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Abstract

While the Standard Model of particle physics encompasses our current
understanding of fundamental particles and interactions, it leaves several
open questions, including the nature of dark matter. This thesis presents
searches for dark matter candidates using ATLAS Open Data for education
with two theoretical frameworks: supersymmetric chargino-neutralino
production, and semi-dark Higgs boson decays, both focusing on two-lepton
final states and missing transverse energy. The analyses are performed using
proton-proton collision data collected by the ATLAS detector at 13 TeV
corresponding to 36 fb−1. Event selection criteria and statistical methods are
applied to distinguish potential signals from the Standard Model background.
No statistically significant excess above the expected background is observed,
and the results are consistent with Standard Model expectations. The
supersymmetric search sets 95% confidence level upper limit on chargino-
neutralino production, excluding masses up to approximately 580 GeV for
a massless neutralino and a 95% confidence level upper limit of 0.12 fb
on the visible cross section. For the semi-dark Higgs boson decay search,
a 95% confidence level upper limit of 3.26 fb is set on the visible cross
section. Additionally, this work develops complementary educational Jupyter
notebooks designed to bridge the gap between particle physics research and
outreach. These notebooks guide users through key aspects of the analyses,
enabling students to reproduce select results. By combining research analyses
with educational materials, this thesis contributes to both ongoing dark
matter searches and outreach and education in particle physics.
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Chapter 1

Introduction and Motivation

Science outreach in physics serves to bridge the gap between advanced research and
public understanding, especially for students and educators. Science outreach as a
concept may differ from person to person, but it generally aims to promote public
awareness and inspire an interest in the subject through activities such as public talks,
visiting schools, workshops, and online resources. Within the field of physics, many
institutions have outreach initiatives aimed at increasing public awareness and inspiring
future scientists.

Physics research, ranging from fundamental studies of particles to applied
technologies, has many real-world applications. For example, in medicine, developed
technologies have been used for imaging, diagnostic tools, and cancer therapies [2].
Another area that benefited from physics research is computing, where the World
Wide Web was originally developed as a way for physicists to communicate and share
information quickly across the globe [3]. These few examples highlight the wide range
of topics physics research contributes to.

The field of particle physics studies fundamental particles and forces, whose
interactions form the Standard Model of particle physics. Theoretical work develops
models and frameworks to better understand the Standard Model, and also goes
beyond the Standard Model, looking for physics that is not explained by our current
understanding. Experimental work, such as collider experiments, is central to validating
these theories. The European Organisation for Nuclear Research (CERN) is home to a
diverse range of experiments, where the experiments at the Large Hadron Collider (LHC)
use detectors to analyse particle collisions [4]. A Toroidal LHC AppartuS (ATLAS) is one
of the detectors and is particularly well suited for both physics analyses and outreach due
to the availability of the ATLAS Open Data, which provides publicly available collision
data for both research and education [5].

Within the ATLAS experiment, there is a range of physics that can be studied, from
precision measurements of the Standard Model to new physics searches. This thesis
focuses on new physics searches relating to the search for dark matter. Despite making
up 27% of the matter in the Universe, it remains one of the mysteries in modern physics
research [6]. Since we do not know what makes up dark matter, many theories and
models have been proposed that aim to describe what it is and how it may be produced
in collider experiments. Among these are supersymmetric extensions of the Standard
Model, and models that focus on non-Standard Model signatures in Higgs boson decays,
each motivating complementary dark matter search strategies. Supersymmetry theories
were proposed in the early 1970s [7] and have been explored for over 50 years. With the
discovery of the Higgs boson in 2012 [8, 9], studying exotic Higgs decays offers a slightly
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Chapter 1. Introduction and Motivation

more recent approach in dark matter searches.
This thesis connects physics research with outreach. In addition to conducting

physics analyses on supersymmetry and exotic Higgs-motivated dark matter searches,
the development of educational materials is a key component. Specifically, educational
materials are developed in the form of interactive Jupyter [10] notebooks, which can
be used by students to reproduce and explore the analyses on their own. Through the
combination of physics analyses and educational material development, I aim to support
accessible, hands-on particle physics outreach.

1.1 Outreach and Education

Contributing to physics education and outreach bridges the gap between modern physics
research and a wide audience, particularly students and educators. Globally, a variety
of institutions have adopted outreach efforts. For example, the American Physical
Society [11], a non-profit membership organisation, has an outreach initiative, the Joint
Network for Informal Physics Education and Research, focused on engaging with the
public through informal physics education and events [12]. Many university physics
departments have also developed outreach initiatives and programs, including, but not
limited to, workshops, science camps, and public talks or lecture series [13–15]. Although
outreach efforts often target the broader field of physics, initiatives within sub-fields like
particle physics have also been adopted. The International Particle Physics Outreach
Group (IPPOG) [16], a network of scientists, science educators, and communication
specialists, works to strengthen the understanding and support of particle physics and
“raise the standards” of outreach and informal science education efforts [17].

Different tools can be used to deliver information in outreach initiatives and projects.
As highlighted in the examples above, the method of delivery can be tailored to fit
the needs of the initiative’s specific goals. One such tool is the Jupyter notebook,
which has been widely used in research settings and has been adopted in educational
environments [18–20]. The development of web-based software and platforms, such as
JupyterHub [10], Binder [21], and Google Colab [22] has further improved accessibility.
Lowering the barrier for student involvement, the notebook interface eliminates the need
for access to specialised software or a powerful personal computer, only requiring an
internet connection. The overall appeal of these notebooks in education is their ability
to allow students to learn the theoretical concepts, coding practices, and data analysis
techniques through a single file.

1.2 ATLAS Open Data

Physicists at the ATLAS experiment have been involved in education and outreach
initiatives since the 1990s [23]. The impacts of some of these initiatives are highlighted
in a report by Barnett and Johansson in 2023, where they summarise ATLAS outreach
projects from 1996 to 2012 [23]. The ATLAS Open Data project is a key resource for
making particle physics research more accessible, with the first significant release of
collision data made publicly available in 2016 [24]. Their mission “is committed to the
progressive release of its data for public use, aiming to support educational initiatives,
foster citizen science, and enhance the potential for scientific research” [24].

The project offers data for both research and education, including real collision data
as well as Monte Carlo (MC) simulations. As of 2025, the latest educational data release
includes the 13 TeV 2025 Data-Beta corresponding to collision data from Run 2 of the

4
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LHC, where data was collected between 2015-2016 [25]. As part of the initiative, the
collaboration provides analysis notebooks on a variety of topics, which establish an
excellent foundation for students to build upon for their own analyses and interests [26].

One application of using ATLAS Open Data in education is Galaxy Z-Path [27],
a workflow portal with some accompanying tools developed at the University of Oslo.
Based upon the open-source system, Galaxy [28], Z-path was originally developed in
the late 2000s/early 2010s to allow high school students to work with data. The goal
of Z-Path is to follow the “heartbeats” of the LHC and allow students to engage with
recent discoveries [29]. Used in some physics courses at the University of Oslo, this
portal provides an easy-to-use web interface allowing students to run analyses without
the need to install or configure software locally.

1.3 Combining Research with Outreach

Focusing on dark matter searches provides a useful starting point for introducing one of
the open questions in modern physics. Supersymmetric models and exotic Higgs models
have been explored in ATLAS analyses [30, 31], and can serve as examples of typical
analyses. This foundation is then expanded to include more advanced topics such as
statistical analysis techniques, providing an overview of both the theory needed for a
conceptual understanding of the physics analysis and applications to research techniques.

From the physics analyses, the development of interactive Jupyter notebooks forms
the educational and outreach aspect. The Jupyter notebooks’ dual-purpose approach of
performing an analysis and later adapting it to education highlights that these notebooks
reflect real research methodologies, while presenting them in a format that is better
suited to varying skill levels, thereby providing an introduction to particle physics
research.

1.4 Thesis Outline

This thesis is divided into five main parts. Part I introduces the motivation for the
physics research and how it is combined with educational outreach, focusing on the use
of ATLAS Open Data for education.

Part II provides the theoretical background, including an overview of dark matter,
the Standard Model, and physics beyond the Standard Model. It also introduces the
experimental applications of collider searches and statistical methods used to interpret
results.

The methodologies used in this thesis are presented in Part III, and include the
physics analyses using ATLAS Open Data for education, as well as descriptions of the
data, Standard Model background processes, selection criteria, and statistical framework.
Methods related to the development of the accompanying educational materials are also
described.

Part IV presents the results of the analysis, including searches for dark matter
candidate particles predicted by supersymmetric and exotic Higgs models, together with
their statistical interpretations. It also discusses the developed educational notebooks.

Part V summarises the results and places them in a broader context. It also discusses
limitations, possible improvements, as well as pointing to possibilities for future work.

The appendices provide supplementary materials that support the main chapters.
For example, Appendix A compares Bayesian and frequentist statistical techniques, while
other appendices contain additional results.
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Chapter 2

Dark Matter and the Standard Model

This chapter introduces the theoretical background related to dark matter and the
Standard Model. It presents key concepts such as missing transverse energy and
simplified models, which form the foundation necessary for physics beyond the Standard
Model in Chapter 3.

2.1 Dark Matter

One of the longstanding open questions in physics is the nature of dark matter. While
ordinary matter, which can be observed and studied, makes up around 5% of the universe,
the remainder is largely unknown. Although dark matter had been referenced in scientific
literature prior to the 1930s, Zwicky is often cited as one of the leading pioneers of dark
matter research. In 1933, he published work on galaxy clusters suggesting some form of
invisible matter contributes to their behaviour [32, 33]. In the 1970s, further evidence
emerged from observations of spiral galaxies, providing strong evidence for the existence
of dark matter [32].

Astrophysical observations provide insight into the key properties of dark matter.
Gravitational lensing, where gravity bends light and distorts the appearance of the
galaxies, offers strong evidence for its existence [34]. These observations indicate
that dark matter interacts via gravity and has been present since the early universe.
Comparisons between cosmological observations and models of structure formation, the
process by which large-scale structures such as galaxies form, suggest that dark matter
is cold. Cold dark matter is non-relativistic and therefore moves slowly compared to the
speed of light [35]. In addition, dark matter must be stable, or at least long-lived, to
account for its present-day abundance.

These constraints have led to numerous theoretical models, many of which suggest
that dark matter may be a particle. As a result, particle physics-based frameworks have
been developed to explain its nature. “By the late 1980s, the hypothesis that the missing
mass consists of one or more yet-unknown subatomic particle species had gained enough
support to become established as the leading paradigm for dark matter” [32]. These
properties motivate particle candidates such as weakly interacting massive particles and
axions, discussed in later sections.

2.2 The Standard Model

The Standard Model, as shown in Figure 2.1, encompasses our current understanding
of three of the four fundamental forces: electromagnetic, weak, and strong forces,
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Chapter 2. Dark Matter and the Standard Model

excluding gravity. It classifies the known elementary particles, including fermions,
which make up matter, and bosons, which facilitate the interactions. All fundamental
fermions participate in weak interactions, while only quarks and gluons participate in the
strong interaction, as they carry colour charge in quantum chromodynamics. Leptons,
in contrast, do not carry colour charge and therefore do not experience the strong
interaction, interacting instead via the electroweak force [36]. The structure of these
particle interactions is mathematically described within a gauge theory framework.

(a) The Standard Model (b) Higgs Extension

Figure 2.1: Figures of (a) the Standard Model of Particle Physics and (b) expanded to include
additional Higgs bosons which are needed in theories requiring two Higgs doublets, such as those
described in Chapter 3. Figures are adapted from Reference [37], which are based on an original
diagram licensed under the Creative Commons Attribution-ShareAlike 4.0 International License
[38].

2.2.1 Gauge Theory and Spontaneous Symmetry Breaking

The Standard Model is a gauge theory based on the symmetry group

SU(3)C × SU(2)L × U(1)Y

which describes the strong, weak, and electromagnetic interactions through the exchange
of spin-1 gauge fields [39]. In this formalism, U denotes a unitary group and SU a special
unitary group, where the number in parentheses specifies the dimension of the matrices
(i.e. an SU(n) group is represented by unitary n×n matrices with determinant 1). Here
SU(3)C describes the quantum chromodynamics and colour charge, while SU(2)L and
U(1)Y describe the electroweak interaction, acting on left-handed fermions and weak
hypercharge, respectively.

Gauge invariance refers to the requirement that the Lagrangian remains invariant
(meaning unchanging) under local transformations of these symmetry groups. Imposing
this local symmetry introduces gauge fields, which mediate interactions. A consequence
of this is that mass terms for the gauge bosons and fermions are not allowed, implying
that the corresponding particles should be massless. While this is consistent with the
massless photon and gluons, it does not reflect the experimentally observed masses of
the W± and Z bosons. This indicates that electroweak symmetry is not preserved by

10



2.2. The Standard Model

the vacuum, but is instead spontaneously broken. This is achieved through the Brout-
Englert-Higgs mechanism, which describes spontaneous symmetry breaking and explains
how elementary particles acquire mass through the introduction of a scalar field [36].

In the Standard Model, this is implemented through the introduction of a scalar
Higgs doublet, which transforms under the SU(2)L × U(1)Y symmetry group. This
doublet contains four real degrees of freedom, and is described by a potential that leads
to a non-zero vacuum expectation value [39]. In this framework, the Higgs field has
a non-zero vacuum expectation value, meaning it remains non-zero even in the lowest
energy state. As a result, the electroweak symmetry,

SU(2)L × U(1)Y → U(1)QED

is spontaneously broken, where U(1)QED corresponds to the unbroken symmetry of the
massless photon. The SU(3)C symmetry remains unchanged, as it describes the strong
interaction and is not affected by electroweak symmetry breaking.

Following symmetry breaking, three of the four degrees of freedom are absorbed by
the weak gauge bosons, becoming their longitudinal polarisation states [39]. Through
this process, the weak gauge bosons (W +, W −, Z) acquire mass, while the photon
remains massless. The remaining degree of freedom results in a physical scalar particle,
the Higgs boson. This mechanism, therefore, generates masses for the weak gauge bosons
while introducing a new scalar particle.

The masses of the gauge bosons are determined by the strength of their coupling to
the Higgs field and the value of the vacuum expectation value. The Z and W± bosons
acquire masses of approximately 91 GeV and 80 GeV, respectively. These electroweak
interactions, together with the Higgs mechanism, play a key role in particle production
processes studied at collider experiments at the LHC. In particular, they can produce
weakly interacting particles that escape detection.

2.2.2 Neutrinos

Neutrinos provide an example of weakly interacting particles within the Standard Model
that escape direct detection in collider experiments. They are neutral leptons that
do not experience electromagnetic or strong interactions, properties similar to those of
expected dark matter candidates [32]. Although not directly detected at the LHC, their
presence can be inferred through the missing momentum and energy measurements.
While neutrinos are not considered viable dark matter candidates because of their low
mass and high velocities, they provide a useful analogy for studying weakly interacting
massive particles. Both are neutral and interact only via the weak force. Neutrinos
also demonstrate how weakly interacting particles can escape direct detection in collider
experiments, leading to missing energy signatures.

Although the Standard Model has been successful in explaining known particles and
interactions, it leaves several physical phenomena unexplained. One notable example is
the lack of a dark matter candidate. Despite these limitations, it provides a foundation
for extensions beyond the Standard Model. By predicting new weakly interacting
particles, these extensions introduce the concept of undetected particles contributing
to missing momentum and energy, key features in dark matter searches in collider
experiments, as discussed in the next section.
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2.3 Missing Energy

Due to the nature of the particles being dark, meaning they cannot be directly observed
in collider experiments, we turn to the momentum of the particles. In proton-proton
collisions, the protons travel along the beamline and therefore have no net momentum
in directions perpendicular to the beam (the transverse plane). As a result, the total
momentum in the transverse plane is expected to be zero before the collision and to
remain conserved after the collision. If the measured transverse momenta of the visible
particles are not balanced, it suggests the presence of additional momentum carried by
invisible particles, such as neutrinos. Known as the missing transverse momentum, pmiss

T ,
this imbalance is a key signature in dark matter searches.

Figure 2.2: Diagram of the cross section showing how missing transverse momentum can be
inferred. Image © 2019 CERN for the ATLAS Experiment. Used in accordance with CERN’s
Conditions of Use for non-commercial purposes [40].

Missing transverse energy, Emiss
T , is a key component of dark matter searches in

collider experiments, defined as:

Emiss
T = |pmiss

T | (2.1)

where,

pmiss
T = −

 ∑
objects

pT + psoft
T

 . (2.2)

Here, the
∑

objects
pT includes the transverse momentum of the reconstructed objects, such

as leptons, photons, and jets, while psoft
T is the momentum associated with tracks not

associated with these objects. Visualised in Figure 2.2, the missing transverse momentum
is inferred from conservation laws.

2.4 Simplified Models

Simplified models provide a starting point for constructing more sophisticated models in
the search for dark matter candidate particles. When constructing such models, several
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key components are defined: the type of interaction, initial state particles, mediator,
and final state particles. The mediator is the force carrier that facilitates the interaction
connecting the Standard Model sector to the hypothetical dark matter sector. The
initial state consists of Standard Model particles, while the final state may contain either
Standard Model particles, dark matter candidates, or a combination of both, depending
on the process under consideration.

The three main classes of dark matter searches are indirect detection, direct
detection, and collider searches. These are associated with the following processes:

χχ → SM + SM, (2.3)
χ + SM → χ + SM, (2.4)

SM + SM → χχ, (2.5)

where SM denotes Standard Model particles, and χ denotes a dark matter candidate.
These correspond to annihilation, scattering, and production processes, respectively,
and are directly related to the main dark matter search strategies. Indirect detection
searches target annihilation products such as gamma rays, cosmic rays, or neutrinos,
while direct detection experiments aim to observe dark matter scattering off atomic
nuclei [41]. Collider searches, such as those at the LHC, focus primarily on production
processes in high-energy collisions. Each detection method explores different mass ranges
and interaction strengths, providing complementary approaches.

These processes may proceed through different interaction channels depending on
the model and mediator properties. A general example of a simplified model is shown in
Figure 2.3, where two Standard Model particles interact via a mediator that can couple
either to Standard Model particles or to dark matter particles.

mediator

SM

SM

χ or SM

χ or SM

Figure 2.3: Feynman diagram of a simplified dark matter model, where two Standard Model
particles (SM) interact through a mediator and result in final states of either Standard Model
particle or dark matter candidate particle (χ).

To interpret such signatures, simplified dark matter models are introduced, as
minimal extensions of the Standard Model introducing a dark matter candidate particle
and a mediator that connects the visible Standard Model and dark sectors. These models
are defined by a small number of free parameters: the mass of the dark matter candidate,
the mass of the mediator, and the coupling constants at each interaction vertex. The
coupling constants describe the strength of the interaction of the mediator with Standard
Model particles and dark matter particles.

As a concrete example, in scenarios where the mediator is a new vector boson such as
Z ′, the model can be specified by four parameters: the mediator mass, the dark matter
mass, and the two coupling constants [42]. This class of models is commonly used in
mono-X searches, where dark matter particles are produced in association with a visible
Standard Model particle [42]. An example of such a process is shown in Figure 2.4.
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q

q̄

χ

χ

SM

Figure 2.4: Example Feynman diagram for a mono-X dark matter production process, where
dark matter particles (χ) recoil against a visible Standard Model (SM) particle.

In collider experiments, the dark matter particles escape detection, resulting in
missing transverse energy. When produced in association with visible Standard Model
particles, they give rise to characteristic mono-X signatures [43]. This makes missing
transverse energy a key signature in searches for physics beyond the Standard Model.

