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Abstract

The Standard Model of particle physics describes all observed fundamen-
tal particles and their interactions, but is incomplete. The ATLAS ex-
periment at the Large Hadron Collider has performed a suite of searches
for new fundamental particles predicted by ‘beyond-the-Standard Model’
theories such as supersymmetry (SUSY). As yet, no discoveries have
been made, but a range of simplified SUSY scenarios have been excluded.
This thesis presents three approaches for enhancing the sensitivity of the
ATLAS experiment to the electroweak production of supersymmetric

particles.

First, realistic supersymmetric scenarios contain a large number of
free parameters and a rich phenomenology which is not captured by
the simplified model interpretations provided by typical ATLAS SUSY
searches. To address this, several key electroweak SUSY searches are
interpreted in the phenomenological Minimal Supersymmetric Stan-
dard Model. The complementarity of these searches with additional
constraints from beyond ATLAS, such as limits from dark matter ex-
periments, is also discussed. This provides a comprehensive analysis of
the sensitivity of ATLAS to electroweak supersymmetry and highlights

scenarios that remain uncovered by current searches and constraints.

Second, a statistical combination of three orthogonal searches for the
pair-production of charginos is performed. This extends and deepens the

existing sensitivity and exclusion power offered by each analysis alone.

Finally, a machine learning method is presented to improve the
reconstruction performance of missing transverse momentum (pf™) —
an essential variable in many searches for supersymmetry. Two neural-
network-based approaches are compared and their potential to enhance

the sensitivity of ATLAS to pMSSM scenarios is evaluated.
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Preface

This thesis describes my research on various aspects of the ATLAS experiment. As
one of several thousand members of the ATLAS Collaboration, my work is not performed
in isolation, and I have benefited from fruitful collaboration within several ATLAS
analysis teams. All diagrams, plots and figures presented in this thesis were produced by
me unless otherwise stated in the caption with a reference to the original source. The

following outlines my personal contribution to the projects included in this thesis.

e Reinterpretation of ATLAS Run 2 searches for the electroweak produc-
tion of supersymmetric particles in the pMSSM

[ am the lead analyser in the effort to interpret Run 2 electroweak SUSY searches
in the pMSSM. I performed most aspects of the analysis and produced all results
and interpretation. This work is included in Chapter 4 of this thesis which is partly
based on the Conference Note in Reference [1]. This project sits within the ATLAS
pMSSM analysis group, where pMSSM scans targeting third-generation-squark and
general-sparticle production are also under development. The event generation and
model-evaluation workflow outlined in Section 4.2 was developed in collaboration
with the pMSSM analysis team. I implemented several of the ATLAS analyses into
this workflow and developed the code for producing the final result plots shown in
Chapter 4. I also developed the RECAST for the ‘2LL0J" analysis.

e Statistical combination of searches for chargino production

As part of the ‘Electroweak SUSY Combinations’ analysis team, I performed statis-
tical combinations of three analyses which targeted a simplified model of chargino
production. This work was undertaken in collaboration with Dominic Jones. This
work is included in Chapter 5, where the final versions of the plots presented are
produced by me. Other members of the analysis team were responsible for statistical
combinations of other analyses for other simplified models — those results are not

included in this thesis. This work contributed to the Conference Note in Reference [2].
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e METNet: A combined pp™* working point using a neural network with

for

the ATLAS detector

The work in Chapter 6 began with my ATLAS authorship task, where I performed
optimisation and Monte-Carlo-based performance studies of a neural network which
regressed truth-level P, T was the lead author of and produced all results for,
an ATLAS Public Note based on this work, published in Reference [3] (credited
to the ATLAS Collaboration). I have also presented the work at two international
conferences, the proceedings for which can be found in References [1] and [5].
Chapter 6 is based partly on Reference [3] but contains several developments I have
worked on since, in particular a classifier-based approach to METNet which solves
several issues related to bias and extrapolation. All results and figures presented in
this chapter were produced by me. Similar studies on the regression approach to
METNet have also been performed by Matthew Leigh in the context of a Masters
dissertation [0] and his own authorship task. The conclusions from Matthew’s

optimisation studies contributed to the final architecture used to train the regression

neural network in Chapter 6.

In addition to the above, in the first year of my PhD, I performed a sensitivity study

a search for direct stau production with a fully leptonic final state. I ultimately

concluded that such a search would not have sensitivity with the ATLAS Run 2 dataset.

This work is not included in this thesis and was documented internally.

I have also made contributions to the operation and performance of ATLAS. During

my 12-month Long-Term Attachment (LTA) at CERN I took shifts in the ATLAS control
room on the Data Quality desk. I have also contributed to the ATLAS Jet/EtMiss
performance group as MET validation contact. This began in December 2019 as part
of my ATLAS authorship task (alongside my work on METNet) and continued until
May 2023. I performed validation tasks evaluating the impact of new ATLAS software

developments on the performance of missing transverse momentum reconstruction and

reported my findings in weekly meetings.
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“Do. Or do not. There is no try.”
— Yoda






Chapter 1.

Introduction

The Standard Model of particle physics describes all observed fundamental particles
and their interactions, but is incomplete. Several deficiencies, including the lack of a
viable dark matter candidate, motivate an extension to the Standard Model known as
supersymmetry — the focus of this thesis. The ATLAS experiment is the largest particle
detector at the Large Hadron Collider (LHC) at CERN. ATLAS performs both precision
measurements of Standard Model particles and searches for new particles predicted by

theories such as supersymmetry.

The work contributing to this thesis was completed between 2019 and 2023, a period
for the majority of which no new experimental data was collected by ATLAS. In the
years prior, the second data-taking run of the Large Hadron Collider (‘Run 2’) produced
proton—proton collisions at unprecedented energy and rate, providing the tantalising
possibility of a discovery of new physics. Yet, at the commencement of this PhD, most
key signature searches for supersymmetry had been completed and produced null results.
This leaves the hunt for supersymmetry at a pivot point: a suite of previous searches has

excluded a range of key scenarios and the path forward is somewhat unclear.

With no new ATLAS data to analyse, this thesis instead asks the question: how can
we extract as much information as possible about supersymmetry from existing, and
future, searches? In other words, how can the sensitivity of the ATLAS experiment
to supersymmetry be enhanced? ‘Enhancement’ of sensitivity is explored through
three distinct approaches in the context of searches for the electroweak production of

supersymmetric particles.

First, the Run 2 searches were optimised for, and interpreted in so-called simplified

supersymmetric scenarios. However, simplified models do not capture all of the rich
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phenomenology present in more complete supersymmetric models. This makes it difficult
to assess the global constraints resulting from the null results of ATLAS searches. In
Chapter 4, several key SUSY signature searches are interpreted in the phenomenological
Minimal Supersymmetric Standard Model (pMSSM) — a space of more realistic, non-
simplified, models of supersymmetry. This enhances our understanding of ATLAS
sensitivity by providing the most comprehensive analysis to date of the landscape of
electroweak supersymmetry that is/is not covered by ATLAS. Additional constraints
from beyond ATLAS are also considered, including dark matter experiments, to analyse

viable scenarios that should be targeted with the next generation of searches.

Second, each search for supersymmetry performed with the 2015-2018 ATLAS dataset
was evaluated independently. But the statistical power, and therefore sensitivity to new
physics, of these searches, could be enhanced if evaluated in combination. In Chapter 5,
a statistical combination of three ATLAS searches for the pair-production of charginos
(a particle predicted by supersymmetry) is presented. The combination significantly
improves the exclusion limits on simplified chargino models compared to each of the

analyses alone.

Finally, the sensitivity of a search is partly limited by the detection/measurement
accuracy of relevant observables in the ATLAS detector. A key observable in most searches
for supersymmetry is missing transverse momentum. In Chapter 6, a machine learning-
based estimation of missing transverse momentum, named ‘METNet’, is presented.
A neural network is used to combine several distinct ATLAS estimates of missing
transverse momentum into a single more accurate estimate which could be used to
enhance the sensitivity of future searches for supersymmetry. Simulation-based studies of
the behaviour and performance of two iterations of this neural network are presented and
recommendations for its use in future searches are discussed. In particular, the potential

for METNet to improve sensitivity to pMSSM scenarios from Chapter 4 is evaluated.

Relevant theoretical background information is given in Chapter 2. This includes a
summary of the Standard Model and the motivation for supersymmetry as a solution
to several problems. The motivation for the electroweak production of supersymmetric
particles at energy scales accessible at the LHC is also discussed and the pMSSM is

introduced in anticipation of Chapter 4.

Chapter 3 outlines the experimental background relevant to the results in this thesis.
This includes an overview of the analysis chain used by all searches considered in Chapters

4 and 5 to turn a collection of protons at CERN into exclusion limits on supersymmetric
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scenarios. Additionally, an overview of missing transverse momentum in ATLAS is

provided, setting the stage for the machine-learning-based improvements in Chapter 6.

Concluding remarks are made in Chapter 7.






Chapter 2.

Theoretical background

2.1. The Standard Model

This thesis is concerned with the detection and discovery of fundamental particles. But
what are particles? In the language of quantum field theory (QFT), they are field
representations of the Poincaré group of spacetime symmetries (translations, rotations
and Lorentz boosts) that carry internal angular momentum called spin. This includes
scalars ¢(z) with zero spin, Dirac spinors 1*(z) with half-integer spin, and vectors A, (z)
with integer spin. These fields are functions of space-time, and a ‘particle’ is a quanta of

its corresponding field.

The Standard Model (SM) is currently the most successful theory of fundamental
particles and their interactions. The SM is described by a Lagrangian which is invariant
under local SU(3)c x SU(2)p x U(1)y gauge transformations of the fields. Each of these
gauge symmetries corresponds to a (vector) gauge field and (by Noether’s theorem [7]) a
conserved charge. The SU(3)- gauge symmetry describes the strong interaction (QCD)
and its generators correspond to 8 massless gluons which carry colour charge (red, green
or blue). The SU(2); gauge symmetry corresponds to three massless W3 hosons which
carry weak isospin, while U(1)y corresponds to the massless B boson that carries weak

hypercharge. Together, SU(2)y, x U(1)y describes the electroweak interaction [$—10].

The Standard Model Lagrangian is built from terms involving the fields associated
with each particle. These terms must satisfy global Poincaré symmetry, gauge invariance,
renormalisability and energetic stability (that there should be a vacuum state with the

lowest possible energy). There are seven non-trivial classes of terms satisfying these
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conditions which are combined to build the following Standard Model Lagrangian:
1 - _
Lo = =7 F* +0F « F + P+ youyp + [ DoJ* + 10" + A" + h.c. (2.1)

where sums over Lorentz, spinor, gauge group and fermion generation indices are sup-

pressed for readability [11].

The Yang-Mills term —iF ? is a kinetic term which governs the self-interactions of the
gauge fields. Here F' is the field strength tensor, —igF = [D, D] where D is the covariant
derivative, D = 0 —i1gA. There is a Yang-Mills term for each gauge group, with coupling
g and gauge field A.

The term O F x F', where * denotes a totally antisymmetric Lorentz contraction and @ is
a dimensionless parameter, violates charge conjugation parity (CP) symmetry. However,
constraints from measurements of the neutron electric dipole moment require § < 10~ *°.
This ‘fine-tuning’ is known as the strong CP problem [12]. This term has no consequences

in perturbative theories so is not otherwise relevant to the physics in this thesis.

The Dirac term it is the kinetic term for the Dirac spinors (), describing their
interactions with the gauge fields. Hence, this term governs the interactions of matter
with the electromagnetic, weak and strong forces. Here the Feynman slash notation
P =~"-D, is used, where 7" are the gamma matrices which satisfy {+,~"} = 2n""

and n'" is the Minkowski spacetime metric tensor.

Mass terms for the Dirac spinors and gauge fields are forbidden in the Standard Model
Lagrangian by gauge invariance. Instead, the Higgs mechanism produces mass terms
for these fields via their couplings to the Higgs field, ¢. The Higgs field is a complex
scalar doublet which is invariant under SU(2),, transformations. The kinetic term |D|*
describes the interaction between the Higgs field and the gauge fields, and the Higgs
potential is V(¢) = p*¢* + Mg, where p> < 0 and A > 0. This potential has an infinite
number of minima at a non-zero value of (¢) = v = % Fixing the minimum, for example

by arbitrarily choosing

(2.2)
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spontaneously breaks the SU(2); symmetry. Now ¢ can be expanded around this

minimum as

sy=—=| ° 23)
V2 44 h(x)

where h is the field associated with the Higgs boson. Evaluating |ng|2 results in terms

of the form %mQZZ Z and miyW W™ where

1 1
Ww* = —(W'giw? with mass m = —v 2.4
\/5( + ) 2 g2 ( )
and
1 . 1 7
Z = M(92W3 — ng> Wlth mass m — §/U g% + g% (25)
1 2

These combinations of the W% and B fields are identified as the W* and Z bosons.

The fourth linearly independent combination is the photon,

1
A= 72(921/1/3 + ¢, B) with mass m = 0, (2.6)

9%‘1‘92

which is the generator of the unbroken U(1)g symmetry, corresponding to the electromag-
netic interaction. The familiar electric charge is a combination of the weak hypercharge

and the third component of the weak isospin,

Q=1+ ;Y (2.7)

To summarise the Higgs mechanism, the SU(2);, x U(1)y symmetry is spontaneously
broken to U(1)q by fixing the vacuum expectation value of the Higgs field, generating
masses for three of the four gauge bosons. Three of the four degrees of freedom associated
with the Higgs doublet are used to give masses to the W, W~ and Z bosons, and the
remaining degree of freedom is the spin-0 Higgs boson. The photon and Z boson are
mixtures of W? and B while the W* are mixtures of W' and W?2. The W and Z bosons
have a relatively large mass which makes the weak force very short-range. Additionally,
the Yukawa interaction term in Equation 2.1, y¢un), describes the interaction between
the Higgs field and the Dirac spinors. After electroweak-symmetry breaking, this gives

rise to mass terms for the Dirac spinors.
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Name Spin Mass Charge
Quarks
u (up) : 2.2 MeV +2
d (down) : 4.7 MeV —3
¢ (charm) : 1.3 GeV +2
s (strange) : 93 MeV —3
t (top) : 173 GeV +2
b (bottom) 3 4.2 GeV -3
Leptons
e (electron) : 0.511 MeV -1
v, (e neutrino) : <08eV 0
p (muon) : 106 MeV -1
v, (@ neutrino) : < 0.19 MeV 0
7 (tauon) : 1.78 GeV -1
v, (T neutrino) 3 < 18.2 MeV 0
Gauge bosons
~ (photon) 1 0 0
W 1 80.34 GeV +1
A 1 91.19 GeV 0
g (gluon) 1 0 0
Scalar bosons
h (Higgs) 0 125.25 GeV 0

Table 2.1.: The Standard Model particles and their properties. The anti-particles of the
quarks and leptons (which have identical mass but opposite charge) are not shown.

Mass values are taken from Reference |

The Standard Model particles are listed in Table 2.1, along with their spin, mass and

electric charge. These particles can be divided into two categories: those with half-integer

spin (fermions) and integer spin (bosons). The bosons include the aforementioned spin-0

Higgs boson and spin-1 gauge bosons. The fermions comprise matter particles and each

has an anti-matter counterpart with the same properties except opposite sign electric

charge. Fermions are represented by Dirac spinors in the Standard Model Lagrangian as

described above.
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The Standard Model fermions are in two chiral representations: left- or right-handed.
The SU(2);, weak interaction only couples to left-handed fermions. In the chiral rep-
resentation, the left-handed fermions are in a doublet while the right-handed fermions
are singlets. The W bosons couple exclusively to left-handed fermions, while the Z
boson couples preferentially (but not exclusively) to left-handed fermions through its W?

component (but also couples to charged right-handed fermions through its B component).

The fermions can be further subdivided into quarks and leptons which have different
interactions. Leptons do not carry colour charge so do not interact via the strong force.
The charged leptons (the electron, muon and tauon) interact via the electromagnetic and
weak interactions while the neutral leptons, called neutrinos, only interact via the weak
force and are massless. The six flavours of lepton can be split into three generations
with identical properties other than mass. The left-handed leptons are arranged in three
SU(2);, doublets (one for each generation) containing an electromagnetically charged
and neutral lepton: (¢,1,)r. The right-handed charged leptons on the other hand are
singlets: /r. Right-handed neutrinos have not been observed, but their inclusion in the
Standard Model with either Dirac or Majorana neutrino mass terms would explain the

experimentally observed non-zero left-handed neutrino masses [14, 15].

The quarks carry both colour and electric charge and interact via the strong, weak
and electromagnetic forces. There are six flavours which come in three generations of
up- and down-type quarks with electric charge +% and —% respectively. The left-handed
quarks are arranged in three SU(2); doublets containing an up- and down-type quark:
(u,d)r. The right-handed quarks on the other hand are singlets: ug, dg. Quarks can
never be observed in isolation due to confinement. This is because the QCD coupling
constant ag decreases as the momentum scale increases which gives QCD a property
called asymptotic freedom. As a result, attempting to separate two coloured particles
just creates potential energy from which a new quark-antiquark pair will be formed.
Therefore, quarks produced in collider experiments result in a spray of hadrons called
jets. Another consequence of asymptotic freedom is that QCD is non-perturbative at
low energies, which means that numerical approximations are required to describe the

structure of protons through parton-distribution functions (PDFs).

Additionally, the mass eigenstates of the fermions do not correspond to the weak
interaction eigenstates, which leads to flavour mixing through the weak force. The
dimensionless couplings y in the Yukawa terms parametrise the flavour mixing angles
along with the fermion masses. For the quarks, this is described by the Cabbibo-
Kobayashi-Maskawa (CKM) matrix [16, 17], parametrised by three mixing angles and a
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complex phase. Similarly, the mixing between the neutrino flavour and mass eigenstates
is encoded in the PMNS matrix [18, 19].

Overall there are twenty-six free parameters in the Standard Model that must be
determined experimentally: the three gauge couplings g, two Higgs potential parameters
p and A, twelve Yukawa couplings for fermion masses (six quarks, three charged leptons,
three right-handed neutrinos), three angles and one phase of the CKM matrix, the four
parameters defining the PMNS matrix, and the QCD 6 term.

2.2. Problems with the Standard Model

All of the aforementioned particles have been observed', with the final piece being the
Higgs boson discovery in 2012 [20,21]. However, despite its overwhelming success at
describing fundamental physics, there are several outstanding problems with the Standard
Model. This includes ‘aesthetic’ problems such as the hierarchy problem and the strong
CP problem which relate to the fine-tuning of free parameters. Additionally, there are

several observations that the Standard Model fails to explain, including;:
e Dark matter
e Insufficient CP-violation to explain matter-antimatter asymmetry
e The origin of neutrino masses

e Experimental tensions such as g — 2 [22, 23] and lepton flavour universality viola-

tion [24]
e Gravity is not included

All of these problems motivate new physics ‘beyond-the-Standard Model’ (bSM)
which can be searched for at high-energy physics experiments. The two most relevant
problems to the supersymmetric bSM scenarios discussed in this thesis are the hierarchy
problem and dark matter, and further details of these will be provided in the following

two sections.

"Except for right-handed neutrinos.
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2.2.1. Dark matter

Astrophysical phenomena across a range of energy scales motivate the existence of dark
matter which is impacting galactic dynamics through the gravitational force but cannot
be seen. At the galactic scale, this includes observed galactic rotation curves [25-27],
gravitational lensing [28,29] and galaxy cluster motion [30,31]. At larger scales, dark
matter is necessary for simulations of large-scale structure formation to be consistent

with cosmological surveys [32].

It is difficult to solve these problems, which span multiple energy scales, with modifi-
cations to gravity alone. Instead, the dark matter hypothesis proposes a new particle
(or multiple particles) which interacts through gravity but not the electromagnetic force.
Measurements of the cosmic microwave background by the Planck Collaboration [33]
show that 27% of the energy density in the universe is dark matter, while only 5% is the
baryonic matter described by the Standard Model. The remaining 68% is thought to be

dark energy, which drives the expansion of the universe.

One class of dark matter candidates are weakly interacting massive particles (WIMPs)
which are stable (or very long-lived) and have no electromagnetic or strong interactions.
Importantly, no Standard Model particle satisfies these properties except neutrinos.
However, the structure formation in the early universe can only be explained by non-
relativistic (‘cold’) dark matter, while neutrinos are relativistic (‘hot’). Hence, new
WIMPs must be added to the Standard Model to fully explain dark matter.

In the thermal freeze-out mechanism, WIMPs were in thermal equilibrium with
Standard Model particles during the early universe. At this time, the universe was
very hot and the abundance of energy allowed for the production and annihilation of
all particles. As the universe cooled, the heavier particles stopped being produced and
decayed into lighter, stable particles, including WIMPs. A WIMP would not have
decayed but could have continued to annihilate into Standard Model particles. As the
universe expanded, the WIMPs in the universe spread out hence their annihilation rate
decreased and eventually the dark matter density in the universe remained constant. This
is known as freeze-out. The density of dark matter observed today is determined by the
annihilation cross-section of the thermally-averaged self-annihilation y + y — SM + SM

cross-section (ov) [34]:

0.1 pb 0.01\2 m 2
QO h? ~ ~ 0.1 ( ) ( X ) 2.8
« 100 GeV (2.8)
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where m, is the WIMP mass and « the coupling. The observed dark matter relic

abundance Qxh2 ~ (.12 is obtained if WIMPs have weak scale masses and couplings.

This strongly motivates searches for WIMPs at the LHC, where there is enough
centre-of-mass energy in the proton—proton collisions to produce WIMPs with weak-scale
mass. Additionally, direct detection experiments search for WIMPs through their weak
interactions with protons and neutrons, and indirect detection experiments look for an

excess in cosmic rays from annihilating dark matter particles.

2.2.2. The hierarchy problem

The square of the Higgs boson mass receives radiative corrections from loop diagrams
such as those in Figure 2.1. The size of the corrections, Am;, for fermion and boson

loops such as those shown in Figures 2.1a and 2.1b respectively, satisfy

Al

B 872

A
1672

Apyz + Amiy(p) = +

Amj (p) = Ay + - (2.9)

where Ay and A, are the Yukawa coupling constants of the fermion/boson and Ay
an ultraviolet momentum cutoff used to regulate the loop integral [35]. Contributions
such as these exist for every particle with a Yukawa coupling to the Higgs field. If new
particles don’t couple to the Higgs, there would still be 2-loop contributions through
couplings to Standard Model particles which themselves couple to the Higgs.

Therefore, the Higgs mass will receive corrections from any energy scale containing
new physics. At a minimum, new physics is expected at the Planck scale (O(10") GeV),
where quantum gravitational effects (which aren’t described by the Standard Model)

become dominant. This would correspond to corrections to the (squared) Higgs mass

f
S
/ b R
(a) Fermion loop (b) Scalar loop

Figure 2.1.: Fermion and scalar loop contributions to the Higgs mass.
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of O(10%) GeV. Perfect cancellations of various loop contributions across 38 orders of
magnitude would be required to result in the observed Higgs mass of 125 GeV. Such
fine-tuning is considered very unlikely (or ‘unnatural’) and motivates an alternative
explanation. To prevent issues with fine-tuning, there must be new physics at a scale of

around a few TeV.

Note that the hierarchy problem is not a problem with the Standard Model itself,
where the Higgs mass is simply an experimentally measured input parameter. Rather,
any future bSM theory which allows the Higgs boson mass to be calculated will suffer
from this problem and must include a mechanism to protect the Higgs mass from these

large corrections.

The relative sign difference between the scalar and fermion loop contributions in
Equation 2.9 provides one possible solution to the hierarchy problem. If there exists a
symmetry between bosons and fermions, such that every fermion has an equal-mass boson
partner (and vice versa), then all of the radiative corrections would cancel each other
out. This proposed symmetry between bosons and fermions is called supersymmetry, and
provides the basis for one of the most popular bSM theories. The rest of this chapter will
outline the key theoretical and phenomenological features of supersymmetry, following

References [35] and [30].

2.3. Supersymmetry

Supersymmetry (SUSY) [37—12] is a proposed extension to the Standard Model which
introduces an additional space-time symmetry between bosons and fermions. For this
symmetry to be satisfied, every particle must have a superpartner with the same charge,
weak isospin, colour and mass, but spin differing by one-half. The only pair of Standard
Model particles satisfying these requirements are the Higgs boson and the neutrino.
However, these have different lepton numbers so, assuming lepton number is conserved,
these can’t be superpartners. Therefore, supersymmetry predicts a new superpartner
particle (‘sparticle’) for every SM particle, with spin differing by one-half. The radiative
corrections to the Higgs mass from each fermion/boson are then cancelled by the

corrections from each partner boson/fermion, solving the hierarchy problem [13—10].
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2.3.1. The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) realizes supersymmetry while
introducing the minimum number of new particles that results in a phenomenologically
viable theory. The field content of the MSSM is summarised in Table 2.2 and consists of
supermultiplets of SM fields plus their superpartners.

The SM leptons are partnered by ‘sleptons’ (selectrons, smuons, staus and their
corresponding sneutrinos). These are arranged in chiral supermultiplets — there are
both right- and left-handed sleptons for each of the right- and left-handed SM leptons.
Similarly, the quarks are partnered by ‘squarks’ which are colour triplets and also in

chiral supermultiplets.

The vector bosons in the SM reside in gauge multiplets with fermionic superpartners
called gauginos. Each state in the SM gluon colour octet has a spin 1/2 partner called a
gluino (g). The SM gauge fields associated with the SU(2);, x U(1)y symmetry of the

electroweak sector also have spin 1/2 partners: the neutral bino is the partner of the

Supermuliplet Spin 0 Spin 1/2 Spin 1
Higgs Higgsinos
H, (Hy,\ Hy) (H.f, Hy) -
Hy (Hi, Hi) (], H) -
Squarks ¢ Quarks ¢
Q (. d)s (u.d)y -
U Up UR —
D dp dp -
Sleptons ¢ Leptons /¢
L (7.,8); (vere)s -
E €r er —
Gaugino Gauge boson
g - g* gluino g°
)4% - W wino we
B - B bino B

Table 2.2.: Field content of the MSSM. Note that only the first of the three quark/squark
and lepton/slepton generations are shown for clarity.
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Names Gauge eigenstates Mass eigenstates Spin
Higgs bosons HC H) HI H; hHAH* 0
Uy g dy dp (same) 0
Squarks S;. 8p €1 Cp (same) 0
t g by, by ty 1y by by 0
€r, € U, (same) 0
Sleptons i fig 7, (same) 0
7L TR Vs T T Uy 0
Neutralinos B W° H? HY X1 X5 N8 XY 1/2
Charginos W* HI H i Xg 1/2
Gluino g (same) 1/2

Table 2.3.: The particles beyond-the-Standard Model (except h) introduced by the MSSM.
The pre-electroweak symmetry breaking gauge eigenstates and post-electroweak
symmetry breaking mass eigenstates are shown. Mixing within the first two

generations is assumed to be negligible.

U(1) gauge field, and the winos (a charged pair plus a neutral particle) are partners of

the SU(2);, gauge fields. Additionally, two separate Higgs doublets are required to avoid

gauge anomalies. Each of these doublets has a spin 1/2 superpartner called a ‘higgsino’.

The superpartner fields introduced so far are not necessarily the mass eigenstates.

The binos, winos and higgsinos mix to form two charged states called charginos, denoted

)ng, and four neutral states called neutralinos, denoted x for i = 1,2,3,4. The specific

mixing determines the mass spectrum of the charginos and neutralinos.

The second scalar Higgs doublet results in additional Higgs boson states after elec-

troweak symmetry breaking. Overall there are two CP-even neutral scalars h and H
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(one of which is the Standard Model Higgs boson), one CP-odd neutral pseudoscalar A,

and a charged scalar H .

The sleptons and squarks can mix with other sparticles of the same electric charge.
However, most of the mixing angles are expected to be very small. The first- and
second-generation squarks and sleptons are expected to be in 7 nearly mass-degenerate
unmixed pairs: (ég, fig), (Pe,7,), (ér, /i), (i, ér), (dg,3g), (ig,¢r), (d, ;). The
third generation left- and right-handed stops, sbottoms and staus are expected to mix
to give mass eigenstates t,, to, by, by and 7, 7. The gluino does not have suitable
quantum numbers to mix with any other particle. The gauge and mass eigenstates of

the undiscovered MSSM particles are summarised in Table 2.3.

The MSSM by default allows baryon and lepton number violating terms, which
is inconsistent with the high degree of precision to which lepton and baryon number
conservation have been confirmed. For example, baryon number violation could allow
proton decay p — m'e’, which is inconsistent with the current experimental lower
bound on the proton lifetime of 10°* years [17,45]. To remedy this, a symmetry called

R-parity [19,50] is introduced, with quantum numbers assigned by

+1 , SM particles
, SUSY particles

R

(_1)3(B—L)+25 _ (2.10)

—1

where B is baryon number, L is lepton number and S is spin. All SM particles have an
R-parity value of 1, while their superpartners have an R-parity of -1. R-parity values
combine multiplicatively, therefore R-parity conservation implies that all sparticles must
be produced in pairs from collisions of SM particles at collider experiments. R-parity
conservation also requires that the lightest sparticle (LSP) be stable. The LSP is usually
assumed to be the lightest neutralino. As a stable, neutral and weakly interacting particle,
the neutralino is therefore a viable dark matter candidate. There are also supersymmetric
scenarios that violate R-parity and use alternative solutions to the problem of proton-

decay. However, all scenarios considered in this thesis conserve R-parity.

Since supersymmetry requires that each sparticle has the same mass as its SM partner,
they should have been discovered simultaneously with their SM partners. However, no
sparticles have yet been discovered, therefore SUSY must be a broken symmetry such
that the superpartners can have different masses. Broken supersymmetry must still
provide a solution to the hierarchy problem, so the breaking mechanism must be ‘soft’

such that the superpartner masses are not too dissimilar to their SM counterparts. The
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mechanism for SUSY-breaking is unknown, though there are several competing theories.
For example, mSUGRA [51-53] and GMSB [51-56] break SUSY via gravitational and
gauge interactions respectively. The MSSM does not specify the mechanism for SUSY
breaking and instead includes soft supersymmetry breaking terms which are characterized

by over 100 parameters.

2.3.2. Electroweak supersymmetry at the LHC

The electroweak sector of supersymmetry includes the electroweak gauginos (the neu-
tralinos and charginos — referred to collectively as ‘electroweakinos’) and sleptons. The
coloured sparticles (squarks and gluinos) have strong couplings and therefore significantly
larger production cross-sections than slepton or electroweakino production. However,
if the gluino and squark masses are much heavier than low-mass electroweakinos, then
SUSY production at the LHC would be dominated by direct electroweakino and slepton

production.

Indeed, current ATLAS limits on squark and gluino production extend beyond the
TeV scale [57-59], while the limits on electroweakinos are much weaker. Furthermore,
the lightest electroweakinos are also expected to be the lightest sparticles. The LSP
by definition is the lightest neutralino, which will be accompanied by an additional
nearby neutralino and/or chargino if it has a significant wino or higgsino component.
Additionally, dark matter constraints favour scenarios with an LSP mass at or below
the TeV scale with additional charginos, neutralinos and/or sleptons close in mass to
enhance co-annihilation mechanisms. This makes electroweak production of sparticles a
promising and important probe of SUSY at the LHC and motivates it as the focus of
this thesis. A brief summary of the key collider signatures of electroweak supersymmetry

is outlined in the following (note that gluinos and squarks are not considered here).

As discussed above, R-parity conservation implies that sparticles are produced in pairs
at collider experiments. Additionally, a two-body sparticle decay must always include
one SM particle and one sparticle to satisfy R-parity conservation. Each neutralino
and chargino has weak couplings to (slepton, lepton) pairs from its bino and wino field
components, plus a gaugino-higgsino-Higgs coupling and SU(2);, gaugino-gaugino-vector

boson coupling. Therefore, the most common two-body decays are:

XY — ZX9, hy), WX, U, viv (2.11)
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Xt = ZX4, hxi, WX, o, vl (2.12)

Note that other decays are also possible via the additional Higgs bosons A, H and H*.

In cases where all of these two-body decays are kinematically forbidden due to small

mass splittings, the three-body decays
X IS X PR XS o PN X = ARG (2.13)
occur through offshell gauge bosons, where f is a quark or lepton.

