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ABSTRACT
Physical phenomena that are unexplained by the Standard Model (SM) of particle physics, are the

subject of the area of research known as physics Beyond the Standard Model (BSM). BSM physics

contains many Dark Matter (DM) theories which have emerged; from particles such as axions,

neutrinos, and Weakly Interacting Massive Particles (WIMPs), to primordial black holes and others.

The range of experiments at the frontiers of research are equipped to probe model parameter space

with different sensitivites. The energy frontier, exemplified by the Large Hadron Collider (LHC),

reaches the TeV energy scale and beyond. The intensity frontier looks for rare processes and

precision deviations. The cosmic frontier searches astrophysical data. Some rely on invisble

signatures, and some require visible SM decays of DM. There is a great deal of experimental

complementarity, and cross-frontier collaboration needs to be prioritized.

Minimal WIMP based models within the reach of current experiments are presented. The model

benchmarks allow for the comparison of limits on the ability to constrain model parameters, to be

made between experiments.

These limits can be scaled between different couplings within a model, or even between models,

provided that only the cross section varies and is known in each case. Limits set for more general

vector models could be scaled to dark photon limits, the possibility of which is discussed. The

acceptances are confirmed to be the same between the two models considered in this paper.

Thermal relic bounds are also imposed, and comparisons are made for each model in an

appropriate plane on the y-axis known as the yield parameter. In addition, a heat map approach to

plotting the Dark Matter and mediator masses is presented, with a focus on the minimum coupling

limit imposed by the relic density. This approach facilitates visualization on one plot the viable

regions of mass-mass parameter space in order not to overproduce DM, for each model considered.

A brief outlook is given on the current state of cross-frontier collaboration, in a number of efforts,

all with the aim of exploiting complementarity in DM searches.
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Abstract
Physical phenomena that are unexplained by the Standard Model (SM) of particle physics,

are the subject of the area of research known as physics Beyond the Standard Model

(BSM). BSM physics contains many Dark Matter (DM) theories which have emerged;

from particles such as axions, neutrinos, and Weakly Interacting Massive Particles (WIMPs),

to primordial black holes and others.

The range of experiments at the frontiers of research are equipped to probe model

parameter space with different sensitivites. The energy frontier, exemplified by the Large

Hadron Collider (LHC), reaches the TeV energy scale and beyond. The intensity frontier

looks for rare processes and precision deviations. The cosmic frontier searches astrophys-

ical data. Some rely on invisble signatures, and some require visible SM decays of DM.

There is a great deal of experimental complementarity, and cross-frontier collaboration

needs to be prioritized.

Minimal WIMP based models within the reach of current experiments are presented.

The model benchmarks allow for the comparison of limits on the ability to constrain

model parameters, to be made between experiments.

These limits can be scaled between different couplings within a model, or even between

models, provided that only the cross section varies and is known in each case. Limits

set for more general vector models could be scaled to dark photon limits, the possibility

of which is discussed. The acceptances are confirmed to be the same between the two

models considered in this paper.

Thermal relic bounds are also imposed, and comparisons are made for each model in

an appropriate plane on the y-axis known as the yield parameter. In addition, a heat map

approach to plotting the Dark Matter and mediator masses is presented, with a focus

on the minimum coupling limit imposed by the relic density. This approach facilitates

visualization on one plot the viable regions of mass-mass parameter space in order not

to overproduce DM, for each model considered.

A brief outlook is given on the current state of cross-frontier collaboration, in a number

of efforts, all with the aim of exploiting complementarity in DM searches.
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1 Introduction

1.1 The Standard Model

‘Extremely successful’ would be a valid way to describe the predictions made by the

current physical model of fundamental elementary particles and their interactions: the

Standard Model (SM).

All known matter is made up of fermions, which have half integer spin and obey Fermi-

Dirac statistics. This means that they obey the Pauli exclusion principle; one fermion

cannot occupy the same quantum state as another. Fermions interact by exchange of

bosons ; particles with integer spin, which obey Bose-Einsten statistics and are able to

occupy the same quantum state. Nature’s fundamental forces are mediated by Bosons.

The list of fermions is comprised of Quarks and Leptons, each of which contain six

flavours. The whole set of SM particles is shown in Figure 5.1 in Appendix A. The list of

bosons includes gauge bosons with spin one, and scalar bosons with spin zero. The only

known scalar boson currently is the Higgs boson, which is the excitation of the Higgs

field, responsible for breaking electroweak symmetry, and endowing the weak interaction

bosons with mass.

The fundamental interactions of the SM, in decreasing order of coupling strength,

and at energies below electroweak symmetry breaking, are: the strong force of Quantum

Chromo Dynamics (QCD), which is mediated by the massless gluons between quarks, and

also between gluons themselves; the electromagnetic interaction mediated by the photon,

which is described completely by Maxwell’s equations; the weak interaction mediated by

three massive bosons, W± and Z0, which can cause quarks to change flavour. Above

the energy of electroweak symmetry breaking, the latter two forces are unified into one

fundamental force, characterised by three W bosons and the B boson. The Higgs mech-

anism is responsible for breaking this symmetry, resulting in the SM photon and the Z0,

which are mixtures of the W 0 and the B states. The remaining W ’s become the W± of

the weak interaction.

Notably absent is the weakest force; gravity. Any particle nature of gravity currently

lies beyond the Standard Model.
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1 Introduction

1.2 Beyond the Standard Model

Successful though it is, the SM has proven itself ultimately incomplete. The relentless

confirmation of the model’s predictions since its origins in the mid 50’s, has served to

consistently validate the SM. But it is not perfect.

The term was supposedly first coined in Physical Review Letters in 1975[1] (though it

has also been claimed, by Steven Weinberg[2], that he used it a couple of years earlier).

However, the origins of the model stretch back to earlier in the century; perhaps to

1954 when Yang and Mills proposed an extension of gauge theory from Quantum Electro

Dynamics (QED) in order to explain the strong interaction [3]. Perhaps even to decades

before that, when Quantum Field Theory (QFT) first began to emerge.

Arguably the SM’s most famous recent success was the discovery of the Higgs particle

in 2012; first postulated by Peter Higgs in 1964[4]. This successful observation was

dependent on a particle collider such as that available at the LHC, able to reach the

necessary Centre of Mass (CoM) energy and integrated luminosity required to discover

the Higgs boson. After more than half a century of being a theorized member of the SM,

the Higgs was finally solidified among the other observed particles in the model.

Another demonstration of the model’s competence, is the remarkable agreement be-

tween the SM prediction of the electron magnetic dipole moment, arising from the spin

and charge of the electron[5], and its experimental measurement[6], to within one part

per trillion.

As is very well known, the Standard Model is not a complete theory of nature. It is

deficient in its ability to answer a number of questions that nature has posed. Models that

can explain these deficiencies are described under the catch all term of physics Beyond

Standard Model (BSM), and a prominent aspect of BSM physics is the subject of this

work.

Among many other features of our universe not explained by the SM, such as the

asymmetry between matter and anti-matter[7], neutrino masses[8], the anomalous mag-

netic moment of the muon[9], and the mystery of Charge-Parity (CP) symmetry preser-

vation within Quantum Chromo Dynamics (QCD)[10], the largest discrepancy between

SM theory and experimental observation is probably its inconsistency with general rel-

ativity; Einstein’s general theory of gravitation. This description of gravity surpassed

the accepted mathematics of Newton, and though the SM lacks any particulate or quan-

tum field description of gravity[11], general relativity continues to prove itself as the best

model for gravitational interaction.

Along with the success and reliability of general relativity in explaining cosmological

observations; from the prediction and recent imaging of black holes[12], to the prediction

and measurement of gravitational waves by the Laser Interferometer Gravitational-wave

Observatory (LIGO)[13], gravity has also indicated to us that the majority of matter in

the universe is not any part of the Standard Model at all. Without any electromagnetic

illumination, it appears to interact only gravitationally; hence the name Dark Matter.
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1 Introduction

1.3 Dark Matter

Cosmological observations point to the existence of Dark Matter as a gravitationally

interacting material. In 1933, Fritz Zwicky observed anomalous behaviour among the

Coma cluster of galaxies[14]. In Newtonian mechanics, the virial theorem relates the time

averaged kinetic energy of a mechanical system of particles, such as stars in a galaxy, to

a common central force such as gravity, defined by the gravitational potential.

Figure 1.1: Estimated matter-energy con-

tent of the universe.[15][16]

The total gravitational potential en-

ergy in the Coma cluster is determined

by its total constituent mass. Zwicky dis-

covered, from the redshift of galaxies to-

ward the cluster’s edge, that the average

velocities exceeded those predicted by the

theory. He concluded that there must be

some mass hidden from view, which he

called dunkle materie, or “Dark Matter”.

Even earlier than Zwicky’s work, in 1930,

the Swedish astronomer Knut Lundmark

had concluded that additional mass was re-

quired to explain galactic rotation curves,

even calling it ’dunkle materie’. However,

this would unfortunately be lost to history, leading to Zwicky being recognised as the

pioneer of the term. This may be partly due to the fact that Lundmark stopped short of

suggesting it may be a new kind of matter.

Based on the stellar velocities, this unseen matter must be contributing the majority

of the galactic mass to the cluster. The current estimate (c. 2013 [16]) is that Dark

Matter comprises approximately 26.8% of the total energy density of the universe, and

matter 4.9%; a ratio of ≈ 5.5 : 1. The remainder is Dark Energy; a separate phenomenon

which accounts for the accelerated expansion of the universe.