While the simplified model shown in Figure 2.3 does not distinguish between
specific particles or mediators, it provides a useful starting point for exploring possible
interactions. The framework of simplified models can be extended to study more complex
scenarios in beyond the Standard Model theories, discussed in the next chapter.
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Chapter 3

Beyond the Standard Model

In this chapter, some of the theoretical frameworks and models used in beyond the
Standard Model searches are introduced. These theories aim to describe processes
and phenomena that are not explained by the Standard Model, one notable example
being dark matter, for which no candidate particle exists within the Standard
Model. In this thesis, supersymmetry and exotic Higgs models are introduced as the
primary frameworks of interest, as both offer potential explanations for dark matter.
Supersymmetry extends the Standard Model by introducing supersymmetric partner
particles, while exotic Higgs models explore extensions of the Higgs sector and its decay
channels.

3.1 Supersymmetry

To address unresolved phenomena in the Standard Model, several theoretical extensions
have been proposed. Although there is currently no experimental evidence for
supersymmetry, it remains an attractive framework for addressing limitations of the
Standard Model. These include providing a dark matter candidate, addressing the
hierarchy problem,1 and facilitating grand unification of the electroweak and strong
forces, among others.

Supersymmetry introduces a symmetry between fermions and bosons, predicting a
range of new particles known as superpartners of the Standard Model particles. Among
these, the lightest supersymmetric particles, such as the neutralino or sneutrino, are
often considered dark matter candidates, as they would fit the expected characteristics
of dark matter. This makes supersymmetry an interesting field of research, both for
extending the Standard Model and guiding dark matter searches.

3.1.1 Weakly Interacting Massive Particles

Weakly interacting massive particles are hypothesised to be elementary particles that
interact only via gravity and the weak force, with an interaction strength comparable to
the weak scale. In the early universe, when temperatures were high, these particles would
have been in thermal equilibrium and continuously annihilate into lighter particles [44].
As the universe cooled, the number density decreased, and the annihilation rate of these

1The hierarchy problem refers to the large discrepancy between the weak force and gravity and the
question of why the Higgs boson mass is much lighter than the Planck mass despite quantum corrections.
In supersymmetric theories, these corrections are cancelled by contributions from supersymmetric partner
particles.
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particles fell below the expansion rate of the universe, a process known as thermal freeze-
out [44, 45]. This freeze-out left a relic abundance.

Particles with a larger interaction cross section continue to annihilate for a longer
time, causing fewer to remain today [46]. Particles with a smaller cross section decouple
earlier and leave behind a larger relic abundance. Based on the current abundance of
dark matter, if dark matter consists of one of these relic particles, their annihilation cross
section is expected to be of the order of the weak interaction scale [46], particularly for
particles with masses in the approximate range 102 − 103 GeV.

The relic density or abundance describes the amount of particles that remain in the
universe today, and determines how many dark matter particles of a given mass would
be needed to match the cosmological observations. An approximate solution to the
Boltzmann equation gives the abundance as,

ΩXh2 ≈ 3 × 10−27cm2s−1

⟨σv⟩
(3.1)

where h is the Hubble constant [46, 47]. Using the abundance gives an annihilation cross
section of ⟨σv⟩ ≈ 3 × 10−26cm3/s [45] which is of the same order of magnitude as the
cross sections characteristic of electroweak interactions.

This coincidence is often referred to as the “WIMP Miracle.” It suggests that a
particle with weak-scale interactions and a mass in the order of 102 − 103GeV would
naturally result in the dark matter abundance, providing the motivation for such
dark matter models [46]. Within supersymmetric frameworks, neutralinos satisfy these
properties and are therefore classified as weakly interacting massive particles. This
connection between the electroweak scale and cosmological observations is one of the key
reasons why weakly interacting particles are considered strong dark matter candidates.

3.1.2 Spin and R-Parity

Spin is an intrinsic property of particles, similar to angular momentum. Standard
Model particles either have half-integer (e.g., 1/2) or integer (e.g., 0 or 1) spins. In
supersymmetric models, each superpartner differs in spin by 1/2 from its corresponding
Standard Model particle. For example, leptons with spin 1/2 have superpartners with
spin 0, while gauge bosons with spin 1 have superpartners with spin 1/2 [36].

R-parity is defined as R = (−1)3(B−L)+2s where B is baryon number, L is lepton
number2, and s is the spin of the particles. Standard Model particles have an R-parity
of +1 (even R-parity) while the supersymmetric particles have an R-parity of -1 (odd
R-parity) [48]. If R-parity is conserved, supersymmetric particles would be produced
in pairs, and the lightest supersymmetric particle cannot decay into lighter Standard
Model particles. This stability makes the lightest supersymmetric particle a great dark
matter candidate as it would be neutral, and weakly interacting, with a mass typically
in the range of order 102 − 103GeV.

3.1.3 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model is a realisation of supersymmetry that
introduces superpartners for all Standard Model particles [48], shown in Figure 3.1.

2These quantities refer to the quantum numbers which characterise particle properties. The baryon
number is defined as B = 1

3 (nq − nq̄), where nq and nq̄ are the numbers of quarks and antiquarks,
respectively. The lepton number is defined as the difference between the number of leptons and
antileptons.
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(a) Minimal Supersymmetric Standard Model (b) Chargino-Neutralino Extension

Figure 3.1: The (a) Minimal Supersymmetric Standard Model and its (b) chargino and neutralino
extension, adapted from Reference [37]. These figures are based on original diagrams licensed
under the Creative Commons Attribution-ShareAlike 4.0 International License [38].

Despite its name, it significantly extends the Standard Model by introducing a large
number of additional free parameters, increasing its complexity.

In its most general form, the model contains more than one hundred free parameters,
including masses, phases, and mixing angles [49]. This large parameter space makes
it difficult to study systematically or constrain experimentally. To address this, the
Phenomenological Minimal Supersymmetric Standard Model reduces to 19 parameters,
while preserving the key phenomenological features [50]. This reduction enables more
focused studies of relevant features. Among the reduced number of parameters, the
gaugino mass parameters are especially important for the phenomenology considered
here, as they determine the mixing between the gauginos and higgsinos, as well as the
gaugino masses.

In the Minimal Supersymmetric Standard Model, the fermionic superpartners of the
electroweak gauge bosons and Higgs bosons mix to form electrically neutral states known
as neutralinos and charged states known as charginos, as shown in Figure 3.1.

The neutral gauginos consist of the superpartners of the gauge bosons, known as the
bino and the neutral wino. After electroweak symmetry breaking, these states can be
expressed in terms of the photino and zino, the superpartners of the photon and Z boson,
respectively. The neutral gauginos mix with the neutral higgsinos3 forming neutralinos.
The four neutralinos are denoted as χ̃0

1, χ̃0
2, χ̃0

3, χ̃0
4, where the subscript indicates their

increasing mass. Each neutralino is a linear combination of bino, wino, and higgsino.
Similarly, the charged wino and charged higgsinos mix to form two charged states, the
charginos, denoted as χ̃±

1 and χ̃±
2 . The mixing in both the neutralino and chargino states

plays a key role in determining how these particles are produced and how they decay.
The lightest neutralino is often the lightest supersymmetric particle and one of

the leading dark matter candidates. If R-parity is conserved, it is stable and weakly
interacting, making it consistent with the expected properties of dark matter [48].

3In the Minimal Supersymmetric Standard Model, electroweak symmetry breaking requires two Higgs
doublets, giving eight degrees of freedom and resulting in five Higgs bosons: the light Higgs (h), heavy
Higgs (H), pseudo-scalar Higgs (A), and two charged Higgs bosons (H+

, H
−).
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3.1.4 Chargino-Neutralino Production and Decay

Supersymmetry introduces new particles and extends the interaction structure by
allowing additional couplings between Standard Model particles and their superpartners.
Their production follows the same underlying principles as Standard Model processes.
Chargino and neutralino production, as illustrated in Figure 3.2, is closely related to the
electroweak interactions.

In the model considered here, the masses and composition of the charginos and
neutralinos are primarily determined by the gaugino and higgsino mass parameters.
These parameters determine both the masses and the couplings to the electroweak gauge
bosons, which in turn affect the production and decay patterns.

W ∗±

q̄′

q

χ̃0
2

χ̃±
1

(a) s-channel

q̃∗

q̄′

q

χ̃0
2

χ̃±
1

(b) t-channel

Figure 3.2: Chargino-neutralino production through an (a) s-channel and (b) t-channel. Figures
adapted from Reference [51].

Chargino-neutralino production proceeds through both s-channel and t-channel
processes. In the s-channel, a quark and an antiquark annihilate to produce an off-shell
W boson, which decays into a chargino-neutralino pair. This channel is analogous to
the Drell-Yan process, where a lepton pair is produced in hadron-hadron collisions from
quark-antiquark annihilation [36]. In the t-channel, a squark is exchanged between two
incoming quarks, producing the same final state. The masses of these supersymmetric
particles play an important role, where if the squark is very massive, the t-channel is
suppressed, making the s-channel the dominant production mechanism [51].

Once produced, charginos and neutralinos decay into Standard Model particles and
the lightest neutralino, which escapes detection. This results in missing transverse
momentum, a key signature in supersymmetry searches. Depending on the masses
and mixing, these decays can produce a range of final states, including combinations
of leptons, jets, and missing energy.

In the model considered in Figure 3.3, the mass splitting between the chargino, the
next-to-lightest neutralino, and the lightest neutralino allows for decays via W and Z
bosons. The positively or negatively charged chargino decays into a W boson and the
lightest neutralino, while the heavier neutralino decays into a Z boson and the lightest
neutralino. The Z boson decays leptonically, producing two leptons, while the W boson
decays hadronically into jets. The lightest neutralinos contribute to missing transverse
momentum.

This decay chain leads to final states with two leptons, missing transverse energy,
and at least two jets, which defines the signature targeted in this analysis. The kinematic
properties of these final states are influenced by the underlying supersymmetric
parameters, particularly the gaugino-higgsino mixing and the mass spectrum of the
charginos and neutralinos.
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Figure 3.3: Diagram of chargino and neutralino production with W and Z boson decays. Image
sourced from Reference [30].

Such signatures are also relevant in other searches for physics beyond the Standard
Model. While supersymmetry offers a well-motivated framework for dark matter
searches, it is not the only approach.

3.2 Exotic Higgs Decay

These final-state signatures also appear in other extensions of the Standard Model,
including models with an extended Higgs sector that introduce new particles and decay
channels. These exotic Higgs models provide complementary search strategies and can
also be useful in dark matter searches, with decay modes not present in the Standard
Model.

The Higgs boson decays can be categorised based on the visibility of their final
states [52] as fully visible, fully invisible, and semi-dark:

H → ZZ∗ → 4ℓ, (3.2)
H → ZZ∗ → 4ν, (3.3)
H → χχ̄, (3.4)
H → Z + χ. (3.5)

The process in equation (3.2) is one example of a fully visible decay of a Standard Model
Higgs boson. Fully invisible decays can arise within the Standard Model, for example,
in equation (3.3), where the final-state neutrinos escape detection. In addition, fully
invisible decays may also occur in beyond the Standard Model scenarios, such as in
equation (3.4). In contrast, semi-dark decays, equation (3.5), contain both visible and
invisible components. In these cases, the Higgs boson decays into a Standard Model
particle, such as the Z boson, and an invisible particle denoted by χ. The visible decay
enables detection, while missing transverse momentum and energy associated with χ
may indicate the presence of new physics.

The identity of the invisible particle depends on the model. Possible candidates
include dark photons and axion-like particles, which interact weakly with Standard
Model particles. Dark photons are hypothetical spin-1 gauge bosons, while axion-like
particles are spin-0 pseudoscalars [35]. While both can produce similar experimental
signatures, their underlying properties differ.

Although the Higgs boson has spin 0, conservation of angular momentum is
maintained through contributions from orbital angular momentum [36]. This ensures
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overall conservation and allows a scalar particle to decay into final states containing
particles with non-zero spin, such as the Z boson and dark photon. In this thesis, the
focus is on models where the Higgs boson decays into a Z boson and a dark photon,
discussed in the next section.

3.2.1 Semi-Dark Higgs Models

Semi-dark decays combine visible and invisible signatures. One example of this is a
process where a Higgs boson decays into a Z boson and a dark photon (γd). The Z boson
produces two leptons, forming the visible final state, while the dark photon contributes
to the missing transverse energy. This process is represented by,

H → Z + γd → ℓ+ℓ− + Emiss
T , (3.6)

and shown in Figure 3.4.

Z

γd

H

ℓ+

ℓ−

Figure 3.4: Feynman diagram showing an exotic Higgs boson (H) decay where a Z boson (Z)
and dark photon (γd) are produced. The Z boson decays into two leptons (ℓ+ℓ−), providing a
visible final state, while the dark photon is assumed to be invisible, leading to missing transverse
energy.

This type of interaction arises in models where the Standard Model, as introduced
in Section 2.2.1, is extended by an additional abelian gauge symmetry associated with a
hidden sector. In this framework, the Standard Model gauge group is extended by a new
symmetry, U(1)d, where the subscript refers to the dark sector. The gauge symmetry is
therefore extended to

SU(3)C × SU(2)L × U(1)Y × U(1)d. (3.7)

This extension introduces the dark photon as a new gauge boson.
The dark photon is a hypothetical gauge boson that can interact with Standard Model

particles through kinetic mixing with a visible photon [53]. Kinetic mixing describes
an interaction between gauge bosons of two different gauge groups and is common in
beyond the Standard Model frameworks [54]. This mechanism provides a portal between
the visible and hidden sectors, allowing weak coupling between them. The interaction
strength is determined by the kinetic mixing parameter, while the mass determines the
kinematic properties of the decay.

The specific model considered in this analysis is characterised by two free parameters:
the dark photon mass and the kinetic mixing parameter. The kinetic mixing parameter
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determines the coupling strength between the dark photon and the Standard Model
particles, while the dark photon mass determines the kinematic behaviour of the decay.

The coupling between the Higgs boson, Z boson, and dark photon arises after
electroweak symmetry breaking through this mixing mechanism [55]. This allows semi-
dark Higgs decays, such as the one described previously. Compared to supersymmetric
models, described in Section 3.1, dark photon models are relatively minimal, typically
characterised by two parameters [53]. This simplicity makes them an attractive
alternative framework for dark matter searches.

With the theoretical frameworks established, the next step is to examine how these
models can be tested using collider experiments and statistical methods discussed in
Chapter 4.
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Chapter 4

Experimental Applications and Stat-
istics

This chapter introduces collider experiments and how particle accelerators and detectors
can be used to test theoretical models. It also presents statistical techniques that quantify
the significance of the results obtained from experimental searches.

4.1 Collider Experiments

High-energy particle accelerators play a key role in testing theoretical models in particle
physics. The largest and most powerful of these is the LHC, a circular proton-proton
collider with a circumference of 27 kilometres, situated approximately 100 metres
underground at CERN on the France-Switzerland border. It accelerates particles to very
high energies before colliding them at interaction points, enabling studies of particle
interactions. These collisions can produce both known particles and potentially new
particles predicted by theoretical models.

There are several experiments at the LHC, including four major detectors: ATLAS,
CMS, ALICE, LHCb, each designed to study different physics processes. In this work,
we focus on the ATLAS detector, which is a general-purpose detector designed to explore
a wide range of physics processes. The descriptions of circular colliders and the ATLAS
detector presented in the following sections are primarily based on References [56–58].

4.1.1 Circular Colliders

The main components of a circular particle accelerator include: vacuum systems,
magnets, and radio frequency cavities. The vacuum systems prevent particles from
colliding with gas molecules, maintaining a controlled environment for the collisions.
Magnets are used to direct the trajectory of particles around the accelerator tracks
and focus the beam to collide particles at collision points. Radio frequency cavities
with oscillating fields accelerate the protons to the desired energy and ensure they are
tightly grouped. These components work together to keep particles moving around the
accelerator, building up their energy.

The beams of particles travel in opposite directions around the tracks before being
directed towards colliding at a specific interaction point, where detectors are positioned
to record the resulting events. These collisions can produce a range of particles, whose
properties are measured by the detector placed around the interaction point.

23



Chapter 4. Experimental Applications and Statistics

4.1.2 The ATLAS Detector

The ATLAS detector is a general-purpose detector composed of layers of specialised sub-
detectors arranged around one of the LHC interaction points. Each subsystem is designed
to measure properties of particles, such as trajectory, energy, or identity. The main
components of the detector include: tracking systems, magnet systems, calorimeters,
and a muon spectrometer.

Starting with the innermost region, the tracking systems consist of a pixel detector,
a semiconductor tracker, and a transition radiation tracker. The pixel detector and
semiconductor tracker are based on silicon technology, which provides measurements
of particle trajectories close to the interaction point. The transition radiation tracker
uses drift tubes filled with gas, where charged particles passing through ionise the gas,
producing a detectable signal. This provides tracking information together with the
pixel and semiconductor tracker detectors, and also helps to distinguish between particle
types. The region is surrounded by a solenoidal magnetic field, which bends the charged
particle trajectories. From these curved trajectories, the momentum and charge of the
particles can be determined.

Located outside the solenoid magnet are the calorimeters, which measure the energy
deposited by particles as they pass through and interact with the material. The
electromagnetic calorimeter, composed primarily of liquid argon, measures the energy
of electrons and photons via electromagnetic showers. Next is the hadronic calorimeter,
which is designed to absorb and measure the energy of hadrons like protons and pions.
These particles typically pass through the electromagnetic calorimeter and deposit their
energy through hadronic interactions.

The outermost layer is the muon spectrometer, which detects muons. This
system includes toroidal magnets which provide the magnetic field for momentum
measurements, along with monitored drift tubes, which are filled with a gas mixture,
allowing their trajectories to be determined.

Given the high rate of collisions, not all events contain interesting characteristics for
further study. Trigger systems, implemented as both hardware and software, are used
to identify and retain only relevant events for further analysis.

By combining the information from all detector layers, particles can be identified
and their properties, such as energy and momentum, can be reconstructed. Particles
that do not interact directly with the detector, such as neutrinos or hypothetical weakly
interacting particles, cannot be observed directly. Instead, their presence is inferred
through missing transverse momentum, calculated from the imbalance in the measured
momentum of visible particles, as outlined earlier in Section 2.3.

4.1.3 Cross Section and Luminosity

Two key quantities used to characterise how likely and how frequently particle
interactions take place are the cross section and luminosity.

The cross section σ measures the probability of a given particle interaction to take
place. It is defined as,

σ = number of interactions per unit time per target particle
incident flux , (4.1)

where flux accounts for the relative motion of the particles [36]. Simply, a larger cross
section means an interaction is more likely to occur.
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The differential cross section describes how the scattering probability is distributed
with respect to a chosen variable. For a distribution given in terms of the solid angle,
the differential cross section is defined as,

dσ

dΩ = number of particles scattered into dΩ per unit time per target particle
incident flux , (4.2)

where dσ represents the cross section, and dΩ represents the solid angle, describing the
angular distribution of particles after a collision [36].

The instantaneous luminosity L is defined as the number of interactions per unit
area per unit time [59]. The integrated luminosity, which is often used when analysing
data, is obtained by integrating the instantaneous luminosity over the full data-taking
period,

Lint =
∫

Ldt. (4.3)

The luminosity is related to the interaction rate through the cross section,

Ninteractions/sec = Lint · σ. (4.4)

where σ is the total scattering cross section. These values help determine the
performance of the accelerator, where a higher luminosity implies there is a greater
chance of particle interactions occurring, while a larger integrated luminosity corresponds
to a greater total dataset.

When discussing cross sections in particle physics, the most common unit of area
is the barn (b), where 1 b = 10−28m2. Since typically cross sections are much smaller
than this, femtobarn (fb), where 1 fb = 10−15b or 10−43m2, is often used. Integrated
luminosity is commonly expressed in units of inverse femtobarn fb−1.

4.2 Statistics

Statistical methods are introduced to test experimental results by quantifying the
agreement between observed data and theoretical predictions. These methods provide
a framework to determine the significance of deviations between predicted and
observed event yields, and set exclusion limits on the considered signal models. The
statistical techniques presented in this section are primarily based on the approach of
Cowan et al. [60], supplemented with concepts from References [61–63].

