mass spectra on these two searches are especially relevant to the LHC research program. In
this chapter, the nature of compression in each decay” and the ramifications on Run I searches are

discussed.

3.1  COMPRESSED STOPS

To assess where compressed mass spectra could affect stop phenomenology, it is necessary to first
determine how the stop can decay. These decay prospects are shaped by the masses of the particles
involved. The simplest scenario is a  decaying to a t quark and a X¥ (or a b quark and a )?f), known
as a two-body decay. However, if Am(f, 2(1)) < My, the stop can instead decay to a W+, ab, and

aXy. This s referred to as a three-body decay. Pushing the mass splitting even lower, there exists

*The following discussion employs a simplified model treatment consistent with natural SUSY tenants,
assuming the masses of other sparticles are arbitrarily high.
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a further kinematic limitation, where the stop mass is less than the sum of the b, W boson, and 52(1)

masses. This can result in a four-body decay: a b quark, two fermions, and a )??.T Given that the

initial state is pair-produced stops, the final state is the same for these three decays: top-antitop (tt),
which decays to a pair of b quarks and two pairs of fermions (either gq or £v), and the XY, Since
the ¥ does not interact with the detector, it can only be noticed through the imbalance in total
transverse event momentum that it generates, referred to as missing transverse energy.

Scanning over the masses of the sparticles involved in this process, there are several places where
a compressed mass spectrum inevitably occurs. Each kinematic breaking point corresponds to a
diagonal line in (m;, mi(l)) phase space: m; > my + mzo (two body), m; > mw + my + mso
(three body), and m; > my,+my+myp + mso. As the masses of the stop and LSP are scanned, the
points in this 2D plane close to these diagonal lines correspond to compressed spectra where there is
almost insufficient mass to produce the daughter particles.

Figure 3.1 illustrates these kinematic regimes of these three dominant decay modes across the stop-
LSP mass plane, along with the diagonal line that represents each kinematic edge. Note that the
leftmost diagonal, where m; < My, represents the boundary of the kinematically forbidden region,
in which the decay cannot proceed by any means. An additional decay possibility is also shown for
the four body scenario, where the stop has insufficient mass to produce a top or W boson. This four-

body region can also proceed via a flavor-changing neutral current (FCNC), where the stop decays

via a loop-suppressed diagram to a c quark and a .

TStop decays into supersymmetric particles other than the LSP, such as the X9, are possible, but not
discussed here.
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Figure 3.1: lllustration of preferred stop decay modes for several f/)?? mass scenarios, assuming the %(1) is the lightest
supersymmetric particle [38].

The most challenging of these four diagonals from a search perspective is the two-body diagonal,
where the lack of missing energy from the X means that the signal looks very much like Standard
Model tt. Therefore, on this diagonal, there is no obvious handle in the event that can distinguish
the signal and thus provide sensitivity. The effect of compression on the analysis potential for this
diagonal is immediately evident. Figure 3.2 shows the summary exclusions from Run 1 of the AT-
LAS experiment, incorporating all of the decay possibilities discussed above. Each of the three kine-
matic boundary diagonals are overlaid on the plot, with a noticeable lack of coverage near the two-
body diagonal across the full range of values for m;. These specific region of phase space is hereafter
referred to as the “diagonal” region. With a lack of evidence for the stop across all Run I searches,

such uncovered areas are especially crucial for future examination.
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3.2 COMPRESSED HIGGSINOS

The discussion of compression in the higgsino mass spectrum similarly begins with their decays.
The heavier of the three lightest electroweakinos, one neutralino )2(2) and one chargino %f, can each
decay to the lightest neutralino X9 which is assumed to be the LSP. The byproduct of both decays is
a Standard Model electroweak boson; the W in the case of ;- decay, and the Z° or Higgs for the
X3 decay depending on the composition of the LSP.

There is a key difference in this compressed decay as compared to the stop scenario, which is that
the SM electroweak boson in the decay can go oft its mass shell. This allows these three electroweaki-
nos to be almost degenerate. The kinematic challenge in such a decay is then for the parent particle
to produce a daughter particle that is almost of the same mass. The resulting event has the trade-
mark of the compressed mass spectrum: all of the parent mass energy goes into mass of daughters,
which means it is produced almost at rest.

While compressed spectra in the stop search present some persistent challenges, the difficulties are
in many ways even more significant with a higgsino search. As higgsino production takes place via a
weak interaction, the cross section for these processes is orders of magnitude lower than that of stop
pair production, making the soft final state objects and resulting loss of signal acceptance even more
problematic. Furthermore, the vircual W** or Z%* in the decay each have a mass corresponding to
the small electroweakino splitting, resulting in a final state of leptons or quarks that have a few GeV
of momentum and thus are all but indetectable.

Because of these difficulties, the most stringent constraint on natural electroweakinos at the be-
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ginning of Run II came from the LEP experiments, as shown in Figure 3.3. The lower bounds on
chargino production from this result corresponds to m( )?li) >103.5 GeV for Am( )?11,)??) >3 GeV.
This constraint weakens to m(X1) > 92.4 GV for even smaller mass splittings.

In Run I, both ATLAS [40] and CMS [41] performed searches for excesses in events with on-
shell W and Z bosons decaying to a three lepton final state. Such a signal could be interpreted as
higgsino production; however, mass splittings larger than myy,+ do not correspond to the natural
scenario described here. Since both of these analyses use lepton triggers, the sensitivity to higgsi-
nos drops oft rapidly for mass splittings below myy -+, due to the softer expected leptons and inher-
ent difficulties in detecting leptons below lepton trigger thresholds. These searched were repeated
in Run II, and have furthered sensitivity to such higher mass splitting scenarios, consistent with
dominantly wino Xli/ ig and referred to as “on-shell” searches, at both ATLAS [ 42, 43, 44, 45] and
CMS [46].

Only a few years into Run II was the integrated luminosity sufficiently high to gain sensitivity to
electroweakino production in compressed scenarios, leading to the first hadron collider sensitivity
to higgsinos from both ATLAS [48] and CMS [49, so]. Figure 3.4 gives the resulting phase space
exclusion from ATLAS, as a function of the mass of the %f and the mass splitting between the )Zli

and the )z(l) This result extends the LEP limits out to mass splittings between 2 and 35 GeV.
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This discussion reveals some key oversights in the natural SUSY search program thus far, in the
form of well-motivated but uncovered areas of phase space. Given the experimentally troublesome
nature of such regions, what techniques can be used to acquire sensitivity and determine if these
areas are hiding new physics? The answer to this question involves the soft LSP, and thus the negli-
gible missing energy (/%) in the event. A larger amount of E7*** would allow signal discrimina-
tion in the stop case, and would eliminate reliance on lepton triggers in the higgsino case.

Events with small mass splittings do not inherently contain a large amount of missing energy.
However, taking compressed decay kinematics and experimental environment into account, it is
possible to generate more. The method offered here for generating additional EZ***% in an event can
be performed with negligible impact on the other event features, while providing a crucial handle for

sensitivity to compressed signals.
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33  MAKING E7'*® wiTH INITIAL STATE RADIATION

Searching for evidence of a X{ in an event amounts to the search for E¥$%, since it is very weakly in-
teracting and not likely to directly interact with the detector. The methodology for measuring miss-
ing energy is well-established, given the need to measure neutrinos that are similarly non-interacting
and often produced in proton-proton collisions. This is done using the knowledge that the initial
state of a collision has no momentum in the plane perpendicular to the beamline, called the trans-
verse plane. A neutrino or X} produced in this collision carries momentum into the transverse plane,
but from conservation laws, the total momentum in this plane after the collision must still be zero.
Thus the momentum of the invisible particle is generally defined as that which is necessary to bal-
ance the momentum in the transverse plane.

Identifying a XV is different from searching for another non-interacting particle like a neutrino
for one fundamental reason: the X is expected to be massive, on the order of the weak scale. This
provides a valuable means by which the XY can receive momenta from a source other than its par-
ent particle. One such source is initial state radiation (ISR), which is a strong emission coming from
the interacting partons before the primary collision. Such an emission will alter the initial state mo-
mentum in the transverse plane of the event, thereby providing a “kick” to whatever particles are
produced in the primary interaction.

In the cases discussed here, those particles are stops or higgsinos which then decay to some vis-
ible and some invisible particles. If the invisible particles produced have significant mass relative

to the visible particles, they will absorb a larger fraction of the momentum imparted by the ISR.
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Figure 3.5 shows diagrammatically how this effect works in the transverse plane of an event. Boost-

ing the Y9 h her valuabl i h missi in th

ing the x] has another valuable consequence, generating enough missing energy in the event to get
above Er_,rf”'ss trigger thresholds and alleviating reliance on lepton or jet triggers in an event with soft

final state objects.

A pr-SP1 =100 GeV pttSP1 =100 GeV
pttSP2 =100 GeV

Lep 2

Lep1

pTLSP2 = 100 GeV ISR

Total Etmiss = 0 GeV Total Ermiss = 200 GeV

Figure 3.5: Transverse view of an event containing two LSPs and two leptons, With‘(right) and without (left) an ISR jet,
to demonstrate how ISR can be used to boost invisible particles and generate E77**%.

This strategy has been commonly used in the past for collider searches for massive invisible parti-
cles, such as the monojet search for dark matter [53]. It has been predicted to be adaptable in princi-
ple for SUSY searches, where the system that is “kicked” contains more particles than just the DM
candidate or LSP [33, 54]. The idea of adding an ISR jet to generate missing energy is the basis of the
dedicated reconstruction method described in Chapter 6.

The two analyses presented in this thesis represent adaptations of ISR boosting for sensitivity to
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compressed stop and higgsino searches. These scenarios are not only theoretically well-motivated
by naturalness, but they posit SUSY particles to exist in areas of phase space not excluded by cur-
rent collider constraints, making them exceptionally appealing from a scientific standpoint. With
a signature in mind and idea of how to observe it, the onus is shifted onto the experiment, where a
discussion of detector capabilities proves necessary to determine the feasibility and application of

this technique in data.
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Part I1

Experiment
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THE EXPERIMENTAL PROWESS NECESSARY TO STUDY NATURE at such a fundamental level is
significant, and the machines that have been built in this effort represent the vanguard of technol-
ogy. Particle accelerators and detectors developed in the service of high energy physics research have
spawned advancements in numerous other fields, from computing to medicine. This development
has been driven by the ambition of examining and probing the unsolved issues within the Standard
Model, including the search for supersymmetry. For this, it is necessary to manipulate matter at in-
creasingly smaller scales, via the most energetic particle accelerator ever built. Part IT discusses this
accelerator, the Large Hadron Collider (Chapter 4), and the ATLAS Experiment that detects, recon-

structs, and analyzes the collisions (Chapter s).
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The Large Hadron Collider

The Large Hadron Collider (LHC) is a circular proton accelerator and collider located at CERN
(European Organization for Nuclear Research) in Geneva, Switzerland [55]. The LHC is the newest
and largest installment at a laboratory with decades of history in the field of particle physics, a fact
which is integral to its successful operation. From its location to its components, the LHC is built

upon the foundation of its experimental predecessors. The 27 km synchrotron is housed in an un-
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derground tunnel straddling the French-Swiss border that was originally dug in 1985 for the Large
Electron-Positron (LEP) collider. Protons entering the LHC first travel through a series of accelera-
tor rings, many of which have previously been experiments in their own right.

The process of accelerating protons at the LHC complex starts from stripping hydrogen of its
electrons. Resulting protons travel through a series of accelerators; a linear accelerator (LINAC)
raises their energy to so MeV; a booster to 1.4 GeV; the Proton Synchrotron (PS) to 25 GeV; and the
Super Proton Synchrotron (SPS) to 450 GeV. Finally, from SPS, the protons are injected directly
into the LHC, where they reach their final collision energy. In Run II, this is a center-of-mass en-
ergy of /s = 13 TeV; the LHC design energy is /s = 14 TeV. Figure 4.1 shows the CERN accelerator
complex, including all of the aforementioned injector rings and the LHC.

Once in the LHC, the protons reach their final energy via eight radio-frequency (RF) cavities
positioned around the ring, each of which deliver 2 MV with a 40 MHz radiofrequency. Mainte-
nance of the beam is provided by 9593 superconducting electromagnets which surround the ring.
The magnets are kept at their operational temperature of 1.9 K with a superfluid helium cooling
system. There are two categories of these magnets, each with their own specific function in the accel-
erator. Lattice magnets (both dipole and quadrupole) ensure stability, steering, and compression of
the transverse beam size as it travels around the ring. When the beam approaches a collision point,
specialized insertion magnets provide the additional squeezing necessary to ensure a high quality col-
lision. This takes the form of eight triplets of quadrupole magnets, two at each of the four primary
detectors. Dipole magnets also spread the beam out after a collision, and deflect the beam from the

accelerator in order to dump it.
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Figure 4.1: An overview of the CERN accelerator complex [56].
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During a typical run, the LHC is filled with thousands of bunches, each containing about 10!

protons. They travel in opposite directions through two separate beam pipes under a vacuum
of 10713 atm. These beam pipes intersect at four points around the LHC, where detectors are
positioned to record their collision. The ATLAS [57] and CMS [58] experiments are both multi-
purpose detectors with a variety of physics programs, including Standard Model measurements and
searches for new physics. LHCb [59] is a forward detector specifically designed to detect b-hadrons,
and ALICE [60] focuses on heavy ions (which replace protons in the LHC for a few weeks at the
end of every year.)

At these interaction points, the intensity of bunch collisions is described by the instantaneous lu-
minosity, given in Equation 4.1. Here, fy¢, is the revolution frequency, N1 and N3 are the number
of protons per bunch crossing in beams 1 and 2 respectively, and o, and o, characterize the horizon-

tal and vertical convolved beam widths.

_ frev : N1N2

2wo0y

L (4.1)

The peak instantaneous luminosity measured in the LHC during Run IT is 2.05 x 1034 cm =2

s~1, more than double the original design luminosity. Integrating the instantaneous luminosity
over time gives a way of quantifying the amount of recorded data. This integrated luminosity £ is
commonly used to describe the size of a dataset (see Chapter s for a description of data collected by

ATLAS in Run IL.)

The goal of physics analyses at the LHC experiments is to find and study processes of interest
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within a recorded dataset. The number of events for any given process can be found by multiply-
ing the integrated luminosity by the cross section of the process (o), as seen in Equation 4.2. Cross
sections give an estimation of the probability of a process, and at the LHC they are measured in

28 m2. Since the number of events is a unitless value, this means that

barns (b), a unit equal to 10~
integrated luminosity is commonly measured in inverse barns (b~1). The cross sections for most
processes of interest are several orders of magnitude below the total cross section of the LHC (see
Figure 2.4). It is therefore crucial to collect a large amount of data, thereby enhancing the probabil-

ity of observing a rare process. To this end, maximizing the instantaneous luminosity is a driving

factor in future collider design.

N:/Ldtxazﬁxa (4.2)

Since collisions occur with a frequency of 40 MHz and each collision contains billions of protons,
there is a high probability that multiple collisions will occur simultaneously. In this case, the highest
energy collision is called the primary interaction, while the other interactions are known as pile-up
vertices. These vertices are classified as in time or out of time, depending on whether the spurious
collisions occurred in the same or adjacent bunch crossing as the primary collision in question. In
Run II, the mean number of interactions per bunch crossing (1) reached a maximum of 64, and
this value will increase with luminosity.

The first proton beams circulated in the LHC in 2008, and in the decade following, the LHC

underwent two multi-year Runs and two Long Shutdown (LS) periods, as reflected in the timeline
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Figure 4.2: Project schedule of the LHC over several decades, including notable runs and shutdown periods [61].

shown in Figure 4.2. From 2019 to 2021, the LHC is in its second Long Shutdown (LS2) phase, to
upgrade and repair the experiments in preparation for Run III, the final run of the LHC as it is
known today. Run III is expected to last from 2021 to 2023; during this time the LHC will provide
collisions at the design energy of 14 TeV and nearly double the existing dataset. In 2024 the LHC
will enter another shutdown, LS3, during which the accelerator and detector upgrades for the HL-
LHC will take place. The HL-LHC is expected to deliver around 3000 fb™! of proton collision
data at /s = 14 TeV over several years, renewing its global leadership in particle physics and further

advancing the boundaries of human knowledge.
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The ATLAS Detector

Once the collisions of interest have been provided by the LHC, the role of the detector emerges.

It is at the detector level that the proton collisions are reconstructed, providing a window into the
edges of the Standard Model and the prospects for new physics. The detection principles used in the
LHC experiments rely on knowledge not only of what the fundamental particles are, but how they

interact with one another and with the macroscopic world around them.
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A Toroidal LHC Apparatu$, otherwise known as the ATLAS detector (Figure s.1), is a multipur-
pose experiment at the LHC, standing 2sm high and weighing over 7000 tons. It consists of several
cylindrical layers of subsystems, each with a designated purpose for particle identification. Starting
at the beamline and moving radially outward, those subsystems are the inner detector, calorimeters,
and muon spectrometer; each of these is described in detail in Sections 5.1 to 5.3. Working in con-
junction with these detectors are solenoidal and toroidal magnet systems, described in Section s.4.
All of these subdetectors work together to provide unique particle identification, along with energy
and momenta measurements, that allow for a comprehensive picture of a proton-proton collision
event. A trigger system determines which events are recorded for later analysis (Section s.5), and

these events are subsequently reconstructed using the procedure described in Section s.6.

Tile calorimeters

N LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 5.1: The ATLAS detector and its subsystems, drawn to scale [57].
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The ATLAS coordinate system is right-handed, with the positive z-axis lying along the beam
axis and pointing counterclockwise to the beam direction, the positive y-axis pointing vertically up-
wards, the positive z-axis pointing towards the center of the accelerator ring, and the origin at the
interaction point (IP). The x-y plane is referred to as the transverse plane. In polar coordinates, the
azimuthal angle ¢ is measured around the beam axis, with the polar angle § measured as a rotation
from the beam axis. Since the momentum of the colliding partons along the z-axis is unknown, po-
lar coordinates in the transverse plane are used in the computation of many important quantities
such as transverse momentum (pr = p sin 0) or missing transverse energy (Eme‘ss = Fsin 0). Be-
cause many of the particles that pass through ATLAS are relativistic, it is helpful to also define the
rapidity ¥, which is a boost invariant representation of the polar angle, and the pseudorapidity 7,

which is equal to the rapidity in the limit of zero particle mass.

N 2 B A (1)
y_2n E—p. ; M= —lIntan 5 5-1

7 is especially commonly used in ATLAS analyses because differences in 7 are invariant under
boosts along the z-axis, and most particles produced at the LHC can be assumed to be massless
compared to their energies. Thus, the 1-¢ coordinate space is thus the most common one used to
describe position and direction in the detector. Particles emerging perpendicular to the beam axis

have 7 = o, and particles emerging parallel to the beam have 1 = +00. In this coordinate space, the
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distance between particles is often defined using AR:

AR = /A2 + A¢? (5-2)

ATLAS is divided into “barrel” elements, which cover the low-7 region, and “endcap” elements
for the high- region. Combined, these elements provide nearly full coverage up to || < 4.9, with
most performance recommendations and analyses focusing on objects with || < 2.5. All of the co-
ordinates described above and the space they map out on the ATLAS detector can be seen in Fig-

ure §.2.

M= 0.55

RO

N=132 4 0

N=o°

Figure 5.2: The ATLAS coordinate system, demonstrating relative spans of the Cartesian and polar coordinate systems,
along with the pseudorapidity 17 [62].

The technical requirements for any detector on the LHC are stringent, given the high interaction

rate. Table s.1lists the performance of each subdetector in terms of energy and momentum resolu-

59



Detector System Resolution

Tracking opr / pr =0.05% pr P 1%

EM Calorimeter op/ E=10%/ VE P o.7%
Hadronic Calorimeter | o/ E = 50% / VE P 3%
Forward Calorimeter | 0/ E =100% / VE @ 10%
Muon Spectrometer opr / pr =10% pr at pr =1 TeV

Table 5.1: Performance requirements for the ATLAS detector [57]. Units of energy and momentum are GeV.

tion required. Each resolution has a term that is a function of momentum or energy, summed in
quadrature with a constant term.

The data-taking capabilities of ATLAS throughout Run IT are impressive in light of these expec-
tations. The total integrated luminosity of the ATLAS Experiment collected throughout Run IT
from 2015 to 2018 is approximately 140 fb 1. Figure 5.3 shows the amount of data collected by AT-
LAS as a function of time, along with the total data delivered by the LHC. This comparison gives a
sense of the data-taking efficiency; almost 90% of collisions delivered to ATLAS were deemed good
for physics analysis [63]. The number of interactions per bunch crossing 1 provided by the LHC
is a crucial feature of data-taking, as it dictates the amount of pile-up, or overlapping simultaneous
proton-proton collisions, in the detector. Figure 5.4 shows the average value of 11 for each year of

collisions, as well as for the entire Run II period.
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Figure 5.3: Cumulative luminosity versus time delivered to ATLAS (green), recorded by ATLAS (yellow), and certified to
be good quality data (blue) during stable beams for pp collisions at \/E =13TeVin 2015-2018[64].
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Figure 5.4: Luminosity-weighted distribution of the mean number of interactions per crossing (. for each year of data-
taking, and for the full Run 11[64]. All data recorded by ATLAS during stable beams is shown.
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5.1 INNER DETECTOR

The inner detector (ID) is the layer of the ATLAS detector that is closest to the beam pipe, and thus
to the interaction point. There are three primary components of this subsystem, which work in
conjunction to provide precise tracking for charged particles. The innermost sublayer is the pixel
detector, followed by the silicon microstrip trackers (SCT) and the Transition Radiation Tracker
(TRT). Together, these detectors provide primary vertex information for sufficiently high-pr tracks
and secondary vertex information for long-lived particle taggers. The entire ID is enclosed in a
solenoidal magnetic field, bending charged particles and allowing for momentum measurement

of reconstructed objects. A cutaway diagram of the ID layout can be found in Figure s.s.

5.I.1 SILICON DETECTORS

Both the Pixel Detectors and SCT are silicon detectors, which use n-type Si semiconductors to
record the passage of charged particles via electron-hole pairs. This detector technology provides
high granularity and resolution on the order of microns, and readout times less than the 25 ns LHC
bunch crossing interval, providing key information that can associate hits to a particular primary
interaction.

The Pixel Detector has over 8o million readout channels which provide precision tracking for the
innermost, and thus most populated, layer of the ATLAS detector. It has four concentric cylindrical
layers in the barrel, and three disks in each of the two endcaps, giving a coverage of |1| < 2.5. The

layer closest to the beamline is called the Insertable B-Layer (IBL), due to its importance in identi-
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Figure 5.5: Cutaway view of the ATLAS inner detector system (top) and illustration of a charged particle traversing the

detectors (bottom) [57].
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fying secondary vertices associated to B-hadrons. The Pixel measurements are accurate to 10 f4m in
R-¢ and 115 um in z (for the barrel) or R (for the endcap).

The SCT consists of four concentric barrel layers and nine disks at each endcap. Each of these
layers is composed of double-sided modules of silicon microstrip sensors. The SCT measurements
are accurate to 17 um in R-¢ and 580 pum in z (for the barrel) or R (for the endcap). On average, a
charged particle gets at least three measurement points from the Pixel detector and eight strip mea-

surements from the SCT.

s..2 TRANSITION RADIATION TRACKER (TRT)

The TRT is the outermost layer of the ID, and is composed of polyimide straw tubes 4 mm in di-
ameter that are filled with a gas mixture of70% Xe, 27% CO2, and 3% O2. When a charged particle
passes through a tube, it emits transition radiation in the form of photons, which can be used to dis-
tinguish electrons from photons and aid in electron identification. The barrel of the TRT consists
of straws that are 144 cm long and arranged radially, while the endcap straws are 37 cm in length and
arranged parallel to the beam axis, with a coverage of |7)| < 2.0. The TRT is not needed to provide
precision hit measurements, which is performed by the silicon detectors, but its larger radial size is

assistive in determining track momenta.

5.2 CALORIMETERS

The ATLAS calorimeter is composed of two primary subsystems, the electromagnetic (EM) and

hadronic calorimeters (HCal). Both are sampling detectors, meaning that they utilize alternating
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Figure 5.6: Layout of the ATLAS calorimeter system [57].

layers of an active detecting medium with a dense absorbing material. Such a structure allows the
calorimeter system to fully absorb all jets, electrons, and photons, while recording valuable position
and momentum information. The calorimeters are also integral in determining missing transverse
energy to sufficient accuracy. As shown in Figure 5.6, the EM calorimeter is the first layer, located
closer to the beam pipe, followed concentrically outward by the hadronic calorimeter. The endcaps

of these two calorimeters provide coverage of |1| < 4.9.

5.2.1  LIQUID ARGON DETECTION

LAr is used as an active medium in both EM and hadronic calorimeter systems. It was chosen for

this purpose because of its linear response and radiation hardness. The detection principle is the
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collection of electrons that are released when a charged particle traverses the material, which are
accelerated by an electric field towards electrodes, inducing a current proportional to the energy
deposited by the particle.

An example of the induced signal and its drop-oft as a function of time can be seen in Figure 5.7.
The amplitude of the signal A (in ADC counts) is found using Equation 5.3, where s; are the signal
samples, p is the ADC pedestal, and a; are the Optimal Filtering Coefticients (OFC) computed per
cell[65]. The amplitude is proportional to the cell energy, and is also used to compute the signal
peak time ?.¢;; (Equation s.3), where b; are time-OFCs. The signal time is measured as the difference
between the digitization time and the chosen phase, and thus is expected to be close to zero. This
signal is then shaped using the front end boards (FEBs), which also compute the energy deposited
and pass the result to the data acquisition system (DAQ). The default number of samples j used for
each signal in the calculation of A and ¢,y is five, although many more can be used depending on

reconstruction needs.