Zwicky’s Dark Matter observations were reinforced by Vera Rubin and Kent Ford in

the 1970’s, when they measured the orbital speeds of spiral galaxies, which became known

as the Galaxy rotation problem[17]. It’s a problem because the orbital velocities would

be expected to decrease with radius, as the luminous matter density decreases, since the

concentration of luminous matter is highest toward the centre of a galaxy. Contrary to

expectation, the outer star velocities were measured to be just as high as stars closer to

the luminous centre; much higher velocities than expected, and too large for the galaxies

to remain intact as they were, demonstrated in Fig. 1.2. Rubin and Ford concluded that

the observed surplus of gravitational potential implied an approximate six to one ratio of

dark mass to luminous mass. This Dark Matter concentration is distributed in a region

that spreads far beyond the boundary of the visible galactic matter, often referred to as

a Dark Matter Halo.

Further confirmation of this extra galactic mass came in the form of gravitational

lensing measurements (see Fig. 1.3). As spacetime curves due to the presence of mass, the

paths of light also become curved in this so called lensing effect around massive objects.
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Figure 1.2: Mean radial velocities of the M31

galaxy superimposed on the image from Palomar

Sky Survey. Triangles indicate velocities from

radio observations. Rotation velocity remains flat

beyond the visible region which implies that the

total mass is increasing with radius, indicating

Dark Matter presence.[18]

Figure 1.3: Image of 1E 0657-558

‘bullet’ cluster in X-ray. Color

map shows the visible baryonic

mass, which is misaligned with the

green contours, which show the

mapping of the actual

gravitational centres according to

lensing measurements.[19]

This provides a method to measure the curvature, and therefore the gravitational mass,

of an intervening object like a galaxy, which has shown the same discrepancy between

luminous and non luminous Dark Matter[20]. All that is currently known about Dark

Matter is from gravitational evidence and related astrophysical observations. While Dark

Matter is not (yet) a member of the Standard Model of particle physics, it is an accepted

component of the standard cosmological model.

1.4 Experiments

The experiments most relevant to this thesis are primarily the Compact Muon Solenoid

(CMS)[21] at the LHC[22], and the Light Dark Matter Experiment (LDMX)[23], which

is undergoing its first beam testing at the LHC at the time of writing.

ATLAS[24], or ‘A Toroidal LHC Apparatus’, is an experiment designed to exploit

the full potential for discovery at the LHC at CERN. The LHC, currently the world’s

highest energy particle collider, was built from 1998 to 2008 when it first started up. The

27km ring of superconducting magnets is used to accelerate beams of charged particles

in opposite directions, steered toward four collision points, each of which are surrounded

by sensitive detector material. Along with ATLAS and CMS, the other experiments are

LHCb(beauty)[25], and A Large Ion Collider Experiment (ALICE)[26]. ATLAS measures

the output of collisions, and is sensitive to the primary signature of Dark Matter discussed

in this work; missing transverse momentum in the presence of an energetic monojet [27].

ATLAS is complemented by CMS measurements, which has similar sensitivity [28].

LHCb and ALICE are not strictly relevant for Dark Matter searches in the context

of this paper. ALICE, as the name suggests, uses heavy ion beam collisions such as

lead-lead nuclei to focus on Quark Gluon Plasma (QGP), which relates to the physics of
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1 Introduction

the strong interaction. LHCb focuses on bottom-quark or beauty-quark physics, which

is distinctive because b-quarks are significantly heavier than all other quarks except top

quarks. Their transitions to other flavours are also heavily suppressed, which gives them

a distinctive lifetime and allows for b-tagging of collision event products. LHCb is used

to study CP violation which is inherent in B-meson decays.

LDMX is a smaller scale experiment than ATLAS, consisting of a very precisely

tracked electron beam impacting on a fixed tungsten target. While it is undergoing

beam tests at CERN at the time of writing, it will conduct its future data taking at the

Stanford Linear Acclerator Center (SLAC); its final operating location. According to the

report [23], each ‘bunch’ of electrons consists of only one or two electrons, delivered at

a rate of approximately 40 MHz, corresponding to one every 20ns, and the beam energy

ranges from 4 - 16 GeV. If an invisible Dark Matter mediator is produced, the electron

will recoil with a corresponding quantity of transverse momentum, leading to a missing

energy signal in the detector. This experiment is complementary to ATLAS because of

its high luminosity, sensitivity to lower couplings and its resulting ability to probe rarer

interactions.

1.5 Research frontiers and complementarity

Figure 1.4: Physics reach and

complementarity between intensity and

energy frontiers.[29]

Figure 1.5: Sub-GeV Dark Matter

detection sensitivity by material. Solid

lines represent current experiments,

dashed lines represent materials being

considered for future experiments; greyed

out lines are long term considerations.

[30]

The separate experimental frontiers of particle physics research, which is a catego-

rization established by the Snowmass [31] community, are configured to probe different

but complementary areas of parameter space (Figure 1.4). Parameter space refers to

the complete set of parameter value combinations which define a specific model. For

example, all combinations of mass and coupling values which are free parameters in a

model, define the parameter space of that model. Experimental reach within this space is
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limited, and to probe a range of parameters requires experiments from different frontiers,

with different capabilities. Prominent examples of these frontiers are:

• Energy frontier: Colliders such as the LHC can detect processes at the TeV energy

scale and beyond. A future example is the Future Circular Collider (FCC)[32] .

• Intensity frontier: Rare processes and deviations in precision measurements are ac-

cessible to experiments in this category, for example accelerators with fixed targets

such as LDMX.

• Cosmic frontier: Conducting experimentation without the need of a man made

accelerator, the cosmic frontier probes astrophysical and cosmological data to po-

tentially detect Dark Matter directly (See Direct Detection).

Detection strategies for DM are designed differently by each frontier. Characteristics

of Dark Matter behaviour at a collider experiment can vary, producing different kinds of

visible or invisible signals (see Fig 1.6). At higher energies, heavier particles such as the

Higgs can be produced, but lighter or much more weakly coupled particles are harder

to detect. Experiments with higher intensity beams allow for the probing of feebler

couplings and rarer processes than the energy frontier. Cosmic frontier experiments can

then complement these by detecting naturally occurring Dark Matter interactions from

the cosmos, confirming any Dark Matter observations made within experiments from

the other frontiers. Experimental methods to cover all possibilities fall into four main

categories:

• Direct detection: Primarily occuring underground, direct detection experiments

aim to directly measure elastic or inelastic interactions with DM (Fig. 1.6 b).

Measuring the elastic recoil energy from a nuclear collision is more challenging at

low DM mass. Available sources such as Dark Matter Halo particles typically move

at non relativistic speeds. Recoil measurements are done by measuring the angle

of a recoiling particle’s track in a detector, so low mass DM particles have kinetic

energy too low for the recoil to be measured. Inelastic interactions can be more

sensitive by the use of scintillation or ionization methods. See Figure 1.5 [30] for

examples of detection materials.

• Indirect detection: Measurement of the possible Dark Matter annihilation to SM

model particles (Fig. 1.6 a). Cosmic frontier examples include the observation of

satellite galaxies of the Milky Way by the Fermi Large Area Telescope [33], which

can yield low background gamma rays from DM annihilation.

• Particle colliders: Heavier DM particles could be produced up to TeV scale from SM

collisions, possibly through a heavy mediator/portal particle (Figure 1.6 c,d) decay-

ing visibly or invisibly. For invisible decays to DM particles, the experiment looks

for missing transverse energy Emiss
T , in conjunction with an Initial State Radiation

(ISR) monojet (Figure 1.7).
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• Fixed target: Experiments comprising of a linear accelerator and a fixed target,

or beam dump, enable particle acceleration without concern for bremsstrahlung

associated with curved paths. A relevant example of this is LDMX, which closely

tracks accelerated electrons impacting on a fixed target.

Figure 1.6: Diagrams showing the primary detection methods of DM interactions; (a)

Indirect detection-Production of SM particles directly by DM annihilation, (b) Direct

detection-Scattering between DM and SM particles, (c) DM production through annihi-

lation of SM particles, (d) DM production through a resonance from SM collisions, with

visible and invisible mediator decay. [34]

There are multiple potential reasons that we have not yet observed particles beyond

the SM. Perhaps these particles are so heavy, and require higher centre of mass collision

energy to be produced, which is clearly the remit of the energy frontier. Perhaps the

difficulty lies in how feeble the interactions of the particles are, which requires the high

luminosity approach of the intensity frontier. In any case, cosmic frontier experiments

can validate that particles created in the lab do correspond in reality to cosmological

DM. It is clear that these areas of exploration are complementary to each other.

Figure 1.7: Diagrams representing the leading order processes for a vector mediator

decay at a collider experiment. Invisible decays, when the mediator decays to invisible

DM(left), utilise an ISR monojet in the final state. Visible decays, when the mediator

decays to SM particles(right), lead to searches for dijets in the final state. Couplings are

shown between mediator and SM (gq, gl) and between mediator and DM (gDM).

Illustrating the complementarity of experimentation can be achieved by showing ex-

periments from different frontiers on the same plots. This can highlight the exclusion

potential and sensitivies of different experiments to certain Dark Matter models. Achiev-

ing a more complete picture in this way will help communication between frontiers, and

assist in the future prioritization of particle physics science goals. In my case, I have

focused primarily on simplified vector mediated models, specifically dark photon bench-

marks, described in Section 2.4.
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1.6 Community planning; Snowmass and iDMEu

To facilitate the development of experiments, and to direct public funding, decisions

inevitably need to be made to prioritize some search endeavours over others. The Particle

Physics Community Planning Exercise, or ‘Snowmass’, named after the location in which

it is held, is an event held by the Division of Particles and Fields of the American Physical

Society to define the most important questions in particle physics.

