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Abstract

The so called ‘dark matter’ is one of the most well researched enigmas in modern
physics. There currently exist a multitude of experimental observations that would
infer the existence of some gravitationally heavy, weakly interacting matter that has
baffled physicists since the early 1900’s. In this thesis, I will present four publications
that constituted the main body of work of my PhD work. These papers explored
new avenues in WIMP research: the introduction of more than one dark matter
species, as well as a new type of DM model that can evade current direct detection

constraints.






Table of contents

1

2

3

Introduction 1
Particle dark matter - a brief history 3
2.1 Rotation curves of spiral galaxies . . . . . . .. ... ... ... ... 4
2.2 Evidence from galaxy clusters . . . . .. ... ... .. ... ... .. 5

2.3 Dark Matter in Large Scale Structure, Cosmology and the cosmic

microwave background . . . .. ... Lo 6
2.3.1 The ACDM model . . . ... ... ... ... .. ....... 7
2.3.2  Dark matter in large scale structure . . . . . .. .. ... ... 8
2.4 Properties of dark matter . . . .. .. ... ... 9
2.4.1 The zoo of candidates, and the WIMP . . . . .. ... .. .. 11
2.5 Detecting particle dark matter: A brief overview . . . . . . .. .. .. 12
2.5.1 Direct detection . . . . . .. ... Lo 13
2.5.2 Indirect Detection . . . . . . .. .. ..o oL 15
2.6 Collider detection . . . . . . . . ... 18

Background and supplementary information for Publications one

& two 21
3.1 Motivation . . . . . . ... 21
3.2 Direct detection preliminaries. . . . . . . . . . ... ... ... ... 22
3.2.1 The differential recoil rate . . . . . . . ... ... ... .. 22
3.2.2  The differential scattering cross-section . . . . . . . .. .. .. 27
3.2.3 The Standard Halo Model (SHM) . . . . ... ... ... ... 29
3.2.4  The local dark matter density . . . . .. . ... .. ... ... 32
3.2.5  The quenching factor . . . . . .. ... ... L. 33
3.2.6 What we observe in a detector: The expected number of events 33
3.3 DM Genesis scenarios . . . . . . . . ... 34
3.3.1 Freezeout . . . . . . . ... 34

3.3.2 Asymmetric DM . . ... 38



xii Table of contents

4 Publication one: On the direct detection of multi-component dark

matter: sensitivity studies and parameter estimation 45
4.1 Introduction . . . . . . . ... 47
4.2  General remarks on multi-component dark matter densities . . . . . . 49
4.3 Direct detection of multi-component DM . . . . . .. ... ... ... 51
4.3.1 The differential event rate . . . . . . . ... ... 51
4.3.2 The rate for two DM particles . . . . . . ... ... ... ... 53
4.4 Hypothesis testing: one versus two DM components . . . . . . . . .. 60
4.4.1 Test statistic for hypothesis testing . . . . . . .. .. ... .. 60
4.4.2 Fixed parameters except for the DM masses . . . . . .. . .. 64
4.4.3 General scenarios . . . . . . ... 66

4.5 Parameter estimation: extracting the DM properties from 2DM signals 68

4.5.1 Statistical methods . . . . . . ... ... 68
452 Results. . . . ... . . . 69
4.6 Conclusions . . . . . . . . . . e 82
4.7 Distribution of the 7 statistic when Hopy is true . . . . . . . . . .. 84
4.8 Bayesian parameter estimation. . . . . . ... ... L. 85

5 Publication two: On the direct detection of multi-component dark

matter: implications of the relic abundance 93
5.1 Introduction . . . . . . ... 95
5.2 Direct detection of two-component dark matter . . . . . ... .. .. 96
5.2.1 The general scenario . . . . . . .. . ... ... ... 97
5.2.2  Velocity dispersions . . . . . . . ... ..o 99
5.3  Asymmetric dark matter . . . .. ... 100
5.3.1 Heavy mediator . . . . . .. .. ... 100
5.3.2 Light mediators . . . . . . . .. ... 103
5.4 Thermal freeze-out . . . . . . . . ... 105
5.4.1 Generic scenarios . . . . . ... ..o 105
5.4.2 Heavy mediators . . . . .. .. ... ... L. 106
5.4.3 Light mediators . . . . . . ... ... oL 107
5.5 Conclusions . . . . . . .. 110
5.6 Analysismethods . . . . . . ... ... 113
5.6.1 Hypothesis testing . . . .. ... .. ... L. 113
5.6.2 Parameter estimation . . . . . ... ..o L0000 113

5.7 Expressions for freeze-out scenarios with light mediators . . . . . . . 114



Table of contents

xiii

annually modulating dark matter signal
6.1 Motivation . . . . . . ..
6.2 Velocity distribution in Earth frame . . . . . . . . ... .. ... ...
6.2.1 Defining the phase of the angular modulation . . . .. . ...
6.2.2 Kinematic cut-off . . . . . ... ..o o
6.3 The modulating Dark Matter signal . . . . . .. ... ... ... ...
6.4 Gravitational focusing . . . . . .. ..o
6.5 The DAMA/LIBRA experiment as a test bed for two-component dark
matter . . . . . Lo
6.5.1 Energy resolution and quenching factors of the DAMA /LIBRA
apparatus . . . . . ... Lo e
6.6 Supplementary results for publication3 . . . . . . .. ... ... ...
6.6.1 One component best fits to the DAMA /LIBRA Phase-2 recoil
energy spectrum . ... oL oL Lo Lo
6.6.2 Time dependent fits 1-3, 1-6 keVee bins . . . . . . . . . .. ..