4.2.1 Poisson Distribution

In counting experiments, the number of observed events is assumed to follow a Poisson
distribution with a mean,

λ = s + b, (4.5)

where s is the expected signal yield and b is the expected background yield. The
probability of observing n events is,

P (n; λ) = λne−λ

n! . (4.6)

This probability distribution forms the basis of the statistical methods described in the
following sections.
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4.2.2 Approximating Significance

At high event counts, the Poisson distribution can be approximated by a Gaussian
distribution, allowing for a simple approximation of the significance. The significance,
Z, compares the observed data and the background-only hypothesis. In high statistics,
meaning the background yield is large, the significance is approximated as:

Z = nobs − b√
b

, (4.7)

where nobs is the number of observed events. To account for systematic uncertainties in
the background estimate, the uncertainty, δ, is introduced:

Z = nobs − b√
b + (δb)2

. (4.8)

For low event counts, a more accurate expression better suited for low-statistics
analyses is used, where the significance is given by

Z =
√

2
[
nobs ln

(
nobs

b

)
− nobs + b

]
. (4.9)

These expressions define the observed significance, which compares the observed event
counts to the background-only hypothesis. The significance corresponds to the number
of standard deviations the observed results deviate from the expected background.

While these approximations provide a starting point to determine significance, a more
robust statistical analysis is employed for hypothesis testing and limit setting, relying
on likelihood-based statistical techniques.

4.2.3 Likelihood-based Counting Experiments

Likelihood

The likelihood function quantifies how compatible a signal hypothesis is with observed
data under a given model. For a single counting experiment, the likelihood under the
signal hypothesis s is,

L(s) = P (n|s + b). (4.10)

where b is the expected background, and n is the observed number of events.
In a binned analysis, the number of observed events in each bin i follows a Poisson

distribution,

P (ni|λi) = λ
ni
i e−λi

ni!
, (4.11)

where ni is the observed number of events, and λi is the expected number of events in
bin i.

The signal strength parameter µ scales the expected signal prediction to maximise
the likelihood. It is defined as the ratio of the observed signal to the predicted signal.
Introducing this parameter, we find,

λi = µsi + bi. (4.12)
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and the full likelihood over N bins is,

L(µ) =
N∏

i=1
P (ni|µsi + bi). (4.13)

This model is expanded to incorporate systematic uncertainties from nuisance
parameters, θ. Including the nuisance parameters gives the expected yield in each bin,

λi(µ, θ) = si(µ, θ) + bi(θ). (4.14)

The extended likelihood becomes,

L(µ, θ) =
N∏

i=1
P (ni|λi(µ, θ)) C(θ), (4.15)

where C(θ) represents terms that constrain the systematic uncertainties.

Hypothesis Testing

Hypothesis testing is performed using the general likelihood ratio test statistic,

qµ = −2 ln L(µ,
ˆ̂
θ(µ))

L(µ̂, θ̂)
(4.16)

where ˆ̂
θ(µ) maximises the likelihood for a fixed µ, and µ̂, θ̂ maximises the likelihood over

both signal strength and nuisance parameters. The denominator represents the best-fit
description of the data, while the numerator evaluates a specific signal hypothesis.

For discovery, the background only hypothesis (µ = 0) is compared to the signal plus
background hypothesis (µ > 0) using

q0 = −2 ln L(µ = 0, θ̂)
L(µ̂,

ˆ̂
θ)

. (4.17)

A one-sided constraint on the test statistic is applied, ensuring µ ≥ 0,

q0 =
{

−2 ln λ(0) if µ̂ ≥ 0
0 if µ̂ < 0.

(4.18)

A small q0 indicates data compatible with the tested hypothesis, while a large q0 suggests
incompatibility.

The p-value quantifies the probability of observing data at least as extreme as what
is measured under the null hypothesis (H0),

p0 = P (q0 ≥ qobs
0 |H0). (4.19)

P-values are often expressed as a significance in units of Gaussian standard deviations,

Z = Φ−1(1 − p0), (4.20)

where Φ−1 is the inverse cumulative distribution of a standard Gaussian function. For
large datasets, Wilks’ theorem [64] allows the asymptotic approximation:

Z0 ≈ √
q0, (4.21)

p0 ≈ 1 − Φ(Z0). (4.22)
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4.2.4 Exclusion Limits

Exclusion tests determine which signal models are incompatible with observed data. Two
statistical approaches are evaluated, both based on the likelihood function described in
Section 4.2.3.

Frequentist Method

In a frequentist framework, exclusion limits are derived using the modified confidence
level CLs, which accounts for both the signal-plus-background and background-only
hypotheses:

CLs+b = P (qµ ≥ qobs
µ |µ), (4.23)

CLb = P (qµ ≥ qobs
µ |0), (4.24)

CLs = CLs+b

CLb
. (4.25)

A signal hypothesis is excluded at the 95% confidence level if CLs < 0.05. Using the
asymptotic approximations, this can be expressed in terms of p-values and significance,
where,

Zµ ≈ √
qµ, (4.26)

pµ ≈ 1 − Φ(Zµ). (4.27)

Under asymptotic approximations to compute the expected behaviour under the
background-only hypothesis, we use the Asimov dataset, which represents the expected
data under the background-only model. Using this dataset, we compute the
corresponding test statistic, qµ,A . The modified confidence level becomes

CLs =
1 − Φ(√qµ)

Φ(√qµ,A − √
qµ) , (4.28)

where the numerator corresponds to CLs+b and the denominator corresponds to CLb,
as expressed in equation (4.25).

Bayesian Method

Compared to profiling used in the frequentist approach, the Bayesian approach
marginalises over nuisance parameters. This approach constructs a posterior probability
and treats the signal strength as a probability distribution. The 95% upper limit sup is
defined by, ∫ sup

0
p(s|nobs)ds = 0.95, (4.29)

meaning there is a 95% probability that s is below sup and a 5% probability that s is
above sup.

The theory and experimental strategies presented in this part are applied to the
search for dark matter. The corresponding methodologies are described in Part III and
form the foundation of both the research itself and the development of the educational
materials.
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Chapter 5

Physics Analysis

This chapter presents the methodologies used to perform the analyses presented in this
thesis. It describes the software and tools employed, processing of data, derivation of
analysis variables, event selection criteria, and statistical techniques applied, as well as
limitations inherit in the analyses. These methods not only provide the foundation of
the physics analyses themselves, but also inform the development of the educational
notebooks described in Chapter 6, which adapt these methodologies into suitable
workflows for education and outreach.

5.1 Software and Tools

A Jupyter notebook in a python-based environment is chosen as the primary platform
used throughout the analysis. This environment is chosen for a simple transition from
analysis code to educational materials. The relevant libraries and packages with their
purposes are described in Table 5.1.

In the context of ATLAS Open Data, the atlasopenmagic Python package simplifies
accessing and handling the datasets. It provides utilities and metadata for tasks such as
selecting the appropriate data release, caching files locally, choosing skims, and retrieving
dataset URLs [65]. Since the data and simulated MC samples are stored in ROOT
ntuples, the uproot library is used to read these files and convert them into Python-
friendly structures for analysis [66].

Category Package/Library Purpose
Data Processing atlasopenmagic [65] Retrieving ATLAS Open Data files

uproot [66] Reading ROOT files
awkward [67] Representing columnar data structures

Calculations vector [68] Four-vector and momentum calculations
mt2 [69] Computation of the stransverse mass mT 2
numpy [70] Numerical functions
scipy [71] Statistical calculations

Visualisation matplotlib [72] Plot generation and customisation
pandas [73] Data export and organisation

Table 5.1: Python packages and libraries with their purposes.
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5.2 Data, Signals, and Backgrounds

5.2.1 Data

The data [74] used throughout this analysis were collected by the ATLAS detector during
the 2015-2016 collection periods at

√
s = 13 TeV. The integrated luminosity for the 2015

data period is 3.24 ± 0.04 fb−1, and for the 2016 data period it is 33.40 ± 0.30 fb−1 [75].
The combined integrated luminosity for these datasets is 36.0 fb−1.

This analysis uses the 13 TeV 2025 Data-Beta release of the ATLAS Open Data for
education [76], which includes collections, or analysis skims, which are subsets of the
data that apply a predefined selection corresponding to specific final states. The “2lep”
analysis skim is used, containing events with at least two leptons, each with transverse
momentum, pT > 7 GeV.

No additional requirements are imposed, for this 2lep skim, on observables such
as jet multiplicity or missing transverse momentum. However, reconstructed physics
objects satisfy general kinematic criteria: electrons are required to have pT > 7 GeV and
pseudorapidity, |η| < 2.47, muons must have pT > 7 GeV and |η| < 2.5, and small-R jets
are required to have pT > 20 GeV and |η| < 2.5 [76].

These criteria highlight the pre-selection requirements defined by the chosen skim,
while the final event selection requirements used in this analysis are described in
subsequent sections.

5.2.2 MC Simulated Events

MC simulated events are used to model both background and signal processes. Tables
with the simulated MC sample information, for the background and signal processes,
are included in Appendix D. These simulations are produced using a variety of event
generators, each suited for the process they are simulating. To ensure that the MC
simulations accurately reflect the data conditions, scale factors are applied to correct
and normalise the weights of the simulated events.

The cross section weights, normalised by the sum of weights, are multiplied by the
MC weights and corresponding scale factors. This gives the total event weight, defined
as

wevent = (σ · εfilter · kfac) · Lint · wMC∑
w

× SF, (5.1)

where σ is the cross section, εfilter is the filter efficiency, kfac is the k-factor which applies
higher order corrections to the cross section, Lint is the integrated luminosity, wMC
is the individual MC event weight, ∑

w is the sum of MC weights, and SF is the
product of all the applied scale factors. The applied scale factors account for pile-
up reweighting, electron and muon identification and isolation efficiency, lepton trigger
efficiency, flavour-tagging efficiency for identifying jets originating from specific quark
flavours, such as b-jets, and jet vertex tagger efficiency for suppressing jets associated
with pile-up interactions.

Signal Processes

The signal models considered in this analysis include two-lepton final states with missing
transverse energy. The supersymmetric signal model considered is chargino-neutralino
production with W and Z bosons, shown in Figure 3.3. The chargino and neutralino
each decay into the lightest neutralino, contributing to missing transverse energy in the
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final state. The Z boson decays leptonically, producing the two-lepton final state, while
jets arise from the hadronically decaying W boson.

Although the chargino-neutralino production process remains the same, multiple
supersymmetric particle mass hypotheses are considered in this analysis. The individual
simulated signal model samples correspond to different mass splittings between the
chargino/second-lightest neutralino and corresponding lightest neutralino. The resulting
grid of mass points is shown in Figure 5.1.
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Figure 5.1: Supersymmetric particle masses for each considered chargino-neutralino production
signal model. The chargino/neutralino mass is denoted by m(χ̃±

1 /χ̃0
2) while the corresponding

lightest neutralino mass is denoted by m(χ̃0
1).

The semi-dark Higgs decay signal model differs from the supersymmetric scenario due
to the production of a Higgs boson through gluon-gluon fusion, resulting in a similar final
state, as shown in Figure 3.4. In this model, the Higgs boson decays into a Z boson,
contributing to a two-lepton final state, and a dark photon, contributing to missing
transverse energy signatures. The final states of the signal models determine which
background processes are relevant to this analysis.

Background Processes

Standard Model processes producing final states with two leptons and missing energy
signatures closely mimic the signal models we aim to identify, making background
reduction critical in the analysis.

The main background processes considered in this analysis include: Z+jets, W+jets,
diboson, top quark pair production (tt̄), and single top production, specifically in decay
channels leading to final states with two leptons and missing transverse energy. Among
these processes, the largest backgrounds typically arise from the diboson, tt̄, and Z+jets
processes.

Diboson production involves the production of two electroweak bosons, which can
mimic the signal by producing final states with two leptons and missing transverse
energy. In this analysis, only the diboson processes that mimic the signal signature are
considered. These processes include final states with two Z bosons, two W bosons, or
a W and a Z boson, with specific decay channels relevant to this analysis. For the ZZ
processes, one Z boson decays to charged leptons while the other decays to neutrinos,
leading to missing transverse energy,

qq̄ → ZZ → ℓ+ℓ−νν̄. (5.2)
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(a) (b) (c)

Figure 5.2: Feynman diagrams for the (a) ZZ, (b) WW, and (c) WZ diboson processes.

For the WW processes, both W bosons decay leptonically, resulting in two leptons and
missing transverse energy,

qq̄ → W +W − → ℓ+νℓ−ν̄. (5.3)

In WZ processes, the W boson decays leptonically into a lepton and a neutrino, producing
missing transverse energy, while the Z boson decays into a lepton pair. This typically
leads to a three-lepton final state,

qq̄ → W ±Z → ℓ+ℓ−ℓν, (5.4)

but can also contribute to the two-lepton final state if one lepton is not reconstructed.
These diboson processes are visualised by the Feynman diagrams in Figure 5.2.

(a) (b) (c)

Figure 5.3: Feynman diagrams for production of tt̄ through (a) quark-antiquark annihilation, (b)
gluon fusion through an s-channel, and (c) gluon fusion through a t-channel.

In tt̄ processes, each top quark decays almost exclusively to a W boson and a b-jet.
In this analysis, dileptonic tt̄ decays are relevant since they produce the two-lepton plus
missing transverse energy signature considered. When both W bosons decay leptonically,
the final state contains two leptons, missing transverse energy from neutrinos, and
multiple jets. This process is typically dominant in high missing transverse energy
regions, but can be reduced by vetoing events with b-tagged jets. Two primary
production mechanisms contribute to tt̄ production: quark-antiquark annihilation,

qq̄ → tt̄ → W +bW −b̄ → ℓ+νbℓ−ν̄b̄, (5.5)

and gluon fusion,
gg → tt̄ → W +bW −b̄ → ℓ+νbℓ−ν̄b̄. (5.6)

These processes are visualised by the Feynman diagrams in Figure 5.3.
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Figure 5.4: Feynman diagram for the Drell-Yan process.

In this analysis, the Drell-Yan process contributes to the background when it satisfies
the opposite-sign same-flavour criteria and acquires apparent missing transverse energy
through detector effects or neutrinos. The Drell-Yan process is given by,

qq̄ → Z/γ∗ → ℓ+ℓ−, (5.7)

with the corresponding Feynman diagram shown in Figure 5.4. Z bosons can also be
produced in association with jets (Z+jets), such as

qq̄ → Zg, (5.8)
qq̄ → Zq. (5.9)

In these processes, jets from quantum chromo-dynamic interactions can lead to missing
transverse energy signatures due to jet mismeasurement, as well as neutrinos from weak
decays of hadrons originating from b-quarks and c-quarks. This background is typically
dominant in low missing transverse energy regions.

Figure 5.5: Feynman diagram for a single top quark production process.

Standard Model processes, such as single top production and W+jets production,
have smaller contributions to the overall backgrounds. Single top processes contribute
to the background when their decay products include leptons and neutrinos, leading
to final states compatible with the two-lepton plus missing transverse energy selection.
Single top quark production results in a final state containing a top quark and is often
accompanied by W bosons and b-jets. Additional leptons can arise from semi-leptonic
decays of b-hadrons or from misidentified (fake) leptons. These processes are described
by,

qb → q′t → q′W ±b → ℓ±νb, (5.10)
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and
gb → tW ± → bW +W − → bℓ+νℓ−ν̄. (5.11)

A Feynman diagram for the processes described in equation (5.11) is shown in Figure
5.5. W+jets production contributes to the background through events where the W
boson decays leptonically, producing a charged lepton and a neutrino, which can lead
to missing transverse energy. An additional reconstructed lepton can arise from jet
misidentification. Higgs boson production in processes such as ZH or WH can also lead
to backgrounds with final states containing two leptons and missing transverse energy.

As both the background and signal processes can lead to the same final state,
distinguishing between them is a key aspect of the analysis. This is achieved by exploiting
kinematic differences between the event topologies.

5.3 Variables

To discriminate signal and background processes, kinematic variables are constructed to
characterise the events. These variables highlight differences in the kinematic properties
of the final states and are used when defining the event selection criteria.

5.3.1 Invariant Mass

The invariant mass describes the mass of an object or system independent of its overall
motion. It is particularly useful in reconstructing resonances that decay into visible
final state particles. In this analysis, it is beneficial in discriminating processes such as
Z boson decays, which produce a characteristic peak in the two-lepton invariant mass
distribution. The invariant mass of the two-lepton system is defined as,

m2
ℓℓ = m2

1 + m2
2 + 2(E1E2 − p1 · p2), (5.12)

where m1 and m2 are the masses, E1 and E2 are the energies, and p1 and p2 are the
momenta of the first and second lepton, respectively.

To express the invariant mass in terms of angles, we define pseudorapidity as,

η = − ln
[
tan

(
θ

2

)]
, (5.13)

where θ is the polar angle. Pseudorapidity describes the angle of a particle relative
to the beam axis. The azimuthal angle ϕ describes the angle around the beam
axis. Expressing the invariant mass in terms of azimuthal angle, pseudorapidity, and
transverse momentum (pT ), in the limit E ≫ m gives,

m2
ℓℓ = 2pT 1pT 2(cosh(η1 − η2) − cos(ϕ1 − ϕ2)). (5.14)

The dijet invariant mass follows the same formula as in the lepton invariant mass in
equation (5.12) but is constructed from the energy and momentum of the jets, rather
than that of the leptons.
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5.3.2 Transverse Mass

The transverse mass is useful for discriminating events containing one visible particle
and one invisible particle inferred from missing transverse energy. For example, when
a W boson decays into a lepton and a neutrino, it would produce a signature with one
visible lepton and missing transverse energy arising from the neutrino. The transverse
mass is defined as

m2
T = m2

ℓ + 2
(
Eℓ

T Emiss
T − pℓ

T · pmiss
T

)
, (5.15)

where mℓ is the lepton mass, Eℓ
T is the transverse energy of the lepton, pℓ

T is the
transverse momentum vector, and Emiss

T is missing transverse energy.
By neglecting the lepton’s mass (mℓ ≈ 0), which implies Eℓ

T = pℓ
T , this expression

reduces to
m2

T = 2
(
pℓ

T Emiss
T − pℓ

T · pmiss
T

)
. (5.16)

This can be expressed in terms of the azimuthal angle difference ∆ϕ between the lepton
and missing transverse momentum, where the transverse mass becomes,

m2
T = 2pℓ

T Emiss
T (1 − cos ∆ϕ). (5.17)

This equation is used in the case of a single lepton [77].
The formalism above can be generalised to systems consisting of more than one visible

particle. For example, for a dilepton system, the two leptons are combined to form, in this
scenario, a visible Z boson using its invariant mass mZ , transverse momentum pZ

T , and
transverse energy EZ

T =
√

(pZ
T )2 + m2

Z . In this case, the full expression in equation (5.15)
is used to include the non-zero invariant mass of the dilepton system.

5.3.3 Stransverse Mass

Similar to the transverse mass, the stransverse mass is useful for discriminating events
with visible and invisible particles, but extends the concept to systems with two visible
and two invisible particles. The stransverse mass is a key variable used in supersymmetric
analyses, where invisible particles are produced in pairs. It is defined as,

mT 2 = min
qT

[
max

(
mT (pℓ1

T , qT ), mT (pℓ2
T , pmiss

T − qT )
)]

, (5.18)

where pℓ1
T and pℓ2

T are the transverse momentum vectors of the two leptons, and qT

minimises the larger of the two transverse masses defined in equation (5.16) [77, 78].

Implementation

In this analysis, the stransverse mass [77] was implemented using the mt2 Python
package [69]. The function uses the mass and transverse momentum components for
each visible particle, the missing transverse momentum vector, and the assumed masses
of the invisible particles. The mass of the invisible particle is set to 0 GeV, assuming a
massless particle.