Originally conceived in 1982, the original mission statement was to: “Assess the future

of elementary particle physics, to explore the limits of our technological capabilities, and

to consider the nature of future major facilities for particle physics in the U.S.”[31].

Subsequent events were held in 1984, ’86, ’88, ’93, ’96, and in 2001 with >1200 attendees.

The ‘Community Summer Studies’ were held in 2013 and planned again for 2021 (but

delayed until 2022; the year of writing). The conference has been slightly adjusted to

include ”international partners” but the aims remain the same.

Figure 1.8: General process timeline for

Snowmass 2022.

After the analyses and discussions have

been conducted, the final output of this

process will be a summary book at the end

of 2022, comprised of summarized reports

generated from each experimental frontier.

Several rounds of contributed whitepapers,

by smaller sub groups from each frontier,

convened with specific research goals in

mind, contribute to the final output report

for each frontier. This is then presented to

the Particle Physics Project Prioritization

Panel (P5), which takes the overall scien-

tific input and develops the final strategic

10-year plan for U.S. particle physics, with

a view to a 20-year global vision for the

field overall.

I have primarily been working within

the high energy collider focused snowmass

group ‘EF10 - BSM: Dark Matter at col-

liders’, which at the time of writing was co-convened by my supervisor Dr. Caterina

Doglioni (Lund University), Prof. LianTao Wang (University of Chicago) and Prof. An-

tonio Boveia (Ohio State University). This group aimed to address the complementarity

aspect of collider searches with respect to other probes. Out of a number of whitepapers

in this group, the two that I have contributed to so far are related to the following letters

of intent:

• LOI #21: Displaying Dark Matter constraints from colliders with varying simplified

model parameters [35]

• LOI #34: Summarizing experimental sensitivities of collider experiments to Dark

Matter models and comparison to other experiments [36]
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Additionally of interest and relevance, there is LOI #150: Dark Matter Complementarity

[37], with the goal to illustrate how future searches for WIMP and light Dark Matter are

complementary across frontiers over the next decade.

An initiative relevant to this work is Physics Beyond Colliders (PBC). PBC has

the stated goal of “exploratory study aimed at exploiting the full scientific potential

of CERN’s accelerator complex and scientific infrastructures through projects comple-

mentary to the LHC and other possible future colliders.” [38]. ‘Complementary to the

LHC’ in this context refers partially to the intensity frontier of accelerator and fixed

target experiments.

Another community effort conducted in Europe, on a smaller scale and with a focus

on Dark Matter specifically, is the initiative for Dark Matter in Europe and beyond

(iDMEu)[39]. Their mission statement is: “Toward facilitating communication and result

sharing in the Dark Matter community”. As already discussed, the Dark Matter research

community is diverse, and constraining these phenomena requires broad cross frontier

discussions to be most effective. It is crucial to create a permanent online platform for

sharing and collaboration, if we are to uncover particle evidence for Dark Matter, beyond

the astrophysical observational evidence that we have.

To that end, I also began work to briefly review the current state of dark photon

experiments, the focus of this work, tabulated for the iDMEU website, and included in

section 4.2 of this thesis. This work will be continued as part of a future student project

at Lund University.
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2 Motivation

2.1 The convenient WIMP

The questions surrounding Dark Matter; where it came from, how it interacts, whether it

is particulate in nature, all still require answers. Could Dark Matter interact with normal

matter at all? Were they coupled somehow at some point in universal history?

Figure 2.1: Dark matter density as a func-

tion of universal thermal expansion. The

solid line is equilibrium density. Dotted

lines are frozen out relic density for differ-

ent energy-averaged self annihilation cross

sections < σAv >. v is the relative veloc-

ity of a DM pair. Region I: annihilation

rate = production rate. Region II: produc-

tion rate ceases. Region III: annihilation

ceases.[40][41]

Within the framework of Thermal Relic

Dark Matter [42], the processes that pro-

duce and annihilate Dark Matter were

happening at equal rates in the early

universe, and the total amount of DM

was unchanged (Region I in Figure 2.1).

Similar to the principle of photon de-

coupling which occurred approximately

300, 000 years after the Big Bang and led to

the Cosmic Microwave Background Radia-

tion (CMBR), the expansion rate reached a

point where Dark Matter interactions be-

came decoupled from the rest of the uni-

verse. At a certain point, the temperature

of the early universe fell below the mass

of the Dark Matter, leading to production

being kinematically prevented.

As Dark Matter continued to annihilate

with itself with a cross section σ, the cor-

responding rate of annihilation is given by

σv where v is the relative velocity of each

DM particle pair. As annihilation ocurred,

the DM number density would drop (Re-

gion II in Figure 2.1).

Separation between particles would

eventually prevent annihilation processes

from ocurring, ‘freezing out’ the abun-

dance at a constant level (Region III in Figure 2.1). This leaves what is referred to

as the relic abundance, which is inversely proportional to the annihilation cross section

10



2 Motivation and Theoretical Background

since a higher cross section would lead to more Dark Matter annihilating away.

The weak scale usually refers to particles that are comprised of anything from a few

GeV in mass to TeV mass scales, with a coupling strength similar to that of the weak

interaction. The so called WIMPs (Weakly Interacting Massive Particles) are a long

standing candidate for Dark Matter, due to the fact that they naturally freeze out in the

range of the relic density that we observe today. This convenient fact is usually referred

to as the ‘WIMP miracle’. More accurately, the use of the word ‘weak’ in the name refers

specifically to the weak coupling. This can be extended to even feebler couplings by the

term FIPS ; Feebly Interacting Particles. Below the GeV scale, Dark Matter canditates

can still be considered WIMPs by definition, but are usually referred to as Light Dark

Matter.

Calculating the relic density of theoretical models can provide a bound on the pa-

rameter space of simplified models for Dark Matter interactions. If a given model over

produces Dark Matter leading to too much relic abundance, it is unlikely that the model

in question is an accurate description of reality, unless other early universe mechanisms

are in place. If a given model under produces DM, it could still be valid part of a

deeper and more complicated description, so the limit at that point still provides a valid

constraint on the model. See Section 3.3 for more detail.

2.2 Searching for darkness

More and more, we hear that WIMPs are becoming less and less likely to be the main

component of Dark Matter. This is because more of the mass parameter space continues

to shrink as experimental data is produced and analyzed, and certain parameter ranges are

excluded. Alternative answers to the Dark Matter question are far reaching. One solution

could be what is called hot Dark Matter, so called because its particles are extremely low

mass, and relativistic as a result. An abundant particle fitting this description, as well as

having the required characteristic of being weakly interacting, is the neutrino. Hot Dark

Matter has become less popular due to problems arising during the structure formation

of the universe. The galactic distribution across the universe now is likely due to the

clumping of small density fluctuations in the early universe; fluctuations which would

be prevented by the relativistic nature of neutrinos. SM neutrinos have been ruled out

by simulations on the basis that galactic clustering cannot be reproduced [43], and it is

generally accepted that if hot Dark Matter makes up any measurable proportion of the

observed abundance, it is a low proportion.

Cold Dark Matter on the other hand, covers a wide range of possibilities, including

WIMPs, primordial black holes, and axions. This theory is consistent with galactic

clustering, and lends its name to the Standard Model of cosmology, knows as the ‘Λ-CDM’

model.

Primordial black holes, so called because these black holes theoretically formed in

the very early universe, also provide an alternative explanation. However, gravitational

lensing measurements from supernova observations have constrained these tightly enough

to conclude that, like hot Dark Matter particles, if they do contribute to the overall Dark

11
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Matter density, it is not by much[44].

Axions are theoretical particles which go beyond the question of Dark Matter in

physics, because they were postulated to address the strong CP problem. This is the name

given to describe the fact that QCD should, according to quantum field theory, permit the

violation of charge conjugation (C) and parity (P) symmetries in its interactions. This

violation has never been observed in any QCD interaction, but there are no apparent

reasons why this should be the case. In 1977, Peccei and Quinn proposed that the CP

violating term in the QCD Lagrangian, Θ, could be treated as a quantum field. This

helped by removing the need for a fine-tuned parameter in the SM, which had been

experimentally constrained to near zero, at the expense of having a new scalar particle

resulting from excitations of this field. This particle is the axion. This is known as

the Peccei-Quinn mechanism[45], and the symmetry under which the new scalar field is

charged is known as the PQ symmetry. The axion is as yet undiscovered, but provides a

strong candidate for Dark Matter.

However, due to the aforementioned ‘miracle’ that WIMPs reproduce the observed

relic density, as well as the facts that WIMPs are predicted by other extensions to the

SM such as Supersymmetry, and that the WIMP mass parameter space is in the range

of our current experiments, they still remain one of the top candidates.

There are different mechanisms, or portals, for the SM particles to interact with the

space of Dark Matter states, often referred to as the dark sector. It is advantageous to

prioritize the simplest possible models for these mechanisms, in order to make optimal

use of the parameter space that is experimentally accessible.

The thermal relic abundance provides a bound against which the parameter space

for a given model can be constrained. In a simplified thermal relic model, the early

universe interaction mechanisms between SM particles and DM particles are assumed

to be simple. If a region of mass parameter space requires the couplings between SM

particles and the DM mediator (gq, gl, recall Fig. 1.7 in Section 1.5) to be very large in

order not to over produce according to the observed relic abundance, then perhaps those

mass combinations should not be prioritized, because they point to a more complicated

interaction relationship. I will present a discussion of this in Section 3.3. If the relic

abundance is not met, and Dark Matter is under produced for certain parameters, this

could be due to the richness of the dark sector in reality, and is not grounds for excluding

those coupling values.