6 Background and supplementary material for Publication three: The

121

Publication three: Time-dependent rate of multicomponent dark

matter: Reproducing the DAMA /LIBRA phase-2 results

7.1 Introduction . . . . . . . . . . ...

7.2 The dark matter direct detection signal . . . . . . . . ... ... ...
7.2.1 Gravitational focusing and the non-sinusoidal signal . . . . . .

7.3 The DAMA energy spectrum of the modulation amplitude . . . . . .
7.3.1 One-component dark matter fit . . . . .. ... ... ... ..
7.3.2 Two-component dark matter fit . . . . .. ... ... ... ..

7.4 Conclusions . . . . . . .

Background and supplementary material for Publication four

8.1 Motivation . . . . . . . ...

8.2 Indirect detection and the Fermi-LAT gamma ray observations . . . .
8.2.1 Velocity averaged Cross-Section . . . . . . ... .. ... ...
8.2.2 Differential Flux . . . ... ... ... ... ... ... ...
8.2.3 The Fermidwarfs . . . . . ... ... ... ... ... .....

8.3 Higgs portal at colliders . . . . . . . ... .. ... ... .......

8.4 Electroweak precision observables . . . . . . ... ... ... ...

135

Publication four: Global fit of pseudo-Nambu-Goldstone Dark Mat-

ter

163



xiv

Table of contents

9.1 Introduction

9.2 Pseudo-Nambu-Goldstone Dark Matter

9.3 Observables and constraints
9.3.1 Theoretical bounds
9.3.2 Thermal relic abundance
9.3.3 Higgs invisible decay width
9.3.4 Electroweak precision observables
9.3.5 Higgs searches at colliders
9.3.6 Fermi-LAT gamma-ray observations

9.3.7 Direct detection at one-loop level

9.4 Results

9.4.1 Statistical analysis
9.4.2 Post-processing of samples
9.5 Conclusions
9.6 Appendices
9.6.1 Dark matter-nucleon coupling
9.6.2 The S, T and U parameters

10 Conclusions

References



Chapter 1
Introduction

Evidence for a large amount of non-baryonic “dark matter” (DM) in the universe has
been accumulating for decades [1, 2]. Recent observations of the cosmic microwave
background have provided a precise measurement of the DM relic density, and also
strongly support the idea of “cold” DM in the form of weakly interacting massive
particles (WIMPs) [3-5]'. The failure of the Standard Model (SM) of particle physics
to adequately explain a variety of astrophysical observations has prompted the
development of a large number of particle theories beyond the SM [7], commonly
known as BSM theories. Concurrently with these theoretical developments, a large
number of experiments have been conducted to search for DM annihilation in distant
astrophysical objects, produce and observe DM particles in high energy particle
collisions, or observe the direct interaction of particles of DM with Earth bound
detectors. Although there are tantalizing hints of DM signatures in one or more of
these experiments, there is as yet no uncontroversial detection of (non-gravitational)
WIMP interactions with ordinary matter [8].

Some of the most popular candidates are Weakly-Interacting-Massive-Particles
(WIMPs), in particular those that have (additionally to gravitational) non-vanishing
interactions with the standard model (SM) and therefore can be tested. In fact, they
are actively being searched for in direct detection (DD) experiments, which look for
their nuclear scatterings in underground detectors [9], as missing transverse energy at
colliders, and indirectly via possible annihilation products from astrophysical sources.
As the years go by however, more and more of the WIMP parameter space is being
constrained by progressively more sensitive detectors and larger detector exposure.

In this publication format thesis , I'll detail what I think is the newest avenue in
WIMP research: the introduction of more than one dark matter species, as well as

a new type of DM model that can evade current direct detection constraints. This

LA variety of other candidate models have also been proposed, see REf.[6] for an overview.



2 Introduction

thesis is structured as follows: Each publication is presented with a background and
supplementary information chapter which will provide a motivation for the publication
as well as detailed descriptions of concepts that are not general knowledge and/or
not well presented in the literature. The background and supplementary information
chapters will also present any results of the studies that were not published due
to journal word limits or otherwise. Each publication will contain the required
authorship statement signed by all authors. In chapter 2, a brief overview of the
field of WIMPs is presented, summarizing the current landscape of observational

evidence that indicates the existence of a non-baryonic particle DM.



Chapter 2

Particle dark matter - a brief

history

The earliest identification of dark matter came from the velocity dispersions of
galaxies within clusters. Zwicky noticed that the outer members of the Coma galaxy
cluster were moving far too quickly to be merely tracing the gravitational potential
of the visible cluster mass [1]. The only way the observed velocities of the cluster
members could be reconciled with the virial theorem was to postulate that the cluster
also contained another large, but unseen, mass component: dark matter (DM).
Nowadays, the existence of DM is a paradigm within physics and it is well
established that its gravitational interactions dominate on scales from tiny dwarf
galaxies, to large spirals such as the Milky Way, to clusters of galaxies, to the largest
scales yet observed. There exist countless studies verifying its existence and basic
properties, as well as numerous particle physics models that include a DM candidate
[10]*. In this chapter we explore the most commonly cited evidence and constraints
that provide such a strong argument for the existence of a dark matter particle.
We begin with a discussion of the rotation curves of spiral galaxies, which have
been observed by countless analyses to be rotating much faster than expected from
simply accounting for the regular luminous matter (stars galaxies etc). We then
discuss the bullet cluster, a smoking-gun for the existence of a non-luminous matter
component, followed by a discussion of the Cosmic Microwave Background (CMB)
and how precise measurements of primordial density fluctuations obtained from its
observation have led to one of the most rigid pieces of evidence for a stable, cold dark
matter particle. Next, we discuss the physical properties the DM must exhibit in

order to comply with observations, finally explaining why a cold, particle candidate