Nsamples

1
A= a;j(sj = p); teett = 7 bj(s; —p) (53)
Jj=1 Jj=1

Figure 5.7 also reveals that a signal pulse is much longer than the 25 ns nominal bunch spacing at
the LHC. This aspect of the calorimetry has the potential to cause out-of-time energy to occur in a
given event. This effect is mitigated by the bipolar shaping of the pulse, which has a positive peak
and a negative tail, allowing most energy from previous bunch crossings to be cancelled out over

time.
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Figure 5.7: LAr detector raw signal shape (triangle) and after shaping (dotted line) [66].

To distinguish between real energy deposits and cell noise, the shape of the pulse output by the
FEBs is compared to the expected pulse shape as derived from simulation. The cell quality QZ41" is
thus defined in Equation 5.4 as the quadratic difference between the measured and expected pulse
shapes, where A is the measured signal amplitude, T is the measured signal time, s; is the amplitude
of each sample in ADC counts, g; is the normalized predicted ionization shape, and g} is its deriva-
tive [65]. The number of samples used for each signal in the calculation of Qé‘?f is four. Lower

values of Qé‘?f are more likely to be real energy deposits, while higher values are often associated to

noise. This criteria can thus be used to distinguish real physics object energy from spurious sources,



as in the event cleaning procedure discussed in Chapter 7.

Nsamples
Qi = Y (s;Ax (g, —Td})’ (5.4)
j=1

§.2.2 ELECTROMAGNETIC CALORIMETER

The electromagnetic calorimeter in ATLAS is primarily used to measure the energy of electrons and
photons. These particles will lose energy via bremsstrablung and pair production when incident on
a thick absorber material, generating an electromagnetic shower that can be used to give an initial
energy measurement of the particle. The number of particles in the shower is proportional to the
incident energy of the particle, and its intensity attenuates exponentially as a function of distance as

described by Equation s.s:

I(z) = Ipe™®/Xo (5-5)

where I is the intensity,  is the distance travelled, and Xy is the radiation length.

The EM calorimeter uses lead as an absorber and LAr as an active material, which are layered in
an accordion geometry (see Figure 5.8) that allows for complete ¢ symmetry and numerous active
layers. The barrel extends to |1| < 1.475, and the endcap extends in the range 1.375 < || < 3.2. The
overlapping region between the barrel and endcap is referred to as the “transition” region. The EM
calorimeter is segmented in depth into four layers: a thin LAr presampler layer to correct for energy

lost before the calorimeter; a pre-shower detector to precisely measure particle 1) for shower direction
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Figure 5.8: Diagram of the electromagnetic calorimeter in the barrel displaying the accordion-shaped segmentation
[57].

measurement; the primary shower energy absorption layer; and a final correction layer to account
for energy leakage outside the calorimeter. Its total thickness is > 22 radiation lengths (X) in the
barrel and 24 in the endcaps. Perpendicular to this segmentation, the calorimeter is divided into

longitudinal cells called “towers”, as shown in Figure s.8.

5.2.3 HADRONIC CALORIMETER

The ATLAS hadronic calorimeter is designated for measuring the energy of hadrons and is com-

posed of three subsystems. The first is the TileCal, which serves as the HCal in the barrel region (|7]
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Figure 5.9: Diagram of the electromagnetic calorimeter in the barrel displaying the accordion-shaped segmentation
[57].

< 1.7) immediately following the EM calorimeter. It uses scintillator tiles as an active material, alter-
nated with steel plates that serve as the absorber material. The geometry of these layers can be seen
in Figure 5.9, along with the azimuthal segmentation into modules of A¢ =~ o.1. The TileCal is
also segmented longitudinally into three layers, altogether providing a thickness of 9.7 interaction
lengths () in the barrel and 10 in the endcap. This is sufficient to fully contain the large majority of
hadronic showers expected from LHC collisions.

The second two subsystems supplement the TileCal in the forward region: the hadronic end cap
(HEC) covers the range 1.5 < |1)| < 3.2, and the forward calorimeters (FCal) which consist of three

modules covering 3.1 < || < 4.9 [66]. Both the HEC and FCal use LAr as an active medium, with
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either copper (HEC and first FCal module) or tungsten (outer two FCal modules) as an absorber.
While the first module of the FCal is designated for EM measurements, the HEC and remaining two

FCal modules primarily measure hadronic energy.

5.3 MUON SPECTROMETER

The outermost layer of the ATLAS detector is designated for measurement of muon position and
momentum. There are four technologies used in the muon spectrometer (MS): the Muon Drift
Tubes and Cathode Strip Chambers provide precision tracking in |1| < 2.7, while the Resistive Plate
Chambers and Thin Gap Chambers are used for triggering in the barrel and endcap respectively,
covering || < 2.4. A diagram of the MS and the locations of these four components can be found
in Figure s.10. The chambers of the MS are oriented between the coils of the toroid magnet (see
Section 5.4), which provides a magnetic field oriented orthogonal to the muon’s expected trajectory,

bending the muons and allowing measurement of their momenta.

5.3.1  MONITORED DrIFT TUBES (MDT5)

The MDTs are pressurized drift tubes that populate the barrel of the MS and contain a gas mixture
that is 93% argon and 7% CO», with a conducting wire running along the center of the tube. In the
ATLAS detector, the tubes are oriented along ¢, providing precision measurements in 7. A charged
particle passing through the MDT is detected through ionization of the gas, whereby released elec-
trons drift towards the central wire under a radial electric field. The drift time is approximately 700

ns. Detection of a particle through several nearby tubes can allow for trajectory reconstruction, pro-
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Figure 5.10: Layout of the ATLAS muon spectrometer [57]

viding a resolution in the 77 measurement as low as 30 jum across all three layers of MDTs [57].

5.3.2 CATHODE STRIP CHAMBERS (CSCs)

CSCs are multi-wire proportional chambers with radially oriented anode wires containing a gas mix-
ture that is 80/20% argon and COg [57]. Similar to the MDTs, these chambers detect ionization
released by a traversing particle, drawing released electrons to two sets of cathode readout strips with
an average drift time of 40 ns. One of the cathode strip sets runs parallel to the anode wire and pro-
vides precision track measurement, and the set is perpendicular to provide the transverse coordinate.
Combined these strip sets gives a resolution of 40 pum in the bending plane. With a much shorter

drift time than the MDTs, the CSCs are specifically designed to handle high-rate environments, and

72



thus provide precision tracking in the inner endcap region at 2.0 < |n| < 2.7.

5.3.3 RESISTIVE PLATE CHAMBERS (RPCs)

Since the drift times of both the MDTs and CSCs are longer than the LHC bunch crossing interval,
triggering chambers are necessary to assign muons to specific primary interactions. RPCs provide
triggering in the barrel (|n| < 1.05) and consist of two parallel resistive plates with a gas mixture of
94.7% CoH2F4, 5% Iso-C4Hig, and 0.3% SFe [57]. The thin plate gap of 2 mm leads to a quick re-
sponse time, with an average signal width of approximately s ns. RPCs have a position resolution of

1 cm (providing both 77 and ¢ measurements), and a time resolution of 1 ns.

5.3.4 THIN GAP CHAMBERS (T'GCs)

TGCs are multi-wire proportional chambers that provide fast response times for triggering in the
region .05 < || < 2.7. With a similar time resolution to the RPCs, the quick response time is
provided in this case by a small wire-to-cathode distance (1.4 mm), and a high electric field to give
shorter drift times. The RPCs are filled with a gas mixture of CO2 and n-pentane. The timing reso-
lution is similar to that of the RPCs (1 ns) and the spatial resolution on the azimuthal coordinate is

2-7 mm.

5.3.5 THE NEwW SMALL WHEEL (NSW)

Starting in 2018, the LHC entered Long Shutdown 2 (LS2), an upgrade period during which sev-

eral detector subsystem improvements will be installed to cope with increased hit rates and high
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Figure 5.11: Left: MDT tube hit (solid) and segment (dashed) efficiency as a function of hit rate per tube, demonstrat-
ing the insufficient efficiency at high hit rate [67]. Right: diagram of NSW in the ATLAS MS showing the additional
triggering capability and subsequent fake rejection improvement.

radiation exposure. The ATLAS Muon New Small Wheel (NSW) replaces the innermost endcap
wheel of the muon spectrometer with new detector technologies. The motivation for this upgrade
is twofold. As seen in Figure 5.11a, the MDTs will be insufhicient to provide good muon efficiency
for the higher hit rates expected in future LHC run conditions. Second, the NSW provides an ex-
tra trigger layer that helps reduce fake triggers from background hits, as shown diagrammatically in
Figure s.11b.

The NSW upgrade includes two new detector technologies: micromesh gaseous strip detectors
(micromegas) used primarily for precision tracking, and small-strip thin gap chambers (sTGCs) used
primarily for triggering [67]. The sSTGCs are fundamentally similar to the existing TGCs, with a
considerably smaller pickup strip pitch of 3.2 mm. The micromegas detectors reconstruct charged
particle trajectories through ionized gas, using the same mixture as the existing MDTs. The released

electrons traverse a maximum s mm drift gap towards a metallic mesh. Below this micromesh is
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Figure 5.12: lllustrations of the geometry (left) and detection principle (right) of the micromegas detector [67].

the 128 um amplification region, where the signal is amplified and accelerated to readout electrodes
topped with resistive strips to prevent sparking. The arrival time of signals on each readout strip can
be used to reconstruct the track position and incident angle. Figure s.12 illustrates the micromegas
components and their detection capability. In ATLAS, eight micromegas chambers are stacked to-
gether in an octuplet, where the four central chambers are oriented with strips at an angle of £1.5°.
This layout allows for a measurement of the ¢ coordinate while lengthening the lever arm between

straight strips for triggering.

5.4 MAGNET SYSTEM

The magnet system of the ATLAS detector consists of two independent subsystems with four super-
conducting magnets in total. First, a central solenoid placed after the inner detector provides a2 T
field parallel to the beam axis, which bends charged particles in the azimuthal plane. Second, a 0.5-1
T toroidal field in the muon spectrometer provides bending in 7 via one barrel and two endcap mag-
nets. Each toroidal magnet is composed of eight individual coils. The geometry of these two magnet

systems can be seen in Figure 5.13. The amount of bending in the trajectory of a charged particle that
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is induced by the magnets is used to measure its momentum via the Lorentz Force Law.

Figure 5.13: Geometry of the ATLAS magnet system [57]. The three toroids are shown in orange, while the central
solenoid is shown in purple.

5.5 TRIGGER SYSTEM

In Run I of the LHC, protons collide at the ATLAS interaction point at a rate of up to 40 MHz.
Each event contains about 1 MB of information, and the data acquisition system is capable of writ-
ing this information to storage at a rate of about 100 MB/s. Therefore, the trigger system is needed
to reduce the event output by about five orders of magnitude before it can be written. This system
needs to be both fast and efficient at selecting events of particular interest for the search and mea-
surement physics program of the ATLAS experiment.

The first step in the ATLAS triggering process is the hardware-based Level-1 (L) trigger, which

uses detector subcomponents to seed regions of interest (ROIs) based on generalized subsystem sig-
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Figure 5.14: L1 (a) and HLT (b) trigger rates grouped by trigger signature during an LHC fill in October 2015 [68].

natures. Events not passing any of the Lt triggers (listed in the legend of Figure s5.14a) are removed,
reducing the event rate to 100 kHz. The ROIs are passed to a software-based High Level Trigger
(HLT'), which integrates information across the detector and provides basic object reconstruction.
The legend of Figure s5.14b lists common HLT triggers, which save events containing objects of inter-
est such as electrons, muons, jets, or missing energy, or specific combinations of multiple objects per

event. After the HLT, the event rate is approximately 400 Hz, low enough to be written to disk.
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5.6 EVENT RECONSTRUCTION

The integration of all ATLAS detector subsystems and triggering capabilities allow the reconstruc-
tion of individual objects that were created in a given proton-proton interaction. The subdetectors
described in Sections 5.1 to 5.3 are designed to obtain specific identifying information about a par-
ticle, such as its mass, charge, and momentum; they can then work together to give each particle

a unique signature across the entire detector. Figure s.15 shows the passage of different Standard
Model particles through the ATLAS detector and their signatures in the various subsystems. In
addition to identifying objects as electrons, muons, jets and b-jets, or other common particles”, re-
construction determines the full kinematics of the event, including missing transverse energy. Event

reconstruction can be applied to data or simulated events.

5.6.1 ELECTRONS

The electron signature in ATLAS primarily consists of tracks in the inner detector and energy de-
posits in the electromagnetic calorimeter. Candidate electrons are first reconstructed from electro-
magnetic calorimeter cell cluster “seeds” (pr > 2.5 GeV) that are matched to ID track seeds (pr >

1 GeV, with three hits in three different silicon layers). To reduce fake electron background from
photon conversions or secondary particles, the track seeds are required to be compatible with the pri-
mary vertex. Algorithms for electron identification (ID) are also applied to the candidate, which use

quantities related to the shower shape, track-cluster matching, TRT and inner detector properties,

*While a similar reconstruction procedure exists for particles such as photons and taus, the discussion in
this treatment will be limited to particles directly used for the analyses detailed in Part IV.
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Figure 5.15: A computer-generated image of proton-proton collision decay products passing through the ATLAS
detector[69].

and bremsstrablung eftects [70]. These algorithms are primarily based on multivariate likelihood
(LH) methods [71] and optimized on Monte Carlo simulation. Three levels of electron ID are of-
fered in Run II: Loose, Medium, and Tight (listed in increasing order of background rejection).
Most analyses also require electrons to pass isolation criteria, which quantify the amount of de-
posited energy nearby the electron candidate to discriminate between prompt electrons, from the
primary hard-scatter interaction, and other non-isolated objects such as electrons from conversions
or light hadrons mis-reconstructed as electrons. Two primary isolation variables are used for this

assessment, one describing the electron’s isolation in calorimeter energy (E5"“0-2), and the other
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in track-based momentum (p%arconeO.Q). Both variables sum the amount of energy or momentum

in a A-R cone of a given size around the candidate electrons. Several isolation working points are
used in Run II, which combine requirements on both energy and track-based isolation variables.
Figures 5.16 and 5.17 show electron ID efficiency for primary working points and isolation variables,

respectively.
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5.6.2 MUONS

The first step in reconstructing muon candidates is to search for patterns of hits in the muon spec-
trometer to form straight line segments. Tracks are first built by connecting several segments to
traverse the entire MS (“standalone”), and second by matching an MS track to an ID track (“com-
bined”). Once tracks have been made, a muon candidate can be reconstructed in one of four ways [72]:

1. Combined (CB) muon: built from combining independently-reconstructed ID and MS

tracks, where the hits on the combined track must pass x* matching.

2. Segment-tagged (ST) muon: built by extrapolating an MS segment to the ID and finding a

suitable track candidate; used for muons with minimal information available in the MS.

3. Calorimeter-tagged (CT) muon: built by extrapolating an MS segment to a calorimeter clus-
ter consistent with a minimum-ionizing particle; used in regions where MS is only partially

available.

4. Extrapolated (ME) muon: built only with the MS segment and a loose requirement for com-
patibility with the interaction point; used to increase acceptance for muons in 2.5 < |n| < 2.7,

which is not covered by the ID.

As with electrons, identification criteria are applied to reconstructed muon candidates to reduce
background, mainly from pion and kaon decays. The ID working points use information from the
X2 match between ID and MS tracks, and compatibility of momentum measurements between the
ID and MS. Four ID working points are primarily used in Run II: Loose, Medium, Tight, and High-
pr. The search described in Chapter 10 also introduces a new dedicated working point for extremely
soft muons, called the Low-p7 working point. Several isolation working points are also available for

. . . t 20
further background rejection, using variables such as p327<°"¢39 /pp and E,7P°°"*" /pp that sum
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5.6.3 JETS

In any given proton-proton collision, many quarks and gluons are produced, but because of con-
finement it is not possible to individually detect them in ATLAS. Instead, colored particles undergo
a branching process and subsequent hadronization, in which they create a spray of hadrons in the
direction of the original parton; this spray is referred to as a jer. A jet signature in ATLAS consists
of energy deposits in the electromagnetic and hadronic calorimeters, and tracks in the inner detec-
tor from charged particles. The process of mapping hard-scatter partons to final state hadrons is
called jet reconstruction; it must be collinear and infrared safe, and yield finite and reasonable cross
sections.

Jets at the LHC are made from topological clusters using calorimeter cells, known as “topoclus-
ters”. Topoclusters are built using seed cells, whose energy measurement is four times the expected
noise level, and adjacent cells are recursively added to the cluster if they have sufficient large energy.
Each topocluster is calibrated in one of two ways, so as to properly characterize the energy response
of the calorimeter. This calibration gives the jet energy scale (JES), and accounts for dead calorimeter
material or leakage, energy deposits below noise threshold, and pile-up. The first calibration scale
option is EM, where each cluster is assumed to have come from the energy deposition of an electron
or photon. The second is the local cluster weight (LCW) scale, which gives an energy correction to
each cluster and allows them to be classified as electromagnetic or hadronic. Figure 5.20 shows the jet
energy response (JER) for both EM- and LC-calibrated jets, where the response is defined as the ratio

of reconstructed to truth jet energy.
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Figure 5.20: Jet energy response in simulation with the EM scale (left) and LC scale (right) as a function of 17 [73].

REcCoONSTRUCTION

Topoclusters are grouped together into jet candidates using a reconstruction algorithm. In ATLAS,
sequential clustering algorithms are commonly used [74], which are based on distance measures as
defined in Equation s.6:

2

d;; = min (kfp kfj?) = (5.6)

Here, A?j = (yi — %’)2 + (i — 95 )2, k4 is the transverse momentum of particle ¢, and p
is a parameter that describes the relative power of energy versus A?j. The clustering proceeds by
identifying the smallest distance between adjacent topoclusters until the cluster is closer to the beam
than it is to other topoclusters. At this point, the clustering stops and the resulting object is deemed
ajet. Different values of p correspond to different distance measures and thus different algorithms: p

= 1 gives the inclusive k7 algorithm, p = o gives the inclusive Cambridge/Aachen algorithm, and p =
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-1 gives the anti-k7 algorithm, which is used to reconstruct jets in the analyses described in Part IV.

An alternate reconstruction, particle flow, integrates tracking and calorimeter information to con-
struct a jet from its constituent particles [75]. For each jet, the particle flow reconstruction algorithm
removes calorimeter energy deposits attributed to charged hadrons, and replaces this information
with measurements of their momenta from the inner tracker. As shown in Table 5.1, the expected
calorimeter and tracker resolutions are inversely related to the particle’s energy/momentum; for
low-energy charged particles, the resolution of the tracker is significantly better than that of the
calorimeter. Therefore, particle flow reconstruction to take advantage of both charged hadron track-
ing information, while retaining calorimeter measurements for neutral jet components.

Given the large number of simultaneous interactions present in each ATLAS event, it is necessary
to distinguish primary interaction jets from pile-up jets. A commonly used method for this discrim-
ination is the jet vertex tagger (JVT) [76]. It uses two variables: the jet vertex fraction, defined as the

de-

ratio of tracks associated to the primary vertex to the total number of tracks in the jet, and R, .,
fined as the ratio of the scalar sum of the jet track pr to the fully calibrated jet pr (including calibra-

tion pile-up subtraction). The JVT combines these two variables in a likelihood function developed

on simulated jets, and extracts the relative probability that a jet is likely to be signal or pile-up.

b-TAGGING

Identifying the flavor or type of parton that originated the jet can be important information for
analyses when selecting jets. Though this task is very challenging in most cases, displaced vertices

from longer-lived partons can provide a useful handle on tagging jets of certain flavors. Specifically,
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Figure 5.21: The efficiency to tag b (green), c (blue) and light-flavour (red) jets for the MV2c20 tagging algorithm with
the 70% operating point as a function of pr (left) and 7 (right) [77].

B mesons have a lifetime on the order of 1012 seconds, corresponding to a distance travelled in
the detector of about 0.5 mm [17]. This allows for b-jets to be distinguished from other jets via the
presence of a secondary vertex.

Several algorithms are used in ATLAS to identify b-jets. The most commonly used b-tagger is a
multivariate technique that incorporates information about the jet impact parameters, likelihood
ratios between jets of different flavors, and secondary vertices. Such information is encoded in 24
variables that are fed as input to a boosted decision tree tagger known as MV2 [77]. Figure s.21 gives
the performance of the MVac20 algorithm for one of several working points (70%), which allow

customizability of good tag efficiency and fake tag rejection depending on analysis needs.
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5.6.4 MIsSING TRANSVERSE ENERGY (EZ5%)

While most particles produced at the LHC directly interact with the detector material, certain parti-
cles such as neutrinos (or hypothetical BSM particles like the neutralinos described in Part I) do not
leave any measurable trace in the detector. Instead, the presence of these particles must be inferred
via momentum imbalance in the primary interaction. Since all of the momentum of the incoming
protons is parallel to the beam axis, any imbalance in the transverse plane after the collision can be
interpreted as momentum carried away by an invisible particle. The magnitude of this imbalance

is called missing transverse energy (E%l"ss), and it is a crucial quantity in many searches for new
physics.

ng”ss is calculated as the sum of several terms as follows [78]:

miss __ miss,e miss,y miss, T miss,jets NESS, 14 miss,soft
Erty = Bowy) +Eay Ty TPy T Ey Tt Py (57)

Each term in Equation 5.7 represents the negative vectorial sum of the momenta of the cali-
brated objects (in order: electrons, photons, taus, jets, and muons). The soft term represents de-
tector signals not associated to specific objects, which can contain separately defined track (TST) and

calorimeter (CST) soft terms. The total missing energy in an event is then defined in Equation s.8:

E%niss — \/(E;niss)Q + (E;m'ss)2 (5.8)

E71*%% can come from real sources, such as non-interacting particles, or fake sources, such as mis-
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reconstructed physics objects or dead/noisy detector regions, which can spuriously imbalance the
total momentum measured in the transverse plane. As a result, the quality of the El}”ss recon-
struction, known as the E* resolution, is studied in Z — 1y events, where lictle real £

is expected. Figure s.22 shows this resolution assessment as a function of ) | E7 and the number of
primary vertices. Since a higher amount of signal in the detector leads to larger mis-measurements,

pileup can be seen to degrade the E;I‘iss resolution.
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Part III

Strategies
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As INTRODUCED IN CHAPTER 3, COMPRESSED SUSY sEARCHES with ISR-assisted topologies
are challenging. A variety of strategies must be employed to ensure that signals can be efficiently
selected, while eliminating any contaminates or backgrounds that closely mimic the signal, and ul-
timately building an effective and correct analysis. Part III describes three essential ways in which
these challenges are mitigated. Chapter 6 introduces the Recursive Jigsaw Reconstruction method,
a framework designed to take advantage of event shape information, with an emphasis on the han-
dling of difficult topologies such as those with ISR boosting. Chapter 7 details event cleaning for
the ATLAS experiment in Run II, providing a motivation for the procedure, the details of its im-
plementation, and its performance for the relevant data-taking periods. Chapter 8 describes the
statistical analysis methods used to make quantitative inferences about the data, and introduces the
HistFitter software framework used to implement these methods in searches. Together, these

strategies are integral to the success of the searches performed and discussed in Part IV.
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Recursive Jigsaw Reconstruction

One of the key challenges in a compressed SUSY search is distinguishing signal from background,
due to the inherent lack of missing energy that is often the hallmark of SUSY signatures. It is there-
fore especially important in these searches to capture all possible information in an event, with a
particular focus on crucial event shape information typically lost in traditional analysis variables. Ac-

cessing this information can be done with an event analysis strategy based on Recursive Jigsaw Recon-

91



struction (RJR), a general scheme for analyzing high energy collision events [79]. RJR has the ability
to resolve combinatoric ambiguities when there are several identical objects in a final state, as well as
kinematic ambiguities that arise if there is information missing in an event due to the presence of in-
visible particles. There are a variety of ways to implement RJR for different event topologies; in this
treatment the focus is on RJR with initial state radiation (ISR), via calculation of the event thrust

axis, and its application to both di-stop and di-higgsino decays.

61 METHODOLOGY

As discussed in detail in Chapter 3, the search for compressed signals is experimentally difficult be-
cause of the soft final state decay products and lack of missing energy. However, the fact that the
daughter particle (in this case the Y) does not gain momentum from the parent particle decay (ei-
ther £ or X9/ lei) leads to other useful correlations that can be exploited.

If the pair-produced SUSY particles gain all their momentum by recoiling against a system of ISR
jets, this di-sparticle system will have a strong correlation with the momenta of the ISR system. That
correlation will then propagate down the decay chain, with more boost going to the more massive
particle at each decay. In the parent sparticle decay, the mass difference between parent sparticle and
XY determines how much of the parent’s energy is available to be imparted to the X9 as momentum.
The smaller the mass splitting, the less that the )?1) momentum’s is attributable to the parent decay,
therefore the stronger the correlation between XY momentum (or E;l”ss ) with ISR pr. In this way,

the correlation between E?“‘ss and ISR is very dependent on the mass splitting in the decay chain.
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Equation 6.1 demonstrates this trend quantitatively [80, 81, 82], specifically showing that the
ratio of the Ef**** and ISR pr goes as the ratio of the parent and daughter sparticle masses (shown
here for the example of di-stop decay.) Superscripts (subscripts) on Lorentz-transformation factors
indicate the final (initial) reference frame and superscripts (subscripts) on momenta and energy

indicate the reference frame (object). :wq

. ISR __ 129998 -
miss — , lab lab labEtt Pr 9~ 1t ISR 2Pyt mX(l) ISRmxtl]
T  =DPgo50 0 ~ Vg P Ligog0 ~ 40 g0 ~ Pr i7 ~ o
X1X1>s X1X1 mfi 1 27§tm~ mf
£t (6.1)
miss ~
Er mz
= ISR ~
D mg

There are a few key features of compressed SUSY signatures that make this treatment especially
effective. One of those is the small expected widths of the parent particles. The zeroth order treat-
ment in Equation 6.1 describes the perfectly at rest picture; the first order correction comes from the
non-trivial widths of the involved sparticles. However, since the parent sparticle widths are expected
to be small (less than the top Breit-Wigner of 1.3 GeV), and the width of the XY is near o if it is stable,
the E}”iSS—ISR pr correlation is strongest when the sum of the masses of the two daughter particles
is almost equal to the mass of the parent particle. This is precisely the region in which traditional
techniques are most difficult.