The sleptons decay into their lepton partner plus a chargino or neutralino:

0= 0xY, (vt v—ouvy), 0o xE. (2.14)

Therefore, after the production of a pair of sparticles, a chain of decays will occur
which produce h, W and Z bosons, plus leptons and quarks, and end in two LSPs*. The
presence of the LSP results in missing transverse momentum (pf™), a collider observable
which will be introduced in Section 3.4.6, as it is assumed to be neutral and stable.
Since h, W and Z bosons also decay into leptons and quarks, the general signature is
n leptons +m hadronic jets + pt™. Standard Model processes involving W and Z bosons
provide the most important backgrounds for these signatures, as W and Z decays can

miss

produce both leptons/jets and neutrinos as a source of py

2.3.3. Simplified models

The MSSM contains 120 free parameters, which is too many to be scanned exhaustively
and compared to data. Instead, collider searches are usually optimized and interpreted
using models that make assumptions to reduce these parameters. Many searches for
sparticles use ‘simplified models’ which assume that only a small number of SUSY
particles (usually two) are kinematically accessible and all others decoupled. Branching
ratios are typically set to either 0% or 100% in simplified models to target specific decay
chains. Additionally, electroweakinos are usually assumed to be a pure bino, wino or
higgsino state. These assumptions allow the generation of events for SUSY signal models

in a 2D grid (with the mass of a SUSY particle on each axis). The final ‘result’ of a

% Alternative signatures can also arise for scenarios involving long-lived particles that involve a sparticle
traversing or leaving a detector before decaying.
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Figure 2.2.: The observed and expected exclusion limits reported by an ATLAS search for
pair-production of charginos with a leptonic final state [60], interpreted in a
simplified model.

search (assuming no statistically significant signal is observed) is then a contour in this

2D plane containing all models which can be excluded.

For example, Figure 2.2 shows the exclusion contour for an ATLAS search for
pair-production of charginos [60]. This simplified model assumes that only the lightest
chargino y;i- and neutralino ¥} are kinematically accessible and includes just the ¥ v —
WHIW 1 production process and decay. The chargino is assumed to be purely wino
and the neutralino purely bino. A statistical combination of searches for this simplified

model is performed in Chapter 5.

The simplified model approach is very useful for designing targeted searches for specific
sparticles, and the resulting 2D exclusion contours provide an intuitive interpretation of
the results. However, it neglects much of the more complicated phenomenology of the
MSSM. For example, relaxing the simplified model assumptions made when producing
the limits in Figure 2.2 would reveal less than 100% exclusion for scenarios with chargino
and neutralino masses within the reported contour. Therefore, it is important to interpret
search results in more general SUSY models to give a complete picture of the current

constraints on SUSY parameter space.
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2.3.4. The phenomenological MSSM

The phenomenological MSSM (pMSSM) [61] is a middle ground between simplified
models and the full 120-parameter MSSM. The pMSSM makes the following assumptions,
motivated by experimental constraints and general features of possible SUSY breaking

mechanisms, to reduce the MSSM parameters to 19:

1) No new sources of CP-violation This corresponds to ensuring the soft SUSY break-
ing parameters in the MSSM are real. Sources of CP-violation from beyond the
CKM matrix are tightly constrained by experimental limits on the electron and
neutron electric dipole moments [62,63] and in the K system. Note that this
restriction means that the pMSSM alone cannot explain baryogenesis which does

require some additional CP-violation beyond the Standard Model CKM matrix.

2) No flavour-changing neutral currents Flavour-changing neutral currents (FCNCs)
are forbidden at tree-level in the Standard Model and are tightly constrained by
experimental results. In the pMSSM, Minimal Flavour Violation [64] is imposed by

making all sfermion mass matrices and trilinear couplings diagonal.

3) First and second generation universality Experimental data (for example from K°—
K° mixing), severely constrains the mass splitting between the first and second
generation sfermions. In the pMSSM, it is assumed that the soft-SUSY breaking
scalar masses are the same for the first and second generations and the trilinear
couplings are zero. Note there are no such constraints on the third generation

masses or trilinear couplings.

4) R-parity conservation As discussed above, this prevents problems related to baryon

and lepton number violation.

5) The LSP is the lightest neutralino This ensures that the lightest neutralino is a
viable dark matter candidate. This is not always required of pMSSM scenarios but

is imposed for the study in Chapter 4.

The 19 parameters of the pMSSM are summarised in Table 2.4. The pMSSM has
enough free parameters to capture some of the richer phenomenology present in the
MSSM that is absent in simplified models, such as more complex decay chains. It also

has a moderate enough number of parameters to be used to interpret search results.
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Parameter

Description

mg (=mj,)

Left-handed slepton (first two gens.) mass

mg, (=mg,)  Right-handed slepton (first two gens.) mass
mj, Left-handed stau doublet mass

me, Right-handed stau mass

mg, (=mg,) Left-handed squark (first two gens.) mass

Right-handed up-type squark (first two gens.) mass
Right-handed down-type squark (first two gens.) mass

ma, Left-handed squark (third gen.) mass
M, Right-handed top squark mass

mg, Right-handed bottom squark mass
M, Bino mass parameter

M, Wino mass parameter

W Higgs-Higgsino mass parameter

M, Gluino mass parameter

A, Trilinear top coupling

Ay Trilinear bottom coupling

A Trilinear 7 lepton coupling

My Pseudoscalar Higgs boson mass

tan Ratio of the vacuum expectation values of the two Higgs doublets

Table 2.4.: Summary of the 19 parameters of the pMSSM.

The nature of the electroweakinos in the pMSSM is dictated by the bino, wino and

higgsino mass parameters. If these parameters are well separated, the neutralinos and
charginos will be split into a bino-like singlet of mass approximately |M;| containing a
single neutralino, a wino-like triplet of two oppositely charged charginos and a neutralino
with mass approximately |M,|, and a higgsino-like quartet of two charginos and two
neutralinos with mass approximately |u|. Here ‘bino-like’ is defined as having a bino
fraction greater than 50%, and similar for ‘wino-like’ and ‘higgsino-like’. Simplified models
typically assume well-separated and pure wino/bino/higgsino neutralinos and charginos.
The pMSSM allows the electroweakinos to be a mixture if the mass parameters are not

separated.
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In Chapter 4, a selection of ATLAS Run 2 SUSY searches (which were originally
interpreted using simplified models) will be reinterpreted to constrain the electroweak
sector of the pMSSM.



Chapter 3.

Experimental background: From

protons to p-values

“If your experiment needs statistics, you ought to have done a better

experiment”
— E. Rutherford

A theory of fundamental physics, as with any scientific model, is only as good as its
agreement with data. To test the veracity of the Standard Model, and proposed extensions
such as supersymmetry, predictions must be compared with data from high energy particle
collisions such as the proton—proton collisions produced at the Large Hadron Collider
(LHC). But how can a mathematically abstract Lagrangian representing a particle physics
model be tested with the complex and messy products of a proton—proton collision? The
process begins by accelerating and colliding protons at the LHC. Then, the particles
produced in the collisions are detected and reconstructed by a particle detector such as
ATLAS. Simulated data is used as a theoretical prediction and a statistical analysis is
performed to determine whether the data provides evidence of new physics. This chapter
outlines the steps in this procedure and techniques used for an ATLAS analysis, which

underpins all the searches which are reinterpreted in Chapters 4 and 5.

23
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3.1. The Large Hadron Collider

The LHC is the largest and highest energy particle collider in the world. It consists of a
27 km tunnel lying beneath the Swiss-French border at a mean depth of 100m. The LHC
primarily collides protons (but occasionally heavy ions such as lead) which originate from

a simple bottle of hydrogen.

Hydrogen atoms are ionised by an electric field to produce protons, which are then
passed through a series of particle accelerators. First, LINAC2 accelerates the protons to
50 MeV, followed by the Proton Synchrotron Booster, Proton Synchrotron and Super
Proton Synchrotron which take the protons to energies of 1.4 GeV, 25 GeV and 450 GeV
respectively. Then, the 450 GeV protons are injected into the LHC ring and accelerated
to their final collision energy. This series of accelerators are displayed in Figure 3.1, along

with the rest of the CERN particle accelerator complex.

Two proton beams travel in opposite directions around the circular LHC ring, steered
by dipole bending magnets. Each beam consists of bunches of @(10') protons at 25 ns
intervals. Quadrupole focusing magnets focus the beams at four interaction points where

they cross, leading to proton—proton collisions.

At each interaction point lies a particle detector designed to detect and measure the
products of the proton collisions. ATLAS [66] and CMS [(7] are general-purpose detectors
used to make precision measurements of Standard Model quantities and search for
physics beyond-the-Standard Model. LHCb [68] is the only forward-backward asymmetric
detector and its physics programme focuses on heavy-flavour hadrons. Finally, ALICE [69]

is used to study the quark-gluon plasma produced in heavy ion collisions.

To observe rare production processes, such as those predicted by supersymmetry,
a large number of collision events are required. The total number of collision events
delivered by the LHC is given by N = Lo where o is the interaction cross-section and L
is the integrated luminosity: L = [ L, dt. Here L, is the instantaneous luminosity,

-2 -1
S

which reaches 2 x 10**cm at the LHC. The integrated luminosity is often referred

to simply as luminosity.

During the first data-taking run of the LHC between 2008-2012 (referred to as Run 1),
ATLAS recorded a luminosity of 4.57 fb™* and 20.3 fb™* for pp collisions at Vs =T TeV
and /s = 8 TeV respectively. The analyses considered in this thesis use data from the

20152018 period (referred to as Run 2), where the collision energy was increased to
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The CERN accelerator complex
Complexe des accélérateurs du CERN

LHC

ALICE oA North Area LHCh

SPS TT42
- AWAKE
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LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n_TOF - Neutrons Time Of Flight //
HiRadMat - High-Radiation to Materials

Figure 3.1.: The particle accelerator complex at CERN [65].

Vs =13 TeV and 139 fb™! integrated luminosity was delivered — the luminosity for the
Run 2 data-taking period is displayed in Figure 3.2a. At the time of writing, the third
data-taking run (Run 3) has just begun with /s = 13.6 TeV collisions.

A proton is composed of a number of quarks and gluons (collectively called partons)
and its momentum is split between these constituents. A collision between two protons
can involve a hard scatter, which is a parton-parton interaction with large momentum
transfer, plus underlying soft (lower momentum transfer) interactions between the
remaining partons. Particles of interest (such as W bosons, Z bosons, Higgs bosons
or SUSY particles) have high mass and hence are only produced in interactions with

high momentum transfer - i.e. the hard scatter. Since the longitudinal dynamics of the



26 Experimental background: From protons to p-values

';‘160" E—— i I i i e 10O B R B B R R R
e} — S - 4
ST ATLAS {5213 Tev L F ATLAS Online, 13TeV  [Ldt=146.9 fo™* ]
%‘140} Preliminary = g 500 2015: <p>=13.4 |
2 120; [ LHc pelivered 32!;?;89?1 11?:67{:;4 é % F g 281? :uz = i?; ]
E" [ [JATLAS Recorded PMsicsi130® 1 g 400 0 2018 <ﬁ>;36:1 B
1_3| 100; DGood for Physics 7: g C [ Total: <u>=33.7 ]
o] r 3 300 -
g 80 — kel C ]
> r 5 ) r b
o) r 7 ° r b
I 60; 3 g 200 -
g a0f = ¢ f
Foor 100~ &
20 3 E 1%
E . I T T I 3 oL J
0 10 20 30 40 50 60 70 80

o0 “wH W v \’636“‘&6 W q%}a“ Wl w\‘fl 100 “wo W W

Month in Year

(a) Luminosity collected by ATLAS (b) Pile-up distributions
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Figure 3.2.: Displayed are: (a) Total integrated luminosity delivered by the LHC (green),
recorded by ATLAS (yellow) and good for physics analysis (blue) during Run
2; (b) the luminosity weighted distribution of the mean number of interactions
per bunch crossing for each year of data-taking during Run 2. Reproduced from
Reference [70].

partons involved in the hard scatter are not known, variables are used which characterise
particle dynamics in the transverse plane, such as transverse momentum. Typically

the z-axis is defined as the direction of the incoming protons, such that the transverse
momentum is pr = 4/ pi + pf/.

In addition to interesting hard scatter events, the data collected from the LHC is
contaminated with proton—proton collisions known as pile-up. Soft interactions between
other protons in the same bunch crossing give rise to additional soft particles superimposed
on the final state of the hard scatter. This in-time pile-up is parametrised by the number
of reconstructed primary collision vertices, Npy, in the bunch crossing. ATLAS is also
sensitive to the remnants of previous bunch crossings as the detector readout rate is
lower than the bunch-crossing frequency. This out-of-time pile-up is parametrised by the
mean number of interactions per bunch crossing, (u). Distributions of (i) for Run 2 are
shown in Figure 3.2b. Pile-up interactions increase with instantaneous luminosity and,
in general, produce lower momentum particles that contribute to background. Various
experimental techniques are applied to reduce pile-up contamination in physics analyses,

some of which will be described in Section 3.4.



Experimental background: From protons to p-values 27

3.2. The ATLAS detector

The ATLAS (A Toroidal LHC ApparatuS) experiment [66] at the LHC is a multi-purpose
particle detector used to identify particles produced in the proton—proton collisions and
measure their energy and momentum. Its original goals were to discover the Higgs boson

and search for new physics beyond-the-Standard Model. The former was achieved in
2012 [20].

The ATLAS detector uses a cylindrical coordinate system with its origin at the centre
of the detector, z-axis along the beam pipe, x-axis pointing from the centre of the detector
to the centre of the LHC ring, and y-axis pointing upwards. Cylindrical coordinates
(r,¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6 as n = —Intan g. ATLAS
is hermetic in ¢ and has forward-backward coverage up to |n| < 4.9, allowing for the

reconstruction of nearly every energetic particle in an event.

25m

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Figure 3.3.: Computer-generated image of the ATLAS detector, including each subdetector.
Image from Reference [60].
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The subcomponents of ATLAS are arranged in concentric layers which take care
of different measurements and particle identifications. A cutaway image of ATLAS
with each component labelled is shown in Figure 3.3. The inner detector measures the
charge and momentum of a charged particle from the direction and radius of its curved
path through a magnetic field provided by the superconducting solenoid magnet. The
electromagnetic calorimeter measures the energies of electrons and photons by absorbing
them. Similarly, the hadronic calorimeter measures the energies of charged and neutral
hadrons like pions. The Muon Spectrometer is the outermost layer and provides a
stand-alone measurement of the momenta of muons with a dedicated magnetic field from
the toroid magnets. Additionally, three forward detectors (LUCID, the CDZ and ALFA)
measure the luminosity and detect forward neutrons from heavy ion collisions. Further
details on each of these subcomponents of ATLAS will be provided in the following

sections.

3.2.1. Inner detector

The inner detector (ID) [71,72], shown in Figure 3.4, consists of a tracking system in
a 2 T axial magnetic field provided by a superconducting solenoid [73], covering the
pseudorapidity range |n| < 2.5. A charged particle traverses a curved path (referred
to as a track) through the magnetic field, leaving behind hits in the sensors of several
subsystems. The particle’s charge and momentum can be determined from the curvature
of the track. The ID consists of three subdetectors: the high-resolution pixel tracker, the
strip-based semiconductor tracker (SCT), and the transition radiation tracker (TRT).

Pixel detector The silicon pixel detector [71] is the closest ATLAS component to the
interaction point and allows track reconstruction at a high particle rate. It contains
1700 modules, each of which consists of a 2 x 6 ¢cm sensor with 47,000 pixels. These
are arranged in three concentric barrel layers, providing at least three hits per
traversing charged particle. Two endcaps containing three disks each cover the
forward regions. The insertable B-layer [75] was added before Run 2 and provides
an extra hit near the beam pipe for improved tracking resolution, primary vertex

reconstruction, secondary vertex finding and flavour tagging.

Semiconductor tracker (SCT) The SCT [70] contains six million silicon strips across
4088 modules arranged in four concentric barrel layers plus two endcaps with nine

disks each. It provides precise three-dimensional spatial measurements for charged
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End-cap semiconductor fracker

Figure 3.4.: Schematic diagram of the ATLAS inner detector. Image from Reference [(6].

particle tracks and plays an essential role in track reconstruction, charged particle

identification and b-tagging.

Transition radiation tracker (TRT) The TRT [77] consists of 350,000 straw drift tubes
with 4 mm diameter and covers the |n| < 2 region. These are oriented parallel
to the beam pipe in the barrel region and perpendicular to the beam pipe on
the endcaps. The straws are filled with a mixture of xenon, carbon dioxide and
oxygen gas. A particle passing through ionises the gas to produce a measurable
signal. Electron identification is possible from the detection of X-ray photons from

transition-radiation.

3.2.2. Calorimeters

Calorimeters measure the energy of particles by absorbing them and converting their
energy into measurable charge or scintillation light via ionisation or excitation. Unlike
the trackers used in the ID, calorimeters can detect neutral as well as charged particles.
ATLAS uses sampling calorimetry, where alternating layers of passive and active material
absorb particles and detect the resulting signals respectively. This allows for segmentation
and compactness at the expense of energy resolution. Dense materials are used in the
passive layers to instigate a cascade of secondary particles. The energy measured is

proportional to the number of particles in the resulting shower which are detected by the
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Figure 3.5.: Schematic diagram of the ATLAS calorimeter system. Image from Reference [(0].

active medium. The ATLAS calorimetry system [78] is shown in Figure 3.5. It covers

In| < 4.9 and extends radially to 4.25m from the beam-pipe.

The electromagnetic calorimeter detects electromagnetically interacting particles, such
as photons and electrons. The barrel covers || < 1.475 and consists of 1024 pairs of
lead absorbers arranged in an accordion geometry. Cavities are filled with the active
material, Liquid Argon (LAr) [79], for fine granularity energy measurements of photons
and electrons. The endcaps cover 1.375 < |n| < 3.2. For photons, the dominant energy
loss mechanism (for energies above a few MeV) is pair production v — e*e”. On the
other hand, high energy electrons lose energy primarily through Bremsstrahlung (photon
emission). Therefore, a photon or electron entering the electromagnetic calorimeter can
be identified from a characteristic cascade of e*e™ pairs and photons through several
iterations of these processes, called an electromagnetic shower. The original particle can
further be identified as a photon or electron by looking for matched tracks in the ID —

an electron will have left tracks while a neutral photon will not.

Charged and neutral hadrons that make it through the electromagnetic calorimeter
reach the hadronic calorimeter, where they produce a hadronic shower from various
interaction processes with the calorimeter material. The TILE calorimeter [30] covers
the outer region and uses steel absorbers with plastic scintillating tiles arranged in three
layers. Photons produced from the interactions of charged particles in the scintillator

are collected by wavelength-shifting optical fibres at the end of cells. Photomultiplier
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tubes at the end of each row of cells measure these signals. The deposited energy is
proportional to the number of detected photons. The barrel covers the region |n| < 1.0

while the extended barrel covers 0.8 < |n| < 1.7.

The hadronic end-cap and forward calorimeter [31] use LAr rather than plastic scintil-
lators due to its radiation hardness. The hadronic end-cap (HEC) covers 1.5 < || < 3.2
and has two disks per end cap with a copper absorber. The forward calorimeters cover
the forward region 3.1 < |n| < 4.9 and have three layers. The first layer uses a copper
absorber for sensitivity to electromagnetic showers and tungsten for the outer two layers

for better containment of hadronic showers.

3.2.3. Muon spectrometer

The muon spectrometer [32], shown in Figure 3.6, is a large tracking system designed to
make precise momentum measurements of muons which pass through the electromagnetic
and hadronic calorimeters. ATLAS makes a stand-alone measurement of the muon
momentum (independent of the ID), which requires a magnetic field in the muon region
to produce curved muon tracks. This is provided by three 0.5—1 T toroidal magnets

situated in the barrel and end-cap regions.

Thin-gap chambers (T&GC)
[} Cathode strip chambers (CSC)

chambers (RPC)
End-cap toroid
Monitored drift tubes (MDT)

Figure 3.6.: Schematic diagram of the ATLAS muon spectrometer. Image from Reference [60].
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Precise measurements are made by monitored drift tubes (MDTs) and cathode strip
chambers (CSCs). MDTs are 30 mm diameter tubes filled with argon and carbon dioxide
gases. Traversing muons ionise the gas to produce electrons which drift towards the
central anode wire to provide a readout. There are three concentric MDT layers in the
barrel region and the endcap consists of four wheels placed orthogonal to the beam axis
to give a total coverage up to |n| < 2.7. The MDT timing resolution (maximal drift time)
is 700 ns. In the region 2.0 < |n| < 2.7, where the most muons are expected, cathode

strip chambers (CSCs) are used to provide an improved timing resolution of 40 ns.

Overall, the muon momentum resolution from the precision tracking chambers is
around 10% up to a few TeV, and muons with energies as low as 3 GeV can be measured.
However, this precision comes at the cost of slow read-out. Therefore a coarser but faster
measurement is required to achieve an adequate read-out rate for triggering. This is
provided by resistive plate chambers (RPCs) in the barrel region. RPCs are pairs of
2 mm-spaced parallel resistive plates. The gaps are filled with gas that is ionised by
passing muons to form avalanches of electrons which are detected. Thin gap chambers
(TGCs) cover the end-cap region to extend the coverage up to |n| < 2.4 and consist of
multi-wire proportional chambers. The RPCs and TGCs have a response time of 1.5 ns
and 4 ns respectively which is ideal for triggering and well below the 25 ns bunch spacing

to enable a robust association of a given measurement with a particular bunch crossing.

3.2.4. Forward detectors

Three smaller sets of detectors provide coverage in very forward regions:

The LUminosity measurement using Cherenkov Integrating Detector (LUCID) is 17m
from the interaction point. Its main purpose is to detect inelastic pp scattering in
the forward direction for measuring the instantaneous and integrated luminosity
and for monitoring beam conditions on-line. It consists of 20 aluminium tubes filled
with gas — as particles traverse the gas Cherenkov light is emitted and collected by

a photomultiplier to produce a signal.

The zero degree calorimeter (ZDC) is located 140 m from the interaction point and

detects very forward neutrons (|n| > 8.3) from heavy-ion collisions.

Absolute Luminosity measurement For ATLAS (ALFA) also measures the luminosity
in ATLAS by measuring the elastic scattering rate in the forward region. It consists

of a scintillating fibre tracker and is located 240 m from the interaction point.



Experimental background: From protons to p-values 33

3.3. Triggering

The LHC produces proton bunch crossings at a rate of 40 MHz. Saving all of these events
presents a monumental data storage challenge. To tackle this, the most interesting events
are identified and saved using a two-level triggering system. In general, interesting events
are those containing high-pp objects (electrons, muons, photons, taus or jets) or high

missing transverse momentum.

First, the level 1 (L1) hardware-based trigger uses low-level detector information from
the calorimeters and muon spectrometer to make a coarse but quick (< 2.5 us) initial
trigger decision and reduce the event rate to 100 kHz. The electronics for the L1 trigger
are located in the ATLAS cavern to reduce the latency in the trigger decision. Then, the
software-based high-level trigger (HLT) reduces the event rate to 1 kHz. The HLT has
enough time (around 300 ms per event) to perform a fast reconstruction of signals from

a wider array of detector subsystems for use in the triggering decision.

3.4. Object reconstruction

The detector components described thus far provide a raw dataset of experimental signals
such as hit counts and energy deposits. But as particle physicists, we are interested in the
kinematics of particles. The procedure to obtain momenta of particles and other physics
‘objects’ from raw detector data is called object reconstruction. This section briefly
describes the reconstruction of the key objects in a typical ATLAS analysis: electrons,

muons, photons, taus, hadronic jets, and missing transverse momentum (pp°").

3.4.1. Low-level objects

Clusters, tracks and primary vertices are the low-level objects used to build each of the
high-level objects that follow. Clusters are groups of calorimeter cells with a significant
signal that are considered to originate from the same physics object. Details on the
clustering used for electron/photon reconstruction (‘egamma’ clusters) and hadronic jet
reconstruction (‘topoclusters’) will be given in the relevant following sections. Tracks are
formed from raw hits left in the pixel, SCT and/or TRT (and muon spectrometer for
muon tracks) from the traversal of a charged particle with pp > 0.5 GeV and || < 2.5.

Vertices are identified from the origin of multiple tracks. The primary vertex of an event
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is the vertex with the highest ¥pp? from all tracks with pr > 500 MeV associated to it —

this is assumed to be the origin of the hard scatter.

Each of the following high-level objects are reconstructed entirely independently.
Therefore, it’s possible for the same calorimeter cluster or track to be identified with
multiple reconstructed objects (for example to both an electron and a jet), leading to
double counting. An analysis-dependent overlap removal procedure is usually applied to

address such ambiguities.

3.4.2. Electrons and photons

Electrons and photons are reconstructed in parallel from a similar set of detector infor-
mation [83-85]. Deposits in the electromagnetic calorimeter are used to form ‘egamma’
clusters. These are constructed with a ‘sliding window’ algorithm using fixed An x A¢
windows. The 1 x ¢ space of the EM calorimeter is divided into a 200 x 256 grid of
cell ‘towers’ spanning the three calorimeter layers. A window spans 3 x 5 towers, and
windows with a total Ep > 2.5 GeV are used as seeds from which clusters are formed by

recursively adding neighbouring windows with localised energy deposits.

Egamma clusters are then matched to tracks from the ID. This is achieved by
extrapolating the tracks from their last measured point in the ID to the middle of the
LAr calorimeter and evaluating a distance metric with nearby clusters. An unmatched
cluster is assumed to be a photon (which doesn’t leave hits in the ID). A hard scatter

photon which has converted into an e’

e~ pair is identified by looking for two close-by
oppositely-charged tracks originating from a secondary vertex displaced from the primary

vertex.

Electron isolation and identification requirements are imposed to reduce contami-
nation from hadronic decays (‘non-prompt’ leptons), photon conversions and hadrons
misidentified as leptons. Loose, medium and tight isolation working points are defined
based on the ratio of the electron’s energy to the rest of the cluster and track energies
in a surrounding cone-shaped region. Identification algorithms use a likelihood-based
discriminant based on the shower shape, degree of leakage into the hadronic calorimeters

and other cluster and track properties.

To ensure that the electron track comes from the primary vertex, analyses often
impose that the transverse impact parameter significance (|dy|/o(dp)) is less than five

and the longitudinal impact parameter (Az,) satisfies |Azysin 0| < 0.5 mm. Here Az is
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the difference between the z coordinates of the primary vertex and the point of closest

approach between it and the track.

3.4.3. Muons

Muons are reconstructed from track segments in the muon spectrometer. For tracks
with |n| < 2.5, these are additionally matched to, and combined with, tracks in the ID
for a more precise measurement and identification than using the muon spectrometer

alone. [30,37]

Similar to electrons, identification and isolation working points are defined to discrim-
inate prompt muons from those originating from hadronic decays. The requirements for

muons are typically |[Azysinf| < 0.5 mm and |dy|/o(dy) < 3.

3.4.4. Hadronic jets

Due to QCD colour confinement, quarks and gluons produced in the proton—proton
collisions are not observed directly but hadronise, producing a collimated spray of pions

and other hadrons known collectively as a jet.

Jets are reconstructed primarily from the deposits of these hadrons in the electro-
magnetic and hadronic calorimeters. These deposits form topological clusters (topoclus-
ters) [88] consisting of 3D groupings of topologically connected calorimeter cells. Note
that these are distinct from the 2D-grouped ‘egamma’ clusters used for electron/photon

reconstruction.

Topoclusters are formed from a ‘seed’ cell with |E.q| > 40,01 Where Ey is the cell
signal and o0, is the average expected noise in the cell. Neighbouring cells are then
added to the cluster if they satisfy |Eeo| > 20, The energy of each topocluster is
the sum of the energy of all constituent cells, accounting for potential overlap between
nearby topoclusters. The angular position (7,¢) of the topocluster is calculated from the

energy-weighted barycentre of the cell positions.

Topoclusters are calibrated to produce an accurate energy measurement. The ex-
act calibration procedure applied depends on whether the cluster is electromagnetic-
or hadronic-like, as the deposits from each interact differently with the calorimeters.

Topoclusters are initially calibrated to the electromagnetic energy response scale. An
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additional hadronic calibration is then applied to clusters classified as hadronic in origin

as the calorimeter response to hadrons is lower than that for electrons.

Topoclusters have good energy resolution but poor spatial resolution as they include
no tracking information. This led to the development of a second type of jet input object:
particle-flow (PFlow) [89]. Tracks are matched to topoclusters using ghost association to
combine the information from both the tracking detectors and calorimeters. For tracks
with pr < 100 GeV, the track energy is added and the expected calorimeter energy
deposition of the track is calculated and subtracted from its matched topocluster to avoid
double-counting. For pt > 100 GeV the tracking performance is degraded so the track
energy is not used and the subtraction is disabled. Unmatched topoclusters are assumed
to originate from neutral particles, which don’t leave any tracks. Charged PFlow objects
(PFOs) which are not matched to the primary vertex are assumed to be pile-up and are
removed. PFlow jets, therefore, have improved pile-up rejection compared to topocluster

jets.

Clustering algorithms are used to combine the low-level jet inputs into a single jet
object. In ATLAS, jets are predominantly reconstructed using the anti-k, jet clustering
algorithm [00]. This takes an input parameter R, which loosely corresponds to the ‘width’
of the jet in the (1, ¢) plane. Typical jets are reconstructed with R = 0.4. However,
heavier particles like top quarks and W, Z, and Higgs bosons can produce high-pp
boosted jets with wide angles. These ‘large-radius’ jets are clustered with R = 1.0 [91]
in some analyses. The four-vector of the final jet is calculated as the vector sum of the

four-vectors of the final jet constituents.

Jets originating from a b-quark (referred to as b-jets) are of particular interest as
the dominant Higgs boson decay mode is via a pair of b-quarks and top quarks almost
always decay via a b-quark. A b-quark has a typical lifetime of around 1 x 10 s which
is longer than the lighter quarks, and it travels approximately 3 mm before decaying.
This produces a jet which contains a secondary vertex from the displaced b-quark decay.
This can be used to distinguish a b-jet from jets originating from a light-quark or gluon,

via a procedure known as b-tagging.

Jet reconstruction is strongly affected by pile-up contamination since pile-up mainly
consists of low-energy hadronic activity which can overlap with calorimeter signals from
a hard scatter jet. To reduce this, various pile-up mitigation algorithms are available that
attempt to subtract pile-up contributions from the constituent jet inputs. Additionally,

a Jet Vertex Tagger (JVT) [92] algorithm uses tracking information to quantify the
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likelihood that a given jet originates from pile-up- (JVT = 0) or the hard scatter
(JVT =1). Requirements on the JVT of a jet can improve the rejection of pile-up jets.
Similarly, a ‘forward Jet Vertex Tagger’ (fJVT) discriminates hard scatter and pile-up
jets in the forward region (|n| > 2.5).

3.4.5. Tau leptons

Similar to b-quarks, taus are long-lived enough to travel from their production point
before decaying (producing a slightly displaced vertex) but short-lived enough to still
decay within the detector volume. A tau decaying leptonically (7 — pv, v, or 7 — ev,v;)
can’t be distinguished from prompt electrons or muons as the neutrinos aren’t detected.

Only hadronically decaying taus (about 65% of all tau decays) can be identified.

Hadronic taus are reconstructed as an R = 0.4 jet. A machine-learning-based classifier
is then used to discriminate jets originating from a tau from hadronic jets using tracking

and vertex input information [93].

3.4.6. Missing transverse momentum

Missing transverse momentum (p™®) represents the total transverse momentum of all
undetected particles produced in proton—proton collisions [94]. In many beyond-the-
Standard Model searches, including all the SUSY searches outlined in Chapters 4 and 5,
™ is associated with the production of dark matter candidates (such as the lightest
neutralino in the pMSSM) — since dark matter does not interact via the electromagnetic
or strong force it would escape the detector without being detected. Similarly, Standard

miss

Model neutrinos are not directly detected by ATLAS, and instead show up as pp".

The p™ is reconstructed using the fact that the total transverse momentum of the
protons prior to colliding is zero, so by conservation of momentum the total transverse
momentum of the products of the collision should also sum to zero. The p™* is therefore
equal to the magnitude of the negative vectorial sum of the transverse momentum of
all the visible particles produced in the hard scatter. This quantity is a challenge to
reconstruct, as it involves every particle that the ATLAS detector observes and all of the
detector subsystems. Limitations due to the detector resolution and pile-up contributions

miss

result in an observation bias towards non-vanishing values of p1™™° even for events without
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miss

any invisible particles. A non-zero reconstructed pr™ for an event with zero true pr

(p?iss’ Tme) is referred to as fake pp (as opposed to real p?iss).

miss

The reconstructed pp™ consists of contributions from hard objects (fully reconstructed
electrons, photons, tau leptons, muons and jets) plus soft signals (tracks associated with
the hard scatter vertex but not with any of the hard objects). This is summarised in

Equation 3.1.

pr¥=— > pr— Y pr— > pr- Y ph-Ypi- Y pft

electrons photons T—leptons muons jets unused tracks

(3.1)

Note that p=™ here is a 2-vector with z and y components. Many searches make use
of the components themselves, in addition to the magnitude p&™, as they are used to
define various other variables such as the transverse mass (my) and stransverse mass
(Mrs) [95,96]. The use of separate terms in Equation 3.1 allows the p** calculation to
benefit from the better momentum resolution of photons and electrons relative to jets.
However, each type of hard object has its own independent reconstruction procedure. This
can lead to double counting in the pf™ calculation if certain calorimeter /tracking signals
are used in the reconstruction of more than one object. To ensure p™*° is reconstructed
from mutually exclusive detector signals, the hard objects are reconstructed in a predefined
order, with an algorithm to reject objects associated with detector signals that have
already been used. The order of priority for the hard objects is usually as follows:
electrons, photons, 7,4 and finally jets. Muons are not included in this procedure as
there is little overlap between muons and other objects since they are reconstructed
using ID and MS tracks rather than calorimeter signals '. Each analysis will define its
own selection criteria for the reconstruction of these objects. Lower priority objects
are rejected if they share signals with a higher priority object that has already been
reconstructed. Additionally, there is a more refined strategy to scale pJ;Ft in the case of

partial overlap of calorimeter signals associated with jets and other objects [94].

