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Abstract

This thesis explores searches for Dark Matter at colliders through a phenomenological and
experimental approach. Following an introduction to the Standard Model and Beyond the
Standard Model theories relevant to the work in this thesis, the Large Hadron Collider and the
ATLAS experiment are introduced. Important components of event generation are discussed,
along with specifics of the event generators and analysis tools used.

The first work completed and shown is work done as a Summer Student at CERN in 2024,
working on the ATLAS Trigger Menu. This is followed by the work done as part of an ATLAS
search for a new hypothetical particle, using simulated events based on Run 2 data and 139
fb−1 of data, as well as a discussion of the model it is based on.

The last two parts discuss phenomenological studies performed over the past months, and are
relevant in the context of Dark Matter searches in colliders, specifically at the Large Hadron
Collider.
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1 Introduction

The Standard Model (SM) of particle physics is an incredible achievement: it is the most
well-tested and best predictive theory that theoretical physicists have come up with [1, 2],
and attempts to explain all of the interactions between the fundamental particles. After the
discovery of the Higgs boson at the Large Hadron Collider (LHC) [3,4], the success of the SM
was cemented and accepted as the best theory we have for current achievable energy scales
in colliders.

For all of its success, the SM also has very critical missing elements. Observational astronom-
ical evidence shows that Dark Matter (DM) makes up around 27% of the universe [5], but it
has not been directly detected by any experiment, and is not accounted for in the SM. DM
does not interact via the electroweak or strong force, and so its existence is only inferred by
its gravitational effects on baryonic matter [6].

A class of theoretical models in particle physics are trying to expand on the SM to address
the issues mentioned above. These Beyond the Standard Model (BSM) theories cover a
range of hypothetical solutions to problems in the SM, including the existence of DM. BSM
theories can help us understand the nature of DM, and provide a theoretical framework in
which DM can be detected indirectly in particle colliders, such as the LHC. These theories
open the door to explore the nature of DM in particle colliders, and allows us to study their
phenomenology.

The work in this thesis is split into six chapters. The first chapter introduces the SM, discussing
the elementary particles and the interactions they experience, before discussing some of the
formulations behind this model as well as the representation of different processes. The chapter
ends by briefly touching on the event generation process for SM processes, and introduces
two useful analysis frameworks. The second chapter is used to explore models and features
that are beyond the scope of the SM, discussing the missing pieces in the SM, as well as one
of the promising research areas in the field. The chapter then concludes by discussing event
generation and simulation for BSM processes. The third introductory chapter discusses the
ATLAS experiment and detector, and contains work that was completed as a summer student
working on the ATLAS Trigger System in 2024.

The remaining chapters discuss the experimental and phenomenological work that has been
completed. The first chapter introduces an ATLAS search for a hypothetical particle that has
a novel final state topology in the detector. The chapter discusses the theoretical model on
which the search is based, and shows preliminary results for the analysis. The second chapter
is a phenomenological study that was completed using a model that has been studied by the
LHC DM Working Group, and using different event generation and analysis tools available.
The third chapter is a phenomenological study that is specifically geared towards exploring a
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novel final state in detectors, based on a specific class of BSM models.
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2 The Standard Model

A success of modern physics, the Standard Model (SM) of particle physics provides a uni-
fied picture of all elementary particles and the forces between them, excluding gravitational
interactions between the particles. First attempts at constructing this unified model started
in 1961, with Glashow’s attempt to connect the electromagnetic and weak nuclear forces [7].
Gell-Mann [8] and Zweig [9] introduced quarks in 1964, the same year that Greenberg in-
troduced the concept of colour charge [10]. The famed Brout-Englert-Higgs mechanism was
developed in 1964 as well, by Brout and Englert [11], Higgs [12, 13] and Guralnik, Hagen
and Kibble [14]. In 1967, the Brout-Englert-Higgs mechanism was incorporated into the elec-
troweak interaction by Weinberg [15] and Salam [16], and the development of asymptotic
freedom in Quantum Chromodynamics in the 1970s (Gross, Wilzcek [17] and Politzer [18])
brought the model to the form we see it in today.

The development of the theory building up the SM was accompanied by the experimental
confirmation of many of its predictions. The observation of neutral currents in the Gargamelle
bubble chamber [19], the discovery of the τ lepton in 1975 [20], the bottom quark in 1977 [21],
the W± and Z bosons in 1983 [22–24] and the top quark in 1995 [25] solidified the validity
of the SM.

2.1 Elementary Particles in the Standard Model

The SM consists of seventeen fundamental particles, grouped into two broad categories de-
pending on their spin: fermions, with half-integer spins, and bosons, with integer spins. The
fermions are split up into quarks and leptons, each of which have three generations. The
bosons are either spin-1 vector bosons, or spin-0 scalar bosons. The only scalar boson in the
SM is the Higgs boson.

2.1.1 Fermions

The first group of the fundamental particles are the fermions. Fermions have half-integer
spins and obey the Pauli Exclusion Principle, and are split into two categories: the quarks
and the leptons. There are six flavours of quarks, shown in the outer upper half of Figure
2.1, and six flavours of leptons, shown in the outer bottom half of the same figure. Quarks
can be up-type (up, charm, top quarks), or down-type (down, strange, bottom quarks). The
up-type quarks carry a charge of +2/3, while the down-type quarks carry a charge of -1/3.
Leptons are split into two groups: the electrically-charged electron, muon and τ in one, and
their corresponding neutral (and almost massless) neutrinos in the other.

The fermions are also ordered by masses, in what is called a generation. The first generation
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(up and down quarks, electron and electron neutrino) are the lightest, followed by the charm
and strange quarks, the muon and the muon neutrino in the second generation. Finally the
heaviest particles are in the third generation (top and bottom quarks, the τ and τ -neutrino).
Each of these fundamental fermions have an anti-particle associated to them, with the same
properties but carrying opposite charge.

The properties of these twelve fermions are determined by the types of forces that they
experience. All twelve fermions experience the weak nuclear force and undergo weak interac-
tions. The quarks and the charged leptons all participate in the electromagnetic interaction
of Quantum Electrodynamics (QED), while the neutrinos are unaffected due to their lack
of electric charge. Quarks are the only particles that carry the colour charge, the Quantum
Chromodynamics (QCD) equivalent of electric charge, and are therefore the only particles
that experience the strong force.

Figure 2.1: The elementary particles comprising the Standard Model [26].

2.1.2 Vector Bosons

The fundamental forces (strong and weak nuclear forces and electromagnetism) are also rep-
resented in Figure 2.1, via their force-carrying bosons. Each of the three forces is built on
a Quantum Field Theory (QFT) [27], which dictates the interactions between particles and
forces, which are mediated by spin-1 gauge bosons. The QED vector-boson is the photon, and
the QCD vector-boson is the gluon1, both of which are massless, shown in the upper smaller
circle in Figure 2.1. The W+ and W− bosons mediate the weak charged-current interaction,
and the weak neutral-current interaction is mediated by the electrically neutral Z boson. The
three mediators for the weak interaction are massive, and are indicated in the lower smaller
circle in Figure 2.1. The W± and Z boson masses are of the order of 100 GeV, which is
referred to as the electroweak (EW) scale.

1QCD has eight gluon fields, or colour charges, which make up the gluon-octet. Photons are neutral and
so there is only one photon field.
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2.1.3 Higgs Boson

The Higgs boson was the last missing piece of the SM and was discovered by the ATLAS
and CMS collaborations based at the Large Hadron Collider (LHC) in 2012 [3,4]. The Higgs
boson is the only scalar spin-0 boson in the SM and its mass is measured to be 125 GeV [28].
The importance of the discovery of the Higgs boson cannot be overstated: the Brout-Englert-
Higgs mechanism [11–13] provides the mechanism by which all particles acquire their mass,
and the discovery of the Higgs boson solidified the validity of the SM at energies up to the
EW scale.

2.1.4 Asymptotic Freedom and Confinement

Leptons can be observed as free particles, but this is not the case with quarks. Quarks are
subject to colour confinement, which means that coloured objects are always confined to colour
singlet states and no object with non-zero colour charge can propagate as a free particle [29].
This is due to gluon self-interactions: gluons carry colour charge and interact with each other.
When two free quarks are pulled apart, virtual gluons are exchanged.2 However these gluons
experience an attractive force, and the colour field is confined or squeezed together between
the two quarks, as seen in Figure 2.2. The energy stored in the field is proportional to the
separation of the quarks, and it would take an infinite amount of energy to separate two quarks
completely. Colour confinement therefore means that coloured objects group themselves into
bound (colourless) hadronic states, with no colour fields between the objects, and so quarks
are always confined to colourless hadrons. There are also strong restrictions on the bound
states that are able to form from the quark and antiquark combinations: mesons qq̄, baryons
qqq and anti-baryons q̄q̄q̄.

Figure 2.2: (a) shows the exchange of virtual gluons between a free quark (q) and an antiquark
(q̄), (b) shows the filed lines spreading out as in QED between an electron e− and a positron
e+, but (c) shows how the field lines are confined in a tunnel between the quarks due to the
attractive gluons. Taken from [30].

2.2 The Standard Model Lagrangian

The SM is a QFT comprising of different fields, where particles are excitations of these fields
that satisfy the appropriate quantum mechanical field equations. To understand how the
particles acquire their masses from the Brout-Englert-Higgs mechanism, a short discussion of
Lagrangians and local gauge invariance is needed.

The (classical) Lagrangian formalism describes dynamical systems in terms of generalised co-
ordinates and their time derivatives. For QFTs, the dynamics are described by the Lagrangian

2Virtual gluons are excitations of the QCD field and are not physical, detectable particles.
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density, where the generalised coordinates and their time derivatives in the Lagrangian are
replaced by the fields and their derivatives with respect to each of the four space-time coor-
dinates. An important concept is that of gauge invariance, or gauge theories: the Lagrangian
density (hereafter simply referred to as the Lagrangian) is required to be invariant under a set
of local transformations which are a symmetry of the theory. These sets of transformations are
represented by matrices that act as the generators of the associated symmetry groups.

QCD, QED and the weak interaction are represented by different symmetry groups. SU(n)
represents a special unitary group of degree n, which is a Lie group of n × n matrices with
determinant 1. In the SM, QCD is represented by the SU(3) group, while SU(2) represents
the electroweak interaction. QCD is an SU(3)C group, with 8 generators that represent the
gluon octet (the eight independent types of gluons). QED and the weak nuclear force arise
from the SU(2)L×U(1)Y groups, with 4 generators representing the W± and Z bosons, and
the photon γ. The SM group can therefore be represented as SU(3)C×SU(2)L×U(1)Y .

Spontaneous symmetry breaking (SSB) refers to the fact that in making a choice in a vacuum
state in a model, the symmetry of the Lagrangian is broken. This is the underlying principle
that the Brout-Englert-Higgs mechanism addresses, and subsequently the masses of the EW
bosons and the fermions arise.

2.2.1 The Brout-Englert-Higgs Mechanism

The Brout-Englert-Higgs mechanism (hereafter referred to as the Higgs mechanism), is the
way by which W and Z bosons acquire mass without breaking the local gauge symmetry of
the SM, and it gives mass to the fundamental fermions.

The Higgs potential is given by:

V (ϕ) = µ2ϕ†ϕ+ λ(ϕ†ϕ)2 (1)

and with the choices of µ2 < 0 and λ > 0, the potential has an infinite set of degenerate
minima satisfying

ϕ†ϕ =
v 2

2
= −µ2

2λ
(2)

where v is the vacuum expectation value (VEV), and this VEV sets the scale for the masses of
the Higgs boson and the gauge bosons. The shape of the potential is the so-called Mexican-
hat potential, since there are an infinite number of degenerate minima rotated by the phase
rotation, as illustrated in Figure 2.3.

The choice of µ2 < 0 leads to the non-zero VEV, which in turn leads to SSB. The λ term
leads to quartic self-interactions for the scalar fields, and the choice of λ > 0 is required to
have a finite minimum, or vacuum stability. The choice in vacuum state triggers SSB, and
then through the Higgs mechanism, the W and Z bosons obtain their masses.

2.2.2 Components of the SM Lagrangian

The Lagrangian formalism allows separation of free (particle) terms or kinetic terms, and
interaction terms. The SM Lagrangian can be split into four distinct groups, based on the
particles and the interactions that they describe:

LSM = Lgauge + Lfermion + LYukawa + LHiggs (3)
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Figure 2.3: Illustration for the case of SSB in a U(1) model. Choosing a point at the bottom
of the potential spontaneously breaks the rotational U(1) symmetry [31].

The first term, Lgauge describes the low energy gauge groups of the SM, and can be ex-
panded to show the contributions of SU(3) (colour), SU(2)L (weak isospin3) and U(1) (hy-
percharge4):

Lgauge = LQCD + LIW + LY (4)

= − 1

4g 2
3

8∑
A=1

GA
µνG

µνA − 1

4g 2
2

3∑
a=1

F a
µνF

µνa − 1

4g 2
1

BµνB
µν (5)

GA
µν represents the color field strengths, and g1, g2, g3 are the dimensionless colour, weak

isospin and hypercharge coupling constants. F a
µν represents the weak isospin field strength,

and the hypercharge field strength is represented by Bµν .

Lfermion describes the fermion fields and their gauge interactions:

Lfermion =
3∑
i

(
L†i σ

µDµL
i + ē†i σ

µDµē
i + Q†

i σ
µDµQi + ū†

i σ
µDµūi + d̄

†
i σ

µDµd̄
i
)

(6)

In Equation 6, Li represents the weak doublet of leptons, ei the weak lepton singlet, Qi the
quark weak doublet and ūi and d̄i the antiquark weak singlets. i ranges over the three families
of chiral fermions, D are the covariant derivatives of the different fermion fields and σµ are
the standard Pauli matrices [32].

The covariant derivative acting on left-handed fermion fields is given by:

Dµ ≡ (∂µ − igAa
µt

a − ig ′YψL
Bµ) (7)

3The weak isospin is the gauge symmetry attributed to the electrically charged part of the weak interaction,
and connects quark and lepton doublets in all generations. If a particle has a weak isospin of a half-integer
value, it can interact with the W± bosons. Isospin, or strong isospin, is the gauge symmetry attributed to
the strong force in the group SU(2), and relates the up- and down- content of hadrons.

4The hypercharge of a particle is the quantum number that is conserved under strong interactions. The
operator accounts for three properties: isospin, electrical charge and flavour.
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where Aa
µ(x) are the three SU(2)L gauge bosons, B(x) is the U(1)Y hypercharge gauge boson

and g and g ′ are the corresponding (dimensionless) gauge couplings.

The strong covariant derivatives are given by:

Dµ ≡ ∂µ − igsG
a
µ (8)

with the eight new gluon field strength tensors G a
µν , with a = (1...8) and

G a
µν ≡ ∂µGν − ∂νGµ − igs [Gµ,Gν ] (9)

where gs is the coupling for the strong force.

The term responsible for describing the Yukawa coupling of the fermions to the Higgs field is
given by:

LYukawa = i
(
L̂iy

[e]
ii + Q̂iy

[d ]
ii d̄i

)
H∗ + iQ̂iUjiy

[u]
jj ūjτ2H + c .c . (10)

H represents the Higgs field, and yii the hypercharge assignments, dependent on the Yukawa
coupling constants. τ2 are the weak isospin indices and U the Cabibbo-Kobayashi-Maskawa
matrix. The notation follows η̂ ≡ ηTσ2.

The final part of the Lagrangian is the LHiggs , describing the Higgs doublet, its interactions
with itself and the gauge field. The Higgs Lagrangian is:

LHiggs = (DµH)†(DµH)− V (H) (11)

The covariant derivative D is of the form:

Dµ = ∂µ + iWµ +
i

2
yhBµ (12)

where Wµ refer to the intermediate vector bosons in the weak isospin field, and V (H) is
the same form as equation 1, however the choice of µ2 < 0 has been written explicitly as
−µ2:

V (H) = −µ2H†H + λ(H†H)2

2.3 Standard Model Interactions

The interactions between the SM fermions and the gauge bosons are described by interaction
vertices. The properties of the interaction are determined by both the properties of the gauge
bosons, and the nature of the interaction.

Figure 2.4 shows the different interaction vertices for the different forces in the SM. The
strong interaction only involves quarks and gluons, and never changes flavour. The strong
coupling constant αs is approximated to 1 at low energies. The electromagnetic interaction is
mediated by the photon and involves all electrically charged fermions, with a coupling constant
α ≃ 1/137. These interactions never change flavour. The weak interaction is split into the
charged current interaction, and the neutral current interaction. Both of these interactions
involve all fermions, and have a coupling strength of αW /Z ≃ 1/40. In the charged current
interaction, which is mediated by the W± bosons, the fermions always change flavour, while
in the neutral current interaction, which is mediated by the Z boson, the fermion flavour does
not change.
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Figure 2.4: Diagrams showing the four different SM interaction processes. The first diagram
shows the strong interaction vertex, and shows an example of the strong interactions between
quarks and gluons. The second diagram shows the electromagnetic interaction, which takes
place between all electrically charged fermions. The third and fourth diagrams show the weak
current interaction which takes place between all fermions, first in the charged-current case
(with W -bosons) and then in the neutral-current case (with Z -bosons).

2.3.1 Feynman Diagrams and Mandelstam Variables

Feynman diagrams are pictorial representations of interaction amplitudes, each part corre-
sponding to a mathematical term [33]. They represent the term of the perturbation expan-
sion of the scattering matrix and correspond to all possible transitions from two particles, a
and b, to two particles, c and d , over all time-orderings and polarisations. The diagrams
are constructs that correspond to the exchange of "virtual exchange particles", and the four-
momentum is conserved at all interaction vertices.

The Mandelstam variables s, t and u are used to classify diagrams with a single force carrier,
according to the four-momentum of the exchanged particle. The squared four-momentum
is given by s, t or u, depending on the diagram. Each of these channels has a physical
interpretation, and are shown in Figure 2.5. In the s-channel, particles 1 and 2 from an
intermediate particle that splits up into particles 3 and 4. In the t-channel, particle 1 emits a
virtual intermediate particle and becomes particle 3, while particle 2 absorbs the intermediate
particle and becomes particle 4. The u-channel is analogous to the t-channel, and u-channel
diagrams only exist for identical outgoing particles, since the same final state can occur with
two different exchange momenta. s, t and u are kinematic variables and are defined in terms

Figure 2.5: Feynman diagrams for the three different Mandelstam variables. The first diagram
shows the s-channel, the second the t-channel and the third the u-channel.
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of the momentum p of the particles in the interaction:

s = (p1 + p2)
2 = (p3 + p4)

2

t = (p1 − p3)
2 = (p4 − p2)

2

u = (p1 − p4)
2 = (p3 − p2)

2

2.3.2 Perturbation Theory and Cross Section Calculations

The coupling constant αs of QCD is energy dependent: at low energies or long distances, αs

is approximately equal to 1. In this case, particles are confined and this is the non-perturbative
regime of QCD. At higher energies or shorter distances, αs is small and calculation are made
in the perturbative regime of QCD.

If the strong coupling constant αs ≪ 1, the interaction amplitude can be expanded in powers
of αs :

f = f0 + αs f1 + α2
s f2 + α3

s f3 + ... (13)

The first term is called the leading order (LO) term, the second the next-to-leading order
(NLO) term, the third next-to-next-to-leading order (NNLO) term and so on. Perturbative
calculations are particularly useful when calculating the hard-scattering cross-sections of pro-
cesses.

The differential cross-section of a process can be given as a perturbative expansion in the strong
and electroweak couplings, at the electroweak scale (where αs ∼ 0.1 and α ∼ 0.01):

dσ̂ = dσ̂(0,0) + αsdσ̂(1,0) + α2
sdσ̂

(2,0) + α3
sdσ̂

(3,0) + αdσ̂(0,1) + ααsdσ̂(1,1) + ... (14)

The first term in Equation 14 is the LO term, with no dependence on α or αs . The next three
terms, with indices (i , 0), are the NLO, NNLO and N3LO terms for the QCD contribution to
the cross-section. The fifth term is the NLO electroweak contribution, and the last term shown
is the mixed QCD-electroweak contribution, and is dependent on both α and αs . Including
higher-order terms improve the precision of the cross-section calculation, but is mathematically
complicated.

Visualisations of the higher order processes are shown in Figure 2.6. The first diagram depicts
the LO process. In this case, there are no real or virtual gluons emitted after the initial
interaction. There is no αs dependence in the cross-section of this calculation, and the
calculation is relatively easy. The next two diagrams depict NLO processes. The first, on the
left, shows the emission of a real gluon, while the other diagram shows the exchange of a
virtual gluon. The dependence on αs is quadratic, and these calculations are computationally
more expensive. They require the consideration of all diagrams that have this extra factor of
αs , the real radiation (the first figure) and the virtual emission (second figure). For the virtual
diagrams, integration over the loop momentum is required. Virtual corrections in NLO cross-
section calculations (O(αs)) arise from the interference between the tree-level and one-loop
virtual amplitudes. Event generators like MadGraph [34] (further discussed in section 2.4.1)
are capable of calculating these cross-sections.