The second helpful feature is that the X is expected to be massive as compared to the Standard
Model decay counterpart (top quark in the case of stop decay or oft-shell W/Z boson in the higgsino

case). This allows the Y to absorb a significant enough fraction of the ISR-imposed boost to gen-
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erate measurable E7**% in the event. Since the other Standard Model decay products are very soft,
they are often not useful for triggering, making a hard LSP crucial for the use of EJ**** triggers.

The first step of an RJR-based analysis is to impose a decay tree on the event. While this decay
tree can in principle specify each expected final state object and all the intermediate states of the
decay, a generic simpler version is applied for ISR topologies as shown in Figure 6.1. In this tree,
there are three frames, or groups of final state particles: the ISR, invisible, and visible systems. The
ISR frame is needed to give momentum to the system of interest. This system of interest, called
the sparticle or S frame, then decays into particles that are visible in the detector (V frame), and one
or more invisible particles (I frame) which escape detection, leaving only a transverse imbalance of
momenta in the event. The center of mass frame (CM frame) is then the sum of the reconstructed
or missing objects, sparticles and accompanying particles. Each of these four frames is identified by a
four-vector sum of all particles, which can then be evaluated in any of the frames implicitly defined
by the decay tree.

The decay tree is imposed on event by filling in the four vectors of the three final state frames
(I, V, and ISR). The I frame requires a choice to be made regarding its missing z component. First,
the vectorial E%mss reconstructed in each event as the transverse momentum of I, evaluated in the
lab frame. This leaves two four-vector components unspecified: these can be expressed as the mass
of Tand its longitudinal momentum in the lab frame. For the former, the convention used here is
to decide m = o. While this isn’t necessarily a physically correct assignment, it simplifies the prob-
lem and does not detract from any kinematic effects or correlations. For the latter, the longitudinal

momentum of all objects is simply set to o, giving an exclusively transverse view of the event.
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Figure 6.1: An RJR decay tree diagram for analyzing ISR-assisted signal topologies [83].

After the I frame four-vector is filled out in this way, the next step is to assign all other recon-
structed objects to either the V or ISR frame. This is done using a jigsaw rule, which is a generic
algorithm that resolves any combinatoric ambiguities associated with frame assignment. For com-
pressed scenarios, this algorithm maximizes the back-to-back pr of all final state objects, equivalent
to calculating the thrust axis of the event.

Boosting along this axis into the center-of-mass frame allows the event to be divided into two
hemispheres, revealing the back-to-back event shape consistent with ISR-assisted topologies. The
only expected source of EZ'*** in the signal is the LSP, thus the hemisphere that contains the E7%
is the sparticle S frame, and the other hemisphere is the ISR frame. Figure 6.2 provides a diagram of

this hemispherical separation along the thrust axis, showing how all of the objects in the event will
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Figure 6.2: Diagram of an ISR-assisted event, where the calculation of a thrust axis allows for the designation of two
distinct hemispheres. All objects can be categorized into one of these hemispheres, which become the S frame (if the
E77*%% vector is present) or the ISR frame.

then fall into one of the two frames.
After this frame assignment, all objects are in one of the three final state frames, and there is a full
kinematic description of the decay tree in the transverse plane. From here, it is possible to analyze

events by building unique jigsaw variables and using these to discriminate signal from background.

6.2 APPLICATION

The new variables that emerge from R] reconstruction are well-equipped to perform the difficult

signal to background discrimination in the compressed or diagonal area of phase space. Not only
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do they contain event shape information via the thrust axis and hemisphere creation, but they also
have information about whether a given final state object was more likely to come from the SUSY
or ISR system. Many of these are similar in concept to traditional analysis variables, but with a more
accurate understanding of the event that is gained from the reconstruction. A key example is in the
ISR system; many analyses that use ISR topologies must assume that the leading jet is the ISR jet,
while in RJR the ISR boost can come from a system of several jets, none of which are necessarily the
leading jet.

An RJR-based analysis will utilize such novel variables, which can take the form of energy ratios,
object multiplicities, or angles/momenta in the various frames, to build regions that effectively select
for compressed signals while cutting away Standard Model background. Several key RJR variables

are described in detail below.

Rrsr

The variable Rrsp is one of the most important variables used in compressed searches, because it
encapsulates the crucial correlation between missing energy and ISR p7 described in the previous
section. In fact, the variable is simply defined in Equation 6.2 as the ratio of Egﬂmss to p%s R Instead
of using the scalar quantity E&?’iss, the vector quantity pr 7 can be used because the full four-vector

for the invisible frame has been reconstructed. Recall from Equation 6.1that this ratio is also propor-

97



tional to the ratio of parent to daughter particle masses for the case of very compressed points.

Eniss m
_ L7 ~ parent
Riskr = = —I5Em (6.2)
b Mdaughter

Figure 6.3 shows the distribution of Rrsp for several pair-produced )Zg signals, each with a differ-
ent mass splitting between the X3 and XU. For very large mass splittings, the distribution peaks at a
lower value of R;5r and has a broader shape, while for the very compressed points, the peak is well-
resolved and at a higher value. The precise resolution of the distribution peak at the ratio of parent
to daughter masses for a particular signal indicates the potential for significant sensitivity increases

using a “window” cut or shape fit on Rrgsp.
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Figure 6.3: The distribution of IR 5 g for several signals of varying (Xg, %(1)) masses, demonstrating the correlation
between R ;g R and decay chain mass splitting [83].
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Due to the intentional ignorance of the longitudinal momentum in each event, the masses of all
RJR states are transverse masses. Therefore, just as the transverse mass can be computed using the
neutrino and lepton for a W boson, the transverse mass of the sparticle frame, M;/S , can be com-
puted using the Invisible and Visible frames. The length of the tail of the M3 distribution is de-
termined by the characteristic scale of the process. Since this variable mimics the transverse mass of
the di-sparticle system, signal events are likely to be reconstructed with Mﬁg values that are consis-
tent with the presence of the di-sparticle system upstream in the decay. Backgrounds tend to have
a broader distribution, in general according to the kinematic requirements of the leading jets in the
event.

Since many of the RJR variables make use of similar information relating to the event thrust axis,
strong correlations exist between variables. It is particularly important to compare any new variable
with Rrgg, as it is the direct ratio between the most correlated quantities in the reconstruction.
Figure 6.4 plots the distribution of Mﬁ as a function of R;gp for signal, as compared to several
primary backgrounds. Not only is the signal to background discrimination along M:,s evident, but
the correlation with R;g g indicates potential for a diagonal cut along both variables to effectively

cut away background that occurs at higher Rygp (where the signal is concentrated) but low M.
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Figure 6.4: The distribution of Mﬁ? as a function of R g for background as compared to signal simulations [83].
Counterclockwise from upper right: diboson, boson + jets, top + X, gluino signal.

ISR
Pr

One of the components of Rrgg is the pr of the ISR frame. This variable on its own is found to
have discriminating power, as p72 tends to take on higher values for the very back-to-back topolo-
gies associated to signal events. As with M, 3 the correlations with Rgp are of interest; Figure 6.5

shows 2D plots of p%s R ys. Rygp for two backgrounds and two SUSY signals. Since R;gr is di-

rectly a function of pio%, the correlation is naturally strong, and can be used to advantage in dis-

criminating signal from background.
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Figure 6.5: The distribution ofp{pSR as a function of Ry g g for background (top) as compared to signal simulations

(bottom) [83]. Counterclockwise from upper right: top+X, boson+jets, gluino signal, squark signal.

NjV, NIV, NbV

After the R] reconstruction is performed, all final state objects are sorted into the ISR or Visible
frames. Variables like N5V, NIV, and NbV are built by counting the number of jets, leptons, or
b-jets respectively that get sorted into the Visible frame. The Visible frame is expected to come from
a sparticle decay, and the expected object multiplicity in that decay is known beforehand. Thus these
variables can be helpful for imposing basic expectations on the event, using the Feynman diagram

of the decay of interest. Figure 6.6 shows the example of IV jV as a function of Rrsp for several
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backgrounds and a gluino signal.

Boson + jets Vs=14 TeV Di-/ Tri-Boson \s=14 TeV
55 S

2
=)
2
> >3
c Z 1
P
|
o
>
[83]
107
1 1
0.2 04 0.6 0.8
Risr
Top (+X) Vs=14 TeV M(%)=1TeV, M(X") =900 GeV Vs=14 TeV
55 . 5.5¢
5 E 102
4.5 :—9
o
4 0 2
35 - I
>3 3 S >3
P o Z2
25 ~
§2]
1
2 § 1
15 w
1
|
0% 0.2
Rsr Risr

Figure 6.6: The distribution of N jV as a function of R g R for background as compared to signal simulations [83].
Counterclockwise from upper right: diboson, boson + jets, top + X, gluino signal.

AD(ISR,])

In a scenario where the event shape is a crucial feature of the analysis, many angles between objects
can be utilized to enforce the desired topology. For ISR-assisted R] reconstruction, the difference in
® between the ISR and Invisible frames AP(ISR,I) is used to maintain the back-to-back nature of
compressed SUSY signatures. A®(ISR,I) mimics the more commonly used A® between the lead-

ingjet and E%, but with a more sophisticated understanding of the ISR system (as potentially a
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system of jets rather than a single jet.) Figure 6.7 shows the distribution of A®(ISR,I) for several

gluino signals of different masses and several key backgrounds.
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Figure 6.7: The distribution of A®(ISR,I) for background as compared to several gluino signal mass points [83].

Given the strong physics motivation and potentially powerful signal to background discrimina-
tion of these variables, they are good candidates for use in analyses that have historically struggled
to gain sensitivity to compressed signals. The precise advantage provided by these variables and the

RJR method overall is described further in the following part of this thesis.
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Event Cleaning

Working with compressed mass spectra also requires precise understanding of backgrounds that may
pose problems in the analysis, because they either closely mimic the signal or are difficult to estimate.
In the case of compressed SUSY signatures with ISR-assisted topologies, the signal typically appears

in the detector as missing energy back-to-back with energy deposited by jets and/or leptons. Because

of the large transverse imbalance in the event, this final state is often contaminated by “fake” jets,
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which can be coherent calorimeter noise that gets reconstructed as a jet, calorimeter energy deposi-
tion that came from a different particle such as a muon, or real hadronic activity not associated to
the hard scatter collision.

The raw proton-proton data collected by the ATLAS detector must undergo several data qual-
ity procedures before it is declared usable for physics analysis [84]. Each procedure is uniquely de-
fined to target a specific source of contamination, such as detector control conditions or subsystem
effects, that can compromise an event. One of these procedures that specifically targets problem-
atic events contaminated by fake jets is the process of event cleaning, which generates a decision on
whether an event is “clean” by examining each jet in the event. If any of the jets are “dirty”, in that
they do not pass an established set of cleaning criteria, the entire event must be vetoed to avoid mis-
measurement of other objects or event-level quantities such as Ejmiss.

The jet-level cleaning criteria targets three primary sources of jets not intended for physics.

1. Beam induced background (BIB) [8s5], which generally consists of muons produced from
beam losses upstream of the interaction point. While there is shielding material around the
beam pipe to absorb beam halo or gas, such muons often have high enough energy to pass
through unencumbered, at which point their radiative energy losses in the calorimeter can be

reconstructed as a jet.

2. Cosmic ray showers, which similarly produce high energy muons that can be falsely recon-

structed as jets in the calorimeters.

3. Coherent calorimeter noise or pathological cells. Most of the noise from these sources is
either masked in event reconstruction or rejected by data quality inspection [66]. However,

in rare cases, noise can be reconstructed as a jet thats gets past these filters.

The first two of these three sources are referred to as non-collision background. The cleaning cri-

teria applied to each jet consists of cut values on key variables designed to discriminate between real
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jets and jets which are not associated to the primary interaction.

7.1 JET CLEANING VARIABLES

The Run II cleaning procedure utilizes several quality variables that are calculated for each jet [86].
These variables were selected on the basis of ability to discriminate between hard scatter (good) jets
and falsely reconstructed (fake) jets. Discrimination capability is assessed in data for two dedicated
regions, one enriched in good jets and the other enriched in fakes. These regions are defined in Ap-
pendix A.

The quality variables can be sorted into two categories, each of which attacks a particular source

of fake jets.

7..1 ENERGY RATIO VARIABLES

Energy ratio variables contain information about the fraction of a jet’s energy that is deposited
throughout the detector subsystems. They specifically target non-collision background from high
energy muons, as this type of fake jet tends to traverse the detector longitudinally rather than origi-
nating from the primary interaction point, giving an anomalous pattern of energy deposition in the

detector. All of these variables are computed on the electromagnetic energy scale.

* Electromagnetic Fraction ( f£as): ratio of the energy deposited in the electromagnetic calorime-

ter to the total jet energy.

* HEC Fraction (fi gc): ratio of the energy deposited in the hadronic endcap calorimeter to

the total jet energy.
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Figure 7.1: Distributions of fen, fHEC, feh,and fiae are shown in 2017 data for both good (blue) and fake (red)
EMTopo jet selections. 2016 data is superimposed as a reference (yellow).

* Charge Fraction ( fc4): ratio of the scalar sum of pr of primary vertex tracks associated to a

jet to the total pr of the jet.

* Maximum Energy Fraction ( fynqz): maximum fraction of a jet’s energy deposited in a single

calorimeter layer.

Figure 7.1 shows distributions of these four energy ratio variables using data collected by ATLAS
in 2017. Good jets have a smooth distribution across all values of these variables, while fake jets tend

to have very low or high values (indicating a jet with an anomalous energy deposition pattern.)
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7.1.2  CALORIMETER QUALITY VARIABLES

LAr

Calorimeter quality variables are based on the signal shape in a LAr cell as given by Q7

(see Equa-
tion 5.4) and are therefore used to remove coherent or isolated cell noise. For these three variables,

LAr

poor signal shape quality is defined as a cell with quality variable Q5" > 4000.

* Average LAr Quality (Q): Energy-squared weighted average of Qfe‘?lr for all LAr cells in the

jet, normalized so thato < (@) <1.

* LAr Quality Fraction ngr: Fraction of a jet’s energy in the LAr calorimeter that has poor
signal shape quality.

* HEC Quality Fraction fg pe: Fraction of jet’s energy in the HEC calorimeter that has poor
signal shape quality.

An additional calorimeter quality variable that can be used in jet cleaning is the negative energy
associated to a jet, Epeg, which sums the energy deposited in all calorimeter cells that have negative
energy. Good jets can have small amounts of negative energy coming from electronic noise or pile-
up effects, while fake jets tend to have larger amounts coming from pathological cells.

Figure 7.2 shows distributions of the calorimeter quality variables using data collected by ATLAS
in 2017. Good jets usually have good signal pulse shape and thus low values of these variables, while
take jets have values that differ significantly from zero as a result of problematic cell signals. Values
close to one are mainly due to coherent noise or sporadically noisy cells, the primary target for dis-
crimination, while intermediate values can come from non-collision background.

Jet quality variables are also computed in Monte Carlo simulation, and good agreement is ob-

served with respect to data. Deviations are observed between simulation and data for the calorimeter
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Figure 7.2: Distributions of (Q), fSAT, ngC and Ey,c4 are shown in 2017 data for both good (blue) and fake (red)
EMTopo jet selections. 2016 data is superimposed as a reference (yellow).
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quality variables, which are explained by the use of a consistent pulse shape in simulation, resulting

in more predicted values closer to o [86].

7.2 RUNII PROCEDURE & PERFORMANCE

Each of the above jet quality variables are used in the full event cleaning procedure. The goal of
event cleaning is to maintain good selection efficiency for good jets, while efficiently rejecting fake
jets. Before event cleaning can be performed, it is necessary to perform pile-up tagging/removal
with the jet vertex tagger (JVT) as described in Section 5.6.3, and overlap removal (OR) to resolve
ambiguities between candidate objects.

Since different analyses have varying goals with respect to cleaning, several different quality vari-
able cut sequences, or working points, are oftered.

* Loose: default working point used by most analyses.

* Tight: specialized working point created for “monojet” searches with an energetic jet and
large missing transverse momentum [53], which has a signal that closely mimics typical fake
jet signatures and thus needs a more stringent fake jet rejection. Tight cleaning is defined

only for 1] < 2.4.

* Loose/VeryLooseLLP: specialized working points created for searches with displaced vertices
and missing energy [87]. As a result of the displaced vertex, the targeted signal has unique
energy deposition and timing, therefore making several standard quality variables such as

fEar unusable.

The following cut lists define the ways in which a jet can fail the specified cleaning criteria. An
events fails a particular working point if at least one of its jets is identified as “Bad” according to the

cut list.
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A jet is identified as LooseBad if it satisfies any of the following:
1. fggc >o.sand ]ngC| > 0.5 and (Q)) > 0.8 (HEC noise spike)
2. fEm >o0.95and ngT >o0.8and (Q) > 0.8 and |n| < 2.8 (EM calorimeter noise)

3. fmaz >0.99and |n| <2.0
4 fEm <o.05and fp <o.05and |n] <2.0

s. fem <o.osand|n| > 2.0

Ajetis identified as TightBad if it is identified as LooseBad, or if it has fcp, / fmaz < 0.1for 1] <
2.4. This ratio was found to be especially efficient at targeting fake jets, which preferentially have
fen near o and fp,qz near 1. Usage of the Tight cleaning working point was found to reduce non-
collision background in the monojet analysis to a negligible level as compared to other Standard
Model backgrounds.

The long-lived particle (LLP) working points are defined separately as they do not build on the
LooseBad decision. A jet is identified as VeryLooseBadLLP if it has fy,qz > 0.8 or fEa > 0.96. Ajet
is identified as LooseBadLLP if it satisfies LooseBad cut strings 1, 2, or 3 (above), or if it has ¢4 >
4 GeV and fyqz > 0.85. This procedure was found to remove 90% of beam-induced background in
the displaced vertex plus missing energy searches, with < 1% eftect on signals.

Recall that the event-level cleaning decision is determined by examination of all the jets in an
event; if one jet is dirty, the entire event is vetoed. Calculation of this decision for the Loose working
point, along with preliminary JVT and OR procedures, was added at derivation level in 2018. Do-
ing so allows the removal of all jet quality variables from the derivations and replacing them with a

single event-level decision, saving space and simplifying the application of the cleaning procedure.

III



7.2.1  TAG-AND-PROBE EFFICIENCY

The efficiency of the event cleaning procedure is measured with a “tag-and-probe” method using the
good dijet region defined in Appendix A. One of the two leading jets in the event is required to pass
the Tight working point criteria; this is known as the tag jet. The probe jet is then by default the
other leading jet, and is required to be back-to-back with the tag jet. Since the event is well-balanced
and “good” according to the region definition, it is expected that if one of these two jets passes the
Tight criteria, it is very unlikely that the other is a fake jet. The cleaning efficiency can therefore be
defined as the fraction of probe jets that are not rejected by the cleaning criteria for the working
point of interest. This efficiency is measured as a function of pr and 7 of the probe jets, as seen in

Figure 7.3." Good agreement is observed between efficiencies calculated with data and simulation.

7.2.2 PARTICLE FLOW JETS

The recent increase in usage of Particle Flow (PF) jets (as defined in Section 5.6.3) in ATLAS analyses
throughout Run II generated the need for a dedicated PF jet cleaning procedure. Since PF jets add

information from the tracker to reconstruct jets from particle level, it is expected that some of the ra-
tio variable shapes may be different than those of EM jets. As the event cleaning decision is based on
cutting away parts of these variable distributions, such reconstruction differences could compromise

its effectiveness. Thus it was necessary to quantify the ability of standard EM cleaning to select good

*Some variations in efficiency across p7- and 7 bins can be attributed to the use of JVT to remove pile-up
jets, which is implemented for jets with pr < 60 GeV and || < 2.4. In particular, the jets rejected by this
tagger have a large overlap with those rejected by the fep/ frmaz Tight cleaning cut, resulting in a heightened
Tight efficiency for jets with pr < 60 GeV. This cut also results in lower efficiency in the central-|7| region.

112



L e L L
1.08
1.06
1.04
1.02

—— Loose Selection ATLAS Internal
. 4 fs =13 TeV
Tight Selection Anti-kt R = 0.4 EM Jets

I]IIIlIIIlIII

R N

0.98
0.96
0.94
0.92

:

III|III|HI|III|III III|II\‘III|III|III

500 1000 1500 2000 2500 3000
Jet P,

o
S0

L e e R S I RN RS RN RS LR
1.08
1.06
1.04
1.02
1
0.98
0.96
0.94
0.92
0.9'

—— Loose Selection ATLAS Internal
. 4 fs =13 TeV
Tight Selection Anti-kt R = 0.4 EM Jets

++—.——.——.—.—H—.—+ o

-
>

n
nn n

-

>
-
2

|III|\\IlIII||II|III|II\‘III|III|II

o e b b b b b b P by

-4 -3 -2 -1 0 1 2 3 4
Jetn

m_lll|I|||III|||I||II|III||II]I|||III|III

(6}

Figure 7.3: EM jet quality selection efficiency for anti-k7 EM jets with R = 0.4 measured with a tag-and-probe tech-
nique as a function of p and 77 (p > 100 GeV), for the Loose and Tight selection criteria. Only statistical uncertain-
ties are shown.
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PF jets and reject fake ones.

Producing the tag-and-probe efficiency plots for PF jets is not possible, since large shape difter-
ences between EM and PF jet variables were observed, leading to the conclusion that the EM cut
sequences could not sensibly be applied to PF jet variables." However, since the cleaning procedure
using EM jets outputs an event-level decision, the cleaning performance can be assessed by examin-
ing populations of PF jets that pass EM scale cleaning requirements, and through their characteris-
tics the extent of the fake jet contamination can be determined. This is done with histograms of PF
jet pr and 7, before and after cleaning, in both good and fake enriched selections.

Figure 7.4 demonstrates the capability of the EM scale Loose and Tight cleaning working points
to preserve selection efficiency for good jets, while effectively cutting away fake jet sources in PF jets.
Estimates of cleaning efficiency from these yields show minimal loss of good jets and sufficient re-
moval of fakes, demonstrating that event cleaning using EM jets could be used to clean populations
of PF jets as well. Therefore, the cleaning recommendation for analyses using PF jets does not need
to be modified from the standard event-level decision.

In conclusion, event cleaning constitutes an important and well-maintained procedure in the
chain of tests that ensure good data quality. Such confidence in the quality of jets enables precise
description of the physics processes present in a given collision, which is necessary for a robust anal-
ysis of the data. The following chapter describes methods that are commonly used to make such

statements.

A similar study was performed to assess shape differences in the quality variables between EM and LCW
jets, which were deemed small and negligible for cleaning purposes. This comparison can be found in Ap-

pendix A.
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Statistical Methods

In a search for new physics, any statement about the presence or absence of a feature in the data
must be quantifiable. This is done via statistical analysis methods. In this chapter, the primary sta-
tistical tools and methodologies used in LHC data analysis are discussed. Section 8.1 describes the
use of hypothesis testing, and Section 8.2 describes likelihood minimization and fitting procedures.

More information can be found in several references [88, 89].
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8.1 HyroTHESIS TESTING

To claim discovery or exclusion of a physics model, it is first necessary to define the assumptions
made. Hypothesis testing in particle physics makes use of two primary hypotheses. The first de-
scribes the background, or the expectation of the data from the Standard Model alone (also called
the null hypothesis). The second describes the signal scenario, which necessarily includes some BSM
components. The compatibility of the observed data with either of these hypotheses is used to make
a statement about the validity of the model.

Several parameters are defined to quantitatively define the test. The signal strength 4 is defined to

separate the two scenarios as the ratio of signal cross sections found in Equation 8.1:

= Oobs (8.1)

Oexp

Here, 1 = 1 corresponds to the signal hypothesis, and p = o gives the background-only hypothesis,
with varying values giving different multiplicative factors to the signal cross section. The probability
that the observed data originates from either of the two hypotheses is defined as a p-value, where pg
gives the probability that the data is consistent with the Standard Model expectation and p,, gives
the same probability for the signal model expectation.

The obtained p-value is used as a test statistic to determine whether the data agrees with either
hypothesis. It can be converted into the significance Z, which is defined as the number of standard

deviations of the data from the expectation of a Gaussian-distributed variable. Particle physicists
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define a Z of 50 to mark the discovery of the given process. Figure 8.1 demonstrates the relationship
between probability and significance for a Gaussian distribution. A so significance for a signal hy-
pothesis corresponds to a probability of 2.9 x 10~ that, assuming the null hypothesis is correct, the

data fluctuated to produce the observation. Evidence for new physics is chosen to occur at Z = 30.

I
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Figure 8.1: Significance thresholds on a Gaussian-distributed variable, indicating exclusion of a process (Z = 1.64),
evidence for a new process (Z = 3), and discovery (Z = 5) [90].