Some research suggests setting the mass of the invisible particle, minvis = 100 GeV,
to increase sensitivity [79]. When running a test analysis for the chargino-neutralino
production models, a slightly higher sensitivity was found when using minvis = 0 GeV,
compared to minvis = 100 GeV. This is consistent with studies using minvis = 0 GeV for
chargino models [79] and is not further investigated here.
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5.3.4 Angular Separation

The angular separation between two objects is defined as,

∆R =
√

(∆η)2 + (∆ϕ)2, (5.19)

where ∆η is the difference in pseudorapidity and ∆ϕ is the azimuthal angle difference.
The same equation is used for both lepton pairs and jet pairs.

5.4 Event Selection Criteria

The event selection criteria for chargino-neutralino production with W and Z boson
decays closely follow the methodologies outlined in Reference [30]. Since the final state
remains unchanged across the models, many of the selection requirements are directly
applicable to other signal models. The semi-dark Higgs decay is loosely based on the
existing framework in the supersymmetric chargino-neutralino analysis, but modified
to account for characteristics of the semi-dark Higgs decay. In addition, fully invisible
Higgs models focusing on ZH production [31, 80] were used as a reference to guide and
motivate the selection criteria.

5.4.1 Lepton Identification Selection Criteria

This analysis focuses on final states containing two same-flavour, opposite-sign leptons,
e+e− or µ+µ−, where e denotes an electron and µ denotes a muon. Events are required
to satisfy a lepton trigger to identify them as either electrons or muons. Electrons are
required to satisfy |η| < 2.47, while muons satisfy |η| < 2.7. Both the leading and
sub-leading leptons are required to have transverse momentum pℓ

T > 25 GeV.
To ensure the leptons originate from the primary interaction vertex, identification

requirements must satisfy constraints on the track impact parameters. For electrons,
|d0|/σ(d0) < 5 and |z0sinθ| < 0.5 millimetres are required. For muons, the corresponding
requirements are |d0|/σ(d0) < 3 with |z0sinθ| < 0.5 millimetres and |η| < 2.4.

5.4.2 Chargino-Neutralino Production with W and Z Bosons

In addition to the lepton identification selection criteria described in Section 5.4.1,
further requirements are applied to define signal regions related to the chargino-
neutralino production with W and Z bosons.

The invariant mass of the dilepton system satisfies a requirement where the invariant
mass, mℓℓ, is between 81 − 101 GeV to select events associated with the Z boson decay.
The invariant mass of the dijet system, mjj , is selected to be within 70 − 100 GeV
corresponding to the mass of the W boson decay. The stransverse mass is required to
satisfy mT 2 > 100 GeV to suppress tt̄ and WW diboson background contributions. In
events where both W bosons decay leptonically, producing a pair of leptons and missing
transverse momentum from neutrinos, the value of mT 2 is bounded by the mass of the
W boson, so this requirement rejects such events. The transverse momentum of the Z
boson, pZ

T , from the two leptons must be greater than 80 GeV. The transverse momentum
of the W boson, from the jets, is required to satisfy pW

T > 100 GeV.
Events are required to have at least two jets. The two leading jets require pjet

T > 30
GeV, while non-leading jets satisfy pjet

T > 20 GeV, with all jets required to be within
|η| < 2.5. Events containing any b-tagged jets with pjet

T > 20 GeV are rejected. Jets are
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identified as b-tagged jets using the DL1dv01 algorithm at a working point with 77%
b-tagging efficiency [81, 82].

Jets with pjet
T < 60 GeV and |η| < 2.4 are additionally required to satisfy the jet vertex

tagger [83] requirement to suppress pile-up jets. The angular separation between the two
leptons satisfies ∆Rℓℓ < 1.8. Similarly, the two leading jets satisfy ∆Rjj < 1.5. The
azimuthal angle between the missing transverse momentum and the W boson, ∆ϕ

p
miss
T ,W

,
is required to be within the range 0.5 − 3.0.

Two signal regions are defined, differing in the missing transverse energy requirement.
The intermediate signal region requires Emiss

T > 150 GeV, while the high signal region
requires Emiss

T > 250 GeV. The high region is a subset of the intermediate region, and
the two regions are therefore not mutually exclusive at this selection level. A summary
of the selection criteria is provided in Table 5.2.

Intermediate SR High SR

Emiss
T [GeV] > 150 > 250

mℓℓ [GeV] [81, 101] [81, 101]

mjj [GeV] [70, 100] [70, 100]

mT 2 [GeV] > 100 > 100

pZ
T [GeV] > 80 > 80

pW
T [GeV] > 100 > 100

∆Rjj < 1.5 < 1.5

∆Rℓℓ < 1.8 < 1.8

∆ϕ(pmiss
T ,W ) 0.5 - 3.0 0.5 - 3.0

njets ≥ 2 ≥ 2

Table 5.2: Summary of event selection criteria for intermediate and high signal regions (SR) for
chargino-neutralino production with W and Z bosons. The intermediate signal region requires a
missing transverse energy greater than 150 GeV, while the high signal region requires a missing
transverse energy greater than 250 GeV.

Kinematic Distributions and Selection Progression

The progression of the event selection criteria for chargino-neutralino production with
W and Z bosons is illustrated through a series of kinematic distributions shown in
Figure 5.6. These distributions show the impact of successive selection requirements on
the data, background contributions, and a representative signal model. Presenting the
distributions at intermediate stages of the selection provides additional insights into how
the chosen kinematic variables discriminate between signal and background processes,
motivating the selection requirements summarised in Table 5.2. Some distributions are
shown after multiple requirements have been applied.

Figure 5.6a shows the dilepton invariant mass distribution after basic lepton selection
criteria are applied. The requirement 81 < mℓℓ < 101 GeV selects events consistent with
the decay of a Z boson. After applying the invariant mass and jet-related requirements,

39



Chapter 5. Physics Analysis

10 1

101

103

105

107

109

1011

1013

Ev
en

ts
 / 

50
.0

 G
eV ATLAS Open Data

for education
s = 13 TeV, Ldt = 36.0 fb 1

W + jets
Single Top
Diboson
tt
Z + jets
Data
Stat. Unc.
m( ±

1 , 0
1)=(500,100) [GeV]m( ±

1 , 0
1)=(500,100) [GeV]

0 200 400 600 800 1000
Invariant Mass (m ) [GeV]

0

1

2

Da
ta

 / 
SM

(a) Invariant Mass

10 1

101

103

105

107

109

1011

1013

Ev
en

ts
 / 

50
.0

 G
eV ATLAS Open Data

for education
s = 13 TeV, Ldt = 36.0 fb 1

W + jets
Single Top
tt
Diboson
Z + jets
Data
Stat. Unc.
m( ±

1 , 0
1)=(500,100) [GeV]m( ±

1 , 0
1)=(500,100) [GeV]

0 200 400 600 800 1000
Dijet Mass (mjj) [GeV]

0

1

2

Da
ta

 / 
SM

(b) Dijet Mass

10 1

101

103

105

107

109

Ev
en

ts
 / 

25
.0

 G
eV ATLAS Open Data

for education
s = 13 TeV, Ldt = 36.0 fb 1

W + jets
Single Top
tt
Diboson
Z + jets
Data
Stat. Unc.
m( ±

1 , 0
1)=(500,100) [GeV]m( ±

1 , 0
1)=(500,100) [GeV]

0 50 100 150 200 250 300
Stransverse Mass (mT2) [GeV]

0

1

2

Da
ta

 / 
SM

(c) Stransverse Mass

10 1

101

103

105

107

109

Ev
en

ts
 / 

50
.0

 G
eV ATLAS Open Data

for education
s = 13 TeV, Ldt = 36.0 fb 1

W + jets
Single Top
tt
Diboson
Z + jets
Data
Stat. Unc.
m( ±

1 , 0
1)=(500,100) [GeV]m( ±

1 , 0
1)=(500,100) [GeV]

100 200 300 400 500 600 700
Transverse Momentum (pW

T ) [GeV]
0

1

2

Da
ta

 / 
SM

(d) Transverse Momentum of W Boson

10 2

10 1

100

101

102

103

104

105

106

Ev
en

ts
 / 

50
.0

 G
eV ATLAS Open Data

for education
s = 13 TeV, Ldt = 36.0 fb 1

W + jets
Single Top
tt
Diboson
Z + jets
Data
Stat. Unc.
m( ±

1 , 0
1)=(500,100) [GeV]m( ±

1 , 0
1)=(500,100) [GeV]

100 200 300 400 500 600 700
Transverse Momentum (pZ

T ) [GeV]
0

1

2

Da
ta

 / 
SM

(e) Transverse Momentum of Z Boson

10 2

10 1

100

101

102

103

104

105

106

Ev
en

ts
 / 

25
.0

 G
eV ATLAS Open Data

for education
s = 13 TeV, Ldt = 36.0 fb 1

W + jets
Single Top
tt
Diboson
Z + jets
Data
Stat. Unc.
m( ±

1 , 0
1)=(500,100) [GeV]m( ±

1 , 0
1)=(500,100) [GeV]

50 100 150 200 250 300
Missing Transverse Energy (Emiss

T ) [GeV]
0

1

2

Da
ta

 / 
SM

(f) Missing Transverse Energy

Figure 5.6: Distributions of the (a) invariant mass, (b) dijet mass, (c) stransverse mass, (d)
transverse momentum of W boson, (e) transverse momentum of Z boson, and (f) missing
transverse energy at successive stages of the event selection. A representative signal model
is included for comparison with the data and Standard Model background contribution.

the resulting dijet mass distribution is shown in Figure 5.6b, where the requirement on
mjj selects events corresponding to a hadronically decaying W boson.

The resulting stransverse mass distribution after the dilepton and dijet mass
selections is shown in Figure 5.6c. The requirement mT 2 > 100 GeV suppresses
contributions from tt̄ and WW production. After applying the stransverse mass
requirement, the transverse momentum distribution of the reconstructed W boson is
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5.4. Event Selection Criteria

shown in Figure 5.6d. Similarly, Figure 5.6e shows the transverse momentum distribution
of the reconstructed Z boson after the additional requirements on the W boson transverse
momentum, jet angular separation, and the azimuthal angle between the missing
transverse momentum and the W boson are applied.

Finally, Figure 5.6f shows the missing transverse energy distribution after all
remaining selection criteria, excluding the requirement on the missing transverse energy.
This distribution forms the baseline selection used in the results presented in Section
7.2. Together, these distributions illustrate the effect of the selection requirements and
demonstrate how the chosen kinematic variables improve the discrimination between
signal and background processes.

5.4.3 Semi-dark Higgs Decay

The lepton identification selection criteria described in Section 5.4.1 are applied to the
semi-dark Higgs decay model, with the exception of the momentum of the sub-leading
lepton, which satisfies pℓ

T > 20 GeV. Requirements for additional selection criteria are as
follows. The invariant mass of the dilepton system is required to satisfy a requirement
where the invariant mass is between 81 − 101 GeV to select events associated with the
Z boson decay. The transverse momentum of the dilepton system must satisfy pZ

T > 80
GeV. The angular separation between the two leptons must satisfy ∆Rℓℓ < 1.8.

Events with two or more jets with pjet
T > 30 GeV and |η| < 2.5 are rejected to reduce

backgrounds where missing transverse energy may arise from jet mismeasurements and
enhance signal contribution from gluon-gluon fusion production of the Higgs boson.
The veto of events with b-tagged jets and the jet vertex tagger requirement are identical
to the selection requirements defined for the chargino-neutralino production process in
Section 5.4.2.

A signal region is defined by the requirements on the missing transverse energy and
the dilepton transverse mass, where events in this region require Emiss

T > 100 GeV, and
91 ≤ m

ℓℓ,E
miss
T

T ≤ 200 GeV. The lower bound of the dilepton transverse mass is motivated
by the kinematic features of the Z boson decay, where the dilepton system originates,
and the upper bound corresponds to the region where the signal rapidly decreases. These
selection requirements are summarised in Table 5.3.

Signal Region

Emiss
T [GeV] > 100

mℓℓ [GeV] [81, 101]

m
ℓℓ,E

miss
T

T [GeV] [91, 200]

pZ
T [GeV] > 80

∆Rℓℓ < 1.8

njets ≤ 1

Table 5.3: Summary of event selection criteria for the semi-dark Higgs decay signal region.
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Kinematic Distributions and Selection Progression

The progression of the event selection criteria for the semi-dark Higgs decay model
is illustrated through the kinematic distributions shown in Figure 5.7. Similar to
the chargino-neutralino production case discussed in Section 5.4.2, these distributions
demonstrate the effect of the successive selection requirements on the data, background
contributions, and signal model. Presenting the distributions at intermediate stages
of the selection highlights how well the kinematic variables discriminate between
background and signal, motivating the event selection requirements used in the analysis.

Figure 5.7a shows the dilepton invariant mass distribution after basic lepton selection
criteria are applied. After applying the invariant mass and jet-related selection
requirements, the resulting transverse momentum distribution of the reconstructed Z
boson is shown in 5.7b.

The remaining selection requirements are subsequently applied to define the
corresponding baseline and signal regions discussed further in Section 7.3. Together,
these distributions illustrate the effect of the event selection criteria and demonstrate
how the chosen kinematic variables can be used to discriminate between signal and
background processes.
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Figure 5.7: Distributions of the (a) invariant mass, and (b) transverse momentum of the Z boson
with progressive selection requirements applied in each distribution.

5.5 Statistical Analysis

The statistical framework described in section 4.2 is applied to quantify the agreement
between the observed data and the Standard Model prediction and to determine
exclusion limits for each signal hypothesis.

5.5.1 Uncertainties

The statistical uncertainty for the observed data in each bin is,

σdata =
√

Nevents. (5.20)

For MC simulated backgrounds, the statistical uncertainty per bin is

σbackground =

√√√√Nevents∑
i=1

w2
i , (5.21)
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where wi corresponds to the event weight. Additionally, a flat 30% systematic
uncertainty is applied to the background and signal yields to account for experimental
and theoretical uncertainties not explicitly evaluated in this analysis1.

5.5.2 Bayesian Method

For each signal mass hypothesis, a Bayesian statistical method is employed to calculate
upper limits on the visible cross section using the luminosity, signal efficiency, background
yields, and observed events. The limits on the visible cross section are given in terms of
the cross section times branching fraction, σB. This reflects that the analysis measures
a final state where a Z boson decays to a pair of leptons, and accounts for the fraction
of events corresponding to this decay channel. This limit is used to convert to upper
limits on the expected event yields given by

Nexp = ϵsigσBLint + Nbkg, (5.22)

where Lint is the integrated luminosity and Nbkg is the expected number of background
events [84]. The signal efficiency is the fraction of signal events that satisfy the event
selection criteria given by

ϵsig = Nafter selection
Ninitial generated

. (5.23)

The upper limits for the expected number of signal events are compared to the
signal event yields for each signal hypothesis. Expected limits and uncertainty bands
are obtained from pseudo-experiments under the background-only hypothesis, providing
an estimate of the expected distribution without relying on asymptotic approximations,
particularly suitable in low-statistics regimes.

This Bayesian limit calculation was implemented using a computational framework
developed and provided as part of the course materials [85] for the Research-
based Particle Physics course at The University of Oslo. The underlying statistical
methodology of the framework remains unchanged, while custom code was developed
for the extraction and visualisation of limits.

5.5.3 Frequentist Method

The 95% upper confidence limits on the signal strength parameter, µ95, are derived for
each signal hypothesis using the CLs method (Section 4.2.4). The corresponding upper
limit production cross section is

σ95 = µ95 · σtheory, (5.24)

where σtheory is the theoretical cross section. Similarly, 95% confidence upper limit on
the expected number of signal events is given by,

S95 = µ95 · Sexp. (5.25)

Significance and p-values are calculated using asymptotic approximations from Wilks’
theorem. The CLs values are similarly computed for each signal model under the
asymptotic approximation.

1This uncertainty is intended to account for contributions from calibration and modelling uncertainties
which are not individually considered in this analysis.
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5.6 Limitations

Due to the nature of the ATLAS Open Data for education being designed for educational
purposes, the dataset faces limitations due to simplicity of use being prioritised over
precision [25]. These simplifications limit the precision with which published analyses
can be reproduced using open data. While similar methodologies are adopted to mirror
existing search strategies and motivate the selection criteria, exact agreement would not
be expected.

Reproducing signal regions from published analyses enables a comparison between
the behaviour and sensitivity of the models, especially when both datasets correspond
to the same luminosity. This approach provides a well-motivated foundation, both in
comparing the ATLAS Open Data for education to published results and exploring
additional signal models without a direct reproduction.

Systematic uncertainties are treated in a simplified manner throughout this analysis.
The use of a flat 30% systematic uncertainty for both signal and background yields
does not account for process-dependent effects arising from variations in detector
performance or theoretical modelling. As a result, individual uncertainty sources and
their correlations between processes are not explicitly modelled.

Despite these limitations, this analysis demonstrates the methodologies and
characteristics of searches involving two-lepton final states and missing transverse energy
using ATLAS Open Data for education.
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Chapter 6

Educational Materials

This chapter describes the methodologies used to develop educational Jupyter notebooks
based on the physics analyses previously described. It focuses on design decisions, coding
practices, and pedagogical features aimed at supporting active learning in physics.

The educational notebooks are adapted from the code originally developed for the
physics analysis. This adaptation ensures that each notebook contains all the necessary
elements needed for a student1 to conduct their own analysis. In addition to including
the necessary code segments, the notebooks integrate explanations of physics concepts
alongside well-commented code that clarifies the purpose and functionality of each
section.

The structure and presentation style of the notebooks are inspired by the publicly
available analysis notebooks provided alongside the ATLAS Open Data for education [26,
86]. Selected code segments from these reference notebooks were adapted to fit the
context of this analysis. While certain segments of this code remain unchanged where
appropriate, the overall implementation of the analysis was developed by the author
while adopting a similar stylistic and pedagogical framework.

6.1 Intended Audience

The notebooks are designed for students with some background in physics, ranging from
advanced high school to university levels. They accommodate varying levels of prior
knowledge in both physics and programming. At a basic level, students can follow
the code to reproduce examples and understand the workflow. At an advanced level,
students can modify and extend the code, promoting a deeper understanding of both
the physics concepts and programming practices.

6.2 Notebook Structure

Each notebook contains two main types of cells: markdown and Python. Markdown
cells are text cells, which explain concepts more in-depth than an inline comment can
convey. Python cells contain executable code with inline comments for additional clarity.

To encourage active learning, the notebooks include sections such as “Try it yourself!”
and “What do you think?” The “Try it yourself!” sections, as shown in Figure 6.1,
prompt students to interact with the code by modifying examples. The “What do you
think?” sections, as shown in Figure 6.2, provide questions for students to consider and

1Here, “student” refers to anyone using the notebook.
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reflect on when interpreting the results to deepen their understanding. These features
are designed to guide students through all aspects of the analysis, from foundational
understanding of the physics and programming practices to interpenetrating and
engaging with results.

Figure 6.1: Image of a “Try it yourself” section. A selection cut is defined as code, the purpose
of a test case is described, the code to run the test case is included with inline comments, the
output is displayed, and a suggestion is provided for how students can interact with the code
using similar functionality.

Figure 6.2: Image of a "What do you think?" section. The output of a cutflow table is included
after the code block, and the section provides questions to guide the student in interpreting the
results.
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6.3 Notebook Content

Two complementary notebooks support the full physics analysis workflow. The first
notebook conducts a supersymmetry analysis, while the second notebook provides an
overview of statistical techniques used to interpret the results obtained in the first
notebook.

The supersymmetry analysis notebook introduces students to the analysis workflow
and guides them in producing results, including cutflow2 tables, histograms of key
kinematic variables, and a simple statistical interpretation. It demonstrates loading data
and necessary libraries, defining necessary variables, applying the selection requirements,
and visualising results. Each section is structured to follow the analysis steps in a
reproducible format.