Finally, all tracks which remain and are not associated with a hard object are included
in a soft term (the final term of Equation 3.1). Note that the soft term can also be
built from calorimeter signals as opposed to tracks, which has the advantage of including

neutral particles but at the expense of reduced pile-up suppression.

! There is a separate overlap-removal procedure for muons which overlap with jets.
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miss

The hard and soft components of the pt™ are impacted by pile-up contributions,
which leads to fake p=. This is primarily due to pile-up contamination in the jet
term. Several jet selection working points have been developed to deal with pile-up,
and each consists of a different requirement on the jets entering the p* calculation.
There is a trade-off here: stricter requirements on the jets entering the jet term result
in improved pile-up rejection, however this also risks rejecting hard-scatter jets. The
tracks associated with jets which fail the requirements instead enter the track-based soft
term, but any neutral objects contributing to these jets will be completely ignored in the
P calculation. Therefore, the optimal jet selection to use for a given event depends on
its topology. For example, for a topology like ¢t which produces many jets it is optimal

miss

to use a looser jet selection when reconstructing pt to ensure all hard-scatter jets are
included in the pT° calculation, even at the expense of some pile-up contamination.
For a topology like Z — pup on the other hand, which contains fewer jets, a stricter
jet selection ensures improved rejection of pile-up jets without rejecting jets from the
hard scatter [3]. The definitions of a selection of the working points available to ATLAS
analyses (of Run 2 data) are listed in Table 3.1. In Chapter 6, a machine-learning-based

combination of several working points is presented.

Table 3.1.: Jet selections for ATLAS p%liss reconstruction working points.

Selections
fJIVT for jets with

pr [GeV] for jets with:  JVT for jets with 2.5 < |n| < 4.5 and
Working point |5 <24 24<|n <45 |n/ <24 pr < 120 GeV
Loose > 20 > 20 > 0.5 for pp < 60 GeV jets -
Tight > 20 > 30 > 0.5 for ppr < 60 GeV jets <04
Tighter > 20 > 35 > 0.5 for pp < 60 GeV jets -
Tenacious > 20 > 35 > 0.91 for 20 < pr < 40 GeV jets < 0.5

> 0.59 for 40 < pr < 60 GeV jets
> 0.11 for 60 < pp < 120 GeV jets

miss

Many searches for SUSY and other bSM scenarios that employ pt additionally make

miss

use of P significance to separate signal processes with real p=™ from backgrounds

miss miss miss

which produce fake p1™°. The p71"° significance is defined by taking the ratio of pr

miss

and a measure of its resolution. The current state-of-the-art ATLAS pt™ significance
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variable is an object-based pi'*® significance, defined in Reference [07] as
|p%liss |2
S=———5—. (3.2)
o %(1 - P%T)

miss

Here o7 is the momentum resolution of objects in the direction longitudinal to the p&
2-vector and prr is the correlation factor for object measurements longitudinal and
transverse to the p™ 2-vector. This variable therefore quantifies the likelihood that a
given pt™ is arising due to genuine invisible particles as opposed to resolution effects in

miss

the objects in the pT° sum.

3.5. Analysing ATLAS data

The experimental hardware and software-based object reconstruction procedure outlined
so far produces data containing the kinematics of particles produced in proton—proton
collisions. But how is this used to test theoretical models of particle physics, such as
supersymmetry? In this section, a brief overview will be given of the analysis methods
used in searches for new physics, including all the searches reinterpreted in Chapters 4
and 5. This includes the generation of simulated data to act as a theoretical prediction
for comparison to data, and the statistical techniques used to test the Standard Model

against bSM signals.

3.5.1. Simulated data

Simulated data is used as a theoretical prediction to be compared with data. The

production of simulated data is handled by the ATLAS simulation framework [95].

First, events are generated by simulating a specified hard-scatter process to produce
final state primary particles. This includes simulation of the interactions between
the quarks and gluons in the colliding protons and the subsequent parton showering,
hadronisation and decays into stable particles. This is performed with Monte-Carlo
(MC) generators like PYTHIA [99] and SHERPA [100]. At this stage, the events are at

‘particle’-level (also referred to as ‘truth’-level), as the impact of detector effects is absent.

Next, the impact of the ATLAS detector is simulated by passing generated events
through a GEANT4 simulation [101] of the ATLAS detector to produce ‘hits’ — a prediction
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of how each particle in such an event would have traversed the detector and deposited
its energy in the various components. Digitisation then subjects GEANT4 hits to the
detector response to provide a prediction of the detector component readouts that would
have been observed for such an event. This results in simulated data in the same format
as the raw data from real events. The effects of pile-up are also replicated by overlaying
simulated pile-up events on simulated data at this stage. From this point, simulated data

is reconstructed in the same way as real data, as outlined in Section 3.4.

A fast simulation of ATLAS is often performed using ATLFASTII [102, 103]. This
uses the full GEANT4 simulation for the ID and MS only and replaces the calorimeter
simulation with FASTCALOSIM [104] which smears the truth-level information using
resolutions measured in studies of fully simulated events. This significantly reduces the

CPU time required to simulate the large signal grids required in bSM searches.

3.5.2. Event selection

Most searches for SUSY (and other bSM scenarios) involve defining several disjoint bins
in kinematic observables, and then counting the number of events observed in each
bin compared to MC-based (or data-driven) signal and background predictions. To
observe typically small SUSY signals above large Standard Model backgrounds in the
data, kinematic regions must be identified where the signal is more likely to be found
(and background less likely). These ‘signal regions’ are obtained by optimising selections
on kinematic variables which reject background while accepting signal events based on
studies with simulated data. Key variables used in the SUSY searches considered in this

miss

thesis include pr™°, transverse mass (mr) and stransverse mass (Mry) [95,90].

Due to imperfections in theoretical modelling and the detector simulation, simulated
data does not always perfectly reflect the distributions produced by real data. To
address this, ‘control’ regions are defined which contain selections enriched in particular
background processes in a kinematic phase space that is similar to the signal regions.
Observations in a control region can then be used in the statistical fit to calculate an
appropriate normalisation factor to scale the background process to match the data.
This scaling factor is then applied to the background in the signal region. Validation
regions are also defined to ensure this correction works as expected and the observed

data matches the fitted backgrounds with the normalisation factors found.
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3.5.3. Statistical analysis

The complex data processing steps outlined so far are impacted by randomness at
every step. For example, proton—proton collision events are inherently probabilistic and
classical randomness impacts the detector response. Additionally, theoretical calculations
and detector modelling are imperfect. Therefore, how can a bona fide discovery be
distinguished from a statistical fluctuation or mis-modelling in part of the data-processing

chain?

To answer this question, a statistical model of the data is required that reflects these

uncertainties,

fl@] @)= f(x]|pb). (3-3)

This is the probability distribution function (PDF) of the event rates « in each analysis
region given model parameters ¢. The observed data is one value x,, of * drawn
from the PDF. The model parameters include both parameters of interest (POIs) p and
nuisance parameters (NPs) 6. POIs are parameters we are interested in measuring, such
as the signal strength: ‘how much’ signal is present in the data. NPs are assumed to be
random variables that affect the event rates but with unknown true values, such as the
background normalisation factors introduced previously and systematic uncertainties.
Systematic uncertainties quantify our incomplete knowledge of the statistical model.
For example, there are systematic uncertainties related to jet energy resolution, and
theoretical uncertainties quantifying the uncertainty in the cross-section of processes

included in the analysis.

Building a statistical model

The analyses considered in this thesis involve the simultaneous measurement of disjoint
binned distributions (channels) observed as event counts n. For each channel, the expected
number of observed events is the sum over a number of processes (samples) including
signal and background. The event count in a single bin obeys a Poisson distribution of

the form

Poiss(n;v) = (3.4)

n!

where n is the count and v is the expectation value.
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SUSY searches are typically more complex than a single bin counting experiment,
involving the measurement of multiple bins simultaneously. The distribution of the
counts in multiple bins is a product of Poisson distributions. The expectation value for
the count in each bin is based on MC-based or data-driven predictions for each sample,
but is also subject to modifiers that cause a deviation in the expected event rates and
quantify what we don’t know about the data through the model parameters ¢. The event

rate for bin b of channel ¢ can therefore be defined as

Vcb(d)) - Z Vscb("?X) - Z (H ﬁicb(”aX))(Vgcb(nJX) +ZAicb(’r’7X)) (35)

s€samples s€samples ¢ J

Here the total rates are given by a sum over individual sample rates which are determined
by a nominal rate 12, and a set of multiplicative and additive rate modifiers " and A7.
The nominal rates v2; are determined from Monte-Carlo simulation and Jor data-driven
methods. In Equation 3.5 the parameters ¢ have been partitioned into free parameters n
and constrained parameters x. POls are free parameters to be determined from a fit to the
data. Nuisance parameters can be free, in which case they are the normalisation factors
introduced in Section 3.5.3, or constrained. Constrained NPs represent the systematic
uncertainties in the model. The degree to which constrained parameters can impact
the expected event rates is controlled through constraint terms c, (a,|x) in the PDF.
Here a, is an auziliary measurement, typically from a control region. Therefore the total

observation is = (n, a) where n is the channel data and a the auxiliary measurements.

It is usually assumed that m and a are independent, such that their joint PDF
is the product of their individual PDFs. Putting everything together, the PDF for a

multi-binned analysis takes the form [105]

fl@le)=fnalnx)= [I Il Poistalva(nx)) [ elalx)  (3.6)

c€channels bebins XEX

va(p, x) are the expected rate of events as a function of the model parameters,
specified in Equation 3.5. The constraint terms control the impact of constrained
parameters on the event rates, and are usually parametrised by a Gaussian G(X, xo, 7y )

with central value x, = 0 and uncertainty o, .
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Maximum likelihood estimation

The parameters of this statistical model are determined through maximum likelihood
estimation (MLE). The likelihood function is constructed by fixing the event counts in
the statistical model to the observed data,

L(¢) = f(x = Zobs | 9). (3.7)

The parameters of the model ¢ are then determined by finding the values g?) that maximise
the likelihood. g?) = argmax L(¢) is a function of the data and there’s no guarantee that
this procedure obtains the ‘true’ parameter values (as there may be fluctuations in the

data), but it does provide a sensible estimate.

To simplify this calculation, usually
A= —2logL(¢) (3.8)

is minimised rather than maximizing L(¢) directly. Since the likelihood typically has a
Gaussian form, taking the negative log converts a product of exponentials into a sum
of parabolic terms which simplifies the optimisation task. A non-linear minimization is

performed to find ¢ by solving

19D

— =0. 3.9

96, (3.9)
For typical ATLAS analyses, including the statistical fits performed in Chapters 5 and 4,
computational packages such as Minuit [106] and SciPy [107] are used to perform this
minimization.

After this procedure, the parameters have been measured and can be compared to their
nominal values. In particular, since parameters associated with systematic uncertainties
are constrained to obey a Gaussian distribution, their measured value should not deviate

too far from zero. A pull is defined as (X — xo)/0,, where x, is the pre-fit expected

X
value of the nuisance parameter (typically zero) and x is the post-fit value. Pulls within
1o are expected due to fluctuations in the data, but larger pulls than this can indicate

mis-modelling or other issues with the fit.
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Hypothesis testing

The statistical model can also be used to test particular theoretical models against the
observed data through hypothesis testing. A hypothesis test takes a null hypothesis H,,
and alternative hypothesis H; and determines if H, is disfavoured or favoured by the
data compared to H;. The hypotheses to be tested in a bSM search are based on specific
values of the signal strength parameter p in the statistical model. This represents the
level of the signal (ie. the bSM model being searched for) present in the data. A value of
1 = 1 indicates that the amount of signal events predicted by MC simulation is present,
while a value of © = 0 indicates that no signal is present and the data can be described
by the Standard Model background processes alone. When testing hypotheses, rather
than finding the value of p most consistent with the data, the goal is to test whether a

specific value of p can be ruled out by the data.

If the observed data shows an excess over the background estimation, one can test
for discovery of new physics. Here the null hypothesis is 4 = 0 (the Standard Model)
and the alternative hypothesis is p > 0 (that there is signal present in the data). The
central question is whether the observed excess is due to the presence of signal or due to a
fluctuation in the background estimate. This is quantified using p-values, which represent

the probability of finding data as or more incompatible with the given hypothesis.

The Neyman-Pearson Lemma states that when comparing two hypotheses Hy and H,

the optimal discriminator is the likelihood ratio L(H)/L(H;) [L08]. The negative log of
the likelihood ratio is usually used as the test statistic [109] to simplify computation,
L(Ho)
=21 : 3.10

For a test in a bSM search of a specific value of i that also includes the impact of nuisance

parameters the profile log-likelihood ratio is used to build appropriate test statistics,

M) = —2log (L(“ E(Z ’99)(“))). (3.11)

Here 8 is the best-fit value of the nuisance parameters under the assumption p = and

fi and 0 the overall best-fit values (where p is not fixed in the fit).
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For a discovery test where the Standard Model hypothesis p = 0 is tested against the
signal hypothesis p > 0, the profile likelihood is used to build the test statistic

A0)

=

(3.12)

>0
qo
<0

0, A

This is defined such that the Standard Model hypothesis can’t be rejected by a deficit in
the data such that g < 0.

The p-value is computed as

Po = /Obs f<QO|,u = O) dqo (3~13)
d0

where f(qo|p) is the PDF of the test statistic. The p-value quantifies how likely it is to

obtain data as or more discrepant than the data observed, under the assumption that

the Standard Model hypothesis is true.

In general, a p-value of 0.03 indicates ‘evidence’ of new physics. A discovery requires
a p-value of 3x 1077 — a 1 in 3.5 million chance of the result being due to a statistical
fluctuation. Such a high threshold is necessary to provide protection against a false
discovery due to the look-elsewhere effect — searches typically cover multiple regions so
the chance of having a fluctuation somewhere is higher — or mis-modelled systematic

uncertainties [1 10].

The searches considered in this thesis did not observe significant excesses above the
Standard Model background yield predictions. So instead of testing for discovery, the
analyses excluded signal models by placing upper limits on the signal yields. Typically
this involves reporting a 95% confidence limit (CL) on the signal strength. To allow for
the possibility of the best-fit ji being negative (for which there is a 50% chance in the

absence of signal in the data), an alternative definition of the profile log-likelihood,

=
~

—

Nl

, (3.14)
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is used to build the test statistic



Experimental background: From protons to p-values 47

q#o = . (315)

The p-value for the agreement between the data and the tested value of u = py is

p#o = /q:; f<Q,u|:U’) qu‘ (316)

Ho

For a given threshold «, a signal strength p = g is excluded at confidence level
(1 —-a) if p,, < a. For example, for a 95% confidence limit, « is set to 0.05. However,
if the analysis has low sensitivity to a particular model, a downward fluctuation in the
data can lead to false-exclusion when no sensitivity was expected. To combat this, a
‘modified p-value’, CL, = %(1) is used [111]. Here py is the p-value for the background-only
hypothesis (1 = 0) and p, the p-value for 4 = 1. A signal model is typically considered
‘excluded’ if the observed CL, < 0.05.

In most SUSY searches, a CL, value is obtained for a 2D grid of signal models in a
simplified model parameter space. By interpolating the results between the grid points,
a 2D contour can be drawn indicating the region of simplified model scenarios that the
analysis is expected to be sensitive to (the expected limit) and that have been excluded
(the observed limit). An example exclusion contour from Reference [(60], seen previously

in Chapter 2, is shown in Figure 3.7.

3.6. Reinterpretation tools

The statistical fits and model interpretation for most SUSY searches, including all of
the analyses considered in Chapters 4 and 5 of this thesis, were performed using a set
of simplified SUSY signal models. However, other signal hypotheses could in principle
be tested against the background hypothesis produced by each of these analyses. For
example, the limitations of simplified models compared to the pMSSM were outlined
in Chapter 2, and in Chapter 4, a large number of pMSSM model points are evaluated
with several SUSY searches to determine if they are excluded. Additionally, theory
colleagues developing bSM models may wish to test their models with existing searches.

To achieve this, several tools are available to ‘reinterpret’” ATLAS analyses with new
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Figure 3.7.: Observed and expected exclusion limits on a SUSY simplified model of chargino-
pair production, reproduced from Reference [60].

signal models. This requires information about the statistical model of the background
processes used in the analysis, plus the ability to process new signal models with the
analysis event selections to obtain signal yields in each kinematic region of the analysis.

The reinterpretation tools used in this thesis are briefly introduced here.

3.6.1. SimpleAnalysis

SIMPLEANALYSIS [112] is an analysis framework that runs on truth-level event samples
(ie. events that have not been run through ATLAS simulation). It includes the option
to smear the four-vectors of each particle to approximate the impact of detector effects.
This uses the UpgradePerformanceFunctions, which consist of object reconstruction and

identification efficiencies and resolutions parameterised in 1 and ¢.

This allows for a very fast approximation of analysis region yields for a given signal
model, as the CPU-intensive detector simulation does not need to be performed. In
general, this results in yields which agree with a full (or fast) detector simulation within
about 20%. The publication of a SIMPLEANALYSIS implementation is a requirement for
approval of all ATLAS SUSY searches and, unlike the full ATLAS simulation framework,
the SIMPLEANALYSIS framework is available to non-ATLAS users.
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3.6.2. JSON likelihoods

The likelihood is one of the most important products of an analysis as it contains all
the information about the backgrounds, yields and uncertainties which are necessary
to reproduce the analysis results. ATLAS now publishes full analysis likelihoods built
using the HISTFACTORY template [105, 113] in JSON format. This file contains the
background and observed yield estimates for every analysis region, along with systematic

uncertainty deviations.

PyHF [111,115] is designed to read these JSON files and use them to run statistical
fits in Python. PyHF can be used to run statistical fits for new signal models by inserting
(“patching”) expected signal yields (and systematic variations if desired) into the JSON
file. For example, in Chapter 4 approximate signal yields for pMSSM points are obtained
using SIMPLEANALYSIS, patched into a JSON likelihood for each analysis and fitted

using PyHF to obtain an approximate CL, value.

Additionally, ATLAS and CMS have recently introduced simplified likelihoods [1 16,
]. This makes several simplifications, such as merging all backgrounds into a single
sample and reducing all nuisance parameters in the full likelihood to a single constrained

parameter. This significantly increases the speed of the fit, at the price of some accuracy.

3.6.3. RECAST

RECAST [118,119] is a framework for re-running existing analyses with new signal
models. Unlike SIMPLEANALYSIS, RECAST runs over event samples that have been
passed through the ATLAS simulation chain to produce an accurate yield estimation for
each region. A RECAST implementation of an analysis allows for a full re-execution of
the event selection and statistical analysis for a new signal sample. This requires the
preservation of the software environment and relevant commands for the full analysis
workflow. This is achieved using Docker containers [120] which package a full software
environment into a portable format (including the operating system, file system and
the application itself). These docker containers, along with commands for running the
relevant analysis code, are chained together into a workflow with user-defined inputs
(typically the signal model event samples and cross-section). This completely defines the

analysis pipeline, from event selection to final statistical fitting.
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In Chapter 4, RECAST will be used to obtain an accurate CL; value for pMSSM
models where the approximate value obtained from SIMPLEANALYSIS yields patched
into a JSON likelihood is considered insufficient.

3.7. Machine learning methods

A high energy physics experiment such as ATLAS involves the analysis of huge datasets,
which makes it ripe for the application of machine learning (ML). In recent years, machine
learning algorithms have been used to assist in almost every step of the ATLAS analysis
chain outlined so far, including (but not limited to) improved object reconstruction and
calibration [121], jet flavour tagging [122], and signal vs. background discrimination [123].
In Chapter 6, neural networks will be used to improve missing transverse momentum
reconstruction performance. A comprehensive overview of the machine learning methods
used in ATLAS is beyond the scope of this thesis. Instead, this section provides a brief
introduction to neural networks and the regression and classification techniques used in
Chapter 6.

3.7.1. Neural networks

The ML methods used in this thesis involve supervised learning, where the goal is to
approximate a function y = f(x) where y is a ‘target’ and « is a set of input variables
(often referred to as features). A neural network can be used to approximate the function
f(x) via a series of layers containing nodes in a structure summarised in Figure 3.8. The
structure begins with an input layer with a node for each input feature and ends with an
output layer that produces a prediction of the targets y. Between the input and output
layers are a series of hidden layers containing a number of nodes. Each line in Figure
3.8 has an associated weight w,; which is used to perform a transformation of the values

entering each node. The output at node agi) is

aéi) =0 <Z wj7k.a,(f71) + b§i1)> : (3.17)
k=1

where a,(f_l) are the node values from the previous layer and bg-i_l) a bias term from the

previous layer to complete the linear transformation. Non-linearity is introduced by the

activation function o. The choice of activation function depends on the specific problem,
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Figure 3.8.: The basic neural network structure of an input layer, hidden layers and an output
layer.

but often the Rectified Linear Activation Unit (ReLU),

rx , >0
relu(x) = , (3.18)
0, z<0

is recommended for hidden layers. It has been shown that a neural network with a single
hidden layer can approximate any function arbitrarily closely given enough nodes [124].
In practice, stacking multiple hidden layers often reduces the number of neurons required

to represent a given function.

To produce a close approximation of y = f(x) a neural network is trained with
example data. During training, the weights w; ; are adjusted such that the outputs y
better match the targets . The metric used to quantify the agreement between y and ¢

is called the loss function,

L=L(Y f(x)), (3.19)

where g is the true value of the target, and f(x) is the prediction. Various loss functions

are available to suit different tasks.



52 Experimental background: From protons to p-values

Gradient descent methods are used to iteratively adjust the hidden layer weights to
minimise the loss function. For iteration ¢ this typically involves a transformation of the

form

oc
ow

w® = wt Y — (3.20)

oL

ow
backpropagation [125]. Various modifications to this basic algorithm exist for performing

where 7 is the learning rate. The derivative 5= is calculated through a procedure known as

the optimization. The Adam optimizer [120] is typically recommended and is used in
Chapter 6.

Hyperparameters are parameters that affect the training and performance of a neural
network but are not learned during training. Instead, they are set to a fixed value. This
includes the learning rate, the number of hidden layers and nodes, and the initial weight
values. Hyperparameter tuning usually involves testing a variety of values and picking

those which result in the best performance.

3.7.2. Regression

A regression problem involves predicting a continuous variable given a set of inputs. For
example, one could predict truth-level quantities (such as jet energy) from detector-level

quantities to calibrate the objects reconstructed by ATLAS.

A typical choice of loss function for a regression problem is the mean squared error
(MSE),

N
Lyise = ;Z(?Jz - @1)2- (3-21)

i=1
The mean squared error will particularly punish a network for outlier predictions with
large errors. This has the advantage of reducing the presence of such outliers, but the
disadvantage of focusing the network on uncommon outliers at the expense of improved
predictions in the more populated regions of the training set. Therefore in some cases,

the mean absolute error (MAE) loss function is used instead,

1 N
Lyiag = N Z yi — il (3.22)
i=1
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As a middle ground, the Huber loss function [127] can be used. This is defined as

Hy—19)? , ly—19] <6

(3.23)
Sy — 9| — %52 , otherwise

*CHuber =

where ¢ is a hyperparameter which would typically be set to around § = 1.5.

3.7.3. Classification

Classification problems involve picking a category given a set of features. For example,
a search for supersymmetry may use classifiers to classify events as ‘signal-like’ or
‘background-like’ to aid in signal region definitions. This is an example of a binary

classification. A multi-class classifier has more than two possible classes.

The standard loss function choice for classification problems is the categorical cross-

entropy loss, defined as
Locg = Ztc log(Fc) (3.24)
C

where t¢ is the truth-label for class C (1 if C is the true class, 0 otherwise) and Pg is the

value output by the network for class C. The Softmax activation function,

e

U(Z)i - =K

ﬁ, (3.25)
j=1

is usually used for the output layer, where z; is the ith output. Combined with the
categorical cross-entropy loss, this imposes that the output scores sum to one and can be

interpreted as the probability that the data point belongs to each class.
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Chapter 4.

Interpretation of /s = 13 TeV
ATLAS searches in the pMSSM

4.1. Introduction

The phenomenological MSSM (pMSSM) was introduced in Chapter 2. It is a phe-
nomenologically viable model of SUSY which includes all sparticles from the MSSM but
makes several experimentally and theoretically motivated assumptions to reduce the 120
parameters of the MSSM to 19.

ATLAS performed a range of searches for sparticles during the first two data-taking
runs of the LHC. No statistically significant signals were observed and exclusion limits
were placed on SUSY model parameters — typically the sparticle masses in simplified
model scenarios. However, as discussed in Chapter 2, the simplified models used to
produce these limits made assumptions which are likely not true if SUSY is realised in
nature. In searches for electroweak production, this typically includes assuming that
each electroweakino is a pure bino/wino/higgsino state with just one decay mode. Whilst
exclusion limits using simplified models provide an easily interpretable picture of the
sensitivity of analyses to specific areas of parameter space, they are far from an exhaustive
exploration of the MSSM.

At the end of Run 1 a reinterpretation of the ATLAS SUSY searches was performed
using 300,000 model points sampled from the 19-dimensional pMSSM parameter space
[128]. A subsequent interpretation was performed restricting attention to a 5D sub-space
of the pMSSM to specifically assess the impact of the ATLAS Run 1 searches on the

electroweak production of SUSY particles, and their corresponding constraints on dark

55
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matter [129]. The CMS collaboration also performed a reinterpetation of their Run 1

searches in the 19-dimensional pMSSM [130] using a global Bayesian analysis.

This chapter presents an interpretation of ATLAS constraints on the pMSSM using
the ATLAS Run 2 searches. The study focuses specifically on the pMSSM parameters
relevant to electroweakinos. Therefore, only analyses which targeted electroweakino
production are considered. This ‘electroweak’ sector of the pMSSM determines much of
the phenomenology relevant to dark matter, and the complementarity between collider
searches and dark matter experiments will be discussed. Compared to the previous
ATLAS pMSSM interpretation results in References [128] and [129], this work benefits
from a broader range of search channels probed throughout the second data-taking
run due to the increased statistics and centre-of-mass energy. The results provide a

comprehensive overview of the status of electroweak SUSY after Run 2.

Reinterpretations of LHC SUSY searches have also been performed outside the
LHC collaborations. These include results obtained using GAMBIT [131-133], MAs-
TERCODE [1341] and SMODELS [135-137] which incorporate LHC searches into global
likelihood fits in the 19-dimensional pMSSM or subsets of it. The results in this chapter
benefit from accurate simulations of the ATLAS detector which are not available outside
the ATLAS Collaboration. On the other hand, the computational cost of detector
simulation means a smaller number of models are processed in this study compared
to many truth-level studies performed outside the LHC Collaborations. This trade-off
between the granularity and accuracy of the results makes reinterpretations performed
within the LHC Collaborations, such as this chapter, complementary to those performed

outside.

This chapter is organised as follows. Section 4.2 outlines the procedure used to
sample the pMSSM and evaluate ATLAS searches on the resulting models. Two scans of
the pMSSM parameter space are performed: one which randomly samples the pMSSM
parameter ranges with a flat prior (named the ‘EWKino’ scan), and one which oversamples
models with a viable bino-LSP dark matter candidate (named the ‘Bino-DM’ scan). The
motivations and specific set-ups of each scan are outlined in Section 4.3. In Section 4.4,
the sensitivity of the Run 2 ATLAS searches to the (non-simplified) pMSSM scenarios is
assessed. The unique/overlapping sensitivity of the searches is also discussed. pMSSM
models can also be constrained by various non-ATLAS results, including measurements of
flavour and electroweak precision observables. These ‘external’ constraints are applied to
the pMSSM model sets in Section 4.5, and their complementarity with ATLAS is discussed.

The overall ATLAS constraints on electroweakinos for models which pass external
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constraints are presented in Section 4.6. Section 4.7 discusses the complementarity
between collider searches with ATLAS and direct dark matter detection experiments.
The chapter concludes in Section 6.6 with a summary of the exclusion from all considered
searches and constraints, a discussion of several benchmark scenarios which remain
viable, and a reflection on the study performed and the future of ATLAS searches for

supersymmetry.

4.2. Method

4.2.1. Overview

Before divulging the details of the methodology used in this chapter, it is instructive
to provide a high-level overview. To perform a reinterpretation of ATLAS searches in
the pMSSM, a sample of O(10k) model points in the 19-dimensional pMSSM parameter
space is produced via a random scan. Two scans are performed: one targeting general
electroweakino production with a variety of LSP types, named the ‘EWKino scan’, and
another which specifically oversamples models with a bino-like LSP that produces a
viable dark matter relic density, named the ‘Bino-DM’ scan. Further details on the

motivation and set-up of these scans will be provided in Section 4.3.

Proton—proton collision events are generated for each resulting model such that a suite
of Run 2 searches for electroweakinos can be evaluated to determine exclusion. Table 4.1
introduces the Run 2 searches considered in this analysis, along with the simplified
models targeted by each. While this does not include every Run 2 ATLAS search for
electroweakinos, all key ‘wave 1’ signature searches are included. These cover every
final-state lepton multiplicity that can result from various electroweakino production and
decay modes. Additionally, constraints from two ATLAS Higgs analyses are included as
part of the ‘ATLAS exclusion’ in this analysis. These are summarised in Table 4.2. In
Section 4.4, further details of each analysis and constraint will be provided along with a

discussion of their sensitivity to the EWKino and Bino-DM model sets.

In addition to the Run 2 ATLAS results, the pMSSM models can be excluded by
various ‘external’ constraints. This includes flavour observables, electroweak precision
measurements, the dark matter relic density, and limits from dark matter direct-detection
experiments. Relevant observables are calculated for each pMSSM model such that these

constraints can be applied. To allow for an evaluation of the complementarity between
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Analysis Simplified model(s) targeted

Fully Hadronic [139] Generic heavy Yy, including WZ, Wh and WW decays.
1Lbb [110] Wino ¥i" x5 via Wh

2L0J [141] Wino yif vi& via WW

2L.2J [142] Wino i X3 via WZ

Compressed [143] Wino ¥it ¥s via WZ, Higgsino Yi ¥ox"

3L [144] Wino ¥it ¥9 via WZ, Wino ¥i- X3 via Wh, Higgsino ¥i X9x}
4L [145] Higgsino general gauge-mediated (GGM)

Disappearing Track [116] Wino ¥i" xi° and i~ X5

Table 4.1.: ATLAS searches considered in this analysis

Analysis Constraint

Combined Higgs boson cross-section m(A) > 480 GeV
and branching ratio measurement [147]

h — inv. combination [118] BR(h — inv.) < 0.107

Table 4.2.: Additional ATLAS results used to exclude pMSSM models.

ATLAS searches and these constraints, they are not applied by default to the EWKino
and Bino-DM scan model sets. Instead, it will be made clear in the text which constraints
have/have not been applied when producing the results in each section. There are two

exceptional constraints which are applied to all models:
e Models already excluded by results from LEP [135] are removed.

e Models with a Higgs boson mass outside the window 120 GeV < m(h) < 130 GeV

are removed.

All constraints considered will be discussed explicitly in Section 4.5.
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Model generation

SPHENO 4.0.503
(fixed m(Higgs)) MICROMEGAS 5.2.1

SPHENO 4.0.583

FeynNHIicags 2.18.0

%) LSP & Calculate m(%i) < 1200 GeV
successful cross-sections with and I‘()Zli X9 >0
generation? ProOsPINO and ogw > 0.07 fb

No

Yes

Truth-level evaluation

Simulatieivenfs Patch signal yields
at truth-leve into preserved like-

lihoods & calculate
CL, with PYHF

0.001 < CLEx®-best <

SIMPLEANALYSIS

Yes Use truth-level results

Detector-level evaluation

ATLFASTII simulation RECAST

Figure 4.1.: Workflow for the pMSSM scan, from sampling the pMSSM parameter space to
determining if each model is excluded.