The second and third rows of Figure 2.6 show the NNLO processes and emissions of gluons.
The first two show the double-virtual emission, the third the real-virtual emission of two gluons,
and the fourth and fifth the double-real emission. Multi-leg diagrams represent real emission,
while multi-loop diagrams show the inclusion of additional loops that are not real.
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Figure 2.6: Representations of the higher-order correction terms that are added in a process.
The first diagram represents LO, the next two NLO. The bottom five diagrams represent
NNLO corrections that need to be considered.

LO, NLO and NNLO QCD calculations are essential for precision calculations and measure-
ments. NLO QCD calculations add a factor of ∼ 10% to the accuracy of a cross-section
measurement, and NNLO QCD calculations add a factor of ∼ 1%, as do NLO electroweak
calculations.

2.4 Generating and Analysing Standard Model Pro-
cesses

Being able to simulate high-energy physics processes is a necessity to extract the desired
information from data taken at collider experiments. Monte Carlo (MC) event generators [35]
are part of a large ecosystem of computational tools developed that can model SM processes,
and are build on the foundation of the Monte Carlo technique for integral evaluation. Using
the MC technique for integral evaluation in necessary due to the many degrees of freedom
that are introduced with each particle and interaction. MC event generators simulate signal
and background processes, and are an integral part of analyses carried out by experiments at
the LHC. This section serves as a walk-through of the process, highlighting some of the event
generators commonly used in the field, and the blocks they are built on. The components of
a particle collision are shown in Figure 2.7, and the components and specific generators are
discussed in the context of a specific software programme in following paragraphs.

2.4.1 Matrix-element Generator: MadGraph5

MadGraph5 [34, 37] is one of the standard matrix-element generators in the field. Mad-
Graph5_aMC@NLO, the programme developed to include NLO calculations, automatically
generates matrix elements at tree-level and at NLO, and from this it automatically computes
cross-sections and generates events, simulating the physical processes. These generated events
are then used to predict physical observables with different perturbative accuracies and final
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Figure 2.7: Diagram representing the different parts in a particle physics collision [36]. The
hard collision is represented by HS label in the centre, and shows the production of a Z -boson
and a quark. The Z -boson decays into two leptons, with a photon being radiated by one of the
leptons. The quark produced in the hard scattering emits gluons (final state radiation of FSR),
and the emitted gluons and quark undergo fragmentation and hadronisation. Hadron decay
from unstable hadrons is also shown after the hadronisation step. The diagram also shows
initial state radiation (ISR), QED ISR where a photon is emitted, douple parton scattering
(DPS), photon conversion to two leptons, and beam beam remnants (BBR). Monte Carlo
generators are able to simulate all components of these hadron collisions.

state descriptions for the model.

The cross-section calculation for the production of two particles XY in a proton-proton collision
is of the form:

σ(pp → XY ) =
∑
a,b

∫
dx1dx2fa(x1,µF )fb(x2,µF )× σ̂(ab → XY ) (15)

fa(x) is the probability to find parton a inside the proton with momentum fraction x , and µF

is a scale which separates low energy from high energy dynamics. The functions fa and fb are
parton distribution functions (PDFs) [38] and are fed into MadGraph via the LHAPDF [39]
interface. The cross section σ̂(ab → XY ) is the theoretical cross-section of the production
of XY , as calculated in Equation 14, and had LO and higher-order contributions from QCD
and the EW interactions.

MadGraph outputs event information in the form of Les Houches Event (LHE) files [40],
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which is a standardised output file format that matrix-element generators use. LHE files
contain parton-level information about the hard process (the red circles and lines in Figure
2.7) generated.

2.4.2 Parton Showering and Hadronisation: Pythia8

Another important process called hadronisation [41] takes place in particle collisions. When an
initial qq̄ pair is produced in a particle collision, and the two quarks separate at high velocities,
the field between the quarks increases to a point that the energy stored in the field is sufficient
to provide the energy necessary to form a new qq̄ pair. The colour field is broken into smaller
"strings" that are energetically more favourable, and the process continues and forms more
qq̄ pairs until the colourless hadrons can be formed at lower energies. Experimentally, quarks
and gluons are therefore seen as a spray of particles called jets. The process of jet formation
from an experimental point of view is further discussed in Section 4.4.1.

Figure 2.8: The hadronisation process, taken from [42].

The next step in the event-generation process is parton showering [43] and hadronisation.
Pythia8 [44] is one of the event generators that takes parton-level information and show-
ers them using a parton-showering algorithm5. Pythia8 performs the parton showering and
hadronisation, and can also add underlying events to information obtained from LHE files.
Following the hard process, there are two levels to event generation in Pythia8: the parton
level and the hadron level.

Initial and final state radiation, and multi-parton6 interactions [45], are included in the parton
level. This level also treats possible beam remnants and colour-recombination. At the end
of the parton-level evolution, the event represents a realistic partonic structure that includes
jets and a description of underlying events. The parton level has different algorithms used to
determine the parton evolution of SM processes.

QCD confinement is taken care of in the hadron level, and in Pythia8 this is done by describing
hadronisation as the fragmentation of QCD strings into colourless hadrons. Hadronisation
models are non-perturbative and require modelling and parameter-tuning, and in Pythia8 it
is based on the Lund String Model [46, 47]. After the hadronisation process is complete, the

5Pythia8 can also produce matrix elements for a select number of simple processes, but the development
of their parton-showering algorithm is what the programme is known for.

6Hadrons are composite in nature and in a single hadron-hadron collision, it is possible to have multiple
parton hard-scatterings.
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output is a event that would be possible to observe in a detector. The hadron-level event file
contains richer information than the parton-level event file, due to the inclusion of the large
collection of hadrons given together with their four-momentum.

The output format of data after running Pythia8 is a HepMC3 file [48]. The HepMC3 event
record library holds information from simulated events on per-event and simulation-run bases,
and eases the manipulation and analysis of the events.

2.4.3 Analysis Frameworks: RIVET, MadAnalysis5 and ROOT

RIVET, or the Robust Independent Validation of Experiment and Theory, is a toolkit designed
to validate Monte Carlo (MC) event generators [49–51] and is widely used in analysis preserva-
tion at particle colliders. The toolkit facilitates comparisons between theoretical calculations
of the final states in particle collisions, and measurements of those final states. RIVET has an
extensive set of analyses, mostly measurements of particle properties made by the ATLAS and
CMS collaborations, that enable comparison between MC generated events and data, through
a connection to HepData [52]. HepData is an open-access online database that contains the
data points from plots and tables stemming from thousands of publications, including those
from the experiments at the LHC.

RIVET takes a HepMC data file as input and analyses each event. The programme recon-
structs quantities that are present in a given experimental analysis for event selection and
data processing. The datasets are output in a format that is comparable to public data from
particle collider experiments.

MadAnalysis5 is a framework for phenomenological studies at particle colliders [53]. Taking
a HepMC file containing hadron-level information, or a LHE file with parton-level informa-
tion, the framework allows for sophisticated analyses to be carried out on the generated MC
samples. MadAnalysis5 uses a fast detector-simulation tool called Delphes [54], which re-
constructs detector level objects like photons, jets, leptons and missing energy7 with their
properties.

Both RIVET and MadAnalysis5 allow the creation of histograms of observables that illustrate
the different properties of the generated physics processes, and only work with MC-level
events.

ROOT [55] is an analysis framework that is used to analyse and visualise scientific data, and
has its own specific data format. The framework has an advanced graphical user interface for
visualisation of data, and a large library of mathematical functions that can be applied to fit
various functions and perform statistical analyses. ROOT is the standard analysis framework
used when working with experimental data.

7Event reconstruction in detectors is fully discussed in Section 4.4.1.
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3 Extending the Standard Model

As well-formulated as it may be, the SM does not answer all the open questions in particle
physics. It was put together from different theoretical ideas: QFTs, the Dirac Equation
of relativistic quantum mechanics, the gauge principle and the Higgs mechanism, and tested
extensively using particle colliders and experiments. Some of the missing pieces are highlighted
below. This section also introduces an overview of Beyond the Standard Model (BSM) models.
The discussion is non-exhaustive - the models are an extension of the SM and do not discuss
all possible New Physics phenomena. The focus is on the Dark Sector (DS): a collection of
new hypothetical particles and quantum fields, that broadly covers the vast variety of particles
that can be considered as Dark Matter candidates.

3.1 Missing Pieces in the Standard Model

The existence of dark matter [56] and dark energy [57] are arguably the biggest open questions
in all of physics. The hierarchy problem [58] is one concerned with naturalness and the energy
scales seen in nature. Many other problems like neutrino masses and baryon asymmetry are
all questions that are yet to be addressed as well, but are not discussed here.

3.1.1 The Hierarchy Problem

The hierarchy problem is a problem of naturalness. Two of the fundamental scales in nature
are the Planck scale (MPl = G

−1/2
N ∼ 1018 GeV) and the electroweak scale (mEW ∼ 103

GeV), with the ratio of the gravitational (Newtonian) and weak (Fermi) interaction constants
around 10−34. The fundamental nature of the weak scale can be stated with experimental
certainty [59], but the big question is: why there is such a large difference in these scales?
There is a large discrepancy between aspects of the weak force and of gravity, most notably
that the weak force is 1024 times stronger than gravity. The Hierarchy Problem also asks why
the Higgs boson mass is so much lighter than the Planck mass, through the renormalisation
of the Higgs mass and the cancellation of terms to achieve the Higgs mass at the electroweak
scale. Electroweak symmetry breaking (EWSB) is triggered by the Higgs VEV, and the
difference in mass scales is evident in the following:

µ2 = λv 2 ∼ 104 GeV2 ≪ M2
P ∼ 1038 GeV2 (1)

The naive expectation would have been to have µ2 ∼(heavier scale)2 ∼ M2
P , but this is

not the case. The hierarchy seems to exist because of some fine-tuning, which goes against
the desire for naturalness in the models created. However, the hierarchy problem directly
motivates new physics searches in collider experiments. Many models that extend on the SM
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(some of which are discussed in Chapter 3) aim to explain this smallness of the hierarchy, and
many Dark Matter searches are put in the context of solutions to the hierarchy problem. This
also leaves space for Effective Field Theories (EFTs), a local QFT at low energies with the
degrees that survive at this scale, and other new models to explain symmetry breaking and
the patterns of fermion masses and their mixing. Composite Higgs models, where the Higgs
boson is not a fundamental particle but rather a bound state of some strong interaction, have
been extensively formulated to try and resolve the hierarchy problem [60,61].

3.1.2 Dark Energy and Dark Matter

The existence of Dark Energy and Dark Matter are driven by observational evidence in astron-
omy. These two constituents are called dark because they do not interact via the three forces
described in the SM, and are only detectable via their interaction with gravity. The Universe
consists of three constituents: baryonic matter, Dark Matter and Dark Energy [62]. Baryonic
matter makes up around 5% of the Universe and is the only constituent we can actually see.
Dark Matter is inferred from its gravitational effects on baryonic matter and makes up 26%
of the Universe. Dark Energy, the driving force of the acceleration of the expansion of the
Universe, makes up the remaining 69%.

The observational evidence for the existence of Dark Energy first came from observing super-
novae in the late 1990s [63, 64]. The distant Type 1a supernovae observed have a constant
luminosity, and so they can be used as standard candles to make accurate distance measure-
ments. The cosmic acceleration, or the accelerating expansion of the Universe, is inferred to
be driven by the existence of this hypothetical form of energy that exerts a negative pressure
and causes the universe to expand at an ever-increasing rate. Other evidence for Dark Energy
comes from the cosmic microwave background radiation [65], X-ray observations of the gas
content and growth of clusters of galaxies [66] and gravitational lensing, the distortion and
bending of light due to massive celestial bodies [67] as seen in Figure 3.1. Dark Energy and
its role in the evolution of the Universe is still not entirely understood. Recently, the Dark
Energy Spectroscopic Instrument (DESI) found that the current rate of expansion of the Uni-
verse is not constant as it was previously thought to be, but rather changing in unexpected
ways [68–70].

Figure 3.1: The James Webb Space Telescope’s First Deep Field (NIRCam Image) [71] shown
on the left, and the Bullet Cluster shown on the right [72]. The matter distribution in the
Bullet Cluster is calculated by gravitational lensing (shown in blue), and this is superimposed
on the X-ray image (shown in pink) and the visible light image.

Observational evidence for the existence of Dark Matter has some overlap with evidence for
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Dark Energy, but gravitational lensing (Figure 3.1), galactic rotation curves and the image
of the Bullet Cluster (Figure 3.1) act as evidence on sub-galactic scales, and show the grav-
itational effect of Dark Matter on baryonic matter. The Bullet Cluster shows the collision
between two galaxies clusters. The Chandra X-ray telescope detected hot gas (pink clumps)
in the area that contains the most baryonic matter. This distribution is superimposed on the
optical image from the Magellan and Hubble Space Telescope picture taken, with the blue
areas in the picture indicating the areas that contain the most mass. The matter distribution
is calculated using gravitational lensing, and superimposing the X-ray image over the galaxy
mass distribution shows that most of the matter in the image is separate from the baryonic
matter. This directly shows that nearly all of the matter in the cluster is dark or undetectable
in nature [73].

3.2 The Dark Sector

Dark Matter (DM) is gravitationally interacting matter that does not interact via the forces
described in the SM. Models, particles and interactions that try to explain and explore the
existence of DM in the context of particle-level interactions are put under the umbrella-term
"Dark Sector". The Dark Sector (DS) [74] provides theoretical frameworks in which searches
for DM candidates can be performed. DS searches are often signature based, with direct
signatures, indirect signatures and Long-Lived Particles (LLPs) being the three classes that
the detection signatures can be split into.

• Signatures for DM candidates in colliders include processes in which a new mediator
particle (or boson) decays into final states containing DM. These DM final states are
invisible to the detector, since they interact weakly with the detector components and
pass through the detector unobserved. These DM candidates are traditionally called
Weakly Interacting Massive Particles (WIMPs), and the detector final state includes
missing transverse energy or momentum, the magnitude of which is referred to as MET1.
The new DM mediator needs to be produced with a visible (SM) particle, resulting in
the term "mono-X searches" being applied to these final states, where X represents any
SM particle (or decay product) visible in the detector.

• For indirect DM signatures in colliders, it is important to note that any mediator pro-
duced by the collision and the interaction of SM particles, can decay back to SM
particles. Indirect signatures are the resonances that are found when a new mediator is
produced, when the mediator decays back into fully visible SM states. These signatures
are therefore sensitive to the SM interactions of the mediator.

• LLPs are a hypothetical class of particles that decay outside the range of the detector,
and are therefore invisible to the detector, but could appear from interesting DS dynam-
ics: these models could describe the elementary nature of DM by introducing additional
unstable particles, more mediators and new interactions.

The theoretical frameworks on which DS models are built rely heavily on the observation of
DM signatures in experiments. These DS models have DM particle candidates in the final
states, or they propose BSM scenarios that could produces these DM particle candidates. DS

1A discussion of event and object reconstruction follows in Section 4.4, and specifically Section 4.4.4 for
missing energy, but for the purpose of this discussion it is enough to know that invisible particles are observed
as missing energy in detectors.
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models require some DM particle, and a portal or additional sector through which SM particles
can couple to DM particles. In the majority of DS models, this portal corresponds to a new
mediator particle, however some models have modified couplings of the Z and Higgs bosons
that allow the decay to DM states. The W± bosons are not included, since DM is neutral
under the SM (electric) charge.

Figure 3.2 shows the broad classes of Dark Sector models that are being studied by the
field [75]. DS models are split into two categories: simplified and extended sectors. Models
in the simplified DS consist of DM and a single mediator particle, where DM normally takes
the form of WIMPs. These models are incomplete, and act as proxies for more complete
models but can nevertheless be used in searches at colliders. Models in the extended DS have
more complex DS dynamics and the type of the DM particles under consideration may vary.
The relevant branches to the work in this thesis are the spin-1 and fermion portals in the
simplified DS, and the Hidden Valleys in the extended DS, although other branches will be
briefly explained.
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Figure 3.2: Representation of the different models in the DS, taken from [75].

3.2.1 Simplified Dark Sector

In the simplified DS [76], the visible sector is connected to the DS through a new mediator.
This mediator enables the resonant and non-resonant production and physical production
mechanisms for processes, and introduces other parameters in models that are relevant for
collider searches.

The spin-1 portal class of models includes a mediator that couples to the SM, but the coupling
is uniform across flavours and differs according to particle type [77]. As a baseline, models
only have quark couplings but other couplings are possible. In more elaborate models, mixing
between the new spin-1 mediator and SM Z -boson and photon is proposed to take place,
giving rise to the Dark Photon models [77]. The Dark Photon (DP) is discussed further in
Section 5.2, and a Feynman diagram representing the production of DM candidates via the
DP is shown in Figure 3.3.
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Figure 3.3: Feynman diagram showing the production of DM candidates via the DP mediator
A′, via mixing with the SM photon. θa is the mixing angle between the SM photon and the
DP, χ represents the DM particle and gDM is the coupling of the DP to DM. Taken from [75].

The fermion portal introduces Φ, an alternative scalar mediator, that couples the DM particles
to the SM fermions, and introduces the non-resonant (t-channel) processes [78]. Lagrangians
for the fermion portal are of the form:

LΦ =
∑
i ,j

λij χ̄iΦij fj (2)

where i is the DM flavour index, j is the SM flavour index and λij are the associated Yukawa
couplings. Φ is a complex scalar particle and bifundamental, meaning that it is part of the
fundamental representation for all gauge groups under which it is charged, one for each type
of particle but also its own non-Abelian gauge charges. This is to ensure the conservation
of the quantum numbers of the interacting SM and DM particles. The mediator Φ can be
strongly charged, meaning that it can have quark couplings that are non-zero, and it can
be produced in pairs via quark-antiquark annihilation or gluon-gluon fusion. It can also be
produced via quark-gluon scattering, resulting in the production of Φ with a DM particle via,
or through the virtual mediation of non-resonant DM production. Two of the four production
modes are shown in Figure 3.4.

Figure 3.4: The Feynman diagram showing the single production of the mediator Φ with a
DM particle χ is on the left, while the Feynman diagram on the right shows the non-resonant
t-channel DM production. Taken from [75].

In the case of the spin-0 portal, the mediator is a pseudoscalar or scalar particle. In the most
simplified models, the scalar mediator and the Higgs boson do not mix, but models can include
a scalar portal that mixes with the Higgs boson, giving rise to a Higgs portal mediator HD ,
or a "dark Higgs". The neutrino portal mainly discusses Heavy Neutral Leptons [79], massive
leptons that are not charged under the SM gauge interactions and often take the form of
right-handed neutrinos.
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3.2.2 Extended Dark Sector

The Extended Dark Sector is characterised as having more complex DS dynamics. The possi-
bility of communication with the SM through portals in the simplified sector is not excluded,
although generally more than one DM particle species is included in these models. Including
these additional DM states means that there are additional dynamics and kinematics, which
could lead to interesting and novel experimental signatures. Four of the branches shown in
the extended DS tree in Figure 3.2 warrant a short explanation, but the emphasis is placed
on the Hidden Valley models.

Strongly Interacting Massive Particles

Strongly Interacting Massive Particles (SIMP) models [80] form part of the DS that include
multiple new particles and new interactions, but can experience a dark force akin to the SM
strong force. These interactions are assumed to be completely decoupled from the SM, and
are at low energy scales, roughly around the energy scale of the lightest SM particles. This
means that it is possible to access these interactions at particle colliders, specifically the
LHC [81]. These models introduce rich dynamics and phenomenology, with DM candidates
that are novel, stable and invisible to particle detectors.

SIMP models are characterised by the addition of a non-Abelian confining SU(Ndark
C ) gauge

interaction to the SM gauge interactions. Ndark
C refers to the number of dark colours in the

gauge group, and this interaction introduces a gauge coupling αdark . The force carriers in this
new theory are massless dark gluons, akin to SM gluons but just in the DS. All SM particles
are neutral under the new gauge group SU(Ndark

C ), and the new light particles introduced are
charged under it, and neutral under the SM gauge groups. The new light particles are dark
quarks, denoted qdark with mass mqdark , and there are Ndark

F flavours. Interactions between
the SM fields and these dark quarks happen via higher-dimensional operators that carry both
hidden-sector and SM charges.

An example of a simple SIMP scenario is given to illustrate how these interactions take place.
If a broken U ′(1) gauge group is introduced, mediation between the DS and the SM can
take place through a heavy vector portal. This leads to kinetic mixing between the U(1)YSM
group and the U ′(1) DS group, and results in a DP that communicates with the SM via this
kinetic mixing. Some models in this category are commonly called Dark-QCD models, due to
its similarities with the SM QCD interactions. Dark-QCD is further discussed in Section 7.1,
particularly focusing on semi-visible jets.