The statistical analysis notebook introduces the statistical concepts needed to
interpret analysis results. It demonstrates how to define statistical models and likelihood
functions, incorporate nuisance parameters and uncertainties, perform hypothesis
testing, and set exclusion limits. While this notebook builds on the results of the
supersymmetry analysis, it presents the statistical methodologies in a general way,
allowing flexibility in the student’s choice of physics process.

Both analysis notebooks end with suggestions for further exploration. For example,
the supersymmetry analysis points students toward extending the interpretation of
the results through a statistical analysis, which is covered in the statistics notebook.
Together, these notebooks provide a complete foundation for performing a beyond the
Standard Model search, from loading data to the statistical interpretation of results.

The semi-dark Higgs analysis shares substantial overlap with the supersymmetry
analysis in terms of workflow, analysis framework, event selection strategy, and
implementation. For this reason, a dedicated educational notebook for the semi-dark
Higgs analysis was not produced. The supersymmetry analysis notebook provides the
core workflow and analysis structure, and only minimal modifications would be required
to adapt it for the semi-dark Higgs analysis.

6.4 Reproducibility

At the time of writing, the most recent publicly available education release corresponds
to the 13 TeV 2025 Data-Beta release of ATLAS Open Data for education [74, 76]. This
release serves as the primary openly available dataset used in the development of the
analysis workflow and accompanying educational notebooks.

However, several components used in the complete analysis presented in this thesis
are not included in this public release, notably the 2lep skim and the MC signal samples
used in the supersymmetry analysis. At the time of writing, the full supersymmetry
analysis cannot be reproduced using only publicly available resources, although the core
workflow remains reproducible using the available data and background MC samples.

To support transparency and future reproducibility, multiple versions of the super-
symmetry analysis notebook are provided in the accompanying GitHub repository [87].
When the signal samples become publicly available with the next ATLAS Open Data
for education release (expected spring 2026), the notebooks can be updated accordingly
to enable a fully reproducible workflow mirroring the analysis presented in this thesis.

2A cutflow table is used in high-energy particle physics analyses to visualise event yields and the
impact of applying selection requirements.
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The statistics notebook is unaffected and remains fully reproducible, as it operates
on the produced analysis outputs rather than requiring direct access to the datasets.

With the methodologies established for both the physics analysis and the
development of the educational notebooks, the following chapters present the
corresponding results and discussion.

48



Part IV

Results and Discussion
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Chapter 7

Analysis Results

This chapter presents the results of the analysis, beginning with a validation of the
Standard Model predictions against observed data for key kinematic distributions,
followed by the discussion of event yields and distributions in the signal model regions,
concluding with a statistical interpretation of the results. Section 7.1 establishes the
agreement between observed data and Standard Model background predictions. The
results for the chargino-neutralino production with W and Z bosons and the semi-
dark Higgs decay processes are presented in Section 7.2 and Section 7.3, respectively,
highlighting the effects of the selection requirements to enhance sensitivity to the signal
models.

7.1 Standard Model Background Validation

This section validates the analysis by comparing key kinematic distributions between
observed data and Standard Model background predictions. A basic event selection
is applied as defined in Section 5.4.1, requiring events with exactly two leptons, and
suppressing low mass contributions by imposing a dilepton invariant mass greater
than 40 GeV. No additional signal-specific requirements as defined in Section 5.4.2,
or Section 5.4.3 are applied at this stage.

Overall, sufficient agreement is observed between the observed data and Standard
Model predictions across the variables as shown in Figure 7.1. The ratio of data to
prediction remains close to 1.0, particularly in regions with high statistics. Due to the
reduced number of events at higher energies, larger fluctuations are observed, although
they generally remain in agreement when considering greater statistical uncertainties.
This agreement provides confidence in the modelling of the Standard Model background
processes, and forms the basis for the subsequent application of progressively tighter
selection requirements.

The invariant mass (Figure 7.1a) distribution shows a clear peak around 91 GeV,
consistent with Z boson decays to dilepton pairs, such as Z+jets and diboson production.
Low mass events are suppressed, as required by the mℓℓ > 40 GeV selection criteria. The
transverse momentum distribution of the leading lepton (Figure 7.1b) shows an expected
falling spectrum, where most events are concentrated at low transverse momentum.

The transverse mass (Figure 7.1c) and the dilepton transverse mass (Figure 7.1d)
distributions represent the kinematics of systems involving visible objects and missing
transverse momentum. The transverse mass is constructed under the assumption of
a single massless visible particle recoiling against an invisible particle. The resulting
distribution exhibits the expected falling behaviour, representing the kinematics of the
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Figure 7.1: Distributions of the (a) invariant mass, (b) transverse momentum of the leading
lepton, (c) transverse mass, (d) transverse mass of the dilepton system, (e) stransverse mass,
and (f) missing transverse energy with basic event selection criteria applied.

Standard Model backgrounds, such as in processes involving neutrinos. In contrast,
the dilepton transverse mass extends this definition by treating the visible system as a
single object with non-zero mass, corresponding to, in this scenario, a dilepton system
consistent with a Z boson. This makes the variable better suited to processes where the
visible final state is not massless, and therefore sensitive to processes involving massive
visible objects in addition to the missing transverse momentum. This is particularly
relevant for scenarios such as the semi-dark Higgs decay considered in this analysis,
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7.2. Chargino-Neutralino Production with W and Z Bosons

where a dark photon recoils against a Z boson. The dilepton transverse mass distribution
exhibits a similar falling behaviour as seen in the transverse mass distribution.

The stransverse mass (Figure 7.1e) distribution further extends this sensitivity to
final states with two invisible particles, as expected in supersymmetric scenarios involving
pair-produced particles. This makes it particularly useful for searches with multiple
sources of missing transverse momentum. The distribution also shows a steeply falling
behaviour, with a more rapid decrease compared to the transverse mass variables, as
expected due to the assumption of an additional invisible particle.

The missing transverse energy (Figure 7.1f) distribution shows the expected falling
behaviour where missing energy arises primarily from neutrinos in Standard Model
processes. As the signal models predict additional sources of high missing transverse
energy from invisible particles, this is an especially important variable for the analysis.

A discrepancy between data and background predictions is observed in several
distributions. These differences are most notably seen in the low missing transverse
energy, transverse mass, and stransverse mass regions. These differences may be related
to limitations in the MC modelling of Z+jets and diboson processes, particularly related
to higher-order corrections. In typical analyses, such effects are constrained using
dedicated control regions, which allow data-driven corrections to be derived for the
backgrounds [30, 88]. However, no control regions are used in this analysis, and this
limitation should be taken into account when interpreting the level of agreement.

Further studies of the data and background agreement are presented in Appendix B,
where an additional validation region is introduced. The selection requirements in this
additional validation region are tighter than basic validation, while still remaining looser
than those of the signal regions requirements targeting chargino-neutralino production
with W and Z bosons. This region further confirms the behaviour of the modelling in
a region closer to the signal selections. The modelling of Standard Model processes is
therefore considered adequate for the purpose of this analysis, and we proceed to the
definition and interpretation of the signal regions.

7.2 Chargino-Neutralino Production with W and Z Bosons

This section presents the results of the search for chargino-neutralino production with W
and Z bosons in a two-lepton final state using the selection criteria described in Section
5.4.2. This analysis strategy uses large missing transverse energy as the primary variable
to differentiate signal from Standard Model background processes. Signal events are
expected to contain two leptons from a Z boson decay, jets from the W boson decay, and
large missing transverse momentum from the lightest neutralinos. Contributions from
Standard Model backgrounds, such as Z+jets, typically exhibit lower missing transverse
energy, as seen in Figure 7.3a, motivating the progressively tighter requirements on
missing transverse energy to enhance signal sensitivity.

A baseline region is defined by applying all selection criteria except the missing
transverse energy requirement. Two signal regions are then constructed: an intermediate
signal region with missing transverse energy greater than 150 GeV, and a high
signal region with missing transverse energy greater than 250 GeV. These regions are
cumulative and are designed to retain signal efficiency while suppressing Standard Model
background contributions.

The performance of the selection is quantified by the signal efficiency, as defined
by equation (5.23) in Section 5.5.2. Since the kinematics of the process depend on
the masses of the chargino/neutralino and lightest neutralino, the signal efficiency
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varies across the two-dimensional mass grid. Figure 7.2 shows the signal efficiencies
in both the intermediate and high signal regions. In both regions, signal models with
chargino/neutralino masses approximately in the range 400 - 800 GeV tend to exhibit
the highest efficiencies across the grid.
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Figure 7.2: Comparison of signal efficiencies for the signal models corresponding to chargino-
neutralino production with W and Z bosons in the (a) intermediate and (b) high signal regions.
Each point on the grid corresponds to a specific combination of particle masses. The heat map
displays the signal efficiency (ϵsig), where lighter (yellow) colours indicate higher efficiencies and
darker (purple) colours indicate lower efficiencies. The numerical value of ϵsig is shown above
each point.

Table 7.1 summarises the impact of the selection requirements on both data and
background processes in the different regions. The uncertainties listed in Table 7.1
include statistical uncertainties together with a 30% flat systematic uncertainty applied
to the background. At the pre-selection level, event yields correspond to the number of
events generated after the initial analysis skim and the application of minimal selection
criteria designed to prioritise events containing two leptons in the final state. At this
stage, the total event sample is dominated by Z+jets production, as expected.

Applying the baseline selection significantly reduces the total event yield, while
maintaining Z+jets as the dominant background, followed by diboson processes.
Contributions from tt̄, W+jets, and single top production become negligible. The
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Pre-selection(×106) Baseline Intermediate High
Data 83.9 82 1 0
Total SM 61.6 ± 18.5 51.5 ± 15.8 2.05 ± 0.95 0.65 ± 0.59
Z+jets 59.2 ± 17.8 43.4 ± 13.3 0.15 ± 0.07 0.02 ± 0.02
Diboson 0.23 ± 0.07 8.04 ± 3.01 1.90 ± 0.92 0.63 ± 0.58
tt̄ 1.27 ± 0.38 - - -
W+jets 0.99 ± 0.30 - - -
Single Top 0.12 ± 0.04 - - -

Table 7.1: Summary of event yields in pre-selection (with basic lepton selection requirements
applied), baseline region (before the Emiss

T requirement is applied), intermediate signal region
(Emiss

T > 150 GeV) , and high signal region (Emiss
T > 250 GeV) for chargino-neutralino production

with W and Z bosons. Each of these regions corresponds to progressively tighter requirements
on missing transverse energy and represents cumulative yields. The data events, total Standard
Model (SM) expectation, and the expectations for the individual Standard Model processes
are shown. The statistical and systematic uncertainties are reported for each Standard Model
process. Processes with negligible contributions are denoted with a “-” symbol.

background rejection rate is defined as (1 − Nf
Ni

), where Nf is the remaining event yield
after the selection criteria are applied, and Ni is the initial event yield. The baseline
selection reduces the total Standard Model background by 99% relative to pre-selection
yields.

In the baseline region, 82 events are observed compared to the total predicted
Standard Model yield of 51.5 ± 15.8. While the observed number of events exceeds
the predicted background, this region is not used for statistical interpretation of the
signal models as it is not optimised for signal sensitivity. Rather, this region serves as a
reference before the missing transverse energy requirements are applied.

In the intermediate signal region, the background is strongly suppressed, with one
event observed compared to an expected background of 2.05 ± 0.95 events. This
corresponds to a background rejection of 99% relative to the pre-selection yields, and
an additional 96% reduction relative to the baseline region. The dominant contribution
shifts to the diboson processes in this region. The high signal region further reduces the
background contributions to 0.65 ± 0.59 events, with zero data events observed. This
corresponds to the same overall rejection relative to pre-selection, and a further 68%
reduction relative to the intermediate signal region. Both intermediate and high regions
show good agreement within uncertainties between the Standard Model expectations
and observed data, and no significant excess is observed in either region.

The kinematic distributions further illustrate the effectiveness of the selection
strategy. Distributions of the missing transverse energy and stransverse are mass shown
in Figure 7.3 for the baseline region, where Z+jets provide the largest contribution in this
region, followed by diboson processes. The observed data generally follow the predicted
background distributions, with some discrepancies in the lowest bins, consistent with the
behaviour observed in the Standard Model background validation (Section 7.1). The
missing transverse energy distribution shown in Figure 7.3a indicates that the signal
models maintain a significant contribution across the distribution, with relatively larger
yields in the high missing transverse energy tail. In contrast, the observed data and
predicted background yields decrease towards larger missing transverse energy values.
A similar trend is observed in the stransverse mass distribution (Figure 7.3b), where the
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Figure 7.3: Distributions of the (a) missing transverse energy and (b) stransverse mass relating
to chargino-neutralino production with W and Z bosons. These distributions represent the
baseline region where missing transverse energy selection requirements are not applied. The
uncertainty bands include only the statistical uncertainty (Stat. Unc.) on the background
processes. Two representative signal models for chargino-neutralino production are shown. The
ratio of observed data to Standard Model background is shown in the subplot with corresponding
statistical uncertainties.

signal contribution remains visible while the Standard Model background decreases at
higher mass values.

As the missing transverse energy requirement is applied, the background contribu-
tions decrease, while the signal distributions remain significant, particularly in the high
missing transverse energy and high stransverse mass regions. This behaviour reflects the
presence of the invisible particles in the signal models. The intermediate signal region
and corresponding distributions in the high signal region are shown in Figure 7.4 and
Figure 7.5, respectively. In the high signal region, the background contribution is almost
entirely suppressed, leaving only a small number of events dominated by diboson pro-
cesses. Although the stricter selection requirements slightly reduce the signal efficiency,
as seen in Figure 7.2, the remaining signal event contributions continue to remain visible
in the distribution, demonstrating that the selection requirements retain sensitivity to
the signal models.

Two representative signal models are shown in the distributions and examined
to illustrate the behaviour of the signal for different mass splittings between the
chargino/neutralino and the lightest neutralino. The first of these chosen models has
a chargino/neutralino mass of 500 GeV and a lightest neutralino mass of 100 GeV,
corresponding to a 400 GeV mass splitting, denoted as m(χ̃±

1 /χ̃0
2, χ̃0

1) = (500, 100) GeV.
The second chosen model has a chargino/neutralino mass of 400 GeV and a lightest
neutralino mass of 200 GeV, corresponding to a 200 GeV mass splitting.

In the pre-selection and baseline regions, the (400, 200) GeV model yields a larger
number of signal events than the (500, 100) GeV model, as shown in Table 7.2. This
behaviour is driven by the larger production cross section of the lower mass model.
When requirements on missing transverse energy are applied in the intermediate and
high regions, the (500, 100) GeV model begins to exceed the (400, 200) GeV model in
event yields. This becomes particularly apparent in the high missing transverse energy
tail of the distribution, as seen in Figure 7.4a, where the (500, 100) GeV model surpasses
the (400, 200) GeV model at approximately 250 GeV. The larger mass splitting in the
(500, 100) GeV model results in greater available energy in the decay, therefore producing
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Figure 7.4: Distributions of (a) missing transverse energy and (b) stransverse mass corresponding
to chargino-neutralino production with W and Z bosons. A selection criterion in the intermediate
signal region with missing transverse energy greater than 150 GeV is applied. The uncertainty
bands include the statistical uncertainty (Stat. Unc.) on the background processes. Two
representative signal models for chargino-neutralino production are shown. The integrated
significance (Zint) is shown in the subplot for the representative signal models.
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Figure 7.5: Distributions of (a) missing transverse energy and (b) stransverse mass corresponding
to the chargino-neutralino production with W and Z bosons. A selection criterion in the high
signal region with missing transverse energy greater than 250 GeV is applied. The uncertainty
bands include the statistical uncertainty (Stat. Unc.) on the background processes. Two
representative signal models for chargino-neutralino production are shown. The integrated
significance (Zint) is shown in the subplot for the representative signal models.

larger missing transverse momentum.
This behaviour is further illustrated by the integrated significance, calculated using

the low-statistics approximation similar to equation (4.9). The integrated significance is
obtained by cumulatively summing the signal and background yields from each bin to
the upper end of the distribution, so that each bin corresponds to all events above that
value. Overall, the (500, 100) GeV model exhibits a greater significance. In Figure 7.5b,
one bin exceeds an integrated significance of Zint = 5. However, this corresponds to
an expected significance obtained from a simplified estimate that does not account for
systematic uncertainties or correlations.

These results demonstrate how the missing transverse energy requirements enhance
the sensitivity to different regions of the supersymmetric parameter space. No clear
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m(χ̃±
1 /χ̃0

2, χ̃0
1) Pre-selection Baseline Intermediate High

(500, 100) 91.0 ± 27.3 7.10 ± 2.14 6.30 ± 1.91 4.73 ± 1.44
(400, 200) 233 ± 69.9 7.20 ± 2.20 5.26 ± 1.65 1.24 ± 0.41

Table 7.2: Signal event yields for the representative signal models are shown for the baseline
region (before the Emiss

T requirement is applied), intermediate signal region (Emiss
T > 150 GeV),

and high signal region (Emiss
T > 250 GeV) for chargino-neutralino production with W and Z

bosons and compared to the pre-selection event yields. The signal models are defined by the
mass (m) in units of GeV of the chargino/neutralino (χ̃±

1 /χ̃0
2), and the corresponding mass of the

lightest neutralino (χ̃0
1). Each of these regions corresponds to progressively tighter requirements

on missing transverse energy. The statistical and systematic uncertainties are reported for each
signal model.

excess over the Standard Model expectation is observed, and a statistical interpretation
is therefore performed in the next section to quantify the level of agreement and set
constraints on the signal models.

7.2.1 Statistical Interpretation

The following statistical analysis is performed to interpret the results obtained in the
signal regions, and exclusion limits are derived to place upper bounds on the considered
signal models. Two complementary approaches are evaluated, frequentist and Bayesian.
In the frequentist framework, the CLs, p-value, and significance are computed using an
asymptotic approximation, while the Bayesian method is used to determine the upper
limits on the event yields and visible cross section. A detailed comparison of these two
approaches is provided in Appendix A.

Since the previously defined signal regions are not mutually exclusive, the statistical
interpretation is performed using orthogonal regions to avoid double-counting of events.
The intermediate signal region is redefined as 150 < Emiss

T ≤ 250, while the high signal
region remains Emiss

T > 250. These regions are evaluated individually and combined to
form a single intermediate plus high region, labelled as “combined.” The combined region
takes the sum of the yields from both regions to obtain the observed and expected yield
values as presented in Table 7.3. Both statistical and 30% flat systematic uncertainties
are incorporated as nuisance parameters in the model.

The observed event yields are consistent with the Standard Model expectations
within uncertainties. This is supported by the p-value, p0 = 0.5 and corresponding
significance, Z = 0, indicating no statistically significant deviation from the background-
only hypothesis. Within the frequentist framework, exclusion limits are then derived
using the CLs method.

Confidence levels for each signal mass hypothesis are determined using the CLs

method introduced in Sections 4.2.4 and 5.5.3. Figure 7.6 shows the resulting grid of
mass hypotheses, where points with CLobs

s < 0.05 are excluded at 95% confidence level.
This method highlights the compatibility of each signal hypothesis with the observed
data. These CLs results provide the frequentist exclusion limits for the signal hypotheses.