4.2.2. Scan procedure

For each scan performed, the pMSSM parameter space is randomly sampled to produce
a set of model points. Each model point is then evaluated using a workflow chain

summarised in Figure 4.1.
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Model generation

First, the pMSSM parameter space is randomly sampled with a flat prior to produce
a set of models. The specific parameter ranges used for the EWKino and Bino-DM
scans will be outlined in Section 4.3. A flat prior is chosen as the relevant scan ranges
are relatively narrow (< 2 TeV), with most of the interest in the range O(50 GeV) to
O(1 TeV). When wider scan ranges are used, a log prior can be useful to ensure the
lower end is filled. For example in Reference [119], log priors are used to scan up to 25

TeV in the context of future collider experiments.
Next, the models are passed through several programs to calculate various observables:

e SPHENO 4.0.55 [150,151] is used to calculate the mass spectra and decays of the
SUSY particles.

e FEYNHIGGS 2.18 [152-159] is used to calculate relevant Higgs sector variables, such
as the masses and branching fractions of the supersymmetric and Standard Model

Higgs bosons.

e The masses of the supersymmetric particles have a significant impact on the Higgs
boson masses, which FEYNHIGGS includes in its calculation. However the changes
to the Higgs sector masses, in turn, influence the branching fractions of supersym-
metric particles. Hence, the resulting spectrum determined with FEYNHIGGS is
processed by an internal version of SPHENO provided by the authors which allows
the calculation of supersymmetric branching fractions while keeping both the SUSY

and Higgs sector masses constant.

e Note that the final W boson mass used as a constraint is recalculated with FEYN-
Hicas 2.19.

e MiCcROMEGAS 5.2.1 [160, 161] calculates the predicted dark matter relic density,

annihilation cross-sections, and spin (in)dependent WIMP-nucleon cross-sections.

The quantities calculated by these programs are optionally used to apply constraints
to the model sets which enforce consistency with current measurements of each observable.
These constraints will be discussed further in Section 4.5. Models that fail one or more of
these programs or contain un-physical spectra are removed. Additionally, models where
the LSP is not the lightest neutralino ()Z(l]) are removed so that every model contains a

dark matter candidate.
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For each model, the cross-sections for each SUSY pair-production process are cal-
culated using PROSPINO [162]. The calculation is performed at both lead-order (LO)
and next-to-leading-order (NLO). If the LO cross-section is below 2 x 10~* pb the NLO
calculation is skipped and the final cross-section is taken to be o = 01,0 x 1.3, with the

1.3 scale factor chosen ad-hoc to approximate the NLO contribution.

At this stage, a filter is applied to halt the processing of models that the ATLAS
searches are very unlikely to have sensitivity to. The filters applied are outlined in Table
4.3. The models which do not pass these filters are included in the final model set and
considered to not be excluded by the direct searches. However, their exclusion is still

assessed using ATLAS constraints on m(A) and BR(h — inv.).

Filter Reason

m(xi) < 1200 GeV  The analyses considered have no sensitivity to scenarios with

a Yi mass above this limit.

opw > 7x107° pb  If the total electroweak production cross-section is below this
limit, less than 10 expected events were produced in the entire
139fb~' ATLAS Run 2 dataset.

vi& width > 0 The event generation procedure is not set up to handle stable

charginos. These scenarios are not considered in this analysis.

Table 4.3.: Filters applied to models before event generation. Models which fail these filters
are included in the final results but considered to not be excluded by the direct
searches.

Truth-level evaluation

Next, events are simulated for each model which passes the filters. Producing fully
reconstructed Monte Carlo (MC) samples with GEANT4 or an ATLAS fast simulation
is computationally expensive, especially in this case where O(100k) events for O(10k)
models need to be processed. Therefore initially, events are simulated at particle- (‘truth’)-
level and SIMPLEANALYSIS [112] is used to obtain an approximate result that indicates
if the model is likely to be excluded or not. The smearing feature of SIMPLEANALYSIS,
introduced in Section 3.6.1, is applied to approximate the impact of detector effects.

These results are therefore referred to as ‘truth-smeared’.
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Each analysis signal region is implemented at truth-level in SIMPLEANALYSIS so that
an estimate of signal region yields for each pMSSM model can be obtained. Validation
studies of each SIMPLEANALYSIS implementation have been performed to confirm that the
yields obtained agree with the yields for fully reconstructed samples within a reasonable

margin of error (around 20%).

The particle-level simulations that are analysed using SIMPLEANALYSIS are performed
using MADGRAPH2.9.5 [163, 164] for process and decay generation and PYTHIA8.306
[99] for shower generation. All electroweakino production processes are produced simul-
taneously in MADGRAPH. To reduce processing time, only a single additional jet from

initial state radiation is allowed in MADGRAPH.

Note that some models with very small chargino decay width (< 2 x 107 GeV) fail
event production. These models are removed unless they lie within the region of sensitivity
of the disappearing track search [110], in which case their exclusion is determined using

the disappearing track upper cross-section limits as outlined in Section 4.2.3.

The number of events generated is set to

10,000 , opw X L x5 < 10,000
Ngen. = 250, 000 , Opw X L x5 > 250, 000 (4].)
opw X £ x5 | otherwise (rounded up to nearest 10,000)

where ogw is the total electroweak SUSY production cross-section (in pb) and £ =
139,000 pb™! (ie. the total Run 2 luminosity). The 250,000 event cap is necessary due
to CPU limitations.

To improve event statistics for higher cross-section models, if Ny,

> 200,000 an
additional truth-level production is processed using an event filter. The filter used is
chosen to contain the event selections of all the searches and consists of a logical OR of

the following:
e One lepton with pp > 15 GeV and |n| < 2.7.
e Two leptons with with pp > 3 GeV and |n| < 2.7.

o PP > 100 GeV.
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The number of filtered events generated is set to

10,000 , 0pw X £ X5 X €ppox. < 10,000
NI = 200,000 . Tpw X £ X5 X €approx. > 200,000 (4.2)
opw X L X5 X €pprox. , Otherwise (rounded up to nearest 10,000)

where €0, is set to 0.2 based on test productions that indicated that the filter
efficiency is approximately 20% for most models. This is indeed the case for the majority
of the models for which filtered event production is run. For a small number of models,
the filter efficiency turned out to be much larger than 20%, which results in lower event
statistics than expected. For some models with N, ~ 250,000 and a filter efficiency
of € > 20%, the event sample produced without a filter results in smaller statistical
uncertainties than the sample produced with a filter — in this case, the non-filtered sample
is used for the final truth-level result. The 200,000 event cap is necessary due to CPU
limitations. The number of models generated with ‘low statistics’ as a result (defined as
the number of events generated is less than 2 X ogw x £) will be indicated at the end of
this section in Table 4.8.

To determine if a model is excluded, a statistical fit is run using the signal yields
obtained from SIMPLEANALYSIS along with an estimate of the background yields and
observed data for each analysis. Most Run 2 ATLAS SUSY analyses have published a
Yikelihood’ on HEPData' [165]. The likelihood, introduced in Section 3.6, is a JSON file
containing background and observed yield estimates for every analysis region, along with
systematic uncertainty deviations. The signal yield obtained using SIMPLEANALYSIS
for each analysis is “patched” into the corresponding likelihood and a hypothesis test
run using PyHF [114, 115] to produce an observed and expected CL,. A model is
considered to be excluded by an analysis at truth-level if CLY™ < 0.05. Note that signal
systematic uncertainties are not calculated by SIMPLEANALYSIS so are suppressed from
this truth-level statistical fit.

Detector-level evaluation

The CL, values obtained thus far are only an approximation, as truth-smeared signal

samples are used and simplifications to the statistical fit are made. These approximate

'"Where this is not the case, the likelihood was obtained internally.
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Category Criteria (using truth-smeared results)

Likely excluded CLE* < 0.001 for at least one analysis.
Likely not excluded CLP® > 0.1 for every analysis.

Ambiguous 0.001 < CLSEXp‘ < 0.1 for at least one analysis

and CLE™ > 0.001 for every analysis.

Table 4.4.: Particle-level CLSEXp‘ criteria used to categorise models. Only models in the
‘ambiguous’ category are run through the detector-level production chain.

CL, values are used to categorise each model as ‘likely excluded’, ‘likely not excluded’,
or ‘ambiguous’. For models in the ‘likely excluded’ or ‘likely not excluded’ categories,
the truth-smeared CLO™ is used to determine exclusion. For ‘ambiguous’ models, a

detector-level evaluation of each analysis is performed.

Table 4.4 presents the criteria used to categorise models as ‘likely excluded’, ‘likely not
excluded’ or ‘ambiguous’ based on the truth-smeared results. These bounds are informed
by comparisons of truth- and detector-level results for a test sample of models. The test
sample includes models with )Zli, %5 and ¥} masses that lie both inside and outside the
simplified model exclusion contour for each analysis, and with truth-level CL¥*P greater
than and less than 0.05. This sample has been used to perform extensive validation of
the procedure used, including comparisons of truth-level vs. detector-level CL, and signal
region yields for each analysis included. As a summary, Figure 4.2 compares the truth-
and detector-level CLE¥*P for these test models, showing the analysis with the lowest
CLE*P for each point as indicated by the colour. A bias towards smaller truth-level
CLE*P compared to detector-level is seen, which is expected due to the lack of signal
systematic uncertainties and overestimation of the signal yields at truth-level. Models
which lie in the red regions of Figure 4.2 would be miscategorised with the proposed

decision criteria. For the test models shown, no models lie in these regions.

For models in the ‘ambiguous’ category, detector-level MC events are generated
and processed with ATLFAST-II simulation to obtain a more accurate result. This is

computationally expensive but only needs to be done for a small proportion of the models.

The number of detector-level events generated is set to Nyeeo = Opw X L X5 X €
(rounded up to the nearest 10,000) where ogy is the total electroweak SUSY production
cross-section (in pb), £ = 139,000 pb™" (ie. the total Run 2 luminosity) and e is



Interpretation of /s = 13 TeV ATLAS searches in the pMSSM 65

Figure 4.2.:
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Comparison of detector-level and truth-level CLEXP' for a test sample of pMSSM
models. The points are coloured by the analysis result being displayed, which is
the analysis with the lowest CLSEXP' for that model. A vertical line at 0.05 on the
z-axis indicates the detector-level exclusion boundary. Horizontal lines at 0.001
and 0.1 on the y-axis indicate the final decision boundary for evaluating a model
at detector-level. The red regions indicate CL, scenarios which would result in
the false categorisation of a model.
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the generator filter-efficiency (known from the truth-level production®). Due to CPU
limitations, any models with N,., > 300,000 are run at truth-level only (even if they are
categorised as ‘ambiguous’). In practice, this means that most low mass models (which
have the highest cross-sections), particularly with m(¥i", x5) < 200 GeV, are run at
truth-level only. Additionally, models which include sparticles with decay width smaller

than 2 x 107 or have a wino-like LSP are not processed at detector-level.

The full ATLAS analyses are then applied to the resulting MC samples using RE-
CAST [118,119] — a framework for re-using existing analyses to interpret new physics
models that was introduced in Section 3.6.3. Finally, the CL; output by RECAST
is used to categorize ambiguous models as excluded (CLY™ < 0.05) or not excluded
(CLSObS' > 0.05) based on the full detector-level analysis. Multiple analyses are evaluated,
and the final exclusion decision uses the observed CLY™ for the analysis with the best
(smallest) expected CLEY*™. As stated previously, models with m(A4) < 480 GeV or
BR(h — Oy > 0.107) are also considered to be ‘excluded’ by ATLAS constraints on
bSM Higgs physics.

4.2.3. Analysis approximations

To reduce CPU usage while maintaining accurate results for this large-scale workflow,
some simplifications and approximations are made when evaluating each analysis. These

are summarised in this section.

In cases where running the truth-level fit with the full likelihood is exceptionally slow,
a simplified likelihood is used instead [116]. This makes several simplifications, such as
merging all backgrounds into a single sample and reducing all nuisance parameters in
the full likelihood to a single constrained parameter. This significantly increases the
speed of the fit, at the price of some accuracy. A simplified likelihood is used for the
Compressed, 3L (offshell) and 4L analyses, for which the full likelihood fit takes several

hundred seconds.

For every analysis, signal systematic uncertainties are not calculated by SIMPLE-
ANALYSIS so are suppressed from the final truth-level statistical fit. Signal statistical
uncertainties are also suppressed from the final fit. As discussed previously, some model
points with large cross-sections have low MC statistics which could result in false non-

exclusion if signal statistical uncertainties are included. Instead, the statistical variations

2 . .
Where not known, a conservative value of € = 0.8 is used.
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between models are expected to average out in the final binned plots. Note that all
systematic and statistical uncertainties are retained in the workspace for all background
samples. The detector-level evaluation includes all statistical and experimental systematic
uncertainties for the signal. Note that theoretical uncertainties are not calculated for the

signal so are not included in both the truth-level and detector-level evaluation.

For the Compressed analysis, poor agreement between the truth-smeared simplified
likelihood fit result and the full detector-level result is found when testing simplified
model points. The agreement is improved by removing low p'™* signal regions, for which
SIMPLEANALYSIS does not provide an accurate approximation, from the truth-level fit.
Additionally, the Compressed analysis used a MADSPIN re-weighting procedure after
event generation to account for spin correlations. This procedure is not applied here. This
particularly affects the shape of the di-lepton invariant mass distribution, which impacted
the observed exclusion for simplified models with M; x M; > 0 compared to M; x My < 0

in the original Compressed analysis — see Figures 2 and 14 of Reference [113].

The disappearing track analysis is not evaluated with SIMPLEANALYSIS or RECAST
as the event generation is not set up to correctly handle long-lived particles. Instead,
the upper limits on production cross-sections in the m(;ZfE )—T()Zli) plane are used to
determine exclusion. A linear interpolation between the available upper limits (provided
internally) is used to determine the appropriate limit for each pMSSM model. To ensure a
reliable interpolated result, only models with chargino mass and lifetime within the ranges
for which limits are available are considered. If the total )Zli and ¥ production cross-
section for a model, o(Xi X3) + o (Xi- Xi° ), is greater than the corresponding interpolated
limit then the model is considered excluded. Only direct ¥i- and Y5 production is
considered which leads to slightly conservative limits as production through decay of
heavier states is ignored. Note that the limits used were produced in a grid of ¥i° mass
and lifetime with constant values of tan 8 and p, but are applied here to pMSSM scenarios
with varying tan § and p. Therefore, the evaluation procedure uses the approximation
that the disappearing track analysis acceptance is determined by the yi- mass and

lifetime only and is independent of model parameters such as tan 8 or pu.

For some analyses, the truth-smeared yields are found to consistently underestimate
detector-level yields by a scale factor. This is likely due to outdated or incorrect efficiency
factors in the SIMPLEANALYSIS smearing. In this case, a scaling factor is calculated
via a least-squares fit of the truth-smeared and detector-level yields for a test sample of
pMSSM points. This scaling factor is then applied to all truth-smeared yields for that

analysis.



68 Interpretation of /s = 13 TeV ATLAS searches in the pMSSM

Analysis Simplifications and approximations made
FullHad Truth-smeared yields are scaled by 0.62

1Lbb Truth-smeared yields are scaled by 0.81

2L0J Truth-smeared yields are scaled by 0.80

2L.2J e Truth-smeared yields are scaled by 0.70

e Signal contamination in control regions neglected at truth-level.

Compressed e Simplified likelihood used at truth-level.
e Low p4™ signal regions removed at truth-level.
e No MADSPIN re-weighting applied.

e ISR uncertainties are not included.

3L (onshell) -

3L (offshell) Simplified likelihood used at truth-level.

4L Simplified likelihood used at truth-level.

Disappearing track The analysis is not evaluated with SIMPLEANALYSIS or
RECAST. Instead, the upper cross-section limits are applied.

Table 4.5.: Approximations and simplifications made when evaluating each analysis

The truth-level evaluation of the 2L.2J analysis neglects signal contamination in the
control regions. All other truth-level statistical fits, and all detector-level statistical fits,
do include an estimate of the signal yields in the control regions to account for signal

contamination.

A summary of specific simplifications made for each analysis is shown in Table 4.5.

The 3L (onshell) analysis is the only analysis for which no approximations are required.

As discussed above, models with a large cross-section are processed at truth-level only
due to CPU limitations. Table 4.6 shows the impact of this restriction by comparing
the total number of models that lie within the detector-level selection criteria for each
analysis to the number of models that are actually processed at detector-level. The
Compressed and 3L (offshell) analyses, which cover the low-mass compressed region, are

the most severely impacted. Models with a wino-like LSP are also not considered for
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Number of models in detector-level selection

Analysis EWKino scan Bino scan
All Processed | All Processed
FullHad 454 391 52 46
1Lbb 178 157 | 231 220
21L.0J 62 47 10 5
21.2J 269 197 | 630 447
Compressed | 193 7| 161 8
3L (onshell) | 227 141 | 755 455
3L (offshell) 80 13| 591 182
4L 12 6 16 10
Any 987 770 | 1440 859

Table 4.6.: Number of models that pass the detector-level selection for each analysis (from
Table 4.4), and the number that are actually processed at detector-level. Models
with a wino-like LSP were not considered for detector-level production so are
omitted from these counts.

detector-level evaluation. The disappearing track search is the most sensitive search to
wino-LSP scenarios but does not require event production as it is evaluated using upper

limits on production cross-sections as discussed above.

4.3. A tale of two scans

The workflow described in the previous section is used to process two pMSSM scans with
different parameter ranges and sampling strategies. The details and motivation for each

scan will be outlined here.

4.3.1. EWKino scan

The first scan focuses on general electroweakino production, with other sparticles decou-
pled. This scan will be referred to as the ‘EWKino’ scan. The EWKino scan includes
15,537 models which are successfully generated with a %) LSP from an initial set of

20,000 models randomly sampled (with a flat prior) from the ranges listed in Table 4.7.
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Parameter min max Note

mg, (=mg,) 10 TeV 10 TeV Left-handed slepton (first two gens.) mass
mg, (=mg,) 10 TeV 10 TeV  Right-handed slepton (first two gens.) mass
my, 10 TeV 10 TeV  Left-handed stau doublet mass

meg 10 TeV 10 TeV  Right-handed stau mass

mg, (=mg,) 10 TeV 10 TeV  Left-handed squark (first two gens.) mass
(=mg,) 10 TeV 10 TeV Right-handed up-type squark (first two gens.) mass
mg (=mg) 10 TeV 10 TeV Right-handed down-type squark (first two gens.) mass

ma, 2TeV  5TeV  Left-handed squark (third gen.) mass
Mg, 2TeV 5 TeV  Right-handed top squark mass

mg, 2 TeV 5 TeV  Right-handed bottom squark mass
M, -2 TeV 2 TeV  Bino mass parameter

M, -2TeV 2TeV  Wino mass parameter

W -2 TeV 2 TeV  Bilinear Higgs mass parameter

M, 1 TeV 5 TeV  Gluino mass parameter

Ay -8 TeV 8 TeV  Trilinear top coupling

Ay -2 TeV 2 TeV  Trilinear bottom coupling

A, -2 TeV 2 TeV  Trilinear 7 lepton coupling

My 0 TeV 5 TeV  Pseudoscalar Higgs boson mass

tan 3 1 60 Ratio of the Higgs vacuum expectation values

Table 4.7.: Parameter ranges which are randomly sampled for the ‘EWKino’ scan.

The slepton, stau and first-generation squark mass parameters are set to 10 TeV
such that they are decoupled. The third-generation squark mass parameters and gluino
mass parameter are kept lighter to increase the number of models with a Standard
Model-like Higgs boson mass. They are allowed to vary between 2-5 TeV and 1-5
TeV respectively. Note that gluino and squark production is not generated, and the
resulting model exclusion from the electroweak analyses is found to be independent of

these parameters.

The electroweakino masses are dominantly controlled by the bino, wino and bilinear

Higgs mass parameters. ATLAS sensitivity to electroweakinos only extends to 1 TeV, and
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these parameters are varied between —2 TeV and +2 TeV to ensure a large proportion
of models are within the region of ATLAS sensitivity while still allowing for scenarios
with large mass splittings between the lighter and heavier electroweakinos. Reducing
or increasing this range would impact the relative fraction of models that the ATLAS

searches are sensitive to, which one should keep in mind when interpreting the results.

The trilinear top-quark coupling parameter A; has a significant impact on the loop
corrections to the Higgs boson mass, with a larger |A,|, in general, leading to a Higgs
boson mass that is closer to the experimentally measured value for a given model point.
Therefore a large range of —8 TeV to 48 TeV is used for this parameter. A smaller range

of =2 TeV to +2 TeV is used for the bottom-quark and 7-lepton trilinear couplings.

The pseudoscalar Higgs boson mass impacts the decay modes of the electroweakinos
(which can decay to A if it is lighter). It also affects the dark matter phenomenology
for each model point — a lighter A mass allows for an additional co-annihilation mech-
anism X;x, — A which can reduce the dark matter relic density. To cover a range of
phenomenology from light to decoupled A, a wide range of 0 to 5 TeV is chosen. Finally,
tan 0 (the ratio of the vacuum expectation values of the two Higgs doublets) is varied
between 1 and 60.

Figure 4.3a shows the models from the EWKino scan in the plane of m(i?) vs. Qh?
(the dark matter relic density), coloured with RGB value set to the wino/bino/higgsino
fraction of the LSP. The observed dark matter relic density measured by the Planck
mission [33], Qh* = 0.12, is indicated by a horizontal dashed line. A higgsino- or wino-
like LSP underestimates the relic density, unless the LSP mass is O(1 TeV). This is
because a higgsino- or wino-like LSP has very efficient co-annihilation with the nearby
i and/or x9. This is demonstrated in Figure 4.3b which colours each model by the
dominant annihilation mechanism. For the higgsino- and wino-like LSP models, ¥i- / e
co-annihilation is the dominant mechanism. On the other hand, a bino-like LSP, in
general, overestimates the relic density — in Figure 4.3a, almost all bino-like LSP models
lie above the dashed line. Note that if the squark or slepton masses were lower than
the values in Table 4.7 then squark or slepton co-annihilation could also alter the relic

density.

The LSP does not necessarily saturate the observed relic density. Dark matter could
have multiple components with an additional hidden sector contributing to the relic
density. Therefore the Planck measurement is considered an upper limit, such that

models which predict Qh? < 0.12 are considered viable. This includes almost all models
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Figure 4.3.: Scatter of models from the EWKino scan in the m(y}) vs. Qh? plane. (a) is
coloured with RGB value set to the wino/higgsino/bino fraction of the LSP and
(b) is coloured by the dominant annihilation mechanism. The experimentally
measured value of the relic density [33], Qh? = 0.12, is indicated by a horizontal
dashed line.

with a higgsino- or wino-like LSP, but very few models with a bino-like LSP. Additionally,
alternatives to the thermal freeze-out mechanism have been proposed which may allow
models which have a calculated relic density greater than 0.12 here [166]. Therefore
to avoid being overly restrictive, for analysis of the EWKino scan, the dark matter
relic density is not used to constrain the models. Instead, a separate scan, named the
‘Bino-DM’ scan, is performed to oversample models with a bino-like LSP which do satisfy
QOh? < 0.12 and allow an evaluation of a bino-like LSP as a dark matter candidate within

the thermal freeze-out paradigm.

4.3.2. Bino-DM scan

The Bino-DM scan provides a sample of bino-LSP models which satisfy QA% < 0.12. The
ranges of this scan are the same as those in Table 4.7 except the bino mass parameter
range is tightened to |M;| < 500 GeV to focus on scenarios with a bino-like LSP. A

random sample of 437,500 models from these ranges is produced, and only those with a
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Figure 4.4.: Scatter plot of models from the Bino-DM scan in the m()Z(l)) vs. Qh? plane. (a)
is coloured by the dominant annihilation mechanism and (b) is coloured by the
LSP higgsino fraction with black representing 0. The experimentally measured
value of the relic density [33], Qh* = 0.12, is indicated by a horizontal dashed
line.

bino-like LSP (defined as bino fraction greater than 0.5) and QA® < 0.12 are kept. These

constraints reduce the number of models to 11,163.

Figure 4.4a shows the initial sample of bino-LSP models prior to requiring Qh? < 0.12,
coloured by the dominant dark matter annihilation mechanism. Several regions of interest
can be observed. First, the so-called ‘Z/h-funnel’ regions are coloured purple. When the
LSP mass is approximately half the mass of the Z or Higgs boson, the self-annihilation
into a Z or Higgs boson is enhanced which reduces the dark matter relic density to
an acceptable value. To couple to the h and Z bosons such that these annihilation
mechanisms are allowed, the LSP must have a higgsino component. This can be seen
in Figure 4.4b where these bino-LSP models are coloured by the higgsino fraction of
the LSP. Around the funnel regions, a significant LSP higgsino fraction is seen. This
is particularly noticeable on the edges of the funnels. The lower the higgsino fraction,
the smaller the coupling between the LSP and h/Z, so the closer m(%}) has to be to the
m(Z)/2 or m(h)/2 resonance to enhance the self-annihilation sufficiently to bring the

relic density below 0.12.
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The funnel regions are of particular interest as they can produce a satisfactory relic
density with an LSP mass which overlaps with the region of sensitivity of many of the
Run 2 ATLAS searches for SUSY. Similarly, there are A and H funnel regions where
m(x}) ~ m(A, H)/2, corresponding to enhanced LSP self-annihilation into the second

scalar Higgs boson H or pseudoscalar Higgs boson A.

For m(x}) > 100 GeV, in the so-called ‘bulk region’, a variety of other annihilation
mechanisms contribute. When m(x}) > 173 GeV (ie. the LSP is greater in mass than
the top quark), the ¥)x] — tt self-annihilation process is allowed, coloured in dark pink.
The orange points also show models which have a nearly pure bino LSP which is close in
mass to a nearly pure wino Xli and ¥5. In these scenarios, )Eli -%3 annihilation competes
with their decays to the LSP. The relic density is reduced as the Yi- and Y3 annihilate
into SM particles before they can decay into the LSP.

In summary, requiring QA% < 0.12 and a bino-like LSP favours two spectra which will
be particularly relevant to the interpretations in Section 4.6. The first is a bino-like LSP
with a small higgsino component in the funnel regions. This requires that the higgsino
mass is relatively light to allow the mixing, and therefore the Yi~ and ¥3 are also likely to
be higgsino-like. This is unlike typical simplified models of electroweak production which
assume a pure-bino LSP and pure-wino )Zli and %9. The electroweakino mass-spectrum
for such a model is shown in Figure 4.5a. The second is a pure-bino LSP which is close
in mass to a wino-like i~ and ¥5. This scenario is closer to the typical simplified models
considered by direct searches in ATLAS. The electroweakino mass-spectrum for such a

model is shown in Figure 4.5b.

4.3.3. Summary of the scans

Table 4.8 summarises the names, bino mass parameter ranges, and the number of models
processed at each workflow step, for the two scans. For both scans, models which are
already excluded by results from LEP [138] or have a Higgs boson mass outside the
window 120 GeV < m(h) < 130 GeV are removed before producing the final results
shown in the following sections. The number of models passing these requirements is

also shown in Table 4.8.
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Scan name

EWKino Bino-DM
| M, | range 0-2TeV 0 — 500 GeV
LSP type Neutralino Bino-like neutralino

Number of models generated:

Sampled
Successful generation
Correct LSP type

Pass DM constraint

Number of models processed:
Pass pre-filter
Successful truth-level evaluation
Low statistics truth-production

Reco-level evaluation

Number of models:
Pass LEP constraint
120 GeV < m(h) < 130 GeV

20,000 437,500
16,383 370,058
15,537 286,308

N/A 11,163
12,704 11,007

12,440 10,948

1,604 3,589
770 859
13,931 10,165
12,280 8,807

Table 4.8.:

Set-ups for the two pMSSM scans performed and the number of models passing

each step. ‘Low statistics truth-production’ here is defined as the number of events
generated is less than 2 X opw X L.
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Figure 4.5.: Mass-spectrum for two Bino-DM scan models: (a) A model in the funnel region
with a bino/higgsino mixed LSP and higgsino-like )Zli , (b) A model in the
bulk region with an almost pure-bino LSP and pure-wino )Zli . Produced using
PySLHA [167].

4.4. The Run 2 ATLAS searches for electroweak

supersymmetry

In this section, the Run 2 ATLAS searches for electroweak supersymmetry used in
this analysis are presented. These searches were based on 139 fb™! of proton—proton
collisions at /s = 13 TeV recorded by the ATLAS detector during Run 2 of the LHC.
No statistically significant signals were observed in these searches and, instead, each

reported exclusion limits on electroweakinos in particular simplified models.

Each search targets either pp — )Zli Xli or pp — Xli X5 pair-production, followed by a
specific decay mode. The ¥t decays to the LSP via v — W * Y, where the W-boson
can subsequently decay leptonically (W= — ¢*1,) or hadronically (W* — ¢¢’). The
second neutralino on the other hand can decay to the LSP via x5 — k), x5 — ZX} and
9 — )Zli W=*. Subsequent h, Z and W decays also produce leptons or hadronic jets.
Depending on the specific production mechanism and subsequent decay mode targeted,

each analysis’ signal selection includes 04 leptons and 0-4 hadronic jets.

For each search, the targeted simplified model(s) are outlined along with relevant
key features of the analysis strategy. Then, the sensitivity of the search to pMSSM
scenarios will be presented and compared to the original exclusion reported for simplified

models. A model is considered ‘excluded’ by an analysis if the final observed CLO™ is
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less than 0.05. In general, the EWKino scan will be used in this section, with the goal of
exploring the sensitivity of each analysis to non-simplified scenarios. The EWKino scan
fills the v —¢" and v5—%" mass planes in which most of the original analyses reported
their simplified model exclusion, so is useful for comparing the pMSSM sensitivity to the
original published contours. Where the sensitivity to the Bino-DM scan is significantly

different, this will be discussed as well.

4.4.1. Direct searches
Fully hadronic

The fully hadronic analysis [139], referred to as ‘FullHad’, searched for pair-production
of heavy electroweakinos, with decays via W, Z, or Higgs bosons to the LSP. Unlike
many of the other analyses included, FullHad targeted a generic signature rather than
assuming particular electroweakinos are purely wino/higgsino/bino. Diagrams of the
generic production processes considered are shown in Figure 4.6. Here Ypeayy can be a
wino- or higgsino-like chargino or heavy neutralino, and Xjg is the LSP (in our case 1)

and can be bino-, wino- or higgsino-like.

Figure 4.7a shows the fraction of pMSSM models excluded by FullHad projected
onto the two-dimensional plane of the masses of the lightest chargino and LSP. For
comparison, the observed 95% CL exclusion limit on a simplified model of pure-wino
pp — Xi Xo = WXIZX! and pp = i Xi — WIWX! with BR(X2 — ZX1) = 100%

)Zlight
Xlight

b

(b)
Figure 4.6.: Diagrams of the signatures targeted by the fully hadronic (FullHad) analysis.
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Figure 4.7.: (a) Fraction of models excluded by FullHad in the >~<1i ~¢" mass plane for the
EWKino scan. Grey bins contain no models and black bins have 0% exclusion.
The observed exclusion contour on a simplified model of pure-wino pp — )Zli )Zg —
W Z3) and pp = WX — Z92Z%) with BR(YY — Z%)) = 100% and
BR()Zli — W)Z?) = 100% is overlaid.
(b) The distribution of the )Zli wino fraction for models which lie inside the
FullHad simplified model exclusion contour, shown before and after applying
FullHad. The ratio panel shows the fraction of models excluded in each bin.

and BR(xi — Wx!) = 100% is overlaid. The pattern of sensitivity matches the area

covered by the contour well.

Figure 4.7b shows the 1D distribution of the ¥i* wino fraction before and after
applying the FullHad exclusion. To isolate models for which FullHad is expected to have
sensitivity, only models which lie inside the FullHad simplified model exclusion contour
are shown. There is a strong preference for wino-like y;- (as opposed to higgsino-like)
as this corresponds to a larger production cross-section — this is shown in Figure 4.8.
No clear preference for a particular x5 decay mode is found: Of the pMSSM models
which lie inside the FullHad simplified model exclusion contour, 25% of the models with
BR(X3 — ZX}) > 50% are excluded and 29% of the models with BR(X5 — hx}) > 50%

are excluded.