While complicated models of the dark sector can be more tightly constrained by

experimental results, this is at the expense of this ease of comparison between experiments

and frontiers. It is necessary to work inside a common theory framework, for example

that of simplified models, and this can be utilized to compare results more easily.

2.3 Minimal models

The simplest experimental DM signal that could be expected at a collider such as the

LHC, is a large amount of missing transverse energy from the DM particles escaping the

detector, Emiss
T , recoiling against a single final state jet, known as a monojet. Missing

12
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momentum signals like this rely on the conservation of momentum, which in the initial

state of the colliding protons was zero in the direction transverse to the beam. The non

zero transverse momentum of the final state monojet therefore indicates potential Dark

Matter candidates recoiling with the equal and opposite transverse momentum. Recall

that the diagram for this process was presented in Section 1, Fig. 1.7.

During runs 1 and 2, the LHC’s ATLAS and CMS experiments have amassed a wide

range of data on these “mono-X” final states, which cover a lot of different SM particles,

and which correspond to the decay of newly proposed, weakly coupled mediators. These

mediators are part of a common set of simplified models recommended by the LHC Dark

Matter Working Group (DMWG), formerly the Dark Matter Forum [46], to be used

to compare standardized results between experiments. Minimal models are in between

Effective Field Theories (EFTs), which are approximations without a mediator (Fig. 2.2),

and a complete theory like the Minimal Supersymmetric Standard Model (MSSM), which

actually proposes a WIMP in its framework. The addition of a mediator to the model

adds one more dark sector particle to an EFT, and one layer of complexity.

Figure 2.2: Diagram showing an EFT for a

WIMP model (top) and the addition of a me-

diator (bottom) to make a simplified model.

ε is the mixing parameter between the pho-

ton A and the dark photon A′. X could be

SM (visible) or DM (invisible) decays.

The primary simplified models in this

context contain two particles additional

to the SM; the Dark Matter is a Dirac

fermion, which interacts with the SM via

a heavy spin-1 mediator. Five free param-

eters then characterize a given model: DM

mass mDM , mediator mass mmed, coupling

to quarks gq, coupling to leptons gl, and

coupling to Dark Matter gDM . These pa-

rameters determine the rate of the medi-

ator production in proton collisions, the

relevant decay rates and branching ratios,

and the kinematic distributions of the sig-

nals from Monte Carlo (MC) event sim-

ulations. These models aim to set limits

on parameters that are most accessible by

current experiments.

The term benchmark refers to a frame-

work of model parameters such as coupling

and mass combinations, for which an ex-

clusion sensitivity limit is determined for

a set of generated events. The limits for a given set of couplings can then be rescaled

to another set, differing only in cross section, if the cross section for the other signal is

known. This requires analytical approximations for the cross sections of a certain set

of couplings within a model, but leads to an ease of comparison between results from

different sources, without the need for generating monte carlo events for every signal,

which would become prohibitively resource heavy. It has been the remit of the DMWG

to determine the optimal strategies for interpreting and reporting results from LHC, for

comparison with other experiments.
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As well as a spin-1 vector mediated model, other minimal benchmarks outside of the

scope of this paper include an axial-vector mediator, also spin-1, and spin-0 mediated

models where the couplings are scalar or pseudoscalars. Depending on the model, the

Dark Matter itself could be a pseudodirac fermion or a majorana fermion, with spin-1
2
,

or it could be a spin-0 scalar or pseudoscalar. Majorana refers to the particle being its

own antiparticle. Each of these Dark Matter types yields a slightly different thermal

relic density target. This discussion will focus on Dark Matter of the psuedodirac kind,

meaning that if antiparticles exist for the DM, they theoretically should have half integer

spin.

Scalar and vector particles are named that way because they transform under a specific

representation of the Lorentz group, which is comprised of boosts and rotations. A scalar

transforms under the scalar representation, and a vector under the vector representation,

and so on. Pseudo in this context refers to a particle or quantity’s behaviour when it

undergoes transformations. An example is the magnetic field vector, ~B, which undergoes

a sign change when it is reflected. It is therefore in actuality an axial or pseudo vector.

These LHC simplified models only contain couplings between the mediator and SM

fermions, and mediator to DM fermions. There is a single coupling to quarks gq and a

separate coupling to leptons gl [46]. In this discussion, the coupling to leptons gl will be

neglected. ATLAS and CMS have tightly constrained the bounds on these models from

dilepton searches for any gl > 0; setting the coupling to leptons to zero avoids this.

The interaction Lagrangian for a general vector mediated model coupling only to

quarks is shown in Eq.2.1[47], where the mediator is denoted by Z ′, and the Dark Matter

by χ.

Lvector = −gDMZ ′µχ̄γµχ− gq
∑
q

Z ′µq̄γ
µq (2.1)

The gamma matrices γµ manifest as a result of first interpreting the standard Schrödinger

equation, which describes the wave functions of non relativistic particles, but in terms

of the relativistically invariant relationship between energy and spatial momentum. This

leads from the free Schrödinger equation (Eq.2.2) to the Klein-Gordon equation (Eq.2.3),

which describes relativistic scalar fields; that is, fields which transform as singlets under

the Lorentz group of boosts and rotational transformations. One further step, proposed

by Dirac in 1928 [48], was to try to find an equation which was linear in spatial and time

derivatives, and did not require the particle to be a scalar (φ), so that it would also apply

to fermions (ψ) with half integer spin.

i
∂φ

∂t
= − 1

2m
∇2φ (2.2)

(∂µ∂µ +m2)φ = 0 (2.3)

(iγµ∂µ −m)ψ = 0 (2.4)

Dirac added four unknown constants into his template equation, linear in its deriva-

tives, and noted that applying its operators twice yielded an equation of the form of the
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Klein-Gordon equation. He used this to constrain his unknowns, and from this the four

4× 4 Dirac or γ-matrices emerged, constructed from arrangements of the Pauli matrices

(σi). The exact form depends on the basis in which the matrices are expressed. The

two common bases are, first, the mass basis, which is appropriate to use in conjunction

with fermions represented by spinors; that is, their spin state. Secondly, the Weyl basis,

which is only slightly different, simplifies the expression of the fermions in their chiral

basis. That is, when distinguishing the left chiral and right chiral projections of the

fermion states. The weak interaction couples only to left-chiral states, so nature actually

distinguishes matter in the Weyl basis.

The Lagrangian density term in Eq. 2.1 for the vector mediated coupling to the quark

states will yield the appropriate equation of motion corresponding to the wave equation

expressed by Dirac in Eq.2.4. The γ matrices are expressed below, first in the mass basis

(Eq. 2.5), and then in the Weyl basis (Eq. 2.6).

γ0 =

[
1 0

0 −1

]
, γi

[
0 σi

−σi 0

]
(2.5)

γ0 =

[
0 1

1 0

]
, γi

[
0 −σi
σi 0

]
(2.6)

The decays of the mediator are therefore shared between decays to Dark Matter χ

and decays to quarks. Eqs. 2.7 and 2.8[47] give the expressions for the mediator’s partial

widths. Patial widths are proportional to the branching ratios; the number of decays

which happen by a particular decay mode, as a fraction of the total decays. The ∆z’s

refer to the mass ratio for each particle compared to the mediator; either
m2
DM

m2
med

or
m2
q

m2
med

.

For these decays to be kinematically possible, the mass of the decay products, quarks or

Dark Matter, are constrained by the conservation of energy such that mmed ≥ 2mDM,q.

Γχχ̄vector =
g2
DMmmed

12π
(1− 4∆zDM)

1
2 (1 + 2∆zDM) (2.7)

Γqq̄vector =
g2
qmmed

4π
(1− 4∆zq)

1
2 (1 + 2∆zq) (2.8)

2.4 The dark photon

In a basic vector mediated model, the couplings to the SM are free parameters. In a

specific version of a vector mediated model, the mediator is known as the dark photon. In

this case, the coupling to the SM manifests as a result of mixing between gauge groups,

leading to an interaction term in the Lagrangian. Since the dark photon in this case

mixes in a well defined way with particles from the SM, such as the SM photon or the

Z-boson, the couplings to the SM are fixed. This is what differentiates the dark photon

from a more general vector mediator. The most common ways to refer to a dark photon

are as either A′, ZD or Z ′.

The current SM is described by the framework of QFT, in which it is fully repre-

sented by a Lagrangian. The gauge groups refer to transformation sets which leave the
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Lagrangian, and hence the kinematic behaviour of the model, invariant. The three dis-

tinct gauge groups whose transformations leave the SM Lagrangian invariant, are:

SU(3)× SU(2)× U(1) (2.9)

This product is a direct product, which in group theory means that the generators

of the groups do not mix. For example, the generators of the SU(3) operations, corre-

sponding to the gluon octet, do not mix with the weak hypercharge and weak isospin

generators of the unified SU(2) × U(1) group. Consider for example a quark, which is

a color charged particle corresponding to a triplet state under SU(3) transformations.

This means that they can oscillate between different distinct color states; red, green and

blue, depending on their transformation by the emission or absorption of a gluon, the

mediator of the color force. All other fields in the SM however, like the leptons and other

bosons for example, are singlets under SU(3). This amounts to the same thing as saying

that they are not colour charged; they are not charged under SU(3).

Above a certain energy, known as the electroweak scale energy, the latter two gauge

groups SU(2)×U(1) are united into a single symmetry known as electroweak symmetry.

The generators of this single symmetry group require four massless bosons, W1,W2,W3, B.