The p-value prescription can also be used to determine that a particular signal process has been
excluded. If the p-value is less than 5%, the Z value is 1.64, and the signal hypothesis is determined
to be rejected. This convention is referred to as the 95% confidence level (CL). In particle physics,
the C'Ls method is used [91], which defines a new statistics that combines the null py and signal
hypothesis p,, values to reduce the impact of statistical fluctuations in the data. Equation 8.2 defines

this ratio of probabilities:

1 —po
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For searches at the LHC, the C'Lg method is used in place of the regular signal p-value to set
upper limits. The same numerical threshold for exclusion then holds: if C'L < o.0s, the signal hy-

pothesis with signal strength 4 is excluded at 95% confidence.

8.2 LIkKELIHOOD FITTING

The likelihood method extrapolates the quantification of signal and background hypothesis proba-
bilities to a scenario with multiple variables. It builds a likelihood function which can be globally
maximized to fit the signal strength 1, the expected yields in various bins, and the uncertainties
on those yields, modeled by nuisance parameters. The likelihood maximization allows the simul-
taneous consideration of hypotheses across multiple regions of phase space. This process relies on
Bayesian probabilities, which makes statements based on degree of certainty, rather than on repeated
experiments (frequentist probabilities).

The likelihood function for the observed data to be produced by the model can be written as

follows in Equation 8.3:

N i M
L (0.0) = [T Y2 s T p (01 (83)

n;!
i=1 v k=1

Here, N is the number of independent measurements; s; and b; are the expected number of sig-
nal and background events in the 7th bin respectively; n; is the number of observed events in the ith
bin; p is the signal strength defined in Equation 8.1; 6 are the nuisance parameters (NPs) represent-

ing statistical and systematic uncertainties; p(#) is the probability distribution function (PDF) of
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the NP; and the data is assumed to follow a Poisson distribution. The likelihood function can be
globally maximized, where both j and 6 are fit and assigned given values defined as /i and 6. It can
also be conditionally maximized for a fixed value of 1, giving only values for the systematics as é
When maximizing the likelihood, the NPs are adjusted in the fit to improve the agreement of
the expectation with the observation. The PDF of the uncertainty encodes information about the
size and shape of the uncertainty, determined beforehand by dedicated studies. Often, the PDF
for a systematic is assumed to be Gaussian. A key benefit of the likelihood fitting procedure is that
adding information from data to the prediction can in turn provide additional information on the
systematics. Specifically, when the NP is pulled in the fit, certain values within the initial uncertainty
window are found to be inconsistent with the data, and thus the overall uncertainty can be reduced.
This is referred to as “profiling” the uncertainty.
As with the C'L; method described in the previous section, a dedicated test statistic is defined
specifically for use in LHC analyses as the ratio of absolute to conditional maximal likelihoods. This
ratio is called the profile likelihood A, given in Equation 8.4. It ranges from o < A < 1, where larger

values indicate good agreement between data and the model with a given value of p.

M) = 2 (5.4
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8.3 ANALYSIS STRATEGY & HistFitter

In many ATLAS searches, including the ones described in Part IV, the aforementioned likelihood
fitting is performed using a statistical analysis software package called HistFitter [92]. HistFitter
provides a framework for likelihood fitting that incorporates several common features of an LHC
analysis, such as the profile likelihood metric and the presence of multiple uncertainties. It also al-
lows for the blinding of signal regions during analysis construction, meaning that the data in the
signal region is removed from consideration during analysis design to minimize bias.

For the SUSY searches described in Chapters 9 and 10, where a specific signal model is used, sev-
eral statistically independent regions are used in the likelihood fit that are each enriched in particular
processes of interest. A signal region (SR) is used to isolate the characteristics of the signal model in
the phase space of proton collisions. To make a background prediction, a control region (CR) is de-
signed to be kinematically similar but orthogonal to the signal region, and enriched in an SM back-
ground process, with minimal contamination from signals or other backgrounds. Often a validation
region (VR) is defined as well, to verify the accuracy of the background prediction given by the con-
trol region, before the signal regions are unblinded. Figure 8.2 diagrammatically demonstrates the
relationship between these regions as a function of different dataset features.

The ratio of observed to expected events in a CR is referred to as its normalization factor, and
can be used to make background estimations obtained from Monte Carlo simulation more precise
in the signal regions. The final expected yield of a particular background in a SR is given by the

normalization factor times the number of expected MC events of the process of interest in the SR.
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Figure 8.2: A schematic view of an analysis strategy with multiple control, validation and signal regions (multiple bins

illustrated by dashed lines). The extrapolation from the control to the signal regions is verified in the validation re-
gions [92].

Equivalently, this can be defined as:

N(SR,unscaled) (8.5)
N(CR,unscaled) K

N (SR, scaled) = N(CR, obs) x

The quantity in brackets in Equation 8.5 is hereafter called the transfer factor. A transfer factor
is computed for every region-to-region extrapolation, and used as a constraint in the likelihood fit
when adjusting the predicted background components in all regions. In the full analysis, where
there are several CRs and SRs, the likelihood fit can determine all normalization and transfer factors
and generate internally consistent SM background estimates for each SR. This makes the analysis

more robust against potential mismodeling effects in simulated events, and reduces the correlations
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between CRs.

HistFitter can be used to perform three types of fits, given below in typical analysis order. The
analysis flow is depicted diagrammatically in Figure 8.3, where the normalization factors extracted
from the fit to CR data can be seen to be used in validation and the SR background prediction.

1. Background-only fit: extract normalization factors and estimate background in SRs and VRs

using only data in the CRs.

2. Model-independent (“discovery”) fit: using data in the SRs and CRs, sets an upper limit
on the number of observed events beyond the SM expectation. This can be thought of as
quantifying the agreement of the data with the background-only hypothesis, without any

assumptions about the signal model.

3. Model-dependent (“exclusion”) fit: in the absence of an excess in the SRs as revealed by the
background-only fit, exclusionary power for a particular signal strength £ can be determined
using data in both SRs and CRs. This can be thought as quantifying the agreement of the

data with a particular signal model.

Initial predicted Normalized Background extra-
background background polated to SR
o
=
CR1 c = CR1 Transfer SR 1
O factor
*a' o
ooo fo|efpr o000 e ocoo e
T
E ¥
CRN 5= CRN SR N
Z
Transfer
factor
VR 1 Signal
Validation of extrapolated
background fit result coo
VR N

123

Figure 8.3: Overview of an analysis flow using SRs, CRs,and VRs in HistFitter [92].
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A background-only fit is necessarily performed in an analysis that uses control regions to estimate
background, while the choice of model-independent or dependent fits varies per analysis team. In
either case, because of the statistical techniques discussed in this chapter, the level of confidence in
the final result is consistently defined across different papers, and can be precisely described outside
of an LHC context. Therefore, such methods are a mainstay of modern high energy physics analyses,
and provide a foundation for the sharing of results across physics subfields. Both hypothesis testing
and likelihood fitting, along with the HistF1itter software framework, are used to describe the

results discussed in the following chapters.
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Parct IV

Searches
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ARMED WITH A WELL-MOTIVATED SIGNAL, A DETECTOR, A DATASET, AND A METHOD, the
searching can begin. Searches for supersymmetry have constituted a cornerstone of the ATLAS
experimental program since it was first commissioned. Models of natural SUSY such as the ones
described in Chapter 3 have long predicted new particles at the weak scale, first sparking excitement
at the discovery potential for SUSY in the Tevatron datasets [93, 94]. With the advent of the LHC,
promising even higher energies and larger luminosities, the exploration of SUSY possibilities was an
even grander priority.

In this chapter, two searches for natural supersymmetry are discussed, one for stop quarks and
the other for higgsinos. Despite having very different production mechanisms and final states, these
two searches have several features in common. Both analyses start with the pair production of the
sparticle of interest, using a simplified model of R-parity conserving supersymmetry [9s, 96] where
the only light sparticles are the ones involved in the decay. Both use /s =13 TeV proton-proton
collision data delivered by the LHC and collected by the ATLAS detector (see Chapter s). The gen-
eral strategy is fundamentally the same: build signal regions that efficiently select for signal while
rejecting background, carefully estimate the backgrounds in these regions, and ultimately look at the
qualifying data for an excess of events. The Recursive Jigsaw Reconstruction technique introduced
in Chapter 6 is applied to both analyses in the context of ISR-assisted topologies, and its utility is
discussed.

Chapter 9 describes the search for top squarks in a one lepton final state, using 36.1 b~ ! of data
collected in 2015 and 2016. Chapter 10 describes the search for higgsinos in a two lepton final state,

with the full Run II dataset of 139.5 fb 1.
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For Third Generation SUSY

Searches for stop quarks at ATLAS rely on evidence of di-stop production in a proton-proton colli-
sion, by way of the stop decay products. Each pair-produced stop can decay in one of several ways, as
described in Section 3.1. Given this treatment’s emphasis on compressed mass spectra, the focus will

be on the t — X" decay.” A Feynman diagram of the decay of interest is shown in Figure 9.1. Along

*Examinations of several other signatures and models are described in detail in Reference [38], coverage of
which will be omitted in this text.
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Figure 9.1: Diagrams illustrating stop pair production into the typical two-body signature: t— t%? [38].

with the byproducts of the di-stop decay, there is a jet (or system of jets) attributable to the initial
state radiation (ISR) that kicks the di-stop system and boosts the XJs.

In this particular analysis, the tt decays semi-leptonically, giving a final state of one lepton, at
least four jets (two of which are b-jets), and EZ**¢ coming from one neutrino and two X{s. This is
hereafter referred to as the “stop 1L” analysis. In the simplified model used to describe this scenario,
the YV is composed entirely of the bino weak eigenstate.

The compressed area of phase space that will be the focus of this discussion was introduced in
Section 3.1 as the diagonal region, where the sum of the ¢ and Y masses is close to (but necessarily
less than) the mass of the £. Because of the small mass splittting, the total pr of the s is expected

to come almost entirely from the magnitude of the ISR boost. This strategy relies on a massive X3 so
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that it can be more boosted by the ISR system with respect to the top quark. Thus, the discussion is
further narrowed to the high-mass end of the diagonal, where the £ mass is %, 400 GeV.

The analysis overview and section organization is as follows, focusing exclusively on the high-
mass diagonal region. Section 9.1 describes the data and simulated samples used in the analysis. Sec-
tion 9.2 describes the event reconstruction and object requirements. Section 9.3 describes the study
of new discriminating variables and signal region design for the high-mass compressed signals. These
signal regions are utilized in two analysis techniques: cut-and-count for discovery, and shape-fir for
exclusion. The shape-fit analysis here uses a boosted decision tree trained on several traditional and
RJR variables, with the cut-and-count regions providing a cross-check of the results.

The background estimation strategy is described in Section 9.4. The largest backgrounds are esti-
mated with dedicated control regions to extract a normalization of data to Monte Carlo simulation,
while the estimates of smaller backgrounds are taken directly from simulation. The estimation and
incorporation of systematic uncertainties is discussed in Section 9.5. Finally, all regions are used in
a simultaneous fit as discussed in Section 9.6 to determine the amount of expected background in
the signal regions and constrain the number of data events that could be attributed to a stop signal.

Section 9.6 also presents the results and conclusions of the search.

9.1 DaTA/MC SAMPLES

This analysis uses the full 2015-2016 ATLAS dataset, corresponding to an integrated luminosity of 36

b1+ 3.2%, with a collision energy of y/s = 13 TeV and a mean pileup of 23.7. Events were primarily
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collected using a EF5* trigger, which is fully efficient for EZ**$ > 230 GeV, with a secondary use of
single lepton triggers with E7*% below this threshold. Thresholds for the single lepton triggers are
set such that constant efficiency as a function of lepton pr is obtained, the value of which is approx-
imately 90% for electrons and 80% for muons. Each event is required to satisfy beam, detector, and
data quality checks, as described by the Good Run Lists, which ensure the accelerator and detector
were operating correctly when the data was recorded. Additionally, events were required to have a
primary vertex, with two associated tracks with pr > 400 MeV.

Simulated event samples are generated using Monte Carlo (MC) simulation to model the SM
background processes and SUSY signals of interest. Both signal and background simulations were
produced with varying numbers of minimum-bias interactions added to the primary interaction to
simulate the effect of pileup, and with p reweighting to match the distribution in data.

Background samples were processed with a full simulation of the ATLAS detector [97]. The
nominal ¢¢ and single top samples [98] were generated with POWHEG [99] interfaced to PYTHIA
6 [100] for parton showering (PS) and hadronization. W/Z+jets [101] and diboson [102] samples
were generated and showered with Sherpa [103]. The tf + W/Z samples [104] were generated with
MGs_aMC@NLO [105] interfaced to PYTHIA 8 [106]. The signal t— ) samples used a fast AT-
LAS simulation [97]. They were generated at leading order (LO) with MGs_aMC@NLO including
up to two extra partons, and decayed using only phase space considerations in PYTHIA 8. A list of
all simulation samples and the corresponding event generators and PS/hadronization models used

can be found in Table 9.1.
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Process MC Generator

tt POWHEG + PYTHIA 6

Single top Wt | POWHEG+ PYTHIA 6

W/Z +jets Sherpa

Diboson Sherpa

tt+W/Z MGs_aMC@NLO + PYTHIA 8
SUSY signal | MGs_aMC@NLO + PYTHIA 8

Table 9.1: Overview of simulated samples.

9.2 OBJECT REQUIREMENTS

The final state of the analysis contains jets, missing energy, and one lepton, which can be a electron
or amuon. The reconstruction of these objects is discussed in detail in Section 5.6. Two classes of
reconstructed physics objects are used in the analysis. Baseline objects are used to perform overlap
removal and reconstruct EZ¥**%, while signal objects have tighter kinematic and quality requirements,

and are used to define regions of interest. In this section, the analysis specific requirements are de-

scribed.

9.21 LEPTONS

In addition to typical kinematic requirements, there are three primary factors that determine whether
alepton is deemed usable for the analysis. The details of these metrics are introduced and detailed in

Section 5.6.

1. Likelihood-based identification (ID) [71].

2. Impact parameter, which can distinguish between prompt and non-prompt leptons by tak-
ing into account the proximity of the track to the beam axis, measured in both transverse d

and longitudinal 2z distances. Cuts on impact parameter involve both the measurement of
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1D

LooseAndBLayer/Tight

Electron Muon
pr > 5 GeV >4 GeV
Baseline | |7] <2.47 <2.47
1D VeryLoose Loose
Isolation LooseIrackOnly/FixedCutTight | FixedCutTightTrackOnly
Signal | Impact Parameter | |do|/0a0 <5 |do|/ca0 < 3, |208in0| < 0.5 mm

Medium

Table 9.2: Overview of baseline and signal lepton requirements for the stop1L analysis.

the point of closest approach of the track (dg or zp) and its uncertainty (o4, or 0, respec-

tively).

3. Isolation, which gives an additional handle on whether a lepton is prompt or nonprompr,

using information about the transverse energy not attributable to the lepton that is deposited

in a cone with size A R around it.

Minor mismodelling of leptons in MC is corrected for by dedicated scale factors for each of the

above three requirements, as derived from data events with Z or J/3p — €€ [70, 72]. Table 9.2 gives

an overview of all kinematic, ID, impact parameter, and isolation requirements for both flavors of

baseline and signal leptons used in the analysis.

9.2.2 JETS & EJss

The jets used in this analysis are anti-k; R = 0.4 jets. They are calibrated for detector response and

in situ jet energy scale. Baseline jets are required to have p7 > 20 GeV, while signal jets have the more

stringent requirement of p7 > 25 GeV and || < 2.5. Jets containing b-hadrons are identified using

the MV2cro b-tagging algorithm, at a working point that provides 77% selection efficiency in ¢t

simulation.
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Pile-up contamination is mitigated in each jet using the jet area subtraction methods; further-
more, signal jets with pr < 60 GeV and || < 2.4 have to satisty JVT requirements. The event clean-
ing procedure as described in Chapter 7 is applied to suppress fake jet contamination.

The E?iss in the event is defined as the negative vector sum of the transverse momenta of base-
line leptons and jets. A soft term is added as well to account for primary vertex tracks but not to any

baseline object [78].

9.2.3 OVERLAP REMOVAL

In certain scenarios, a single pattern of energy deposition can be reconstructed as two distinct physics
objects. To ensure that no detector signature is duplicated in the final set of reconstructed objets,

an overlap removal procedure is applied to each event. An “overlap” between two objects can be a
shared track, ghost-matching [107], or a minimum AR. Each possible combination of objects, i.c.
electron and muon, electron and jet, jet and jet, has a certain criteria that determines an overlap, and
a precedence that determines which of the two objects is kept and which is discarded. The specific

priority ordering of this procedure is described in detail in Ref. [38].

9.3 SIGNAL REGIONS

The kinematic features of stop decays near the diagonal are crucial to effective signal region design.
In Section 6.1, the correlation between E;l”ss and ISR p7 was shown to be important when work-
ing with ISR topologies. Furthermore, the variable R;gg was shown to aptly exploit this correlation

for ultra-compressed signals, where all of the EZ**% in the event comes from the ISR momentum
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imparted to the di-x" system.

This is promising for compressed stop sensitivity. However, there is a key complication in the
stop 1L search; there is another source of Ef***% in the event, the neutrino from the leptonic W bo-
son decay. The neutrino adds to the total E{F‘iss in the event, smearing the 215 g resolution. This
effect must be taken into account when designing optimal signal regions with [2;gr and other vari-
ables, the process of which is described in the following subsections for the cut-and-count and BDT

signal regions.

9.31 CuT-AND-COUNT SR DEVELOPMENT

The cut-and-count analysis strategy is based on counting the number of events in a single region
of phase space and comparing the result to prediction. It is therefore model-independent and best
suited for discovery limits.

The first step undertaken in cut-and-count SR construction was to compare signal to back-
ground distributions for a set of key analysis variables. This set includes standard variables, such
as Ej’?iss , jet multiplicity, lepton p7, and transverse mass m (defined in Equation 9.1). Other vari-

ables commonly used in analyses with tops were also used, such as ropness and amp2.1

mr (P pf™") = \fm? + 2 (EL B — pf- o) (51

Several RJR variables were examined in the optimization, specifically R;sr, M. S p{FS R N iV,

Ttopness is a x-squared fit based variable to identify and suppress partially reconstructed dileptonic ¢£
events. amy2 is a form of asymmetric my2 for dileptonic tt events with a lost lepton.
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NIV, and A@(ISR,I), as defined in Section 6.2. Additionally, the RJR variable p7bV'1 was incorpo-
rated, defined as the pr of the highest momentum b-jet in the event. The signal region is expected
to be made by imposing cuts on these variables, the values of which are optimized to both maximize
signal yield and kill Standard Model backgrounds.

To quantify this process of finding optimal cut values, histograms known as “N-1 plots” were
made for each variable, including both expected backgrounds and a few key signal points. The defin-
ing feature of these histograms is that the cut on the variable displayed is not applied. A second
panel below each histogram displays the Z,, sensitivity as defined in Section 8.1 and calculated us-
ing the RooStats NumberCountingUtils method [108], for a few representative signal points
as a function of the potential cut value. This can provide a clear indication of which cut value gives
maximum performance.

Multiple iterations of these histograms were made in the optimization procedure. For the first,
only a general preselection was applied to enforce the desired topology. The most powerful cut, i.e.
the value of the variable that gives the maximal Z,, sensitivity for that preselection, is chosen and
added to the selection. This procedure repeats, with each subsequent iteration adding the most
powerful possible cut for the current selection.

In an event that is kinematically very close to the diagonal, where the decay chain has a very small
mass splitting, all of the Eg?iss is provided by the pé«s R However, moving slightly off this diago-
nal line in phase space, corresponding to slightly larger mass splittings, weakens this correlation, as
larger mass splittings allow for some of the # mass energy to go to the X as momentum. This “off-

diagonal” region is still sufficiently compressed, and far from the standard bulk search region, that
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the RJR method still proves useful. Moreover, the difference between on- and oft-diagonal kinemat-
ics is significant enough to merit two separate but identical optimization procedures, allowing their
kinematic features to be fully utilized.

Four canonical signal points, defined by (m; [GeV], mgo [GeV]), were used in the optimization
procedure. Two of these were chosen to capture the kinematic features of the on-diagonal region;
these are (400, 227) and (450, 277). The two points that represent the off-diagonal region are (450,
200) and (500, 250). Figures 9.2 through 9.4 show N-1 plots ong}iSS (MET), m7, jet multiplicity,
N3V, NIV,leading lepton pr, RisR, péSR, MYS (MS), and A®(ISR,I) for the diagonal signal
topology. An arrow indicates the optimal cut value determined from the optimization. Figures 9.5
to 9.6 similarly show the results of N-1 optimization using the variables of jet multiplicity, N jV/,

N1V, leading lepton pr, RrsR, p%s R MIS (MS), and prbV'1 for the off-diagonal topology.
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Variable

Preselection

Diagonal

Oft-Diagonal

E?:Liss
Njets
Leading lepton pr

ISR
pbr

mr

230 GeV
=

> 25 GeV
> 350 GeV
> 130 GeV

My -
RISR - > 0.6
NjV -
NbV -
NIV -
AD(ISR,I) -
Leading jet pr -
prV1 -

VIV IV IV

[ - — —

o

\ \ \ |\/ |
)

> 300 GeV
> 50 GeV

\

Table 9.3: Table of selection criteria for high-mass compressed cut-and-count signal regions.

The cut values obtained in the N-1 optimization procedure were subsequently implemented
into two distinct diagonal and oft-diagonal signal regions. A common preselection for these regions,
along with their individual definitions, is shown in Table 9.3.

Because of the relative novelty of the RJR method with regard to SUSY analyses, careful study
of the new variables was necessary to ensure that they were well-modeled by simulation. Figure 9.7
shows two primary RJR variables, R;sr and Mjsﬂ , at preselection, to demonstrate good data vs. MC
agreement. Such studies give confidence to potential extrapolation across these variables, that is, the
selection of different ranges of values of a given variable in different analysis regions. To keep data
vs. MC inconsistencies from sculpting the analysis regions, generally it is desirable for the data/MC

ratio to be flat across a given variable of interest.
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9.3.2 BDT SR DEVELOPMENT

To help perform the difficult signal-to-background discrimination on the high-mass diagonal, a
boosted decision tree (BDT) was trained and used to build a supplemental diagonal signal region. In-
herently the training of the BDT to discriminate stop signal from background is model-dependent,
so in this analysis, the BDT-based signal region was used for exclusion limits.

A decision tree is a multivariate classification method that learns a set of discriminating features,
and splits an input dataset recursively based on those features. Each node in the tree represents a
boolean decision; in the case, whether the input data event looks more signal-like or more background-
like. The tree begins with a training sample at the root node, which is then split at each node based
on the cut in a variable of choice that gives the best separation gain. The number of decisions that
are made on the input creates a number of levels that make up the depth of the tree. The last level
consists of leaves that provide the final classification, which assigns a “score” from o to 1, where o is

most background-like and 1 is most signal-like (see Figure 9.8).

Root

node
O
xi>cl xi<cl
Z N\ 7\
Xj>c2| |xj<c2 Xj>c3| xj<c3
N '’ N
(B S S |
/' \
xk > c4| xk<cd4
/ \
B S

Figure 9.8: Diagram of a decision tree [109].
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TMVA Setting Value Description

BoostType Grad  Boosting type for all tree in forest.
NTrees 200 Number of trees in forest.
. ) Minimum percentage of training events required
MinNodeSize 10 ]
in a leaf node.
UseRandonmi sedTrees e At each node splitting, choose a random set of
3 ue ) , . .
variables from which the best variable is selected.
Size of the subset of variables used with
UseNvars 10

Randomised Tree option.

MaxDept 4 Maximum allowed depth of the decision tree.

Use a random subsample of all events for growing

UseBaggedBoost True . . .
the trees in each iteration.

Relative size of bagged event sample to original size

BaggedSampleFraction | 0.6 of the sample.

Table 9.4: High-mass compressed BDT settings in TMVA.

Boosting combines many individual trees into a forest, where each tree has a weight that is assigned
based on its achieved accuracy in the final classification. Data samples are also assigned a weight,
which gets larger if the sample is frequently misclassified. This method helps to reduce bias and
strengthen the correlations exploited in the classification.

Implementation for training and testing of the BDT was done with the Toolkit for Multivariate
Analysis (TMVA) framework [110], which provides a environment for building multivariate classi-
fiers that integrates with ROOT. TMVA has a variety of settings that can be specified by the user,
which affect how the BDT is generated. For this analysis, the setting choices as shown in Table 9.4
were made to maximize signal to background separation while avoiding overtraining, or teaching the
BDT to classify based on fluctuations or inauthentic features, leading to a classifier that is specific to

the input data set and thus has degraded performance overall.
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Variable Cut Value Motivation

Emiss 230 GeV Trigger threshold

# (jets, b-tags)  (>5,>1) Enforce expected final state
pr(jet;) [GeV] > (25, 25,25,25,25) Kinematic expectation

mr > 120 GeV Suppress multijet/tt

Risp > 0.4 Remove uninterestting events

Table 9.5: Table of preselection criteria for the high-mass compressed BDT training.

The BDT for the high-mass compressed analysis was trained to select four benchmark signals
again t and W+jets backgrounds.* As with the cut-and-count optimization procedure, the signal
points were selected to encompass a variety of stop masses, as well as diagonal and oft-diagonal kine-
matic features. Those four points are (m; [GeV], mgo [GeV]) = (400, 227), (450, 262), (450, 277),
and (500, 327). To ensure that all signals were assigned equal weight in the training, they were not
normalized by cross section. The preselection of events used for training the BDT was selected to en-
force basic topological and kinematic expectations, and eliminate any background events that would
easily be removed by other cuts. This preselection is shown in Table 9.5.