Soft Unclustered Energy Patterns (SUEPs) [82] are a class of SIMP model in which the jets
formed are dissimilar to SM QCD jets2: instead of collimated jets, there is a large number
of low-momentum charged particles that are spherically distributed. A schematic Feynman
diagram showing the signal model can be seen in Figure 3.6. Neutral naturalness introduces
new symmetries as a way to potentially fix the Hierarchy Problem. The new particles are not
charged under the SM and arise in these models naturally, which typically set Ndark

C = 3. A
dark Higgs boson and a uncoloured top quark partner are often introduced. The uncoloured
top partner is referred to as a dark top quark.

2Further discussed in 4.4.1.
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Figure 3.5: A Feynman diagram showing the signal model that results in a SUEP final state,
taken from [82].

Figure 3.6: A Feynman diagram for a 2HDM+a model, taken from [85].

Other Extended Dark Sector Models

The 2HDM+a models [83] are an extension of the two-Higgs-Doublet Models (2HDM) [84],
where an additional DM particle candidate and a spin-0 pseudoscalar mediator is added to the
model. The Hidden Abelian Higgs Model (HAHM) adds an extra gauge group U(1)χ to the
SM, resulting in the gauge group G = SU(3)C × SU(2)L × U(1)Y × U(1)χ. This results in
a new dark Higgs boson HD and a neutral gauge boson, that are able to mix with SM fields.
In many cases, this neutral gauge boson is chosen to be the Dark Photon.

Supersymmetry (SUSY) models can introduce light supersymmetric particles that are possible
candidates for DM [86]. Dark SUSY models evolve from the extension of the SM through low-
energy SUSY, in which DM is naturally embedded. Stealth SUSY models are more complex,
and allow the introduction of a "stealth sector" in addition to the usual SUSY candidates. The
stealth sector contains a scalar singlet S and the singlino S̃ , its fermionic superpartner [87].
These models were developed after the LHC placed stringent limits on SUSY searches, and
investigate ways that the SUSY partners have managed to go undetected. Inelastic DM
models predict two DS states, scalars or fermions, with near mass degeneracy. Suppression
of the elastic couplings between states with the same flavour takes place if the mass splitting
is small relative to the average mass, in comparison to the inelastic couplings. As a result, in
proton-proton collisions at the LHC there is simultaneous production of both states, mediated
by a portal interaction that is most commonly taken to be the DP portal [88].
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3.3 Generating BSM events and Exploring New Mod-
els

To perfrom any study on a BSM theory, simulated events of the theory need to be produced
and in many cases, a comparison of signal and background (SM) processes needs to take place.
The event generation is similar to that described in Section 2.4, but has a few additional tools
and packages that facilitate the event generation and are used in specific BSM scenarios. An
important part of BSM studies is comparison to existing results, which introduces the concept
of reinterpretation and recasting, and tools that are used to perform these studies.

3.3.1 FeynRules

Starting with the Lagrangian of the BSM theory, the first step of the event generation process
is to feed the Lagrangian into FeynRules [89], a Mathematica-based package that takes as
input the Lagrangian, parameters and a list of fields in the theory and outputs the Feynman
rules in a form that is usable by event generators. The output is given in a Universal FeynRules
Output (UFO) format, a Python module that can be linked to Feynman diagram calculators.
A full discussion of the UFO contents and its interface is in Reference [90], although it is
useful to highlight the fact that the UFO output format is modular and flexible, and contains
information of the model in an easily-accessible format for matrix-element generators.

The UFO file is then included when running the matrix-element generator, which is outputs
an LHE file with the simulated events.

3.3.2 Pythia8 Hidden Valley

As introduced in Section 3.2.2, a specific DS class of particles include multiple new interactions
and particles, leading to the development of a specific branch called Hidden Valley models,
and specifically Dark-QCD. Pythia8 includes the Hidden Valley (HV) module, described in
References [91,92] that can be used to simulate these Dark-QCD processes.

The HV module was developed to allow the study of hidden sector hadronisation through the
decay back to visible SM particles, and is specifically geared towards studying Dark-QCD like
signatures. The implementation of the module in Pythia8 allows for flexibility in the model
parameters: flavour contents, particle masses, gauge groups and gauge couplings can be set
according to the model requirements, without losing the ability to produce hadron-level event
files for analysis.

Figure 3.7 shows the production and decay of a dark sector particle Dv that forms part of
a Dark-QCD model and is used to illustrate the possible processes that the HV module can
work with. The dark quarks Dv s are pair produced via qq̄ fusion, and emit massless dark
gluons gv as well as SM gluons g during the shower evolution. The Dv finally decays into a
SM d-quark and a quark-like particle qv that is part of the hidden sector. The decays in the
model are flavour diagonal, with Dv → d + qv . The SM quark d can only emit SM gluons,
while the hidden sector quark qv can only emit hidden sector gluons gv . The free parameters
that need to be set are the masses of the communicator particle mDv , the mass of the dark
quark mqv , and the coupling constant between the hidden sector and the SM, αv .
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Figure 3.7: Example of a Dark-QCD process that is capable of being showered using the
Pythia8 HV module, taken from [91].

3.3.3 Reinterpretation Using CONTUR and MadAnalysis5

Various analysis frameworks exist to analyse and interpret simulated events, from both SM and
BSM processes. MadAnalysis5 was introduced in Section 2.4.3 in the context of performing
analyses on SM processes, but it can also be used as a tool to search for new physics signatures,
along with CONTUR (Constraints on New Theories Using RIVET) [93,94].

CONTUR and MadAnalysis5 are used in reinterpretation studies, where data from particle
colliders (particularly, but not limited to the LHC) is used to determine the validity of a
BSM theory. Using analyses that have been carried out by experiments and preserved,3 and
subsequently validated by developers of the frameworks, regions of a parameter space can be
excluded for a given model based on the data from the analyses.

An overview of the entire event generation process to setting limits for points in a parameter
space for a BSM model is shown in Figure 3.8, followed by a short description of the CONTUR
and MadAnalysis5 methodologies.

CONTUR

The CONTUR framework and approach to reinterpretation is built on measurements made at
the LHC. Used as a layer on top of RIVET, CONTUR does a statistical interpretation of the
injected BSM signal to SM phase spaces. This is possible because measurements of particle
properties are not dependent on the SM, but match predictions from the SM well, and so
data can be assumed to be an accurate representation of the SM. These measurements can
be used to rule out different models, and influence the parameter space that searches for new
physics are carried out in. RIVET has a large database of measurements carried out by the
experiments at the LHC, and using this CONTUR can derive sensitivity from a broad range
of SM measurements, with many different final states and variables.

CONTUR aims for speed and coverage of new models, at the cost of sensitivity and some
precision. The toolkit focuses on fiducial, particle-level4 measurements, to find the balance
between the model dependence (so minimal theory extrapolation in the measurement) and

3Analysis preservation saves the methodology of the analysis, so that the same analysis can be carried
out on MC samples or different datasets. The analyses are preserved either in RIVET for CONTUR, or the
Physics Analysis Database (PAD) for MadAnalysis5.

4Particle-level data means data that has been unfolded, or corrected for detector effects, but not extrapo-
lated beyond detector acceptance. To compare predictions to particle-level data, MC generated samples are
needed for fiducial phase space selections to be applied to final-state particles.
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Figure 3.8: The CONTUR and MadAnalysis5 workflow. Starting with a UFO file that de-
scribes the BSM model, parton-level events are generated using MadGraph5, followed by the
showering and hadronisation using Pythia8. The flexibility of the event generators and analysis
frameworks means that other generators can be used, as long as they are in a recognised and
compatible format. The standard is the HepMC file-format after the showering and hadro-
nisation has been performed. Both frameworks use the CLs method for exclusions, and the
process needs to be repeated for each point in the parameter space.

detector independence (minimal detector dependence in the BSM predictions). The toolkit
divides analyses into orthogonal regions as to not create correlations between measurements,
which would overestimate the sensitivity of the model probed. The histograms produced by
RIVET are divided into orthogonal pools, according to the centre-of-mass energy of the LHC
beam, the experiment performing the measurement and the final state of the analysis.

CONTUR calculates the CLs method [95,96] to set exclusions (or upper limits) on the BSM
model parameters, using a likelihood function for a certain parameter point. A full discussion
of the statistical method can be found in Reference [94], although it is worthwhile to point
out that through the definition of the CLs in CONTUR, a score close to one implies exclusion.
The CLs calculation is carried out for each parameter point, and produces a heatmap showing
exclusion of each parameter point, and the 95%, 68% and expected exclusion lines for the
phase space.

MadAnalysis5

MadAnalysis5, as introduced in Section 2.4.3 is a useful toolkit to perform analyses on gen-
erated events, but can also be used in the context of reinterpretation. Testing new models
relies on detector simulations and MadAnalysis5 uses Delphes or a simplified fast detector
simulation package called SFS [97] for these detector simulations. While CONTUR mainly
uses measurements made at the LHC, MadAnalysis5 uses data from searches performed at the
LHC to determine the limits placed on a new model. A discussion of the methodology and im-
plementation of exclusion calculations in MadAnalysis5 can be found in Reference [98].
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4 The LHC and ATLAS

4.1 The Large Hadron Collider

The European Council for Nuclear Research (CERN) houses the most intricate accelerator
complex in the world (Figure 4.1). A feat of engineering and innovation, the complex uses
different systems and accelerators to accelerate particles to a final energy of 6.8 TeV. The
proton beam is injected into Linear Accelerator 4, where negative Hydrogen atoms are accel-
erated to 160 MeV. The ions are then injected into the Proton Synchrotron Booster (PSB),
and during the injection the ions are stripped of their two electrons. The remaining protons
are accelerated to 2 GeV in the PSB and subsequently injected into the Proton Synchrotron,
where they are accelerated to 26 GeV. The protons are then injected into the Super Proton
Synchrotron, reaching energies of 450 GeV, before being injected to the Large Hadron Collider
(LHC).

The LHC accelerates particles to 99.9999991% the speed of light, corresponding to a beam
energy of 6.8 TeV. During previous runs, which are predetermined time periods in which data-
taking takes place, the centre-of-mass energy progressively increased from 900 GeV, to 7 TeV,
8 TeV (Run 1) and 13 TeV (Run 2). This 27 km long synchrotron collider has two beams:
one running clockwise, the other anti-clockwise, and the beams are brought together at four
collision points, inside particle detectors with a centre-of-mass energy of 13.6 TeV. ATLAS,
CMS, LHCb and ALICE are the particle detectors that probe these particle collisions, and are
designed for observing different physics in the detectors.

4.1.1 Coordinates at the LHC

The coordinate system used by the ATLAS detector comprises of the variables x , y , z , θ, ϕ
and η, with the interaction point taken as the origin. The x-coordinate points to the centre of
the circular accelerator, the y -coordinate represents the vertical distance from the beamline,
and the z coordinate goes along the beamline. The polar angle θ is defined as the angle from
the z-axis, the pseudorapidity η measures the angle from the beamline in the y–z plane, and
the azimuthal angle ϕ measures the angle around the beamline, in the x–y plane. The polar
angle θ is commonly represented in terms of the pseudorapidity, with η = − ln tan(θ/2). The
x-y plane is perpendicular to the beamline and is referred to as the transverse plane, and is
commonly described in r -ϕ coordinates, where r (the radial dimension) is the distance from
the beamline. The distance ∆R is defined as the following, and is shown in Figure 4.2:

∆R =
√
∆η2 +∆ϕ2 (1)
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Figure 4.1: The CERN Collider Complex [99].

4.2 The ATLAS Detector

One of the four detectors at the LHC, the ATLAS detector [101] is the largest volume detector
ever built at a particle collider and was initially designed for proton-proton collisions at centre-
of-mass energy s =

√
14 TeV. The cylindrical detector weighs 7000 tonnes, is 44 meters

in length, and has a diameter of 25 meters. It is located in a cavern 100 meters below
ground.

This general purpose detector was designed and built to cover and measure the widest range
of possible signals instead of focusing on a specific physical process. It consists of different
detector subsystems that are layered concentrically around the beamline. These subsystems
can be understood by placing them in four categories: the Inner Detector (ID), the calorimeter
system, the muon spectrometer and the magnet system, as seen in Figure 4.3.

4.2.1 Inner Detector

The ID is the detector subsystem that is closest to the beamline, and consists of the Pixel
Detector, Semiconductor Tracker, and Transition Radiation Tracker. The ID measures the
direction, momentum, and charge of electrically-charged particles and relays this information
to the Trigger and Data Acquisition (TDAQ) system.
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Figure 4.2: Coordinate system used at the LHC, with the detectors indicated along the
beamline [100].

4.2.2 Calorimeter System

The calorimeters measure the energy of the particles passing through the detector, and are
broadly split up into two classes: the electromagnetic calorimeter (which measures the energy
of photons and electrons as they interact with matter and produce electromatic showers) and
the hadronic calorimeter (which measures the energy of hadrons as they interact with atomic
nuclei and produce hadronic showers). The Liquid Argon (LAr) Calorimeter is placed directly
around the ID, and as end-cap calorimeters, and measures the energy of electrons, photons
and hadrons. The Tile Calorimeter is placed concentrically around the LAr Calorimeter, and
measures the energy of hadrons that were not stopped by the LAr Calorimeter.

4.2.3 Muon Spectrometer

The muon spectrometers (or muon chambers) are the final detector subsystem. Muons are
registered in the inner detector and leave a small amount of energy in the calorimeter, but they
do not produce showers in the calorimeters as opposed to electrons, photons or hadrons. They
pass through several meters of material with minimal energy deposits, and so a dedicated spec-
trometer is required to measure the momenta of muons. The system uses 5 different detector
technologies: Thin Gap Chambers (TGCs), Resistive Plate Chambers (RPCs), Monitored
Drift Tubes (MDTs), Small-Strip Thin-Gap Chambers (sTGCs) and Micromegas. The MDTs
are responsible for the precision of measuring the muon tracks through the spectrometer, and
the TGCs and RPCs are used for the fast detection required by the experiment through the
ionisation of gas in the chambers. The Micromegas and the sTGCs are specially designed to
use in high-intensity collisions, and are used to detect muons close to the beamline with high
precision and in a short timeframe.

The detector technologies used for fast-response detection pass on coarse information about
the muon momenta that is then used by the trigger system in event selection.

4.2.4 Magnet Systems

ATLAS uses magnets to bend the trajectories of charged particles to measure their momentum
and charge. The superconducting magnets are cooled to around 4.5 K and are split up into
solenoidal and toroidal systems.

27



Figure 4.3: Schematic diagram of the ATLAS detector [102].

The central solenoid magnet surrounds the ID and provides a 2 T magnetic field that bends
charged particles to measure their momentum. The ATLAS toroidal system consists of the
barrel toroid and the end-cap toroids, and is used to measure the momentum of muons. The
barrel toroid consists of 8 separate coils that are each 25.3 m in length and provide a 4 T
magnetic field. The end-cap toroids each have 8 coils in a common cryostat, and extend the
magnetic field to particles that leave the detector close to the beam pipe.

4.3 The ATLAS Trigger System

Data-taking at any of the detectors at CERN is an enormous undertaking, and relies on
complex and state-of-the-art (TDAQ) systems to select, save and process data. This is no
different at the ATLAS experiment, where the data from the 40 MHz collision rate of the
Large Hadron Collider (LHC) needs to be decreased to the manageable data output rate of 3
kHz (or 8 GB/s). A diagram of the ATLAS trigger system is shown in Figure 4.4. This relies
on innovative engineering, computing and physics to ensure that data is selected and saved
for analyses to be carried out on.

The trigger system is a critical component of the ATLAS experiment and the data-taking
process [103]. There are two levels to the system: Level-1 (L1) and the High-Level-Trigger
(HLT), which work together to select which events are saved to be processed.

4.3.1 Level-1 Trigger

Data from the detector needs to go through two important components in the L1 trigger
system as a first step in data acquisition: the Level-1 Calo (L1Calo) and the Level-1 Muon
(L1Muon). L1Calo receives inputs from the calorimeter detectors: the Liquid Argon Calorime-
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Figure 4.4: Overview of the ATLAS trigger system [104].

ter and the Tile Calorimeter. L1Muon receives inputs from the muon spectrometer. L1Topo
is the next step in the L1 system and allows for more complex algorithms at L1 based on
topological selections. It applies real-time kinematic and angular selections to trigger objects.
Information from L1Topo is sent to the Central Trigger Processor (CTP). The CTP receives
inputs from all of the L1 trigger systems, and produces 512 L1 trigger items based on logi-
cal combinations of these inputs. The CTP produces L1-accepts, which trigger the precision
readout of a given event. The system combines this information in a format that is readable to
the HLT, by identifying Regions of Interest (RoIs) with coarse information on the geometrical
region in the muon spectrometer and the calorimeters, the type of object (corresponding to
EM, τ , jet or muon) and the momentum or energy threshold passed.

4.3.2 High-Level-Trigger

The HLT reconstruction typically uses dedicated fast trigger algorithms to provide early back-
ground rejection, which is then followed by more precise and resource (CPU) intensive algo-
rithms to make the final selection. The algorithms reconstruct objects, after which physics
selections are applied. Athena, the ATLAS software framework [105], is used in the HLT
reconstruction process.

HLT Chains

The HLT chain name contains all of the information of the chain configuration, in the format
of HLT_<HLT configuration>_L1<L1 seed threshold>, and are categorised by their use
cases. The primary chains are used for physics signals and in general all events passing
these chains are recorded. The back-up chains are used in case of an unexpected luminosity
increase and have higher thresholds compared to the primary chains. Supporting chains are
chains that are used to support a physics analysis, (using data-driven background methods,
efficiency measurements, etc.). Finally, monitoring chains are used to monitor the detector and
to ensure good data quality, usually in the form of detector monitoring and calibration.
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HLT Streams

The HLT chains are grouped together into streams, more formally defined as a collection of
events or event fragments in the same dataset depending on the HLT decision. The design
of the streaming model is inclusive (barring the debug streams), which means that an event
can be written to multiple streams, although streams are designed to have minimal overlap.
Physics streams include full event building with information from all sub-detectors, with an
event size of ∼2 MB and an output rate of ∼3 kHz. The Main stream is used for most physics
analyses. Delayed streams contain events that are not automatically reconstructed at Tier-01

to rather use the resources during downtime. The Enhanced Bias stream is used to record
events for trigger rate predictions and is biased towards high-pT events likely to be selected
by the trigger.

4.3.3 The ATLAS Trigger Menu

The ATLAS collaboration has a dedicated physics programme which dictates what physics is
being searched for, and the trigger system is responsible for selecting events aligned with the
programme. This is all put together in the trigger menu, a collection of trigger chains and
the corresponding set of rules that defines the rate that each chain can write out. Events are
only selected to be recorded if they satisfy the conditions of one or more chains on the menu.
The rules that define the output rate of each chain come in the form of a prescale value (or
simply a prescale) that controls the rate of accepted events to stay within rate, bandwidth
and CPU constraints. These prescales are computed using the trigger Rulebook.

The menu is constantly being updated and fine-tuned according to the running conditions
and new developments. There are physics priorities aimed at taking a balanced dataset for
analyses. Supporting triggers for calibration and efficiency measurements also need to be
included. Online and offline resources available also contribute to the design of the menu and
it varies with luminosity and time. Additionally, there are different menus defined for specific
purposes and conditions: the proton-proton and heavy-ion physics menus differ considerably,
and there are Cosmic and Standby menus for technical stops and machine development.

4.4 Event and Object Reconstruction in ATLAS

For any physics analysis to be carried out, physics objects need to be reconstructed. Events
passing the L1 and HLT chains enabled during a run are sent to processing, where different
objects are reconstructed and prepared for analysis.

4.4.1 Jets

The jet clustering algorithms that are used in modern collider experiments are called sequential
recombination algorithms that combine the inputs in momentum-space to form the jets [36], in
a bottom-up approach. There are two important values, dij and diB used in the reconstruction

1Tier-0 is the first part of the multi-tier processing centre based at CERN, and is responsible for the prompt
processing of raw data from the detector, before distribution to other processing centres [106].
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algorithm. The distance measure dij used to form the jets is calculated by:

dij = Min
(
p2ρTi

, p2ρTj

) ∆R2
ij

R2
0

(2)

with Rij = (yi − yj)
2 + (ϕi − ϕj)

2 equal to the distance between the two input objects. R0 is
a dimensionless angular radius parameter that can be varied, depending on the size of the jet
that needs to be reconstructed.

The distance measure diB is the momentum-space distance between the detected particle and
the beam axis, and is given by:

diB = p2ρTi
(3)

The sequential recombination algorithms look at the entire set {dij , diB} and finds the min-
imum of the set. In the case that dij is the minimum, i and j are taken out of the list of
particles and they are used to form a new particle, {ij}. If diB is the minimum in the set, i is
taken out of the list of particles and labelled a final jet [36].

The variable ρ in Equations [2] and [3] is used to control the ordering or merging, depending
on the value used. There are three cases: the kT algorithm, where ρ = 1 [107], the anti-kT
algorithm with ρ = −1 [108] and the Cambridge-Aachen algorithm with ρ = 0 [109], the
behaviour of which is shown in Figure 4.5.