Since, in nature, we observe 3 massive bosons, the W+,W−, Z0, and one massless pho-

ton, associated with the separated weak and electromagnetic fields, something additional

is required to happen at the electroweak energy scale. This ‘something’ is the Higgs

mechanism, which is responsible for spontaneous symmetry breaking between these two

fields, known as electroweak symmetry breaking. This process leads the W1,W2 bosons

to acquire mass, and become the W+,W− bosons. It also leads to the W3, B particles

to be rotated, by the weak mixing angle θW , into becoming the states of the massive Z0,

and the massless photon γ. The photon of electromagnetism remains massless because

it, along with its associated unbroken U(1) symmetry, does not couple to the Higgs field,

and does not acquire any mass.

The dark photon has its name because it is analogous to the SM photon; it is the gauge

boson of a proposed new unitary gauge field, which is included instead of the regular SM

electromagnetic U(1) symmetry; U(1) → U(1)a and U(1)b. This gauge field has been

spontaneously broken by an interaction with a similar dark Higgs field, known as the

Hidden Abelian Higgs Mechanism[49], and it couples directly to the Dark Matter particle.

This fixes the SM couplings due to the mixing, and reduces the number of unknown

parameters to four; MDM , Mmed, gDM , and mixing parameter ε which describes to what

extent the new coupling is suppressed with respect to the electromagnetic coupling. The

mixing parameter ε is related to a θW -equivalent dark mixing angle θa by ε = sin θa, hence

the name mixing parameter.

The smaller the number of parameters in a theory about new physics, the more

effectively it could highlight new discoveries. Experimental discrepancies with the SM

should be more visible when observed in terms of a model with only a few unknown

parameters, and thus a smaller parameter space. The caveat is of course: nature may

not be so kind as to provide us, in reality, with a model containing few parameters.
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L = −1

4
FµνF

µν → −1

4
FaµνF

µν
a −

1

4
FbµνF

µν
b −

ε

4
FaµνF

µν
b (2.10)

L = eJµA
µ → L′ =

[ e′√
1− ε2

J ′µ −
eε√

1− ε2
Jµ

]
A′µ + eJµA

µ (2.11)

The standard kinetic term in the SM Lagrangian for the photon field, is expanded to

include an additional term corresponding to the second U(1) group (Eq.2.10)[50], and a

mixed kinetic term containing the field strength tensors for both photon fields. These two

new fields Ab, Aa are then rotated to diagonalize this kinetic term; they are rotated to

remove the mixed term so that it resembles a free field theory of two separate photon fields,

which yields the change to the interaction term shown in Equation 2.11[50]. A and A′

correspond to the SM photon, and the dark photon respectively. In this case, the dark

photon is considered to be massive, which forces the direct coupling of A′ to the SM

current in Eq. 2.11, allowing for the possibility of detectable signatures experimentally.

The Feynman diagram shown earlier, in Fig. 2.2, corresponds to the mixing between

these two photon states.

L′D =
[ e′√

1− ε2
J ′µ −

eε√
1− ε2

Jµ

]
A′µ (2.12)

=⇒ L′D → L′′D =
[ e′√

1− ε2
J ′µ −

eε√
1− ε2

Jµ − e′εZ
2 cos θW

JNCµ

]
A′µ

Consider now that the extended U(1)D gauge field instead mixes kinetically with the

unitary weak hypercharge group U(1)Y from before the electroweak symmetry was broken

by the Higgs. This leads to a more general dark photon model in which A′ also couples to

the Neutral Current (NC) of the Z boson in the SM. This is shown in Eq. 2.12[50][51][52],

where εZ is a mixing parameter with the Z boson, which is treated separately to the photon

mixing. Since the weak mixing angle θW determines the Z boson and photon states from

the W3 and B states at the point of electroweak symmetry breaking, it also factors into

this coupling with the dark photon.

In a dark photon model such as this, the couplings to the SM are restricted by the

fixed couplings within the SM itself. The fixed couplings between the Z and the quarks

and leptons of the SM indicate that the dark photon couplings are also fixed.

2.5 Model simulation and jets

To make comparisons between models, and determine how results can possibly be trans-

lated between them, it is necessary to generate events using Monte Carlo (MC) simulation

methods, in order to examine how the signals are distributed in different cases.

The MC event generating package used in this work was MadGraph5 (MG5) [53],

which is a general package containing the ability to simulate data for a variety of BSM

models. MG5 generates stochastic collision events between partons, in this case for

proton collisions like those at the LHC, after taking the Lagrangian of a given model as
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an input. The Lagrangian determines the applicable Feynman diagrams, and associated

matrix elements which determine the scattering amplitudes, for each process. MG5 can

interface with Pythia8 [54], via a package called MadAnalysis5 (MA5) [55], to create

showers at the parton level, and then hadronize them into jets. Detector simulation is

then conducted using, for example, a package such as DELPHES [56], which smears the

event at hadron level to some extent to simulate the detector effects, after which the event

can be reconstructed. MG5 is capable of outputting plots of different kinds depending

on how it is steered; its output format (.hepmc files) can also be passed to an analysis

package, such as RIVET [57], for a wide range of analysis requirements. These .hepmc

files are event files, which list all the details of simulated collision events, and are of a

standard format in the world of high energy physics, for MC event generator outputs.

RIVET is a toolkit aimed at the preservation of all analysis code associated with

collider physics. It is comprised of a growing set of experimental analyses, and it imple-

ments a faster ‘smearing and efficiency’ approach distinct from that of DELPHES, used

by Madanalysis, which models detector geometry and particle-material interactions [57].

Figure 2.3: Basic

flow diagram of

simulation

procedure, from

inital scatter to

detector simulation.

Figure 2.4: General schematic representation of Monte Carlo

event generators for proton proton collisions, highlighting the

hard scatter of partons, and the subsequent hadronization.

Original image from Sherpa MC event generator [58].

The general progression is shown in Fig.2.3, which encapsulates on a very basic level

all that is seen in a hadron collision. The underlying event refers to everything ‘else’; that

is, all that is not coming from the primary hard scatter between partons. This can include
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initial state radiation, which itself can hadronize into a jet detected in the experimental

setups.

Jets are groups of particles which are associated experimentally with a common start-

ing point, called a vertex, and are correlated within a roughly conical shape. Ideally,

particles in a jet can be idetified and grouped together so that they can be associated

with a single vertex from which their production began. This definition of a jet is applied

at different levels of the scatter: parton level, and particle level, which refer to before and

after hadronization. This is clarified in Fig.2.4 which attempts to illustrate the stages of

a proton collision, from parton hard scatter, to hadron jet detection.

The hard scatter is represented by the red central vertex. Running into this are two

of the partons from the beam protons, which are themselves represented by green ovals

on the left and right. The scattering is governed by QCD, and since gluons are self

interacting, they can emit additional gluons as well as creating qq̄ pairs, which leads to

parton showers, shown in red.

Figure 2.5: Strings representing a sepa-

rating qq̄ pair, illustrate how field energy

causes on shell pair production of additional

qq̄ pairs in between.

As the energy scale falls, hadroniza-

tion ocurrs when it becomes energetically

favourable for the vacuum between high

energy color charged particles, such as

quarks and gluons, to pair produce more

quarks due to QCD confinement. Since

gluons are self interacting, as the sepa-

ration between two high energy quarks

grows, the energy density also grows, con-

fining the field between them. The Lund

String Model [59] (Fig.2.5[60]) illustrates

how hadronization between two separat-

ing high energy quarks can confine the

showering partons into colourless hadrons,

grouped together in jets. The yellow lines

represent non vanishing fields between the quark pairs, and the conical shape of the jet

is evident between the two highest energy quarks on the far left and right.

To connect this back to the signal with which we are most interested in the context

of vector mediated Dirac Dark Matter models, consider again the diagram shown earlier

in Section 1 in Fig.1.7, illustrating the leading order final state consisting of a single

jet from an ISR gluon, if the mediator decays invisibly. In the process of interest, this

high energy gluon will pair produce quarks which will hadronize in the manner described

above. The calorimeters will measure the energy of the resulting high PT jet of hadronic

decay constituents, which will indicate a missing PT of equal magnitude and opposite

direction, corresponding to the invisible Dark Matter particles.

An event display for such a monojet event, is shown in Figure 2.6. The energy deposits

in the calorimeter layers are visible, and the angular distribution of the detected energy

deposition is shown on the right, forming one distinct peak.

Exclusions from monojet or invisible final states are kinematically constrained by the

fact that mmed ≥ 2mDM in order for the mediator to decay to invisible final states.
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This can be seen in Appendix A in Fig. 5.3 by the relegation of the associated monojet

exclusion regions to below the mmed = 2mDM line. The dijet final states, shown back in

Section 1.5 in Fig. 1.7, are not constrained by the kinematics in this way, as also reflected

in the mass-mass plot in Fig. 5.3. In that case, the kinematic constraint would come

instead from the quark masses.

Figure 2.6: The highest Emiss
T monojet event in the 2015 ATLAS data. A jet with

pT = 973 GeV, indicated by the green and red bars corresponding to the energy deposition

in the calorimeters, is balanced by a Emiss
T shown as the red arrow. [61].

A three jet final state is also feasible, which is a combination of the mono and dijet

signatures. An ISR jet could also be produced alongside a visible mediator decay mode,

much like in the case of the best evidence available for the existence of gluons. In that

case, since quarks are pair produced, a third radiated particle, the gluon, is required to

explain the third jet in such observations such as those made by the TASSO collaboration

at PETRA in 1979 [62].

In summary, experiments across different frontiers can be sensitive to different final

states, for example invisible or visible decays of a Dark Matter mediator. Tools from

multiple frontiers are required to complement each other in the constraining of model

parameters.
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The overall goal is to translate, or scale, current constraints on a vector mediated DM

model, obtained from monojet data at the LHC, to constraints on a dark photon model.