In order to minimize overtraining, the set of events on which the BDT is trained and tested can-
not be the same. It is possible to split the input set of simulated events in half (by even and odd
numbered events), giving two equal sized but nonintersecting sets that can be used for these two
purposes. However, this results in a 50% loss of MC statistics from entering the training. A solution
to this problem was found in training two BDTS, each with identical settings and input variables.
The only difference between them is that the even numbered events are used to train the first BDT

and test the second, and vice versa for the second BDT. This method reduces overtraining while

*The complete analysis in ref. [38] contains three BDTS, for the low, middle, and high mass regions of the
diagonal.
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ensuring usage of the full MC statistics.

The set of variables given to each BDT were chosen to maximize signal to background separation,
while carefully avoiding correlations between variables that may lead to overtraining. Many of the
discriminating variables from the cut-and-count optimization were considered, along with some
new variables like AR(b,¢) or A¢(tiep, thaa) being constructed out of lower level variables. Also
added was the hadronic top mass m;x.}

Potential input variable modeling was validating through data vs. MC agreement, as shown for
Risr, Miﬁ, A®(ISR,I), NjV,the3rd & 4th jet pr (to capture information about softer event
activity), ms X, Ad(tieps thaa), AR(b,L), mr, ng”'ss, and jet multiplicity in Figures 9.9 and 9.10.
This ensures that only well-modeled variables are used to train the BDT discriminator. E**** and
jet multiplicity, while shown in this validation study, were ultimately not used in training. All input
variables that were used in training, ranked by their importance to the BDT performance, can be
seen in Table 9.6.

The resulting signal and background distributions as a function of BDT score, for both even- and
odd-trained BDTS, can be seen in Figure 9.11. The Kolmogorov-Smirnov check as implemented by
TMVA was also performed, to ensure there is no significant overtraining. Comparisons of the signal
and background distribution shapes for each BDT confirm that there is no fundamental difference
between even- and odd-numbered events that would have affected the training or performance be-

tween the two BDTs.

2 2
$The hadronic top mass is defined by minimizing the function Y= —y (TdLei2.bi —t) (1,52 —mw)
p Y 5 X m%1,j2,b7‘,(7ﬂ2‘1 +7'yz'2+7ngz,) mjl.]Z(rj1+T?2 >
where i=1 or 2, br and ba are the two jets with the highest b-tagging weights, j1 and ja are the two highest pr

jets in the event (excluding br and b2), and 7; is the fractional jet energy uncertainty of the pr of jeti.
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data.
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Variable BDT Ranking (even training events) BDT Ranking (odd training events)
Rrsr 0.123 O.111
A@(ISR,I) 0.117 0.100
AR(b,?) 0.116 0.112
Agb(tlep, tha,d) O.113 O.I11
mr 0.108 0.124
Mz 0.095 0.102
Fourthjetpr | 0.094 0.092
meX 0.082 0.080
Thirdjetpr | 0.080 0.088
NV 0.074 0.077

Table 9.6: Input variables for the high-mass compressed BDT, with the rankings assigned to each variable based on
their importance in the BDT performance.

TMVA overtraining check for classifier: BDTG TMVA overtraining check for classifier: BDTG
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Figure 9.11: Signal vs. background discrimination capability and TMVA Kolmogorov-Smirnov overtraining check; for
the first BDT, trained on even events and test on odd events (left), and for the second BDT, trained on odd events and
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The final performance of the BDT can be seen in Figure 9.12, in the form of signal vs. back-
ground distributions as a function of final per-event assigned BDT score. Here, -1 is the most background-
like score, and +1 is the most signal-like. and good discrimination is demonstrated. The signal region
is thus defined as the events where the BDT score is greater than 0.6. A shape fit is also performed
over this region, using three signal region bins defined as [0.6, 0.7], [07, 0.8], and [0.8,1.0] (referred
to as SR1, SR2, and SR3, respectively.) This strategy uses model information and accounts for the
shape of the signal across analysis variables, thereby improving the exclusion sensitivity.
With a variety of signal regions in hand and ensured to be robust, the next step in the analysis is

to develop a solid estimation of the non-signal processes in these regions.
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9.4 BACKGROUND ESTIMATION

The background estimation strategy for the analysis is to use dedicated control regions (CRs) to
estimate all significiant SM processes in the signal regions. The data in the CR is used to extract a
normalization factor for the background process, defined in Section 8.3 as the ratio of observed to
expected events in the CR. The normalization factor can then be used to scale the MC prediction of
that background in the SR, which gives a more precise estimate of the process yield accounting for
modeling discrepancies in the phase space of interest.

While the Standard Model backgrounds for the stopiL search can include ¢, single-top W,
tt+Z— v (irreducible), QCD, and W+jets, the largest contributors in the high-mass diagonal sig-
nal regions are the top backgrounds. To pass signal region selections, the ¢¢ background must have
exactly one lepton. This occurs if the decay is either semileptonic, or dileptonic where one of the lep-
tons is either lost (i.e. not reconstucted, not identified, or removed by overlap removal) or a hadron-
ically decaying tau. The fraction of semileptonic and dileptonic ¢¢ events vary across regions. The
high-mass compressed analysis uses only one CR, to normalize the tt and single-top backgrounds.
The multijet background is estimated from data using a fake-factor method [111], and is found to be
negligible in all regions.

Validation regions (VRs) are defined to validate the CR predictions, with one VR built for every
CR. Similarly, the VR is designed to be enriched in a background process of interest, but is kinemat-
ically closer to the SR. It is not used to extract or constrain any normalization factors, but rather to

provide a statistically independent check of background estimates as provided by the normalization
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factor extracted from the CR. Signal contamination in the VRs can be higher than in the CRs, but
generally kept small to ensure goodness of normalization. Different CRs are defined for cut-and-

count and BDT SRs, as defined below.

9.4.1 CUT-AND-COUNT ESTIMATION STRATEGY

To design control region selections for the cut-and-count analysis, key signal region cuts that elim-
inate SM background are inverted. This allows the CR to satisfy all design requirements: non-
overlapping with the signal region, but otherwise kinematically similar, and enriched in a single
background. Other signal region cuts can be loosened to enhance statistics. Validation regions also
need to be orthogonal, but even closer in phase space, to the signal region. These requirements im-
pact the choice of SR cuts that are inverted or loosened. Since there are two distinct cut-and-count
signal regions, diagonal and oft-diagonal, each one must have a dedicated control and validation

region.

DiacoNaL CONTROL & VALIDATION REGIONS

In both control and validation regions for the diagonal SR, the chosen cut to invert was that on
M. This was selected because out of the primary SR cuts, it provided the best background purity
and smallest contamination of benchmark signal points. Additionally, the requirement on NIV was
loosen to allow primarily background in to the region and increase purity.

Simulation studies of ¢¢ in the SR showed that for low values of mp (primarily CR-like), the

dominant ¢ decay was semileptonic, while at higher my values (primarily SR-like), the decays

153



Variable Common
Epss > 230 GeV
Njets 2 )
Leading lepton pp > 25 GeV
p%s R > 350 GeV
mr > 130 GeV
Risr > 0.6
NbV >1
AD(ISR,I) >2.9
Signal Control Validation
M“Tg > 400GeV < 300GeV < 300 GeV
NjV >3 >1,<3 >3
NIV > 1 >0 >0

Table 9.7: Table of signal, control, and validation region selections for high-mass compressed cut-and-count diagonal
regions.

tended to be dileptonic with a hadronically decaying tau. Since the latter decay likely has more jets in
the final state, this distinction impacts the number of jets expected in the CR as compared to the SR.
To ensure approximately similar numbers of ISR jets across both regions, the NjV cut was inverted
for the CR, but remained the same between the VR and SR. Table 9.7 shows the selection for the
diagonal CR and VR with respect to the signal region.

It is important for the validity of the final background estimate as obtained from the likelihood
fit that the data is well-modeled in these regions, and that the region is pure in the background of in-
terest, in particular free from signal. To verify the modeling of the key analysis variables, Figures 9.13
to 9.14 show data vs. MC plots ofp{pSR, Risr, |[AP(ISRI), M2, mr, E;,"?iss, lepton pr, jet multi-
plicity, b-jet multiplicity, N jV', and NbV for the diagonal CR.

In order to verify the background predictions given by the CRs, variables of interest are plotted in

the validation region, both before and after the background fit to data. Pre-fit data vs. MC plots for
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the diagonal validation region can be found in Figures 9.15 to 9.16. Though the primary purpose of
the VR is to validate the overall normalization of MC to data, the pre-fit plots (without NFs applied)
are still a valuable way to build confidence in the chosen variables and the estimation process. In this

way, the good agreement in these figures reflects a robust background estimation for the analysis.
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Figure 9.13: Comparison of data and simulation in the cut-and-count diagonal control region, before the fit to data.
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Figure 9.14: Comparison of data and simulation in the cut-and-count diagonal control region, before the fit to data.
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Figure 9.16: Comparison of data and simulation in the cut-and-count diagonal validation region, before the fit to data.
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Variable Common
Epss > 230 GeV
Njets 2 )
Leading lepton pp > 25 GeV
Leading jet pr > 300 GeV
p{ps R > 350 GeV
mr > 130 GeV
prbV'1 > 50 GeV
NjV > 2
Signal Control Validation
Mﬁ >250GeV <250GeV <250 GeV
Risgp >o0.7 < 0.6 > 0.6
AD(ISR,I) - < 3.1 < 3.1

Table 9.8: Table of signal, control, and validation region selections for high-mass compressed cut-and-count off-
diagonal regions.

OrF-D1aGcoNAL CONTROL & VALIDATION REGIONS

Compared to the on-diagonal region, the off-diagonal phase space tends to have a slightly weaker
ISR topology and thus looks more like SM background in the detector. As a result, care must be
taken when designing background estimation regions, particularly in terms of keeping signal con-
tamination to a minimum.

As with the diagonal regions, the inverted variable used to define the off-diagonal CR and VR
is MIS . Additionally, R;gp is inverted in the CR definition and loosened in the VR definition to
enhance background contribution. A cut on A¢(ISR,I) was added to minimize signal contamina-
tion, inverting and loosening the cut with respect to the SR. Table 9.8 shows the selection for the
off-diagonal control and validation regions with respect to the off-diagonal signal region.

Data vs. MC plots for the oft-diagonal control region are shown in Figures 9.17 to 9.18, and for
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the oft-diagonal validation region in Figures 9.19 to 9.20. As with the diagonal case, all variables
have good agreement between data and simulation, with no slope in the data/MC ratio, and the
estimation can be deemed suitable.

To ensure that there is no significant contamination of any signal in either the diagonal or oft-
diagonal CR, a full scan of the signal grid is performed, checking the yield of each signal in the diag-
onal and off-diagonal CRs. As shown in Figure 9.21, the contamination is below 20% for all signal

points not already excluded in previous iterations of the search.
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Figure 9.17: Comparison of data and simulation in the cut-and-count off-diagonal control region, before the fit to data.
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Figure 9.18: Comparison of data and simulation in the cut-and-count off-diagonal control region, before the fit to data.
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Figure 9.19: Comparison of data and simulation in the cut-and-count off-diagonal validation region, before the fit to

data.
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Figure 9.20: Comparison of data and simulation in the cut-and-count off-diagonal validation region, before the fit to
data.

165



600IIIIIITTIIIIlllllll[lliillll[llllll]]ll

= 17150

[0} 022 B

S, Wt ]

E@ 500 . 2:34 243 291 187 — 40
400 g2 388

w
(e

Signal Contamination (%)

300

N
o

200

3

IIIIIIIIIIIIIIIIIIIIIIIIIl

100

50:910™5¢ 19401185644~ 4:79-3:20~2:311:25-0:96+

45790020 19:6610:518:65-5:86-3:85-2:10 0.8{

200 300 400 500 600 700 800 900 1000 0

[GeV]

stop

6001

H
o

3 - 1h=150
(D 017 :
T‘z) 500 o omomenw
£ ]

;3 oer 0:34-0:18-042

34103 1.63-059-0:09-0.52-0.08-0.08- 0621
0:82 ﬁvuwwwu—on&oa&oeroeofo15
259 848

%#135 141047068 0.620.04 041029 01&
039

38 121275202 021 023 032 058 026 013

400

w
o

300

Signal Contamination (%)

N
o

200

05~ 067 1:92°0:4870:6670:19-0:30"0:14 0.44-

”!Qg 615+3:8070:69 0770270700190 01!_.

T13°1.05-0:29-0:11-0:430:54-0:190:26

—
o

llllllllllllllllllllllllIl

100

170 066 254 071 0.18 009 016

200 300 400 500 600 700 800 900 1000 9

[GeV]

stop

Figure 9.21: Signal contamination in the control region for the diagonal phase space (top) and off diagonal phase space
(bottom).
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h_corr_RooExpandedFitResult_afterFit h_corr_RooExpandedFitResult_afterFit

Figure 9.22: Correlation matrix for the high-mass compressed BDT using 1 CR bin (left) or 3 CR bins (right). The cor-
relation between tf modeling systematics and the significance of the signal or £ background is greatly reduced when
considering the three bin scenario.

9.4.2  BDT ESTIMATION STRATEGY

The backgrounds in the BDT-based signal region are similarly estimated with control regions to
normalize the dominant top backgrounds. However, for the BDT SR three CRs are used, each with
an identical selection to the SRs, but with a different requirement on the BDT output score. Each
of the three CRs corresponds to a given bin in BDT score, specifically [-1.0, -0.5], [-0.5, 0.0], and
[0.0, 0.4] (recall that -1 is the score corresponding to the most background-like event.) These three
bins are used to break correlations between signal and background. Figure 9.22 demonstrates this
advantage over a single bin CR approach, which has correlations between p1 parameters of up to
77%.

Table 9.9 shows the final binning of BDT score used for all regions in the analysis. The range
[0.4,0.6] was chosen as a pseudo-validation region, to validate the normalization factors extracted

from the CRs, but was vetoed in the final likelihood fit.
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Region | BDT Score
SR1 [0.6,0.7]
SR2 [0.7,0.8]
SR3 (0.8, 1.0]
CR1 [-1.0,-0.5]
CR2 [-0.5,0.0]
CR3 [0.0,0.4]
VR [0.4,0.6]

Table 9.9: Full shape fit information for BDT analysis. Square brackets denote intervals in BDT score.

Though a formal validation using a VR was not included in the fit, the validity of the back-
ground prediction must still be verified. To do this, plots were made of all BDT input variables,
comparing two selections: the full non-SR BDT range ([-1.0, 0.6]), and a slightly less inclusive selec-
tion closer to SR ([0.0, 0.6]). These plots are used to ensure good agreement of simulation and data
in the CR bins, look for significant shape differences in variables across BDT score, and to validate
the normalization factors across different regions of phase space. Figures 9.23 to 9.26 demonstrate
these validation checks for all BDT training variables, showing good agreement.

This wide variety of cross checks on the background estimation and validation regions is con-
ducive to a robust likelihood fit, which is instrumental in generating confidence in the final result.
However, the likelihood fit also contains a term for nuisance parameters, which represent the system-
atic uncertainties on the yield estimates. Building and estimating these uncertainties is the next step

in the analysis construction.
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Figure 9.23: Comparison of the BDT score range [-1.0,0.6] (left) and [0.0, 0.6] (right) in the mp, M:,S; and Myop X
distributions, with normalization factors applied.
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Figure 9.25: Comparison of the BDT score range [-1.0,0.6] (left) and [0.0, 0.6] (right) in the AR(b,¢), fourth jet pr, and
fifth jet pr distributions, with normalization factors applied.
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9.5 SYSTEMATIC UNCERTAINTIES

Systematic uncertainties refer to the level of confidence that can be ascribed to the event yields in the
analysis regions. This level of knowledge must be estimated in size and accounted for in the final re-
sult. Systematics exist on both signal and background estimates, and fall into two primary categories.
The first, experimental systematics, arise from features of the detector or event reconstruction. The
second source is from uncertainty in theoretical predictions and modeling. Each systematic uncer-

tainty is described by a nuisance parameter with a Gaussian constraint that is profiled in the likeli-

hood fit.

9.5.1 EXPERIMENTAL

The source of experimental uncertainty are ranked in terms of size below, with dominant uncertain-
ties listed first. These systematics are not specifically evaluated in the analysis; rather, numbers are

calculated by the combined performance groups and applied in the final fit.

* Jetenergy scale (JES) and jet energy resolution (JER). Binned in pr and 7, values are pro-
vided by the jet/ Egﬂmss combined performance group [112, 113], and estimated based on both
Monte Carlo studies and iz situ measurements. The uncertainty arises on knowledge of the
scales used, and the size is 1.4-7% for JES and 1.5-7% for JER on total predicted background
yield in SRs.

* B-tagging, specifically efficiency and mis-tag estimates [114, 115]. The uncertainty ranges from

1.6-13% on total predicted background yield in SRs.
* Modeling of lepton energy scales and resolutions (negligible in fit.)

* Reconstruction and identification efficiencies (negligible in fit).
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* Trigger efficiencies (negligible in fit).

* Pileup and luminosity modeling (negligible in fit).

9.5.2 THEORETICAL

There are many potential sources of theoretical uncertainty on simulation, which vary from sample
to sample depending on generator and other simulation settings. Systematics are evaluated by plot-
ting variations in MC modeling methods overlaid with the nominal sample, and determining the
size of the discrepancy attributable to that modeling choice. In the high-mass compressed analysis,
the largest backgrounds are ¢ and single-top Wt, which are both generated by Powheg + Pythia6
(see Sec. 9.1). Therefore only systematics 1-5 in the list below are evaluated and discussed in further
detail [98].

1. Hadronization and fragmentation: compare different hadronization choice (i.e. Herwig to
Pythia6).

2. MC generator/hard scatter: compare choices of event generator (i.e. Powheg to Sherpa or

MGs_aMC@NLO). Evaluated using truth samples to remove effects from hadronization.

3. Additional radiation: compare various amounts of parton shower radiation in the generator
and hadronization method, i.e Powheg+Pythia6 samples with differing NLO radiation and

modified factorization/renormalization scales.

4. Cross section: uncertainties on the t# cross section come from generator features, such as
scale, PDF, or as. Since the ¢¢ background is normalized with a control region in this analy-

sis, this uncertainty is negligible.

5. Interference: specifically with ¢¢, evaluated only for single-top backgrounds [98]. There are

several diagrams that can contribute to the tt and Wt final states, and these interfere with one
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Systematic TF CR—=VR TF CR—SR
Had/Frag 52t 147  -29.8+59.7
Diagonal Hard Scatter || 10.9 £ 14.3  42.9 +38.5
Radiation 5.7 & 35.1 15.5 £ 7.9
Had/Frag -18.8+23.1 -11.7E59.7
Oft Diagonal | Hard Scatter || 2.5 £ 21.4 -17.0£33.4
Radiation 2.1 + 8.6 -1.0t 6.5

Table 9.10: Theoretical systematic uncertainties on transfer factors for the ¢t background in the high-mass com-
pressed analysis, for both diagonal and off-diagonal cut-and-count SRs. Hard scatter uncertainty is sum in quadrature
of systematic and statistical errors.

another in such a way that the final yield can be different than expected. The interference

systematic is evaluated at truth level.

6. Parton distribution function (PDF) variations: evaluated only for aMC@NLO generated

samples.

7. Scale variations: renormalization, factorization, resummation of soft gluon emissions (QSF):

evaluated for Sherpa generated samples only.

8. Matrix element matching scale (CKK'W) variations in calculating the overlap between jets

from matrix element and parton shower: evaluated for Sherpa generated samples only.

Tables 9.10 and 9.11 provides the theory systematics estimates for the diagonal and off-diagonal
cut and count signal regions, and the uncertainties on those estimates, for the tt and single-top back-
grounds respectively. Since the background yields are obtained from normalization in the CR, there
is no uncertainty on the CR yield, only on the extrapolation between regions. For the cut-and-count
regions this method of determining systematic uncertainties was sufficient, but a more in-depth

procedure was needed for the BDT estimates.
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Systernatic TFCRHVR TFCR*)SR
Had/Frag 23.6 £ 14.4 s51.6+15.9
Diagonal Radiation 7.3t 11.5 9.2t 10.3
Interference || 84.9 & 1.8 85.5 £ 1.4
Had/Frag 262+ 367 -29.3F31.0
Oft Diagonal | Radiation 16.6 £25.7. -14.6t22.7
Interference || 81.3 0.6 90.0 t 3.2

Table 9.11: Theoretical systematic uncertainties on transfer factors for the single-top background in the high-mass
compressed analysis, for both diagonal and off-diagonal cut-and-count SRs.

9.5.3 BDT SMOOTHING PROCEDURE

The BDT signal regions ultimately are very tight; this results in extremely limited MC statistics, in
particular for the alternate samples used to estimate generator and hadronization/fragmentation
systematics. To mitigate these issues, a smoothing procedure is implemented to estimate the theory
uncertainties for the dominant ¢¢ and single-top Wt processes, based on smoothing with a Gaussian
kernel.

For each input variable to the BDT (in addition to jet multiplicity and EZ'***), the average value
of the variable is found in each BDT bin listed in Table 9.9, using profile plots of each variable as a
function of BDT score. Figures 9.27 and 9.28 show these average per-bin values for all twelve vari-
ables in the smoothing process. These values are used to assign an uncertainty on the extrapolation

from the CR bins to each SR bin for a given variable.
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Figure 9.27: Average value of variables used in the smoothing procedure to estimate BDT systematic uncertainties.



T TT T TT T T T T T T T T T m_lu v., ,.,, T ,.,. .,-,-,,-7-_, ,—_,-,-%-, ,H IARRERAREE N AN m v-,,-,.,.iff-,, .,,-,-,-7,-,-,,7-,,-,-,—H,-,-,H::::
o SRR TR 08 |2 poe ] 28 ¢ ] 2
m..m ._________“__“__“__”__”_*H__H__H__”___.m “W Wm ....====+_”__”_=.\H ﬁw WM R B N | +_“__”__”__“_y ©
W.MM pooooooQ(] _H__H__H__”___. M Wmm ....____n_“__”__”_+_”__”__”__“_\m < Wmm.....__._____n:_”_@_”__u_m <+
w_++__======_u_u_ _H__H__H__H__u‘ , M w++....._____:_u=m++”__u__u_m . w++....____.____==_:u*”__u_m N
hoooooononoDOf] 000 » 0 Foccocererenon0RO0G e | e eononon Bl e o
W_nnnnn_u_”__”__”__”__u_% _H__H__“__m L ” WI . veonoono 0 _H__H__M [ ™ m{ ' .......___“__“__”__”__”_ _H__H 3 N
A MALILE RS O 5k RRRRRRRCLLLL: i SN O TS UURPPRRPELIY 1 NN i
Edooonnnd 0] ¢ B LEEceeeesootfl + § 0 pEReenensoond]] o+ [
|e ] ) WSW ] o Cwn o (=]
WMM _”__”__”__”__”__H__H__H_ _H__”__m ] m WWM. e ..-___“__”__”__H_ﬁ_H_D L % Wmm. ...._______“__“__”__”__H__H_‘ L %
Hﬂﬁw , _”__H,__H_D_“_D A ,—H_,_H,_,nm::eiih 1,,.,.,,,,.,.,.7.,.,.,,.7__,_“_,_”_,_”_, T l:.,.,.f..,.f.:.,__,_f_,:,j _”__”__H_ H::.-2:4_|
o o o an — ! m m <:0|u m I ) m S m m % nmuu ﬂv 1%..
4_,>oo_ <y Emg Nxv ; ﬂmﬁmo ° [A®9] <'d 1o yunoy> Nsrerea [neo] Aw_nmv ; WS/ErEa
v,-:N,vi,-,,-;,-_:-_,7,—_:L7,_u:_u,7:,Lir,,Lir,,—bfr,,Lirzhm:::: m H.,,PMV,,.i,.,,.,7.,.,,-,-7-,,-,*—7_,—_,—_,,-%,.”::::Mm H:I,Mhu:ﬂ:i#L:L;,,-_,;::i:;::i:;::m::::8
. 3 © & [ 2 ] s 2 - ] S
.- v oo 000000000 o0 s © 5 es .....__n_“__“__”_+”__”__”__“_..” SW F's _u+_u_u 1 o
L2 ] ©o 5 ] ] F o 7] =]
m__mM w00 00008000000 o] M mmm....:n::: _”__H__”__um - fgg 0 O ] <
W_++===_”__”__”_ _”__”__”__”__”__“___.\m B c W+*....===:_”__”_ _H__H__H__”__m [ ” WN_.+.+_H_ _H_ \m ° ”
mx.________n_“__”__”__u__u_ _”__”__”__”__”__”_____\ . o W crveonnon000[ _H__H__H__“_\ . M Wu _H__Hw__H_ \ . M
w_,,.n__:zmmm%mm:z?m .« L SEEREREREERE 1 e 2fu( N[0k I oo o 4[] 10k
e 00000000f000000 o [ paEocccccoooo0ifllly . aw 04[] 1«0
LE&eog0oooonponpOoy o fp pEScccercov000f000n - o (2% 0 R[] boe ke
Lo 3 . Fog < Fa e 1 T
m__mm____;ggi;%_ﬁ » B pRseeeononolllg - o 126 0 Y ] 1+ E
rke < H.A.,.ds,....__.____ [ H 7
VH,M,T,\,__,,,__,,__,fJu,,,f_,H_”,_ EEM__“_ ::-::4_| ,,,,,,,,,7,,,,7__,JH,D,E_H_§E::.::‘_I ,fﬁd7_,H_;ﬂi::f:;::f:;::‘::.-::<_|
0w ¥ 0 ™ aw ! S 3 S 3 ”m - M w o © © nﬂv. - M.
< © — = ® 4 54 -

<(uoide] al-q)Lv> WS/ereq [neD] <'d 1ef payp> Wsrereq <> Ws/erea

BDT score

178

BDT score
Figure 9.28: Average value of variables used in the smoothing procedure to estimate BDT systematic uncertainties.