T Although there exist alternate theories of gravity or modified gravitational dynamics to explain
the phenomena that DM does, these are strongly disfavored [11], and will not be discussed further.
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is the best suited explanation. We conclude the chapter with a very brief overview of
the efforts geared at detecting the DM particle. We then narrow down to the methods
of particular interest to the publications presented later in this thesis, namely, these
methods are direct, indirect and collider searches, discussing the motivations and
methods behind each as well as a list of current and past experiments. We do not
go into a high level of detail in this introduction of the experiments relevant to this

work, instead saving such a discussion for later chapters.

2.1 Rotation curves of spiral galaxies

One of the most staple sources of evidence for the existence of DM is the non-canonical
nature of the circular velocities of SM matter in spiral galaxies. Newton’s law can

be used to show that an orbiting body’s orbital velocity falls off with r—:

u(r) =/ Gﬂfm : (2.1)

where M(r) denotes the mass contained within the orbital radius r and is given by

M(r) =4n /OT dr p(r)r?, (2.2)

where p(r) is the density profile of the galaxy. However, the 21-cm hydrogen line
emission can be used to measure the circular velocities of the galactic gas and deduce
that, contrary to Newtonian dynamics, the orbital velocity profile in fact flattens at
large r. A timeless result of this measurement comes from the spiral galaxy NGC
6503 and was presented by [12] as shown in figure 2.1. In NGC 6503, the luminous
galactic disk extends no further than about 5 kpc from the center of the galaxy.
If the luminous matter was all there was, the rotation curve would drop at larger
radii. By analyzing the discrepancy between the true measured rotation curve and
that expected by just luminous (baryonic) matter?, one can infer the existence of an
dark extended dark halo which has a symmetric or possibly tri-axial ([13]) density
profile that falls off with =7, where « is some profile index. Many have, and still do,
debate the exact form of the dark halo density profile, as certain profiles fit different
contexts better (e.g. spiral galaxies vs. dwarf galaxies vs. galaxy clusters).

Of course, flattened rotation curves have been observed in many other spiral

galaxies using several different tracers. For external spiral galaxies, Ref. [14] provides

2When one says baryonic matter in the context of cosmology, they really mean ‘standard model’
content. The reason that baryons are referred to explicitly is that protons and neutrons make up
most of the astrophysical matter that we know of.
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Fig. 2.1 Figure from Ref. [12]. Rotation curve of the spiral galaxy NG 6503. The
points are the measured circular rotation velocities as a function of distance from
the center of the galaxy. The dashed and dotted curves are the contribution to
the total (solid line) rotational velocity due to the observed disk and surrounding
gas, respectively, and the dot-dash curve is the contribution from the dark halo.

a comprehensive review. For a more recent study of the rotation curve and dark
component of the Milky Way, see Ref. [15].

2.2 Evidence from galaxy clusters

Since one can roughly infer that the presence of a dark, gravitationally-interacting
component will become increasingly prevalent in more massive systems, looking at
large clusters of galaxies would then be a good idea. Indeed, the observation of stellar
velocity dispersions in the Coma cluster was how Zwicky first proposed the existence
of dark matter. Modern methods involve the observation of gravitational lensing,
which refers to the bending of light from a background source around massive bodies
as per Einstein’s theory. From the severity of the distortion of this light one can
measure the mass of the massive body. A variety of studies of several galaxy clusters
over the years have unanimously observed far more lensing that can be accounted
for by the luminous matter in the foreground cluster. For a summary of such studies
as well as benchmark measurements, see [16] and [17].

Perhaps the most famous galaxy cluster to yield evidence of DM is the bullet
cluster [18] shown in figure 2.2. The bullet cluster is a collision between two

galaxy clusters perpendicular to the line of sight. One can use X-rays to trace the
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Fig. 2.2 Figure from [18]. Composite image of the bullet cluster showing just the
X-ray emission overlayed on top of gravitational lensing contours. The contours
represent the strength of the lensing and hence map the morphology of the mass
density of the cluster merger. The fact that the mass content of each cluster has
effectively passed through the collision indicates that there is another essentially
collisionless invisible mass component.

electromagnetically coupled gas content of the merger event. Clearly shown in figure
2.2 is the bow shock feature of the baryonic content that results from conventional
electromagnetic frictional loss in the standard model matter. What makes the bullet
cluster interesting is that gravitational lensing measurements show that most of the
mass content of the merger does not trace the luminous matter. In fact, it is as if
most of the mass content passed straight through the merger event unaffected. This
shows that dark matter does not necessarily have to track luminous matter in any
way, and that it does not interact strongly with either gas or itself; this means that

it is effectively collisionless.

2.3 Dark Matter in Large Scale Structure, Cos-

mology and the cosmic microwave background

The cosmic microwave background (CMB) is a very nearly uniform background of
photons in all directions on the sky. Its spectral distribution follows a black body
spectrum of a body at 2.73 K. In the hot early universe, temperatures were high
enough such that matter was ionized, and thus photons could not propagate freely.
As the universe expanded and cooled, photons decoupled from matter and were
allowed to freely propagate. Over time as the universe expanded, the free photons

have red-shifted to microwave wavelengths, which is what was first discovered by
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Fig. 2.3 Figures from [20]. Left: The CMB temperature perturbation spectrum
as viewed by the Planck telescope (2013). Colors represent the relative change of
temperature with respect to 2.7 K (red color indicates warmer regions, blue color
colder areas). Right: The relative contributions of dark matter, dark energy and
baryonic matter to the universe’s total energy density as deduced by the Planck
collaboration.