The LHC data spans the mediator mass range of 100 GeV to approximately 2 TeV. The

constraints are in the form of an upper limit on cross section; if the cross section of a

process is less than this limit, then the experiment is not sensitive enough to constrain

it. This can be referred to as a sensitivity limit.

The approach is to first reproduce the LHC limits with MC simulated events, using

a vector mediated model at leading order in MadGraph, and to obtain the expected

sensitivity to signal events using CMS data collected over the previous LHC run. This

value has the units of cross section, in pb, and can theoretically be scaled to an equivalent

cross section limit for a different set of initial parameters, or for a different model such

as a dark photon model. The CMS limits are first extended to the low mass range, down

to 10 GeV mediator mass, within the same vector mediated model. In order for the limit

to be scaled to a different model, the detector simulation acceptance must be equivalent,

so that the distribution of the missing energy does not differ in shape.

I have first demonstrated that, within the vector mediated model, altering the Dark

Matter type from Dirac DM to complex scalar DM does not change the shape of the

distribution. Following that, I demonstrate that changing between the vector and dark

photon mediated models in question, also does not alter the distribution shape, indicating

that the cross section sensitivity limits can be scaled between models. Other experiments

may require, for example, a DM type other than complex scalar DM within the vector

mediated model, and would then also require a similar analysis. I have included Dirac

DM to complex scalar just as an example.

3.1 Acceptance testing

The first MG5 model that I began simulating with is the FeynRules[63] simplified Dark

Matter model ‘DMSimp’[64], which includes multiple types of Dark Matter and mediator

particles. The Lagrangian for DMSimp contains spin-0 scalar and spin-1 vector mediators

for scalar and Dirac type Dark Matter. There are separate coupling parameters for each

mediator to each type of Dark Matter, and each mediator to each quark and lepton

individually. This means that the mediator can couple independently to individual quarks

and leptons, with coupling strengths that are not fixed. This is not strictly a dark photon

model, but rather a more general vector mediated model. There is complete freedom to
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choose how the model behaves in terms of couplings, and the masses of each particle can

be individually set.

The quantities of interest for the analysis are firstly the missing total transverse energy,

(which is the detected sum of transverse momenta in the simulation), and secondly the

transverse momentum PT of the leading jet (jet 1). Figures 3.1 and 3.2 show examples

of these analyses, applied to hepmc files generated by MG5. The process generated

is a proton-proton collision at LHC centre of mass energy, where the mediator that is

produced decays invisibly to Dark Matter. A monojet appears in the final state from

ISR, which is analyzed and plotted in RIVET. The corresponding Feynman diagram is

shown earlier in Fig. 1.7.

Figure 3.1: Emiss
T distribution

comparison for DMSimp model between

complex scalar and Dirac Dark Matter

types, for three different quark couplings;

gq = 0.1, 0.5, 2.0. mmed = 2250GeV.

Process is [p p > x x̄ j] at
√
s = 13GeV, #

events = 20000, and a minimum transverse

momentum cut on leading jet of

PT > 150GeV. Each curve is normalized to

facilitate shape comparison.

Figure 3.2: Leading jet transverse

momentum distribution comparison for

DMSimp model between complex scalar

and Dirac Dark Matter types, for three

different quark couplings.

mmed = 2250GeV. Process is

[p p > x x̄ j] at
√
s = 13GeV, # events

= 20000, and a minimum transverse

momentum cut on leading jet of

PT > 150GeV. Normalized to facilitate

shape comparison.

Acceptances are part of the detector data acquisition process at the LHC, in order to

throw away events which are certainly part of SM background. A calculated sensitivity

limit cannot be rescaled to signal parameters with very different acceptances, so the aim

of this comparison was first to analyze the differences between the acceptances within the

same model, comparing two Dark Matter types with the same selections applied. The only

things varied in each configuration are the Dark Matter type, and the quark couplings.

The curves have been normalized to their sum, meaning that the relative number of

events between curves has been divided out, in order to facilitate the comparison of

the shapes of the distributions. As may be expected[46], the quark coupling does not

change the shape, only the number of events (which is not shown due to normalization).

However, the shape is also unchanged between Dirac and complex scalar Dark Matter

types, which indicates that the only thing varying between DM types is the cross section.
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This illustrates that Dirac DM limits can be reinterpreted as scalar DM limits by scaling

only the cross section, which means there is no need to produce separate MC simulations

for different Dark Matter types in this model. This saves on time because fewer MC

events need to be generated and processed. These checks on detector acceptances have

been presented to illustrate the importance that only the cross section varies, in order to

scale limits between models with different parameters.

Each of these RIVET generated histograms were validated against outputs from Mad-

Analysis to ensure they were the same. Now we have established that limits can be scaled

for different DM types within this vector mediated model, the question arises of how to

scale to dark photon limits, in a separate dark photon model.

The model used to investigate dark photon limits was the Hidden Abelian Higgs

Mechanism model (HAHM) [49][65] (See section 2). Recall that this mechanism involves

the spontaneous symmetry breaking by a dark Higgs boson of the newly introduced U(1)

gauge field, where the dark Higgs can mix with the SM Higgs, changing the kinematics

with respect to the vector mediated model above (DMSimp). The coupling of the dark

Higgs to the Standard Model Higgs, and therefore to the SM itself, has been set to zero,

in order to isolate the effect of the Z mixing, and to make the comparison directly between

the dark photon and the vector mediated models.

Figure 3.3: Emiss
T distribution example

comparison between DMSimp and HAHM

models. mmed = 2250GeV. gq = ε = 0.01.

Monojet process [p p > x x̄ j] at√
s = 13GeV, # events = 20000, and a

minimum transverse momentum cut on

leading jet of PT > 150GeV. Each curve is

normalized to facilitate shape comparison.

Figure 3.4: Leading jet transverse

momentum distribution example

comparison between DMSimp and HAHM

models. mmed = 2250GeV. gq = ε = 0.01.

Monojet process [p p > x x̄ j] at√
s = 13GeV, # events = 20000, and a

minimum transverse momentum cut on

leading jet of PT > 150GeV. Normalized

to facilitate shape comparison.

Figures 3.3 and 3.4 show again that the distributions for both total missing transverse

energy, and the transverse momentum of the leading jet in the monojet final state for

invisible mediator decay, are the same shape, and the only thing differing between the

models is the cross section. The coupling to the Standard Model, whether it is quark

coupling gq or Z’ mixing parameter ε, must be small, i.e. of the order 10−2. This

guarantees that the Breit-Wigner distribution of the cross section with respect to mediator
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mass is very narrow, and the mediator is produced on shell only. This means that the

cross section approximately scales with either gq or ε in an equivalent way. If the coupling

becomes too large then the offshell contribution to the cross section begins to dominate,

and the approximation described in the next section in Equation 3.3 breaks down.

This analysis indicates that, since the acceptances are the same when the same cuts

are applied to the same process, results from CMS data can be used in MadAnalysis

to calculate the low mass sensitivity limits, down to a mediator mass of 10 GeV, for

both models (See section 3.2). If the acceptances were different, limit scaling between

models would be less precise, and would need to involve some approximating scale factor

to account for the acceptance difference.

It is also worth stating that the kinematics depend heavily on the mass of the mediator,

and so scaling limits between different masses is not possible in this way [35].

3.2 Scaling limits

3.2.1 CMS upper limits

Figure 3.5 displays CMS collaboration data from searches for new phenomena in energetic

monojet events with large missing transverse momentum [28].

Figure 3.5: Exclusion limits at 95% CL on

the couplings gq for a vector mediator, from

CMS data between 2016 and 2018. The blue

solid line indicates the parameter combina-

tions for which the simplified model repro-

duces the observed DM relic density. [28]

The upper limit represents the de-

gree to which the coupling gq can be

constrained for a vector mediated model,

based on the data from CMS. It is a sen-

sitivity limit, meaning that if the coupling

strength of the dark vector mediator to SM

quarks is less than this limit, then the ex-

periment is not sensitive enough to exclude

the model.

Often in the display of experimental

results for Dark Matter, the relic den-

sity provides another bound with which to

compare these projected sensitivities. For

example, the parameter space below the

relic line in Fig. 3.5 is excluded, because

those parameters lead to an overproduc-

tion of Dark Matter according to a specific

model. Therefore the relic line is essen-

tially a lower bound on coupling. If this

upper limit crosses the relic line, this es-

sentially means that the associated mass

range can be excluded for that model, be-

cause in that case Dark Matter must be

overproduced. Beyond this relic bound, the DM could have an annihilation cross sec-
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tion to more hidden sector states, but in general when analyzing simplified models, such

mechanisms are neglected because they are not accessible to LHC energies [66]. Above

the relic line, the Dark Matter is underproduced according to the thermal relic, but this

could be due to contribution from other types of Dark Matter in the hidden sector, and

so the corresponding parameter space remains in play.

A commonly used plane for displaying experimental constraints on the dark photon

model is that of the yield variable y = ε2αD(mDM/mmed)
4, because the relic density

roughly scales with this quantity [67]. The benchmark values that have been used here

were to set mDM/mmed = 1
3

and αD = 0.1, which corresponds to gDM by αD =
g2DM
4π

; αD
is the coupling constant, analogous to the fine structure constant α in electromagnetism,

and gDM ≈ 1 in this case. With the mass of the decay products being one third of the

mediator mass, this guarantees the kinematic possibility of on shell production, which is

possible when mmed ≥ 2mDM .