Figure 4.5: Depiction of the three jet clustering algorithms mentioned, using the same input
data and the same jet radius. The kT algorithm has irregular jet shapes, and the use of the
anti-kT algorithm results in conical jets, showing its preference for hard radiation [108].

For small-radius jets (R = 0.4), which is the default reconstruction radius used in ATLAS,
Particle Flow Objects (PFOs) are created from combined track and calorimeter information.
Large-radius jets (R = 1.0) are clustered from Unified Flow Objects (UFOs), which are im-
proved PFOs where track information is used to split up large clusters based on jet-substructure
(energy flow and their direction), which improves jet mass resolution at high pT [110].

Hadronic jets are clustered according to the anti-kT clustering algorithm [108], and are de-
pendent on the jet-radius for the flow objects used in the reconstruction. Charged-particle
hits in the ID are used to reconstruct particle tracks with quality criteria applied to ensure
the use of well-reconstructed tracks [111]. Information from the (hadronic) calorimeters are
built on ’topoclusters’: three-dimensional groupings of topologically connected calorimeter
cells [112].
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Figure 4.6: ATLAS event display for a multi-jet event [113].

4.4.2 Electrons and Photons

Initial electron candidates are reconstructed by matching tracks made in the ID (with en-
ergy loss due to Bremsstrahlung taken into account) to topological clusters from the EM
and hadronic calorimeters. Initial photon candidates are more complicated, are are split up
into converted or unconverted objects. Converted photon objects are photons that have
pair produced before the ECAL and unconverted photons only pair produce in the ECAL,
since approximately 30% of photons convert in the detector material before reaching the LAr
calorimeter. A converted photon object is based on an EM topo-cluster that was matched to
a conversion vertex, while an unconverted photon is reconstructed from a cluster than is not
matched to a conversion vertex or an electron track.

Initial clusters and their (matched) candidates are then used to build the final EM clusters.
For all photon and electron candidates, EM clusters that are close together are merged to
form the final cluster, since energy losses due to Bremsstrahlung mostly happen in the bending
(transverse) plane. Prompt electrons and photons are defined to stem from the hard-scattering
vertex, or from decays of heavy-resonant Higgs, W and Z bosons, where prompt is used in
the sense that these particles are created immediately after the collision, before quarks and
gluons have had time to form hadrons.

Electron and photon identification is split up into Loose, Medium and Tight selections, with
Loose having the most signal acceptance but the most background, and Tight losing signal
acceptance but with increased suppressed background. Electrons identification is made in
a likelihood classifier, while the first two photon identifications are applied in the trigger
[114].

Isolation requirements are also applied to electrons and photons, where variables measuring the
activity in the surrounding area of the electron or photon candidate are constructed. This is
usually done by summing the transverse energies of clusters in the calorimeter or the transverse
momenta of tracks in a cone of radius ∆R =

√
∆(η)2 + (∆ϕ)2 around the direction of the

electron and photon candidate, excluding the candidate itself [115].
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Figure 4.7: Schematic diagram of the different layers of the ATLAS detector, showing the
sub-detectors and the particles that interact with them [117].

4.4.3 Muons

Muon reconstruction algorithms use information from the MS and/or the ID. Three broad
reconstruction algorithms are used, based on the information from the ID and MS. ID tracks
are tracks reconstructed using ID hits only, while Stand-alone tracks (SA) are muon candidates
with tracks that are only made using MS hits. These tracks are extrapolated to the beam spot,
taking into account the energy loss and multiple scattering in the material before the MS,
to define the kinematic quantities at the interaction point. Combined tracks (CB) are tracks
from muon candidates where the MS track is matched to an ID track. Muon reconstruction
has different working points, the most common being the Medium WP that only selects CB
muons in a certain part of the detector range and rejects poorly reconstructed tracks. Isolation
criteria are also applied to muons, and can be measured using the ID (through ID tracks), the
calorimeters (with topological cell clusters), or a combination of both [116].

4.4.4 Missing Transverse Momentum

Reconstructed missing transverse momentum pTmiss , acts as the "detector signature" for invis-
ible particles and is calculated as the negative vector sum of the pT of objects in the event.
The magnitude of this vector is known as the missing transverse energy. SM neutrinos pass
through the detector without interacting with any of the sub-detectors, and are therefore
invisible to the detector. Similarly, stable dark matter candidates that do not interact with
the detector also contribute to the MET measurement. A distinction is made between "real"
MET, from neutrinos and stable DM candidates, and "fake" MET that come from pileup,
detector resolution and acceptance.
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4.5 It’s All About the Rates or A Summer Working
on the Trigger Menu

The rates of chains and streams in the trigger Menu can be analysed to ensure that the rate
limitations of the HLT are not exceeded and that the Menu is operating optimally. This is
done using the Rates Analysis package, a suite of tools for trigger rates calculations, which
is found in Athena. Rate predictions are run on an Enhanced Bias2 dataset [118], the results
of which are used by the Rulebook to calculate the prescales that are applied in data-taking.
The actual rate output of different chains and streams can then be analysed to control or
improve the resource allocation to each chain. The trigger Menu is periodically being updated
to include new triggers and optimise streaming. Each time this is done, the rates analysis
should be performed to check the output rates of updated streams and chains.

The streaming model is inclusive and so chains can be written to multiple streams, and the
same events can be recorded in different streams. The overlap between two streams is a
measure of how many events are written into the streams before being processed, and the
overlap should be minimised as to not waste resources. The contribution of a chain to a stream
can also be determined, as well as the overlap between two chains. It is also possible to create
a set of chains and find the unique rate of the set with respect to the entire Menu.

The work presented here is the result of the development of a script that automatically
calculates different contributions of chains to streams, and was completed during the course
of the Summer Student Programme at CERN.

4.5.1 Developing an analysis of rate usage

The process of performing the rates analysis on chains and streams is repeated on a regular
basis, and a script that can perform an analysis of the rate usage is a useful tool to facilitate
these analyses. This section details the development of a script that adds four functionalities
to be used on top of the Rates Analysis package. The four functionalities are calculating
the:

1. overlap between two streams

2. unique contribution of a chain to a stream

3. overlap between two chains

4. unique rate of a set of chains

4.5.2 Overlap between Two Streams

By performing the analysis on the chosen streams, trigger Menu experts can decide whether
or not chains from a chosen stream should be moved into a different stream to avoid wasting
resources due to duplication. This is done by finding the unique stream rate and overlap
between streams of the selected stream. To do this, the script enables all chains in Stream A

2An enhanced bias dataset is overweighted in high-pT events which are likely to be selected by the trigger
system. The data is taken with an invertible trigger menu such that a single weight is calculable per event
which corrects for the prescales applied during the enhanced bias data taking and restores an effective zero
bias spectrum. This dataset is useful when performing rate estimations on the data of the type typically
selected by the HLT.
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(which as a default is set to Main3, but can be changed to any other stream) and Stream B
(which can be any other stream), determines the Global HLT Rate for the combination, and
then subtracts the rate when only chains in Stream A are enabled.

The script takes two flags --stream0 and --stream as arguments and creates two prescale
files: one where only Stream A is enabled, and one where Stream A and Stream B are enabled.
Stream A is the reference stream (passed by --stream0), and as a default is set to Main. A
different reference chain can be chosen by passing it as an argument after this flag. A list of
streams can be passed as an argument to --stream, and the script iterates over the list. It
then calls the run_RatesAnalysis.py script (already included in the Rulebook and which
calculates the rates of all the chains in the Menu, based on a specific prescale set) and runs
the script for each combination of Stream A and Stream B, and writes a text file with the
Global HLT Rate for Stream A only, the Global HLT Rate for Stream A and B, and calculates
the difference between the rates to get the unique rate of Stream B. For bookkeeping and
keeping track of which streams were compared, the script creates a directory for each pair that
is compared, and inside that has two directories for the stream0 and stream RatesAnalysis
outputs. The information for the unique rate and the overlap is stored in a text file in the
directory for each iteration.

The run_RatesAnalysis.py script also has the option of giving the rate error of a stream
or individual chains, up to four decimal places. The errors presented in the examples below
are Poisson in nature. A detailed discussion of the error analysis performed in the script is
beyond the scope of this project.

Example: Overlap between the stream0 and three other streams

The example illustrates the use of the script by analysing the stream overlap between the
Main stream and three other streams, running over 100 000 events from data processed with
a specific Athena release. The Main stream needs to be processed immediately during data-
taking, and if the overlap between the streams are high, it can be considered to move chains
to one of the other streams.

The results are shown in Table 4.1:

Stream Rate (Hz) Error (Hz) Unique Rate
w.r.t. Main (Hz)

Main 2160.1456 53.1707
Stream 1 347.3337 22.6622 240.7915
Stream 2 475.1429 96.4235 449.3020
Stream 3 6858.5519 202.172 5907.5888

Table 4.1: Table showing the overlap between stream0 and three other streams.

We see that the overlap between Main and Stream 1 is 30.67%, while Stream 2 has an overlap
of 5.43% and Stream 3 has an overlap of 13.87%.

3The Main stream is a collection of events or event fragments that is typically used in data analysis and
Data Quality assessment.
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4.5.3 Unique Contribution of a Chain to a Stream

The unique contribution of a chain to a stream can be used as a survey to see if any chains
should be moved to a different stream. If a primary chain in the Main stream has an unusually
high rate, the chain could be moved to a delayed stream to optimise resource usage. The
events would then be processed at a later time when resources are available. This is done as
to not slow down the processing of the Main stream data. The setup for this analysis was
similar to that of the stream overlap, but the script enables chains in the given stream (with
the chain selected enabled), gets the prescales for the chains and then determines the Global
HLT Rate of the stream. The script then gets another prescale file in which the given stream
is enabled but the chain is disabled and subtracts this rate from the Global HLT Rate. The
result is then the unique rate contribution of the chain.

An extra functionality of the script is that chains can be added using RegEx4 by passing the
argument regex to the flags --chain, --chain_comp and --chain_set.

Example: Jet Chain

In this example, we found the overlap between a jet chain and the given stream. The analysis
ran over 500k events in the processed dataset for Athena release 24.0.52. The chain requires
a single jet (pT > 100 GeV), with a central eta tag (eta value between 0 and 240, meaning
that the jet is in the central part of the detector) and requires that the chain reconstructs
particle flow jets which needs full scan fast track finding [119]. The chain is only fed to the
Main stream, and the results are shown in Table 4.2.

Rate (Hz) Rate Error (Hz)
Chain 38.4361 0.9789

Stream and Chain 2518.1376 38.8825
Stream w/o Chain 2479.7015 38.811

Unique Contribution 38.4361 —

Table 4.2: Table showing the unique contribution of a jet chain to the Main stream.

The unique rate of the chain is taken from the menu with the chain enabled, and is given as
38.4361 Hz. This is the same value as the chain rate, since the chain under consideration was
only fed to the Main stream.

Example: DarkJet Chain

Considering a chain that is similar to the one outlined in the previous example, except that
it has a Dark Jet requirement, the unique contribution of the Dark Jet chain to the Main
stream was analysed. Note that the chain is not fed into the Main stream, but rather the
DarkJetPEBTLA stream. The results are shown in Table 4.3.

Example: Muon Chain

In this example, we consider a muon chain that is fed into the BPhysDelayed stream and the
Main stream. The results are shown in Table 4.4.

4A Regular Expression (shortened to RegEx) is a sequence of characters that specifies a match pattern in
text.
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Rate (Hz) Rate Error (Hz)
Chain 2.3314 0.052

Stream and Chain 2494.3401 44.9878
Stream w/o Chain 2494.3401 44.9878

Unique Contribution 0.0000 —

Table 4.3: Table showing the unique contribution of a Dark Jet chain to the DarkJetPEBTLA
stream.

Rate (Hz) Rate Error (Hz)
Chain 22.4568 5.7983

Stream and Chain 2348.8865 54.587
Stream w/o Chain 2344.4024 54.5254

Unique Contribution 4.4841 —

Table 4.4: Table showing the unique contribution of a muon chain that is fed into the
BPhysDelayed and Main streams.

The muon chain selected has a unique contribution of 0.19% to the Main stream.

4.5.4 Overlap between Two Chains

Calculating the overlap between two chains is a useful tool for trigger experts and developers
of new triggers to see if events pass multiple chains and if the overlap between the chains is
too large. There is one prescale file where only one chain is enabled and everything else in
the menu is disabled, and another prescale file where both chains are enabled. The script has
the option of comparing multiple chains to a single reference chain. The chains are entered
as a list and the user does not need to run the script for each comparison chain.

Example: Jet Chains

In this case, the prescales are set to 1, however the user could change the values in the input
prescale file. The example considers jet chains with the same L1 seed that requires a minimum
pT of 160 GeV, with the reference chain having a pT cut of 360 GeV at the HLT level, and the
three comparison chains having increasing pT cuts. The results are shown in Table 4.5. We

Weighted PS Rate (Hz) Unique Rate (Hz)
Reference Chain 90.0203 45.8392

Comparison Chain 1 44.1811 0.0000
Reference Chain 90.0203 54.7757

Comparison Chain 2 35.2447 0.0000
Reference Chain 90.0203 62.7814

Comparison Chain 3 27.2390 0.0000

Table 4.5: Table showing the overlap between two jet chains.

see that the weighted PS rate (the rate of the chain after the prescales have been applied) for
the reference chain is the same in each comparison. The weighted PS rate of the comparison
chain, plus the unique rate of the reference chain, adds up to the weighted PS rate of the
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reference chain. The comparison chains have no unique rate, because if an event passes their
selection criteria, it also passes the selection criteria of the reference chain.

It follows that the weighted PS rate of the comparison chains decrease as the selection criteria
of the chains become stronger, and subsequently we see that the unique rate of the reference
chain increases as the jet pT cut increases. The percentage overlap of the reference chain
with the three comparison chains is 49.07%, 39.15% and 30.25%.

Example: Similar Electron Chains with Different Selection Criteria

In this example, the reference electron chain has a higher L1 selection criteria (a pT greater
than 28 GeV) than the comparison chain (a pT greater than 26 GeV), and a higher HLT pT
threshold (30 GeV as opposed to 28 GeV). The results are shown in Table 4.6.

Weighted PS Rate (Hz) Unique Rate (Hz)
Reference Chain 864.4192 678.3463

Comparison Chain 227.7408 41.6680

Table 4.6: Table showing the overlap of two similar electron chains with different selection
criteria.

The rates show that there is indeed an overlap of 26% between the two chains.

4.5.5 Unique Rate of a Set of Chains

The unique rate of chains is displayed in the standard Rates Analysis results, but the way that
it is determined means that if an event triggers multiple chains, it does not contribute to the
unique rate of the chain. It then appears that a set of chains has no unique rate although
this set of chains selects events which are not selected by any other chain in the menu. In
analogy to the streams analysis, we define our set of chains as a "stream" and perform the
rates analysis on the full menu, and then the rates analysis when all of the chains in the set
are disabled. The difference in the Global HLT Rate is then the unique rate of the set. This
is in particular useful for developers planning to add multiple chains to the menu, e.g. a mix
of primary and support chains targeting a specific analysis signature.

Example: Displaced Vertices

The set of chains contains the tag "hitdv", meaning we look for hits with displaced vertices.
For this set of 20 chains, the script was on 500k events from processed output data files. The
results are shown in Table 4.7.

The unique rate of the hitdv set is 0.1330 Hz for the changed and unchanged prescale
files.
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Global HLT Global HLT
Rate [Hz] Rate Error [Hz]

Full Menu Enabled 9762.7216 116.9259
Chains Disabled 9762.5886 116.9224

Unique Set Rate 0.1330

Table 4.7: Table showing unique rate of a set of chains with a displaced vertex selection
criteria.

4.5.6 Conclusion

The studies performed in Section 4.5 were completed over the course of the Summer Student
Programme at CERN, along with the development of a script that automatically analyses
the rate usage of the ATLAS Trigger Menu. This required a good understanding of the
ATLAS Trigger System, as well as internal tools used in the development and operation of
the Trigger Menu and System as a whole. The script has been implemented into the Athena
Software releases and can be used by Menu developers to perform their own analyses on rate
usage.
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5 ATLAS Search for a Maverick Top
Partner Decaying to a Dark Pho-
ton

This chapter focuses on an ATLAS search for a top-partner vector-like quark, called the
Maverick top partner, that decays into a Dark Photon, which in turn decays into a highly-
collimated pair of leptons. The model was first proposed in Reference [120] and further
explored in Reference [121],

5.1 Vector-like Quarks

Vector-like Quarks (VLQs) are introduced as a new hypothetical quark isosinglet, or spin-1/2
fermions. They are singlets of SU(2) with charge -1/3 and/or +2/3, and both left- and right-
handed components transform in the same way under the gauge group [122]. Mass terms of
the form MUŪLUR and MDD̄LDR arise1, and are included in the gauge-invariant Lagrangian.
These mass terms introduce a new scale V , which can be significantly higher than the Higgs
VEV v , and above the EWSB scale, thereby populating the expansive desert between the v
and some higher energy scale [123] and addressing parts of the hierarchy problem. VLQs mix
with the SM quarks to regulate the Higgs mass, and are naturally suppressed by the ratio of
v
V

. VLQs are expected to be around the TeV scale, and to mix primarily with the t and b
quarks. Due to the large Yukawa coupling of the top quark, it is expected that the lightest
new VLQ states are partners of the top itself [124] and connects the top quark to most New
Physics models involved in EWSB and the fermion mass hierarchy. These VLQs are then
further specified to be top partner VLQs, or simply top partners.

Production modes of VLQs are split up into three groups: pair production, single production
in association with other particles and mono production, as shown in Figure 5.1. Pair pro-
duction mostly takes place in QCD interactions and is only dependent on the mass of the
new fermion, while single VLQs can be produced in association with top quarks, jets (until
a further discussion is section 4.4.1, a jet simply refers to the other five (light) quarks), or a
boson, specifically W±,Z ,H . The single production is model dependent. The mono produc-
tion through gluon chromomagnetic coupling happens via a loop-induced operator, and this
operator also contributes to the single production with tops and jets. For VLQ masses larger
than 1 TeV, single production is favoured, particularly because the cross-section is higher
than that for pair production, and the coupling to SM particles are free parameters, albeit
constrained [125].

1U represents up-type VLQs and D represents down-type VLQs.
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Figure 5.1: Representation of two of the VLQ production modes. The diagram on the
left shows the QCD pair production (gg → TT ), and the diagram on the right shows the
production of a single VLQ with an associated particle, in this case quarks.

VLQ decay modes were traditionally theorised to be to SM electroweak bosons (W±,Z ) and
the Higgs boson, and have many complex final states to drive searches. Extensive searches
by two of the collaborations at the Large Hadron Collider (LHC), ATLAS and CMS, have not
found evidence for VLQs using these traditional decay modes [125,126].

5.2 Dark Photons

Dark Photons (DP) are hidden-sector gauge bosons, akin to the photon, that kinetically mix
with the SM photon through a vector portal [77]. They are charged under a new U(1)d
gauge group that acts as an extension to the SM. The type and dimension of the operators
classify the vector portal, which highlights the significance on the spin of the mediator. DPs
are accordingly classified as spin-1 vector bosons, and it is via this vector portal that we can
detect them. The portal acts as a link between normal matter and dark matter by the kinetic
mixing of the visible and dark gauge bosons. The kinetic mixing therefore links the visible and
dark sectors, and so we can access the dark sector in particle colliders [77].

The general (kinetic) Lagrangian of two Abelian gauge bosons, charged under the symmetry
groups U(1)a and U(1)b is:

L = −1

4
FaµνF

µν
a − 1

4
FbµνF

µν
b (1)

Assuming that the gauge boson that couples to the current Jµ of the SM is Aµb , and the
gauge boson coupling to the current J ′

µ of the dark sector is Aµa , the Lagrangian takes the
form:

L = eJµA
µ
b + e ′J ′

µA
µ
a (2)

where e and e ′ are the respective coupling constants. DPs can be massive or massless, the
latter of which is mostly discussed in the literature. The focus on massive DPs is motivated by
its direct coupling to the SM electromagnetic current, while also coupled to the dark sector.
The Lagrangian of the interaction between the massive DP and the SM is subsequently given
by:

L = −ϵeJµA′
µ

41



where the electromagnetic current is represented by Jµ and ϵ modulates the strength of the
interaction. The kinetic mixing between the DP and the photon in the SM is possible because
the electromagnetic current for the DP is the same as the electromagnetic current in the
SM [77].

The massive DP can be produced in the same way as SM photons, through Bremsstrahlung,
annihilation of electron-positron pairs, meson decays and via the Drell-Yan process. In the
Drell-Yan process, the DP decays leptonically to a lepton-antilepton pair, or hadronically to a
hadron-antihadron pair. The different production modes are shown in Figure 5.2

Figure 5.2: Production mechanisms of massive dark photons (A′
µ), taken from [77].

Massive DPs can further be classified as visible or invisible. Visible DPs are required to have
a mass mA′ > 2me ≃ 1 MeV, so that their decay products are visible in particle detectors, the
lightest of which is an electron-positron pair. Invisible DPs decay into other DM states, and
are under the mass threshold of 1 MeV.