Systematic CR: CR2 CR3 | TForosrt TForosre TFor_ssrs
Had/Frag 3% 1% 3% | 9% 17% 20%
Hard Scatter || 1% -1% 2% | 9% 20% 21%
Radiation 4% 3% 1% | 6% 9% 18%

Table 9.12: Theoretical systematic uncertainties on the relative fraction of events in each CR bin, and on transfer
factors for the CR to SR extrapolation, for the £ background in the high-mass compressed BDT-based CRs and SRs.

The final uncertainty estimate for the extrapolation is found by summing all the per-variable

values in quadrature. This procedure minimizes the effect of statistical fluctuations by effectively

merging statistically insignificant bins and smoothing the result with a Gaussian kernel. The ob-

tained systematic uncertainties for the dominant ¢¢ background can be found in Table 9.12, given as

the relative fraction of events in each CR bin, as well as the extrapolation from the CR to each SR

bin.
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9.6 RESULTS

The first step in obtaining analysis results is to unblind the signal regions and determine the number
of observed events in each SR. The agreement of this yield with the SM background hypothesis is
quantified via a profile-likelihood fit, giving a p-value for each SR. If no significant excess is observed,
an exclusion limit is calculated using the CLs prescription. All of the statistical methods used are
discussed in detail in Chapter 8.

The first fit performed is the background-only fit, which constrains the normalizations of each
background in its dedicated CR. The fit procedure then diverges for the two sub-analyses discussed
here: the cut-and-count regions are used in a discovery fit, while the BDT signal and control region

bins are used in an exclusion fit.

9.6.1 UNBLINDED YIELDS & BACKGROUND-ONLY FITS

Once the signal regions are unblinded, the observed events can be compared to the background
prediction, which is scaled using a normalization factor extracted from the unblinded CRs. This is
called the background-only fit. The predicted number of SM background events, the expectation
from the background-only fit, and the number of events observed in the cut-and-count signal and
control regions can be found in Table 9.13. The background estimation is broken down by SM pro-
cess. In all SRs, the agreement between data and the simulation is good, with no significant excess of

data over fitted background expectation.
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Diagonal CR Off-Diagonal CR | Diagonal SR Off-Diagonal SR
Observed total background | 138 57 6 12
Fitted background 136.66 + 11.42  55.36 + 6.90 7.431+1.63 13.89+t2.57
Fitted single top 5.89 + 1.05 2.89 + 0.95 0.54 o021 1.847F0.34
Fitted ttV 5.25 = 0.73 1.47 £ 0.20 0.23 X 0.08 0.96*+0.17
Fitted diboson I.15 £ 0.31 0.3 1%8%31 0.07 +0.02 0.31 £ 0.09
Fitted Wjets 3.62 + 1.71 1.41 & 1.19 0.09 = 0.08 0.43 *0.09
Fitted ¢t 120.75 £ 11.75  49.27 £ 7.04 6.s1 £0.87 10.35 £ 1.72
MC expected 125.01 67.99 7.93 17.83
MC single top 5.95 2.84 0.56 1.88
MC etV 5.30 1.48 0.23 0.96
MC diboson 1.14 0.29 0.07 0.31
MC Wjets 3.61 1.32 0.10 0.43
MCtt 109.01 62.06 5.97 13.24

Table 9.13: Expected (pre- and post-fit) and observed event yields in the cut-and-count diagonal and off-diagonal
regions.

The shape fit over the full BDT distribution utilizes the bins listed in Table 9.9, where the region
[0.4, 0.6] in BDT score is vetoed. The multiple bins for both CRs and SRs allow for the ¢ normal-
ization and determination of best fit signal strength to occur simultaneously. Normalization factors
for all backgrounds, including semileptonic and dileptonic ¢Z, are in good agreement with 1. The
expected and observed event yields in the BDT CR bins can be found in Table 9.14, both before and
after the background-only fit. Table 9.15 shows the same pre- and post-fit yields in the SR bins. As
with the cut-and-count regions, no significant excess is observed in any of the three BDT SR bins.

The unblinded post-fit distribution of data and background estimation for the full BDT score
distribution can be seen in Figure 9.29. The p-value (pg) from the profile-likelihood test for the
highest SR BDT bin, the one that is most expected to contain the signal, is 0.44. This corresponds

to a 0 value of 0.14. Both the expected and observed 95% CL upper limits on the number of beyond
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Table 9.15: Expected and observed events in the signal regions of the BDT shape fit.

CR1 CR2 CR3
Observed total background | 762 694 399
Fitted background 763.95 = 26.54 678.92 +21.82 408.42 + 16.45
Fitted single top 54.85 £33.92  $54.84Et35.70 32.22 £ 19.67
Fitted ttV 28.65 + 8.83 25.62 + 7.69 16.93 £ 5.29
Fitted diboson 11.34 £ 3.81 11.75 £ 4.00 7.15 = 2.58
Fitted W+jets 4424+ 34.81 4473 £23.89  16.74 + 12.91
Fitted tt 624.86 = 58.35 $41.96 £ 45.72 335.39 & 31.12
MC expected 745.64 626.93 396.04
MC single top 49.58 49.71 29.50
MC VvV 27.72 24.79 16.62
MC diboson 10.77 11.15 6.96
MC Wjets 35.84 38.48 17.81
MCtt 621.73 502.80 325.16
Table 9.14: Expected and observed events in the control regions of the BDT shape fit.
SR1 SR2 SR3
Observed total background | 40 41 19
Fitted background 47261t 3.62 37.521+3.48 1834+ 2.17
Fitted single top 3.36 220 330+ 1.64 I1.54F1.15
Fitted ttV 231+t1.27 1.43%+0.80 0.68+to0.37
Fitted diboson 0.94to0.53 o0.45+to27 o21torr
Fitted Wjets 1.9+ 0.97 1.1+ 0.65 0.70+0.56
Fitted tt 39.06 + 4.62  31.18 = 4.21 15.21 F2.41
MC expected 43.88 33.02 15.94
MC single top 3.11 2.97 1.48
MC ttV 2.42 1.46 0.70
MC diboson 1.03 0.47 0.22
MC Wjets 1.58 0.99 0.59
MCtt 35.74 27.14 12.95
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Figure 9.29: Distributions of BDT score for the tN diag high signal regions. The SM background predictions are ob-
tained using the background-only fit configuration, and the hatched area around the total SM background prediction
includes all uncertainties. [38].

the Standard Model events is 11 for this bin. Cumulatively, these metrics indicate that there is no
significant evidence for the presence of new physics in the data.
9.6.2 ExcrusioN LiMmiITs

Given that no significant excess is observed in either cut-and-count or BDT-based signal regions,
model-dependent exclusion limits can be set at at 95% confidence using the stop pair production

simplified model. Exclusion contours are drawn in the (mj, mﬁ) plane by interpolating the CLs val-
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Figure 9.30: Expected and observed exclusion contours for the high-mass compressed BDT signal regions. All detector
systematics and t systematic uncertainties are included, with flat 30% uncertainties assumed for all other background
sources.

ues obtained by the fit for each signal point. Figure 9.30 shows the expected (£0.p) and observed
(£0¢n)contours from the high-mass compressed BDT analysis. The previous best exclusion from
the ATLAS stop search using 3.2 tb™1 is overlaid in gray, revealing the large increase in excluded
mass range along the diagonal.

Figure 9.31 shows the combined exclusion for all of the # — X signal regions, covering the pure
bino LSP scenario in the stop 1L analysis. For a massless X3, and assuming a 100% branching ratio of

thettoa top and )Z(l), a stop quark with a mass below 940 GeV is excluded at 95% confidence.
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Figure 9.31: Expected combined exclusion contour for the t— t)~((1) signal regions.

region exclusion shown in Figure 9.30.
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For each signal point in the grid, the lowest expected CLs value (best exclusion) is chosen across
all signal regions, which includes regions off the diagonal area of phase space, and those targeting
lower stop masses. Figure 9.32 shows the results of this scan, combining information from seven
bino LSP SRs, covering the two, three, and four body stop decays. Each marker on the grid indicates
which signal region in the analysis is responsible for sensitivity for that point. Such a breakdown
highlights that the high-mass compressed BDT region, shown in blue diamond markers, is driving
sensitivity primarily for points in the diagonal area of phase space. This is expected from both the

physics motivation of the region and the optimization strategy, and is consistent with the single

The results of this stop search in the 1 lepton final state are combined with other concurrent
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Figure 9.32: Exclusion curve for the stop1L analysis, broken down by dominant signal region. The high-mass com-
pressed BDT corresponds to the light blue diamond markers, which show that this SR is primarily responsible for
sensitivity on the t — t)~((1) diagonal.

stop pair production searches at ATLAS, decaying to different final states and covering a variety

of mass spectra and kinematic scenarios. Figure 9.33 shows the combined total exclusion for stop
searches at ATLAS as of May 2018, representing the full exclusion for stop masses at the end of Run
II. Comparison to Figure 3.2 demonstrates the success of the dedicated diagonal signal regions and
the Recursive Jigsaw Reconstruction technique for compressed signal points. Specifically, two anal-
yses contribute strongly on the diagonal: the stop 1L analysis described here, and the o-lepton final
state version of the search (referred to as “stop oL”). This oL search similarly built a dedicated com-
pressed SR in Run II, and utilized the RJR variables to do so [116]. The confluence of these two
successful analyses, working with different final states but the same phase space and methodology,

further confirms the generalizable utility of the R] technique for compressed SUSY searches.
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10

For Electroweak SUSY

Electroweak SUSY production is at the core of naturalness, and searches for these sparticles are espe-
cially exciting given their expected light masses. However, this theoretical excitement is countered in
practice by the significant difficulties of such searches at the LHC, in large part due to their low ex-

pected cross sections (see Figure 2.4). In spite of this, a significant component of the electroweakino

search program at ATLAS relies on direct pair production of the lightest chargino and lightest two
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neutralinos, which are the three sparticles most constrained in natural models.

The mixing of electroweak eigenstates into charginos and neutralinos was discussed in Chap-
ter 2. In this search, several simplified models are used to impose valuable simplifications: each elec-
troweakino decays with 100% branching fraction to the SM weak boson of the same charge, and
only the mass parameters relevant to the electroweakino spectrum are considered. The focus here
will be on the naturalness scenario, where ;1 << Mi, M2 and the LSP is dominantly higgsino, which
gains momentum via boost from an initial state radiation jet or jets.

Recall that the natural mass parameter hierarchy yields a compressed mass spectrum, similar to
that of the stop search described in the previous chapter. This restricts the phase space to a scenario
where the mass splitting between Y3 and X9 (or ﬁ and XV) is sufficiently small to force the W+
or Z° boson off its mass shell. All of the characteristics of a compressed electroweakino decay as
discussed in Section 3.2 apply: the quarks from the W are too soft to be reconstructed, the leptons
from the Z° have a small amount of pr, and the E:,”f‘iss in the event is attributable to the boosted
LSPs. Feynman diagrams showing these processes can be seen in Figures 10.1 and 10.2. The final state
of all decays is Er}mss , two soft opposite sign same flavor leptons, and at least one jet from initial
state radiation.

Three orthogonal regions target this scenario: high—E{}“‘SS , low—E}mss, and one lepton + track
(in which the subleading lepton is too soft to be reconstructed). While this treatment will only
discuss the high—E&?iss regions, all three are combined in the final higgsino results, therefore low-

E;i"ss and 1L+track analysis material can be found in Appendix B*. The small production cross

*Several other subanalyses are performed in this result, including a pair-produced slepton model decaying
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Figure 10.1: Diagrams illustrating electroweakino simplified model %g%f pair production in association with a jet
radiated from the initial state (labeled j) [48].

Figure 10.2: Other electroweakino pair production modes considered in the analysis, specifically )?8)?(1) and
~+ o~
X1 X1 [48]
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sections, extremely soft final state objects, and low amount of missing energy all contribute to the
difficulty of such a search, and motivate careful analysis structure and selections.

This chapter describes the setup, procedures, and results of the full Run II high—E%m'SS direct
higgsino search. Section 10.1 and Section 10.2 give technical details, specifically on the data/MC
samples and reconstructed objects used, respectively. Section 10.3 describes the optimization of the
primary higgsino signal regions and the addition of the Recursive Jigsaw Reconstruction variables.
Section 10.4 gives information on the background estimation, including control and validation re-
gion definitions, and a description of the data-driven fake factor method to estimate the dominant
fake lepton background. Systematic uncertainties are discussed in Section 10.5. Finally, results of the

search are given in Section 10.6, and interpreted in the context of electroweak SUSY mass exclusions.

101 Data/MC SAMPLES

This search is performed using 140.45 tb ™1 of pp collision data at v/s = 13 TeV collected by the AT-
LAS detector throughout Run II of the LHC (see Chapter s for more details). Events were primarily
collected using the lowest unprescaled E7*** trigger’, and required to pass all Good Run Lists re-
quirements. Candidate events must further have at least one pp interaction vertex with a minimum

of two associated tracks, each with py > 400 MeV.

to the same final state of two soft leptons + E?Liss; a VBF-assisted EWKino signal; a wino NLSP/bino LSP
interpretation; and an NUHMa interpretation [1r7]. None of these will be described in the following text as
they are less connected to the naturalness scenario.

TOther searches for electroweak SUSY at ATLAS use single lepton triggers, functional in the scenario
where the W* or Z° is on-shell. The lepton pr thresholds of these triggers severely restrict the phase space of
interest in the compressed case, and thus are not used.
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The higgsino LSP signal samples are generated at leading order with MGs_aMC@NLO, decayed
with MadSp1in, and showered with PYTHIA 8. To account for the required ISR boost, each process
is generated with up to two additional parton emissions in the matrix element, with a minimum
required p7 of s0 and 10 GeV respectively. Signals are then filtered to require two leptons with pr
>2 GeV and EJV5S > 75 GeV. The matrix element must be matched to a parton shower, which was
performed with the CKKW-L scheme [118] with a merging scale of 15 GeV.

For each signal as defined by the mass splitting, four production modes were produced: pp —
XOXTsPp — XOX1,pP — XoXlandpp — XX . The branching ratio of X — Z%*x?
and izi — W**XY is assumed to be 100%. However, the branching ratio of Z%* — ¢ or
W+ = fv was specifically computed to account for the masses of the b quark and 7 lepton, in
order to accurately reflect the smaller phase space available for decay into heavier particles. The re-
sulting branching fractions vary from 0.5% to 5.3% for Z%* — £¢ depending on flavor, and 11% to
20% for W+ — (v,

The mass splitting of the signal Am is defined to be the difference between the masses of the X9
and XY, with the chargino mass set to be halfway between neutralino masses as a convention. Signal
cross sections for this simplified model are calculated using RESUMMINO at NLL+NLO precision.
Though mass splittings above the MeV scale are only achieved via weak eigenstate mixing, the calcu-
lated cross sections assume pure Higgsino states for all mass combinations. All signal samples in the
analysis use ATLFAST2 detector simulation [97].

Three different campaigns of background simulation were used to appropriately model differ-

ences in run conditions across data-taking years. Unless otherwise specified, all samples with pro-
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cessed with a full simulation of the ATLAS detector [97] using GEANT4 [119]. Processes involving
single or multiple W+ or Z° bosons plus jets [ror, 102] were modeled with Sherpa [103], with dedi-
cated extensions for low statistic phase space areas of importance in the analysis. The nominal ¢ and
single top samples [104] (excluding tZ), as well as single Higgs production processes, were generated
with POWHEG [99] interfaced to PYTHIAS [106] for parton showering/hadronization. ¢Z produc-
tion used MadGraph5 [105] for the matrix element and PYTHIAG [100] for showering. Additional

soft QCD interactions were generated by PYTHIAS to simulate the effects of pileup.

10.2  OBJECT REQUIREMENTS

Three primary classes of event features are relevant for this analysis: leptons, jets, and missing energy.
Since processes with fake leptons are a dominant background for the analysis, the selection and re-
construction of the two soft leptons is of particularly fundamental importance. The only expected
jets in the final state are from the ISR boost, but the details of the selected jets are also a key feature
in determining the Egl”ss resolution. In this section, details specific to the analysis are discussed for

all three categories.

10.2.1 LEPTONS

The reducible fake lepton background is estimated using a data-driven fake factor method (described
in more detail in Section 10.4). Special care must be taken to avoid double counting in this scenario,
given that certain SM processes that produce one prompt lepton and one non-prompt lepton may

be predicted by both the fake factor method and MC simulation. A solution to this problem is to
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subtract the prompt lepton background as predicted by MC. This prediction requires truth match-
ing leptons utilizing the MCTruthClass1ifier [120], which classifies truth particles according to
their origin (prompt, non-isolated from meson decays, conversions, and other background sources.)
The truth matching decision is then incorporated into the signal, control, and validation region
definitions.

Final state leptons can be electrons or muons, and both baseline and signal leptons are defined
for use, where signal leptons satisfy more stringent quality requirements and constitute a subset of
baseline leptons. The likelihood, isolation, and impact parameter cuts defined in Section 5.6 are all
employed in making these distinctions. Baseline electrons and muons are reconstructed using in-
ner detector tracks matched to electromagnetic calorimeter energy clusters and muon spectrometer
tracks, respectively. Electrons are required to satisfy VeryLoose likelihood identification criteria at
baseline level, and Medium ID at signal level. They additionally must pass Gradient isolation re-
quirements and impact parameter cuts. A cut on electron author (at truth level) is applied to reject
electron candidates seeded by photon conversion reconstruction algorithms.

A novel feature of this analysis is the inaugural use of muons down to 3 GeV in pr. A dedicated
working point for these very soft muons was developed, referred to as LowPt [121], which gives im-
proved signal efficiency and background rejection for muon candidates with pr < 10 GeV. Both
baseline and signal muons are required to pass the LowPt ID criteria; signal muons must addition-
ally pass FixedCutTightTrackOnly isolation and impact parameter requirements.

Due to the low p7 of the leptons, a small angular separation between them is expected. As a re-

sult, such “nearby” leptons can land in each other’ isolation cones, resulting in a loss of efficiency.
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Figure 10.3: Signal lepton efficiencies for electrons and muons within detector acceptance, averaged over a mix of
higgsino and slepton simulated samples, with uncertainty bands reflecting the range of observed efficiencies across all
samples.

This primarily affects the softest leptons and thus the smallest mass splitting samples. To avoid
this, a dedicated nearby lepton isolation correction is performed, which removes nearby lepton
tracks from the track isolation sum (and similarly, nearby lepton topoclusters are removed from
the calorimeter isolation sum if the nearby lepton is an electron.) The definition of nearby in this
context is determined by AR and having pr matching within a given margin of error.

Table 10.1 lists all selection criteria of electrons and muons used in the analysis, for both baseline
and signal categories. The efficiency for selection of signal electrons and muons binned in lepton
pr can be found in Figure 10.3, where the dependence on 7 is consistent with ATLAS combined

performance paper results.

10.2.2  JETS & Ess

The jets used in this analysis are anti-k; R = 0.4 jets calibrated using the EM scale. Baseline and sig-
nal jets are both required to have p7 > 20 GéV, with signal jets required to have |7)| < 2.8 and base-
line jets || < 4.5. Jets containing b-hadrons are identified using the MV2cio b-tagging algorithm,

at a working point that provides 85% selection efficiency in ¢¢ simulation. Pileup mitigation is per-
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formed with the jet vertex tagger (JV'T), with cuts applied to jets with p7 < 60 GeV and || < 2.4.
Event cleaning is applied to remove jets originating from non-collision processes or calorimeter
noise.

The E?iss in the event is defined as the negative vector sum of the transverse momenta of all iden-
tified physics objects (electrons, muons, and jets.) It is reconstructed using the Tight working point.
The soft term is constructed from all primary vertex tracks not associated to any baseline object, to
allow adjustments for the best calibrations of jets and other objects, while remaining agnostic to
pileup conditions.

Table 10.1 gives an overview of all kinematic, ID, impact parameter, and isolation requirements
for baseline and signal jets and b-jets used in the analysis. Small corrections are applied to objects in

simulated samples to better match reconstruction efficiencies in data.

10.2.3 OVERLAP REMOVAL

Baseline objects undergo an overlap removal (OR) procedure to prevent the double counting of sig-
nal objects. This procedure uses collections of electrons, muons, and jets, and removes overlapping
objects based on AR matching (or shared inner detector tracks). Fat jets, photons, and taus are not
used in the OR procedure of this analysis, while boosted electrons and b-tagging are included.

The order of overlaps removed between collections is as follows. To remove muon bremsstrahlung
where a photon converts into an electron-positron pair, electrons sharing an inner detector track
with muons are removed first. Next, jets that do not have a b-tag are removed if they are within AR

< 0.2 of the remaining electrons. Jets within AR < 0.4 of a muon with less than three tracks of pr
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Property ‘ Signal Baseline
Electrons

Kinematic pr > 4.5 GeV, 0| < 2.47 pr > 4.5 GeV
ID Medium VeryLoose
Isolation Gradient -

Impact Parameter

|do|/cay <55 |208i00| < 0.5 mm

|z0sin0| < 0.5 m

Muons

Kinematic pr >3 GeV, |n| <25 pr >3 GeV
1D LowDPt LowDPt
Isolation FixedCutTightTrackOnly -

Impact Parameter

|do|/0ay < 3 |208i00| < 0.5 mm

|z0sin0| < 0.5 mm

Jets

Kinematic
Pileup mitigation

pr > 30 GeV, |n| <2.8

JVT Medium for pr < 60 GeV, |n| < 2.4

pr > 20 GeV, |n] < 4.5

b-jets

Kinematic
Pileup mitigation

b-tagging

pr >20GeV, || < 2.5

JVT Medium for pr < 120 GeV, || < 2.5

MV2acio 85% eff WP

pr > 20 GeV, |n] < 4.5

Table 10.1: Overview of baseline and signal object requirements for the compressed electroweak analysis.

> 500 MeV are then removed. Finally, electrons or muons within AR < 0.4 of the remaining jet

candidates are removed, to suppress heavy flavor hadron decays.

10.3 SIGNAL REGIONS

The signal regions must be optimized so as to maximize sensitivity to an elusive compressed higgsino

signal, while cutting away backgrounds from fake leptons and other SM processes. Below all discrim-

inating variables are defined, and the selection for the high- E**** higgsino signal region is provided.
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10.3.1 DISCRIMINATING VARIABLES

A helpful feature in the SR optimization effort is the kinematic endpoint in the invariant mass
of the two leptons my;, which is exploited via a shape fit across bins of this variable. Additionally,
the Recursive Jigsaw Reconstruction method, which is described in Chapter 6 and applied to com-
pressed stop scenarios in Chapter 9, can also be of use to produce powerful discriminating variables.
These and other discriminating variables used in the signal region construction are listed and de-
scribed below (excluding basic event quantities such as Eirp'”SS and object multiplicities).

* Event Shape Variables

— |A¢(j1, pi¥s)|: angular separation between the leading jet and E7*$%; larger values
of this variable can ensure the ISR-assisted topology and remove QCD background.

— min A¢(anyjet, pii**): angular separation between all jets and EZV5%; larger values

can help eliminate events with fake F7**® contributions from jet mis-measurements.

* Leptonic Variables

— ARy;: angular distance between leptons, defined as v/(m¢1 — 7e2)% + (de1 — de2)?;

soft leptons tend to have smaller values.

— my: invariant mass of the two leptons, correlated to the mass splitting of the higgsino

signal.

— mf}: transverse mass of the leading lepton, defined in Equation 9.1.

— mpg: “stransverse” mass, defined as ming,. (max[mr (p%, gr, my), mr (P, piss —

qr,my)]), where m, is the hypothesized mass of the invisible particles, and g7 is

chosen to minimize the larger of the two transverse masses (defined above).

i l . i l
— EFss ) HiP: the ratio of the EZ''® to the scalar sum of lepton momenta H.”, de-
l ] . ..
fined as »,"* P backgrounds tend to have harder leptonic activity and thus lower

values of this variable.
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— Mgy di-tau invariant mass, which fully reconstructs the fully leptonic Z — 77
decay with associated jets. It is defined as the signed square root of m2,. = 2py; -
pe2(1 4+ &1)(1 + &2), where py are the lepton four-momenta and the £ parameters are
determined by solving piﬁm =¢ 1p§~1 + & pgg. Negative values of m,, are associated
to events where one of the lepton moment is smaller in magnitude than the EYW“S and

points in the hemisphere opposite to the p*** vector (see Figure 10.4).

* RJR Variables, which are calculated using a variation on the standard ISR-assisted decay tree

as shown in Figure 10.5, to remove the two leptons from the calculation of the thrust axis.

— Rjisr, as defined in Section 6.2..

- Mf?, as defined in Section 6.2.

V[]
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pTl /
Phadronic eV miss
CRREEEEEPEERPEN 2

Figure 10.4: Diagram of the fully leptonic Z — 77 + jets system, motivating construction of the ., variable.

10.3.2 EVENT SELECTION

All regions in the analysis share a common event preselection, defined in Table 10.2. This preselec-
tion serves to enforce basic requirements of the signal events, such as two opposite-sign same-flavor

soft leptons. It also imposes the expected ISR-assisted topology, by way of requiring a hard leading
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Figure 10.5: Decay tree corresponding to the ISR-assisted E?”SS strategy for the compressed higgsino analysis.