For the final interpretation, the Bayesian limits are used to quantify the exclusion in
terms of the signal strength parameter µ, defined as the ratio of the fitted signal yield
to the predicted signal yield. A signal hypothesis is excluded at 95% confidence level if
the signal strength parameter µ95 < 1.0. The median expected limits are obtained from
pseudo-experiments, with ±1σ uncertainty bands. The Bayesian approach is chosen as
the primary result, as it does not rely on asymptotic approximations and is better suited
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Figure 7.6: Grid of the observed CLs value for each signal mass hypothesis in the combined
region. Points with CLs < 0.05 (dark green-purple) are excluded at 95% confidence level, while
points with CLs ≥ 0.05 (light yellow) are not considered excluded. The colour scale ranges from
0.00 to 0.05.
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Figure 7.7: Observed (solid red) and expected (dashed blue) exclusion limits on chargino-
neutralino production with W and Z bosons. The shaded (yellow) band represents ±1σ variation
on the expected limit. The grey dotted line indicates the region where the chargino mass equals
the neutralino mass.

to the low-statistics regime in this analysis. A comparison between the frequentist and
the Bayesian results is provided in Appendix A.

Figure 7.7 shows the resulting exclusion contour. The observed limit closely follows
that of the expected +1σ band, especially in intermediate to high mass regions. This
behaviour is consistent with statistical fluctuations in the low-statistics regime, where
small variations in the observed event yields with relatively large uncertainties can
lead to shifts in the exclusion sensitivity. Differences between the signal regions are
accounted for in the combined likelihood fit, which determines the final exclusion
contour. When individually considered, the intermediate signal region excludes
chargino/neutralino masses up to approximately 420 GeV, while the high signal region
excludes chargino/neutralino masses between 290 - 570 GeV, for a massless neutralino
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at a 95% confidence level. These individual contributions reflect the combined region,
where the observed limits exclude chargino/neutralino masses up to approximately 580
GeV for a massless neutralino at a 95% confidence level, in agreement with previous
searches [30]. A comparison of the results of this analysis and those of a published
ATLAS analysis is presented in Appendix C.

Model-independent limits are derived from the model-dependent results for the
intermediate, high, and combined regions. These correspond to the maximum value
obtained across all model-dependent limits. Table 7.3 summarises the observed and
expected 95% upper limits on the signal yield using the Bayesian method, which is well-
suited for the low-statistics regime. The corresponding limits on the visible cross section
are given by σ95

obs = S95
obs/L, yielding 0.14 fb and 0.13 fb for the intermediate region and

high region, respectively.

Signal Region Nobs Nexp σ95
obs [fb] S95

obs S95
exp p0 Z

Intermediate 1 1.4 ± 0.6 0.14 4.9 4.9+3.2
−1.3 0.5 0

High 0 0.6 ± 0.6 0.13 4.6 6.5+2.3
−2.1 0.5 0

Combined 1 2.0 ± 1.6 0.12 4.1 5.3+2.2
−1.7 0.5 0

Table 7.3: Summary of observed and expected event yields and model-independent limits. Nexp
corresponds to the Standard Model expectations, while Nobs shows the observed data events.
95% upper limits on the signal yield (S95

obs and S95
exp) and the visible cross section (σ95

obs) are
shown. The combined region corresponds to the intermediate plus high regions. The p-value
(p0) and significance (Z) assume the background only-hypothesis.

Although this analysis targets supersymmetric chargino-neutralino production, the
final state with two leptons and missing transverse energy is not exclusive to this process.
Similar final states may arise in other beyond the Standard Model scenarios, such as
a semi-dark Higgs decay, where missing transverse energy may originate from a dark
photon.

Motivated by this, a complementary analysis targets a semi-dark Higgs decay with a
dark photon. Although the final state is generally consistent, the kinematic properties
differ due to the decay of the Higgs boson. The following section presents the results of
this search, highlighting how selection requirements are adapted to enhance sensitivity
to the alternative signal model, providing a complementary perspective on dark matter
searches in two-lepton final states.

7.3 Semi-Dark Higgs Decay

This section presents the results of a search for semi-dark Higgs decays in a similar
two-lepton and missing transverse energy state considered in the previous analysis. The
signal model assumes the production of a Standard Model-like Higgs boson with a mass
of 125 GeV, which decays via a Z boson and a dark photon. The two leptons originate
from the Z boson decay, while in this scenario, the missing transverse energy arises
from a dark photon, which is assumed to be massless in this model. Although the
experimental signature of the final state is similar to the chargino-neutralino production
model, the underlying kinematics differ. Therefore, this analysis follows similar event
selection criteria, with modifications to enhance sensitivity to the semi-dark Higgs decay
signal, as described in Section 5.4.3.
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A baseline region is defined by applying all selection criteria defined in Section 5.4.3
except the requirements on missing transverse energy and dilepton transverse mass.
These requirements are then introduced in the signal region where missing transverse
energy is greater than 100 GeV, and the dilepton transverse mass is within 91-200 GeV.

Pre-selection(×106) Baseline(×103) Signal Region
Data 83.9 619 193
Total SM 61.6 ± 18.5 528 ± 158 142 ± 43.3
Z+jets 59.2 ± 17.8 523 ± 157 67.2 ± 20.5
Diboson 0.23 ± 0.07 4.90 ± 1.47 46.3 ± 15.2
tt̄ 1.27 ± 0.38 0.69 ± 0.02 23.2 ± 7.74
W+jets 0.99 ± 0.30 0.07 ± 0.01 2.02 ± 0.91
Single Top 0.12 ± 0.04 0.17 ± 0.01 3.07 ± 1.34
Signal: H → ZγD 0.38 ± 0.12 14.1 ± 4.24 459 ± 138

Table 7.4: Summary of event yields in baseline region and signal region for the semi-dark
Higgs decay compared to the pre-selection event yields. Each of these regions corresponds
to progressively tighter requirements and represents cumulative yields. The data events, total
Standard Model (SM) expectation, and the expectations for the individual Standard Model
processes are shown. The generated expected signal yield for the process, H → ZγD, where
γD is a dark photon, is also shown for each region. Statistical and systematic uncertainties are
included for each process.

The event yields for the data and Standard Model backgrounds in each region are
summarised in Table 7.4 including both statistical and systematic uncertainties. The
selection criteria applied in the baseline region and signal region significantly reduce
the Standard Model background contributions, with a corresponding decrease in the
observed data. The baseline selection reduces the total Standard Model background
by 99% relative to pre-selection yields. In both regions, the dominant background
arises from Z+jets, followed by diboson and tt̄ processes. The W+jets and single top
contributions are suppressed once the missing transverse energy requirement is applied.

In the signal region, a total of 193 data events are observed compared to the total
predicted Standard Model yield of 142 ± 43.3. This results in a background rejection
of 99% relative to pre-selection, and a further 99% reduction relative to the baseline
region. These results are consistent within uncertainties, and no significant deviations
are observed. The expected yields for the considered signal model are also shown in
Table 7.4, where the signal model has a signal efficiency of ϵsig = 0.037 in the baseline
region, and ϵsig = 0.001 in the signal region.

The kinematic distributions provide further insight into the behaviour of the signal
and background processes. Figure 7.8 shows the missing transverse energy and dilepton
transverse mass in the baseline region. In this region, Z+jets dominate, and the data
are generally consistent with the predicted background.

After applying the missing transverse energy requirement as shown in Figure 7.9,
the behaviour of the background changes significantly. The Z+jets is suppressed, and
diboson processes become the dominant background. This behaviour is consistent with
expectations as Z+jets processes typically contribute in the low missing transverse energy
regions.

The missing transverse energy distribution in Figure 7.9a indicates that the signal
model contributes primarily at lower values and decreases more rapidly than the
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Figure 7.8: Distributions of (a) missing transverse energy and (b) dilepton transverse mass
corresponding to the semi-dark Higgs decay process. A selection criterion in the baseline region
without the missing transverse energy or dilepton transverse mass is applied. The uncertainty
bands include the statistical uncertainty (Stat. Unc.) on the background processes. The signal
model is shown as a red dashed line. The ratio of observed data to Standard Model background
is shown in the subplot with corresponding statistical uncertainties.
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Figure 7.9: Distributions of (a) missing transverse energy and (b) dilepton transverse mass
corresponding to the semi-dark Higgs decay process. A selection criterion in the signal region
with missing transverse energy greater than 100 GeV, excluding the dilepton transverse mass
requirement, is applied. The uncertainty bands include the statistical uncertainty (Stat. Unc.)
on the background processes. The signal model is shown as a red dashed line. The ratio
of observed data to Standard Model background is shown in the subplot with corresponding
statistical uncertainties.

dominant Standard Model background. Some differences between data and Standard
Model background are observed, which are consistent with what was observed in the
Standard Model background validation discussed in Section 7.1, where the use of data-
driven corrections may improve data to Standard Model background agreement.

In contrast, the dilepton transverse mass distribution in Figure 7.9b exhibits a
pronounced peak for the signal. The signal peaks near 125 GeV, consistent with the
Higgs boson mass. This behaviour reflects the kinematics of the signal decay, where
the Z boson is reconstructed from the leptons and the dark photon contributes to the
missing transverse energy. The distribution of the background processes for the dilepton
transverse mass also changes significantly after applying the missing transverse energy
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requirement. While the baseline region shows the expected falling distribution, this
region produces a flatter distribution at low transverse mass, followed by a rise and
peak, before falling again. This behaviour is driven by the kinematics between the
reconstructed Z boson and the recoiling system contributing to missing transverse energy.
Since the missing transverse energy is required to be greater than 100 GeV, paired with
the Z boson mass of approximately 91 GeV, this corresponds well to the background
behaviour in the low mass region with a flat distribution and rise at approximately
200 GeV. Applying a tighter or looser requirement on the missing transverse energy
shifts the behaviour of this distribution, respectively.

Although this signal model produces a distinct peak in the dilepton transverse mass
region around the Higgs boson mass, the observed data remain consistent with the
Standard Model background expectation. A statistical analysis is performed in the
subsequent section to quantify any potential deviation.

7.3.1 Statistical Interpretation

Using the previously defined signal region, a statistical analysis is performed. The p-
value and significance under the background-only hypothesis are computed using the
frequentist asymptotic approximation of the likelihood test statistic. A value of p0 = 0.15
and Z = 1.05 are obtained. These values differ slightly from those obtained in the
supersymmetric chargino-neutralino analysis (Section 7.2.1), reflecting the slight excess
of observed events relative to the background prediction. A total of 193 events are
observed, compared to the expected yield of 141 ± 43.3, placing the observation just
above the 1σ uncertainty. This is reflected in the significance being slightly larger than
1, and the corresponding lower p-value. These values indicate that the observed data
are consistent with the Standard Model expectations, and no statistically significant
deviation is observed.

As no statistically significant deviation is observed, exclusion limits are set on the
model as summarised in Table 7.5. The observed and expected 95% confidence upper
limits on the signal yield are derived using the Bayesian methods and are found to be 117
and 70.3+47.2

−29.1, respectively. The upper limit on the visible cross section σ95
obs is 3.26 fb.

Signal Process Nobs Nexp σ95
obs [fb] S95

obs S95
exp p0 Z

H → ZγD 193 141 ± 43.3 3.26 117 70.3+47.2
−29.1 0.15 1.05

Table 7.5: Summary of observed and expected event yield limits. Nexp corresponds to the
Standard Model expectations, while Nobs shows the observed data events. 95% upper limits
on the signal yield (S95

obs and S95
exp) and the visible cross section (σ95

obs) are shown. The combined
region corresponds to the intermediate plus high regions. The p-value (p0) and significance (Z)
assume the background only-hypothesis.

Both these analyses show agreement between the data and Standard Model
expectations. With no statistically significant excess observed, exclusion limits are
determined for each of the models, with resulting 95% upper confidence limits on
the signal yields and visible cross sections. The methodologies used to arrive at the
results provide the necessary elements motivating the educational materials described in
Chapter 8.
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Chapter 8

Educational Notebooks

This chapter presents the Jupyter notebooks developed for outreach and education.
Each notebook follows the methodologies employed during the physics analysis sections,
providing a framework that mimics how experimental particle physics analyses are
conducted in practice.

Two complementary notebooks have been developed. The first presents a dark
matter motivated supersymmetry analysis, while the second provides a statistical
interpretation of the results. The statistics notebook builds directly on the outputs
of the supersymmetry analysis but is also structured to introduce statistical techniques
in a general context, making it applicable to other analyses.

The notebooks are available in a GitHub repository [87]. They can be downloaded
and executed locally, or accessed via web-based platforms such as Binder and Google
Colab. Instructions and links to the notebooks through these platforms are included in
the repository’s README.md1 file.

8.1 Supersymmetry Analysis

The supersymmetry analysis notebook guides students through a complete workflow,
following the methodologies outlined earlier in Section 5.4.2, and reproducing select
results presented in Section 7.2.

The notebook combines conceptual explanations with executable code. This
structure allows students to follow the analysis workflow step by step. The notebook
begins by loading the ATLAS Open Data for education and defining detector data, and
MC simulated samples for both background and signal processes. Derived variables that
are used in the analysis, such as the invariant mass and stransverse mass, among others,
are computed within the notebook. Event selection criteria are implemented through
selection cuts on the variables. The main analysis loop processes all samples using these
selections, enabling the full workflow to be executed. Analysis outputs are produced,
such as cutflow tables and histograms. Following the analysis outputs, a simple statistical
interpretation of the results is provided where the observed and expected significance
are calculated.

Executing the notebook without modifications reproduces key results from the
physics analysis. In particular, the cutflow table corresponding to the baseline selection
column in Table 7.2, and the missing transverse energy distribution matching the one

1https://github.com/emilypuchala/MasterThesis/blob/main/README.md
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shown in Figure 7.3. This demonstrates that the notebook provides a reproducible
implementation of the analysis.

Interactive elements are integrated throughout the notebook to encourage active
learning and independent exploration of the analysis workflow. “Try it yourself” sections
prompt students to modify the code and explore the impact on the results, while
“What do you think?” sections encourage interpretation of the outputs. Programming
tips are included to highlight relevant programming practices, supporting both physics
understanding and computational skills. Upon completion of the analysis, students are
presented with a “What’s next?” section, which suggests further extensions as well
as directs students to continue the analysis interpretation with the statistical analysis
notebook.

8.2 Statistical Analysis

The statistical analysis notebook follows a similar structure, focusing on the
interpretation of analysis results through statistical methods. It introduces the statistics
framework alongside executable code.

The notebook presents a simplified frequentist-based likelihood approach using a
modified CLs method with asymptotic approximations. It includes implementations
of the Poisson distribution, likelihood function construction with uncertainties and
nuisance parameters, test statistics, p-values, significance calculations, and exclusion
limits. As in the supersymmetry analysis, interactive elements are included to promote
active learning. The notebook concludes with suggestions for further exploration and
extensions.

Running the notebook without modifications produces similar results to those shown
in the physics analysis chapter. Specifically, Figure 7.6 is recreated, as well as an
approximated version of Figure 7.7 is produced. These outputs demonstrate that the
statistical implementations presented in the notebook are directly applicable to the
results of the analysis.

The use of asymptotic approximations prioritises computational efficiency and
conceptual clarity over precision. While more computationally intensive approaches,
such as toy MC methods, could be implemented, they are intentionally omitted to
maintain accessibility within an educational context, resulting in approximated results.
The use of these methods and how they are validated against the Bayesian methods
primarily used in the physics analysis section is discussed in Appendix A.

8.3 Applications

Although developed for a supersymmetry analysis, the notebooks are adaptable to other
analyses, such as the semi-dark Higgs decay discussed in Section 5.4.3 and Section 7.3.
Due to the similar analysis structure, minimal modifications are required to apply the
workflow to other physics models with two-lepton final states.

The notebooks demonstrate how analysis code can be translated into an educational
format, thereby bridging the gap between research and education. As the
implementation is directly adapted from the code used to produce the physics results
in Chapter 7 and those results are consistent with established studies, it highlights the
value of ATLAS Open Data as a resource for teaching experimental particle physics
through realistic analysis workflows.
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8.3. Applications

Together, the physics analysis results and the development of educational materials
illustrate the study of dark matter searches in two-lepton final states with missing
transverse energy. A summary of the main conclusions, along with reflections on the
limitations, improvements, and directions for future work, is presented in the following
chapter.
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Chapter 9

Conclusion

Searches for physics beyond the Standard Model remain central in particle physics,
especially in efforts to understand the nature of dark matter. This thesis presents
analyses of supersymmetric chargino-neutralino production and semi-dark Higgs boson
decays in two-lepton final states with missing transverse energy using ATLAS Open Data
for education. In parallel, it develops complementary educational materials to make such
analyses more accessible.

The analyses use the 13 TeV 2025 Data-Beta release of ATLAS Open Data for
education, corresponding to an integrated luminosity of 36 fb−1. In the supersymmetric
search, no statistically significant excess above the expected background is observed,
consistent with Standard Model expectations. A 95% confidence level upper limit of
0.12 fb is set on the visible cross section, excluding chargino/neutralino masses up to
approximately 580 GeV for a massless lightest neutralino. Similarly, the semi-dark
Higgs search shows no significant deviation from the background-only hypothesis. A
95% confidence level upper limit of 3.26 fb is set on the visible cross section. Although
these results show no evidence for new physics, they contribute to efforts to constrain
theoretical models and refine the search for physics beyond the Standard Model.

A comparison with a published ATLAS analysis [30], presented in Appendix C, shows
that the overall distribution shapes and exclusion trends for the supersymmetric scenario
are broadly consistent. However, differences are observed in the event yields and in the
limits obtained in this analysis compared to those reported in the publication. These
deviations are likely influenced by the simplifications inherent in this analysis.

Several limitations contribute to these differences. In particular, the treatment
of systematic uncertainties is significantly simplified, where a flat 30% systematic
uncertainty is applied to the Standard Model backgrounds, rather than accounting for
individual sources of uncertainty, which vary between processes. In addition, the absence
of control regions and data-driven background estimates may affect the level of agreement
between data and Standard Model background prediction, leading to discrepancies in
the distributions and event yields. Furthermore, the use of a cut-and-count strategy, as
opposed to more advanced analysis techniques, contributes to a reduction in the ability
to distinguish signal from background.

Together, these limitations affect the normalisation of the distributions, particularly
in the missing transverse energy and stransverse mass distributions. They may also
explain the differences between the event yields and limits obtained in this analysis and
those reported in the ATLAS publication in Reference [30]. Despite these limitations,
this analysis demonstrates the feasibility of performing particle physics searches using
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open data. It highlights the strengths and constraints of such datasets, especially in
educational contexts where simplicity is often prioritised.

To bridge research and education, two Jupyter notebooks were developed to
reproduce the supersymmetric analysis and its statistical interpretation. These
notebooks provide an accessible and reproducible framework for engaging with real
experimental data and can be extended to other beyond the Standard Model analyses,
including the semi-dark Higgs decay, with minimal modifications.

Future improvements could include not using open data by incorporating the larger
datasets, such as the full Run 2 or Run 3 data, to increase sensitivity. Additionally,
implementing machine learning techniques such as neural networks or boosted decision
trees to enhance signal selection could improve signal discrimination. These methods
would improve analysis performance while reflecting modern research techniques in
experimental particle physics.

The exotic Higgs sector also presents multiple avenues for exploring new physics,
where semi-dark Higgs decay models provide alternatives to fully invisible Higgs decay
scenarios. These approaches can target not only dark photon models, as discussed
previously, but also other mediators between the Standard Model particles and a dark
matter candidate.

In summary, through the combination of physics research and the development of
educational materials, this thesis contributes both to the search for new physics and
the advancement of interactive, hands-on learning in particle physics. Together, these
elements highlight the broader impact of modern physics research and physics outreach.
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Appendix A

Frequentist and Bayesian Statistics

In this work, two statistical methods are used to derive exclusion limits on the models.
The methods are compared here, and the differences between the implementations
used in this analysis are discussed. The frequentist method employs an asymptotic
approximation of the CLs method, while the Bayesian method constructs a posterior
probability. Both methods evaluate the limits at a 95% confidence level. In the following,
these will be referred to as frequentist or Bayesian approaches, noting that these labels
correspond to the specific implementations used in this analysis, and may differ in detail
across studies.