For experimental searches, the parameter space depends on two parameters: the DP mass,
mA′ , and the mixing parameter ϵ, which describes the mixing between the DP and the SM
photon. Searches for DPs in accelerators and colliders broadly fall into one of three categories
- visible final state detection, missing energy/momentum techniques or missing mass tech-
niques. In the case of the latter two, the missing momentum and energy or missing mass that
are due to the presence of invisible particle(s) are measured. This requires precise knowledge
of the initial and final states, and these search strategies are better performed at fixed-target
experiments and electron-positron colliders, and not at circular hadron colliders like the LHC.

Visible final state detection is therefore more interesting for the experiments based at the
LHC. The signature for a DP produced would be a narrow resonance (bump) over an irre-
ducible background, but their detection is heavily reliant on the different decay modes, as
proposed by different models. Collider experiments are sensitive to larger couplings of ϵ, and
the detectable rate of DPs is proportional to ϵ4. High-luminosity colliders like the LHC are
needed to overcome this suppression of small couplings.
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Figure 5.3: Current limits on the massive DP for masses above 1 MeV from di-lepton searches.
The searches were performed at collider experiments, beam dumps and fixed-target experi-
ments. Limits from (g − 2)e and supernovae are also included [77].

Figure 5.4: Considering massive DPs with mA′ > 1 MeV. Colored lines represent projected
limits for existing and proposed experiments. The gray shaded areas are existing limits [77].

The decay width for leptonically decaying DPs is calculated by:

Γ(A′ → l+l−) =
1

3
αϵ2cmA′

√
1− 4m2

l

m2
A′

(
1 +

2m2
l

m2
A′

)

This decay channel is only accessible to DPs with mA′ > 2me ≃ 1 MeV.

Experiments based at the LHC have been searching for Dark Photons that decay into a lepton
pair. ATLAS has searched for DPs that decay into pairs of electrons or muons using 139 fb−1

of data [127, 128], while LHCb has searched for DPs that decay into two muons [129, 130]
using 1.6 fb−1 of data at a centre-of-mass energy

√
s = 13 TeV, and CMS performed the

same search with fully reconstructed data, as well as data collected with a reduced trigger
information [131]. These searches are the most recent constraints that we have for DPs that
decay into two muons, and place limits on the parameters mA′ and ϵ. These current and
expected limits are shown in Figures 5.3 and 5.4.
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5.3 Theoretical Framework

The model explores a up-type (top partner) VLQ, T , charged under a new Abelian U(1)d
gauge force which kinetically mixes with the SM hypercharge. The gauge boson of the U(1)d
force is the dark photon, γd and the VLQ undergoes a non-traditional decay to a DP or a dark
Higgs, assuming a Higgs mechanism in the dark sector exists. The SM is therefore extended,
and the group representation becomes SU(3) × SU(2)L × U(1)Y × U(1)d . T has charge
+1 under this symmetry, and SM particles are singlets. T is a singlet under SU(2)L with
hypercharge Y = 2

3
. The field content under this extension is given in Table 5.1.

SU(3) SU(2)L Y Yd

t1R 3 1 2/3 0
bR 3 1 -1/3 0

QL =

(
t1L
bL

)
3 2 1/6 0

Φ 1 2 1/2 0
TL 3 1 2/3 1
TR 3 1 2/3 1
Hd 1 1 0 1

Table 5.1: Field content and the charges they posses. The third generation quarks are t1R ,
bR and QL, T is the SU(2)L singlet, Φ is the SM Higgs doublet and Hd is the U(1)d Higgs
field. The SM hypercharge is denoted by Y , and Yd is the U(1)d charge.

Reference [120] has a full discussion of the Lagrangians and the interactions, but a simple
discussion follows here. The inclusion of the additional gauge field means that the following
parameters are added to the usual SM parameters: the VLQ mass mVLQ , the mass of the dark
photon mγd , the dark Higgs mass mHd

, the VEV of the dark Higgs vd , the mixing parameter ϵ,
the mixing angle between the VLQ and the SM top quark sin θtl and the scalar mixing between
the dark and SM Higgs sin θs .

Motivation for the new U(1)d force comes from the fact that DM may have interact with
itself through this new force, and the kinetic mixing with the SM hypercharge that allows
decays to SM fermions. The kinetic mixing is generated via fermions that are vector-like and
are charged under U(1)d and the SM hypercharge. The kinetic mixing is small if the mass of
the DP is much less than the electroweak scale, and the DP has a coupling to SM fermions
of the form ϵJµEM , where ϵ is the kinetic mixing parameter ad JµEM is the SM electromagnetic
current. The kinetic mixing only occurs between the third generation SM quarks and T to
avoid flavour constraints.

The gap between the mass of the SM top quark t and the top partner T can be small for
the branching ratios of VLQs into the dark sector and SM quarks to be enhanced, as opposed
to the case where down-type or bottom partners are considered, as in Ref [132]. The partial
width of T decaying into a final state composed of only SM particles, or a traditional decay,
is given as:

Γ(T → b/t +W /Z/H) ∼ sin2 θ
M3

VLQ

v 2
EW

(3)

MVLQ is the mass of the top-partner, θ is the mixing angle between t and T , and vEW is the
Higgs VEV (246 GeV). Assuming that a dark sector Higgs mechanism exists, and that the
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top-partner is charged under the dark force, the partial width of T into a DP or a dark Higgs
hd is given by:

Γ(T → t + γd/hd) ∼ sin2 θ
M3

VLQ

v 2
d

(4)

with vd the VEV of the dark Higgs boson. Taking the ratio of these two rates:

Γ(T → t + γd/hd)

Γ(T → b/t +W /Z/H)
∼

(
vEW
vd

)2

(5)

If considering light DPs, or DPs with mγd < 10 GeV, the value of the dark VEV vd is also
less than 10 GeV. The ratio of decays into DPs to decays into purely SM final states is then
greater than O(100). The mass gap between the SM electroweak bosons and the dark sector
bosons means that the VLQs preferentially decay into light dark sector bosons (γd or hd).
The quadratic dependence of the ratio means that the mass gap does can be small for the
decay to the dark sector to be favoured.

The different production modes for the VLQ in the model are shown in Figure 5.5. The VLQs
can be produced in pairs, which is dominated by QCD and is determined by the SU(3) gauge
interactions. The production of a single VLQ particle (with a quark) relies on the mixing angle
sin θtL between the VLQ and the SM quarks, more specifically the production cross-section
is proportional to (sin θtL)

2. This is suppressed for small sin θtL. For sin θtL ∼ 0.1 the single
production of the VLQ is favoured over the pair production. T is charged under the new
U(1)d gauge group and the SM, and this allows the decay of T to a top quark and a DP
or a dark Higgs boson, shown in Figure 5.6. If the mixing parameter ϵ is small, the mass
of the DP is significantly lower than the EW scale and the VLQ has a high mass, decay to
a DP is preferred over the decay to a dark Higgs boson. The model results in a interesting
experimental situation: searches for light dark sectors (the DPs) can be connected to searches
for new heavy particles (the VLQs).

Figure 5.5: VLQ production modes in the model. a) through c) show the pair production
modes, while d) and e) show the single production that is studied in the analysis. Taken
from [120].

The most encouraging signature for T → tγD is in the leptonic decay of the DP. This has the
added benefit of avoiding the large multi-jet backgrounds. If the mass of the DP is assumed
to be a lot less than the mass of T , or mγd ≪ mT , the DP is highly boosted and this
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Figure 5.6: Possible VLQ decay modes. (a) through (c) show the traditional decays to EW
bosons and the Higgs boson, while (d) and (e) show the decay of the VLQ to a dark Higgs
boson and a DP. The analysis focuses on the decay of the VLQ to the DP. Taken from [120].

leads to highly collimated decay products. The angular separation of the leptons can then be
calculated by:

∆Rll ∼
2Mγd

Eγd
=

4Mγd

MVLQ
= 4× 10−3

(
Mγd

1 GeV

)(
1 TeV
MVLQ

)
(6)

where ∆Rll is defined as in Equation 1. The two leptons are difficult to isolate at such small
angular separations, and give rise to a collider signature called a lepton jet.

5.4 Lepton Jets in ATLAS

Lepton jets are non-standard detector objects used to reconstruct highly-collimated leptons,
or leptons with very small angular separation. Lepton jets are defined as originally having at
least two leptons, with small angular separations and GeV-scale invariant masses [133]. The
leptons are the decay products of the highly-boosted (high-pT ) DP, causing this small angular
separation. Reconstructing these lepton jets poses challenges in the ATLAS detector. The
detector lacks the angular resolution to separate the nearly-overlapping leptons, even after
combining the track information from the ID and the calorimeter inputs for electrons, and the
muon spectrometer inputs for muons.

In the case of electrons, lepton jets are reconstructed from clusters of deposited energy in
the EM calorimeter. The cluster must be associated to at least one ID track, and the (re-
constructed) electron is required to be within a ∆R of 0.2 of a electron trigger object that
passes a certain energy threshold. The transverse shower profile of these lepton jet electrons
are different to the profiles of isolated electrons produced in W or Z boson decays, due to
the overlap (low angular separation) of the electrons [128,134].

Muon candidates for lepton jets should have tracks in the ID, and have measured momenta in
the muon spectrometer. As with electrons, the reconstructed muons are required to be within
a ∆R of 0.2 of muon trigger objects.

Lepton jets are not reconstructed using the anti-kT algorithm [108], but rather the Cambridge-
Aachen (CA) algorithm [109]. Lepton jets typically have less constituents than hadronic jets,
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and the clustering algorithm starts from the highest pT lepton. The CA algorithm is therefore
better to resolve soft, collimated objects, as is the case for lepton jets. The difference in
reconstruction efficiency between the two algorithms is negligible, so the CA algorithm is
chosen. The distance measure used to reconstruct the jets, dij , has no pT dependence and is
solely based on the distance between constituent particles:

dij =
∆R2

ij

R2
0

=
(yi − yj)

2 + (ϕi − ϕj)
2

R2
0

(7)

5.5 Analysis Strategy

5.5.1 Final State Topology and Signal Characteristics

The resulting final state topology of the search is shown in Figure 5.7, and the VLQ is
named the Maverick top-partner. The single production of the VLQ requires the associated
production of a jet, labelled by q in the diagram. The lepton-jet is labelled by e+e−. The
analysis focuses on the hadronic decay of the top quark, and so the top jet is shown by
encompassing the broad jet with the b-jet and the W boson decay to two quarks.

Figure 5.7: Final state topology of the Maverick top-partner search [121].

Different variables can be used to distinguish signal from background. The first class of
variables are the angular variables. ∆R , as defined in Equation 1, between the two leading
muons2 is found to be less than 0.1, as illustrated in Figure 5.8. The top jet and the lepton
jet are produced back-to-back, and both are boosted. Figure 5.9 shows the angular separation
between the two jets, and Figure 5.10 shows the high-pT behaviour of the lepton jet.

The Maverick top-partner is reconstructed by adding the four-vectors of the top jet and the
lepton jet, and the invariant mass plot should peak at the different generated masses, shown
in Figure 5.11. The samples were simulated for 1 TeV and 3 TeV masses.

2The two leading muons are the two muons with the highest pT , and are assumed to be the muons in the
lepton jet since the lepton jet is boosted.
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Figure 5.8: The angular separation ∆R between the two leading muons in the simulated
sample where the Maverick top mass is 1 TeV. The distribution peaks in the first bin, where
∆R < 0.1, and shows the small angular separation of the muons in the lepton jet. The peak
around ∆R = π is due to cases where the sub-leading muon is not in the lepton jet and there
are more than two muons in the event.

5.5.2 Event Generation

The simulated samples correspond to the full Run 2 (2015-2018) dataset, with a centre-
of-mass energy of

√
s = 13 TeV and an integrated luminosity of 140 fb−1. The samples

were required to pass a either large-jet or muon triggers [135], with transverse energy and
momentum thresholds.

Simulated MC signal samples are used to prepare the analysis strategy, the background esti-
mation and the signal optimisation. The samples are generated using MadGraph5, interfaced
with Pythia8 for the showering, and using the default NN23LO1 PDF set [136], on the UFO
file outlined in [120] to produce a Maverick top partner that decays into a DP, which promptly
decays to a muon pair. Two samples are generated, with the Maverick top mass set to 1 TeV
and 3 TeV, with the VEV of the dark sector Higgs, vd , set to 10 GeV, and the dark kinetic
mixing parameter set to 0.001. Both the mixing angle between the VLQ and the SM top
quark sin θtl , and the scalar mixing angle between the dark Higgs and the SM Higgs sin θs is
set to 0.1. The dark Higgs boson mass mHd

is set to 10 GeV. The DP mass is set to 500
MeV.

Simulated sampled of the SM background processes are used to optimise the event selection
before looking at data. The multi-jet background samples are split up into 12 slices, each
corresponding to a particular pT range, and are produced using Pythia 8306, using the same
PDF set as the signal samples (NNPDF23LO), with the A14 tuned parameter set [137]. The
tt̄ samples are produced using the Powheg Box v2 [138–141] generator at NLO, with the
hdamp parameter set to 1.5 times the mass of the top quark [142] and the NNPDF3.0NLO
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Figure 5.9: The angular separation ∆R between the lepton jet and the top jet in the simulated
sample where the Maverick top mass is 1 TeV.

PDF set [143]. Pythia 8.230 [144] was used to model the parton shower, hadronisation and
underlying event, using the PDF set NNPDF23LO. The tt̄ samples include the all-hadronic
and partial hadronic decay of the top quarks. The vector boson production along with jets
samples are divided into the production of the Z -boson and the W -boson. The Z+jets
samples are generated using Sherpa 2.2.11 [145] generator, with NLO matrix elements for
up to two partons, and leading-order (LO) matrix elements for up to four partons. These
samples were matched with the Sherpa parton shower [146], using the NNPDF3.0NNLO PDF
sets [143] that are normalised to a NNLO prediction [147]. The same generator and setup
was used for the W+jets production.

Simulated signal and background samples were passed through the Geant4 [148] toolkit, used
to produced a full simulation of the ATLAS detector geometry and detector response [149].
The simulation accounts for pile-up (multiple proton-proton collisions per bunch crossing), and
interactions that happen prior to and after the hard-process interaction. The reproduction of
the distribution of the average number of interactions per bunch crossing observed in data is
achieved by weighting the simulated events.

5.5.3 Object Selection and Event Reconstruction

Events are selected if at least one collision vertex can be reconstructed, using two tracks in
the ID with a pT greater than 500 MeV. The primary vertex is further defined as the vertex
with the largest

∑
p2T , if there are multiple vertices with a pT greater than 500 MeV.

The objects in the final state topology are reconstructed as follows.

Electrons are identified by the association of energy clusters in the electromagnetic calorimeter
to tracks in the ID. The electrons are required to have a pT greater than 4.5 GeV and be
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Figure 5.10: The transverse momentum (pT ) of the lepton jet in the simulated sample where
the Maverick top mass is 1 TeV, showing its boosted nature.

in the pseudorapidity range of |η| < 2.47, excluding the range 1.37 < |η| < 1.52 as this is
the transition region between the barrel and endcap electromagnetic calorimeters. Muons are
reconstructed by combining tracks in the ID and the MS, and have a minimum pT requirement
of 3 GeV. Muons are required to be in the pseudorapidity range |η| < 2.5. The isolation
requirements for muons depend on the track-based or calorimeter-based energy contributions
surrounding the muons. An isolation requirement [150] is used in regions where background
modelling is performed, and is the standard isolation requirement used in the analysis. The
minimum track pT of this working point is 500 MeV, and requires the following:

pvarcone30
T + 0.4E netflow20

T < 0.16pµT (8)

where pµT is the pT of the muon and pvarcone30
T is min(10 GeV/pµT , 0.3). E

neflow20
T the transverse

energy of neutral particle flow objects in a cone of radius ∆R of 0.2 around the muon. This
results in the ∆R of the isolation of the muon, and is optimised for topologies where muons
are expected to be in close proximity to other energetic leptons and jets. Electrons and muons
are at risk of being double-counted, and as prevention electrons that have the same ID-track
as a muon are removed.

Hadronic jets are reconstructed using the anti-kT algorithm [108], with a radius R = 0.4.
The jets have a minimum pT requirement of 20 GeV, and are in the pseudorapidity range
|η| < 2.5. Hadronic large-radius jets are reconstructed with the same requirements as the
0.4-radius jets, but are set to have radius R = 1.0. Reconstructed jets can be mistaken for
electrons, and so jets within an angular distance of ∆R = 0.2 of electrons are removed, and
this process is called overlap removal.

Lepton jets can consist of either muons or electrons. Both types are reconstructed using the
Cambridge-Aachen algorithm [109]. If a differently-flavoured lepton is found within a cone-
radius (∆R) of 0.4 of the lepton jet, the lepton jet is discarded. This ensures orthogonality
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Figure 5.11: Plot of the reconstructed Maverick top mass for the 1 TeV and 3 TeV simulated
samples.

between the lepton jet types. The DP is neutral, and so the two leptons originating from its
decay should be of opposite charge, however this requirement is not imposed in the analysis.
Muon lepton jets are required to have two muons inside the lepton jet3, while electron lepton
jets are required to have at least one electron with two associated ID tracks to the electron(s).
Electron lepton jets are further required to be in the pseudorapidity range of |η| < 1.37, with
a leading track pT greater than 5 GeV. The mass of a lepton jet is defined differently for each
type of lepton jet. For muon lepton jets, the invariant mass is the sum of the constituent muon
masses, and for electron jets the definition of the mass depends on number of electron objects
that are clustered. For two electrons in the lepton jet, the invariant mass is the invariant mass
of the system of electrons. For the case of two associated tracks and a single electron, the
mass is computed from the ID tracks. Events containing muon lepton jets are in the muon
channel, and events containing electron lepton jets are in the electron channel.

The analysis is for both the muon decay channel and the electron decay channel of the DP,
however the focus of this work is placed on the muon channel.

5.5.4 Event Selection

Events are required to have at least one jet with R = 0.4, one b-tagged jet, one large-radius
jet with R = 1.0, one muon and one muon lepton jet. The leading large-radius jet is taken
to be the jet representing the top jet, with the added requirement of having a b-tagged jet
within a angular distance ∆R = 1.0 of the top-jet axis. The top jet is required to be within
the top-mass window, broadly set to between 100 GeV and 250 GeV to account for possible
misreconstruction in the detector and to be as inclusive as possible. Due to the boosted nature
of the lepton jet, a pT requirement of 100 GeV is applied, and the lepton jet is required to be

3More information can be found in the Muon Studies section (5.6.1).
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in the range of 1.5 ≤ ∆R ≤ 4.5 of the top jet.

5.5.5 Contributing Background Processes

The most significant background processes for the analysis are processes with multi-jet final
states, tt̄ production and processes with vector (W and Z ) bosons produced with jets.

The final state for the signal topology has multiple jets, as shown in Figure 5.13a along with
the number of jets in each of the background samples, and so the multi-jet final state is the
leading background to the signal.

Top quarks are most commonly produced in pairs at the LHC, and the tt̄ process is the sub-
leading background process. Figure 5.12 shows the possible decay products in the tt̄ process.
In addition to the multiple jets (shown in Figure 5.13a), the lepton from a leptonically-decaying
W -boson could be mistaken for a muon originating from a DP. The branching ratio (BR) of
the all-hadronic decay of the tt̄ pair is roughly 45%. The lepton plus jet BR (where one
W boson decays hadronically, and the other leptonically) is roughly 30%, while the di-lepton
(both W -bosons decaying leptonically) BR is roughly 5%. The last 20% of the BR belongs
to the hadronically-decaying τ + X decay process. The number of b-jets in the event, shown
in Figure 5.13b, can be a discriminating variable, since the number of b-jets in the signal
samples peak at 2, and the tt̄ process produces 3 or 4 b-jets in most events4.

Figure 5.12: Feynman diagram showing the tt̄ production and decay channels. The top quark
can decay to a W boson that decays either hadronically (top branch) or leptonically (bottom
branch).

The vector boson (V ) and jets process is the third background to the signal model. Z bosons
have a BR of roughly 70% to a quark-antiquark pair and roughly 10% to a lepton-antilepton
pair (3% for each lepton type) [32]. The W bosons have a BR of 68% to a quark-antiquark
pair, and roughly 11% to each lepton-neutrino combination. This results in possible final state
topologies that are similar to the signal model.

5.6 Preliminary Results

The reconstruction of the lepton jet is essential in reconstructing the Maverick top partner,
and plays a key role in the analysis. A study was carried out that reconstructed the lepton
jets based on different selection criteria. The optimal selection criteria was then applied, the
choice of which was based on the reconstruction of the Maverick top partner, while reducing
the number of events in the background processes.

4The cuts applied are discussed in the next section.
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(a) Number of jets in the signal model and the
three different backgrounds considered. The
multi-jet final state is the leading background
of the signal model, followed by tt̄ production
and V+jets.