3.2.2 Extending CMS limit search

This CMS limit search is re-cast in terms of the DMSimp and HAHM models, meaning

the y-axis is transformed to display the yield variable, and both models can be plotted

on the same axis. The results of the CMS search are extended to lower mediator masses,

down to 10 GeV, using MadAnalysis5 and DELPHES for fast detector simulation.

The dark photon model, containing the Z mixing parameter, has had its constraints

scaled appropriately and plotted on the yield variable plane in Figure 3.6. The vector

mediated model, DMSimp, which contains the quark couplings directly, has had its con-

straints transformed from gq → ε, and mapped onto the yield variable plane alongside

the dark photon and the associated relic line. This is achieved by using the fact that the

dark mixing angle θa can be approximately expressed in terms of the weak mixing angle

θw, and the ratio of the masses ∆z = mmed
mZ

, as shown in [49], which gives the relationship

between gq and ε as:

ε = gq
2(∆z − 1)

e cos θw
from gq =

e sin θa
2 tan θw

where sin θa ≈ ε
sin θw
∆z − 1

(3.1)

The way the limits are produced is as follows: MadGraph produces the MC event

simulation, using leading order processes, for the overall collision event resulting in a

monojet in the final state. As an example, generating this process for DMSimp in Mad-

Graph 5 produces “21 processes with 42 diagrams”, which amount to all of the appro-

priate leading order processes required to simulate the events. Pythia8 then takes this

output and hadronises the partons before MadAnalysis uses DELPHES for the detector

simulation. MadAnalysis presents an expected cross section sensitivity limit, calculated

from the monojet analysis dataset at CMS called (cms exo 20 004), in units of picobarns.

The expected value is the theoretically expected number of events seen on top of the SM

background for this model, converted to an expected cross section sensitivity.

This cross section limit is then divided by the total reference cross section for each

process. These reference cross sections are individually generated in MadGraph, one

for each specific mass and coupling parameter combination for each data point. The
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MadAnalysis cross section sensitivity is now expressed with respect to the specific process

cross section, and can be scaled to a limit in coupling by the cross section’s relationship

to gq or ε. This calculated sensitivity bound ratio is proportional to ε2 or g2
q depending

on the model (see next section), so the square root of this value can be scaled to a limit

in ε or gq by multiplying by ε = 0.01 or gq = 0.01, again depending on the model. This

is how the limit values were calculated for Figure 3.6, before being scaled to the yield

variable plane shown on the plot.

3.2.3 Leading order analysis k-factor

The CMS analysis considered here is a full Next to Leading Order (NLO) analysis. NLO

refers to the level of corrective terms included at the MC generator level. In an NLO

analysis, higher order Feynman diagram processes are included which increases the cross

section of the process overall, in comparison to a Leading Order (LO) analysis, in which

only the leading order processes are considered. Often, a correction factor known as a

k-factor is employed to account for the difference between NLO and LO cross sections.

For the CMS analysis, DMSimp was generated at NLO. Due to constraints on time,

I opted to generate these MC events at LO only, and to employ a corrective k-factor to

my DMSimp analysis, in order to compare my analysis directly to the CMS analysis.

For a vector mediated model such as DMSimp, the k-factor has been established to be

an approximate 30% increase in cross section. This introduces a factor of 1√
k-factor

to the

sensitivity bound ratio described above, since the reference cross section has been scaled

up by that factor. This then corresponds to the ability to probe a smaller coupling by a

factor of 1√
1.3

.

The analysis for both the vector and dark photon mediated models have been con-

ducted only at LO in this case. To that end, the k-factor of 30% has been applied to the

DMSimp vector mediated analysis, to facilitate a direct comparison with the CMS NLO

limits. The HAHM dark photon model shown on Figure 3.6 remains at LO only, because

the appropriate k-factor was not known.

3.2.4 Cross section scaling

The cross section for a resonant process is a probability distribution as a function of

energy, centered around the mass of the mediator particle, called a Breit-Wigner distri-

bution. The probability is highest at the mass of the mediator, as this corresponds to the

resonance being produced on-shell. Expressing this distribution as simply as possible,

assuming on-shell resonance, leads to a proportionality expression for the cross section:

σ ∝ g2
DMε

2

m4
medΓtot

(3.2)

Recalling from Eq. 2.7 that the Dark Matter partial width ΓDM ∝ g2
DM(1− ε2), then at

small ε values Γtot ≈ ΓDM ≈ g2
DM . This means that g2

DM drops out of Eq. 3.2, leading to

the approximate aforementioned scaling of the coupling sensitivity by
√

k-factor, due to:

σ ∝ ε2 ∝ g2
q (3.3)
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If the coupling becomes too large, i.e. far above ∼ 10−2, the narrow Breit-Wigner

width approximation is no longer true, and the mediator’s off shell contribution to the

cross section becomes significant; the approximate relationship in Eq. 3.2 no longer holds,

and the limits are no longer scalable.

3.2.5 Vector vs dark photon limit plot

The reason that the limit setting sensitivity shown in Figure 3.6 varies by model is

because σ, and therefore ε2, depends on the branching ratios inherent in the model. For

a given final state, these branching fractions lead to different cross sections, and therefore

a difference in ε2 sensitivity between models.

As is evident, the dark photon model deviates from the vector mediated model only

around the Z boson mass. This point is represented by 1
3
mZ on the x-axis of this plot,

since it is the mediator at mmed = 3mDM which mixes with the Z, and contributes to

the enhanced sensitivity. As mmed approaches the Z mass, the Z can be increasingly

easily produced as it moves from off-shell to on-shell at the centre of its Breit-Wigner

distribution. This is also evident in the relic density constraint line in the same fashion.

3.2.6 High-luminosity LHC forecast

A final addition to the plot are the forecast limits for the High Luminosity LHC upgrade

(HL-LHC) in the context of both models. This calculation was achieved by scaling the

cross section limit by the increased luminosity of HL-LHC, which scales by the square

root of the integrated luminosity. This upgrade aims to provide an integrated luminosity

of 3000fb−1 [68] in total data collected, in comparison with the 137fb−1 of data used by

CMS in this search [28]. This amounts to a scaling factor of approximately 4.63.
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Figure 3.6: Comparison of two models, DMsimp and HAHM, corresponding to sim-

plified vector mediated and dark photon mediated models respectively. The mass ratio

between mediator and DM mass is fixed to 1
3
, allowing the mediator to decay to DM. The

conventional dark coupling constant αD =
g2DM
4π

, with coupling gDM = 1.0. The models

have been generated with quark couplings gq = 0.01 for DMSimp and mixing ε = 0.01

for HAHM; low coupling values ensure the cross section scaling relationship with cou-

pling by forcing the mediator resonance to be on shell. Expected and observed limits at

95% CL are plotted using the data from the CMS analysis [cms exo 20 004] [28] for the

monojet final state, at 13 TeV using 137 fb−1 of data. The blue relic lines represent the

minimum parameter combinations which reproduce the observed thermal relic density

for each model, with the expected deviation for the dark photon model around the Z

resonance. Orange lines forecast the increased sensitivity of this search for these two

models at the HL-LHC, estimated by the effect on the cross section of scaling up the

integrated luminosity [36].

3.2.7 Intensity frontier comparison

An illuminating plot from a report on LDMX [69] (Fig. 3.7), shows the sub GeV param-

eter space for light Dark Matter, again in the plane of the yield variable. According to

the European Strategy Briefing Book [70], and illustrated by this plot, intensity frontier

experiments such as LDMX are crucial to the comprehensive search in the < 10GeV mass

range as compared to the collider experiments of the energy frontier. The best sensitivity

for LDMX and other intensity frontier experiments is in this mass range, and the two
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plots in Figures 3.6 and 3.7 display how these experiments can search complementary

mass ranges.

Figure 3.7: Light Dark

Matter parameter space

plotted in the yield vari-

able plane, for pseudo-

Dirac DM with dark cou-

pling αD = 0.5, in

conjunction with thermal

relic target line. [69].

3.3 Relic abundance

The relic density depends directly on the annihilation rate of Dark Matter into normal

matter, or the self annihilation rate < σannv >, because this rate determines when it

was, in the history of universal expansion, that Dark Matter decoupled from the thermal

equilibrium at that point (Recall Fig. 2.1). Analytic expressions for the cross sections

can again be determined from the Breit-Wigner distribution, and are given for different

mediator types in [66]. We consider s-channel only because that corresponds to the

leading order diagram for a single on-shell (non-virtual) mediator in the collision, and

the corresponding expression is shown in Eq. 3.4.

σVann,s · v =
∑
q

N q
c g

2
DM g

2
q βq

2π

m2
q(4m

2
DM −M2

med)
2

m4
med

[
(m2

med − 4m2
DM)2 +m2

medΓ
2
med

]v2 (3.4)

Here, N q
c = 3 is the QCD color factor, since there are 3 colors of quarks contributing,

βq =
√

1− m2
q

m2
DM

, and v is again the relative velocity of the annihilating DM.

Using this analytical approach to calculating the self annihilation rate, and therefore

the relic density, allows for determination of the minimum allowed coupling value (gq in

Eq. 3.4) which leads to a value for the density compatible with what we observe. The

entire mass-mass plane for mDM and mmed can be visualized as a heat map, with coupling

displayed on the z-axis, in order to conclude which regions in that plane could be relevant

for the simplified models in question, based on an analysis of where the model can satisfy

the relic density without overproducing DM.