Wilson and Penzias in 1964 [19]. From the power spectrum of the CMB photons,
the size of the energy density fluctuations can be derived, thus yielding a map of
the mass distribution in the early universe which is shown in figure 2.3 (left) as
temperature perturbations taken from the most recent CMB analysis by the Planck
satellite [20].

2.3.1 The ACDM model

Often called the “standard model” of cosmology, the ACDM predetermination is
a framework that incorporates a cosmological constant A associated with the dark
energy (DE), regular baryonic matter and a cold DM particle (CDM) in a flat
(Freidmann, Walker metric with & = 0, [11]) space-time. ‘Cold” dark matter means
that the DM moves non-relativistically, and so has a short free-streaming length (less
than the size of a gas cloud undergoing gravitational collapse, for example). The
ACDM cosmology will give a theoretical prediction for the angular power spectrum
of the CMB as shown in figure 2.4 by the green line. More specifically, the height of
the third peak in this spectrum depends primarily on the relative contribution of
dark energy and matter (dark + SM).

Define the density parameter, or relic density §2 as the total energy density of
the universe divided by the critical energy density pui = 3HZ/87G. With such a
definition, the requirement of a flat space-time is simply given by 2 =1 [21]. The
total relic density is the sum of all contributions of the ACDM model:

Q= Opg + Qpm + Qs - (2.3)
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Fig. 2.4 Figure from [22]. The map of the anisotropies in the Cosmic Microwave
Background temperature spectrum as observed by the Planck satellite. In green
is the best fit ACDM configuration, yielding Qpg ~ 0.68, Qpym ~ 0.27 and
Qsm ~ 0.05.

Using their renewed analysis of the CMB, the Planck collaboration have found the
current best measurement of the total relic abundance. The relic density of DM was
found to be

QDM = pDM/pcrit ~ (0.27 . (24)

The Planck results are summarized in a nice pie chart shown in figure 2.3 (right).

2.3.2 Dark matter in large scale structure

The Millennium simulation is an N-body simulation that uses the ACDM cosmology
to visualize the large scale distribution of structure throughout the universe at pro-
gressive red-shifts [23]. Figure 2.5 (left) shows a snapshot of this colossal simulation at
a red-shift of z = 1.4 corresponding to the universe at age 4.6 Gyr. The gravitational
amplification of small density fluctuations in the Cosmic Microwave Background
(CMB) leads to structures resembling the observed large scale structure distributions.
The resulting mass density distribution resembles a “cosmic web” made of different

structures: low density ‘voids’, surrounded by thin ‘sheets’ of matter. A network of
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Fig. 2.5 Left: Image from the work of [23]. A snapshot of the Millennium simulation
at z = 1.4 (4.6 Gyr). The filaments and voids are easily seen through the image. At
the junctions of these filaments, clusters of galaxies and such structures congregate
and form within large DM halos. Right: The Sloan great wall as presented by the
2df Galaxy Redshift Survey.

‘filaments’ of different sizes and density contrast depart from the sheets and visually
dominate the mass distribution. Dense clumps of matter lie at the intersections of
these filaments. Matter tends to flow out of the voids, transit through the sheets
and finally accrete onto the largest clumps through filaments. The positions of CDM

haloes trace the large scale structure. Galaxies then form within these haloes.

The first observational evidence for the large scale structure was discovered by
observing a filament that was illuminated by a background quasar [24]. Before this
evidence was discovered, the 2df Galaxy red-shift survey [25] has mapped distant
galaxies and clusters and has seen structures that resemble sheets, namely the ‘Sloan
Great Wall’ (figure 2.5 right). With this picture in mind, one can then deviate away
from the paradigm that it is localized DM halos that encompass singular structures,
clusters and galaxies, and now view the universe as a large web of intertwining
structures. These structures comprising mostly of DM, arising from primoridal
fluctuations in the CMB, then house small scale structures, leading to the non-linear

dynamics we observe today.

2.4 Properties of dark matter

In the previous sections of this chapter, we discussed the leading evidence for a
gravitationally interacting dark component to the total relic abundance 2. However,
despite this abundance of evidence for the existence of dark matter, the nature of

dark matter remains to be understood precisely. From the previously discussed
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evidence, one can create a list of properties any dark matter candidate must adhere
to [26].

Electromagnetic neutrality

Dark matter was named as such solely due to the fact that its existence can not be
directly inferred by astronomical observations of photons - at least given current
experimental sensitivity. Hence, any DM candidate must couple significantly weaker
via QED than conventional astrophysical SM matter. The strongest constraint comes
from the requirement that the dark matter not couple too strongly to photons during

the recombination epoch, avoiding disruption of the CMB perturbations [27].

Stability

For the dark matter to exert the gravitational influence it does as well as conform
with Large Scale Simulations (LSS) and CMB observation, it must be stable on
cosmological timescales [28]. Particle models of DM that subsequently decay into
daughter DM have been proposed, but they are highly constrained by the fact that
the observed and simulated DM halo structures do not indicate such dynamics

29, 30].