(b) Number of b-tagged jets in the signal model
and the three different backgrounds considered.
In both the 1 TeV and 3 TeV Maverick top signal
samples, the number of b-jets peaks at 2. In the
multi-jet and tt̄ samples, the number of b-jets
peak at 3.

Figure 5.13: Distributions showing the number of jets and the number of b-jets for the signal
and background samples.

5.6.1 Muon Studies

The selection criteria of the formation of the lepton jets plays a crucial role in the reconstruc-
tion of the lepton jet and subsequently the Maverick top partner. The studies involved varying
the minimum number of muons in the lepton-jet, the isolation criteria of the selected muons,
and the inclusion of the track information of the muon(s). The choice for the reconstruction
of the lepton jet was ultimately made to optimise the reconstruction of the Maverick top
partner, while also decreasing the yield of the background processes.

The kinematic distributions used to choose the selection of the lepton jet criteria are the lepton
jet mass and pT , and the Maverick top mass distributions. The yields of the signal samples
and the background samples are given in Table 5.2. The first step in creating the lepton
jets is reconstructing the muons. The muons can be reconstructed with either no isolation
requirement, or with the standard isolation requirement. The lepton jets are subsequently
created, requiring either at least one or at least two muons in a radius ∆R of 0.4 from
each other. Lastly, the lepton jet can be created using information from the ID and the
reconstructed muons: lepton jets with either one muon with two associated tracks, or two
muons with two associated tracks are reconstructed.
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Reconstruction 1 TeV signal 3 TeV signal Multi-jet tt̄ V + jets
criteria yield yield yield yield yield

One Muon
non-Isolated 1630.96 6.7416 115616 159108 23709.5

Isolated 1133.84 4.09895 13504 148314 23535.8
Two Tracks 973.126 1.96019 4704.76 33087.5 2732.22

Two Muons
non-Isolated 755.177 0.941042 12443.3 3971.37 162.394

Isolated 743.699 0.922994 1655.12 767.227 142.481
Two Tracks 635.493 0.824893 859.509 471.638 158.764

Table 5.2: Table showing the yields of the signal and background processes.

Results Requiring One Muon

The first set of distributions, shown in Figure 5.14, show the reconstruction of the lepton jet
requiring at least one non-isolated muon. The next set of distributions (Figure 5.15) show the
reconstruction of the lepton jet again with at least one muon, but this time with the isolation
requirement. The third set of distributions (Figure 5.16) the formation of a lepton jet with at
least one muon, but requiring two tracks associated to the muon. In the case of the lepton
jet with two tracks but only one muon, the muon has been reconstructed with the isolation
criteria applied. As the restrictions placed on the lepton jet formation are increased (from
non-isolation to isolation, and then to two tracks with an isolated muon), the yields of all
samples decrease. This is expected, since the muons reconstructed with the isolation criteria
applied are a subset of all the muons with no isolation criteria applied. The biggest decrease
in the yields for the background samples, are the multi-jet yields.

In the three distributions showing the lepton jet mass (Figures 5.14a, 5.15a, 5.16a) for a
lepton jet requiring at least one muon, two peaks are observed. The first peak is around 105
MeV, the mass of a muon, and is present in the background samples as well as the signal
samples. In this case, the reconstruction of the lepton jet does not include the second muon,
and this is used as a metric to show the misreconstruction of the lepton jet. The second peak
is around 500 MeV, the mass of the DP in the model and is only present in the 1 TeV signal
sample. The 3 TeV signal sample does not have a large enough yield to see this second peak.
Both peaks are present in the 1 TeV sample, since the lepton jet is constructed in the case of
one muon and two muons, since the requirement is at least one muon.

The second distributions for comparison are the lepton jet pT distributions, shown in Figures
5.14b, 5.15b and 5.16b. While the background processes decrease exponentially for higher
pT , the signal samples roughly increase to 500 GeV before dropping off. This highlights the
boosted nature of the DP in the signal samples.

The third set of distributions to compare is the Maverick top mass (Figures 5.14c, 5.15c,
5.16c), where the Maverick top partner is reconstructed by adding the four-vectors of the DP
candidate and the top jet. In the background samples, there is no observed peak and the
distribution is steeply falling. The 1 TeV Maverick top is well-reconstructed, with a clear peak
around 1 TeV in all three distributions. In Figure 5.14c, the 1 TeV bump is not as symmetrical
as in the other two figures, showing that removing the isolation criteria of the muon affects
the reconstruction of the Maverick top partner. In the case of the 3 TeV signal samples, the
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(a) Lepton jet mass (b) Lepton jet pT

(c) Maverick top mass

Figure 5.14: Kinematic distributions showing the reconstruction of the lepton jet and the
Maverick top partner when there is one non-isolated muon in the lepton jet. The background
processes are the shaded areas, while the 1 TeV signal sample is shown by the purple solid
line, and the 3 TeV signal sample is shown by the dashed blue line.

peak around 3 TeV is not as pronounced as in the 1 TeV case, and there is a significant tail
to the left of the peak in all three cases.

When comparing the kinematic distributions shown in Figures 5.14, 5.15 and 5.16, with only
one muon in the lepton jet, it is clear that the additional isolation requirement of the muon
and the requirement of two tracks associated to the muon improves the kinematic distributions
and the ultimate reconstruction of the Maverick top partner.
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(a) Lepton jet mass (b) Lepton jet pT

(c) Maverick top mass

Figure 5.15: Kinematic distributions showing the reconstruction of the lepton jet and the
Maverick top partner when there is one isolated muon in the lepton jet. The background
processes are the shaded areas, while the 1 TeV signal sample is shown by the purple solid
line, and the 3 TeV signal sample is shown by the dashed blue line.

Results Requiring Two Muons

The next sets of distributions are reconstructed with at least two muons in the lepton jet.
Figure 5.17 shows the lepton jet mass and pT , and the Maverick top mass when no isolation
requirements are applied to the muons. Figure 5.18 shows the same distributions, except the
muons are reconstructed with the PFlowLoose requirement. Figure 5.19 again shows the same
three kinematic distributions, however the two isolated muons in the lepton jet are required
to have two tracks associated to them as well.

Comparing Figures 5.17a, 5.18a and 5.19a, the peaks of the three 1 TeV samples are all at 500
MeV, the mass of the DP. The shape of the distribution around this peak is almost identical
to the shape of the peak in Figures 5.14a, 5.15a and 5.16a, showing that indeed the lepton
jets requiring at least two muons are a subset of the lepton jets requiring at least one muon.
The 3 TeV peak is not sufficiently clear enough due to low statistics, and there is an over-all
reduction in background events as the reconstruction criteria of the muons and the lepton jets
become more stringent.
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(a) Lepton jet mass (b) Lepton jet pT

(c) Maverick top mass

Figure 5.16: Kinematic distributions showing the reconstruction of the lepton jet and the
Maverick top partner when there is one isolated muon in the lepton jet that has two associated
tracks. The background processes are the shaded areas, while the 1 TeV signal sample is shown
by the purple solid line, and the 3 TeV signal sample is shown by the dashed blue line.

The second distributions for comparison are the lepton jet pT distributions, shown in Figures
5.17b, 5.18b and 5.19b. The background distributions have a different shape compared to the
reconstruction with one muon. The multi-jet background is still decreasing exponentially in
Figure 5.17b, but it flattens out more once the isolation requirement is added in Figure 5.18b
and the track requirement is added in Figure 5.19b. There is a significant decrease in the
number of multi-jet events after adding the isolation requirement. The V+jets sample has a
peak around 500 GeV, close to the pT of the 1 TeV dark photon in all three distributions.

The Maverick top mass distributions (Figures 5.17c, 5.18c, 5.19c) show the improvement in
Maverick top reconstruction if two muons are required in the lepton jet. The peaks in all three
distributions are more pronounced in the 1 TeV case, and are more symmetrical as compared
to the one-muon case, and it is possible to see a peak around 3 TeV for the 3 TeV signal
sample. Adding the isolation criteria (Figure 5.18c) does not improve the reconstruction by
much, but it does decrease the background significantly. Adding the track requirement in
Figure 5.19c has the same effect.
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(a) Lepton jet mass (b) Lepton jet pT

(c) Maverick top mass

Figure 5.17: Kinematic distributions showing the reconstruction of the lepton jet and the
Maverick top partner when there are two non-isolated muons in the lepton jet. The background
processes are the shaded areas, while the 1 TeV signal sample is shown by the purple solid
line, and the 3 TeV signal sample is shown by the dashed blue line.

Conclusions of the Muon Studies

The comparison of the yields of each sample and the reconstruction of the kinematic distri-
butions of the lepton jets and the Maverick top partners, led to the decision to reconstruct
the lepton jet with at least two muons, with the PFlowLoose isolation criteria, but without
requiring two associated tracks. The reconstruction of the lepton jet is notably better with the
two-muon requirement, and the background reduction is sufficient without having to include
the tracks.
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(a) Lepton jet mass (b) Lepton jet pT

(c) Maverick top mass

Figure 5.18: Kinematic distributions showing the reconstruction of the lepton jet and the
Maverick top partner when there are two isolated muons in the lepton jet. The background
processes are the shaded areas, while the 1 TeV signal sample is shown by the purple solid
line, and the 3 TeV signal sample is shown by the dashed blue line.

5.6.2 Kinematic Distributions

Before background estimation and signal optimisation can take place, important kinematic
variables of the signal and background samples need to be studied.

The first distinguishing variable is the number of muons in each event, shown in Figure 5.20.
In both the 1 TeV and 3 TeV signal samples, the number of muons in each event peaks at 2.
The vector boson production along with jets background sample also has a significant peak
at 2, while the tt̄ sample peaks at 1 and the multi-jet sample has a small difference between
1 and 2 muons.

The second variable considered is the pT -balance between the lepton jet and the top jet,
defined by:

pT -balance =
pT (top jet)

pT (top jet) + pT (lepton jet)
(9)

The signal samples, shown in Figure 5.21 are well-balanced, with a wide peak around 0.5,
showing the back-to-back and boosted nature of the signal topology. The vector boson pro-

59



(a) Lepton jet mass (b) Lepton jet pT

(c) Maverick top mass

Figure 5.19: Kinematic distributions showing the reconstruction of the lepton jet and the
Maverick top partner when there are two non-isolated muons in the lepton jet, with the
additional requirement of two tracks associated to the muons. The background processes are
the shaded areas, while the 1 TeV signal sample is shown by the purple solid line, and the 3
TeV signal sample is shown by the dashed blue line.

duction along with jets background has a similar signature, while the multi-jet and tt̄ samples
are unbalanced, with a peak shifted to the right. The pT -balance is a useful discriminating
variable in the analysis.

The third kinematic plot considered before starting with the background estimation and signal
optimisation is the pT sum of the lepton jet and the top jet, shown in Figure 5.22. The 1 TeV
sample has a significant peak in comparison to the background distributions, two of which
(multijet and tt̄) are steeply falling. The vector boson production along with jets background
has a peak in a similar place to the 1 TeV signal sample, and the 3 TeV sample has a broad,
flat distribution with no clear peak.
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Figure 5.20: The number of muons in the signal and background samples.

Figure 5.21: The pT -balance of the lepton jet and the top jet, shown for the signal and
background samples, as defined in Equation 9.

5.7 Conclusions

This chapter explores a model in which a top-like VLQ decays to a DP, which in turn decays
into a collimated lepton pair. The search is carried out using ATLAS simulated events, and
is part of an ongoing ATLAS analysis. The final-state topology includes a collider object, the
lepton jet, that is not often used in analyses. Validating the tools used to reconstruct the
lepton jet, and optimising the reconstruction of the lepton jet was a focus in Section 5.6.1.
Using the optimal reconstruction of the lepton jet is critical in reconstructing the Maverick
top partner, and also plays an important role in reducing the relevant backgrounds. Kinematic
distributions that are relevant to the selection of the signal and control regions were discussed
in Section 5.6.2, and will be used in the selection of these regions in the analysis, which is
ongoing.
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Figure 5.22: pT sum of the top lepton jets, shown for the signal and background samples.
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6 Placing Constraints on a t-Channel
Dark Matter Model

The search for Dark Matter (DM) in colliders involving traditional missing energy signatures
has come up empty-handed. No particle candidate for DM has been found, but limits and
constraints have been placed on parameter spaces through the searches that have been per-
formed.

There are two broad approaches in the search for DM candidates, aside from dedicated searches
at particle colliders. The first is theory-driven: a model-specific approach is undertaken where
DM is embedded in a framework that has been built up from first principles. The second
approach is phenomenological: simplified models are used to interpret experimental results,
and important features of a diverse range of extensions to the SM can be studied. The models
in the phenomenolgy approach are less dependent on the underlying high-energy theory of the
model, and can be used to explore viable DM scenarios without having the rigour of purely
theoretical approaches. In these simplified approaches, a DM particle is generally assumed to
interact minimally with the SM, through a limited number of couplings and additional new
physics states [151,152].

In the most simplified DM models, a single massive DM particle interacts with the SM through
a single new mediator particle. In this case, the dark sector is composed solely of the massive
DM particle and the mediator. The DM particle is required to be stable, and this is enforced by
applying some discrete or continuous symmetry that acts differently on the DM state and the
SM states. The interactions between the mediator and the DM and SM states are determined
by the mediator’s quantum numbers, and its representation under the new symmetry and the
SM gauge group. In the case of t-channel models, the mediator and the DM state’s properties
are similar relative to the new symmetry. If under a discrete Z2 symmetry the mediator is
Z2-odd, it can couple to one DM and one SM particle and in the simplest case, the t-channel
mediators should decay into DM and SM states on timescales shorter than cosmological ones.
If the mediators decay on longer timescales, they would be stable and carry colour or electric
charge, which would violate observational constraints.

This section explores a t-channel DM model, as explored by the LHC Dark Matter Working
Group in Reference [153], in a simplified paradigm, first by explaining the theoretical framework
of the model, and then using MadAnalysis5 and CONTUR introduced in Section 3.3.3 to place
limits on certain parameters and exclude regions of the parameter space. The process is run
using events generated at leading-order (LO) and at next-to-leading order (NLO). The LO
calculations and event generation is less computationally expensive, but the NLO calculations
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have a higher accuracy. A comparison between the exclusions1 at LO and at NLO is made,
as well as a comparison between the exclusions from the different frameworks.

6.1 Theoretical Framework

This section explains the theory model used in the determining the constraints, starting from
the most minimal form of the theory and building on it using additional assumptions and
restrictions. The model starts with extending the SM with one DM particle that is Z2-odd,
and one mediator that is also Z2-odd. Various spin configurations and interactions with the
SM are possible, and are discussed in Reference [153], but the focus in this chapter will be on
the setup that was used here. The model is then extended to include multiple mediators, but
still a single DM particle, and still relies on t-channel exchanges for DM annihilation. The
extension is built on ideas of compositeness, described in References [154–156].

6.1.1 Minimal Setup

In the most minimal setup of the model, the SM is extended to include one DM candidate
X and one mediator state Y . The DM candidate is proposed to be a stable colourless elec-
troweak singlet, and the stability is enforced by imposing a Z2 symmetry under which all SM
fields are even, and the mediator and DM particles are odd. The DMSimpt2 framework used
was introduced in Reference [157], contains multiple classes of spin configurations for the DM
particle, and the mediator can be either fermionic or a scalar field. This allows the exploration
of different spins of the DM particle and the mediator, the flavour structure of interactions
and the quantum numbers of the mediator particle that depend on the coupling between the
SM sector and the DM particle. The framework can be used to make collider simulations that
include NLO QCD corrections to new physics processes that involve the DM particle and the
mediator.

The full Lagrangian for the models considered can be split up into three components:

L = LSM + Lkin + LXY (1)

LSM is the SM Lagrangian, as introduced in Section 2.2.2, while Lkin represents the gauge-
invariant kinetic and mass terms for all new fields, and LXY introduces the interactions between
the DM particle and the mediator with the SM. LXY introduces a number of free coupling
parameters, and can be extended according to the spin configurations of the DM particle. This
work explores a real scalar DM particle, with colour-triplet fermionic mediators, and is tagged
as the F3S configuration.3 The Lagrangian for this configuration can be written as:

LXY =
∑
f=u,d

λf Ψ̄f fR S̃ + λQΨ̄QQLS̃ + H.c. (2)

QL represents the weak doublet of left-handed SM quarks, while uR and dR represent the
corresponding singlets. ΨQ , Ψu and Ψd represent the fermionic mediators and interact with
the QL, uR and dR fields respectively. S̃ represents the real scalar DM state, and one fermionic

1The term "exclusion" refers to the XX% CL limit, with XX either being 95 or 68.
2The DMSimpt name comes from the fact that the model is a simplified t-channel DM model.
3A description of the other possible states can be found in Reference [153].
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mediator is introduced for each generation of SM fermions. The mediators lie in the same
representation as their SM fermionic partners, and they are vector-like. The mediators also
possess a flavour index, and while they have been left out of Equation 2 for clarity, the coupling
constants λu, λd and λQ are 3 × 3 matrices in the flavour space. The matrices are real and
flavour-diagonal to prevent loop-induced mixing between the SM fermions. Each mediator is
hence associated with a given generation of SM partners.

6.1.2 Extending using Ideas of Compositeness

Composite scenarios of new physics can be used to influence the development of t-channel
models. Additional coloured and non-coloured resonances are postulated in many of these
models, and arise as bound states due to an underlying fermionic construction that features
new strong dynamics. Many of the resonances can be tied to the top quark and partial
compositeness [158], trying to explain the large mass of the top quark in relation to the
other SM quarks, but the resonances can also be electrically neutral, colourless and stable
and therefore be candidates for DM particles [154–156]. The stability of the DM particle is
enforced by a residual discrete Z2 symmetry that arises from the breaking of the new strong
dynamics. All SM fields have an even parity under this symmetry, while the DM state has an
odd parity. The particle spectrum then contains both odd and even new states.

Next-to-Minimal Setup

As a slight extension of the most simple model introduced above, one real scalar DM state
can be included with two fermionic top partners or mediators. One Z2-even state, labelled Y ′

t

and one Z2-odd state labelled Yt are introduced, and have the same quantum numbers as the
right-handed SM top quark field tR . The effective Lagrangian for the interactions between the
real scalar DM state X can be written in a similar way to the notation introduced in Equation
2:

LXY = λtȲttRX + λ′
tȲtY

′
tX + H.c. (3)

λt and λ′
t represent two new physics coupling constants, and the DM mass MX and mediator

masses MY and MY ′ are added to the list of new parameters.

Less Minimal Setup

The final model used in this study is less minimal than the one described above, and is closer to
UV completeness.4 In this case, there are a sufficient number of mediator fields that generate
the top quark mass through partial compositeness. Weak singlet and doublet mediators are
required in this scenario [159], and are assumed to be Z2-odd for simplicity. The effective
Lagrangian for this scenario is given by:

LXY = λtȲttRX + λQȲQQLX + H.c. with YQ =

(
YQ,t

YQ,b

)
and QL =

(
tL
bL

)
(4)

A number of free parameters are introduced in this model: the two new physics couplings
λQ and λt , the DM mass MX and three mediator masses MYt , MYQ,t

and MYQ,b
. The masses

are taken to be free parameters, but are calculable in effective setups that incorporate partial
compositeness.

4Ultraviolet or UV completeness means that quantum field theories that are viable at lower energies are
also well-defined and viable at arbitrarily high energies.
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In the DMSimpt framework introduced in Reference [157], this model can be selected using
the F3S-VLQ classification, again stressing the use of a scalar DM particle and fermionic
mediators.

6.1.3 Final Simplification and Model Setup

Moving away from the notation used in Reference [153], the SU(2)L doublet and singlet states
can be written as:

QL,R =

(
TL,R

BL,R

)
and T̃L,R (5)

In the simplified model considered, the masses of the three mediators TL,R , T̃L,R , BL,R , the
mass of the dark matter particle X , and the couplings λQ and λT are free parameters that
can be set. The Lagrangian for the BSM contributions can be written as follows, to show the
six free parameters:

LBSM = Lkin−MT T̄T−MBB̄B−MT̃
¯̃TT̃−1

2
MXX

2+
(
λQ [T̄RtL + B̄RbL]X + λT

¯̃TLX + H .c .
)

(6)
This is further simplified by setting the masses of the three VLQs equal, and denoting them
by Y , and setting the BSM couplings equal as well. This leaves us with three parameters:
the VLQ mass MY , the DM candidate mass MX , and the BSM coupling λ.

6.2 Process Generalities and Event Generation

The simplified model and the processes that produced the DM particle and the mediator can
be split into three different process types. This section explains these different processes and
the implications they have in the event-generation of the samples used in the reinterpretation
study.

6.2.1 The Three Contributing Processes

To fully understand and study the signal kinematics of the model, the production of DM par-
ticles and mediators need to be split up into three main subprocesses, and their contributions
to the overall cross-section should be identified individually. At tree-level, the DM particle can
couple to SM quarks and so diagrams that lead to the production of any pair of new physics
states need to be included.