By fixing the Dark Matter and mediator masses, mDM and mmed, by assuming that

coupling gDM is a constant, and by observing that, from the Breit-Wigner distribution
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again, the decay width to Dark Matter ΓDM ∝ g2
DM , Eq. 3.4 can be expressed as

a quadratic equation in g2
q . This leads to the conclusion that there is a well defined

minimum in the relic density-coupling plane of Ωh2 − gq, and two possible values of gq
that reproduce the relic density precisely. Any values of gq below the minimum or above

the maximum would overclose the universe, meaning too much Dark Matter would be

produced to be accounted for by cosmological observation.

Figure 3.8: Quadratic relationship between

thermal relic density Ωh2 and SM coupling

gq, with Dark Matter coupling gDM = 1, for

an axial vector mediator. MadDM has been

used to calculate each data point, and the

observed relic value boundary has been im-

posed on the plot for clarity. [71]

Figure 3.8 shows one example, from

presentation slides belonging to Prof. Phil

Harris (Massachusetts Institute of Tech-

nology), delivered for a dark sectors work-

shop at Brookhaven National Labs[71], for

an axial-vector mediator. This is shown as

a visual aid only. The minimum value of

gq corresponding to a value of Ωh2 below

the observed relic value boundary, repre-

sents the minimum allowed coupling cor-

responding to the model in question, and

to the parameter configuration used. It is

this value that is used for the z-axis on the

heat maps shown in Figures 3.9 and 3.10.

The process to produce these plots is

as follows: MadDM takes a mediator mass

and a MadGraph model (e.g. DMSimp,

HAHM) as inputs. For each mediator

mass, it scans the mass range of all Dark

Matter masses, selecting a pair of mass

value at each point. For each mass pair,

MadDM scans through either a range of gq
values if the model is DMSimp, or a range of ε values if the model is the HAHM model. It

calculates the minimum value of gq or ε for which the observed relic density is reproduced,

corresponding to the leftmost data point beneath the relic line boundary in Figure 3.8.

This value is color coded on the z-axis, and the whole mass-mass plane is presented as a

heat map.

Figure 3.9 demonstrates that for light Dark Matter (< 50GeV) with a heavy vector

mediator (500 to 2000 GeV), coloured dark orange and red on the figure, the lower

limit on coupling is in the range of 1 to 10. Since this region requires larger couplings

comparitively, in order not to overproduce, these mass combinations do not correspond

to viable regions of the mass-mass parameter space. Very large coupling values, i.e. those

> 1.0 have already been excluded.

For heavy Dark Matter (> 500 GeV) with a light mediator (< 500 GeV), there is a

region where no solution was found to satisfy the cosmological relic density constraint.

This corresponds to the white region on Figure 3.9.

There is a clearly visible resonant enhancement around the on-shell Breit-Wigner peak

at mmed ≈ 2mDM , as one would expect. Here the minimum coupling value drops off the
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Figure 3.9: Minimum allowed coupling

for the vector mediated model (DMSimp).

The minimum coupling is computed on the

z-axis.

Figure 3.10: Minimum allowed Z mixing

parameter ε for the dark photon mediated

model (HAHM) with the Higgs decoupled.

The minimum ε is computed on the z-axis.

scale of the z-axis, leading to the white diagonal line. Along this line, the resonance can

occur much more easily, leading to a much lower limit on coupling to SM particles.

Also included is the lower mass range of the dark photon mediated HAHM model,

Fig. 3.10; limited to the lower mass range because this is the only part of the parameter

space which differs from the vector model in Figure 3.9. Again, the on-shell mediator

enhancement is visible on the diagonal line where mDM approaches mmed
2

, but additionally,

we now also have a resonant enhancement around the Z boson mass. This is due to the

mixing between the dark photon Z’ and the SM Z boson. When the mass of the dark

photon mediator approaches the Z mass, the minimum mixing value drops substantially.

This was seen also in Fig. 3.6 when the mediator mass approached the Z mass. The

value of ε can be much lower for a dark photon close to the Z mass, since it becomes

much easier for them to be produced along side on-shell Z bosons.

These bounds are valid only for these simplified models. They could change as more

complications are introduced. For example, an interesting development to the dark pho-

ton model would be to re-introduce the dark Higgs, which would provide additional

decay modes and mixing with the Standard Model Higgs. Again, this was excluded for

this analysis since a simplified discussion around the effect of the Z mixing was desired.
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4.1 Conclusions

In this thesis I have outlined the experimental frontiers as put forward by the Snowmass

community effort, and identified the necessity for complementarity between frontiers in

the search for Dark Matter. Minimal models are a versatile tool with which to conduct

this search, and minimal dark photon benchmarks for thermal relic WIMP Dark Matter

provide an illustrative focus for this subject, in particular for the comparison between

sensitivity limits of the energy frontier at the LHC, and the intensity frontier exemplified

primarily by LDMX in this paper.

Testing the simulated detector acceptances between different model parameters, in

order to ensure the distribution shape did not change, was shown in Section 3.1 to allow

for scaling between Dark Matter types without the need for further simulation. This test

was also conducted between the vector mediated and dark photon mediated models used

in the following Section 3.2.

The kinetic mixing mechanism inherent in dark photon models differs from a more

general vector mediated model, which contains free couplings to the SM. Extending limits

based on the last run of CMS data at the LHC, and then scaling those limits between

these models has been demonstrated in Section 3.2, which allowed for a reduction in the

need to simulate MC events across both models. Expected limits on both models, down

to a mediator mass of 10GeV and in the context of the relic abundance for each model,

from the LHC and the future HL-LHC, have been presented in Figure 3.6. Following

this, I discussed the complementarity of the intensity frontier for masses below 10GeV

(Figure 3.7).

The relic density plots shown in Figures 3.9 and 3.10, with their use of the z-axis

heat map format, visually extend the usual way that the mass-mass plane is presented.

(See Fig 5.3 in Appendix A). Fig 5.3[72] clearly shows the current exclusion regions from

CMS for varying final states and complementary experimental approaches, but only for

a fixed set of coupling parameters. It is essentially one ‘slice’ of what is displayed by the

thermal relic heat map plots, which provide an additional visual representation of viable

parameter space within each model.

Altogether this discussion has shown that complementarity clearly exists between en-

ergy and intensity frontiers. Having translated different simplified models to the same

axis in Figure 3.6, complementarity and scalability between models has been demon-

strated. This work has allowed for sensitivity comparison between HL-LHC limits (EF)
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and dark photon limits (IF/RF). An important conclusion is that the intensity frontier

will be more sensitive at low mediator masses, complementary to the energy frontier. The

calculated limits of this work will be added to the catalogue of Physics Beyond Colliders.

4.2 Outlook

An immediate extension to the work performed here, as alluded to earlier, would be to

look at how the re-introduction of the dark Higgs into the HAHM dark photon model

would have an effect on both the relic density, and the coupling sensitivites. The dark

Higgs was decoupled in this investigation to isolate the effect of the Z Z’ mixing in the

most simple way possible. Recoupling the dark Higgs would cause mixing with the SM

Higgs, as well as adding further mechanisms for the decay of the mediator. It would be

interesting to analyze how this change would affect the observations made so far.

Another possible extension to this work would be to investigate how the dark photon

constraints discussed could fit into models of dark showers searched for by ATLAS. Dark

QCD refers to the possibility of a rich dark sector comprised of dark fermions that interact

with each other through a new force analogous to the strong force of SM QCD. Dark

quarks could dark-hadronize into dark jets, in a QCD-like parton shower within the dark

sector itself. This dark sector could couple to the Standard Model through other specific

portals, including a vector mediated interaction. There exists the potential for cross over

from the preceeding discussion of dark photon benchmarks for minimal dirac fermion like

Dark Matter, into constraints on such models. A related paper on this subject is [73].

Another European effort to facilitate cross discipline collaboration in particle physics is

the European Science Cluster of Astronomy and Particle physics research infrastructures

(ESCAPE) [74]. ESCAPE unites Astronomy, Astroparticle and Particle physics. With

respect to Dark Matter specifically, there is recognition that the experiments within the

ESCAPE infrastructure are relevant to complementarity of Dark Matter searches. To

that end, the Test Dark Matter Science Project aims to exploit synergies between research

communities in terms of data analysis and computing tools to continue connecting results

from different experiments. The code associated with creating the plots and outputs of

this report is directly in line with these goals, and will therefore be passed off to an

undergraduate project at Lund University, as part of the ESCAPE Dark Matter project

efforts.

The corresponding github repository, including all files required to reproduce the

plot in Figs. 3.6, 3.9 and 3.10, can be found at: https://github.com/josh-greaves/

darkphoton.

4.3 Experimental table

One final output of this work, also to be eventually shared with the iDMEU collective,

is the beginning stages of a table of experiments relevent to minimal vector mediated

benchmarks. This is shown in Figures 4.1 and 4.2. The table will be extended to include

direct detection experiments outlined in the following sources: [75][76]
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5 Appendix A

Figure 5.1: The fermions and bosons of the Standard Model.[77]
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Figure 5.2: Dark Photon decaying to Pseudo-Dirac fermion. Prospective projects for

Physics Beyond Colliders, on a timescale of 5 years (NA64 ++) and 10-15 years (LDMX,

SHiP). Solid areas are currently excluded bounds, and the lines represent future exper-

imental capabilities (solid) and projected capabilities (dashed). Assumptions are: dark

coupling αD = 0.1 and
mA′
mχ

= 3. Here the dark matter and mediator are refered to as mχ

and mA′ respectively as opposed to mDM and mmed in the rest of the text. [38].

Figure 5.3: 95% CL observed and expected exclusion regions in mass-mass plane for

vector mediated missing energy and di-jet final state searches from CMS. Couplings to

leptons are gl = 0. The assumed coupling parameters follow the directions of the DMWG

[47] [66], and are set as gq = 0.25 and gDM = 1.0. [72].
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