<&

jet that is back-to-back with the missing energy. Other requirements on the number of b-jets, m~,
leading lepton p7, and min A¢(anyjet, p?iss) serve to cut away common backgrounds from SM
processes (tt, Z — 7T, fake/non-prompt lepton, and jet energy mismeasurements, respectively).
Contributions from J /1) decays are removed with a veto on [3.0, 3.2] GeV in my;, while other reso-
nances such as the T states are expected to be negligible. The upper bound on m;; < 60 GeV reduces
contributions from on-shell Z° boson decays, and the lower bound m;; > 1 GeV removes events
with collinear lepton pairs from a photon conversion (aided by the various cuts on AR;;.)

The optimization strategy in building the high-EZ"*** higgsino SR utilized N-1 plots of the dis-
criminating variables. Scanning possible cut values of each variable and examination of the cor-
responding Z,, significance (with a flat 20% background uncertainty) reveals the most powerful
variables for signal to background discrimination, as well as an optimal cut value for each variable.

The N-1 plots in Figures 10.6 to 10.7 use five benchmark compressed Higgsino signal points, as well

as SM background simulation and a data-driven fake estimation. Variables displayed include all
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Variable Preselection Requirement
Number of leptons =2

Lepton charge & flavor ete or utuF

Leading lepton pr [GeV] > 5

ARy AR, >0.30; AR, > 0.05; AR, > 0.20
Emiss [GeV] > 100

Number of jets >1

Leading jet pr [GeV] > 100

min A¢(anyjet, pFis) >0.4

IAGG, P > 20

J/4 invariant mass [ GeV ] veto 3 <my; < 3.2
Lepton invariant mass [GeV] | 1 <my < 6o

Number of b-jets =0

My, [GeV] <oor> 160

Table 10.2: Table of common event preselection criteria for the hif:,vh-Eq’f”ss higgsino regions.

aforementioned analysis variables, as well as E}mss, actual interactions per crossing f, leading and
subleading lepton pr, leading jet p7, and jet/b-jet multiplicity. Arrows indicate the presence of an

optimized cut position, if a cut exists on the displayed variable.
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Figure 10.6: N-1 plots of analysis variables for the high-EjrfLiss higgsino regions inclusively in 1m1;;. The legend includes
the relative contribution of each background. Statistical uncertainties and a flat 20% background systematic uncer-

tainty are included. Arrows indicate the cut value chosen for the SR.
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Figure 10.7: N-1 plots of analysis variables for the high-E%”iss higgsino regions inclusively in 1m1;;. The legend includes
the relative contribution of each background. Statistical uncertainties and a flat 20% background systematic uncer-
tainty are included. Arrows indicate the cut value chosen for the SR.
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In Figure 10.7, the localization of the data-driven fake lepton background at low my; is evident.
This presents a difficulty for some signals more than others. The strong correlation between signal
mass splitting and 1m; means that different signals have a variety of distributions across the full my;
spectrum, with smaller mass splitting samples concentrated in the very lowest bins. This feature can
also be seen in Figure 6.3, demonstrating that the [2;gg variable can exploit this feature given its
natural correlation to the mass splitting.

To further optimize the removal of the fake background in conjunction with the preservation of
signal, “sliding” cuts on key variables were developed, to allow cut value to vary as a function of my;.
Such cut functions were determined by linearly fitting the optimal cut placement in N-1 plots of
all my; bins. Rysr and pr(¥2) distributions were specifically studied for this purposes, since both
variables are especially powerful for eliminating the fake lepton background. Figures 10.8 to 10.9
show the variation of signal sensitivity across bins of m;;, thereby motivating the use of sliding cuts
on Rrspr and pr(¢2), and indicating the linear scaling of the optimal cut value. Arrows on the his-
tograms do not reflect this sliding cut, and rather show the absolute bounds on the variable in the

SRs.
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Figure 10.8: N-1 plots of R g R, in the lowest six bins of 1m;, demonstrating the efficacy of a sliding cut. Arrows indi-
cate upper and lower bounds on R g in the signal regions.
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Figure 10.9: N-1 plots of pr (62), in the lowest six bins of 171;;, demonstrating the efficacy of a sliding cut. Arrows
indicate the lower bound on pr (52) in the signal regions.
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Variable Selection Requirement
Emss [GeV] > 2,00
m5 [GeV] < 6o
pr(ls) [GeV] > min (10, 2 + my/3)
Risr > max (0.85,0.98 -2 -my; / (100 GeV) )and < 1.0
eMLLaa eMLLab eMLLb eMLLc eMLLd eMLLe eMLLf eMLLg
m(ee) [GeV] | - - [325] [s10] [10,20] [20,30] [30,40] [40,60]
m(pp) [GeV] | [1,2] [2,3] [3.2,5] [s,10] [10,20] [20,30] [30,40] [40,60]
iMLLaa iMLLab iMLLb iMLLc iMLLd iMLLe iMLLf iMLLg
my [GeV] <2 <3 <s <10 <20 <30 < 40 < 6o

Table 10.3: Table of common event selection criteria for the high—EZ’?iss higgsino signal regions. Exclusive SRs (“eMLL")
are used for Higgsino model-dependent limits, while inclusive bins (“iIMLL’) are used to set model-independent limits.
ee and [t channels are statistically independent and fit separately.

The selection criteria defining the high-E}mss higgsino signal regions can be found in Table 10.3,
provided as a list of cuts applied in addition to the preselection. This criteria incorporates optimal
cut information from N-1 plots of all analysis variables, and the sliding cuts on Rrsp and pr(f2) as
a function of ;. The shape fit binning for my; is also given, with different bins for different flavors

due to the lower muon pp threshold, and both exclusive and inclusive bins.
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10.4 BACKGROUND ESTIMATION

The discussion of background estimation strategies is divided into two categories: first, for the data-
driven estimation of the fake lepton background; and second, for the Monte Carlo-estimated back-
grounds, including those that are normalized via control regions and further verified in validation

regions.

10.4.1 FAKE LEPTON BACKGROUND & FAKE FACTOR METHOD

The fake lepton background consists of both non-leptonic objects falsely reconstructed as leptons,
and real leptons that are non-prompt or originating from decays other than the process of interest
(for example, semi-leptonic decays of heavy-flavor hadrons or photon conversions, the former being
found to be the dominant component in the SRs). Monte Carlo simulation tends to poorly model
these backgrounds, so a data-driven fake factor method is employed to ensure accurate estimation.
In the fake factor method, two lepton definitions are established: one called /D defined by the
standard signal leptons, and the second referred to as anti-ID criteria which is designed to be en-
riched in fake leptons. The anti-ID leptons are selected by relaxing or inverting the standard lepton
ID, isolation, and/or impact parameter requirements, as shown in Table 10.4. Flavor differences in
the anti-ID definitions exist; anti-ID electrons are not allowed to simultaneously fail the isolation
and ID requirements, while anti-ID muons may not simultaneously fail the isolation and dj signifi-

cance requirements.

208



Variable Anti-ID Electrons Anti-ID Muons

pr [GeV] > 4.5 GeV >3 GeV
7] <2.47 >2.5
|20 sin 0] <o.s mm <o.s mm
ID LooseAndBLayer LowDPt
(! Medium ID || [do/oag| > 5 || %/l >3l

! FCTightTrackOnly Isolation) &&
(|do/aas| <3 ||
FCTightTrackOnly Isolation)

Requirement | ! Gradient Isolation) &&
(Medium ID || Gradient Isolation)

Table 10.4: Table defining anti-ID leptons for the fake factor method.

The fake factor (F) is thus defined in Equation 1o.1 as the ratio of ID lepton multiplicity to anti-

ID lepton multiplicity, where [N is the number of events and ¢ is the p7 bin number.

Nip(7)

F(Z) - Nantile(Z.)

(10.1)

Conceptually this is not a fake rate; rather, it is a probability that, given the CR construction, a
fake lepton will be present in the SR. The fake factor is measured in a region of data that is both
enriched in fake leptons and kinematically close to the signal region, to ensure reasonability of ex-
trapolation of the estimate. This region primarily consists of multijet events collected by a prescaled
low-p7 single lepton trigger, with an additional requirement of meT1 < 40 GeV to minimize the con-
tribution of events with prompt leptons. Dependences of the fake factors on lepton flavor and b-jet
multiplicity were observed in initial studies. Therefore, fake factors are calculated separately for elec-
trons and muons, and for samples with exactly zero and at least one b-tagged jet.

Next, an anti-ID control region is created, with identical selection to the signal region except

replacing one of the ID leptons with an anti-ID lepton. Each event in the control region is then
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multiplied by the fake factor, and to first order the yield in the signal region can then be calculated
as in Equation 10.2. Prompt lepton yields as predicted by MC are subtracted from Nypnti—1pCR
so as to not double-count the prompt lepton backgrounds, and to ensure that only the fake lepton

background (and not other single anti-ID lepton processes) is estimated.

k ke,i .
NS}E ‘= Z Na{ziifllD cr - F(i) (10.2)
i

The expression in Equation 10.2 is overly simplified, leaving out one important contribution.
Since the SR has two leptons in it, the fake factor method must be able to account for events with
two anti-ID leptons, even though only one is required for the anti-ID CR. Specifically, the contri-
bution from events with two anti-ID leptons must be subtracted off, as inherently in the method,
the single anti-ID lepton terms will have some events with two anti-ID leptons, and thus this con-
tribution would be counted twice. The total number of events with fake leptons can therefore be
expressed as follows in Equation 10.3, where a subscript I indicates the presence of an ID lepton and
a subscript A indicates an and-ID lepton. Each N term in Equation 10.3 includes the prompt MC

subtraction of real lepton events.

N3 = [Nyl - Fi + [Nar] - Fa — [Naa] - FLF (10.3)

Figure 10.10 gives a diagrammatic explanation of the fake factor method, demonstrating the loca-
tion of the ID/anti-ID regions in phase space.

An important assumption made in the fake factor method is that the composition of non-prompt
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Lepton definition

A
Nip
N Nest = ( NantiID) 'NCR—fake
Select ID Fake factor D
numerator Signal region
fake estimate
NantilD NcR-fake
Select an antilD Fake factor Control region
denominator (SR enriched with fakes)
» Kinematic regime
Fake factor F Fake factor F
measurement region application region

Figure 10.10: Schematic illustrating the fake factor method to estimate the fake lepton contribution in the signal
region.

leptons is consistent across measurement and signal regions. Discrepancy in composition is taken as
a systematic uncertainty on the estimation. Furthermore, since the minimum pr of electrons and
muons considered in the analysis is lower than the threshold for single electron/muon triggers, the
fake factors cannot be measured for the lowest p7 leptons and must be extrapolated. This is done
by fitting the pr distributions and using the fit to obtain reasonable estimations for leptons with pr

below trigger thresholds.

10.4.2 CONTROL REGIONS

Three control regions are used in the analysis to normalize the three (non-fake) dominant back-

grounds. CR-top normalizes the ¢t and singletop backgrounds, CR-tau normalizes the Z— 77
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+ jets background, and CR-VV normalizes the diboson background (in zero to four lepton final
states.) CR-top is enriched in top background by inverting the SR requirement on the number of
b-tags. CR-tau is separated from the SR by selecting events with a di-tau invariant mass consistent
with a Z decay, specifically selecting events with 60 < m,; < 120 GeV, whereas the SR has a veto on
0 <My7 <160 GeV. CR-VV is created by inverting the R;sr cut, selecting events with 0.7 < Rysr
< 0.8s.

By way of these cut inversions, all CRs are orthogonal to the SR and have a purity of their dedi-
cated background process that is greater than 70%. The only exception is CR-VV, which has a purity
of approximately 45% of the diboson background; however, the largest contaminants in CR-VV are
top and Z— 77 + jets backgrounds, which are already appropriately normalized in their dedicated
CRs. The signal region cut on m4! is not included to enhance background statistics and purity. Sim-
ilarly, the Rrsp cutisloosened with respect to the SR to Rrsr > 0.7. Since all three normalized
processes are flavor symmetric, all lepton flavor combinations are allowed to enhance statistics.

Table 10.5 gives a summary of the selections for the high- E7¥** higgsino control regions, includ-
ing the orthogonality to the SR and flavors included. To minimize extrapolation across different
kinematic regions, selection criteria are identical to those given in Table 10.3 except for the changes
listed here.

To ensure good modeling of data in the control regions, plots overlaying data to Monte Carlo
simulation are made for all key analysis variables. Figures 10.11and 10.12 show data to MC compar-

isons in CR-top. Figures 10.13 and 10.14 shows data to MC comparisons in CR-tau. Figures 10.15 and

10.16 shows data to MC comparisons in CR-VV. All plots include statistical uncertainties summed in
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Region | SR Orthogonality Additional Requirements  Flavor
CR-top | Number of bjets > 1 Rrsg >o0.7,nocuton my ee + pju + e+ e
CR-tau | 6o<m,, <120GeV  R;sr > 0.7,n0 cut on mg} ee+ [+ efL + je

CR-VV | Rjsp <0.85 Rrsgp>o0.7,nocutonmf  ee+ pu+ ey + pe

Table 10.5: Table of criteria for the high-E’?mS higgsino control regions, provided as differences from the signal re-
gion definitions in Table 10.3. All regions also include the preselection requirements listed in Table 10.2.

quadrature with a flat 20% background systematic. Good modeling is shown for all regions across all
variables, ensuring that the regions are well-defined for the likelihood fit.

The amount of signal contamination in CR-top, CR-tau, and CR-VV is shown in Figures 10.17, 10.18,
and 10.19 respectively, given as percentages of the total CR yield attributable to the given signal
point. The contamination is below 14% across the full higgsino signal grid, ensuring that the back-

ground estimate in the SRs is robust and will not accidentally account for signal in the data.
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Figure 10.11: Distributions of analysis variables in high-E%f”ss higgsino top control region.
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Figure 10.12: Distributions of analysis variables in high—Ezrf”SS higgsino top control region.
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Figure 10.13: Distributions of analysis variables in high-E{?iss higgsino Z— 7T + jets control region.
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Figure 10.14: Distributions of analysis variables in high—Ezrf”'sS higgsino Z—> 7T + jets control region.
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Figure 10.15: Distributions of analysis variables in high-E%f”ss higgsino diboson control region.
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Figure 10.16: Distributions of analysis variables in high—Esz”sS higgsino diboson control region.
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Figure 10.17: Contamination of signal in CR-top across full higgsino signal grid.
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Figure 10.18: Contamination of signal in CR-tau across full higgsino signal grid.

220



;‘ T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
Lios2 731 443 301 1.46 073 4
[0]

o L1255 7.91 4.42 3.24 1.31 0.64 -
-c 11332  7.49 4.14 262 1.03 0.44 -
1163 6.22 3.25 2.06 0.79 0.37
1 0 | 9.10 4.08 2.30 1.48 0.56 0.27 |

[325 175 o098 o040 015 0.07 b
1.07 0.48 0.24 0.15 0.04 0.01
022 010 004 002 0.00 0.00

100 150 200 250 éOO
m g [GeV]

Figure 10.19: Contamination of signal in CR-VV across full higgsino signal grid.
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Region | SR Orthogonality Additional Requirements Flavor

VR-DF | ep + pe - e+ pe
VR-SS | Same-sign (*¢* Rrsr > 0.7,n0 cut on m% or pr(fy) ee + pe, pu + e

Table 10.6: Table of criteria for the high-E?”ss higgsino validation regions, provided as differences from the signal
region definitions in Table 10.3. All regions also include the preselection requirements listed in Table 10.2.

10.4.3 VALIDATION REGIONS

Two validation regions are implemented for the high- E"** higgsino analysis. Both share identi-
cal criteria to the signal region, except for the inversion of a cut that maintains orthogonality. The
different flavor validation region VR-DF is constructed by selecting two leptons of different flavor,
which separates the region from the SR. Such a change does not affect the ability of the region to es-
timate the irreducible SM backgrounds normalized by the CRs, which are all symmetric in ee + ppt
and eyt + pe. It validates the normalization factors extracted from the control regions, and verifies
good quality of background prediction in a region kinematically close to the SR.

The same-sign validation region VR-SS validates the fake factors and the predictions made by
the method. The region is constructed to be enriched in fake leptons by selecting two leptons that
have the same electric charge (“same-sign”), and thus are not likely to come from a Z% boson decay.
VR-SS similarly verifies that the data-driven fake estimation is predictive in an SR-like region.

Table 10.6 gives a summary of the selections, orthogonality to the SR, and flavors utilized for the
high—E%”iss higgsino validation regions, provided as changes with respect to the preselection.

Data vs. Monte Carlo plots for all key analysis variables can be found in the following figures.

Figures 10.20 and 10.21 show data to MC comparisons in VR-DF, with statistical and flat 20% sys-
g p Yy
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tematic uncertainties overlaid. Given that the SM estimation is suitably predictive of the data, and
no significant slopes in the data/MC ratio exist, the estimation regions are further confirmed for use
in background modeling and the likelihood fit.

VR-SS plots are sorted by the flavor of the sub-leading lepton, which is more likely to be fake
than the harder lepton. Figures 10.22 and 10.23 shows data to MC comparisons in the ee + pe
channel, while Figures 10.24 and 10.25 shows data to MC comparisons in the gyt + e channel, in-
cluding statistical and flat 20% systematics summed in quadrature. The data-driven fake background
is found to provide good modeling in these fake-enriched regions.

The signal contamination in VR-DF is shown in Figures 10.26, and for VR-SS in Figure 10.27
for all flavor combinations. The signal contamination can be acceptably higher in the VRs than
the CRs, since they do not directly provide a background estimate for the SRs. Therefore, the ob-
served maximum contamination of 27% in VR-DF and 14% in VR-SS is within reason for the anal-
ysis. Along with the data vs. MC plots, these checks confirm the validity of proceeding with the

background estimation as established in this section.
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Figure 10.20: Distributions of analysis variables in high-E%f”ss higgsino different flavor validation region.
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Figure 10.25: Distributions of analysis variables in the pipt + e channel of the high-E%’”'ss higgsino same-sign

validation region..
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10.5 SYSTEMATIC UNCERTAINTIES

As with the stop analysis, two categories of systematic uncertainties are estimated in the analysis: ex-
perimental (from detector simulation, accelerator conditions, and data-driven estimate effects) and
theoretical (pertaining to Monte Carlo simulation features). Theoretical uncertainties can further be
sorted into those that affect the background and signal samples. Since predictions for the main SM
backgrounds are normalized in control regions, the systematic uncertainties only affect the extrapola-

tion to the signal region for these processes.

10.5.1 EXPERIMENTAL

Experimental uncertainties are provided by dedicated working groups in ATLAS, which divide the
uncertainties based on their origin from the various detector subsystems. The list of considered
systematics provided by these groups and considered in this analysis, categorized by source, are as
follows:

* Uncertainty on the pileup re-weighting procedure, which is performed on the simulation to
ensure that the distribution of (1) (average number of interactions per bunch crossing) is

consistent to that of data.

* Jet energy scale and resolution (JES/JER) uncertainties [73], with additional uncertainties
estimated for the effects of the JVT pileup mitigation procedure, and the efficiency of the

b-tagging identification algorithm.

+ Electron/muon scale and resolution uncertainties, and uncertainties on the scale factors on

simulation that match soft lepton characterization efficiencies achieved in data.

* E7"%% uncertainties, which come from propagating the uncertainties on momenta of hard

objects considered in the missing energy calculation, as well as uncertainties on the scale and
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resolution of the soft term.

* Uncertainty on the total luminosity for the Run II dataset [122], which is derived via lumi-

nosity scale calibration to be 1.7%.

Systematics from the fake factor method also constitute a large source of uncertainty in the analy-
sis. The following sources are considered:

* Statistical uncertainty on the measured fake factors, arising from the potentially limited sam-

ples sizes of single lepton-triggered dijet data used for measurement.
* Uncertainties due to kinematic dependencies of the fake factors.

* Non-closure in VR-SS, which accounts for slight inexact features of the fake modeling in the

same-sign validation region.

* Uncertainties from the prompt lepton MC subtraction, which are found to be negligible.

10.5.2 THEORETICAL

Systematics on background sources include uncertainty on the value of the strong coupling constant
s, the choice of QCD renormalization and factorization scales, and the choice of parton distribu-
tion functions (PDFs). These are estimated using variations in the Monte Carlo samples, by either
symmetrizing the difference between high and low variations on the nominal, or taking the envelope
of several variations corresponding to different generator parameter choices. Estimates are made for
the largest SM processes measured from simulation in the analysis, that is, the top, Z— 77 + jets,
and diboson backgrounds. Variations can be studied and the uncertainty can be estimated on each

background in its dedicated CR, and additionally in the VRs and SRs.
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Figures 10.28, 10.29, and 10.30 show the my; distribution in CR-top and the high—E’Tniss higgsino
SR, with variations overlaid on a5, QCD renormalization/factorization scales, and PDF scales, re-
spectively. Analogous plots for the Z— 77 + jets background can be found in Figures 10.31 to 10.33,
and Figures 10.34 to 10.36 for the diboson background. Both electrons and muons are allowed in
these plots (including in the signal region selections), because the uncertainties are not expected to
be flavor-dependent. The impact of the variation is evaluated directly on the prediction of the back-
ground on a bin-by-bin basis, and added to the final likelihood fit as nuisance parameters.

Since the signature of the SUSY signal is fully reliant on boosting from an ISR system, modeling
of ISR in MC is a dominant theoretical uncertainty for the signals. Other theoretical uncertainties

such as those on cross section and PDF acceptance are also evaluated, and are typically small.

233



Weight (Variation) 28— Weight (Variation)
15=13TeV, 140.5 fo' E 15 =13 TeV, 14
o .
£ \
— DR, F
o
£ )
— i —
10 20 30 40 50 E - 10 20 30 40 50 E
o 12 T T T T o 12 T T T 2nn0s IR
& 1N @ N
T ] N T i3] N
E F 1 E F 1
S o9f R\ S 09 N
=z 0.8 L 1 1 1 1 1 il E =z 0.8 C Il Il Il Il Il 1 £
0 10 20 30 40 50 60 0 10 20 30 40 50 60
m(il) [GeV] m(il) [GeV]

Figure 10.28: Variations of o, for the tf background, in CR-top (left) and the high—E’TmsS all flavor higgsino SR (right).

Weight (Variation) 2| Weight (Variation)

s=13TeV, 1405 o™ nominat

E=13TeV, 14051 | [ om
CRAURIop comsate o o

SASFAIRMLL bon

722 scale variations

1
5 2 [ - 5 2 [ -
> >
@& 151 ERN @& 15 ERN
< §§ - 1 B S S §smwmmm 10 Sy §$ : i § i : i E §smvolﬂ<Agusu 0)
zg 05 - BN § 05 - =N
. . . . . o~ . . . . . [—
% "6 20 30 40 50 60 % "0 20 30 40 50 60
m(ll) [GeV] m(ll) [GeV]

Figure 10.29: Variations of QCD renormalization/factorization scales for the tt_background, in CR-top (left) and the
high-E77**% all flavor higgsino SR (right).

Weight (Variation) 28— Weight (Variation)
f5=13TeV, 14050 NNPOF3.0 (nom). E f5=13TeV, 140.5f0" NNPDF3.0 (nom).
JE—— E -5 ror vessons JE——
= S
B E R —
ol
— o = AN — o
=
E — s E — e
- 10 20 30 20 50 E - 10 20 30 a0 50 E
g 12T 5 12 A A Anaananses IR
> >
[Z2En ] § [N ] §
S o EErse: o+ % §(m 00%) DR S S T S %«ﬁ o0y
= i X c i I}
S ool 1\ S ool 1\
0.8 C Il Il Il Il Il 1 S0 200 oy 0.8 C Il Il Il Il Il 1 0 200
0 10 20 30 40 50 60 0 10 20 30 40 50 60
m(ll) [GeV] m(ll) [GeV]

Figure 10.30: Variations of PDFs for the ¢t background, in CR-top (left) and the high—E?«“-“”S all flavor higgsino SR
(right).

234



0 Weight (Variation) 2 Weight (Variation)
15=13TeV, 140.5 fo™" 15=13TeV, 140.5 fo™"
200[— CRARIBsorpsoe MURI_MUFY_0F281000 ASF AL boossoncns MURI_MUF? POF281000
s e {acs omineia 116y ; e o el 116,
Zrejeis a s (roeiets @ s

\

MURY MUE_POF280000 MURY MUE1_POF280000
s gm0 117 o s douno.

r )

g

MURY MU POF270000
wsupois)

MURY MU POF270000
Supois

0 10 20 30 40 50 E ° 10 20 30 40 50 E
5 12 5 12 e
& 1f I\ 3 1k I\
SO TR S §(§w | T + §smmmwm
£ L ] £ L + - + ]
S osf =N S o8 1IN
0.8 L L L L L L ] St 20wyt 0.8 L L L L L L ] St 9 200 gy
0 10 20 30 40 50 60 0 10 20 30 40 50 60
m(il) [GeV] m(il) [GeV]

Figure 10.31: Variations of o for the Z— 77 + jets background, in CR-tau (left) and the high-EITL”SS all flavor hig-
gsino SR (right).

0 Weight (Variation) s Weight (Variation)
(= 13TeV, 1405 1" [ oo rorzoen (= 13TeV, 1405 1" [ oo vz
200 CRARImcermsaie RS AURMLL sonsenrie
- 7o 7 — MUR2_ MUF2_PDF261000 20| ' 76 (7 = MUR2_ MUF2_PDF21000

2(-srr)sjets scale variations.

2Z(-sre)sjets scale variations.