Non-baryonic, particle nature

In section 2.3 we discussed how the assumption of a ACDM cosmology provides an
overwhelmingly good fit to the observed power spectrum of the CMB. In general, any
new theory of cosmology incorporating a dark matter component must necessarily
reproduce a power spectrum consistent with that observed in the latest measurements
of the CMB. The extreme precision of the CMB measurement renders such a criterion
arguably the most important. More fundamentally, the CMB measurement heavily
favors a dark matter particle, and further still, that the particle is non-baryonic.
With this said, baryonic solutions to the DM problem have indeed been proposed. To
this end, massive halo compact objects (MACHOs), which are dark baryonic objects
including faint neutron stars, brown dwarfs, white dwarfs, planets, etc. were proposed
as such baryonic DM candidates. Strong limits on the MACHO interpretation have
been set by observation of the incorrect chemical abundance to that which is expected
from a population of MACHOs, as well as gravitational lensing searches [31-33].

Such limits on stellar scale DM further favor the particle interpretation.
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Interaction strength

The interaction strength of the DM with itself as well as regular matter must be
consistent with astronomical observations. The foremost constraint comes from
the bullet cluster discussed in section 2.2, which puts an upper bound of the DM
self-interaction of o/m < 1 cm? g, where o is the DM-DM interaction cross-section

which parameterizes the physics of the scattering process.

Temperature

The LSS of DM would indicate that the DM must be able to collapse under gravity to
form small-scale structure in the form of cluster/galaxy halos after it has decoupled
from the thermal bath just after the big bang. The immediate conclusion from this
logic would demand that the dark matter have a small or non-relativistic velocity at
that time so as to not free stream out of such density perturbations observed in the
CMB. It is thus said the DM must be ‘cold’. At most, it must be ‘lukewarm’, with
free-streaming lengths on the order of galactic scales, if the correct matter power

spectrum is to be realized [34].

2.4.1 The zoo of candidates, and the WIMP

Even after the seemingly long list of prerequisites, there is no shortage of well-
motivated particle theory candidates. A non exhaustive diagram of theoretical models
is pictorially represented in figure 2.6. Arguably the most famous (or infamous) class
of DM candidates is the Weakly Interacting Massive Particle, or WIMP [11, 35, 36].
In the early universe, equilibrium is maintained by Yy annihilation processes to
standard-model particles and antiparticles®. As discussed in section 3.3.1, any particle
with a weak-scale interaction will fall out of equilibrium with the hot plasma of
the early universe and produce approximately the correct observed relic abundance
Qpum =~ 0.27. This fact is appropriately dubbed, the ‘ WIMP miracle’. Furthermore,
any such particle adhering to the WIMP miracle is expected to interact with SM
matter via interactions of approximately the same order in strength as the weak force,
and hence in principal, should be detectable at the current experimental sensitivities.

Since the WIMP miracle is such an enticing coincidence, the focal point of nearly
all direct and indirect searches for DM is the WIMP. Indeed, both main parts of this
work were conducted with a WIMP DM particle in mind. Hence, using the label

3Note here the fact that we have assumed the DM has an anti-particle, or more plainly, is a
fermion. This is not generally true for all WIMP models. All that is required here is that there
exists a finite DM-DM annihilation channel into SM particles



12 Particle dark matter - a brief history

MSSM Reparity MMESM

\J

s

Force Carriers

Extra Dimensions

Sterile Neutrinos

nnnnnnnnn

Lictle Higgs
QCD Axions

Axion-like Particles

Lictlest Higgs

Fig. 2.6 Diagram from [26]. Diagrammatic representation of the (incomplete)
landscape of DM candidates.

‘DM’ and “WIMP’ should be taken as synonymous from here on in, unless otherwise
stated.

For all the glory of the WIMP, there are many who have shown a lack of enthusiasm
toward the WIMP miracle, providing frameworks in which dark matter particles
with a wide range of masses naturally have the correct thermal relic density. For
a summary, see [37, 38]. With this said, the WIMP parameter space is far from
completely excluded, and the general paradigm remains that the WIMP is still one

of the most well motivated candidate class.

2.5 Detecting particle dark matter: A brief overview

The exciting possibility that dark matter has stronger-than-gravitational interactions
with everyday particles of the standard model, potentially allowing for detectable
signals, remains well motivated. From looking at the necessary properties DM must
have to conform with the observational constraints described in the previous sections,
experimentalists can design experiments targeted at detecting either products of

DM annihilation, recoil energy of SM nuclei after a DM-SM interaction or missing
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energy in SM-SM particle collisions such as at the Large Hadron Collider (LHC).
The overall aim of these procedures is to measure or at least constrain properties of
DM such as cross sections and/or mass and/or self/SM-interactions. Once measured
these properties can then be used to determine/constrain/exclude or constrain any
particular particle physics model of the DM. A neat representation of the physical
interactions that each method of detection aims to probe is given in figure 2.7.
The jargon is rather misleading in that all methods are technically indirect
searches. Thus the labels should not be confused with how each method goes about
detecting (or rather inferring) the properties of the DM particle. Each method has
benefits and shortcomings that another method may either compliment or supplement
accordingly, but as of now these three methods have had the greatest support partially
due to the model independent nature of the experimental methods required for each,
and their predicted accuracy (as opposed to say, seaching for DM with galaxy cluster

mergers, see [39]). This is not to say, however, that searching for DM is easy.