The production of a pair of DM or mediator states can be split up as follows:

• Production of a pair of DM states: pp → XX

• Associated production of a DM particle and a mediator: pp → XY + XȲ

• Production of a pair of mediator particles: pp → YY + Y Ȳ + Ȳ Ȳ

The first two processes are labelled XX and XY , respectively. The production of a pair of
mediator particles can be split up further. In the case of a real DM state, as is considered here,
the production of two mediators or two anti-mediators can only take place in t-channel DM
exchanges, and the processes are labelled YY and Ȳ Ȳ . The production of a mediator and
an anti-mediator pair can be split up into three contributing components, and representative
Feynman diagrams for the processes can be seen in Figure 6.1:
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• QCD diagrams, or the s-channel production of the pair, labelled Y ȲQCD

• t-channel exchange diagrams, labelled Y Ȳt

• the interference between these two production modes, labelled Y Ȳi

Figure 6.1: Feynman diagrams representing the different production processes. The first
diagram (top left) shows the production of a pair of DM particles, while the second (top
right) shows the associated production of a DM particle and a mediator, followed by the
decay of the mediator into a DM particle and a quark. The third diagram (bottom left) shows
the s-channel or purely QCD production of the pair of mediators, again with their decay, and
the last diagram (bottom right) shows the t-channel DM exchange.

6.2.2 Dependency on the BSM Coupling

The squared of the matrix element of each of the processes has a different dependency on the
BSM coupling λ and αs , and this dependency is shown in Table 6.1.

Process Label ME2 proportional to
Pair of DM states XX λ4

DM state and (anti) mediator XY λ2αs

Pair of (anti) mediators YYt λ4

Ȳ Ȳt λ4

Mediator and anti-mediator Y ȲQCD α2
s

Y Ȳt λ4

Y Ȳi λ2αs

Table 6.1: Table showing the proportionality of the matrix element squared (ME2) to the
BSM coupling λ and αs .

The importance of separating out the subprocesses can clearly be seen when looking at the
total cross-section of the BSM process, and having factorised λ and writing the process cross-
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sections as a function of the masses MX and MY :

σBSM = λ4σXX (MX ,MY ) + λ2σXY (MX ,MY ) + λ4σYYt (MX ,MY )

+ λ4σȲ Ȳt
(MX ,MY ) + σY ȲQCD

(MX ,MY ) + λ4σY Ȳt
(MX ,MY )

+ λ2σY Ȳi
(MX ,MY )

(7)

The cross-section of the BSM process can be written with the efficiency ε, which is also
mass-dependent, factored out of the cross-section of each process. The cross-section as a
function of the efficiency can therefore be written as:

σ̂BSM = λ4σ̂XX (MX ,MY )εXX (MX ,MY ) + λ2σ̂XY (MX ,MY )εXY (MX ,MY )

+ λ4σ̂YYt (MX ,MY )εYYt (MX ,MY ) + λ4σ̂Ȳ Ȳt
(MX ,MY )εȲ Ȳt(MX ,MY )

+ σ̂Y ȲQCD
(MX ,MY )εY ȲQCD

(MX ,MY ) + λ4σ̂Y Ȳt
(MX ,MY )εY Ȳt(MX ,MY )

+ λ2σ̂Y Ȳi
(MX ,MY )εY Ȳi

(MX ,MY )

(8)

The equation shows that the kinematics from each component of the signal depend only on
the masses MX and MY , and each contribution can be rescaled by varying λ. Each process
has a specific dependency on λ, as emphasised in Table 6.1, but all of the processes need to
be included in the signal simulations:

• The XX process has a dependency of λ4, but is modelled to have an additional visible
object in the final state, like a jet.

• Processes with two mediators or anti-mediators in the final state (YY , Y Ȳ , Ȳ Ȳ ) have
different dependencies on λ, and are phase-space disfavoured because of large mediator
masses and pair production of the mediators.

• The Y ȲQCD process has no dependency on λ, and serves as a baseline component
independent of the DM mass.

• The other processes producing two (anti) mediators become more important as λ in-
creases, and can benefit from parton density enhancements.

• The XY process has a weaker dependence on λ, only to the second power, but the
production of a lighter DM state means that it is phase-space favoured.

6.2.3 Event Generation

The parameter space scan was performed by varying the mass of the DM particle X and the
mass of the mediator MY , while keeping the BSM coupling λ equal to 1. The initial MX

values were varied from 50 GeV to 500 GeV, in steps of 50 GeV, while the MY values were
varied from 500 GeV to 2000 GeV, in steps of 150 GeV, to set up a 10 x 10 grid of parameter
values. This was performed at LO. A second run expanded the parameter space to a 15 x 10
grid, with the same values for MY but an MX range from 50 GeV to 750 GeV. The second
run was performed at LO and at NLO.

The matrix-element generator used is MadGraph5, version 2.9.20, using the MadSTR plugin
[160]. MadSTR handles the resonant contributions that appear at NLO, when an intermediate
mediator is produced on-shell and then decays into a DM state and a SM quark. Using
MadSTR ensures that contributions are not double-counted across the three processes. For
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example, at NLO, the associated production pp → XY → X (Xj) includes configurations
where the mediator is on-shell, and it should be included in XY simulations. However, off-
shell contributions, which are included in the real-emission corrections to XX production,
could be double counted. Using MadSTR resolves this error.

Matrix elements are generated for LO and NLO accuracy for the processes, using the UFO
model introduced in Reference [157], and using the model selection F3S-VLQ. The respective
matrix elements are convolved with the LO and NLO sets of NNPDF4.0 parton densities.
MadSpin [161] and MadWidth [162] are used to retain off-shell propagation and spin corre-
lation effects for the decays of heavy unstable particles. Pythia8 (version 8.306) is used for
the parton showering and hadronisation, and is matched with fixed-order calculations in the
MC@NLO fashion [163].

Full details of the event generation process and commands can be found in Reference [153],
but it is important to place emphasis on running the processes individually. In the case of the
LO event generation, all seven subprocesses were run. However the NLO generation of the
Y Ȳi process is not possible, and so the cross-sections of the parameter points were calculated
by rescaling the LO parameter point cross-sections for the process, using the k-factor defined
as:

kY Ȳi
=

√
KY Ȳt

KY ȲQCD
=

√√√√ σ̂NLO
Y Ȳt

σ̂LO
Y Ȳt

σ̂NLO
Y ȲQCD

σ̂LO
Y ȲQCD

(9)

The k-factor is the geometric mean of the k-factors of the Y ȲQCD and Y Ȳt k-factors, and
is calculated using the cross-sections σ̂LO and σ̂NLO evaluated at LO and NLO accuracy in
QCD.

The subprocesses (seven at LO and six at NLO) are run independently, and the resulting
output files are run through RIVET and CONTUR to find the exclusions in the parameter
space. For the NLO Y Ȳi process, the RIVET output file is rescaled using the calculated KY Ȳi

value for each parameter point.

6.3 Results

The results for the scans are split into two sections: the first section contains the exclusion
plots for the reduced parameter space-run, which was only run at LO, and the second is for
the extended parameter space run, which was run at LO and at NLO. Both sections compare
the exclusions obtained from CONTUR with the exclusions obtained from MadAnalysis5. The
BSM coupling λ is set to 1 in all runs.

6.3.1 Reduced Parameter Space

The reduced parameter space run was used to get an idea of the features of the parameter
space. Two plots are produced that show the behaviour of the exclusions. The cross-sections
used for the exclusions are the cross-sections of the individual processes added together. The
reduced parameter space run was used as a proof-of-principle test, and is less detailed than
the extended runs discussed in the following section.

Figure 6.2 shows the exclusions after running through the CONTUR framework. The leading
analysis pool contributing to the exclusion is the missing transverse momentum and jet pool,
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with the analysis contributing the most to the exclusion being the ATLAS differential cross-
section measurement in events with jets and missing transverse momentum. The other analysis
pools contributing to the exclusion are the l+l−γ, hadronic tt̄ and l with missing transverse
momentum and a jet analysis pools. The top left corner in the graph is not kinematically
viable, and is unconstrained. The lower left part of the graph, for low mediator masses and
low DM masses is excluded, and because the shape of the exclusion contours could not be
seen above MX = 500 GeV, the parameter space was extended in the next iteration of the
project. Mediator masses up to roughly 1.5 TeV can be excluded for low MX values at LO.

[G
eV
]

[GeV]

Figure 6.2: CONTUR plot showing the exclusions in the reduced parameter space. The solid
black line shows the 95% observed exclusion, and the 68% observed exclusion is shown by
the dashed line, while the expected exclusion is shown by the dotted line show. The plot also
shows the leading analysis pools and specific analyses that contribute to the exclusion for each
parameter point. The majority of the parameter space is excluded by the missing energy and
jets analysis pool, shown in green, with the leading analysis being the ATLAS measurement
of the differential cross-section of events with MET and a jet [164]. The exclusion in the light
brown region in the top left is driven by the l+l−γ analysis pool, and exclusion in the blue
region just below is driven by the lepton with missing transverse momentum and a jet analysis
pool. The remaining brown region represents the hadronic tt̄ analysis pool. The black region
denotes the unconstrained region.

The exclusions obtained from CONTUR can be compared to those from the MadAnalysis5
framework, as shown in Figure 6.3. The analyses used in CONTUR are mostly measurement
based, while MadAnalysis5 uses searches to calculate the exclusions. This means that the
frameworks use different analyses to calculate the exclusions. The exclusion from CONTUR,
shown by the dashed line, is less sensitive than the exclusion obtained from MadAnalysis5,
shown by the solid line. Both of the lines give the exclusion at 95% CL, and the correct DM
relic abundance (indicated by Ωh2) is superimposed on the graph. MadAnalysis5 excludes
mediator masses up to roughly 1.7 TeV for values of MX less than 400 GeV.
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Figure 6.3: Exclusion contours showing the exclusion obtained by CONTUR (red, dashed
line) and MadAnalysis5 (blue, solid line), along with the correct DM relic abundance shown
in green.

6.3.2 Extended Parameter Space

After running the LO processes in the original parameter space, the maximum value of the
MX mass was extended from 500 GeV to 750 GeV, to form a 15 x 10 grid over which the scan
took place. The scans were performed at LO and at NLO, using the CONTUR framework
and the MadAnalysis5 framework for both orders.

The cross-section of each process at each parameter point determined the exclusion. The
process with the highest production cross-section, Y ȲQCD , drove the exclusion in all com-
binations of order and frameworks. Table 6.2 shows the cross-sections for a point MX =
GeV, MY = GeV for all different processes, at LO and at NLO. The total cross-section of the
production of the mediators is shown in the last column, and the effect of the interference on
the production of the mediator and the anti-mediator can be seen as well.

Contributions from Y ȲQCD

The CONTUR exclusion plots for the Y ȲQCD process at LO and at NLO are shown in Figure
6.4. The parameter space is excluded for parameter points with low MX and MY values, and
the upper left points in the parameter space are not kinematically accessible. The contribution
of the NLO simulations is clear: the exclusion in the parameter space is more in the NLO case
than in the LO case. The exclusion curves flatten and spread out in the NLO case, excluding
up to 1.4 TeV mediator masses for low DM masses. The prominent bump around MY = 800
GeV and MX = 400 GeV in the LO case is shifted further to the right and higher in the NLO
case.

The exclusions are mainly driven by two analysis pools: the ATLAS missing transverse mo-
mentum and jet final state, specifically the measurement made in Reference [164], and the
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Process XX XY YYt Ȳ Ȳt Y Ȳt Y ȲQCD Y Ȳi

LO 4.90e-06 6.62e-04 2.36e-06 2.36e-06 4.49e-06 2.43e-02 -5.04e-06
NLO 5.86e-05 1.21e-03 4.04e-06 4.04e-06 8.01e-06 3.27e-02 -7.74e-06
LO 4.66e-07 4.73e-05 1.72e-07 1.72e-07 3.28e-07 2.78e-01 -3.97e-07

NLO 5.45e-07 9.59e-05 3.21e-07 3.21e-07 6.35e-07 3.88e-01 -1.99e-06

Table 6.2: Table showing the cross-section for the different processes for two points. The first
point is at MX = 50 GeV, MY = 1166.67 GeV and the cross-sections are shown in the first
two lines of the table, while the second point is at MX = 500 GeV, MY = 1333.33 GeV and
the cross-sections are shown in the last two lines, for the LO and NLO processes. The leading
contribution is the Y ȲQCD process, and for point 1, the exclusion is 99.5% at LO and 99.9%
at NLO, and for point 2 the exclusion is 43.4% at LO and 54.2% at NLO. All cross sections
are given in units of femtobarn (pb).
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Figure 6.4: CONTUR exclusion plots for the Y ȲQCD process at LO (left) and at NLO (right).
The yellow regions (bottom left) of the plots are excluded, while the darker blue points are
not excluded. The solid line shows the 95% observed exclusion, the dashed line shows the
68% exclusion and the dotted line shows the expected exclusion. The upper left part of the
parameter space is not kinematically accessible.

ATLAS measurement of the hadronic tt̄ final state, in References [165–167]. The CMS
measurements made in the lepton with missing transverse momentum and a jet final state
in References [168, 169] are the leading contributors to the analysis pools for some of the
points. The leading analysis pools for each parameter point can be seen in Figure 6.5, and
the difference between the leading analysis pools in the LO and NLO cases are slight.

In both the LO and the NLO case, there is a region where the observed 68% exclusion (dashed
line) is less than the expected exclusion (dotted line). In the LO case, this point is around
MY = 1250 GeV, MX = 400 GeV, and in the NLO this is around MY = 1300 GeV, MX = 500
GeV. The plots shown in Figure 6.6, made in the NLO case for the point MY = 1333.33 GeV
and MX = 500 GeV, show why the expected exclusion is better than the observed exclusion.
The RIVET plots compare the data from the relevant analysis (ATLAS missing transverse
momentum and a jet) with the generated samples. The plot on the right has a discrepancy
in the region around 1100 GeV, which stems from a small excess in the unfolded missing pT
spectrum. As a result, any signal that favours this kinematic regime slightly improves the
data/prediction agreement, and leads to a marginally weaker exclusion limit.
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Figure 6.5: CONTUR exclusion plots for the Y ȲQCD process at LO (left) and at NLO (right),
showing the leading analysis pools contributing to the exclusions. The solid line shows the
95% observed exclusion, the dashed line shows the 68% observed exclusion and the dotted line
shows the expected exclusion. The upper left part of the parameter space is not kinematically
accessible. The three leading analysis pools contributing to the exclusions are the ATLAS
missing transverse momentum and jet (green), ATLAS hadronic tt̄ (brown) and CMS lepton
with missing transverse momentum and a jet (blue) pools.

The exclusions obtained from MadAnalysis5 are shown in Figure 6.7. Similar to the trend
shown in the CONTUR plots (Figure 6.4), the exclusion is extended in the NLO case. The
region for the low MX and MY masses is excluded, and the leading analysis contributing to
the exclusion is the ATLAS search for squarks and gluinos5 [170] in final states with jets
and missing transverse momentum. This is the same final state that is one of the leading
contributions to the CONTUR exclusion, in the same parameter space, and reinforces the
validity of the exclusion using the search-based (MadAnalysis5) and the measurement-based
(CONTUR) approaches. The right side of both of the plots are excluded, up to roughly 70%.
This exclusion is not seen in the CONTUR plots, and the leading analysis contributing to the
exclusion in this high-MY region is a CMS search for new particles in events with energetic jets
and missing transverse momentum [171]. This explains the exclusion in the high-MY region:
the energetic jets would be produced by the decay products of the mediator, and the decay
products high-mass mediators would be boosted, resulting in high-pT (or energetic) decay
products.

5Squarks and gluinos are hypothesised supersymmetric particles.
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Figure 6.6: RIVET plots showing the measured pT -miss differential cross-sections in the
pT -miss and jets region in the monojet and VBF phase spaces, in the ATLAS analysis from
Reference [164]. The small excess that influences the discrepancy in the expected and observed
exclusions can be seen in the bin around 1100 GeV in the VBF phase space plot.

Effect of the Interference Term

The process that contributes the most to the exclusion6 is the Y ȲQCD process. However, the
interference between the t-channel production of the mediator and anti-mediator pair Y Ȳt

and the QCD process can be calculated at LO, and at the cross-section can be rescaled using
the k-factor in Equation 9 to get the new cross-section for the NLO process. The effect of
the interference term can also be seen in Table 6.2: the term is always negative and as a
result, the cross-section for the combined production of Y Ȳ is less than the cross-section of
the sum of the cross-sections of Y ȲQCD and Y Ȳt . The effect can be visualised by looking
at Figure 6.8, and comparing them with Figure 6.4. In the both the LO and NLO cases,
including the interference term broadens and flattens the peak of the 95% and 68% exclusion
lines. This emphasizes the importance of including the interference term when setting the
ultimate limits in the parameter space, especially if the BSM coupling λ is not set to 1, and
the other processes have a bigger contribution to the overall cross-section of the production
of a mediator and anti-mediator.

6.4 Conclusions

All of the scans performed in the study were made with the BSM coupling λ set to 1. The
implications of using the different frameworks were clear: similar regions of the parameter
space were excluded in both the measurement- and search-based approaches, although the
use of MadAnalysis5 excluded more parameter points at high MY mass. The plots also clearly
show that higher-order calculations increase the excluded region in the parameter space.

The project could be extended in a few ways. The BSM coupling could be varied over different
λ values, the choice of which will be influenced by cosmological constraints, to see the effect
of the variation on the cross-section and ultimately the exclusion of the parameter space.

6For the case λ = 1.
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Figure 6.7: MadAnalysis5 exclusion plots for the Y ȲQCD process at LO (left) and at NLO
(right). The leading contributions to the exclusions come from the ATLAS search for new
particles in final states with jets and missing transverse momentum [170] in the lower MY

regions and the CMS search for new particles with events with energetic jets and missing
energy [171] in the higher MY region.
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Figure 6.8: CONTUR exclusion plots for the Y Ȳ process at LO (left) and at NLO (right),
made by adding the contributions of the contributions of the Y ȲQCD , Y Ȳt and Y Ȳi processes.

Additionally, the mass of the mediators could be assumed to be different from each other.
Ultimately, the model setup was simplified, and next iterations of the study could aim to
connect this simplified model to a concrete form featuring top partial compositeness.
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7 Constraints on Dark-QCD Mod-
els

7.1 Theoretical Framework

Dark-QCD models are a class of extended dark sector models that are analogous to SM QCD.
The SM is mirrored to have dark counterparts: dark quarks qdark are charged under a new
gauge group SU(Ndark

C ), and have a number of different flavour possibilities given by Ndark
F , and

dark gluons that interact with each other in similar ways that their SM inspirations interact via
QCD. For the theory to be confined at a scale of Λdark , it is required that Ndark

F < 3Ndark
C [172].

The confinement and hadronisation in the DS is assumed to lead to a spray of of composite
states in the hidden sector, analogous to the process of confinement1 and hadronisation2 in
the SM , and dark hadrons are formed. This follows a similar process to parton showers, and
leads to dark showers and the formation of dark sector jets. The energy evolution in the DS
plays an important role in the different dark shower signatures, further discussed in Section
7.2, but it follows the initial production at the hard process energy scale Qdark . In SM QCD,
the momentum flow from the hard-scattering energy scale Q to the confinement scale is led by
collinear and soft singularities, meaning that perturbation theory can be used to describe the
parton-showering process. Perturbation theory can also be used in the case of Dark-QCD, as
long as the t’Hooft coupling λ = α2

darkN
dark
C is small enough [173]. Consequently, algorithms

that are well-established can be used to model the parton evolution in the DS evolution, as
explained in Section 2.4.2.

The dark showers include the production of dark mesons, which could possibly be degenerate,
with masses mdark and proper decay lengths cτdark . The production of dark baryons is sup-
pressed, since the masses scale with Ndark

C . The Dark-QCD models can be produced via a Z ′

mediator in the s-channel, or a bifundamental scalar Φ in the t-channel, as shown in Figure
7.1.

An important parameter in these models is the event-level fraction of unstable dark hadrons
that decay into stable dark hadrons after the dark shower, Rinv. The effect of varying the Rinv

parameter is illustrated in Figure 7.2: if all the dark hadrons are unstable on a collider timescale
(Rinv = 0) the jet can easily be mistaken for a SM QCD jet, since all the dark hadrons have
decayed to SM quarks. If stable and unstable dark hadrons are produced (0<Rinv <1), the jet
will contain visible SM quarks and invisible stable dark hadrons and this results in Semi-Visible
Jets (SVJs). If only stable dark hadrons are produced (Rinv = 1) the jet will be invisible to
the detector since all of its constituent particles are dark. A Feynman diagram showing the

1Confinement is explained in Section 2.1.4
2Hadronisation is explained in more detail in Section 2.4.2.
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Figure 7.1: Production of the Dark-QCD signatures via a mediator Z ′ in the s-channel, or
through a bifundamental scalar Φ in the t-channel, taken from [174].

production of a SVJ is shown in the left diagram in Figure 7.3.