FullHad also has sensitivity to some models on the diagonal in Figure 4.7a, where the
Xi* and ¥) are close in mass. Figure 4.9a shows this more clearly, with Am(¥i", ¥7) on the
y-axis. This is due to FullHad’s sensitivity to generic production of heavy electroweakinos,

which in the pMSSM includes the heavier charginos and neutralinos, 5~ and >~<§A, which
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Figure 4.9.: (a) Fraction of EWKino scan models excluded by FullHad in the Am(¥i", %)) —
m()}?) plane. Grey bins contain no models and black bins have 0% exclusion.
(b) Total inclusive truth-smeared FullHad analysis signal region yield for each
SUSY production process separated by signal region, for all models in the EWKino
scan which are excluded at truth-level by FullHad and satisfy m(f(li ) < 400 GeV,
m()) < 400 GeV and Am(¥i, %0) < 50 GeV.
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can decay to the lighter vi*, Y5 and ¥ via Z and W bosons. This is demonstrated in
Figure 4.9b which shows the total truth-smeared signal region yields for models which
are excluded at truth-level by FullHad and satisfy m(yi") < 400 GeV, m(%}) < 400
GeV and Am(Xi,x}) < 50 GeV, binned by SUSY production process. X3 X5 and
)Z%)ZSE are the dominant production mechanisms. In general, the production of heavier
charginos and neutralinos will lead to too many jets from the subsequent multi-step
decay chain, so the FullHad signal selections will not be satisfied. However, when yi-
and )2871 are compressed, they effectively form a collective p™* system as the )Zli and
%9 decay products are so soft as to be unobservable. Hence, only the decay products of
the heavier electroweakinos are observable, and the correct number of jets to pass the

selections can be produced.

1Lbb

The ‘1Lbb’ analysis [165] targeted pp — i v5 pair-production where the second neu-
tralino, X5, decays into a Standard Model Higgs boson and the LSP (¥?). The diagram
of this process is shown in Figure 4.10. The following simplified model assumptions were

made:
e The LSP is pure bino.
~+ ~0 .
e Y1 and ys are pure wino.

BR(X3 = hx}) = 100%

BR(xi — Wx) = 100%

e BR(h — bb) = 58.3% (expected value for the SM Higgs boson)

The 1Lbb signal selection requires one lepton from the W boson decay, plus two b-jets
from the Higgs boson decay (with invariant mass consistent with the SM Higgs boson
mass). The signal regions are binned in the transverse mass my and contransverse mass

mer [169,170] which separate the signal from W+jets and ¢ backgrounds, respectively.

Figure 4.11a shows the fraction of EWKino scan models excluded by 1Lbb in the
X5-%) mass plane, overlain with the 95% CL observed exclusion limits on the simplified
model in Figure 4.10. The area of sensitivity to the pMSSM models agrees well with the
simplified model contour, though with < 50% of models excluded in most bins. This
is partly explained by Figure 4.11b, which shows the distribution of BR()Zg — hyy) for
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Figure 4.10.: Diagram of the signature targeted by the 1Lbb analysis.
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Figure 4.11.: (a) Fraction of EWKino scan models excluded by 1Lbb in the )2375(? mass plane,
overlain with the observed exclusion contour for the simplified model in Figure
4.10. Grey bins contain no models and black bins have 0% exclusion.
(b) Distribution of BR(%s — % h) before and after 1Lbb for EWKino models
which lie inside the observed 1Lbb exclusion contour in the )ng)z(l) mass plane.
The ratio plot shows the fraction of models excluded by 1Lbb in each bin.
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Model 4.12a Model 4.12b Model 4.12¢

%) is pure bino

)Zli is pure wino

BR(¥ — W) = 100% BR(xi" — lv) = 50% BR(7 — (%% = 100%
BR(xi — ol) = 50%
m(f) =m(?) = (m(xi°) + m(¥1))/2

Table 4.9.: Simplified model assumptions corresponding to the models for the 2L.0J analysis
in Figure 4.12.

models which lie within the simplified model exclusion contour. As expected, a clear
correlation between this branching ratio and the 1Lbb exclusion can be seen. In the
pMSSM, the h — bb branching ratio can also deviate from the Standard Model value of
58.4% which impacts the 1Lbb acceptance. Additionally, 1Lbb exclusion is only seen
for models with a wino-like ¥3 due to the larger production cross-sections compared to

higgsino-like x5.

2L0J

The ‘2L.0J" analysis [60] searched for the production of charginos and sleptons decaying
into final states with two leptons and missing transverse momentum. The search was
optimized and interpreted using three simplified models, with diagrams shown in Figure
4.12. The assumptions made for each simplified model are summarised in Table 4.9. Since
sleptons are decoupled in the EWKino and Bino-DM scans, the relevant simplified model
is Figure 4.12a — pair-production of the lightest chargino. Note that in the EWKino
and Bino-DM scans the third simplified model assumption, BR(¥i- — Wx}) = 100%, is

satisfied for all models®.

miss

In addition to requiring two leptons, zero jets, and high pt ", the key kinematic
variable in this analysis was the stransverse mass: myo [95,90]. The 2L0J signal regions
are binned in mr,, which has an endpoint related to the masses of the slepton/chargino
and neutralino in the decays in Figure 4.12. This separates the signal from SM background

processes for which the mps distribution tails off above the W boson mass.

3Thoug‘h the )N(li — W)Z(l) decay will proceed via an offshell W boson in cases where Am()zli , )2(1)) < myy.
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Figure 4.12.: Diagrams of the signatures targeted by the 2L.0J analysis.

Figure 4.13 shows the fraction of EWKino scan models excluded by 2L0J in the
i %) mass plane. The 95% CL observed exclusion limit for the simplified model in
Figure 4.12a is overlain. Good sensitivity to the pMSSM models is observed, with greater
than 50% exclusion in many bins, and some exclusion beyond the reported simplified
model limits. The EWKino models in this region mostly contain either a pure-wino xi-
or pure higgsino yi- (rather than a mixture). Only models with a wino i are found
to be excluded by 2L0J, due to the larger corresponding production cross-section as

previously discussed.

In the Bino-DM scan, the models in the 2L0J region of sensitivity are funnel-region
scenarios which have a higgsino-like §i-, as shown in Figure 4.14a and discussed in
Section 4.3. Consequently, the sensitivity of 2LL0J to models in the Bino-DM scan, shown
in Figure 4.14b, is much weaker than the EWKino scan. A similar argument applies to

other analyses which cover the funnel regions of the Bino-DM scan.
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EWKino scan, 2L0J exclusion, v/s =13TeV, 140 fo~1
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Figure 4.13.: Fraction of models from the EWKino scan excluded by 2L0J in the )Zli —X1 mass
plane. Grey bins contain no models and black bins have 0% exclusion. The
observed exclusion contour for the simplified model in Figure 4.12a is overlain.
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Figure 4.14.: Two plots in the )Zli ~¢Y mass plane: (a) shows each Bino-DM scan model
coloured by the §i higgsino fraction, (b) shows the fraction of Bino-DM
models excluded by 2L0J with the 2L0J simplified model exclusion contour
overlain. Grey bins contain no models and black bins have 0% exclusion.
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Higgsino Wino/Bino
()Z?,)Zli ,)Zg) are a higgsino triplet | ¥ is pure bino, ¥i- and ¥3 are pure wino
BR(%i — W) = 100% BR(YiT — W) = 100%
BR(x5 = Z*%)) = 100% BR(xS = Z*%)) = 100%
m(xi) = (m(x2)+m(x1))/2 m(xi) =m(X3)

Table 4.10.: Simplified model assumptions corresponding to the models for the Compressed
analysis in Figure 4.15.

Figure 4.15.: Diagrams of the signatures targeted by the compressed analysis.

Compressed

The ‘compressed’ analysis [171] targets scenarios with a compressed mass-spectrum. The
relevant simplified models” targeted by the Compressed analysis are shown in Table 4.10.
Both pair-production (Figure 4.15a) and VBF (Figure 4.15b) production modes are

considered.

In both scenarios, two leptons are produced from the decay of the second neutralino
to the LSP via an offshell Z boson. A very high pt jet is also required in the form of
either initial state radiation (ISR) or forward jets (for VBF production). This boosts the
SUSY system, allowing higher lepton pr thresholds and large p=™ to discriminate signal
from background. In some signal regions, one lepton is assumed to be too low pt to be

reconstructed and, instead, a requirement of one lepton plus one track is imposed.

4Slepton models were also targeted but are not considered here.
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EWKino scan, Compressed exclusion,
Higgsino-LSP, v/s=13TeV, 140 fo!
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Figure 4.16.: Fraction of EWKino scan models with a higgsino-like LSP that are excluded by
the Compressed analysis, shown in the m(%5) vs. Am(%9, X)) plane. Grey bins
contain no models and black bins have 0% exclusion. The observed higgsino
simplified model exclusion contour is overlain.
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Figure 4.17.: Fraction of Bino-DM scan models that are excluded by the Compressed analysis,
shown in the m(¥Yy) vs. Am(xy, ¥}) plane. (a) shows models with M; x My > 0
and (b) shows models with M; x My < 0. Grey bins contain no models and
black bins have 0% exclusion. The plots are overlain with the relevant observed
simplified model exclusion contour for each case.
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The Compressed analysis exclusion of EWKino scan models with a higgsino-like LSP
is shown in Figure 4.16 overlain with the observed exclusion contour for the higgsino
simplified model in Table 4.10. The exclusion is relatively poor, with less than 50%
exclusion in most bins. Some exclusion outside the reported contour is observed. Note
that these low-mass models are the most susceptible to statistical fluctuation, which may

explain this leakage.

Stronger sensitivity is seen for models with a bino-like LSP and wino-like yi- /X5.
The EWKino scan does not contain a large sample of such models, so the Bino-DM scan
is shown in Figure 4.17. Due to observed excesses/deficits in different bins of the di-muon
invariant mass, the Compressed analysis saw distinct observed exclusion patterns for
bino-LSP models with M; x My > 0 and M; x M, < 0. Hence, each of these cases are
shown separately. The exclusion follows a similar pattern to the overlain contours despite
the fact that, as discussed in Section 4.2.3, the MADSPIN re-weighting procedure is not
applied to the pMSSM samples.

For both higgsino- and bino-LSP scenarios, the sensitivity decreases rapidly towards
the edges of the overlain contours. The difference in exclusion compared to the simplified
models can partly be understood by considering the branching fraction for the Y3 —

0070~ decay mode — which the Compressed analysis selections target.

Figure 4.18a shows a scatter of the mass difference between %5 and the LSP versus
BR(¥5 — Yiup”) for all models in the EWKino and Bino-DM scans that lie inside
the relevant Compressed analysis exclusion contour for higgsino or wino/bino simplified
models. Points are coloured with the RGB value set to the Y3 wino /higgsino/bino fraction.
The green crosses show the higgsino simplified model branching ratios calculated by
SUSYHIT [172] for use in the Compressed analysis. These agree well with the SPHENO
values for the higgsino-LSP pMSSM models (shown as green points).

However, the simplified models considered by the Compressed analysis did not include
the radiative decay BR()Z(Q) — )Z?—l—y). This decay mode was removed and the x5 — X176~
branching ratios re-scaled. The radiative decay branching ratio, shown in Figure 4.18b,
is significant for the pMSSM models, particularly at small mass splittings. The grey
crosses in Figure 4.18a show the re-scaled x5 — xu"p~ branching ratios which were
used for the Compressed analysis simplified models. These are much larger than the

branching ratios for the higgsino pMSSM models.
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Figure 4.18.: Scatter plot of the mass difference between the second and lightest neutralino
versus (a) BR()Zg — )2(1)”+u_), (b) BR()Zg N 7). The plots include
pMSSM models from both the EWKino and Bino-DM scans that lie inside the
relevant higgsino or wino/bino simplified model expected exclusion contour
from the Compressed analysis. Points are coloured with RGB value set to the
Y5 wino/higgsino/bino fraction. The crosses in (a) indicate the higgsino-LSP
simplified model branching ratio from SUSYHIT (green), the branching ratio
used in the Compressed analysis for higgsino-LSP simplified models (grey), and
the branching ratio used in the Compressed analysis for wino-LSP simplified
models (red).
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Figure 4.19.: Diagram of the signature targeted by the 2L.2J analysis.

Additionally, the simplified wino/bino models considered in the Compressed analysis
used BR(X5> — X0t p™) = 3.5% for all points (indicated by the red crosses in Figure
4.18a). This is larger than the wino pMSSM model branching ratios (shown in red).

Overall, the more realistic pMSSM models have a smaller 5 — ¥iu"p~ branching
ratio than the simplified models used in the original Compressed analysis interpretation.
The same conclusions hold for the ¥5 — ¥leTe™ decay mode. This explains the reduced
sensitivity to the pMSSM models compared to the simplified model exclusion contours

seen in Figures 4.16 and 4.17.

2L2J

The ‘2L2J" analysis [112] searched for SUSY production processes with a final state
including two leptons, two jets and missing transverse momentum. Several simplified
models were used to optimize the search strategy and interpret the results, including
strong-SUSY and gauge-mediated SUSY breaking (GMSB) models. The model relevant to
the pMSSM scans considered here is shown in Figure 4.19 and consists of pair-production

of ¥i- and 5. The following simplified model assumptions were made:
e 1 is pure bino
o ¢if and {Y are pure wino and have equal mass
e BR(3T — W) = 100%

e BR(% — Z2%%Y) = 100%
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For cases where Am(X5, X1) > my, the two leptons originate from an onshell Z boson,
so are required to be same-flavour opposite-sign and have a dilepton invariant mass
consistent with the Z boson mass. Furthermore, the dijet invariant mass is required to be
consistent with either the W or Z boson mass. Additional ‘offshell” signal regions target
scenarios with smaller mass splittings where the Y5 decay proceeds via an offshell Z
boson. These regions instead use high pt jets and tighter mps selections to discriminate

signal from background.

The 2L2J exclusion of EWKino scan models in the i —%) mass plane is shown in
Figure 4.20a. The area of exclusion agrees well with the overlain 2L.2J simplified model
exclusion contour. There is leakage beyond the contour in the compressed region, which
can also be seen in Figures 4.20b and 4.20c where the exclusion is shown with Am(%3, ¥?)

and Am(xi, x1) on the y-axis, respectively.

The exclusion of compressed-mass scenarios is mainly due to contributions from
heavier electroweakinos. Figure 4.21a demonstrates this, showing the total truth-smeared
signal region yields for each SUSY production process, summed over the models in
the EWKino scan which are excluded by 2L2J (at truth-level) and lie outside the
simplified model expected exclusion contour with m()zli ) < 300 GeV. The yields for the

‘High’, ‘Intermediate’ and ‘Low’ p™* signal regions, and the ‘Offshell’ signal region, are

shown separately. The High and Intermediate p'™ regions dominate, with contributions
primarily from ¥3-Y5 and X5 —v5 pair-production — mechanisms which were absent
in the original simplified model interpretation. This is similar to the exclusion seen in
the compressed region for FullHad in Section 4.4.1. In this case, two leptons can be
produced via the Y3 — ZYi or ¥§ — Zxi decays and jets via the x5~ — Wx} decay.

miss

The compressed )Zli, %9 and ! then behave as a collective p™* system.

The exclusion drops off towards the edges of the contour in Fig 4.20a due to deviations
from the simplified model assumptions. Figure 4.21b shows the distribution of the
%9 — ZxY branching ratio for models in the EWKino scan which lie inside the simplified
model exclusion contour, before and after applying the 2L.2J search. As expected, the
exclusion is strongly correlated with this branching ratio. At the edge of the area of
2L.2J sensitivity, where acceptance is smallest, models need to be closer to the simplified
model (ie. have BR(Y5 — Z¥] ~ 100%) to be excluded.
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Figure 4.20.: Fraction of EWKino scan models excluded by 2L2J in several mass planes. Grey
bins contain no models and black bins have 0% exclusion. (a) is overlain with
the observed exclusion contour for the simplified model in Figure 4.19.
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Figure 4.21.: (a) Total inclusive truth-smeared 2L2J analysis signal region yield for each
SUSY production process separated by signal region, for all models which are
excluded by 2L2J (at truth-level) and lie outside the simplified model exclusion
contour in the Y9-¥. mass plane with m()}li ) < 300 GeV. (b) Distribution of
the )Zg — 7 )2(1] branching ratio for models in the EWKino scan which lie inside
the 2L2J expected exclusion contour. The ratio panel shows the fraction of
models excluded by 2L2J.

Higgsino WZ Wino/Bino WZ Wino/Bino Wh

(Figure 4.22a) (Figure 4.22a) (Figure 4.22b)

(X?,Xli ,N2) are a )2[1) is pure bino, )2? is pure bino
higgsino triplet )Zli and )23 are pure wino

BR(vi — W) = 100%
BR(%S — Z*%)) =100% | BR(x3 — ZW¢Y) = 100% | BR(¥3 — hy)) = 100%
m(%i ) = (m(¥3)+m(x1))/2 m(%i ) =m(%2) m(%i ) =m(%2)

Table 4.11.: Simplified model assumptions corresponding to the models for the 3L analysis in
Figure 4.22.

3L

The ‘3L’ analysis [111] targeted ¥i" X3 pair-production with a three-lepton final state.
The signal regions were optimized for, and results interpreted in, several simplified SUSY

models which are summarised in Table 4.11. Relevant diagrams are shown in Figure 4.22.



Interpretation of /s = 13 TeV ATLAS searches in the pMSSM 93

14

X4

X4

p h°$X
14
14

(b)
Figure 4.22.: Diagrams of the signatures targeted by the 3L analysis.

The analysis includes signal regions targeting decays via both onshell and offshell W,

7 and Higgs bosons through a selection on the invariant mass of a same-flavour opposite

sign lepton pair. The onshell signal regions are binned in my, while the offshell regions
miss

use selections on a variety of kinematic variables, including m, mrg, pp*°, and pp™, to

discriminate signal and background.

Figure 4.23 shows the exclusion from the 3L onshell (WZ) signal regions of the
EWKino scan models in the m(¥i" )-m(x}) and m(x3)-Am(x3, X}) planes. Figure 4.23a
includes bino-like LSP models from the EWKino scan and Figure 4.23b includes higgsino-
like LSP models from the EWKino scan. The observed exclusion contour for the relevant
simplified model in each case is overlain. The exclusion seen is consistent with the
contours but weakens towards the edges. The distribution of BR()ZS — 7 5((1)) for models
in the EWKino scan that lie inside the 3L onshell (WZ) exclusion contour is shown in
Figure 4.24. As expected, there is a clear correlation between this branching ratio and

the fraction of models excluded.

Figure 4.25 shows the exclusion from the 3L (offshell) signal regions in the m(y9) —
Am(x3, ¥1) plane for (a) Bino-DM scan models and (b) higgsino-LSP EWKino scan
models. The observed exclusion contours for the relevant simplified models are overlain.
The bino-LSP models in Figure 4.25a are well covered at low m(f(g), though the exclusion
drops off towards higher m(f(g) where the production cross-section and acceptance
decreases. The region covered by the higgsino contour in Figure 4.25b is not well sampled
by the higgsino models in the EWKino scan, which in general have smaller mass splittings.

Nonetheless, the exclusion seen is consistent with the expected contour. The bulk of the
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Figure 4.23.: Fraction of models excluded by the 3L onshell WZ signal regions in (a) the
)Zli —)2(1) mass plane for bino-LSP models from the EWKino scan and (b) the
m()Zli) — Am()}%, )2(1)) plane for higgsino-LSP models from the EWKinon scan.
Grey bins contain no models and black bins have 0% exclusion. The observed
exclusion contour for the relevant simplified model is overlain.
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Figure 4.24.: Distribution of the )2% — 7 )2(1] branching ratio for EWKino scan models which
lie inside the 3L onshell (WZ) simplified model exclusion contour. The ratio
plot shows the fraction of models excluded by 3L onshell (WZ).
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Figure 4.25.: Fraction of models excluded by the 3L (offshell) analysis in the 2D plane of
m(f(g) Vs. Am(f(g, )2(1]) Grey bins contain no models and black bins have 0%
exclusion. The observed exclusion contour is overlain for the relevant simplified
model in Table 4.11 for (a) bino-LSP models from the Bino-DM scan and (b)
higgsino-LSP models from the EWKino scan.

higgsino-LSP models in the EWKino scan lie below the 3L (offshell) contour and are

instead covered by the Compressed analysis.

4L

The search for SUSY in events with four or more leptons [115], referred to as 4L here,
targeted a variety of models which can produce high lepton-multiplicity final states.
Specifically, the analysis results were interpreted in R-parity violating scenarios in which
the lightest neutralino is not stable and general gauge-mediated (GGM) SUSY models
with a gravitino LSP. The latter is shown in Figure 4.26. These scenarios are distinct
from the typical wino/higgsino production scenarios with a neutralino LSP targeted
by the other searches described in this section. Therefore it is not possible to make
direct comparisons between the 4L exclusion of pMSSM models and the simplified model
results. Nonetheless, the fractional exclusion of the EWKino scan models projected into

the Xl —%Y mass plane is shown in Figure 4.27a.

The 4L analysis is expected to be sensitive to the production of the heavier charginos
and neutralinos ()ZQ:E, 1, )22) followed by long decay chains that produce four or more

leptons via W, Z and Higgs bosons. This can provide unique sensitivity to a range
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(b)
Figure 4.26.: Diagrams of the signatures targeted by the 4L analysis.
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Figure 4.27.: (a) Fraction of EWKino scan models excluded by 4L in the )Zli 7)2(1) mass plane.
Grey bins contain no models and black bins have 0% exclusion.
(b) Total inclusive truth-smeared 4L analysis signal region yield for each SUSY
production process, summed over all models in the EWKino scan that 4L is
sensitive to (at truth-level).

of unconventional SUSY scenarios not covered by the other analyses. Indeed, Figure
4.27b shows the total (truth-smeared) signal region yields for each SUSY production
process, split by signal region lepton multiplicity and summed over the models in the
EWKino scan that 4L is sensitive to (at truth-level). As expected, production of the

heavier chargino and neutralinos dominates.
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Disappearing track

The disappearing track analysis targeted compressed scenarios with long-lived charginos.
The targeted model is shown in Figure 4.28. It includes a wino or higgsino ¥i- and x.
The i is long-lived, and leaves a measurable track in the inner detector before decaying

to ¥ and a soft pion which is not reconstructed — resulting in a “disappearing” track.

As outlined in Section 4.2.3, this analysis is not evaluated using SIMPLEANALYSIS
or RECAST as the event generation used is not set up to correctly handle long-lived
particles. Instead, the upper limits on production cross-sections are used to determine
exclusion. Figure 4.29a shows a 2D scatter plot of the pMSSM models from both the
EWKino and Bino-DM scans that are excluded in the 2D plane of the chargino mass vs.
lifetime. Model points in orange are outside the region for which a valid interpolation
of the available cross-section limits can be made. Figure 4.29b shows the fraction of
models from the Bino-DM and EWKino scans excluded by disappearing track in the
m(¥i )-Am(xi, X)) plane. Disappearing track is the only analysis which directly targets
scenarios with a wino-like LSP, where the mass splitting between the lightest chargino
and neutralino is less than 1 GeV. It therefore provides unique sensitivity in the highly
compressed region, though as seen previously the FullHad and 2L2J analyses are also

sensitive to some of these scenarios via decays of heavier electroweakinos.

Figure 4.28.: Diagram of the signature targeted by the Disappearing Track analysis.
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Figure 4.29.: (a) Scatter of pMSSM models in the chargino mass-lifetime plane. Both the
EWKino and Bino-DM scans are included. Models coloured in blue are excluded
by the disappearing track cross-section upper limits, in green are not excluded
and in orange are outside the valid interpolation region.

(b) Shows the fraction of EWKino and Bino-DM scan models excluded by the
disappearing track analysis in the m(){li )fAm()leL , )Z(f) plane. Black bins have
0% exclusion.

4.4.2. ATLAS bSM Higgs constraints

Two additional ATLAS results which constrain bSM Higgs physics are also used to
exclude the pMSSM models.

First, in Reference [148] a combination of searches for invisible decays of the Higgs
boson is performed, placing upper limits on BR(h — invisible). In the pMSSM, the
invisible decay mode of the Higgs boson is h — x1%", and the upper limits can be
used to exclude models with BR(h — X1%}) above the observed limit. Figures 4.30a
and 4.30b show the distribution of BR(h — X1X1) before and after applying the direct
SUSY searches described so far for the EWKino and Bino-DM scans respectively. The
expected and observed upper limits from Reference [148] (0.077 and 0.107 respectively)
are displayed in red. Note that the Bino-DM scan BR(h — X1%}) distribution has an
enhanced tail which contains models in the Higgs funnel region. The BR(h — invisible)

limit excludes only a few models that are not already excluded by the direct searches.
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Second, in Reference [117] a combined Higgs boson cross-section and branching ratio
measurement is used to place limits on the mass of the pseudoscalar Higgs boson, m(A).
Figures 4.30c and 4.30d show the distribution of m(A) before and after applying the
direct SUSY searches described so far for the EWKino and Bino-DM scans respectively.
The observed lower limit from Reference [117], m(A) > 480 GeV, is displayed in red. The
difference in the shape of this distribution between the two scans is due to the preference
for m(A) ~ 2 x m(x}) in the Bino-DM scan so that the A-funnel annihilation mechanism

%) = A can reduce the dark matter relic density.

4.4.3. Overlaps and unique sensitivity

The overlap in sensitivity between the analyses discussed in this section is displayed in
Figure 4.31. The number in each box indicate the percentage of the models excluded
by the analysis on the y-axis which are also excluded by the analysis on the x-axis. For
example in Figure 4.31a, of the models excluded by FullHad, 22% are also excluded by
2L.2J (top row, fifth column). For most analyses, the largest overlap is with the 2L.2J and
3L analyses which covered the largest area of the y;- / 9%} mass planes. Disappearing
Track provides mostly unique exclusion, though there is some overlap with FullHad and

21.2J as discussed previously.

Figure 4.32 indicates models with unique (expected) sensitivity for each search. All
excluded models are shown (except for Figure 4.32¢ where only excluded models with
unique analysis sensitivity are shown), and each model point is coloured according to the
analysis with unique sensitivity (or coloured silver if multiple analyses have sensitivity).
In general, each analysis displays some unique sensitivity in the region corresponding
to its reported simplified model exclusion. FullHad and 2L2J notably provide unique
sensitivity to models with small mass-splittings in the EWKino scan in Figure 4.32b,
as discussed previously. Also notable is the unique sensitivity of 1Lbb in Figure 4.31a.
This search had a relatively poor fractional exclusion in the ¥3—x] mass plane. However,
it provides a significant amount of unique exclusion as the only search that specifically

targeted the x5 decay via a Higgs (rather than Z) boson.
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Figure 4.30.: Distribution of BR(h — ¥1%}) (first row) and m(A) (second row) before and
after the ATLAS Run 2 direct searches. The first column shows the EWKino
scan and the second column the Bino-DM scan. Relevant upper /lower limits are
shown as red lines. Only models with m(f(li ) < 1200 GeV and m()Z(l)) < 500 GeV
are included to focus on the region the ATLAS searches are sensitive to.
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Figure 4.31.: Percentage overlaps in the exclusion of each ATLAS analysis. For each square,
the number and colour indicates the percentage of the models excluded by the
analysis on the y-axis which are also excluded by the analysis on the z-axis, ie.
100 x N, /N, where N, is the number of models excluded by the results on
the z AND y axes and N, is the number of models excluded by the result on
the y axis.
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Figure 4.32.: Scatter plots coloured by the search (not including m(A) and BR(h — inv.)
constraints) with unique (expected) sensitivity. Models that multiple searches
are sensitive to are shown in silver. Only models that are excluded are shown
and for clarity in (c) only models with unique analysis sensitivity are shown due
to the density of points. The first row shows the EWKino scan and the second
row the Bino-DM scan. The first column shows the m(%i )-m(%)) plane and
the second column the m(f(g)fAm(f(g, )2(1)) plane.
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4.5. External constraints

In addition to the ATLAS results discussed in the previous section, various non-ATLAS
‘external’ constraints can be used to constrain the pMSSM models. The external con-
straints considered in this analysis are summarised in Table 4.12. These constraints are
applied to the EWKino and Bino-DM model sets before producing all results in the
following sections. In this section, each constraint will be discussed and its impact on the
pMSSM scan(s) presented. Note that constraints related to dark matter are not included
in Table 4.12 and will be discussed separately in Section 4.7. The EWKino scan and
Bino-DM scan have similar distributions and selection efficiencies for each constraint
variable. Therefore for brevity, the distribution of each constraint variable will be shown
for the EWKino scan only.

LEP

Searches for charginos at LEP [135] placed a lower bound of 91.9 GeV on the mass of

the lightest chargino, and a stricter bound of 103 GeV for scenarios with moderate mass

External constraints

Constraint Lower bound Upper bound  Reference
LEP
m(z) 103 GeV (Am(%i, %)) > 3 GeV ) Combined LEP constraint [13]

91.9 GeV (Am(%iE, %)) < 3 GeV)

Higgs mass

m(h) 120 GeV 130 GeV Window around m(h) &~ 125 GeV [173]
Flavour

BR(b — sv) 311x 1074 387x 107" 2022 PDG average + 20 [13]

BR(B, — pup)  1.87x107° 431x10°7  Most recent LHCb result + 20 [171]
BR(B" > 7v) 610x107° 157x 107" 2022 PDG average + 20 [17)]

EW precision

Ap —0.0004 0.0018 GFITTER group [175]

i (2) 2 MeV SLC and LEP measurements [170].
m(W) 80.347 GeV 80.407 GeV 2022 PDG average =+ 20 [13]

e excluding CDF measurement [177]
e +6 MeV from u/c on m(t) [178]

Table 4.12.: Additional non-ATLAS constraints from previous collider searches, Higgs mea-
surements, flavour physics observables and electroweak precision measurements.
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splittings. As specified in Section 4.2.1, all models failing this constraint are removed
from the EWKino and Bino-DM scans by default.

Higgs boson mass

The distribution of the Higgs boson mass is shown in Figure 4.33 for all EWKino scan
models and those that survive ATLAS Run 2. The Higgs boson mass has been measured
precisely — for example, Reference [173] measured m(h) = 124.94+0.174+0.03 GeV.
However, applying such a tight constraint to the pMSSM models would be unnecessarily

restrictive.

The calculated Higgs mass in the MSSM is influenced by the masses of the various

sparticles, in particular the mass of the stop. In the pMSSM scans performed here,

o - — =
% - /5=13TeV,140 fo! .
= | m(%}) <1200 GeV, m(%?) < 500 GeV 7
G 103 EWKino scan ,
5 = All models (=
o - W After ATLAS Run 2 -
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2 L i

102
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100
1.0

0.5

Frac. excl.

0.0 M
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m(h) [GeV]

(a)

Figure 4.33.: Distribution of the Higgs boson mass before and after ATLAS Run 2 for the
EWKino scan model set. The red dashed lines indicate the 120 GeV-130 GeV
mass window used to constrain the model set. The ratio panel shows the
fraction of models excluded by ATLAS. Only models with m(¥i ) < 1200 GeV
and m()}?) < 500 GeV are shown to focus on the region ATLAS searches are
sensitive to.
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the stop is decoupled with a mass parameter varying between 2-5 GeV and does not
impact the sensitivity of the searches considered (event generation is not performed for
the production of stops and other squarks). Therefore, for a given model the Higgs
mass could be arbitrarily corrected to the experimental measured value by modifying
the masses of the decoupled sparticles. However, a loose window of 120 GeV — 130 GeV
is imposed to ensure that the kinematics of the Higgs boson in the generated events is
“Standard Model-like” and similar to that assumed in the development of each ATLAS
search. Within this window, the ATLAS sensitivity to the pMSSM models is found to be
independent of the Higgs mass, as shown in the ratio panel of Figure 4.33. As specified
in Section 4.2.1, this Higgs mass window is used to constrain the EWKino and Bino-DM

model prior to producing all results shown in this chapter other than Figure 4.33.

Flavour constraints

The branching ratios BR(b — sv), BR(B, — uu) and BR(BT — 7v) are all required
to lie within two standard deviation (20) intervals around the latest experimental
measurements. In the pMSSM models, loop contributions involving sparticles impact
these branching ratios such that they may disagree with the experimental measurements.
The distributions of each are shown in Figure 4.34 for all models in the EWKino scan
and those that survive the ATLAS Run 2 results. In each plot, the constraint window
used is indicated by red dashed lines. For BR(b — s7) and BR(B™ — 7v) much of the
tails in the distributions that lie outside the constraint window are also excluded by
ATLAS — mainly by the ATLAS constraint m(A) > 480 GeV. The ATLAS exclusion is
fairly independent of BR(B, — puu) on the other hand.