2.5.1 Direct detection

Direct detection experiments aim to observe the recoil of a standard model nucleus
after an elastic collision with a DM particle as the Earth moves through the ambient
(assumed static) DM halo as depicted in Fig. 2.8. Direct detection provides the

current strongest limits on WIMP-SM interactions. The experiments, which are

DM DM
Indirect Collider
Detection Production
SM SM

Fig. 2.7 The direction in which the diagram is read determines the physical process
that can be probed by one of the three detection methods. If the diagram is
read from top to bottom, this involves the DM-DM self interaction which then
proceeds to SM particles. The detection of these SM particles is the focus of
indirect detection. From bottom to top: This process represents the creating of DM
particles from SM collisions such as in particle colliders. Left to right: Measuring
the recoil energy from DM-SM elastic scattering is the subject of direct detection.
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Fig. 2.8 Illustration from Ref. [40]. Illustration of the Sun—Earth system moving
around the galactic center and through the dark matter halo in the direction of
the constellation Cygnus.

typically located far underground to reduce background contamination, are sensitive
to WIMPs that stream through the Earth and interact with nuclei in the detector
target. This is primarily due to the expected mass and interaction strength of
WIMPs. The recoiling nucleus can deposit energy in the form of ionization, heat,
and/or light that is subsequently detected [41]. The expected energy of nuclear
recoils induced by WIMP interactions is in the range from several keV to several
hundreds of keV depending on m,, and type of nuclei in the detector. A wide variety of
experiments have been designed to detect and if not, place constraints on the physical
properties of the WIMP using direct methods, including ANAIS [42], ArDM [43],
CDEX/TEXONO [44], CDMS [45-48], CoGeNT [49-51], COUPP [52], CRESST [53],
DAMA/Nal [54], DAMA/LIBRA [55, 56|, DEAP/CLEAN [57], DM-Ice [58], DRIFT
[59, 60], EDELWEISS [61-63], EURECA [64], LUX [65], NAIAD [66], PandaX
[67], PICASSO [68, 69], ROSEBUD [70], SIMPLE [71], TEXONO [72], WArP [73],
XENONI10 [74-76], XENON100 [77, 78], XENONIT [79], XMASS [80], ZEPLIN
[81, 82] and many others. The current limits on the vanilla WIMP-SM cross-section
set by the most stringent direct searches are shown in Fig. 2.9. Future efforts in
the field of direct detection effectively surmount to detectors with larger fiduciary
masses and exposures, as well as enhanced background veto and target sensitivity.
Publications 1&2 will focus heavily on forecasting experimental sensitivity in such

detectors. One cannot do this forever though, since there will come a point where
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Fig. 2.9 Current experimental limits on spin-independent dark matter-nucleon
cross section. Parameter combinations above the lines (i.e., the green shaded area)
are disfavoured at 90% confidence level. The dashed line represents the neutrino
floor. The regions labeled “DAMA” mark the preferred parameter space if the
annual modulation seen by DAMA /LIBRA [85] would be interpreted as originating
from dark matter interactions. Figure from Ref. [40].

there is an irreducible background due to coherent neutrino scattering. This lower
bound is known as the neutrino floor and is shown in Fig. 2.9. One way around
this is to have a detector become sensitive to the incoming WIMP direction, since
neutrinos will scatter isotropically but the DM wind is directional [83].

As first proposed by Freese et al. [84], an alternative way to eliminate a majority
of the systematic uncertainties associated with observing very low energy WIMP
recoils is to look for an annual modulation in the total signal. Because the relative
velocity of the detector with respect to the WIMPs depends on the time of year, the
count rate exhibits (in most cases) a sinusoidal dependence with time. This concept

is discussed more in the supplementary material for publication 3.

2.5.2 Indirect Detection

Indirect detection of dark matter involves searching for products, or the derivative
thereof of DM-DM self-annihilation (or decay, if stability constraints are obeyed).
Of course, if a signal from such an approach is to be detected then the DM must
necessarily have some finite self-interaction. The conventional way to indirectly
search for DM is to first simulate the observed signal that one would expect from

background only processes. Then, generate the signal from background + DM
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annihilation and compare these to the data observed from an experiment. If one does
not find a significant signature of WIMP annihilation, then constraints are placed
on the WIMP parameters. In indirect searches, the physical DM property that is
constrained is the self-annihilation cross-section denoted (ov). We will see what
this means as well as go through an explicit derivation in chapter 8.1, but for now
this parameter should just be thought of as (along with the DM mass) completely
characterizing the DM self scattering process. The DM self annihilation rate is

related to the interaction cross-section via
I « {ov) x n? (2.5)

where n is the number density of DM. Depending on the mass of the DM, as well
as the underlying gauge theory governing its dynamics, the DM can annihilate to a
variety of SM leptons, quark pairs or gauge bosons. As a result of subsequent decays
of the primal annihilation products, many kinds of particles will be created. This

is illustrated in figure 2.10. The primary products of the annihilation subsequently

% A UAAR
These products
travel to detectors at earth
> 5, v
X
=W 20 gy —

Fig. 2.10 Diagrammatic representation of the DM annihilation process.

decay and will eventually produce photons, electrons/positrons and in some models
protons/anti-protons. It is these products that propagate through the interstellar
medium and can be detected by experiments. Hence, there are two main particle

avenues that indirect searches aim to observe:

Antimatter

Due to the relative abundance of matter compared to antimatter in the universe,

it would be difficult to measure a significant excess of electrons or protons due to
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Fig. 2.11 Picture from [93]. Cartoon illustration of the Milky Way. Shown are the
range of astrophysical targets for indirect detection along with a brief summary of
the pros and cons of using them.