Both approaches are based on a Poisson likelihood distribution, but differ in their
statistical interpretation and treatment of nuisance parameters. In the frequentist
framework, limits are obtained from a profile likelihood ratio test statistic, where
nuisance parameters are fitted to maximise the likelihood for each assumed signal
strength parameter. The Bayesian approach constructs a posterior probability by
integrating over nuisance parameters and averaging over their possible value.

Although both approaches constrain the signal strength parameter µ, the
computational methods used to arrive at this parameter differ. The frequentist approach
directly determines an upper limit on µ, while the Bayesian approach first derives limits
on the visible cross section using the signal efficiency, luminosity, and expected event
yields, which are then converted into constraints on µ. The signal strength parameter is
the key quantity used to derive both model-dependent and model-independent limits for
the cross section and signal event yields in both methods. These values are compared
in Table A.1, with the observed and expected values of µ95 shown in Figure A.1.

Signal Region Nobs Nexp

Frequentist Bayesian

σ95
obs[fb] S95

obs S95
exp σ95

obs[fb] S95
obs S95

exp

Intermediate 1 1.4 ± 0.6 0.11 4.1 8.0+3.1
−2.2 0.14 4.9 4.9+3.2

−1.3

High 0 0.6 ± 0.6 0.08 2.7 5.3+2.4
−1.5 0.13 4.6 6.5+2.3

−2.1

Combined 1 2.0 ± 1.6 0.12 4.3 9.4+3.6
−2.6 0.12 4.1 5.3+2.2

−1.7

Table A.1: Comparison of model-independent event yield results at a 95% upper confidence level
using frequentist and Bayesian methods for the chargino-neutralino production process. The
number of expected events (Nexp) is the Standard Model prediction, and Nobs are observed data.
Limits on observed and expected signal yields (S95

obs, S95
exp) and visible cross section (σ95

obs) are
shown for both statistical approaches.
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200 400 600 800 1000 1200
m( ±

1 )/m( 0
2) [GeV]

0

100

200

300

400

500

m
(

0 1)
 [G

eV
]

0.8 0.3

1.4

0.3

0.4

0.3

0.4

2.4

0.4

0.5

0.9

0.5

0.6

0.9

5.6

0.7

0.7

1.0

2.0

0.9

1.1

1.2

1.8

16.7

1.5

1.4

1.6

1.7

4.1

1.9

2.0

2.1

2.3

3.5

20.4

2.8

3.3

2.8

3.1

4.1

8.4

4.4

4.4

4.4

4.4

4.7

6.8

6.0

6.0

5.7

5.6

5.5

7.5

11.7

13.5

12.2

13.7

11.5

10.8

31.3

29.9

27.9

20.9

21.0

20.9

68.1

65.7

64.2

46.9

48.1

37.8

111.5

117.0

102.3

113.9

96.2

83.3Bayesian

0.0

0.2

0.4

0.6

0.8

1.0

ex
p

95

(d) Bayesian (expected)

Figure A.1: Observed (µobs
95 ) and expected (µexp

95 ) 95% confidence limits on the signal strength
parameter for chargino-neutralino production with W and Z bosons. A grid of mass points for
the chargino/neutralino (χ̃±

1 /χ̃0
2) and corresponding lightest neutralino (χ̃0

1) where the limits for
the (a, c) frequentist and (b, d) Bayesian statistical methods are compared. The values of µ95 are
listed for each point. The colour-bar maps if the mass point is excluded, where lighter (yellow)
points are not excluded, and darker (green-purple) points are excluded.
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Figure A.2: Observed and expected exclusion limits on chargino-neutralino production with W
and Z bosons. The observed limit (red solid line) and expected limit (blue dashed line) are
indicated, and the shaded (yellow) band corresponds to the ±1σ variation in the expected limit,
including both statistical and systematic uncertainties. A grey dotted line shows the bounds of
the data where the mass of the chargino (χ̃±

1 ) equals the mass of the neutralino (χ̃0
1). The limits

are computed at a 95% confidence level, where the exclusion limits for the (a) frequentist and
the (b) Bayesian statistical methods are compared.

In the frequentist approach, the expected limits are derived using an Asimov dataset,
representing the expected data under the background-only model, where the observed
data events are set equal to the expected background events (Nobs = Nexp). The
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exclusion contours for both methods are shown in Figure A.2. The observed limits
allow for a slightly more direct comparison between the two methods as they are derived
from the actual observed event counts rather than the Asimov dataset inputs. Table
A.1 summarises the model-independent limits for the intermediate, high, and combined
regions.

As seen in Figure A.1, the model-dependent values of µ95 for the observed limits
have similar agreement across the parameter space, with small deviations. In contrast,
the expected limits in regions with relatively higher statistics corresponding to low to
mid mass points show a similar exclusion limit for both methods. In regions with
relatively lower statistics corresponding to higher mass points, where the signal efficiency
is decreased, larger deviations occur. This highlights how asymptotic approximations
may be less reliable in low-statistics regimes. These differences arise from a combination
of the treatment of nuisance parameters and the statistical regime of the analysis. The
impact of lower statistics in the frequentist method is especially apparent in Table A.1,
where the value of S95

obs in the high signal region deviates from the values obtained in
the intermediate and combined signal regions.

To assess the impact of uncertainties, the analysis was repeated with statistical and
systematic uncertainties set to zero for the background yields and signal efficiencies.
While these uncertainties are modelled as nuisance parameters, statistical fluctuations
still arise from the inherent nature of the Poisson distribution in the construction of the
likelihood. The resulting limits are shown in Table A.2. In both scenarios, removing
these uncertainties results in stronger (lower) limits, while the trend between statistical
methods remains similar. However, the degree of agreement between the Bayesian and
frequentist results does not fully converge when the uncertainties are removed. This
indicates that nuisance parameters contribute to the differences between the methods,
but the statistical fluctuations and event counts may also play a role.

Uncertainty Treatment

Frequentist Bayesian

σ95
obs [fb] S95

obs S95
exp σ95

obs [fb] S95
obs S95

exp

With uncertainties 0.12 4.3 9.4+3.2
−6.4 0.12 4.1 5.3+2.2

−1.7

Without uncertainties 0.08 3.0 6.9+2.7
−1.9 0.11 3.9 5.0+2.1

−1.6

Table A.2: Comparison of model-independent 95% upper limits for the combined region
for the chargino-neutralino production process, with and without statistical and systematic
uncertainties, using frequentist and Bayesian methods.

This effect is more apparent in the frequentist results, while the Bayesian result
shows a smaller relative change between the inclusion or exclusion of uncertainties. This
may be a result of the different treatment of nuisance parameters and how the Bayesian
marginalises over uncertainty rather than profiling them as in the frequentist approach,
which reduces the overall effect on the model-independent limits themselves.

The treatment of uncertainties as nuisance parameters, and whether they are
treated as correlated or uncorrelated, can introduce an additional difference between
the methods. In the frequentist implementation, the statistical uncertainties are treated
as uncorrelated, while systematic uncertainties are correlated across signal regions. In
the Bayesian implementation, both systematic and statistical uncertainties are treated
as uncorrelated nuisance parameters, reflecting a simplified modelling choice, rather than
a property of the Bayesian approach.
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A similar comparison can be made in a higher-statistics regime using the semi-dark
Higgs model, where the role of nuisance parameters becomes more apparent compared
to statistical fluctuations. This model is evaluated using both methods, and a summary
of event yield upper limits is shown in Table A.3. In contrast to the chargino-neutralino
analysis, this model yields a larger number of expected and observed events.

Method Nobs Nexp σ95
obs [fb] S95

obs S95
exp

Frequentist 193 141 ± 43.3 5.22 188 194+76.0
−54.3

Bayesian 193 141 ± 43.3 3.26 117 70.3+47.2
−29.1

Table A.3: Comparison of 95% upper limits for the semi-dark Higgs model using Bayesian and
frequentist methods.

In this higher-statistics regime, the frequentist approach yields more conservative
upper limits on both visible cross section and signal event yields compared to the
Bayesian approach. To investigate the role of uncertainties, the comparison was
repeated with uncertainties removed, as shown in Table A.4. In this regime, removing
uncertainties leads to a closer agreement between the two methods compared to the
supersymmetric scenario. This difference suggests that in higher-statistics scenarios, the
handling of nuisance parameters and statistical treatment becomes a key factor between
the two methods, rather than statistical fluctuations.

Both the supersymmetric and semi-dark Higgs scenarios confirm that the inclusion
of uncertainties leads to more conservative (weaker, larger) upper limits. In addition, it
shows that the level of agreement between the Bayesian and frequentist methods depends
on the statistical regime of the analysis.

Uncertainty Treatment

Frequentist Bayesian

σ95
obs [fb] S95

obs S95
exp σ95

obs [fb] S95
obs S95

exp

With uncertainties 5.22 188 194+76.0
−54.3 3.26 117 70.3+47.2

−29.1

Without uncertainties 2.08 75.0 39.9+15.6
−11.2 2.23 80.5 26.4+10.5

−7.4

Table A.4: Comparison of model-independent 95% upper limits for the semi-dark Higgs signal
region, with and without statistical and systematic uncertainties, using frequentist and Bayesian
methods.

Overall, the comparison between these two methods provides a useful validation
of the statistical interpretation. The Bayesian approach implemented here offers
flexibility through marginalisation over nuisance parameters, but is computationally
more expensive. The frequentist method offers a faster alternative, though its behaviour
depends on the statistical regime of the analysis. This highlights that the differences
between Bayesian and frequentist methods depend not only on the characteristics of the
data but also on the statistical regime and implementation details of the analysis.
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Additional Validation Region

In addition to validating the distributions of various kinematic variables using basic
lepton selection criteria, a dedicated validation region targeting chargino-neutralino
production with W and Z bosons is defined in this section.

The basic lepton selection requirements remain unchanged from those defined in
Section 5.4.1. In addition, the invariant mass of the dilepton system is required to be
within 81 − 101 GeV, while the invariant mass of the dijet system, mjj is not within
60 − 100 GeV. The transverse momentum of the reconstructed bosons is constrained
where pZ

T > 80 GeV and pW
T > 100 GeV. Events are required to have at least two

non-b-tagged jets, where the two leading jets require pjet
T > 30 GeV, non-leading jets

satisfy pjet
T > 20 GeV, and all jets are constrained to |η| < 2.5. Events containing any

b-tagged jets with pjet
T > 20 GeV are rejected. Jets are identified as b-tagged jets using

the DL1dv01 algorithm at a working point with 77% b-tagging efficiency [81, 82].
In contrast to the signal regions, no explicit requirements are imposed on the

stransverse mass, or angular variables such as ∆R and ∆ϕ. The key selection criteria
defining this validation region are summarised in Table B.1.

Validation Region

mℓℓ [GeV] [81, 101]

mjj [GeV] /∈ [60, 100]

pZ
T [GeV] > 80

pW
T [GeV] > 100

njets ≥ 2

Table B.1: Summary of event selection criteria for the validation region targeting chargino-
neutralino production with W and Z bosons.

Table B.2 summarises the event yields in the validation region, compared to the
pre-selection yields. Figure B.1 shows the distributions of missing transverse energy
and stransverse mass. In contrast to the initial validation discussed in Section 7.1,
this validation region targets a region similar to the signal regions, while maintaining
sufficient background event yields for comparison with data. The Z+jets process is
the dominant background in this region, followed by diboson and tt̄ contributions. A
discrepancy between Standard Model background and data is observed in the stransverse
mass distribution; however, similar differences were also noted in Section 7.1. As
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Pre-selection(×106) Validation(×103)
Data 83.9 151
Total SM 61.6 ± 18.5 138 ± 41.5
Z+jets 59.2 ± 17.8 136 ± 40.7
Diboson 0.23 ± 0.07 2.22 ± 0.67
tt̄ 1.27 ± 0.38 0.31 ± 0.09
W+jets 0.99 ± 0.30 0.03 ± 0.01
Single Top 0.12 ± 0.04 0.02 ± 0.01

Table B.2: Summary of event yields in the validation region targeting chargino-neutralino
production with W and Z bosons are compared to the pre-selection event yields. The data events,
total Standard Model (SM) expectation, and the expectations for the individual Standard Model
processes are shown. The statistical and systematic uncertainties are reported for each Standard
Model process.
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Figure B.1: Distributions of (a) missing transverse energy and (b) stransverse mass for the
validation region targeting chargino-neutralino production with W and Z bosons.

discussed there, the usage of dedicated control regions and data-driven estimates may
reduce these discrepancies in the ratio between observed data and Standard Model
background. Overall, sufficient agreement is observed within uncertainties, supporting
the application of tighter requirements in the signal regions.
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Appendix C

Comparison to a Published Study

The results of this analysis are compared with those reported in the published study
“Search for electroweak production of supersymmetric particles in final states with two
or three leptons at

√
s = 13 TeV with the ATLAS detector” [30]. The methodology

used for the chargino-neutralino production process follows the approach described
in the “2ℓ+jets channel” in that publication. Any references to “the publication” in
this appendix refer to the methods, definitions, and results presented in that study.
Differences between the two analyses are examined, including both methodological
variations and deviations in the results.

Both analyses use datasets corresponding to an integrated luminosity of 36 fb−1.
The same event selection criteria were applied in order to reproduce the “VR2-int-loose”
validation region. As shown in Figure C.1, a larger number of events is observed for
both data and Standard Model background processes in this analysis compared to the
publication. The final bin of the distribution is not compared directly, as the publication
includes an overflow bin, whereas this analysis does not. However, the overall shape of
the distribution appears to be consistent, and the dominant contributions from Z+jets
and diboson processes are reproduced.

(a) Publication Figure 2c [30]
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Figure C.1: Missing transverse energy distribution for the validation region in (a) the publication
compared to (b) the results of this analysis.

For the signal regions, the “SR2 int/high” regions from the publication are compared
to the baseline region, intermediate signal region, and high signal region defined in this
analysis. The missing transverse energy distributions in Figure C.2, exhibit similar
overall behaviour in both analyses. Differences are observed in the event yields per
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bin, as well as in the level of agreement between observed data and Standard Model
background predictions. The final bin of the distribution is not compared directly, as
the publication includes an overflow bin, whereas this analysis does not.

Quantitatively, differences between event yields are evident. In the intermediate
region, this analysis observes one event, while the publication reports two events. The
total Standard Model background yield is 2.05 ± 0.95 events in this analysis, compared
to 4.1+2.6

−1.8 in the publication. In the high region, both analyses observe zero events.
However, the predicted total Standard Model background differs: 0.65 ± 0.59 events in
this analysis compared to 1.6+1.6

−1.1 events in the publication.

(a) Publication Figure 5a [30]
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Figure C.2: Missing transverse energy distribution of the signal region in (a) the publication
compared to (b) the results of this analysis.

A significant methodological difference arises in the statistical interpretation. The
publication derives exclusion limits by combining both the three-lepton and two-lepton-
plus-jets channels. These signal regions are not mutually exclusive, and the best CLs

value is selected for each mass point. In contrast, this analysis defines orthogonal signal
regions and considers only the two-lepton channel.

Despite these differences, both analyses excluded chargino/neutralino masses up to
approximately 580 GeV for a massless lightest neutralino. However, discrepancies remain
in the upper limits on the visible cross sections, as well as in the observed and expected
signal yields.

(a) Publication Figure 8d [30]
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Figure C.3: 95% confidence level exclusion contour result for chargino-neutralino production with
W and Z bosons in (a) the publication compared to (b) the results of this analysis.
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The observed differences are likely influenced by the simplified treatment of
systematic uncertainties in this analysis, as well as the absence of control regions and
data-driven background estimates, discussed in previous chapters. These limitations
are expected to affect the modelling of dominant backgrounds, particularly the Z+jets
and diboson processes. Additionally, the use of open data intended for educational
purposes, where simplicity is prioritised over precision, may further contribute to
observed deviations.

While exact agreement is not expected, the general consistency in distribution shapes
and exclusion reach suggests that the overall behaviour of this analysis is in line with
that of the publication, within the limitations described above.
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Appendix D

MC Simulated Event Samples

The simulated Standard Model background and signal samples [74] used in this analysis
are grouped by physics process, where the background samples are listed in Appendix
D.1, while the signal samples are listed in Appendix D.2. Each sample includes its dataset
identification (DSID), which is a unique number to identify the dataset. The physics
short name contains information for the simulated process, including event generator
information. The cross section, filter efficiency, and k-factor for each sample are shown,
and are used in the calculation of the event weight as described in Section 5.2.2.

D.1 Background Samples

The background samples are grouped by physics process and listed in Table D.1, Table
D.2, Table D.3, Table D.4, and Table D.5, for Z+jets, W+jets, diboson, tt̄, and single
top quark processes, respectively.

DSID Physics Short σ [pb] ϵfilter k-factor

700320 Sh_2211_Zee_maxHTpTV2_BFilter 2221.20 0.02 1.00

700321 Sh_2211_Zee_maxHTpTV2_CFilterBVeto 2221.20 0.13 1.00

700322 Sh_2211_Zee_maxHTpTV2_CVetoBVeto 2221.20 0.85 1.00

700323 Sh_2211_Zmumu_maxHTpTV2_BFilter 2221.30 0.02 1.00

700324 Sh_2211_Zmumu_maxHTpTV2_CFilterBVeto 2221.30 0.13 1.00

700325 Sh_2211_Zmumu_maxHTpTV2_CVetoBVeto 2221.30 0.85 1.00

Table D.1: MC sample information for the Z+jets processes. DSID identifies the dataset, while
the physics short name contains information for the process and generator. The cross section (σ),
filter efficiency (ϵfilter), and k-factor are given.

DSID Physics Short σ [pb] ϵfilter k-factor

700338 Sh_2211_Wenu_maxHTpTV2_BFilter 21742.00 0.01 1.00

700339 Sh_2211_Wenu_maxHTpTV2_CFilterBVeto 21742.00 0.15 1.00

700340 Sh_2211_Wenu_maxHTpTV2_CVetoBVeto 21742.00 0.84 1.00

700341 Sh_2211_Wmunu_maxHTpTV2_BFilter 21806.00 0.01 1.00

700342 Sh_2211_Wmunu_maxHTpTV2_CFilterBVeto 21806.00 0.15 1.00

700343 Sh_2211_Wmunu_maxHTpTV2_CVetoBVeto 21806.00 0.84 1.00

Table D.2: MC sample information for the W+jets processes. DSID identifies the dataset, while
the physics short name contains information for the process and generator. The cross section (σ),
filter efficiency (ϵfilter), and k-factor are given.
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DSID Physics Short σ [pb] ϵfilter k-factor

700492 Sh_2211_WqqZll 3.30 1.00 1.00

700493 Sh_2211_ZqqZll 6.30 0.26 1.00

700494 Sh_2211_ZbbZll 0.97 0.48 1.00

700600 Sh_2212_llll 1.30 1.00 1.00

700601 Sh_2212_lllv 4.66 1.00 1.00

700602 Sh_2212_llvv_os 12.08 1.00 1.00

700603 Sh_2212_llvv_ss 0.02 1.00 1.00

700604 Sh_2212_lvvv 3.11 1.00 1.00

Table D.3: MC sample information for the diboson processes. DSID identifies the dataset, while
the physics short name contains information for the process and generator. The cross section (σ),
filter efficiency (ϵfilter), and k-factor are given.

DSID Physics Short σ [pb] ϵfilter k-factor

410470 PhPy8EG_A14_ttbar_hdamp258p75_nonallhad 729.77 0.54 1.14

Table D.4: MC sample information for the tt̄ process. DSID identifies the dataset, while the
physics short name contains information for the process and generator. The cross section (σ),
filter efficiency (ϵfilter), and k-factor are given.