EW precision constraints

The distributions of three electroweak precision observables are shown in Figure 4.34 for
all models in the EWKino scan and those that survive the ATLAS Run 2 results. At
the time of writing, some controversy exists around the measured mass of the W boson,
with the latest measurement from CDF [177] conflicting with both the Standard Model
prediction and other experimental measurements. In this analysis, the PDG average
of experimental measurements of the W boson mass, excluding the CDF measurement
in Reference [177], is used to constrain the pMSSM models. The CDF measurement

is displayed separately in Figure 4.35a. If confirmed it would provide evidence of bSM
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Figure 4.34.: Distribution of flavour observables for EWKino scan models before and after
ATLAS Run 2. The red dashed lines indicate the window used when applying
each constraint to the model sets. The ratio panel shows the fraction of
models excluded by ATLAS. Only models with m(f(li) < 1200 GeV and
m(f((l)) < 500 GeV are shown to focus on the region ATLAS searches are
sensitive to.
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Figure 4.35.: Distribution of electroweak precision observables for EWKino scan models
before and after ATLAS Run 2. The red dashed lines indicate the bound(s)
used when applying each constraint to the model sets. The ratio panel shows the
fraction of models excluded by ATLAS. Only models with m()Zli ) < 1200 GeV
and m(%}) < 500 GeV are shown to focus on the region ATLAS secarches are
sensitive to.

physics and point to a narrow range of pMSSM scenarios — 3.6% of EWKino scan models
lie in the displayed CDF range. The W mass window used to constrain the models
(and displayed in Figure 4.35a) is expanded by 6 MeV to account for the experimental
uncertainty of the top-quark mass which impacts the MSSM W mass calculation [178].
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The electroweak parameter Ap, displayed in Figure 4.35¢c, probes the radiative
corrections to the Z boson coupling strength, the effective weak mixing angle, and the W
boson mass. It is constrained by the global fit result on the oblique parameter [179, 180)]
T = 0.09+0.14 in Reference [175]. The Ap parameter is given by Ap = oT where
a = 1/128. The Z — invisible decay width, shown in Figure 4.35b, is also constrained by
measurements from LEP and SLC to be less than 2 MeV [176]. However, all models in

the EWKino scan (that pass the LEP and Higgs mass constraints) pass this constraint.

Overlaps

The overlap in sensitivity between the constraints discussed in this section, and the
ATLAS results from the previous section, is displayed in Figure 4.36. The number in
each box indicates the percentage of the models excluded by the constraint on the y-axis

which are also excluded by the constraint on the z-axis.
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Figure 4.36.: Percentage overlaps in the exclusion of each constraint. For each square, the
number and colour indicate the percentage of the models excluded by the
result on the y-axis which are also excluded by the result on the z-axis, ie.
100 x N, /N, where N, is the number of models excluded by the results on
the z AND y axes and N, is the number of models excluded by the result on
the y axis.
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4.6. Overall ATLAS constraints on electroweakinos

In this section, the overall ATLAS exclusion of the EWKino and Bino-DM scans is
presented. To determine whether a model is ‘excluded’; the analysis with the best (ie.
smallest) expected CLE*P of the ATLAS searches discussed in Section 4.4 is used. If the
observed CLOP for that analysis is less than 0.05, the model is considered to be excluded.
Models that do not satisfy the ATLAS m(A) and BR(h — inv.) constraints are also
categorised as ‘excluded by ATLAS’. Only models which pass all external constraints in
Table 4.12 are included here, such that the ATLAS exclusion of otherwise viable” models
is being studied.

Electroweakino masses

Figure 4.37 shows the fraction of models excluded by ATLAS in the i —%) mass plane
for the (a) EWKino and (b) Bino-DM scans. To indicate the region of simplified
models excluded by ATLAS, the overlain contour shows the envelope of the 3L, 21.2J
and FullHad analysis observed exclusion of a i- X3 — Wx1Z%} simplified model with
BR(x3 — ZW5Y) = 100%.

In general, the regions excluded match the areas covered by the simplified model
contours. However, it is notable that only a handful of bins show 100% exclusion,
indicating that despite the optimistic simplified model exclusion contours, many scenarios
remain uncovered, even at relatively low yi° mass. As discussed for individual analyses
in Section 4.4, the fraction of models excluded decreases towards the edges of the overlain
contour, where analysis acceptance decreases such that there is no sensitivity to models
with smaller branching fractions and cross-sections compared to simplified models. The
distribution of models is significantly different between the EWKino scan and the Bino-
DM scan. The EWKino scan fills the plane approximately uniformly, while the dark
matter relic density requirement imposed on the Bino-DM model sample concentrates

models in the funnel regions with m(¥}) ~ m zn/2 and in the compressed regions.

Figure 4.38 shows the fraction of models excluded by ATLAS in the Y5 X mass plane
for the (a) EWKino and (b) Bino-DM scans. The same contour as Figure 4.37 is overlain.

The exclusion pattern is similar to the ¥i- x| mass plane, but for the EWKino scan

®The models do not necessarily satisfy dark-matter-related constraints which are discussed separately in
Section 4.7. All Bino-DM models do satisfy the dark matter relic density constraint by construction
though.
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Figure 4.37.: Fraction of models excluded by Run 2 ATLAS results in the Xli —)2(1) mass
plane for the (a) EWKino and (b) Bino-DM scans. Only models which pass all
non-dark-matter external constraints are included. Grey bins contain no models
and black bins have 0% exclusion. The overlain contour shows the envelope of
the FullHad + 2L2J + 3L exclusion of a ¥i" {9 — W Z%) simplified model
with BR(%3 — 2 ¢)) = 100%.
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Figure 4.38.: Fraction of models excluded by Run 2 ATLAS results in the )287)2(1] mass plane
for the (a) EWKino and (b) Bino-DM scans. Only models which pass all
non-dark-matter external constraints are included. Grey bins contain no models
and black bins have 0% exclusion. The overlain contour shows the envelope of
the FullHad + 2L2J + 3L exclusion of a ¥ {9 — W Z%) simplified model
with BR(%5 — 2% ¢)) = 100%.
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sensitivity is seen beyond the overlain contour for Y3 masses up to 2 TeV. These are
scenarios with a wino-like ¥} and ¥i- and bino- or higgsino-like Y5 with a large mass
splitting. The disappearing track analysis is sensitive to the highly compressed X} and

~t . .
X1 in these scenarios.

Exclusion outside of the overlain contours can be seen in the compressed regions of
Figures 4.37 and 4.38. These regions can be seen explicitly in Figures 4.39 and 4.40
which show the fraction of models excluded by ATLAS in the m(x3) vs. Am(X5, X)) and
Am(xi, %}) planes respectively.

Figure 4.39a shows models from the EWKino scan and is overlain with the envelope
of the 3L and Compressed analysis observed exclusion of the ATLAS higgsino simplified
model. Inside the contour, most bins display over 50% exclusion, and the exclusion also
extends beyond the region covered by the contour. The FullHad and 2L.2J analyses have
sensitivity to many of these compressed models, as discussed in Section 4.4. Production
mechanisms involving higher mass electroweakinos such as Y5 and Y} are contributing
here with the compressed Yi, Y3 and ¥} acting as a collective p* system. Indeed, the
sensitivity halts at around Y5 ~ 450 GeV, which corresponds to the upper limit on )

for simplified models excluded by FullHad and 2L.2J.

Figure 4.39b shows models from the Bino-DM scan and is overlain with the envelope
of the 3L and Compressed analysis observed exclusion of a wino-¥;- /X5 and bino-LSP
simplified model. Strong exclusion is seen for the lowest mass bins, but this reduces
towards the edge of the overlain contour. Exclusion is seen beyond the overlain contour
for small mass splittings (Am(xi , X]) < 5 GeV) up to m(x3) ~ 500CGeV. This is mainly

due to the disappearing track analysis which is not included in the overlain contour.

Figure 4.40 shows the fraction of models excluded by ATLAS in the m(¥i) vs.
Am(xi", X)) plane. The EWKino scan is shown in Figure 4.40a for highly compressed
scenarios with Am()zli , )2(1)) < 1 GeV. These are predominantly wino-like LSP models
and sensitivity is provided by the disappearing track analysis and FullHad/2L.2J from
decays of heavier electroweakinos as discussed previously. For the Bino-DM scan, shown
in Figure 4.40b, the models in this compressed region mainly contain a wino-like ¥i~ and
X5 which are close in mass to the bino-like LSP to reduce the dark matter relic density
through yi- / %5 co-annihilation. The disappearing track analysis is providing the bulk of

the sensitivity here.

Figures 4.41a and 4.41b show the distribution of the ¥} mass for the EWKino and

Bino-DM scans respectively. The distributions are shown separately for a bino-, wino-
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and higgsino-like ¥J. In the Bino-DM scan, an LSP with a mass below 100 GéV is almost
entirely excluded, but the sensitivity rapidly drops off with increasing mass. Most models
with an LSP mass greater than 200 GeV remain viable. In the EWKino scan, Bino-LSPs
of all masses remain viable, with only up to around 50% of models excluded in any bin.
A wino-like LSP is the most constrained by the ATLAS results, with greater than 50%

exclusion up to around m(x}) ~ 450 GeV.

Figures 4.41c and 4.41d show the distribution of the ¥i- mass for the EWKino
and Bino scans respectively. The distributions are shown separately for a wino- and
higgsino-like ;. The exclusion fractions shown in the ratio panels differ for each scan.
In the EWKino scan, a larger exclusion fraction is seen for a wino-like yi© while in the
Bino-DM scan a larger exclusion fraction is seen for a higgsino-like yi-. This relates to

the typical spectrum in each scan as follows.

In the EWKino scan, a higgsino-like ¥~ is typically part of a compressed-mass triplet
with X} and X5 (with mass splittings around a few GeV). The Compressed and 3L
(offshell) analyses provide some sensitivity to these scenarios. A wino-like Yio in the
EWXKino scan is either very close in mass to a wino-like ¥} or well separated from the ¥}
and instead nearly mass-degenerate with %5. In the former case, the disappearing track
analysis provides good coverage, while the latter case was targeted by the 1Lbb, 2L0J,
21.2J and 3L searches. Therefore overall more exclusion is seen for wino-like rather than

higgsino-like yi’s.

In the Bino-DM scan, however, a model with a higgsino-like ¥i~ is most likely a
funnel-region model. Here the LSP is bino-like with a moderate mass splitting from
the higgsino-like ¥i~, x5 and x5 such that the direct non-compressed searches have
good sensitivity. A model with a wino-like ¥i* in the Bino-DM scan will most likely
contain a bino-like LSP with a small mass-splitting to the wino-like ¥i- and {5 such
that co-annihilation is enhanced to reduce the relic density. These compressed scenarios
primarily receive coverage from the disappearing track analysis, but the other direct
searches have limited sensitivity. Therefore overall more exclusion is seen for higgsino-like

rather than wino-like ¥i°’s.

Finally, Figure 4.42 shows a summary of the fractional exclusion of each electroweakino
mass in the (a) EWKino and (b) Bino-DM scans. The majority of scenarios remain
uncovered by current searches, with 100% exclusion only seen in the very lowest mass
bins. It is emphasised that one must be careful when interpreting the fractional exclusion

shown here and in other Figures. These fractions are highly dependent on the model
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Figure 4.41.: Distribution of the LSP mass (first row) and y; mass (second row) before

and after ATLAS Run 2, split by bino-/wino- /higgsino-type (note that in (b)
all LSPs are bino-like by construction). The first column shows models in the
EWKino scan that pass all non-dark-matter constraints and the second column
models in the Bino-DM scan that pass all non-dark-matter constraints. The
ratio panels show the fraction of models excluded by ATLAS in each case.
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Figure 4.42.: Summary plots showing the fraction of models excluded by ATLAS across the
masses of each electroweakino for models which pass non-dark-matter external
constraints. (a) shows the EWKino scan and (b) the Bino-DM scan. Grey bins
contain no models and black bins have 0% exclusion.

sample used — this can be seen by comparing the EWKino and Bino-DM scan for example.
Therefore a qualitative rather than quantitative message should be drawn from these
results. However, even relatively low-mass scenarios that one may assume to be excluded
based on published simplified model limits remain viable. Overall, electroweakinos remain

vastly under-explored after Run 2.

Branching ratios

Figure 4.43 shows the distributions of BR(x5 — %1Z), BR(X> — X1h) and BR(Y5 —
Xi W) before and after ATLAS Run 2. The first column shows the EWKino scan
and the second column the Bino-DM scan. Note that these are branching fractions for
two-body decays via onshell Z, h or W bosons. Therefore the large peaks at zero in
all of these distributions contain models with compressed spectra for which three-body

offshell decay modes dominate.

For the EWKino scan, the plots are separated by LSP type as the distribution and
ATLAS sensitivity is distinct for each. These onshell decay modes are not relevant to
models with a higgsino-like LSP so these are not shown. For models with a bino-like
LSP in both the EWKino and Bino-DM scan, the highest exclusion by the ATLAS

results occurs for large values of BR()Zg -z ), as expected due to the large number
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Figure 4.43.: )Zg branching ratio distributions for the EWKino scan (first column) and Bino-
DM scan (second column) before and after ATLAS Run 2. The EWKino scan
distributions are split by bino/wino LSP type. Only models that pass all
non-dark-matter constraints are included. The ratio panels show the fraction
of models excluded by ATLAS. Note that BR(f(g — >~<1i W T) refers to the sum
of the W and W™ modes.
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of searches optimised for simplified models with BR()Zg -z ) = 100% whilst only
the 1Lbb search directly targets the Y3 — X1k decay for low mass Yy. This gap will
likely be filled by upcoming ATLAS searches for ¥3’s that decay via a Higgs boson. For
models with a wino-like LSP, the largest exclusion occurs when BR()Z(Q) — Yz ) =~ 15%
and larger BR(Xs — X1h). These branching ratios are impacted by the mass splitting
between the ¥3 and ¥, which also affects the lifetime of the ;. This peak in exclusion
corresponds to models with a chargino lifetime of around 0.1 ns which aligns with the

region of sensitivity of the Disappearing Track analysis.

4.7. Complementarity with dark matter

direct-detection experiments

Direct dark matter detection experiments can also provide sensitivity to SUSY scenarios
that include a dark matter candidate. These search explicitly for interactions between
dark matter (in our case the LSP) and protons/neutrons through scattering processes like
pxX! — px). This is complementary to the collider searches considered so far that target
the production of heavier electroweakinos which decay to the LSP via processes like
pp — )Zli 19— Wx1Zx). Limits from two direct detection experiments are considered

in this section:

1. LUX-ZEPLIN (LZ) [181] — at the time of writing this provides the most stringent

limits on the spin-independent WIMP-nucleon scattering cross-section.

2. PICO-60 [182] — at the time of writing this provides the most stringent limits on

the spin-dependent WIMP-proton scattering cross-section.

In this section, the sensitivity of these experiments and complementarity with ATLAS is
presented for bino-LSP scenarios in the Bino-DM scan and wino-/higgsino-LSP scenarios
in the EWKino scan separately. Only models that pass all other non-dark-matter external

constraints are included.

Note that the limits published by LZ and PICO-60 are for a dark matter candidate
that saturates the observed dark matter relic density, Qh* = 0.12. The majority of models
in the pMSSM scans here instead produce less than the observed relic density. Therefore
for a fair comparison with the limits, all WIMP-nucleon scattering cross-sections shown

in this section are scaled by (Qh?)/0.12 (ie. the ratio of the expected to observed relic
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density) for each model. This obtains the effective cross-sections assuming the remaining

non-LSP dark matter is invisible to the direct detection experiments.

4.7.1. Bino-like LSP

For the Bino-DM scan, the complementarity between ATLAS and the LZ and PICO-60
direct detection experiments can be seen in Figure 4.44. Figures 4.44a and 4.44b show the
LSP mass versus the spin-independent WIMP-nucleon scattering cross-section overlain
with the LZ limit. Figures 4.44c¢ and 4.44d show the LSP mass versus the spin-dependent
WIMP-proton scattering cross-section overlain with the PICO-60 limit. Models from the
Bino-DM scan are shown both before and after the Run 2 ATLAS results, coloured by
the dominant dark matter annihilation mechanism. Similarly, Figure 4.45 shows m(fg(l))
versus Qh? for (a) models in the Bino-DM scan, (b) those that survive the PICO-60 and
LZ limits, (c) those not excluded by ATLAS, and (d) that that survive the PICO-60 and
LZ limits AND are not excluded by ATLAS.

The direct detection experiments strongly constrain the Z/h funnel region in particu-
lar. ATLAS provides good complementarity and excludes the majority of Z/h funnel
region models that lie below the direct detection limits. Overall, just a handful of Z/h
funnel region scenarios remain viable after both ATLAS Run 2 and the direct detection

experiments.

In the bulk region, almost all scenarios with dominant self-annihilation mechanisms to
SM particles, such as Y1} — tt, are excluded by direct detection experiments. Models
that have yit / %9 co-annihilation as the dominant mode have smaller WIMP-nucleon
cross-sections and mostly lie below the direct detection limits. ATLAS does reduce
the density of these scenarios but most, particularly above m(f((f) ~ 200 GeV, are still
viable. These are mostly scenarios with a nearly pure-wino yi- and {9 close in mass to a
pure-bino LSP. Additionally, models in the A/H funnel are also viable. These can have

a larger LSP mass without requiring a compressed mass-spectrum.

4.7.2. Wino- and higgsino-like LSP

Figure 4.46 shows, for models in the EWKino scan with a wino- or higgsino-like LSP,
the distribution of (a) the WIMP-nucleon spin-independent scattering cross-section

and (b) the WIMP-proton spin-dependent scattering cross-section. The distribution is
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Figure 4.44.: Models from the Bino-DM scan which pass all non-dark-matter external con-
straints, coloured by the dominant annihilation mechanism, before (first column)
and after (second column) ATLAS Run 2. (a) and (b) show the m(¥}) vs.
WIMP-nucleon spin-independent scattering cross-section plane overlain with
the limit from LUX-ZEPLIN [181]. (¢) and (d) show the m(x}) vs. WIMP-
proton spin-dependent scattering cross-section plane overlain with the limit
from PICO-60 [182]. The pMSSM model cross-sections have been scaled by
(Q2h?)/0.12 for a fair comparison with the limits.
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mechanism. (a) includes all models, (b) models surviving constraints from
direct detection experiments, (c) models surviving ATLAS Run 2, and (d)

models surviving both ATLAS Run 2 and constraints from direct detection
experiments.
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Figure 4.46.: Distributions of (a) the WIMP-nucleon spin-independent scattering cross-section
before and after LUX-ZEPLIN [181] and ATLAS Run 2, and (b) the WIMP-
proton spin-dependent scattering cross-section before and after PICO-60 [152]
and ATLAS Run 2. Models from the EWKino scan with a higgsino- or wino-
like LSP that pass all non-dark-matter constraints are included. The pMSSM
model cross-sections have been scaled by (©2h%)/0.12 for a fair comparison with
cross-section limits from direct detection experiments.

shown for models that pass all non-dark-matter external constraints, after limits from
the relevant direct detection experiment have been applied, and after constraints from
ATLAS Run 2 have additionally been applied. This reveals the complementarity between
direct detection experiments and ATLAS searches for wino- and higgsino-LSP scenarios.
ATLAS provides good exclusion of low cross-section scenarios which lie well below the
LZ and PICO-60 limits.

Finally, Figure 4.47 shows m(x}) versus Qh® for (a) all models with a wino- or
higgsino-like LSP in the EWKino scan, (b) those that survive the PICO-60 and LZ
limits, (c) those not excluded by ATLAS, and (d) that survive the PICO-60 and LZ
limits AND are not excluded by ATLAS. The points are coloured with RGB value set
to the wino/higgsino/bino fraction of the LSP and the dashed horizontal line indicates
the observed dark matter relic density. Scenarios with a mixed LSP are mostly excluded
by the direct detection experiments and ATLAS excludes most low-mass wino scenarios.
However higgsino-LSP scenarios remain viable at masses as low as 91 GeV, which is
on the boundary of the LEP limit. Additionally, wino-LSP scenarios that saturate the
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Figure 4.47.: Models from the EWKino scan with a wino- or higgsino-like LSP that pass all
non-dark-matter external constraints in the m()”(?) vs. Qh? plane, coloured with
RGB value set to the wino/higgsino/bino fraction of the LSP. (a) includes all
models, (b) models surviving constraints from direct detection experiments, (c)
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indicates the observed dark matter relic density.
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observed relic density are excluded by direct detection experiments, while higgsino-LSP
models with Qh? = 0.12 remain viable. However, these scenarios have an LSP mass

around 1 TeV which is well out of reach for any ATLAS searches in the near future.

4.8. Summary & outlook

4.8.1. Summary of exclusion

Table 4.13 contains a summary of the percentage of models excluded for each LSP type,
for each search and constraint individually and overall. In total, the results presented
in this section can be viewed through two lenses. On the one hand, the final row of
Table 4.13 shows that over 80% of models for each LSP type and scan are excluded when
considering both ATLAS Run 2 and external constraints. This could be interpreted as
disfavouring the viability of SUSY. However, as has been noted previously, a quantitative
interpretation is not entirely appropriate given the dependence of the exclusion fraction
on the priors, ranges and sampling strategy of the scan. So on the other hand, reassurance
could be taken from the results presented in the previous section, which showed non-
excluded models with masses of a few hundred GeV and less — well within the reach of
Run 3 at the LHC.

4.8.2. Viable benchmark scenarios

It is important to understand why these scenarios have been missed by previous searches
such that they can be targeted with future searches. Several benchmark scenarios
are presented that pass all constraints and have LSP/ i /X5 masses which lie within
published simplified model exclusion contours. Only benchmark scenarios with a bino-
or higgsino-like LSP are discussed. Since only the disappearing track search directly
targeted wino-like LSP scenarios, and is applied as cross-section upper limits, the reason
for non-excluded wino-LSP scenarios is simpler: the production cross-section is not large

enough.
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EWKino scan Bino-DM scan
Search Bino-LSP  Higgsino-LSP  Wino-LSP
FullHad 5.28 % 2.57 % 2.97 % 0.24 %
1Lbb 1.23 % 0.00 % 0.00 % 0.10 %
Compressed 0.23 % 1.35 % 0.00 % 1.91 %
2L.0J 2.19 % 0.00 % 0.04 % 0.74 %
2L2J 5.55 % 2.89 % 3.11 % 15.77 %
3LOffshell 1.41 % 0.61 % 0.00 % 11.68 %
3L Onshell WZ 4.07 % 0.74 % 1.18 % 13.29 %
3L Onshell Wh 0.92 % 0.09 % 0.00 % 6.13 %
4L 0.31 % 0.09 % 0.04 % 2.66 %
Disappearing Track 0.06 % 0.13 % 45.7 % 1.87 %
Overall ATLAS 11.24 % 5.70 % 48.45 % 24.88%
Run 2 searches
m(A) > 480 GeV 0.43 % 1.63 % 0.43 % 477 %
BR(h — inv.) < 0.107 0.37 % 0.00 % 0.00 % 8.03 %
Overall ATLAS 11.61 % 7.22 % 48.70 % 28.13%
Run 2
Flavour constraints 25.66 % 28.87 % 25.72 % 34.96 %
EW precision constraints 9.73 % 9.81 % 9.68 % 10.51 %
All non-DM constraints 32.3 % 35.1 % 31.8 % 41.10 %
Overall ATLAS Run 2 | 40.0 % 38.7 % 65.2 % 55.8 %
+ non-DM external
Relic density constraint 96.03 % 12.81 % 0.25 % 0 %
Direct detection constraints | 83.80 % 67.72 % 24.37 % 64.71 %
All external constraints | 98.7 % 79.8 % 48.2 % 78.73%
Overall ATLAS Run 2 | 98.81 % 80.90 % 81.03 % 82.50 %
+ external

Table 4.13.: Percentage of models excluded by each result, for each LSP type and scan.

Bino LSP

Figure 4.48 shows the mass-spectrum for four benchmark models with a bino-like LSP
(from the Bino-DM scan) which pass all constraints and are not excluded by ATLAS Run
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2 analyses. The ', )Zli and Yy masses of all of these models lie within the published
ATLAS simplified model contours for at least one of the SUSY searches considered in

this analysis.

Figure 4.48a shows a model in the Z/h funnel region. This model differs from typical
simplified models as the ¥i- and ¥ higgsino fraction is greater than 98%. Additionally,
this scenario has BR(X3 — ¥1h) ~ BR(X5 — X1Z) ~ 50%. Therefore scenarios such as
this will have smaller signal yields than typical simplified models due to (i) the higgsino-
like i~ /X5 production cross-sections being smaller than wino-like, (ii) the branching
ratios to the typical ¥3 decay modes being half the usual simplified model assumption of
100%. The best analysis for this model is 1Lbb, with a final CLY™ value of 0.33. The
1Lbb analysis targeted the Y5 — YA decay, so perhaps a statistical combination with
21.2J, which targeted the Y5 — %17 decay, would provide sensitivity to such a model.

Figure 4.48b shows a model with a wino yi~ and Y3 with a large mass splitting to the
bino LSP. This scenario has a light A and H such that the dark matter relic density is
reduced via the A/H funnel self-annihilation mechanisms, x)%7 — A/H. Similar to the
Z/h funnel model, this model has mixed Y9 decay modes, with BR(¥s — Xi1h) = 75%
and BR (X3 — X1Z) = 25%. The model lies just beyond the 1Lbb region of sensitivity,
so despite the X3 decay to h being dominant, the 2L.2J search (which targeted the o
decay via Z) has the best sensitivity. As before, a statistical combination may improve

the sensitivity here.

Finally, two scenarios with small mass splittings between the ¥i, Y5 and ¥ are shown
in Figures 4.48¢c and 4.48d. As discussed in Section 4.4.1, these scenarios have a smaller
branching fraction for the Y5 — YT ¢~ three-body decay than the simplified models
used in the original Compressed analysis interpretation. They are instead dominated by
the radiative decay Y5 — X17. Therefore these scenarios are not excluded despite having
masses within the Compressed analysis exclusion contour. In the case of Figure 4.48c,
the ¥, ¥5- and ¥{ are light enough to be within reach of searches such as FullHad and
2L.2J. Indeed, 2L2J provides the best sensitivity to this scenario, with a final CLOP
value of 0.2. Perhaps a dedicated search optimised to scenarios like this could improve

on this sensitivity.
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Figure 4.48.: Mass-spectrum for four benchmark models with a bino-like LSP which pass
all constraints and are not excluded despite having a mass-spectrum within
published ATLAS simplified model contours. Produced using PySLHA [167].
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Figure 4.49.: Mass-spectrum for two benchmark models with a higgsino-like LSP which pass
all constraints and are not excluded despite having a mass-spectrum within
published ATLAS simplified model contours. Produced using PySLHA [167].

Higgsino LSP

Figure 4.49 shows the mass-spectrum of two benchmark models with a higgsino-like LSP
(from the EWKino scan) which pass all constraints and are not excluded by ATLAS Run
2 analyses. The Y| mass and Yy mass splitting of these models is within the published
simplified model contours for the ATLAS 3L (offshell) and Compressed searches.

As with the compressed bino LSP model discussed previously, the 3 — ¥5¢1T ¢~ decay
mode has a smaller branching fraction for these models than the Compressed analysis
simplified models, and the radiative decay is the dominant decay mode. The %9 decay
to xi via an offshell W boson also has a non-zero branching ratio for these scenarios.
Otherwise, the higgsino/bino/wino are well separated in these models, making them fairly
simplified-model-like. The %3 and Y5 have masses under a TeV and large mass-splittings
with the other electroweakinos for both models. Therefore sensitivity could be achieved

to the production of these heavier electroweakinos and their high pr decay products.

4.8.3. Outlook

The results presented in this chapter provide a legacy of the Run 2 ATLAS searches
for electroweak production of supersymmetric particles. The suite of ATLAS searches
was originally optimized for and interpreted in simplified model scenarios, focusing on

a particular production and decay mode. The interpretation of these searches in the
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pMSSM shown here vindicates this simplified model approach. Collectively, the searches
have sensitivity to a broad range of pMSSM scenarios, including those that are not
excluded by measurements of flavour and EW precision observables or dark matter direct
detection experiments. A significant improvement is seen compared to the previous
ATLAS pMSSM interpretations performed with Run 1 search results in References [125]
and [129]. In Reference [129], no sensitivity was seen to bino-LSP scenarios outside the
funnel regions. These updated results show the funnel regions almost entirely excluded

and new sensitivity to electroweak scenarios with compressed mass-spectra.

However, many scenarios remain uncovered — even those with masses well within
published limits. Higgsino-LSP scenarios with O(GeV) mass splittings, for example,
are particularly under-covered. It is important to target these scenarios with future
searches. Run 3 of the LHC will approximately double the size of the ATLAS dataset,
and re-running similar analyses on the new data will provide some modest improvement
to the sensitivity seen previously. But, it may be time to move beyond the simplified
model paradigm and perform targeted searches for the most likely remaining scenarios
— those that satisfy all existing constraints and have evaded ATLAS sensitivity. These
may have non-simplified spectra and mixed decay modes. The pMSSM can provide a
framework of signal models within which to design these searches. Indeed, perhaps the
remaining viable models in the scans presented here can be used as benchmarks by which
to interpret, or even optimise, new searches. This could avoid over-tuning to non-viable

simplified models, and maximise sensitivity to the most likely scenarios.

Finally, there are several avenues to develop this study of ATLAS sensitivity to
pMSSM scenarios. Direct detection experiments place strong constraints on bino-LSP
scenarios in the Z/h funnel regions (even those with a satisfactory dark matter relic
density). This study could be improved by providing a larger sample of bino-LSP models
satisfying this constraint such that a more granular analysis of the ATLAS sensitivity to

surviving scenarios could be performed.

Also, the interpretation of models with low-mass and compressed Yi, ¥ and ' is
limited by several simplifications outlined in Section 4.2.3, such as low event-statistics
and simplifications in the evaluation of the Compressed analysis. A future iteration of
this scan should strive to improve this, as compressed scenarios are the least well covered

making them the most important to understand and target with future searches.

The scan and interpretation here focused specifically on the production of electroweaki-

nos. Of course, if realised in nature, supersymmetry may also provide sleptons, squarks
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and gluinos at low mass. Indeed a small mass splitting between a bino-LSP and slepton
or squark provides another co-annihilation mechanism through which the dark matter
relic density can be reduced. The inclusion of low-mass sleptons can also produce a value
of g — 2 compatible with the current experimental measurement [22,23]. Scans of the
pMSSM which include strongly produced sparticles, and sleptons, are under development
and will include reinterpretation of the full suite of ATLAS Run 2 searches for both

electroweak and strong production of supersymmetric particles.

The remaining chapters of this thesis consider two approaches which could be used to
enhance the sensitivity of ATLAS to the remaining viable pMSSM scenarios. Chapter 5
will demonstrate the potential for statistical combinations to significantly extend the
range of exclusion in simplified model scenarios. Statistical combinations such as this are
not performed when evaluating the pMSSM exclusion in this chapter. Developing the
workflow to perform such statistical combinations may provide sensitivity to some of the
missed scenarios with mixed branching ratios that no individual analysis can exclude
alone. Finally, Chapter 6 will consider the potential sensitivity gain from improved pp™

reconstruction performance.
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Chapter 5.

Statistical combination of searches

for chargino production

5.1. Introduction

In Chapter 4, a suite of ATLAS Run 2 searches for supersymmetry (SUSY) was introduced
which targets a range of simplified SUSY scenarios. Some of these searches targeted the
same simplified models but different final states, so have both unique and overlapping
sensitivity in different regions of the same simplified model parameter space. A statistical
combination of such searches can extend and deepen the existing sensitivity offered by

each analysis alone.

This chapter presents the statistical combination of searches which targeted the direct
production of a pair of charginos, followed by the decay of each chargino to the lightest
neutralino via emission of a W boson: pp — ¥ x1 — WTxIW ™ x}. This process is
shown in Figure 5.1. The interpretation is for a simplified model where the ¥i are purely
wino, X} is purely bino and the branching ratio of the vi¥ — W= ¢) decay is 100%. The
only free parameters are the masses of )Zli and ¥?, so signal points will be referred to
using the notation (X,Y") where X = m(¥i") and Y = m(%}) with units in GeV.

These results form part of the ATLAS Run 2 Electroweak SUSY Combinations effort,
which also includes combinations of analyses targeting wino-like Y7 ¥y production followed
by WZ and Wh decays, Higgsino GGM models, and slepton pair production. These
results update the previous combination of Run 1 ATLAS electroweak SUSY analyses [183],
providing the strongest ATLAS exclusion limits on the dominant electroweak SUSY

production mechanisms.
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Figure 5.1.: Feynman diagram for the direct production of a pair of charginos, followed by
decays to the lightest neutralino via emission of a W boson.