DM annihilation above the already high astrophysical background. Hence, indirect
searches look for antimatter instead. In fact, experiments usually quote the anti-
matter /matter ratio as the main observable. The front running experiments are
currently satellite based, namely AMS-02 [86], Fermi-LAT [87] and PAMELA [88, 89],
with earlier studies being carried out by HEAT [90-92]. The main limitation of
using antimatter as a probe for DM annihilation is the fact that the propagation
of charged particles is affected by the interstellar medium magnetic field and other
energy loss processes which change their energy distribution, and hence the results
we can deduce about the DM.

Photons

Unlike charged final states, photons propagate in the galaxy without any appreciable
deflection due to the magnetic field. They are also only weakly attenuated over the
large galactic distance scales. As a result the morphology and energy distribution of
the photons give a very accurate interpretation of the DM annihilation that created
them. Also, unlike neutrinos, they are easy to detect. WIMP dark matter annihilation
will in most models produce photons in the GeV-TeV energy range (gamma rays)
depending of course on the WIMP mass and how far down the decay chain the
photons are produced. If photons are promptly produced as primary products of
the DM-annihilation, then one will observe a line feature in the energy spectrum

with a kinematic cut-off at the DM mass. Such gamma-ray lines if observed would
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Fig. 2.12 Figure from Ref. [102]. Time from left to right. (a) The interaction
between DM and Standard Model particles via an unspecified interaction (e.g., an
EFT). (b) and (c) Examples of simplified model processes where the interaction
is mediated by an intermediate particle (with additional radiation off one of the
initial-state quarks). (d) The same model, in which the mediator decays back into
Standard Model particles, with coupling constant g, for the mediator-quark-quark
vertex and constant g, for the mediator-DM vertex.

be the ‘smoking-gun’ for DM annihilation, due to the low astrophysical background
able to replicate such a signal [94, 95]. If the photons are produced further down
the decay tree, then one will observe an extended diffuse energy spectrum [96, 97].
Most models of WIMPS predict this sort of spectral feature mainly due to the fact
that DM coupling directly to photons (to produce line features) at tree level is not
favoured. The current forerunners for DM searches in gamma-ray final states are
Fermi-LAT [98] in the GeV range and H.E.S.S [99] in the high TeV range. Previous
experiments include EGRET [100] and MAGIC [101]. So far, there has been no
definitive detection of WIMP annihilation to photonic final states, but increasingly
strong constraints have been placed on the WIMP parameters. Experiments will
typically conduct many analyses directed at different DM rich areas. Figure 2.11
shows a diagram of the various astrophysical targets for indirect detection along with

descriptions of the experimental benefits and shortcomings of each.

2.6 Collider detection

Colliders, among the most successful tools in particle physics, have revealed much
about ordinary matter. If DM can be produced at colliders, they will likely remain
one of our preferred tools for learning more about it, regardless of where DM particles
are first discovered. Driving the collider searches for DM in the modern era are the
Large Hadron Collider (LHC) experiments ATLAS [103] and CMS [104]. As with
direct and indirect experiments, collider DM production relies upon the existence of
interactions between the colliding Standard Model particles and the DM particles.
Most DM particle candidates produced in particle collisions are effectively invisible

to traditional collider experiments. However, any remaining products of the collision
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event are not. Invisible particles can be accompanied by one or more visible particles,
leading to missing energy in the transverse plane, whose magnitude is termed missing
Er or ‘MET". This is one of the main signatures of DM in colliders, although many
models with a variety of final states are able to be probed. Fig. 2.12 shows a variety
of diagrams that are representative of some the interactions explored at the LHC’s

experiments.






Chapter 3

Background and supplementary
information for Publications one &

two

The next three chapters of this thesis detail the first major block of work conducted
during my PhD. This chapter aims to primarily lay the groundwork for concepts
covered in publications 1 and 2, however the direct detection preliminaries will
be relevant for the rest of the thesis. Here we will motivate the introduction of a
multi-component dark sector as well as provide a foundational background for the

methods and theory involved in modern direct searches for WIMP dark matter.

3.1 Motivation

With the SM being so rich in particle content, it would seem prudent, from a
naturalness perspective, that one should somewhat disfavour a dark sector comprising
only of a single dark matter species. The first test bed for a multi-component
dark sector was within Supersymmetric theories [105], with the first formal data
driven investigation being initially introduced to resolve the discrepancy between the
observed positron excess and anti-proton non-excesses in the PAMELA cosmic ray
experiment [106]. A more general conclusion of this work was that such hidden sectors
with GeV mass dark matter particles and dark forces with GeV mass mediators arise
naturally in a framework where the hidden sector communicates to the SM through
kinetic mixing - a common property in many BSM theories. For the last decade
since, there have been quite a few studies introducing new models which include
one or more dark matter particle candidates with a variety of phenomenological

features. Our work takes a more model independent approach by observing that
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two WIMP-like particles will generally yield a unique smoking gun signal in fixed
target direct detection experiments. As introduced in section 2.5.1 the current
parameter space of the WIMP is progressively becoming heavily constrained. As a
result, we must forecast how a two-component DM signal will look in future planned
detectors. While we do this completely model independently, we found that it would
be interesting to see how the results change given some very generalized assumptions
about the DM genesis scheme. Namely, we explore a two-component WIMP scenario

that originates via canonical freeze-out or via some asymmetry in the dark sector.