Figure 7.2: Diagrams illustrating how varying Rinv affects the jet-type. The left diagram
shows the case of Rinv = 0, where only unstable dark hadrons (dotted green line) that decay
to SM quarks (solid blue line) are produced. The middle diagram shows the case of 0<Rinv

<1, where stable dark hadrons (dotted pink line) and unstable dark hadrons are produced,
resulting in Semi-Visible Jets. The diagram on the right shows the case Rinv =1, where only
stable dark hadrons are produced. Taken from [174].

The proper decay length cτdark also affects the Dark-QCD signature. In the case that dark
mesons are produced on a shorter timescale than the dark-meson decay to SM quarks, then
the dark mesons travel a significant distance and then decay to SM quarks. This forms an
emerging jet. The decays of the dark mesons form multiple smaller displaced jets, which in
turn form the emerging jet. A Feynman diagram showing the production of an emerging jet
is shown in the middle of Figure 7.3, and the relationship between the parameters Rinv and
cτdark is shown in Figure 7.4. A discussion of the novel detector final states that these jets
result in, follows in Section 7.2.

7.2 Novel Detector Final States

Searches for Dark-QCD are determined to the available final states in the detector, and
searches are generally designed to be model-independent. As introduced in the previous
section, there are two definitions of Rinv used interchangeably in the literature:

• the fraction of stable dark hadrons relative to all dark hadrons in the event R ratio
inv

• the event-level fraction of unstable dark hadrons that decay into stable dark hadrons
after the dark shower RBF

inv
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Figure 7.3: Feynman diagrams illustrating the production of semi-visible jets (left), emerging
jets (right). Taken from [75].

Figure 7.4: Graph showing the relationship between the parameters Rinv and cτdark . The grey
block indicates SM dijet or multijet events, where no unstable dark hadrons are produced, or
if the lifetime of the dark hadrons are small enough for prompt decay to SM particles. The
light-blue block shows the overlap of emerging jet signatures and SVJs, and the red portion
of the graph represents the experimental signature of missing transverse momentum pmiss

T

(from invisible particles) and the production of some visible SM signature labelled X . Taken
from [75].

RBF
inv is used as an input parameter in the Pythia8 Hidden Valley runcard, and experimentally

it is challenging to define or use an output Rinv based on dark hadron multiplicities, since
there is no way to construct a measurable particle-level output observable.

The novel final states can broadly be split into three classes: dark jets, semi-visible jets
and emerging jets, with the classification based on Rinv values and the lifetime of the dark
hadrons.

While not a focus of this work, it is useful to note that in the emerging jets scenario, the
lifetime of the dark quarks plays an important role. The non-prompt decay of the dark quarks
lead to displaced vertices. Calorimeter jets containing predominantly displaced tracks and
with different vertices inside the cone are used as the final state in this scenario [175]. This
final state is used to investigate composite dark sectors, where a parton shower in the dark
sector is followed by displaced decays of dark mesons (πD and ρD) back to SM jets. The
dark meson decays happen at different points from the interaction point, leading to the slow
emergence of the jet in the detector. Both CMS and ATLAS have recently come out with
searches for emerging jets [176,177].
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7.2.1 Dark Jets

The first class of unusual jet-like final states that are caused by Dark-QCD and that have
been studied by ATLAS [178], Dark Jets are/can be formed from the decay of a heavy Z ′

resonance, which decay into a dark quark pair. These dark quarks hadronise to form dark
hadrons, which then decay back into SM particles. The fraction of invisible components,
the stable dark hadrons, produced or left over are assumed to be negligible (Rinv =0). The
final detector objects appear as jets with properties that depend on the underlying theory
parameters.

The double hadronisation that takes place in the formation of the dark jets lead to wider jets
than their SM QCD counterparts. First, there is the dark sector hadronisation, after which
dark mesons decay into high-momentum SM quarks. These SM quarks then undergo standard
hadronisation and form SM jets. Furthermore, investigating the substructure in these jets can
help distinguish dark jets from SM QCD jets. Tracks associated to SM gluon and quark
jets mostly come from charged pions, while charged particles inside the dark jets come from
charged rho meson decays. Using tracks and jet-substructure as a distinguishing factor in
dark-jet identification is model-dependent [179], and is dependent on the dark fragmentation
and dark meson mass, and the decay channels of the dark mesons into SM quarks. In the
case of the ATLAS analysis [178], the dark jets had a larger charged-particle multiplicity than
their SM counterparts and this was used to distinguish SM QCD di-jet final states to dark
sector di-jet final states.

7.2.2 Semi-Visible Jets

Arising from the hypothetical strongly-interacting dark sector, the parton evolution of Semi-
Visible Jets (SVJs) includes the production and decay of dark quarks inside hadronic jets [180].
In the scenario where two dark quarks are produced, and dominantly interact with SM QCD,
a fraction of the unstable dark mesons (πD and ρD) produced in hadronisation promptly decay
to SM quarks, while the rest decay to stable dark mesons (π′

D and ρ′D). The input parameter
Rinv is used in Pythia8 to set this fraction. As a result, the final state visible in the detector
is a multi-jet final state, with the missing transverse energy/momentum aligned with one of
the jets.

SVJs are the second class of dark-sector jets that have been studied by both ATLAS [181]
and CMS [182]. The ATLAS search was for the non-resonant (t-channel) production mode
of SVJs, while the CMS search was for the resonant (s-channel) production mode.

The experimental results add to recent developments in the phenomenology and theory behind
SVJs. These developments include ways to establish systematic uncertainties on SVJ produc-
tion to account for systematic errors in signal modelling [183], testing jet substructure (or
similar) variables [179] [184] [185], and machine-learning techniques to distinguish between
SVJs and Standard Model jets [186–191]. New SVJ production modes have expanded the
theoretical environment to include ISR [192], where the SVJ is produced with some particle X ,
b-jet SVJs [193] where only heavy flavour SM quarks are considered in the dark shower, and
the production of SVJs through dark glueballs [194], where the glueballs (composite particles
that only contain gluons) are the lightest dark hadronic states. As new production modes
develop, it is natural for new signatures involving SVJs to develop too: SVJ models with light
leptons [195], tau leptons [196] and photons [197] have been developed. Community contri-
butions and reviews for SVJ Monte Carlo generation and modelling have been discussed and
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presented in the Snowmass white paper [172] and the MITP Colours in Darkness workshop
summary report [198].

7.3 Probing the sensitivity of SVJs to current LHC
measurements using the CONTUR toolkit

In light of developments in SVJ signatures and models, re-interpretation of SM measurements
is crucial to determine future search strategies and model development. Using CONTUR,
this work derived constraints on selected SVJ models and parameter choices, in resonant and
non-resonant production modes.

7.3.1 SVJ Generation

For the resonant production mode, samples are generated using Pythia8 where a pair of
dark quarks are generated via a heavy Z ′ mediator. In the non-resonant case, the dark
quarks are generated through a scalar bifundamental mediator using the UFO in Ref. [199]
in MadGraph [34], as expressed in Ref. [174]. For both production modes, the dark quarks
undergo dark hadronisation using the Pythia8 Hidden Valley (HV) module, and for the non-
resonant case, the particle IDs of the DM candidates were changed to match the HV particle
ID scheme. The dark hadronisation gives rise to flavour-diagonal (spin 0) and off-diagonal
(spin 1) πD and ρD mesons.

The HV module has many parameters that can be changed for dark hadronisation. These
parameters are important on a theoretical and phenomenological level, but do not influence
the final state topology. For the two models considered here, the parameters of importance
are:

• the Dark-QCD confinement scale value (ΛD)

• the number of dark colours (NC )

• the number of dark flavours (NF )

• the dark quark masses (MqD

• the dark hadron masses (MρD ,MπD )

In any model involving SVJs, a crucial parameter is Rinv , as described in Section 7.2. The
unstable dark hadrons, with mass choices to ensure decays that are kinematically possible,
decay to SM quarks and stable dark hadrons in a ratio dependent on Rinv. Rinv is not
a fundamental theory parameter, but is used as a handle to generate and scan different
kinematics for the collider final state. The definition used in the event generation is therefore
the same as defined for RBF

inv , with the parameter (1− Rinv ) defined as the fraction of decays
of dark quarks into SM particles.

In this study, flavour-diagonal πD and ρD mesons were promptly decayed into off-diagonal
stable dark πD and ρD pairs respectively, as well as SM quarks.
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Parameter Range Comments
MZ ′ 1, 3, 5 TeV Both channels
MπD 10, 50, 100 TeV Both channels
Rinv 0.0 - 1.0 Both channels
NF 1, 2, 3 Only s-channel
λ 0.1 - 7 Only t-channel

MρD 16, 80, 160 TeV Function of MπD

ΛD 5, 25, 50 Function of MπD and MρD

pTminFSR 5.5, 7.5, 55 Function of ΛD

Table 7.1: Parameter and ranges on which the CONTUR scans were performed. The param-
eters in the lower bock depend on parameters set in the upper block.

7.3.2 Constraints on SVJs

The study used the CONTUR toolkit [93,94] to place constraints on the SVJ signatures using
measurements made at the LHC, with the goal of gaining insights from these measurements
that are complimentary to the experimental results in the s- and t-channel searches. The SVJ
final states are dominated by jets and pmiss

T , and so measurements with a purely hadronic final
state are considered in this study.

For both production modes, the number of dark flavours is set to two (NF = 2). This does
not produce the same fraction of dark hadrons in the output as specified by the Rinv input
parameter. This is because stable dark π and ρ mesons can also be directly produced during
the dark hadronisation, rather than exclusively during decays. The dark quark mass is set to
10 GeV, while the ρD meson mass was set to 1.6 times the mass of the πD meson, following
the Snowmass report [172]. The corresponding off-diagonal πD and ρD meson masses were
set to 0.01 GeV less than half of the corresponding flavour-diagonal ones. The number of
dark colours was set to 3, and the Pythia8 HV coupling αdark was set to be running at one-
loop. The dark-QCD confinement scale ΛD was calculated for each dark meson mass, again
following the guidelines in [172], and the lowest allowed pT of the HV Final State Radiation
(FSR) emission (pTminFSR) was set to 1.1 times ΛD .

Fixing these parameters meant that a simple scan could be performed in which the mediator
mass, flavour-diagonal πD mass and input Rinv parameter values were varied. In the s-channel
production mode, a further scan was performed in which NF was varied, while in the t-channel
production mode, the coupling strength between the SM and the DM sector λ was varied.
Varying λ effectively translates to a cross-section scaling, since the cross-section scales as λ4

without affecting the kinematic distributions for mediator masses above 2.5 TeV. Scaling the
cross-sections do not affect the validity of the model. The parameter values used in the scan
are shown in Table 7.1.

Resonant Production Mode

For the resonant production mode, the SVJ signature was generated using the Pythia8 HV
module, with a Z ′ mediator decaying to a dark-quark pair. The cross-section of the process
is very low in the default Pythia8 setup, and so the cross-sections were scaled up to match
the cross-sections in the CMS search [182] to increase the sensitivity and derive meaningful
exclusions, as seen in Table 7.2. This study is considered to be a proof-of-principle exercise,
since the CMS search set strong constraints on the topology, and the cross-section of the
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process is highly model-parameter dependent. The sensitivity of measurements on the shapes
of the kinematic distributions is nonetheless explored.

MZ ′ [TeV] Generated cross-section [pb] Scaled cross-section [pb]
1.0 1.29× 10−2 6.69
1.5 1.42× 10−3 1.88
2.0 2.48× 10−4 0.47
2.5 5.68× 10−5 0.13
3.0 1.49× 10−5 0.004

Table 7.2: Generated and scaled cross-sections for the different Z ′ masses in the resonant
channel.

The most sensitive analysis for the SVJ signature is the ATLAS differential cross-section
measurement of events with missing transverse momentum and jets [200], where only the
cross-section distributions were used rather than their ratios.

The pmiss
T distribution for the parameter choices MZ ′ = 1 TeV, MπD = 100 GeV is shown in

Figure 7.5. This is for a representative value of Rinv of 0.5 and NF = 2. Subsequent plots
will show how the MπD choice drives the exclusion values.

Figure 7.5: The dominant exclusion histogram for the s-channel process with MZ ′ = 1 TeV,
MπD=100 GeV, Rinv = 0.5, and NF = 2. The exclusion is driven by the missing energy (MET)
distribution measured in [200] (specifically, Figure 7a). The black points represent the data
from ATLAS. The blue line shows the predicted events from the new physics benchmark added
to the SM prediction, which shows a non-negligible disagreement with the number of observed
events in data. The red line shows the SM prediction.

Figure 7.6 shows the exclusion of MπD as a function of MZ ′ , for Rinv values of 0.2, 0.5 and
0.8. The binned heatmaps used for the exclusion plot range from dark blue (0 CLs) to yellow

82



(1.0 CLs), and the exclusion contours are drawn from this, where CLs refer to the common
limit setting technique of confidence limits [95]. The black solid line is the 95%-confidence
exclusion, the black dashed line is 68% and the black dotted line is the 95% expected exclusion.
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Figure 7.6: Contours showing the exclusion for the s-channel process as a function of MπD

and MZ ′ for Rinv values of 0.2, 0.5 and 0.8 are shown respectively. The dotted line is the
expected exclusion, the dashed line is the observed 68% CL exclusion and the solid line is the
observed exclusions at 95% CL. The area above the curves is excluded. The yellow regions in
the plots are excluded, while the blue regions are not excluded. Smooth exclusion contours are
achieved through interpolation functions based on the exclusion of each bin in the heatmap.

The conclusion drawn for this proof-of-principle study is that for the chosen coupling value of
the Z ′ mediator to the dark quarks, where 100% branching fraction for this decay is assumed,
measurements place more stringent constraints on higher values of the dark pion masses MπD ,
except at low Rinv and low MZ ′ .

Plotting the exclusion of Rinv as a function of MZ ′ for different MπD , supports this conclusion,
and can be seen in Figure 7.7. All the plots were made with the number of flavours NF set
to 2.
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Figure 7.7: Contours showing the exclusion for the s-channel process as a function of Rinv

and MZ ′ for MπD values of 10, 50 and 100 GeV are shown. The dotted line is the expected
exclusion, the dashed line is the observed 68% CL exclusion and the solid line is the observed
exclusions at 95% CL. The area above the curves is excluded. The yellow regions in the plots
are excluded, while the blue regions are not excluded. Smooth exclusion contours are achieved
through interpolation functions based on the exclusion of each bin in the heatmap.

An additional check on the choice of number of flavours was also conducted, to see if higher or
lower values would be constrained. This is shown in Figure 7.8, where the top panel shows the
exclusion plots for a fixed MπD of 10 GeV and varying Rinv , and the bottom panel for a fixed
Rinv and varying MZ ′ . The sensitivity is dependent on the dark pion masses, as the Z ′ mediator
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masses, but the exclusions are not sensitive to the changes in NF . The CMS result [182],
using a Z ′ with a universal coupling of 0.25 to the SM quarks, excluded Z ′ masses of 1.5-4.0
TeV at 95% confidence level, depending on the other signal-model parameters.
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Figure 7.8: Contours showing the exclusion for the s-channel process as a function of NF

and Rinv or MZ ′ are shown. The dotted line is the expected exclusion, the dashed line is the
observed 68% CL exclusion and the solid line is the observed exclusions at 95% CL. The area
to the left of the curves is excluded.

Non-Resonant Production Mode

Following Reference [199], the t-channel SVJ signature was generated using Madgraph5 to
calculate matrix elements with up to two extra partons at LO. The MLM [201] jet matching
scheme, with the matching parameter set to 100 GeV, was used and showering was done in
Pythia8, again making use of the HV module. The cross-sections for the different mediator
masses for the coupling strength λ = 1 is show in Table 7.3.

Mmed [TeV] Generated cross-section [pb]
1.0 2.11
1.5 0.44
2.0 0.14
2.5 0.006
3.0 0.003

Table 7.3: The generated cross-sections for different Mmed values for the t-channel process
for λ = 1.

Due to the similar final state, the most sensitive analysis for the t-channel signature is once
again the ATLAS differential cross-section measurement of events with missing transverse
momentum and jets [200], but this time the ratio measurements were included. The pmiss

T
distribution shown in Figure 7.9, for MπD = 50 GeV, λ = 2.5 and Rinv set to 0.5, is taken
from the comparison to the ATLAS measurement. For these parameter choices, λ drives the
exclusion.
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Figure 7.9: The dominant exclusion histogram for the t-channel process with Mmed = 1 TeV,
MπD=50 GeV, Rinv = 0.5, and λ = 2.5. The exclusion is driven by the missing energy (MET)
distribution measured in [200] (specifically, Figure 7a). The black points represent the data
from ATLAS. The blue line shows the predicted events from the new physics benchmark added
to the SM prediction, which shows a non-negligible disagreement with the number of observed
events in data, and the red line shows the SM prediction.

The exclusion for MπD as a function of Mmed for Rinv values of 0.2, 0.5 and 0.8 are shown
in Figure 7.10. There is a dependence of Rinv for excluded mediator masses, and mediator
masses up to 1.75 TeV are excluded for high Rinv values.
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Figure 7.10: Contours showing the exclusion for the t-channel process as a function of MπD

and Mmed for Rinv values of 0.2, 0.5 and 0.8 are shown. The dotted line is the expected
exclusion, the dashed line is the observed 68% CL exclusion and the solid line is the observed
exclusions at 95% CL. The area to the left of the curves is excluded.

Figure 7.11 shows the exclusion plots for Rinv versus Mmed for different values of MπD , and
these plots confirm that higher values of MπD are excluded, except at low Rinv and Mmed .

The plots in Figures 7.10 and 7.11 are all made with the λ coupling set to unity. For values
of λ greater than 7.5, the entire parameter space is excluded. However, varying λ can give
insights into how cross-section scaling changes exclusions, as seen in 7.12. The exclusions

85



1000 1500 2000 2500 3000

Mmed [GeV]

0.2

0.4

0.6

0.8

R
in
v

MπD=10 GeV

1000 1500 2000 2500 3000

Mmed [GeV]

0.2

0.4

0.6

0.8

R
in
v

MπD=50  GeV

1000 1500 2000 2500 3000

Mmed [GeV]

0.2

0.4

0.6

0.8

R
in
v

MπD=100 GeV

Figure 7.11: Contours showing the exclusion for the t-channel process as a function of Rinv

and Mmed for MπD values of 10, 50 and 100 GeV are shown. The dotted line is the expected
exclusion, the dashed line is the observed 68% CL exclusion and the solid line is the observed
exclusions at 95% CL. The area to the left of the curves is excluded.

are shown for a fixed πD mass of 10 GeV, for different values of Rinv , and plotting Mmed

versus λ. These results set a stringent limit on the specific production cross-section of these
signals. The ATLAS search [181] set a limit of up to 2.7 TeV on Mmed for λ set to unity,
and the number of flavours, NF , set to 1. A direct comparison with the public experimental
result is not possible, due to the shift to a physically motivated value of NF for the current
study.
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Figure 7.12: Contours showing the exclusion for the t-channel process as a function of Rinv

and Mmed are shown. The dotted line is the expected exclusion, the dashed line is the observed
68% CL exclusion and the solid lines represent the observed exclusions at 95% CL. The area
to the left of the curves is excluded.

7.3.3 Summary

This chapter presents a study covering resonant and non-resonant production modes of SVJs,
an exciting and developing research area in novel final state topologies. The parameter space
of benchmark SVJ models generated using the Pythia8 HV module are constrained by the
ATLAS differential cross-section measurement of events with missing transverse momentum
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and hadronic jets. The constraints presented here are generally weaker than those set by the
CMS and ATLAS searches, but are applicable to pmiss

T values lower than the ATLAS search in
the non-resonant case, showing complementarity with the existing results.
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8 Conclusions

The validity of the Standard Model was cemented by the discovery of the Higgs boson, but
the work to understand the missing pieces in particle physics is not yet done. This thesis
introduced some BSM models and hypothetical particles that aim to answer the question of
Dark Matter in the context of collider experiments. The focus was on Dark Sector models that
introduce hypothetical particles and quantum fields and give a framework in which searches
can be carried out at colliders.

A large component of the work presented was done as part of an ATLAS search for a Maverick
top partner that decays into a Dark Photon, which then decays into a collimated lepton pair.
The work required a good understanding of various frameworks and experimental knowledge,
and the analysis is ongoing. The importance of operations in big collaborations was briefly
touched upon, through the inclusion of a summer project working on the ATLAS Trigger
Menu.

Two phenomenological models were explored and included the use of frameworks for reinter-
pretation. The first was a t-channel DM model, and the project involved a range of generators
at different levels of complexity. The model was split into several sub-processes, which were
run at LO and at NLO. The results from each sub-process were compared, and the exclusions
obtained from the two reinterpretation frameworks, CONTUR and MadAnalysis5, were com-
pared as well. The second study used CONTUR to place exclusions on Semi-Visible Jets, a
novel final state topology.

Performing phenomenological studies and experimental searches go hand-in-hand. The field
is in a position where new models can be excluded using data from the LHC, and this should
be a driving force to direct dedicated searches. The work presented in this thesis relied on
skills and techniques that will always be relevant, and that can be built upon, in searches for
Dark Matter at colliders.
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