U2 MUF? POF201000 N U2 MUF? POF21000

N

— MUR1_MUROS_POFZ81000 — MUR1_MURDS_PDF281000

— WURDS WUFO S PORST000

— MURDS NUFO S _POR2STO00

e MURI_IUF2 POF281000 e MURL_MUF2 POF281000

— WD WUF PoFzSO00 — WURDS WUF PRS00

5 2 e ! - 5 2 R ! -
> >
@ 151, 1\ & 15 1\
o EAPEINE S S S §sm.ﬂm‘m o z o §¢$ +1s T = §swﬂ...mm .
T TF T

S o5 43 S 05| o N\
z 0 L L L L L St 20 oyt z 0 L L L L L St 20 syt

10 20 30 40 50 60 0 10 20 30 40 50 60

ml) [GeV] m(il) [GeV]

Figure 10.32: Variations of QCD renormalization/factorization scales for the Z— 77 + jets background, in CR-tau
(left) and the high-E7**? all flavor higgsino SR (right).

250 Weight (Variation) Weight (Variation)
I5=13TeV, 140.5 fb™" NNPOF3.0 (pom) Is=13TeV, 140.5 o' NNPOFS.0 (pom)
200[— CRAR B soripsose ASF AIRMLL Soossouons
5 e 2 4 e
Zwr)ejts PDF Variaions — O30 aor 2Z(-+rr)sets PDF Variations — ORI aror

— NNPDFRO + e — NNPDFIO s

— crimo — crumo

— rzons — rzons

g 12 g 12
> >
& 11F 4\ & 11k vt BN
~ 1 7# ; ; ; % + ; i $ | §5Mhmm7s 12558, 100%) ~ 1 7+$ ++ £ ; i + ; | §SMHMIG79 869, 100%)
g f ] g T ]
S ool N s o9 £+ N\
0.8 L L L L L L ] S 20 st 0.8 L L L L L L ] S 200 syt
0 10 20 30 40 50 60 0 10 20 30 40 50 60
m(ll) [GeV] m(ll) [GeV]
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(right).
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To determine if the choice of generator (Powheg+Pyth1ia vs. Sherpa) for the diboson back-
ground constitutes a considerable systematic, the direct ratio of diboson control region to all-flavor
signal region yields is assessed as a function of my;. Figure 10.37 shows this SR to CR ratio across
all my; bins, along with the ratio of nominal to alternate generator in the lower panel. General
agreemen between the two generators, in particular across the 1m;; spectrum, indicates that no fur-

ther determination of a generator systematic is required.
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Figure 10.37: Variations of PDFs for the diboson background, in CR-VV(left) and the high-ETTmSS all flavor higgsino SR
(right).
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10.5.3 SUMMARY

Figure 10.38 provide a condensed breakdown of the systematics in all three higgsino SRs, for each
my; bin. Experimental uncertainties are grouped into those associated to the fake factor method,
statistical, experimental (including jet uncertainties), normalization, modeling, and same-sign (SS)
data extrapolation uncertainties for the opposite-sign (OS) 1L+track analysis (see B.2 for details.) It

is evident from this figure that the fake/non-prompt background estimation is the primary source of

uncertainty.

TLAS Internal ... Fake factor Normalization

{s=13TeV, 139 fb ' .- Statistical  -..- Background modeling
- = Experimental SS data
- Total

>

Relative uncertainty

Low-ET"°, low-Am| Low-ET™*, high-Am

Figure 10.38: Relative systematic uncertainties as obtained from background-only fits on the background prediction in
the electroweakino SRs. Individual uncertainties can be correlated and do not necessarily add up in quadrature to the
total uncertainty.
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10.6 RESULTS

The results of the analysis are organized as follows. Several cross-checks from the background-only
fit with blinded SRs are shown first, to validate the fit setup and constrain fit parameters. Next the
SRs are unblinded in the background-only fit, and results are shown in the form of signal region
data vs. MC distributions and pull plots, to determine compatibility of data to background pre-
diction in the SRs. Finally, model-dependent exclusions are shown for higgsino simplified mod-
els, using a shape fit in my;. Definitions and details of all profile likelihood fits as performed by
HistFitter can be found in Chapter 8.

All fits in the analysis were performed using a pruned setup, in that any variation that deviates
less than 3% from the nominal is removed from the likelihood. A simultaneous fitting of the high-
E;«”SS higgsino regions is performed with orthogonal low—Eg,’?iSS and 1L+track regions, which have
analogous construction of signal, control, and validation regions. Additional material on the low-
Ems8 and 1L+track regions can be found in Appendix B.

Low statistics in MC background predictions for some SR bins led to unwanted effects of the jet
uncertainties, and large unphysical increases of the background prediction after the fit. This moti-
vated the use of an extended set of jet uncertainties, ultimately considering 35 independent sources.
Additionally, a systematics smoothing procedure was implemented, in which the jet systematics are
removed from samples with a very large statistical uncertainty in affected bins. They are replaced by
a flat 30% uncertainty, which is roughly the size of a single jet uncertainty in this phase space. The

affected bins and samples are the low-H7 Z— 77 + jets sample for all my; bins, and the top and
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Normalization Factor | Value

s 1.07 + 0.04
HZ—rrtjets 0.95 + 0.09
yv 0.88 +0.19

Table 10.7: Normalization factors of the high-E’Tmss higgsino control regions, in a CR-only fit.

Z— TT + jets samples in bin eMLLc of the ee channel, corresponding to [s5, 10] GeV in my;.

10.6.1 BACKGROUND-ONLY FITS

Before unblinding the signal region, it must be verified that the fit configuration is functional and
providing reasonable results. Several validation checks are performed using only data in the CRs
(“background-only”) to do so. Normalization factors y for the top, Z — 77 + jets, and diboson
backgrounds are determined at this stage, using data in the corresponding control regions. These
factors are then used to normalize their respective samples in the signal regions. Table 10.7 provides
the obtained 1 values for these three backgrounds and their uncertainties. No unusual values are
found that deviate significantly from 1, and no significant constraints or correlations are found on
the nuisance parameters.

The values of the normalization factors and nuisance parameters as determined by the background-
only fit can be further validated by extrapolating to the VR-DFs. This is done by testing the ability
of the obtained background normalization to predict the data in the VR-DFs. Discrepancies are

quantified by the magnitude of the p#ll x, defined in Equation 10.4:

_ Nobserved — Npredicted
x = (10.)
Otot
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_ 2 2 . . .
Here, 010t = \/ Orredicted T Ostat,exp 1 the sum in quadrature of the total systematic uncer-

tainty on the background prediction and the expected statistical uncertainty on the background

prediction (taken as the Poissonian variation on the expected number of background events). Fig-

ure 10.39 shows the data and MC prediction in all higgsino VR-DF my; bins (both high- and low-

Emiss) as well as the pulls (significance) for each bin. No general misestimation of the data is

present. Therefore, the background estimation is found to be reliable in the relevant phase space.
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Figure 10.39: Data vs. MC in the higgsino different flavor validation regions & corresponding pulls per bin.

Once the signal regions are unblinded, the background prediction from the background-only

fitis then extrapolated to the SRs in a similar manner as the check for VR-DFs. Figure 10.40 shows

the data and MC prediction and pulls in all higgsino SR my; bins (both high- and low-E%*¢ and
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1L+track). Deviations of data from background prediction have a significance less than 20. The
largest deviation is observed in the eMLLc bin of the high-EZ**¢ ee channel, corresponding to [s,

10] GeV in my;; this is interpreted as a statistical fluctuation.
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Figure 10.40: Data vs. MC in the unblinded higgsino signal regions & corresponding per-bin significance of the devia-
tion of observed from expected yield. Uncertainties shown include both statistical and systematic uncertainties.
Kinematic distributions in the SRs are also examined to further study the agreement of data to
background prediction. Figures 10.41 to 10.43 show unblinded distributions of key analysis variables
(inclusive in my;) in the high- E7 higgsino SR. Good agreement is seen between data and back-

ground predictions in both shape and normalization of the analysis variables.
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Figure 10.41: Unblinded distributions in the high-E’fﬂ”SS higgsino SR.

10.6.2 MODEL-DEPENDENT RESULTS

Interpretations of the results in the context of higgsino simplified models are performed combining
the high- and low- E/*% and 1L+track regions. These model-dependent results are generated via

exclusion fits, which perform hypothesis tests to determine the confidence of the exclusion for each
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Figure 10.42: Unblinded distributions in the high-E’fﬂ”SS higgsino SR.
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signal point using the CLs prescription. Exclusion fits are run with the asymptotic approximation in
HistFitter rather than pseudo-experiments to improve performance [92].
Figure 10.44 shows the 95% confidence level exclusion contours for the X3-X mass splitting as a

function of X9 mass. This exclusion combines all three dedicated higgsino analysis. The observed
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limit is seen to be weaker than the expected, due to the presence of upward fluctuations in the SRs.

The choice of exclusion shown for X3 masses differs from that of the LEP exclusion for X1
masses, shown in Figure 3.3. Given the dependence of the analysis on the decay products of the off-
shell Z°, this search is more sensitive to the X9-X" splitting. However, given the set convention of
the YT mass being halfway between X3 and X masses, these limits can be translated between one
another. Excluded mass ranges are presented here for charginos to generate easy comparison to previ-
ous limits.

Lower limits on chargino mass range from 162 GeV to 205 GeV (depending on the simplified
model used) for moderate mass splittings, and extend down to mass splittings of approximately
2 GeV at the LEP chargino bounds. With respect to the previous result shown in Figure 3.4, this
represents an increase of about 20-40 GeV in excluded chargino mass range. This illustrates the
added sensitivity achieved from the addition of IL+track and low- E}%*¢ regions in the fit. The
exclusion given here represents the first full Run II ATLAS result for direct higgsino production,

and constitutes the best ATLAS constraint on this process to date.
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11

Future Efforts

As DISCUSSED EARLIER IN THIS THESIS, the next several decades of high energy collider physics
have already been outlined. After the conclusion of the Phase-I upgrade during Long Shutdown
2 (LS2), Run IIT of the LHC will begin. Though the increase in collision energy is relatively mod-

est, going from /s = 13 TeV to 14 TeV, the total integrated luminosity of the LHC proton collision
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dataset will approximately double, making the next several years promising for search prospects of
natural SUSY.

Additionally, subsystem upgrades installed during LS2 will enhance the detection capability of
the ATLAS experiment, aiding reconstruction and enabling more sophisticated analysis develop-
ment. For example, new proposed triggers that make use of the LiCalo and FTK Phase-I upgrades
aim to boost search sensitivity beyond the inherent gains from added luminosity.

After Run III, another shutdown (LS3) is scheduled, followed by Run IV, which marks the ofhi-
cial beginning of the HL-LHC. The dataset gains from this undertaking are impressive; estimates of
the integrated luminosity delivered by the HL-LHC are currently at 3000 b1 a nearly twenty-fold
increase with respect to the full Run IT dataset. For the processes discussed in this thesis with very
low production cross sections, this huge new dataset is especially valuable.

Sensitivity studies are already underway to determine the potential mass reach of SUSY searches
with this large amount of data. To establish expectations for the discovery (or eventual invalidation)
of natural SUSY, the stop and higgsino mass reaches are especially compelling. Figure 1r.1 provides
an estimated exclusion for the £ — X9 process with 3000 fb ™! of data in a zero lepton final state, at
both 95% confidence and at so discovery level. Figure 11.2 shows the expected exclusion for the soft
dilepton higgsino search at the same luminosity, including the expectation from the disappearing
track analysis. Both stop and higgsino exclusions utilize similar construction to the existing versions
of the relevant searches, with only slight re-optimizations.

On the stop diagonal defined in Chapter 9, the potential exclusion is as high as 850 GeV in this

projection, increasing the current mass reach by almost 300 GeV. The soft dilepton analysis has the
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potential to exclude i masses up to 350 GeV, more than doubling the upper bound of the current
exclusion provided here. Recall that the original naturalness paradigm established in Chapter 2, with
an upper bound of 10% fine tuning, predicted viable natural SUSY manifestations up to 1.5 TeV in
stop mass and up to a few hundreds of GeV for the higgsino. It is interesting to note that while the
full HL-LHC potential will forge significantly into this territory, carrying with it large potential for
discovery, it may not be sufficient to fully rule out the natural regime of the theory.

Taken together, these stop and higgsino search expectations constitute a significant knowledge
reach promised by the HL-LHC. Combined with the similarly increased observation power of
other sparticle searches, such as for squarks/gluinos and long-lived particles, it is certain that the
next decade of particle physics will be crucial in the hunt for new physics. The natural cohesion of
LHC higgsino searches with dark matter searches, both direct detection and astrophysical, creates
even more assurance that the phase space in which these particles could hide is quickly narrowing.

Lastly, these prospects only describe the experimental advances which are known and scheduled.
Proposals for the next international collider experiment are proliferating, including the High Energy
LHC (HE-LHC) [125] at CERN, the International Linear Collider (ILC) [126] in Japan, and the
Circular Electron-Positron Collider (CEPC) [127] in China, along with several other smaller scale
experiments focused on specific new physics signatures. Regardless of the ultimate outcome of each
novel experimental proposal, the momentum of collider physics at present is sure to carry into the

next century, bringing with it a never-ending flow of new ideas and results.
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Conclusion

Run IT of the Large Hadron Collider was unequivocally a triumph. The ATLAS Collaboration has,
at the time of this writing, released over two hundred publications over this four year data-taking
period, with even more results guaranteed to follow. These include several milestones for the field
such as the observation of the Higgs boson decaying to two bottom quarks [128] and the first high-

precision measurement of the W= boson mass made at the LHC [129].
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The story for supersymmetry, once the subject of early Run I excitement, has remained open-
ended. In fact, all beyond the Standard Model physics still remains elusive. This serves as an impor-
tant reminder that the aim of physics research is not necessarily to make discoveries, but simply to
determine the truth. In this regard, while the analyses conducted at ATLAS are performed in sepa-
rate corners by independent groups of researchers, their outcomes taken together are representative
of the vast achievements of the field in recent years, in terms of null results as well as observations.

This thesis presents the status of searches for stops and higgsinos, held up as cornerstones of nat-
ural SUSY models, from the ATLAS experiment at the conclusion of Run II. Individual analyses
for each particle are presented in detail: the stop decaying to a one lepton plus jets final state, and
the higgsino decaying to two soft leptons. Both final states also include E}mss carried away by the
lightest supersymmetric particle. The compressed areas of phase space for these two particles are
specifically motivated using naturalness arguments, and initial state radiation is found to be useful
for boosting a compressed signal, thereby gaining sensitivity. The Recursive Jigsaw Reconstruction
method is introduced as a novel way to utilize such a boost for these mass scenarios, and its applica-
tion is described.

The analysis strategy is common to both stop and higgsino searches. Signal regions are built for
the expected signatures, by applying constraints on a variety of kinematic variables in such a way
that is consistent with the signal. Dominant Standard Model backgrounds are estimated using data-
driven methods, Monte Carlo simulation, or hybrid methods that constrain simulated predictions
with data via control regions. All regions enter into a simultaneous likelihood fit to examine agree-

ment of observation with prediction, and produce mass exclusions for the particles of interest. The
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contributions of the compressed search regions to the total exclusion are documented and discussed.
Both of these results constitute the most sensitive searches to date for the given particles and chan-
nels at ATLAS.

No excess of events consistent with the presence of either particle is observed. Combining all
ATLAS searches, stops masses up to 1 TeV are excluded for a massless X For the compressed case,
where the mass of the £ is approximately equal to the sum of the masses of the ¢ and X, stops are
excluded between 235 and 590 GeV [116]. On the electroweak side, the combined exclusion is up to
162 GeV for the mass of the %f at a mass splitting of 10 GeV, in a simplified model of direct Higgsino
production. Mass splittings down to 2.6 GeV are excluded at the LEP chargino mass limit.

These searches will be continually revisited and improved throughout the lifetime of the ATLAS
Experiment, and for future experimental generations to come. Given the small production cross
section associated to both particles, the expected increase in integrated luminosity from the HL-
LHC is especially promising.

Whether future efforts result in a discovery or a series of null results, high energy physics is enter-
ing a period of rapid knowledge acquisition. The experimental strategies developed in this thesis will
serve as a launching point for more powerful searches in Run IIT and beyond. Moreoever, various
other areas of innovation on the luminosity and astrophysical frontiers are sure to act coherently
with collider data, furthering the progress of an increasingly interdisciplinary field marked by bold-

ness and perserverance. It has been, and will continue to be, an exciting time for particle physics.

255



Jet Quality Variables

A1 Goobp aND FakE JET REGIONS

There are several features of a jet that are associated to its origin and can therefore help determine
whether it is a hard-scatter (good) or falsely reconstructed (fake) jet. To build an event cleaning pro-
cedure that can maintain both a high selection efficiency for good jets and a high rejection rate of

fake jets, two regions are defined in data. These regions make use of such discriminating jet features
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so that one region is enriched in good jets and the other in fake jets.

A11 GooD-ENRICHED SAMPLE

The good jet region estimates a dijet topology, where both leading jets are balanced and back-to-back
in the transverse plane. This is achieved by requiring the following:
* Atleast two jets with p7 > 20 GeV (JVT > o.59 for jets with 20 < pr < 60 GeV and || < 2.4)
* A¢ > 3.0 between the two leading jets
» Two leading jets balanced in pr ((p}- - p2)/(pk + p%) < 0.3)
* Primary vertex

* Single jet trigger

A2 FAKE-ENRICHED SAMPLE

The fake jet region captures a scenario where a jet is unbalanced or out of time, two key characteris-
tics of jets that come from coherent noise or non-collision background. The requirement that the
jet be out of time also helps reduce contamination in this sample from physics processes such as
Z — vV +jets.

The imbalance is characterized by the missing transverse energy from hadronic activity: H. 7’1‘“5
= —YjetsPT, where all jets with pr > 20 GeV are considered. The timing of a jet ¢ is defined as
the difference between the calorimeter time (as measured by the trigger) and the energy-squared

weighted average of the signal timing in each calorimeter cell: t¢; = ZESGZ iteetr/ EECQEH, where
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Figure A.1: The distribution of £ ¢ is shown for 2017 release 21 data for good (blue) and fake (red) EM jet samples.
2016 release 20 data is superimposed as a reference (yellow).

all cells with energy from the jet of interest are considered. While good jets are expected to arrive at
a time consistent with the primary interaction (¢ = 0), in practice good jets can also arrive in
adjacent bunch crossings, leading to populations of good jets at tj¢; = & 25 ns. Figure A.1 shows the
distribution of ¢ ¢; using data collected by ATLAS in 2017.

The fake-enriched region is defined as follows:

+ Atleast 1jet with pr > 250 GeV and || < 2.4 (JVT > o0.59 for jets with 20 < p7 < 60 GeV and
nf <2.4)

H%Z”ss > 250 GeV
* A¢ > 3.0 between the leading jet and H1'*
* |tjet| > 6ns

. Egcn'ss trigger
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A2 EM JET KINEMATIC VARIABLES

Figure A.2 shows kinematic distributions of both good and fake jets. There is no significant shape
difference in the p7 spectrum of good and fake jets, so the fake jet distribution is not shown, but
comparison of good and fake jets in 77 and ¢ reveal useful discrepancies. For example, fake jets ac-
cumulate at ¢ = o and £¢ as a result of material gaps in the cavern that allow more beam-induced
background or cosmic muons to reach the calorimeter. Additionally, the beam-induced background
peaks at low || values due to the requirements on the jet transverse momentum and the jet timing
as provided in the fake-enriched sample defintion [86].

Figure A.3 shows correlations between kinematic variables in EM jets, as well as timing. Over
the course of Run II, increasing populations of hard-scatter jets were noticed in adjacent bunch
crossings, that is, at £ 25 ns. This can be observed in the 2D plot of leading jet timing vs. subleading

jet iming. These jets were studied and concluded to be good jets from the cleaning perspective.

A3 LCWJET QUALITY VARIABLES

Analyses that use LCW jets (discussed in Section 5.6) are similarly affected by coherent calorimeter
noise and non-collision backgrounds. Investigation of the jet quality variables calculated for LCW
jets and tag-and-probe efficiency estimates indicate that the Run 2 cleaning procedure as defined for
EM scale jets is sufficient for use in LCW-based analyses.

Figures A.4 and A.s show all jet quality variable distributions, comparing EM to LCW jets. No

significant discrepancies are observed. Figure A.6 shows the tag-and-probe efficiencies for LCW jets,
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for both Loose and Tight cleaning working points, as a function of p7 and 7. Both working point

efficiencies are similar to those calculated for EM jets.
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For Electroweak SUSY: Additional Material

Bai Low-EM* HigGsINO REGIONS

The low-EZ** phase space of the higgsino search is added to gain sensitivity to slightly higher mass
splitting signals. These events have E7"*** between 120 and 200 GeV. Since they are still selected
using the inclusive EJ¥*** triggers, scale factors are derived to correct for mis-modeling due to the

trigger turn on. Two different low-E7"*** regions were separately optimized for high and low mass
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Variable Selection Requirement
Ems5 [GeV] [120, 200]
Eiss | HP [GeV ] > 10
M2 [GeV] <50
eMLLaa eMLLab eMLLb eMLLc eMLLd eMLLe
m(ee) [GeV] - - [3.2,5] [5,10] [10,20] [20,30]
m(pp) [GeV] [1,2] [2,3] [3.25] [s,10] [10,20] [20,30]
iMLLaa iMLLab iMLLb iMLLc iMLLd iMLLe
my [GeV] <2 <3 <s <10 <20 <30

Table B.1: Table of common event selection criteria for the Iow-E%”ss low-Am higgsino signal regions; ee and i1t
channels are statistically independent and fit separately.

splitting samples, denoted as high-Am and low-Am respectively, which are orthogonal and simul-
taneously used in the fit. The optimization procedure was the same as for the high—E}mSS regions,
using N-1 plots of key analysis variables to determine optimal cut placement.

The preselection criteria for all Iow—Eg’«”SS regions is the same as that for the high—E&Wss regions,
found in Table 10.2. Signal region selection can be seen for the Iow—E&?iss low-Am in Table B.i;
the binning in my; is consistent with the high—E}”iss except for the removal of the two highest bins.
Selection for the low-EZ** high-Am signal regions can be found in Table B.2.

The same three control and two validation regions are built for all low—Ej’f”SS regions, defined in
Table B.3.

Figure B.1 shows unblinded distributions of my;, Mﬁ ,and pfi,? in the low-Ejmiss higgsino SR.
Plots are shown N-1 style with the cut on the displayed variable not applied; single cuts are shown

via arrows, while sliding cuts are not indicated.
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Figure B.1: Unblinded N-1 distributions in the Iow-Egl”'ss higgsino SR, with arrows indicating the requirement. Uncer-
tainty bands indicate all statistical and systematic uncertainties.

B.2 1L+Track Hicgsino REGIONS

The one lepton plus track (1L+track) analysis is designed to add sensitivity to the lowest mass split-
ting region. Due to the correlation between X3-Y} mass splitting and lepton p7, and the minimum
lepton pr requirements for reconstruction, the soft lepton higgsino signal regions fail to probe the
region below mass splittings around 2 GeV. In the case of such a small mass splitting signal, the sub-
leading final state lepton can be soft enough that is below reconstruction thresholds, but can instead

be selected by the track left in the inner detector. This subsequently yields a final state with one soft
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Variable Selection Requirement
Emss [GeV] > 200
pirack [GeV) <5 GeV
Ejiss | HyP* ek [Gev] > 30
|Ap(lt, pips?| <1.0
eMLTa eMLITb eMLIc eMLId eMLIe eMLIf
my; [GeV] [o.5,1] [11.s] [rs2] [23]  [34] [45]
iMLTa iMLIb iMLIc iMLId iMLIe iMLIf
my [GeV] <1 <15 <2 <3 <4 <s

Table B.4: Table of common event selection criteria for the 1L+track higgsino signal regions.

lepton and a signal track with momentum as low as soo MeV.

Construction of the iL+track regions utilize identical lepton selection to the soft lepton analysis,
and analysis variables that are analogous to their two lepton counterparts, albeit computed with
one lepton and a track rather than two leptons. For example, the shape fit can be performed on my,
defined as the invariant mass of the lepton and track. Table B.4 gives the selection criteria defining
the iL+track higgsino signal region, and the shape fit binning in mj;. The same preselection given in
Table 10.2 and used for the two lepton regions also applies.

The background estimation differs from that of the two lepton regions due to the difference
in dominant background process. The 1L+track analysis background primarily consists of associ-
ated track combinatorics, where a random track (from hadrons, non-prompt leptons, or spurious
inner detector hits) is associated to the leading lepton instead of the track from the subleading lep-
ton. Such a background is especially dominant at very low lepton/track momenta, a region where
simulation does not provide very good estimates.

As aresult, the strategy here is to use a completely data driven technique to estimate this back-
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ground, which uses same-sign (SS) lepton + track events as a proxy for the opposite-sign (OS) signal
region. Since the combinatoric background is agnostic to the sign of the objects, such an extrapola-
tion is reasonable. Furthermore, the SS region is not found to have significant signal contamination,
and no prompt lepton MC subtraction is necessary. In this way, the background estimate for the
OS signal region is taken directly from SS data, with no control or validation regions required. Two
uncertainties are assigned on this prediction, one for low-mass OS resonances, and one for SS/OS
closure differences.

Figure B.2 shows unblinded distributions of my; and ngnss / H élf in the iL+track higgsino SR,

in an N-1 style with the cut on the displayed variable not applied, but indicated by arrows.
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Figure B.2: Unblinded N-1 distributions in the 1L+track higgsino SR, with arrows indicating the requirement. Uncer-
tainty bands indicate all statistical and systematic uncertainties.
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