5.2. Searches for j'(f)zl_ production

The targeted simplified model produces a pair of lightest neutralinos plus a pair of W
bosons which can subsequently decay either leptonically (W — fv,) or hadronically
(W — qq'). Hence, depending on the decay mode, the final state consists of missing
transverse momentum (p™™) from the neutralinos, plus either zero leptons and hadronic
jets, one lepton and hadronic jets, or 2 leptons and no hadronic jets. Each analysis to be

combined targets one of these three cases:

e The first [60] and second [123] wave ‘two leptons plus zero jets’ (2L0J) analyses

target the fully leptonic case, WW — (0,('v,.

e The one lepton (1L) analysis [151] targets the semi-leptonic case WW — (i,qq'.
e The fully hadronic (FullHad) analysis [139] targets the fully hadronic case WIW —
01419243

Note that 2L0J (wave 1) and FullHad were seen previously in Chapter 4 where they
were interpreted in pMSSM scenarios. The 1L and 2L0J (wave 2) analyses on the other

hand were not available in time for the study in Chapter 4. Figure 5.2 shows the separate
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Figure 5.2.: The original expected (dashed lines) and observed (full lines) exclusion contours
for each of the analyses used in this combination.

95% CL exclusion limits for each of the analyses in the ¥i —x) mass plane. There is

some overlap between the analyses as well as unique sensitivity.

FullHad can access the largest ¥i° masses as the hadronic decay of the W boson has
a larger branching ratio than the leptonic decay mode (68% vs. 32%) which compensates
for the smaller production cross-sections at higher mass. Since FullHad requires no final
state leptons, the p™* trigger is used along with an offline selection p=* > 200 GeV such
that all events have approximately 100% trigger efficiency. Additionally, to discriminate
from large hadronic Standard Model backgrounds, boosted large radius (large-R) jets
with pp > 200 GeV are required. These high pt selections on the final-state objects
preclude sensitivity to small or moderate mass splitting between the vi© and ¥} where

the phase-space is more restricted.

The 2L0J wave 1 analysis on the other hand cannot access larger Yi© masses (where the
production cross-section is smaller) due to the smaller branching ratio of the leptonic W
decay mode. Events are selected with the di-lepton trigger and require two reconstructed
leptons with pp > 10 GeV and pf™ > 100 GeV. These thresholds are much lower than
the FullHad analysis, therefore lower mass signal points with smaller mass splitting are
accessible. The 2L0J wave 2 analysis uses a boosted decision tree to target even lower

mass and moderately compressed scenarios.
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The 1L analysis targets one hadronic and one leptonic W decay, providing sensitivity
between 2L0J and FullHad on the m(¥i") axis. Events are selected with a single lepton
trigger and the requirement of one reconstructed lepton with pr > 25 GeV. One to
three jets with pr > 30 GeV and one large-R W-tagged jet with pr > 250 GeV are also
required, along with p™ > 200 GeV. Lower py thresholds can be applied to leptons
than jets, therefore the use of a final-state lepton in the 1L analysis allows access to points
with a smaller mass splitting compared to FullHad. However, the lepton p requirement
is higher than that in the 2L.0J analysis. This, along with the requirement of a very

high pr jet and large pt ", reduces the sensitivity to the lower mass and moderately

compressed scenarios (which have a more restricted phase-space) that 2L.0J can access.

The statistical combination aims to fill the gaps in sensitivity between these analyses

and extend the reach to smaller mass splittings.

5.3. Method

5.3.1. Performing a statistical combination

A combined statistical fit is performed using the statistical analysis package PyHF
[114,115] v0.7.0 with the Jax [185] backend and SciPy [107] optimizer. Other backends
and optimizers were also tested and confirmed to produce almost identical results. Jax

and SciPy produced the most stable combination with the fewest failed fits.

The key ingredient for each signal point and analysis is a JSON-serialized workspace,
introduced in Chapter 3. The workspaces for each signal point and analysis contain
the background and signal model estimation from each individual analysis. Preserved
workspaces from the original analyses are used without modification (unless specified)
where available. Some new signal points were generated to improve the harmonization of
the grid points across the analyses and increase the density of points in the high-mass
region. New signal point workspaces were generated with the same set-up described in

each analysis publication, and processed using RECAST [115].

The final outputs of the combination are expected and observed CL; values and upper

limits on the signal strength (ugg). A point is considered excluded if CL, < 0.05.
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Figure 5.3.: Signal point workspaces available for each analysis.

5.3.2. Analyses combined for each signal point

As the individual analyses target different regions of the m(f(li , )N((l)) plane they do not
have a perfectly harmonized set of signal points, though as mentioned in Section 5.3
some new signal points were generated to improve the harmonization at high mass. The

points available for each of the analyses are shown in Figure 5.3a.

However, not all of these points are used when calculating the final combined exclusion
contour. Discontinuities in the exclusion of neighbouring points can arise when a point
for which just one analysis workspace is available neighbours a point for which multiple
analysis workspaces are available, as the latter point receives an improvement in CL
from the combination. This causes issues in the calculation of the exclusion contour, so
some points which have been processed for just one analysis are removed from the final
results. The points which are included are shown in Figure 5.3b. The majority of points
that are not included in the combination lie on the high ¥i- mass edge of the 2L0J wave
1 contour (around m(¥i") = 400 GeV) as a workspace is only available for the 2L0J wave
1 analysis. Additionally, several other points are not included in the combination where

a workspace is only available for either 1L or FullHad.

The analyses entering the combination must be statistically independent and not
overlap in their event selection. Orthogonality has been built into the electroweak
SUSY analyses by using common baseline lepton definitions and requiring orthogonality
in lepton multiplicity for each analysis. The baseline lepton definitions used in each

electroweak SUSY analysis are:
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e Electrons: pr > 4.5 GeV, |n| < 2.47, LooseAndBLayerLLHID [180], |z sin 6] < 0.5 mm.
e Muons: pr > 3 GeV, |n| < 2.7, Medium ID [187], |zgsind| < 0.5 mm.

Hence the signal regions for FullHad (no leptons), 1L (one lepton) and 2L0J (2
leptons) are already guaranteed to be orthogonal before any complex analysis selections
are applied. Note that two iterations of the 2L.0J analysis are considered here (wave 1
and wave 2), both of which require 2 leptons and have overlapping selections. For any
given point only one of them can be used in the combination. For each point, the 2L.0J
analysis workspace which results in the lowest expected CL, when fit on its own is used
in the combination. After this selection procedure, there are no points that overlap with

1L or FullHad for which the 2L0J wave 2 workspace is used in the combination.

The overlap between control regions for the analyses to be combined is also tested
by comparing the events selected in data. Only two pairs of analyses are found to have

overlapping data events:

1. 2L0J wave 1 and wave 2 — only the analysis with the best expected CL;, is used as

discussed above.

2. 9 events overlap between 2L.0J wave 2 and 1L. However, the overlap is for control
regions that are not used for the simplified model considered for this combination.
Furthermore, as discussed above 2L0J wave 2 is not combined with 1L for any signal

points since they target very different signal mass scenarios.

Note that workspaces are available for the (400,0), (500,0) and (600, 0) points for
FullHad and 1L while the 2L0J analysis instead has workspaces for the (400, 1), (500, 1)
and (600, 1) points. These 2L0J workspaces are treated as (400, 0), (500,0) and (600, 0)
points for the purposes of the combination so that a full combination of all three analyses

can be produced for these points.

5.3.3. Correlating systematic uncertainties

Some systematic uncertainties are shared between analyses, and should therefore be
correlated in the combined statistical fit. “Correlating” systematic uncertainties from
different analyses means that they correspond to the same nuisance parameter in the
statistical fit. However, where there are differences in the configuration of object defi-

nitions the correlation of associated uncertainties becomes non-trivial. A conservative
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approach is taken here and uncertainties are only correlated where they have identical

configurations and are associated with identical object definitions across analyses.

The lepton, pile-up re-weighting, p**, luminosity and signal cross-section uncertainties
are correlated across all of the analyses. The Jet Energy Scale (JES) uncertainties for
small-radius (small-R) jets are correlated across 2L0J and 1L as both analyses used

miss

the same configuration. The FullHad analysis only used small-R jets for the pt
and minA¢(j, pp
which precludes correlation with the 2LL0J and 1L small-R JES uncertainties. The JES

systematic uncertainties associated with large-R jets, and all Jet Energy Resolution

) calculation and applied a simplified JES uncertainty configuration

(JER) uncertainties, are not correlated across any of the analyses due to differences in
the configurations used. This is unfortunate given the overlap in sensitivity between 1L

and FullHad and the importance of jets in both analyses.

Some theoretical uncertainties are also shared between analyses. For FullHad and 1L,
the following theoretical uncertainties are correlated: the factorisation, renormalisation,
PDF, matching (CKKW) and resummation uncertainties of the Z+jets and W-jets
backgrounds. For 2L0J and 1L, the diboson renormalisation, factorisation and PDF
uncertainties are correlated. For some background processes different (versions of) Monte
Carlo generators were used for different analyses, and the corresponding uncertainties

are left uncorrelated for the combination.

Figure 5.4 shows the absolute and relative difference between the combination CL;
values with and without the experimental systematics correlated. Figure 5.5 shows the
absolute and relative difference between the combination CL, values with and without the
theoretical systematics correlated (but correlating experimental systematics in both cases).
For the majority of points, the impact of correlating the systematics is negligible, though
a handful of points around (500,200) do see a 10-20% reduction in CL, values when
correlating the systematics. The final results will be presented for a combination with

both uncorrelated and fully correlated (both experimental and theoretical) systematics.
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5.4. Validation

5.4.1. Validation of analysis inputs

The original analyses used HistFitter [185] for the computation of their CL, values,
while the combination is performed using PyHF as outlined in Section 5.3. It has been
verified that the difference in the CL, values obtained using PyHF instead of HistFitter is
negligible. This can be seen in Figures 5.6 and 5.7, which show the original CL, values for
each analysis, and the difference for the value obtained by re-running the fit with PyHF.
No differences within two decimal places are seen for FullHad. There are differences for
2L0J wave 1 and 2 for several points, though these are mostly outside each analysis’
area of sensitivity, and do not impact the exclusion contours. The (700, 1) point has
a particularly large discrepancy for 2L0J wave 1, which may be due to an incorrectly
preserved workspace. However the nearby point (700, 0) is already excluded by FullHad,
therefore the (700, 1) point is not needed for the combination and is not included when

producing the final results.

For 1L, a large discrepancy is seen for the (500, 300) point. However this point is not
excluded with a large CL; value in both cases, so this does not impact the exclusion
contour. Note that recalculated CL, values for the (300,0) point for 1L are missing
because the fit failed. This point is removed and does not affect the final combination

exclusion contour as the nearby point (300, 1) is excluded by 2L0J.

The workspaces for the (700,200) and (500, 300) points for the 1L analysis contained
deviations of greater than 1000% for some signal systematic uncertainties in a control
region. This is unphysically large, and for (700, 200) leads to the unexpected exclusion of
this point when running the combined fit. Removing these unphysical deviations (by
setting them to 100%) solves this problem, and produces a more sensible CL; result. The

reported results for these points use these modified workspaces.

5.4.2. Fit stability

The stability of the combination fits must be checked to validate that the combination is
not introducing additional pulls or constraints in the nuisance parameters. To access the
uncertainties on the parameters required to create pull plots, the combination is re-run
using the Minuit [106] optimiser (with Jax backend). It has been verified that the CL;
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Figure 5.6.: The original CL, values (produced with HistFitter) for 2L0J wave 1 and 2, and
the difference for the recalculated values (produced with PyHF).
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Figure 5.7.: The original CL, values (produced with HistFitter) for the 1L and FullHad
analyses, and the difference for the recalculated values (produced with PyHF).
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values produced from combinations using the Minuit optimiser match those produced

using the SciPy optimiser.

To assess the impact of the combination on pulls of nuisance parameters, pull plots are
made for three points which combine different sets of analyses. Figures 5.8, 5.9 and 5.10
show pull plots for the expected exclusion fit for the m(¥i, X7) = (300, 100), (600, 200)
and (900, 300) points respectively. Each of these points combined a different set of
analyses, as indicated in the captions. Only systematics where the pull for the combined
fit is different to two decimal places compared to one of the original analyses are displayed,
with the original analysis pull in black and the combination pull in red. For completeness,
the pull plots for the observed fit are included in Appendix A, along with the systematic

uncertainty correlation matrix.

No significant pulls or constraints are observed and there are no large changes in the
combination pulls relative to each individual analysis. It is concluded from this that the
combination is not introducing any additional pulls or constraints. The pull plots for

several other mass points have also been checked, and the same conclusions drawn.

5.5. Results

The exclusion contours are shown in Figures 5.11 and 5.12 for combinations performed
with both uncorrelated and correlated experimental and theoretical systematic uncer-
tainties. The combination has filled the exclusion gap between the 1L and FullHad
observed /expected exclusion contours and reduced the large expected uncertainty bands
for those analyses. The exclusion has improved significantly above the FullHad exclusion
contour, where neither 1L nor FullHad could reach alone. The improvement is more moder-
ate in the region between the 21.0J and 1L contours around 300 GeV < m(xi") < 500 GeV,
but larger (and more compressed) %) masses are excluded than by either analysis alone.
Correlating systematic uncertainties between the analyses slightly improves the overall
sensitivity, particularly in the central region m(xi-) ~ 500 GeV, but overall does not

have a large impact.

A kink in the —10,,, uncertainty band can be seen around m(xi, x}) = (500, 100) —
in between the regions covered by 1L and FullHad alone. The combination has improved
the sensitivity within the large 1L and FullHad —1o,, uncertainty bands, and this kink

is in the middle where the combination is weakest. The discontinuous shape is likely
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Figure 5.8.: Pull plot from an expected exclusion fit for the m()ZljE , )Z?) = (300, 100) mass point,
which combines the 2L.0J and 1L analyses, with experimental and theoretical
systematic uncertainties correlated as outlined in Section 5.3.3. Only systematics
where the pull for the combined fit is different to two decimal places compared
to one of the original analyses are shown. The combination pulls are shown in
red, the original analysis pulls in black.
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Figure 5.9.: Pull plot from an expected exclusion fit for the m(¥i", %)) = (600,200) mass
point, which combines the 21.0J, 1L and FullHad analyses, with experimental
and theoretical systematic uncertainties correlated as outlined in Section 5.3.3.
Only systematics where the pull for the combined fit is different to two decimal
places compared to one of the original analyses are shown. The combination
pulls are shown in red, the original analysis pulls in black.
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Figure 5.10.: Pull plot from an expected exclusion fit for the m(%i, %5) = (900, 300) mass
point, which combines the 1L, and FullHad analyses, with experimental and
theoretical systematic uncertainties correlated as outlined in Section 5.3.3. Only
systematics where the pull for the combined fit is different to two decimal places
compared to one of the original analyses are shown. The combination pulls are
shown in red, the original analysis pulls in black.
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Figure 5.11.: Combined expected exclusion limit overlaid with the exclusion contours from
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systematics uncertainties and (b) with experimental and theoretical systematics

correlated.
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Figure 5.12.: Combined expected exclusion limit overlaid with the expected CL, values for
each signal point (note for clarity CL, values are not displayed for all available
points). (a) shows the results without correlating systematics uncertainties and
(b) with experimental and theoretical systematics correlated.

an artefact due to a lack of point density nearby. In particular, the points (600, 50)
and (700, 50) are unavailable for the combination (as a workspace was only available for
FullHad for these points), which may be impacting the interpolation for this uncertainty
band.
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Figure 5.13.: The upper limits on the signal strength ugq set by the combination (with

correlated systematics), and the relative change with respect to using the
analysis with the best expected limit at each point with no combination. Note
that for clarity the results are not displayed for all available points.

The depth of exclusion is also checked by studying the limits on the signal strength,
lsiq, as seen in Figure 5.13. Figure 5.13b shows the percentage reduction in the signal
strength upper limit for the combination relative to the analysis with the best expected

limit. An improvement of 10 — 30% can be seen in the region of sensitivity.

5.6. Conclusions

A statistical combination of three searches (1L, 2L0J, FullHad) for charginos has been
performed. The results are interpreted as exclusion limits on a simplified model of
pure-wino chargino pair production, with each chargino decaying to a pure-bino lightest

neutralino via the emission of a W boson.

The combination significantly improves the exclusion in the yi--¥] mass plane and
the upper limits on the signal strength. This combination is only possible due to the
orthogonal event selections of these three analyses. This orthogonality has been built into
the ATLAS electroweak supersymmetry searches by design with a view to this and other

combinations being performed. This choice is vindicated by the improvements shown here
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and motivates a similar approach being taken for Run 3 searches. Closer harmonization of

signal point grids across different searches would also aid future statistical combinations.

Finally, it is emphasized that the exclusion reported in this chapter is for simplified
models only. As demonstrated in Chapter 4, it is still possible for charginos and neutralinos
with masses well within the reported contour to have evaded detection if supersymmetry,
as realised in nature, does not satisfy the assumptions of the simplified model considered.
Chapter 4 included a pMSSM interpretation of the 2LL0J and FullHad searches discussed
in this chapter. However, the 1L search, and statistical combinations of the searches,
were not included. The studies presented here validate the procedure for a combination
of 1L, 2L.0J and FullHad. This opens the door to a future iteration of the pMSSM scan
which includes combinations of these three analyses, along with combinations of analyses
targeting other electroweak production mechanisms, such as Yi- X3 pair production with
decays via WZ or Wh and slepton production. This could improve the sensitivity to
some of the pMSSM models on the edge of exclusion in Chapter 4 and would provide the
most complete picture of the status of electroweak supersymmetry scenarios following

the Run 2 ATLAS searches.



Chapter 6.

METNet: A combined pss
working point using a neural

network

6.1. Introduction

miss ) [

Missing transverse momentum (pr ], introduced in Section 3.4.6, is a key discrimi-

nating observable in many ATLAS searches for supersymmetry. It represents the total
transverse momentum of undetected particles produced in a proton—proton collision.
Dark matter candidates (such as the lightest neutralino in the pMSSM) would escape

ATLAS undetected if produced in a proton—proton collision, resulting in a non-zero

value of pf™. Standard Model neutrinos are also invisible to ATLAS and result in p.

However, finite detector resolution, finite detector acceptance, and contamination of

particles produced in pile-up interactions can all result in the reconstructed p=** differing

. T : _
from the true value of p7™ (pr> ~"°). A non-zero reconstructed pt™> for an event with

miss, True miss

Z€ero P is referred to as fake pt .

miss

The jet contribution to the pp™ calculation is particularly sensitive to pile-up con-

tamination and, as discussed in Section 3.4.6, ATLAS employs a suite of jet selection

miss

working points for pr™* reconstruction. The optimal working point (that which gives

a reconstructed p closest to pin™ ™) for a given event is dependent on the pile-up

conditions and topology of the event. This is demonstrated in Figure 6.1 which shows

the root-mean-square of the difference between the reconstructed value of pﬁ?i,ss and

miss, True

<y (referred to as root-mean-squared error or RMSE) in bins of average number

149



150 METNet: A combined p™™* working point using a neural network

of interactions per bunch crossing (u) for the Tight, Loose, Tenacious and TightClus
working points. Here TightClus uses a cluster-based soft term (but the same jet selections
as Tight) while the other working points use a track-based soft term. For ¢t events (left),
the TightClus and Loose working points have the smallest RMSE at low (u). But as (u)
increases, corresponding to increased in-time pile-up, the performance of the TightClus
and Loose working points deteriorate in favour of Tenacious (which has the strictest
jet requirements). On the other hand for Z — ppu, a topology which produces fewer
hard-scatter jets than tt, the Tenacious working point is the optimal choice for almost

the entire range of (u).
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Figure 6.1.: Root-mean-square of the difference between reconstructed and true p=™* in bins
of average number of interactions per bunch crossing, for (a) ¢t and (b) Z — ppu
events. The lower panel shows the ratio with respect to the Tight working point.
A hatched band indicates the statistical uncertainty for the Tight working point
(which is negligible in most bins).

Currently, an ATLAS analysis will choose one of these working points (most analyses
use Tight) and use it to reconstruct the p™ in every event, which is sub-optimal. This
motivates an event-by-event combination of the working points to produce a single
PP definition that is suitable for all events. In this chapter, two neural network (NN)
architectures which produce such a combination are presented, and their performance
is compared to each other and the existing p** working points. Given the historical
convention of calling p=™ ‘MET”’, the neural network approaches are collectively named
‘METNet’. The two architectures will be distinguished using the names METNet, and

METNet:
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miss, True

1. METNetg: A regression targeting py and p

miss, True
y

2. METNet: A classifier targeting the optimal working point for each event.

In each case, the neural network combines complementary information from each working
point with additional information characterising event topology to produce a p
prediction with improved resolution and pile-up resilience compared to current working

points.

This chapter presents the machine-learning methods used to define the neural networks
and MC-based studies of their performance compared to current ATLAS p5™ working
points. The chapter is structured as follows: In Section 6.2, the simulated samples used
to train and test the NNs are described along with the object definitions and event
selections applied. The input features, architectures and data pre-processing steps used
for METNetrp and METNet. are described in Section 6.3. Section 6.4 presents the
performance of the p* prediction of each NN compared to current ATLAS pt™ working
points, before discussing which of the two architectures is the best choice for use in
future analyses. In particular, the improvements to signal vs. background separation for
pMSSM signal points from Chapter 4 is discussed. Finally, conclusions and suggestions

for further study are outlined in Section 6.6.

6.2. Training and testing data

6.2.1. Simulated event samples

The neural networks are trained and tested using simulated event samples for a variety of
production processes. Section 3.5.1 introduced the full and fast simulation procedures for
simulating the impact of the ATLAS detector. The Standard Model processes used in this
study are passed through a full simulation of the ATLAS detector. The effect of pile-up
in the same and neighbouring bunch crossings are modelled by overlaying the simulated
hard-scatter event with inelastic proton—proton events generated with PYTHIA8.186 [189]
using the NNPDF2.3 set of parton distribution functions (PDF) [190] and the A3 set of
tuned parameters [191]. The MC samples are reweighted so that the distribution of the
average number of interactions per bunch crossing reproduces the observed distribution

in data.
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Table 6.1.: Simulated event samples with the corresponding matrix element (ME) and parton
shower (PS) generators, cross-section order in ¢ used to normalise the event yield,
underlying-event tune and the generator PDF sets used.

Physics process Generator (ME) Parton Cross-section Tune PDF (ME) PDF (PS)
shower
tt PowHEG Boxv2 [195—  PyTHIA8.230 [9UNNLO+NNLL [198] A14 NNPDF3.0NLO [199NNPDF2.3LO
]
Vv PowHEG Boxv2 PyTHIA8.210 NLO [193] AZNLO [200] CT10 NLO [201] CTEQS6L1 [202]
VBF V - XX SHERPA2.2.1  [100, —  SHERPA2.2.1 NNLO [206] SHERPA default NNPDF3.0NNLO NNPDF3.0NNLO
]
Z(— 0)+jets SHERPA2.2.1 SHERPA2.2.1 NNLO SHERPA default NNPDF3.0NNLO NNPDF3.0NNLO
pMSSM MADGRAPH 2.9.5 | ] PyTHIA8.306 NLO Al4 NNPDF2.3LO NNPDF2.3LO

Additionally, a selection of pMSSM model points from the scans in Chapter 4 are used
to test the NNs. The corresponding event samples are processed with a fast simulation
of the ATLAS detector. Full details of how these samples are produced can be found in
Section 4.2. Note that the pMSSM signal includes electroweak production only and is
generated to leading order (LO) in QCD, therefore LO PDF sets are used.

The samples used are listed in Table 6.1 along with the relevant parton distribution
function (PDF) sets, the configuration of underlying-event and hadronisation parameters
(tune), and the cross-section order in oy used to normalise the event yields for these
samples. Further information on the ATLAS simulations of ¢t, multiboson and boson

plus jet processes can be found in the relevant public notes [192-19].

6.2.2. Object definitions

The objects in the simulated samples are reconstructed through the procedure outlined
in Section 3.4. Table 6.2 summarises the specific kinematic selection and quality criteria
used for the electrons, muons and jets. Both baseline and signal objects are defined.
Baseline objects are used in the p* calculation while signal objects must satisfy more
stringent selection criteria and are used for the final topology selections. Note that

hadronic 7-lepton decay products are treated as jets.

The definitions of the p=* working points used in this study are listed in Table
6.3. Note that this includes several additional working points to those introduced in
Section 3.4.6. All working points use a track-based soft term other than TightClus
which uses a cluster-based soft term. This includes neutral objects but at the expense of

increased pile-up contamination. The Track working point is also considered which builds
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Table 6.2.: Summary of object definitions. Baseline objects are used in the p™ calculation

while signal objects are used in the event selections.

Object definitions

Property Baseline Signal
Electrons
Kinematic pr > 10 GeV, |n| < 2.47 pr > 25 GeV
Identification Loose likelihood [207] Tight likelihood
Isolation Loose if pp < 200 GeV Loose if pp < 200 GeV
else HighPtCaloOnly [207]  else HighPtCaloOnly [207]
Impact parameter |zgsiné| < 0.5 mm |z sinf| < 0.5 mm, |dy| /o(dy) <5
Muons
Kinematic pr > 10 GeV, |n| < 2.7 pr > 25 GeV, |n| < 2.7
Identification Medium [37] Medium
Isolation Loose [208] Loose
Impact parameter |zysinf| < 0.5 mm |z sin @] < 0.5 mm, |dy| /o(dy) < 3
Jets
Kinematic pr > 20 GeV, |n| < 4.5 pr > 20 GeV, |n| < 2.8
Clustering Anti-k, R=0.4 PFlow Anti-k, R=0.4 PFlow
Pile-up mitigation - JVT > 0.5 for pr < 60 GeV, |n| < 24
fIVT < 0.4 for || > 2.5, pr < 120 GeV
b-tagging - pr > 20 GeV, |n| < 2.5, DL1 77% eff WP [209]

miss

pr o entirely from tracks (rather than a sum of hard and soft objects). This provides
very good pile-up rejection but ignores all neutral objects produced in the hard scatter.

Note that the electron and muon pr™* terms are identical for each working point (other

than Track), as only the jet selections differ.

6.2.3. Training and testing datasets

A variety of topologies are included in the training dataset such that the NNs can
generalise well. The training set includes a mixture of tt, ZZ — vvll and WZ — (vil
events — topologies which produce real p**. Topologies with no real p, such as
Z — UL, are excluded from the training set, as they introduce a severe bias towards zero

in METNetp’s p™ prediction. Initial studies were performed with a training dataset
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Table 6.3.: Jet selections for p*° reconstruction working points used.

Selections
fJVT for jets with
pr [GeV] for jets with:  JVT for jets with 2.5 < |n| < 4.5 and
Working point  |n] < 2.4 24<|p <45 |n <24 pr < 120 GeV
Loose > 20 > 20 > 0.5 for pp < 60 GeV jets -
Tight > 20 > 30 > 0.5 for pp < 60 GeV jets -
TightClus > 20 > 30 - -
TightfJVT > 20 > 30 > 0.5 for pp < 60 GeV jets <04
Tighter > 20 > 35 > 0.5 for pp < 60 GeV jets -
Tenacious > 20 > 35 > 0.91 for 20 < pp < 40 GeV jets <0.5
> 0.59 for 40 < p1 < 60 GeV jets
> 0.11 for 60 < pp < 120 GeV jets
Track N/A — Built from tracks rather than a sum of hard and soft objects.

consisting solely of tt events, but the inclusion of di-boson topologies improved the

performance of the NN’s on unseen test topologies.

Each NN is trained on 8 million events of which about 40% are tt, 30% ZZ — vvil
and 30% W Z — (vll. These events do not have MC generation event weights applied,
nor are they weighted to account for their cross-sections. An additional 800,000 events
with the same topology proportions form a validation set. The loss function is evaluated

on the validation set after each training epoch to monitor overtraining.

The results in Section 6.4 are produced by evaluating each NN on independent test
MC datasets, which are not seen during training. The #f events used for training and
testing originate from the same MC dataset but are separated to ensure an independent

test of each NN’s performance.

6.2.4. Event selections

The simulated samples used to train the NNs do not have any specific event selections
applied so as not to over-tune to specific event topologies. However, when testing the
performance of each NN on different processes, event selections are applied to pick out
a more refined final state that a typical analysis might use. These event selections are

summarised in Table 6.4.
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Table 6.4.: Summary of event selections applied when testing METNet performance.

Test data event selections

Topology Selections

tt Njet =2, Nb—jet =2, Nlepton >1

WW — lviy 2 OS signal /baseline leptons, p?rl > 25 GeV, pfﬁ > 25 GeV

27 — vvll 2 SFOS signal /baseline leptons, pfﬁ > 30 GeV, pfl? > 25 GeV,
| My — Myz| < 15 GeV

Z = pi 2 OS signal/baseline muons, pit > 30 GeV, pi2 > 25 GeV,
|M,,,, — M| <15 GeV

VBF Z — up 2 OS signal/baseline muons, pft > 30 GeV, pi2 > 25 GeV,
|M,,,, — Mz| <15 GeV, Njg > 2

VBF Z — ee 2 OS signal/baseline electrons, peT1 > 30 GeV, peT2 > 25 GeV,
|Mee — My| < 15 GeV, Njg, > 2

VBF W — ev 1 signal/baseline electron, pT > 25 GeV, Ny > 2

pMSSM model #1 None
2¢ SUSY topology 2 OS signal/baseline muons, p{ﬁ > 27 GeV, pfrz > 9 GeV,
‘M,u,u, - MZ’ > 15 Geva ]Vjet < 17 Nbfjet = 07

When testing the NNs on ¢t events, leptonic decays of the top are preferred to obtain
a final state with sources of real p™. Thus at least one signal lepton is required,
along with at least two signal jets, exactly two of which are b-tagged. When testing
on WW — fvlv events, two opposite sign (OS) signal leptons with pr > 25 GeV are
required, with a veto on the presence of any additional baseline leptons. The W — ev
topology selection is similar, but requires a single electron with pr > 25 GeV. When
testing on 27 — vvll, Z — pp and VBF Z — (0 events, exactly two signal leptons
are required, along with a veto on the presence of any additional baseline leptons. The
two signal leptons must be the same flavour and oppositely signed (SFOS) and have an
invariant mass within 4+ 15 GeV of the Z-boson mass. The highest-pt lepton is set to be
over the single-lepton-trigger efficiency plateau, by requiring pp > 30 GeV. For the VBF

topologies, an additional requirement of at least two signal jets is made.

The NNs are also tested on three pMSSM models taken from Chapter 4. The first,
labelled ‘pMSSM #1°, has a large mass splitting between the %) and %5 / Yii, as shown
in the mass spectrum in Figure 6.2. Therefore this model is used as an example bSM

miss

topology that produces large real pt. Since the pMSSM #1 event sample contains a
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Figure 6.2.: Mass spectrum of pMSSM #1 from the EWKino scan in Chapter 4. The masses
of the electroweakinos are shown and the dashed lines indicate the various decay
modes. Produced using PySLHA [167].

variety of SUSY production mechanisms and decay modes, no specific event selections
are required beyond the generator-level filtering applied in the production of the sample

as outlined in Section 4.2.

Finally, to study the ability of the NNs to discriminate between topologies containing
real and fake pF™. a selection is applied to pick out a two-lepton final state SUSY
topology. In this case, two pMSSM scenarios that are not excluded by the Run 2 searches
in Chapter 4 are compared to a Z — pp and WW — fvlv background using selections
inspired by the ATLAS two-lepton plus zero jet search in Reference [60]. This search was
discussed previously in both Chapters 4 and 5. The pMSSM models are labelled ‘pMSSM
#2" and ‘pMSSM #3’. Exactly two signal muons are required as only the Z — uu
background is considered (not Z — ee), along with a veto on the presence of additional
baseline leptons. The highest pr muon is set to be over the single-muon-trigger efficiency
plateau, with a small loss of signal acceptance, by requiring pt > 27 GeV. There must
be no b-tagged jets and a maximum of one light-flavour signal jet. The two muons must
be oppositely charged and have an invariant mass at least +15 GeV away from the

Z-boson mass.
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6.3. Neural network architecture

The architectures used for each of the neural networks are presented in this section. First,
the input features used are outlined before the architectural features common to both
METNetz and METNet are introduced. Then the particulars of the METNety and
METNet set-ups will be presented.

6.3.1. Input features

The input features available to each NN are listed in Table 6.5 and include:

miss

1. pt° predictions and unique jet- and soft- terms for each working point. These

provide each NN with information about each working point.

miss

2. Lepton p1™ terms (note these are identical for every working point). For METNety
this helps the NN build its own p™* sum.

3. Additional variables which characterise the pile-up conditions and topology of each
event. The NN can use this information to decide which working point is ‘best’ for

a given event.

METNety uses all of these input features, while METNet uses a subset of 46 of

these features as follows:

miss

e Lepton pr™ term input features are dropped as they are not useful for identifying

the best working point (as they are identical for each working point).

e The pﬁg,ss and pﬁ?s’ jet/soft foatures for each working point are dropped as the relevant

) .. ) ) . - iss, jet /soft
information is already contained in the magnitudes p7™* and pp /soft.