DSID Physics Short σ [pb] ϵfilter k-factor

410644 PowhegPythia8EvtGen_A14_singletop_schan_lept_top 2.03 1.00 1.02

410645 PowhegPythia8EvtGen_A14_singletop_schan_lept_antitop 1.27 1.00 1.02

410658 PhPy8EG_A14_tchan_BW50_lept_top 37.00 1.00 1.19

410659 PhPy8EG_A14_tchan_BW50_lept_antitop 22.17 1.00 1.18

601624 PhPy8EG_tW_DS_dyn_dil_antitop 3.78 1.00 1.00

601628 PhPy8EG_tW_DS_dyn_dil_top 3.71 1.00 1.00

Table D.5: MC sample information for the single top quark processes. DSID identifies the dataset,
while the physics short name contains information for the process and generator. The cross
section (σ), filter efficiency (ϵfilter), and k-factor are given.

D.2 Signal Samples

The signal samples are grouped by physics process, where the semi-dark Higgs decay
sample is listed in Table D.6. Table D.8 and Table D.8 include the samples for the
chargino-neutralino production with W and Z bosons process.

DSID Physics Short σ [pb] ϵfilter k-factor

603891 PhPy8EG_ggH_HZyd_Zll 28.31 0.52 1.00

Table D.6: MC sample information for the semi-dark Higgs signal sample. DSID identifies the
dataset, while the physics short name contains information for the process and generator. The
cross section (σ), filter efficiency (ϵfilter), and k-factor are given.
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DSID Physics Short σ [pb] ϵfilter k-factor

563381 MGPy8EG_C1mN2_WZ_200_0_2L7_MadSpin 0.6371 0.09 1.00
563383 MGPy8EG_C1mN2_WZ_250_0_2L7_MadSpin 0.2653 0.10 1.00
563385 MGPy8EG_C1mN2_WZ_250_100_2L7_MadSpin 0.2653 0.09 1.00
563386 MGPy8EG_C1mN2_WZ_300_0_2L7_MadSpin 0.1266 0.10 1.00
563388 MGPy8EG_C1mN2_WZ_300_100_2L7_MadSpin 0.1266 0.10 1.00
563390 MGPy8EG_C1mN2_WZ_350_0_2L7_MadSpin 0.0663 0.11 1.00
563392 MGPy8EG_C1mN2_WZ_350_100_2L7_MadSpin 0.0663 0.11 1.00
563394 MGPy8EG_C1mN2_WZ_350_200_2L7_MadSpin 0.0663 0.10 1.00
563395 MGPy8EG_C1mN2_WZ_400_0_2L7_MadSpin 0.0371 0.11 1.00
563397 MGPy8EG_C1mN2_WZ_400_100_2L7_MadSpin 0.0371 0.11 1.00
563399 MGPy8EG_C1mN2_WZ_400_200_2L7_MadSpin 0.0371 0.10 1.00
563401 MGPy8EG_C1mN2_WZ_450_0_2L7_MadSpin 0.0219 0.12 1.00
563403 MGPy8EG_C1mN2_WZ_450_100_2L7_MadSpin 0.0219 0.11 1.00
563405 MGPy8EG_C1mN2_WZ_450_200_2L7_MadSpin 0.0219 0.11 1.00
563407 MGPy8EG_C1mN2_WZ_450_300_2L7_MadSpin 0.0219 0.10 1.00
563408 MGPy8EG_C1mN2_WZ_500_0_2L7_MadSpin 0.0134 0.12 1.00
563410 MGPy8EG_C1mN2_WZ_500_100_2L7_MadSpin 0.0134 0.12 1.00
563412 MGPy8EG_C1mN2_WZ_500_200_2L7_MadSpin 0.0134 0.11 1.00
563414 MGPy8EG_C1mN2_WZ_500_300_2L7_MadSpin 0.0134 0.11 1.00
563416 MGPy8EG_C1mN2_WZ_550_0_2L7_MadSpin 0.0085 0.12 1.00
563418 MGPy8EG_C1mN2_WZ_550_100_2L7_MadSpin 0.0085 0.12 1.00
563420 MGPy8EG_C1mN2_WZ_550_200_2L7_MadSpin 0.0085 0.12 1.00
563422 MGPy8EG_C1mN2_WZ_550_300_2L7_MadSpin 0.0085 0.11 1.00
563424 MGPy8EG_C1mN2_WZ_550_400_2L7_MadSpin 0.0085 0.10 1.00
563425 MGPy8EG_C1mN2_WZ_600_0_2L7_MadSpin 0.0056 0.13 1.00
563427 MGPy8EG_C1mN2_WZ_600_100_2L7_MadSpin 0.0056 0.13 1.00
563429 MGPy8EG_C1mN2_WZ_600_200_2L7_MadSpin 0.0056 0.12 1.00
563431 MGPy8EG_C1mN2_WZ_600_300_2L7_MadSpin 0.0056 0.12 1.00
563433 MGPy8EG_C1mN2_WZ_600_400_2L7_MadSpin 0.0056 0.11 1.00
563435 MGPy8EG_C1mN2_WZ_650_0_2L7_MadSpin 0.0037 0.13 1.00
563437 MGPy8EG_C1mN2_WZ_650_100_2L7_MadSpin 0.0037 0.13 1.00
563439 MGPy8EG_C1mN2_WZ_650_200_2L7_MadSpin 0.0037 0.13 1.00
563441 MGPy8EG_C1mN2_WZ_650_300_2L7_MadSpin 0.0037 0.12 1.00
563443 MGPy8EG_C1mN2_WZ_650_400_2L7_MadSpin 0.0037 0.11 1.00
563445 MGPy8EG_C1mN2_WZ_650_500_2L7_MadSpin 0.0037 0.10 1.00
563446 MGPy8EG_C1mN2_WZ_700_0_2L7_MadSpin 0.0025 0.13 1.00
563448 MGPy8EG_C1mN2_WZ_700_100_2L7_MadSpin 0.0025 0.13 1.00
563450 MGPy8EG_C1mN2_WZ_700_200_2L7_MadSpin 0.0025 0.13 1.00
563452 MGPy8EG_C1mN2_WZ_700_300_2L7_MadSpin 0.0025 0.12 1.00
563454 MGPy8EG_C1mN2_WZ_700_400_2L7_MadSpin 0.0025 0.12 1.00
563456 MGPy8EG_C1mN2_WZ_700_500_2L7_MadSpin 0.0025 0.11 1.00
563457 MGPy8EG_C1mN2_WZ_750_0_2L7_MadSpin 0.0017 0.13 1.00
563459 MGPy8EG_C1mN2_WZ_750_100_2L7_MadSpin 0.0017 0.13 1.00
563461 MGPy8EG_C1mN2_WZ_750_200_2L7_MadSpin 0.0017 0.13 1.00
563463 MGPy8EG_C1mN2_WZ_750_300_2L7_MadSpin 0.0017 0.13 1.00
563465 MGPy8EG_C1mN2_WZ_750_400_2L7_MadSpin 0.0017 0.12 1.00
563467 MGPy8EG_C1mN2_WZ_750_500_2L7_MadSpin 0.0017 0.11 1.00
563468 MGPy8EG_C1mN2_WZ_800_0_2L7_MadSpin 0.0012 0.14 1.00
563470 MGPy8EG_C1mN2_WZ_800_100_2L7_MadSpin 0.0012 0.13 1.00
563472 MGPy8EG_C1mN2_WZ_800_200_2L7_MadSpin 0.0012 0.13 1.00
563474 MGPy8EG_C1mN2_WZ_800_300_2L7_MadSpin 0.0012 0.13 1.00
563476 MGPy8EG_C1mN2_WZ_800_400_2L7_MadSpin 0.0012 0.13 1.00
563478 MGPy8EG_C1mN2_WZ_800_500_2L7_MadSpin 0.0012 0.12 1.00
563479 MGPy8EG_C1mN2_WZ_900_0_2L7_MadSpin 0.0006 0.14 1.00
563481 MGPy8EG_C1mN2_WZ_900_100_2L7_MadSpin 0.0006 0.14 1.00
563483 MGPy8EG_C1mN2_WZ_900_200_2L7_MadSpin 0.0006 0.14 1.00
563485 MGPy8EG_C1mN2_WZ_900_300_2L7_MadSpin 0.0006 0.14 1.00
563487 MGPy8EG_C1mN2_WZ_900_400_2L7_MadSpin 0.0006 0.13 1.00
563489 MGPy8EG_C1mN2_WZ_900_500_2L7_MadSpin 0.0006 0.13 1.00
563490 MGPy8EG_C1mN2_WZ_1000_0_2L7_MadSpin 0.0003 0.14 1.00
563492 MGPy8EG_C1mN2_WZ_1000_100_2L7_MadSpin 0.0003 0.14 1.00
563494 MGPy8EG_C1mN2_WZ_1000_200_2L7_MadSpin 0.0003 0.14 1.00
563496 MGPy8EG_C1mN2_WZ_1000_300_2L7_MadSpin 0.0003 0.14 1.00
563498 MGPy8EG_C1mN2_WZ_1000_400_2L7_MadSpin 0.0003 0.14 1.00
563500 MGPy8EG_C1mN2_WZ_1000_500_2L7_MadSpin 0.0003 0.13 1.00
563501 MGPy8EG_C1mN2_WZ_1100_0_2L7_MadSpin 0.0002 0.15 1.00
563503 MGPy8EG_C1mN2_WZ_1100_100_2L7_MadSpin 0.0002 0.15 1.00
563505 MGPy8EG_C1mN2_WZ_1100_200_2L7_MadSpin 0.0002 0.15 1.00
563507 MGPy8EG_C1mN2_WZ_1100_300_2L7_MadSpin 0.0002 0.14 1.00
563509 MGPy8EG_C1mN2_WZ_1100_400_2L7_MadSpin 0.0002 0.14 1.00
563511 MGPy8EG_C1mN2_WZ_1100_500_2L7_MadSpin 0.0002 0.14 1.00
563512 MGPy8EG_C1mN2_WZ_1200_0_2L7_MadSpin 0.0001 0.15 1.00
563514 MGPy8EG_C1mN2_WZ_1200_100_2L7_MadSpin 0.0001 0.15 1.00
563516 MGPy8EG_C1mN2_WZ_1200_200_2L7_MadSpin 0.0001 0.15 1.00
563518 MGPy8EG_C1mN2_WZ_1200_300_2L7_MadSpin 0.0001 0.15 1.00
563520 MGPy8EG_C1mN2_WZ_1200_400_2L7_MadSpin 0.0001 0.15 1.00
563522 MGPy8EG_C1mN2_WZ_1200_500_2L7_MadSpin 0.0001 0.14 1.00

Table D.7: MC sample information for negatively charged chargino signal samples, grouped by
chargino mass. DSID identifies the dataset, while the physics short name contains information
for the process, masses, and generator. The cross section (σ), filter efficiency (ϵfilter), and k-factor
are given.
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DSID Physics Short σ [pb] ϵfilter k-factor

563239 MGPy8EG_C1pN2_WZ_200_0_2L7_MadSpin 1.1703 0.09 1.00
563241 MGPy8EG_C1pN2_WZ_250_0_2L7_MadSpin 0.5173 0.10 1.00
563243 MGPy8EG_C1pN2_WZ_250_100_2L7_MadSpin 0.5173 0.09 1.00
563244 MGPy8EG_C1pN2_WZ_300_0_2L7_MadSpin 0.2603 0.10 1.00
563246 MGPy8EG_C1pN2_WZ_300_100_2L7_MadSpin 0.2603 0.10 1.00
563248 MGPy8EG_C1pN2_WZ_350_0_2L7_MadSpin 0.1431 0.11 1.00
563250 MGPy8EG_C1pN2_WZ_350_100_2L7_MadSpin 0.1431 0.10 1.00
563252 MGPy8EG_C1pN2_WZ_350_200_2L7_MadSpin 0.1431 0.10 1.00
563253 MGPy8EG_C1pN2_WZ_400_0_2L7_MadSpin 0.0839 0.11 1.00
563255 MGPy8EG_C1pN2_WZ_400_100_2L7_MadSpin 0.0839 0.11 1.00
563257 MGPy8EG_C1pN2_WZ_400_200_2L7_MadSpin 0.0839 0.10 1.00
563259 MGPy8EG_C1pN2_WZ_450_0_2L7_MadSpin 0.0516 0.12 1.00
563261 MGPy8EG_C1pN2_WZ_450_100_2L7_MadSpin 0.0516 0.11 1.00
563263 MGPy8EG_C1pN2_WZ_450_200_2L7_MadSpin 0.0516 0.11 1.00
563265 MGPy8EG_C1pN2_WZ_450_300_2L7_MadSpin 0.0516 0.10 1.00
563266 MGPy8EG_C1pN2_WZ_500_0_2L7_MadSpin 0.0329 0.12 1.00
563268 MGPy8EG_C1pN2_WZ_500_100_2L7_MadSpin 0.0329 0.12 1.00
563270 MGPy8EG_C1pN2_WZ_500_200_2L7_MadSpin 0.0329 0.11 1.00
563272 MGPy8EG_C1pN2_WZ_500_300_2L7_MadSpin 0.0329 0.11 1.00
563274 MGPy8EG_C1pN2_WZ_550_0_2L7_MadSpin 0.0216 0.12 1.00
563276 MGPy8EG_C1pN2_WZ_550_100_2L7_MadSpin 0.0216 0.12 1.00
563278 MGPy8EG_C1pN2_WZ_550_200_2L7_MadSpin 0.0216 0.12 1.00
563280 MGPy8EG_C1pN2_WZ_550_300_2L7_MadSpin 0.0216 0.11 1.00
563282 MGPy8EG_C1pN2_WZ_550_400_2L7_MadSpin 0.0216 0.10 1.00
563283 MGPy8EG_C1pN2_WZ_600_0_2L7_MadSpin 0.0146 0.12 1.00
563285 MGPy8EG_C1pN2_WZ_600_100_2L7_MadSpin 0.0146 0.12 1.00
563287 MGPy8EG_C1pN2_WZ_600_200_2L7_MadSpin 0.0146 0.12 1.00
563289 MGPy8EG_C1pN2_WZ_600_300_2L7_MadSpin 0.0146 0.12 1.00
563291 MGPy8EG_C1pN2_WZ_600_400_2L7_MadSpin 0.0146 0.11 1.00
563293 MGPy8EG_C1pN2_WZ_650_0_2L7_MadSpin 0.0100 0.13 1.00
563295 MGPy8EG_C1pN2_WZ_650_100_2L7_MadSpin 0.0100 0.13 1.00
563297 MGPy8EG_C1pN2_WZ_650_200_2L7_MadSpin 0.0100 0.13 1.00
563299 MGPy8EG_C1pN2_WZ_650_300_2L7_MadSpin 0.0100 0.12 1.00
563301 MGPy8EG_C1pN2_WZ_650_400_2L7_MadSpin 0.0100 0.11 1.00
563303 MGPy8EG_C1pN2_WZ_650_500_2L7_MadSpin 0.0100 0.10 1.00
563304 MGPy8EG_C1pN2_WZ_700_0_2L7_MadSpin 0.0070 0.13 1.00
563306 MGPy8EG_C1pN2_WZ_700_100_2L7_MadSpin 0.0070 0.13 1.00
563308 MGPy8EG_C1pN2_WZ_700_200_2L7_MadSpin 0.0070 0.13 1.00
563310 MGPy8EG_C1pN2_WZ_700_300_2L7_MadSpin 0.0070 0.12 1.00
563312 MGPy8EG_C1pN2_WZ_700_400_2L7_MadSpin 0.0070 0.12 1.00
563314 MGPy8EG_C1pN2_WZ_700_500_2L7_MadSpin 0.0070 0.11 1.00
563315 MGPy8EG_C1pN2_WZ_750_0_2L7_MadSpin 0.0050 0.13 1.00
563317 MGPy8EG_C1pN2_WZ_750_100_2L7_MadSpin 0.0050 0.13 1.00
563319 MGPy8EG_C1pN2_WZ_750_200_2L7_MadSpin 0.0050 0.13 1.00
563321 MGPy8EG_C1pN2_WZ_750_300_2L7_MadSpin 0.0050 0.13 1.00
563323 MGPy8EG_C1pN2_WZ_750_400_2L7_MadSpin 0.0050 0.12 1.00
563325 MGPy8EG_C1pN2_WZ_750_500_2L7_MadSpin 0.0050 0.11 1.00
563326 MGPy8EG_C1pN2_WZ_800_0_2L7_MadSpin 0.0035 0.13 1.00
563328 MGPy8EG_C1pN2_WZ_800_100_2L7_MadSpin 0.0035 0.13 1.00
563330 MGPy8EG_C1pN2_WZ_800_200_2L7_MadSpin 0.0035 0.13 1.00
563332 MGPy8EG_C1pN2_WZ_800_300_2L7_MadSpin 0.0035 0.13 1.00
563334 MGPy8EG_C1pN2_WZ_800_400_2L7_MadSpin 0.0035 0.12 1.00
563336 MGPy8EG_C1pN2_WZ_800_500_2L7_MadSpin 0.0035 0.12 1.00
563337 MGPy8EG_C1pN2_WZ_900_0_2L7_MadSpin 0.0019 0.14 1.00
563339 MGPy8EG_C1pN2_WZ_900_100_2L7_MadSpin 0.0019 0.14 1.00
563341 MGPy8EG_C1pN2_WZ_900_200_2L7_MadSpin 0.0019 0.14 1.00
563343 MGPy8EG_C1pN2_WZ_900_300_2L7_MadSpin 0.0019 0.13 1.00
563345 MGPy8EG_C1pN2_WZ_900_400_2L7_MadSpin 0.0019 0.13 1.00
563347 MGPy8EG_C1pN2_WZ_900_500_2L7_MadSpin 0.0019 0.13 1.00
563348 MGPy8EG_C1pN2_WZ_1000_0_2L7_MadSpin 0.0010 0.14 1.00
563350 MGPy8EG_C1pN2_WZ_1000_100_2L7_MadSpin 0.0010 0.14 1.00
563352 MGPy8EG_C1pN2_WZ_1000_200_2L7_MadSpin 0.0010 0.14 1.00
563354 MGPy8EG_C1pN2_WZ_1000_300_2L7_MadSpin 0.0010 0.14 1.00
563356 MGPy8EG_C1pN2_WZ_1000_400_2L7_MadSpin 0.0010 0.14 1.00
563358 MGPy8EG_C1pN2_WZ_1000_500_2L7_MadSpin 0.0010 0.13 1.00
563359 MGPy8EG_C1pN2_WZ_1100_0_2L7_MadSpin 0.0006 0.15 1.00
563361 MGPy8EG_C1pN2_WZ_1100_100_2L7_MadSpin 0.0006 0.15 1.00
563363 MGPy8EG_C1pN2_WZ_1100_200_2L7_MadSpin 0.0006 0.15 1.00
563365 MGPy8EG_C1pN2_WZ_1100_300_2L7_MadSpin 0.0006 0.14 1.00
563367 MGPy8EG_C1pN2_WZ_1100_400_2L7_MadSpin 0.0006 0.14 1.00
563369 MGPy8EG_C1pN2_WZ_1100_500_2L7_MadSpin 0.0006 0.14 1.00
563370 MGPy8EG_C1pN2_WZ_1200_0_2L7_MadSpin 0.0003 0.15 1.00
563372 MGPy8EG_C1pN2_WZ_1200_100_2L7_MadSpin 0.0003 0.15 1.00
563374 MGPy8EG_C1pN2_WZ_1200_200_2L7_MadSpin 0.0003 0.15 1.00
563376 MGPy8EG_C1pN2_WZ_1200_300_2L7_MadSpin 0.0003 0.15 1.00
563378 MGPy8EG_C1pN2_WZ_1200_400_2L7_MadSpin 0.0003 0.14 1.00
563380 MGPy8EG_C1pN2_WZ_1200_500_2L7_MadSpin 0.0003 0.14 1.00

Table D.8: MC sample information for positively charged chargino signal samples, grouped by
chargino mass. DSID identifies the dataset, while the physics short name contains information
for the process, masses, and generator. The cross section (σ), filter efficiency (ϵfilter), and k-factor
are given.
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