6.3.2. Common architecture

Both iterations of METNet use a multi-layer perceptron network consisting of an input

and output layer, plus two fully connected hidden layers, each with 500 nodes. Each
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Table 6.5.: Input features available to METNet. METNetg uses all these features while

METNet does not use the x or y components of the p)r:} lys ® input features or lepton
terms.
Input features used for each working point
miss miss miss
pT Py Py 2 pr
p¥iss, jet p}x:’xiss, jet p;niss, jet Zp];fzt
miss, soft miss, soft miss, soft soft
T Px py Pr
Lepton pt™* term input features
miss, e miss, e miss, e e
Py Px Py 2P
p¥i857 “w pgliss, “w p;niss, n Zpl’%
Additional input features
< p> Mean number of interactions per bunch crossing
I Actual number of interactions per bunch crossing
Npv Number of primary vertices
Npya Number of primary vertices with at least 4 associated tracks
Nk Number of ID tracks associated with the primary vertex
N: Number of baseline electrons
N, Z Number of baseline muons
N}ight Number of jets satisfying the Tight working point selection
N§Wd Number of jets satisfying the Loose working point selection with |n| > 2.5
phvd ets Sum of the pp of jets satisfying the Loose working point selection with |n| > 2.5

hidden layer uses the Scaled Exponential Linear Unit (SELU) activation function [210],

ST , x>0
selu(z) = (6.1)
sae" —1) , <0

where o and s are left as their default values s = 1.05070098, a = 1.67326324. A
layer normalisation layer (LayerNorm) [211] is also used after each hidden layer. This
normalises the outputs of the previous layer for each training event and has been found

to enable faster training.

Additionally, a normalisation pre-processing layer is used to standardise each input
feature by subtracting the mean and dividing by the standard deviation. This is standard
practice for deep learning problems as it ensures the features have a common scale. The
mean and standard deviation are calculated using a 100,000 event sub-sample of the

training data.
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The hyperparameters used for both networks are summarised in Table 6.6. These
hyperparameters have been selected through a combination of hyperparameter scans and
known best-practice for regression problems, though there may be scope for further hy-
perparameter optimisation. Training is performed with Keras [212] using the TensorFlow
backend [213]. Training proceeds for 25 epochs or until the loss of the validation set does

not improve for 5 consecutive rounds (this is called early stopping).

Table 6.6.: Neural network hyperparameters.

Hyperparameter Value

Optimiser Adam [120]
Weight initialization Kaiming He [214]
Learning rate 0.001

Batch size 256

Num. epochs 25

Early stopping D

Number of hidden layers 2

Nodes per hidden layer 500

6.3.3. METNetp architecture

METNetr uses all 66 of the features in Table 6.5 as inputs. In addition to a pre-processing
step to normalise the input features described previously, two additional pre-processing

steps are applied for METNetp:

(1) Rotate each event such that pip™®> 78" points along the z-axis by construction. This
removes ¢ invariance from the inputs, increasing the statistical power of the training
data.

(2) Normalise each target variable by subtracting the mean and dividing by the standard
deviation. The mean and standard deviation are calculated using a 100,000 event

sub-sample of the training data.

The NN’s outputs are transformed by the inverse of these steps to produce the final
METNetp prediction.
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Figure 6.3.: Neural network architecture for METNet . Each hidden layer contains 500 nodes.
Both input and target features are normalised.

The target variables used to train the network are (p= e, p;“iss’ True) - Alternative

miss, Tight . .
pr € miss, True miss, True

target variables have also been tested, including <IM, Do and (pr ,
T

pgﬂss’ Truey " Targeting (pi, py"™) results in the best-performing network overall. In
particular, targeting pgliss’ True causes issues due to the discontinuity at ¢ = +7. The
NN is designed to predict both the x and y components rather than just the magnitude
P such that it could be used to calculate variables such as the transverse mass mr

and stransverse mass mry [95,96] which are often used in searches for supersymmetry.

The METNet architecture consists of an input layer with 94 nodes (one for each input
feature) followed by pre-processing layers to perform the event rotation and normalisation.
This is followed by two hidden layers, each using the SELU activation and containing
500 nodes. A LayerNorm layer follows each hidden layer. The output layer uses a linear
activation function, and the rotation and normalisation are reversed to produce the final

outputs. This architecture is summarised in Figure 6.3.

The network’s trainable parameters are determined during training by minimising
the Huber loss function [127], Lyuper, With the ¢ hyperparameter set to the Keras default
value = 1.5. A separate loss function is evaluated for each of the x- and y-components

miss

of pr° which are then averaged to obtain an overall loss.

To reduce a bias in the NN’s predictions towards the bulk of the pi™ ™ distribution
of the training data, sample weights are used when calculating Ly pe.- The following
miss, True

procedure is used to calculate the weight for each training event. First, the pp
histogram is calculated between 0 and 300 GeV in 10 GeV width bins for a 100,000 event
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sub-set of the training data. Then, for each event, the event weight is calculated as

hmax. miss, True
Tpee o oppt T <50 GeV

we = § Mmes 50 < pptt T <300 GeV (6.2)
h

max.

, phiss e 5 300 GeV

h300

where A, is the height of the most populated bin, A, the height of the bin to which the

event belongs, hs, is the height of the (40 GeV,50 GeV) bin, and hsq is the height of

the (300 GeV, 310 GeV) bin. This procedure effectively flattens the pi™ ™ histogram

between 50 GeV and 300 GeV. An upper cut-off of 300 GeV is used to avoid huge event

weights for lowly populated bins. A lower cut-off of 50 GeV reduced an observed bias
miss, True

towards zero from highly weighted training events with pr. = 0. The calculated

weights are then scaled such that the mean weight for all samples is equal to 1.

6.3.4. METNet, architecture

The goal of METNet. is to identify the optimal working point for each event. This

requires a different architecture to METNet, which performed a regression of pxmyiyss’ True

First, each event must be assigned a class. This is taken to be the working point with
the smallest squared error:
miss, WP miss, True)? + ( miss, WP miss, True)2}

Class = arg min Ayp = arg min {(px — Dy Dy — Dy
WP WP

(6.3)

Other distance metrics could be used, but a Euclidean distance is picked for consistency
with the root-mean-squared error (RMSE) calculation that is usually used to evaluate
PP resolution in ATLAS. Note that in cases of a tie between multiple working points,
a single working point is picked using the following order of priority: 7Tight, Loose,

Tenacious, TightClus.

As is standard for multi-class classification problems, the categorical cross-entropy
loss function is used, and the softmax activation function is used in the output layer.

The output classification scores are used to form a weighted sum of the working points
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Figure 6.4.: Neural network architecture for METNet. Each hidden layer contains 500
nodes.

miss

vy prediction

to produce a final p

miss, METNet, __ miss, WP
Dxy - Z PWP'px,y (64)
WP

where Pyyp is the classification score output by the network for working point WP. One
could also simply use the working point with the highest output score as the final p)fiyss.
However, since the network is not a perfect classifier, forming a weighted sum is found to

produce the best performance.

Only the Loose, Tight, TightClus and Tenacious working points are used as target
classes. The Tighter and TightfJV'T working points are found to be too similar to Tight
for the classifier to distinguish them. Additionally, the Track working point in general
has a significant negative bias as it ignores neutral objects entirely. Therefore including

it in the sum in Equation 6.4 causes a significant negative bias in the resulting pr

variable, so the Track working point is excluded as a target for METNet.

miss, True

Unlike METNety event weights are not used for METNet as py is not used as
a training target so the network performance does not suffer from the same bias towards
the p bulk of the training set. Additionally, the = and y components of the input
features are not used (as outlined in Section 6.3.1) so the event rotation pre-processing
step is redundant and therefore switched off. The target scaling pre-processing step is

also not required for METNet.

The METNet¢ architecture consists of an input layer with 46 nodes (one for each

input feature) followed by a pre-processing layer to normalise the input features, and a
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block of two hidden layers with 500 nodes and two LayerNorm layers. This architecture

is summarised in Figure 6.4.

6.3.5. Summary

A summary of the differences between the METNetp and METNet, architectures is
given in Table 6.7.

Table 6.7.: Summary of the different architectures used for METNetp and METNet.

METNet 5 METNetg
Target pf(mys ° arg minyp Awp
Loss function LHuber Lok
Inputs 94 (Table 6.5) 46 (No lepton terms or

x/y components)

Output layer Linear Softmax

activation function

Pre-processing Inputs normalised Inputs normalised
Targets normalised

Rotate events

Sample weights Flatten p%iss histogram None
Trainable parameters 301,002 278,004

miss

r working

6.4. Results: Comparison with current p

points

6.4.1. Resolution

Figure 6.5 shows the root-mean-square error (RMSE) for each working point and NN,

where the ‘error’ is defined as the difference between the predicted value of pg";ss and

miss, True
X7y

are similar due to the rotational symmetry of the detector. The RMSE quantifies the

. Both the z and y components enter this calculation, and their contributions
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Figure 6.5.: Root-mean-square of the difference between the predicted value of p)rg ;ss and
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current pp - working points for (a) tt events, (b) VBF W — ev, events. The
lower panel shows the ratio with respect to the Tight working point, and the

hatched band indicates the statistical uncertainty for the Tight working point.

resolution of the p1™ prediction — a smaller value indicates a more accurate prediction.

The RMSE is shown binned in pip™ ™ for (a) ¢ and (b) VBF W — ev test MC events.

miss

For tt events, both METNet, and METNet. have superior resolution to the p4

working points up to p™ ™ ~ 350 GeV. Beyond this point, the performance of
METNet, deteriorates as the training statistics at higher pp™ ™ are diminished, and
the event weight used saturates at pp™ ™ = 300 GeV. This is an unavoidable issue

with the METNety architecture — the pn™ ™ range of the training data will always
be limited. The METNet performance is not constrained in this way, however, and it

shows a consistent improvement on the other working points across the entire range of

miss, True
Dy

The training dataset is dominated by tt, events, so the good performance for test
tt events in the p™ ™ region used in training is unsurprising. However, the training
dataset did not include the VBF W — ev event topology. Nonetheless, both networks

show the ability to extrapolate and produce a similar performance as seen for ¢t events.

Figure 6.6 also shows the RMSE, but in bins of number of primary vertices, for (a) ¢t
events and (b) VBF Z — uu events. For both topologies METNety and METNet are
more stable against pile-up than the current working points. The VBF Z — upu topology
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Figure 6.6.: Root-mean-square of the difference between the predicted value of p)rg ;ss and
miss, True

%y in bins of number of primary vertices. METNetp and METNet are
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shown along with current pt° working points for (a) ¢t events, (b) VBF Z — upu
events. The lower panel shows the ratio with respect to the T%ght working point,
and the hatched band indicates the statistical uncertainty for the Tight working
point.

is not shown to the NNs during training and also contains no real p*. METNetp and
METNet generalise well to this new topology, with improved RMS compared to current

miss

pr . working points.

6.4.2. Bias and tails

Ideally, for a given value of pn™ ™ the reconstructed p™** should not show a bias

miss

towards higher or lower values. Bias can be studied through plots of the predicted pt
distribution (Figure 6.7) and the response pi™ /piis T (RFigure 6.8).

miss, True

The METNet pf™ distribution has significantly improved agreement with pry.
compared to the other working points for ¢ events (Figure 6.7a). However, METNetp
has much less stable performance, showing better agreement than the current working
points in some bins but worse in others. For Z — pu, shown in Figure 6.7b, both
networks show a slight reduction in the fake-p* tail compared to the other working
points.

Figure 6.8 shows the response (p/p™ T) as a function of pp™ ™ for (a) tt

and (b) WW — (vlv events. For METNetg, the response dips below one around
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miss, True

Pr

~ 80 GeV, which indicates a negative bias. As with other metrics shown, the

response also deteriorates for METNety, beyond around pp™ ™ & 300 GeV. METNet,

also shows a small negative bias, most notably for tt events, but otherwise has good

closure for the range of values shown. Note that in all cases the response rises as py

approaches 0 by the way the variable is constructed.

miss, True
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It is noted that this inherent negative bias could benefit the performance for topologies

miss

containing no real pt", such as Z — upu, for which the current working points have a
miss

positive bias. It is unclear how much of the improvement in the fake pt™° tails in Figure

6.7b is due to the negative bias vs. a genuine ability to extrapolate to this topology.

In Figure 6.9, the NNs are tested on pMSSM model #1 which produces large p1*> due
to large mass-splittings between the LSP and other electroweakinos. METNety has very
poor performance for this topology. As seen previously, it can’t extrapolate to events
with p?iss’ e hevond the training dataset, which can be seen in the premature drop-off
in the p'* distribution in Figure 6.9a. The RMSE in Figure 6.9b is also significantly
worse for METNety than the other working points. METNets on the other hand does
not suffer from these issues. It shows a small improvement in RMSE for (u) > 20 and

otherwise has comparable performance to the current working points.

6.4.3. Signal vs. background separation

Here the NN’s are evaluated in the context of a toy search for supersymmetry in events
with two leptons and zero jets, based on Reference [111]. Figure 6.10 compares the
signal-to-background separation power of the Loose working point, the Tenacious working

point, METNetpr, and METNet-. The Loose and Tenacious working points are picked for
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Figure 6.10.: Distributions of p'™ for two pMSSM signal points, and WW and Z — pu
backgrounds, for (a) Loose pp™=, (b) Tenacious pF™*, (¢) METNety and (d)
METNet-. Events are weighted to 139 fbfl, corresponding to the 2015-2018
ATLAS proton—proton collision dataset luminosity. The lower plot shows signal
significance calculated by applying a lower-bound cut at each z-axis bin value.

comparison as the worst and best performing working points for this event selection. The
distribution of two pMSSM signal points (pMSSM #2 and pMSSM #3) are compared
to two of the main Standard Model backgrounds: WW — fvlv and Z — up. The
kinematic selection applied is the ‘2¢ SUSY topology’ from Table 6.4. The lower panel
shows the signal significance, as defined in Reference [215], for each pMSSM point for a

lower-bound selection at each value on the z-axis.

Table 6.8 shows the maximum signal significance achieved for each p* definition in
Figure 6.10 plus the Tight and TightClus working points. Both METNetp and METNet
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Table 6.8.: Maximum signal significance for each working point in Figure 6.10 (plus Tight
and TightClus).

Max. signal significance

pE= definition | pMSSM #1  pMSSM #2
Loose 0.92 0.79
Tight 1.08 1.01
TightClus 1.23 1.09
Tenacious 1.34 1.06
METNetp 1.47 1.18
METNetq 1.63 1.26

miss

Table 6.9.: Remaining events for different levels of Z — ppu rejection using cuts on Tight pr
(Tight), regressed METNetr (Reg.) and the classifier METNet (Class.). Values
are shown for three signals: WW — fvfv, pMSSM #2 and pMSSM #3.

Percentage of events after X% Z — pu rejection

Process X=90% X=99% X=99.9%
Tight Reg. Class. | Tight Reg. Class. | Tight Reg. Class.
WW — tvlv | 65% 63% 70% | 24% 29%  34% % 10%  13%
pMSSM #1 | 8% 83% 88% | 60% 65% 70% | 34% 41%  49%
pMSSM #2 | 91%  92%  94% | % 7% 80% | 55% 60%  64%

produce a higher signal significance than the current working points, indicating their
potential for use in searches for supersymmetry. METNet, produces the best sensitivity
overall.

As a quantitative comparison of the discrimination between real p1** and fake pi™
topologies, Table 6.9 shows the percentage of WW — (vly, pMSSM #2 and pMSSM #3
events surviving pp™ selections which remove 90, 99 and 99.9% of Z — uu events, for
the Tight working point, METNetg, and METNet,. METNet- has the best separation
power in all cases. METNety shows an improvement compared to Tight for 99% and

miss

99.9% Z — up rejection but does not separate real and fake pp™ as well as METNet.
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6.4.4. Discussion: METNetp vs. METNet

The performance of the predicted p™* for two neural network architectures, METNetp

and METNet, has been presented compared to current working points. Overall, both

METNetp and METNet- demonstrate some improvements in performance compared

to current p** working points. However, the performance improvement for METNet
miss, True

is restricted to topologies and pr ranges that are similar to the training dataset
while METNet. is far more robust.

The RMSE for METNet, deteriorates severely for events with pi™ ™" larger than
around 350 GeV. While this could be partially combatted by including slices of events
with higher p™ ™ in the training set, it is not possible to train the network on an
infinite range of events. Therefore, the performance of the METNety architecture will
always be constrained to a finite range in pp™ ™. METNet does not have this problem

as, by construction, it can only perform as badly as the worst-performing working point.

Each NN is shown multiple event topologies during training. Consequently, they
can generalise to a broad range of event topologies including those not seen in training.
METNet shows a stronger ability to generalise, indicating that it has learned a topology-
independent relationship between the optimal working point and the input features.
METNetr on the other hand can generalise to topologies with some similarity to those
seen in training, such as Z — puu when ZZ — vvll is seen during training. However
completely novel topologies, like the pMSSM #1 signal point, result in significantly worse

performance than the current working points.

It is concluded that a single METNet~ network could be used as a general tool for a
wide variety of ATLAS searches and measurements, where it will produce either similar
or improved performance to the existing working points. The usage of METNety on the
other hand would need to be restricted to analyses targeting similar event topologies and

priss e panges to those used to train the NN, which is a significant disadvantage.

Event weights are used when training METNety to reduce an observed bias towards
the bulk of the training data. Nonetheless, a negative bias remains for some topologies.
METNetpg is optimised to minimise the mean-squared error (and mean-absolute error)
through the Huber loss function. However, there is no requirement built into this
loss function for an unbiased estimation. Similarly, the Huber loss function penalises
the network for poor event-by-event error but is indifferent to the agreement of the

predicted p* distribution with the true pt distribution. Therefore, the bias seen in
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METNetg’s predictions is not surprising, as the NN is not punished during training for
producing a biased prediction. During the development and optimisation of METNetp,
a distribution-matching contribution to the loss function was considered through the
Sinkhorn function [216], which penalises the network for poor agreement in the predicted
distribution for each batch. This somewhat improved the agreement of the predicted
PRI distribution with pi™ ™ but did not alleviate these issues and resulted in inferior

resolution.

METNet- shows a much clearer and more robust improvement in the agreement of
the p* distribution with p2™ ™. Some response plots do show a small negative bias

for some topologies, but this is less severe than for METNet .

The utility of METNetr and METNet. in searches for supersymmetry is also consid-
ered, and is particularly relevant to this thesis. In the toy analysis of two pMSSM signal
samples compared to SM backgrounds in Section 6.4.3, both METNetz and METNeto
showed improved signal vs. background and real p™ vs. fake p™ discrimination
power compared to current working points. However, the performance of METNety on
a pMSSM signal with large mass splittings and therefore large pp™ ™" is very poor
due to the aforementioned issues with extrapolation beyond the training set. Therefore,
METNet would be useless in any SUSY search targeting high p=° bins — this would
rule out many SUSY searches. METNet- does not suffer from this problem and showed
the best overall ability to discriminate signal and background topologies so would be a

far more robust choice for a search.

Overall, by almost all metrics considered METNet. is the superior architecture
for a general pt™ definition that can offer improvements to both p=*¥ reconstruction
performance and the discrimination power in searches for new physics. Historically,
the development of METNet began with METNety and included almost two years of
optimisation and attempts to address the issues with extrapolation highlighted in this
section. Ultimately, my idea to switch the learning task to classification rather than
regression solved these problems. METNety in principle had greater potential, as a
neural network that could learn a general topology-independent map from reconstructed
PRI 1o p™ T could be transformative to the performance of p£* in ATLAS. It seems
that, at least with the input features provided, the NN could not learn such a general
map. METNets on the other hand has a more moderate offering. It cannot perform
worse than the worst existing working point, but also cannot improve performance too far

miss

from the best working point. These constraints produce a far more robust pt" prediction

miss

than METNety that still shows improvements in both p1™ resolution and sensitivity in
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searches for new physics. Therefore I encourage you, the reader, to think carefully when
developing a machine learning model about whether you have picked the best learning

task for the problem at hand.

6.5. Classification scores

Given the strong performance of METNet., it is worth taking a closer look at the
classification scores from which the final p=* prediction is built. How well is the classifier
distinguishing each working point for different topologies? The plots displayed in Figure
6.11 help to answer this question. The y-axis in each plot shows two metrics for each
bin and working point: (i) the average output score for each working point, indicated
by crosses, and (ii) the fraction of events for which each working point is the closest to
truth, indicated by dots and referred to as the ‘true fraction’ For a classifier behaving
as desired, the dots and crosses of each colour should align very closely. The plots are
shown for ¢t and Z — pp events in bins of (), Npy and 3 pp where the sum is over all

miss

objects entering the Tight working point pt" calculation.

For tt (the first column), the average classifier score agrees very closely with the true
fraction for each working point and bin. The classifier has learned, for example, to output
a high score for TightClus at very low pile-up (ie. low (u) and Npy) but not at high
pile-up.

For Z — pu (the second column) — a topology not seen by the classifier in training —
the agreement is not as close, but nonetheless the general shape of the classifier predictions
and true fraction agree. The classifier struggles in particular between Tight and TightClus,
especially for lower pile-up. This is likely because at low pile-up the Tight and TightClus
working points will produce very similar inputs to the network as they differ only in the
soft term. Overall, while the classifier is somewhat over-tuned to tt, the topology that
dominated its training set, the map it has learned from the inputs to the classifier scores

can generalise reasonably well to other topologies.

A similar pattern can be seen in the confusion matrices shown in Figure 6.12. Here
each box is coloured and labelled by the % of events with true class given by the y-axis
for which the highest scoring output class is that on the z-axis. A perfect classifier
would have 100% and 0% in every diagonal and off-diagonal box, respectively. For

tt, there is some confusion between Tight and TightClus. However, the classifier very
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Figure 6.11.: The average classifier scores and the fraction of events belonging to each class
for tt and Z — pu simulated test events with 2018 conditions, in bins of (a)
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rarely misclassifies a Tight or TightClus event as Loose or Tenacious. For Z — ppu, the
confusion between Tight and TightClus is greater, with 77% of true TightClus events
classified as Tight. In general, there is a bias towards the T%ght working point for both
tt and Z — pp. This may be related to the procedure for assigning a ‘true’ class in the

case of ties between multiple working points, which gives first priority to Tight.

6.6. Outlook

miss

This chapter presents the performance of two machine-learning-based ptp™ working
points: METNetp and METNet-. Both provide improvements compared to current
P working points, including improved resolution and pile-up resilience for a range of
topologies. METNet in particular shows potential for use in general physics analyses.
However, there is room for further improvements, and some avenues for further study

are outlined here.

There is scope to further optimise the hyperparameters used by the NNs presented
here. A limited grid scan was performed early in the development of METNet to produce
an architecture that suited the problem. However, the training setup has since been
modified to include more training events, training sample topologies and input features.
Thus the current choice of hyperparameters is unlikely to be optimal. Nonetheless, the
current hyperparameters produce a NN with strong performance, and METNet. as

defined here is very competitive compared to existing working points.

For METNet., the training data used is not balanced in the target classes. The
Tight working point in particular is over-represented in the training data. It may be
beneficial to show METNets a more balance training set through either class sampling
or sample weights, to enhance its predictions for less common classes. Additionally, a
priority order is used when assigning classes to events in the case of a tie: Tight, Loose,
Tenacious, TightClus. This produces a bias towards the Tight working point. There
may be a better way to handle the situation of a tie between multiple working points.
For example, in the case of a tie the target class could be selected randomly to avoid
this bias. Alternatively, every possible combination of working points that tie could be

one-hot encoded to produce an output score for each.

miss

Additionally, the topologies used in training could be expanded. Fake p1t™ topologies

such as Z — pp were not used in training as they induced a severe bias towards zero
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in the predictions of METNetr. However, METNet~ would not suffer from such a bias,
and the inclusion of Z — up (and Z — ee), which favours the Tenacious working point,

may improve the generalisation power of the NN.

One could also study a NN architecture which directly regresses the linear coefficients
in the METNets sum (Equation 6.4). The choice of a linear sum of the METNet
classifier outputs may also be suboptimal — there are in principle infinite ways to combine

the p*5 working points using the classifier scores.

To develop METNet into a fully-fledged recommendation for use in ATLAS analyses,
two additional studies are required. First, the agreement between data and MC should be
evaluated. Given that METNet is simply a linear combination of working points which
have good closure themselves (as shown in Reference [91] for example), it is expected that
good agreement would be found. It remains to be seen whether METNet, demonstrates
improved data/MC agreement compared to current working points — this is possible if it
is selecting the working point with the best agreement for each event, but it has not been
directly optimised to do this. Secondly, systematic uncertainties must be derived for
use in analysis. For METNet, the individual working points have their own associated
systematic uncertainties which can be propagated in the final sum. However, it should be
established whether an additional systematic uncertainty on the NN’s output coefficients

is necessary and if so what method should be used.

The METNety architecture could be developed further by modelling p™% ¢ a5 a

X?y

Gaussian distribution for each event with central value pfgiyss’ True and width 04y This is

achieved through the Gaussian negative log-likelihood (GNLL) loss [217,218] function:

~N\ 2
Lenit, = logo + 0.5 (y - y) . (6.5)

g

The resulting NN has 4 outputs: (p== N o, p;“iss’ NN 0,). The predicted values

of o,, can be treated as a ‘confidence’ in the NNs prediction and used to define a

m7y
machine-learning-based pp™ significance variable

miss, NN

ML p* significance = ph /o (6.6)

where

p$1557 NN _ \/(p}rzliss, NN)Q + (p;niss7 NN)2 (67)
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and

\/(p)r?iss, NNO'I)2 + (p;niss, NNO_y)2

miss, NN
2

g =

(6.8)

miss

This variable could discriminate between real and fake pp™°. Initial studies of such an
architecture were performed (by the author of this thesis) in Reference [3] but are not
included in this thesis. However this will inevitably be affected by the same issues as
METNet, and be limited to similar topologies and pi™®> ™ ranges as the training data.
It could nonetheless be useful in an analysis struggling with backgrounds containing fake

miss

pr o, if a targeted training was performed with the relevant production processes.

miss

Finally, there exists in principle an infinite number of pt° working points, each with
different jet selection thresholds on variables such as jet pr and JVT. The working points
defined by ATLAS are a discrete set of benchmark points from the continuum of possible
choices. The studies presented here show that utilising different jet selections for different
topological and pile-up conditions is beneficial. This raises two questions. First, are
there worthwhile gains to be made from defining additional working points to be used in
METNet-’s combination? For example, there may be choices of jet selection and soft
term that are only optimal for a peculiar fraction of ATLAS events and thus not useful
for general analyses but could be deployed where appropriate by METNet.. Second,
could a machine learning architecture be designed to decide the jet selection itself, rather
than picking from a limited pool of pre-defined working points? The relationship between
the jet selection used and the final p™ is complex, as it defines which low-level objects
enter either jet reconstruction or the soft term. Such an architecture would most likely
need access to these low-level inputs, and it is not clear whether such an approach is

feasible.

To conclude, machine learning techniques can significantly improve the agreement
between reconstructed and true p=*. The results shown in this chapter strongly motivate
the use of METNet as a recommended working point in ATLAS physics analyses. With
further work to derive systematic uncertainties and study the impact on data/MC agree-
ment, METNet. could be a robust choice for p* in Run 3 analyses, including searches
for supersymmetry. The studies presented here also suggest that the improvements
from this method could enhance the sensitivity of searches for supersymmetry. While
the gain from METNet- alone may be incremental, the consolidation of similar perfor-
mance enhancements across the suite of ATLAS analysis objects will provide important

improvements to the sensitivity of ATLAS to new physics during Run 3 and beyond.
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Chapter 7.

Summary and outlook

This thesis presents three approaches to enhancing the sensitivity of the ATLAS experi-

ment to the electroweak production of supersymmetric particles.

In Chapter 4 a suite of Run 2 searches are interpreted in the context of the pMSSM.
This captures a richer phenomenology than the original simplified model interpretations,
producing a clearer picture of the resulting global constraints on supersymmetric scenarios.
Importantly, it reveals many scenarios with mass-spectra that nominally lie within
published exclusion contours that remain viable. This enhanced understanding of
ATLAS’ sensitivity to electroweak supersymmetry provides a legacy of the Run 2 results

and will guide the direction of new searches performed with Run 3 ATLAS data.

Then, in Chapter 5, a statistical combination of three searches for the pair-production
of charginos is performed. This results in a world-leading exclusion limit on chargino

masses in simplified scenarios.

Finally, in Chapter 6, a machine-learning-based estimation of missing transverse
momentum, named METNet, is presented. This offers significantly improved resolution
compared to the missing transverse momentum estimates currently used by ATLAS
analyses. A moderate enhancement in the separation between pMSSM signal and
Standard Model background processes is seen when using METNet. This, and other
improvements to ATLAS reconstruction performance, are complementary to the sensitivity
enhancements that can be gained from analysis selection optimisation and statistical

combinations.

Where does this leave the hunt for electroweak supersymmetry? The pMSSM analysis
in Chapter 4 produced several benchmark scenarios with non-simplified spectra which are

not excluded by previous ATLAS searches or other constraints. It is vital to target these
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with analyses of Run 3 data. Hopefully, these analyses will make use of METNet to access

miss

as accurate a pp estimate as possible. As demonstrated in Chapter 5, a statistical
combination of multiple orthogonal analyses is a powerful method of maximising the
sensitivity of searches. Future searches should take heed of this and, as was done in Run
2, build orthogonality between analysis selections by construction with a view to future

combinations.

The pMSSM model sets from Chapter 5 can be used for the interpretation of future
searches, such that the unique sensitivity offered by each new analysis can be evaluated. In
this context, there may be scope to develop the pMSSM workflow outlined in Section 4.2
to allow for the continuous integration of pMSSM interpretations with developing SUSY
analyses in ATLAS. This could provide valuable final results demonstrating the sensitivity
of a search to realistic pMSSM scenarios, and also ensure a developing analysis does not

over-tune to simplified models.

To conclude, despite the optimistic (or pessimistic, depending on your point of view)
exclusion limits reported by Run 2 searches for simplified models of SUSY, vast swathes
of parameter space remain uncovered. Run 3 of the LHC is now underway, and the size of
the ATLAS dataset will double in size over the next few years. Experimentalists must use
every tool in their arsenal to target viable SUSY scenarios in pursuit of a new discovery.
By performing targeted searches optimised to viable non-simplified scenarios, making
use of improvements to reconstruction performance such as METNet, and performing
statistical combinations of multiple searches, we can push ATLAS to the limit of what it

can reveal about the fundamental building blocks of our universe.



Appendix A.

Extra combination plots

Figures A.1, A.2 and A.3 show pull plots for the observed combined exclusion fit for
the m(xi, X9) = (300, 100), (600, 200) and (900, 300) points respectively. A different set
of analyses are combined for each of these points, as indicated in the captions. Only
systematic uncertainties for which the pull for the combined fit, rounded to two decimal
places, is different compared to one of the original analyses are displayed. The original

analysis pull is displayed in black and the combination pull in red.

Several pulls can be seen for the combination and individual analyses, however these
mostly have a pull of similar magnitude to the individual analyses. The most significant
differences are for muon-related systematic uncertainties for 1L and 2L0J. However, all

pulls remain within 1o so are not considered problematic.

Figure A.4 shows the correlations between systematic uncertainties for the m(fﬁi , )2(1)) =
(600, 200) point.
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Figure A.1.: Pull plot from an observed exclusion fit for the m(f(li , 5((1)) = (300, 100) mass
point, which combines the 2.0J and 1L analyses, with experimental and the-
oretical systematic uncertainties correlated as outlined in Section 5.3.3. Only
systematics where the pull for the combined fit is different to two decimal places
compared to one of the original analyses are shown. The combination pull is
shown in red, the original analysis pull in black.
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Figure A.2.: Pull plot from an observed exclusion fit for the m()Zli , 5((1)) = (600, 200) mass
point, which combines the 2L.0J, 1L and FullHad analyses, with experimental
and theoretical systematic uncertainties correlated as outlined in Section 5.3.3.
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Figure A.3.: Pull plot from an observed exclusion fit for the m(%i", %) = (900, 300) mass
point, which combines the 1L and FullHad analyses, with experimental and
theoretical systematic uncertainties correlated as outlined in Section 5.3.3. Only
systematics where the pull for the combined fit is different to two decimal places
compared to one of the original analyses are shown. The combination pull is
shown in red, the original analysis pull in black.
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Figure A.4.: Correlations between systematic uncertainties for the m()Zli , )Z(l)) = (600, 200)
mass point, for which the 2L.0J wave 1, 1L and FullHad analyses are combined.
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