3.2 Direct detection preliminaries.

The aim of all direct detection experiments is to identify nuclear recoils produced by
the collisions between WIMPs and a detector’s target nuclei, and by either observing
or not observing a positive signal, constrain the WIMP properties which are generally
the WIMP-nucleon cross-section o and WIMP mass m,. To unambiguously identify
such low-energy interactions, a detailed knowledge of the signal signatures, the
particle physics, astrophysics and nuclear physics modelling is mandatory. The basic
picture is illustrated in figure 3.1. A galactic halo WIMP elastically scatters off a
nucleus within the detector. The principal experimental observable is the differential
recoil rate dR/dE (usually measured in events/keV /kg/day) which depends primarily
on the astrophysical WIMP velocity distribution as well as the particle physics

scattering cross-section:

dR _dR

diE - d7E (f(v),a) . (31)

In this section, we will introduce and then derive an expression for the differential
recoil rate dR/dFE from first principles. We will also introduce the vanilla velocity
distribution f(v) that is often assumed as well as introduce a general form for the
WIMP-nucleon interaction, finally moving onto how one formulates the expected

number of DM-nucleus scattering events at detector level.

3.2.1 The differential recoil rate
WIMP-Nucleus scattering kinematics

As previously mentioned, direct detection experiments aim to measure nuclear recoils
that arise from a rare WIMP-nucleus collision. Consider a WIMP of mass m,

scattering off a nucleus of mass M. Analysis of galactic rotation curve data suggests
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Fig. 3.1 Cartoon schematic of WIMP-nucleus elastic scattering: A WIMP in the
galactic DM halo collides with a nucleus inside of a detector. The quantifying
observable of a direct detection experiment is the differential recoil rate dR/dE,
which is a measure of the frequency of WIMP-nucleus collisions in a given energy bin.
The WIMP-nucleus scattering is characterized by the particle physics scattering
cross-section o.

a local WIMP velocity of ~ 200 km/s and thus, the kinematics of direct DM detection
can be treated non relativistically. Define the lab frame as the frame where the
nucleon momentum is zero. In the center of mass momentum frame, let k and p
denote the initial incoming nucleon and WIMP momenta respectively, while setting

k'cn and p’,,, as the final outgoing momenta. Then in this frame we have

p = —k Incoming , (3.2)
Pem = Ko Outgoing . (3.3)

Since we are considering non-relativistic kinematics, consider the following Galilean

transformation:
Vem = Viab = Vel (34)

where v, is the COM velocity of the WIMP, vy, is it’s velocity in the lab frame
and vy is the relative velocity between the lab and the COM frame, which is simply
negative the velocity of the nucleus in the COM frame. Then multiplying through

by m, we obtain
P = My Viab — 11y Vrel , (35)

however,

k
My Vryel = TNy (M)



24 Background and supplementary information for Publications one & two

=Pp (ﬂ]ﬁwa + ]-> = My Viab , (36)

which then leads to the common parameterisation

my M
pu— —_— a p— a ) 3.7
p (mx I M) Viab = UVlab ( )

where p is defined as the reduced mass of the WIMP nucleon system. The momentum

transfer of the interaction is defined as

A=Pem — P, (3.8)
with corresponding recoil energy
2
q
Er=—— 3.9
R= 907 (3.9)
— 1 2 /2 /
- m (p + Pen — 2|p||p cml COS ecm) )

cml-

where 0.y, is the scattering angle in the COM frame. In the COM frame, |p| = |p’

Hence
(22 o2
Ep= 537 (0° + P — 2p% cos )
2 2
= %(1—0080%) :

Then substituting in the expression for p obtained in equation 3.7 we obtain

2.2
W Vigp

Er = T

(1 —cosbem) (3.10)

Note from equation 3.10 that for a given Eg, the minimum velocity vy, (and hence

velocity magnitude vp,,) required to achieve this recoil energy occurs when cos Oy,

is maximised (i.e. cosf., = —1). Then
22
B = 2b2min
MFEpR
= Umin = |/ 55 (3.11)

20
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This minimum velocity has a corresponding maximum momentum transfer gp.y:

Qmax — p,cm - Pp
= P'em — HVmin - (3.12)

So when v is minimised, ¢ is maximised. An expression for |quax| can easily be found.

From 3.10 we have

q2 B ILLQUQ

Fp= -~ =
B=oMm ™~ M

(1 —cosbem) (3.13)

then for a given v?, the minimum and maximum values of Ex (E%™/ E%X) correspond

to cos(f.m) = £1 respectively. Hence

M202
Py = 2MER™ = 2M (2 i ) = 4p*0? (3.14)
and
Gy = 2MER™ =2M (0) =0 . (3.15)

The scattering rate

The rate of scattering in a process consisting of a beam of particles with number

density n, and average velocity (v) scattering of a target consisting of N particles is

R =n,(v)No . (3.16)

where o is the total scattering cross-section. This can be reduced to differential form:
dR = n, (v)Ndo

— ny (V)N (jg) Q. (3.17)

In the context of the direct detection experiments considered in this thesis, scattering
is isotropic and uniform in 6., (i.e the detectors do not have directional sensitivity).
The solid angle differential can be related to the recoil energy differential using
equation 3.13:

2,2 2,,2

,u]\;} d(cos ) = M]\; ds) ;, (3.18)

dEp =
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where p = Mm,,/ (M + m,) is the reduced mass of the WIMP nucleus system. Note
6 is not equivalent to 6.,. Since dEg is a scalar quantity, it must be the same in all
frames. That is, it does not care what axes we choose to define the scattering angle
in the COM frame. Hence, above we have chosen a 6 such that mathematically, the
differentials have the same sign. Note: This is only possible because the scattering is

assumed to be isotropic and uniform in 6.,,. Using Eqn. 3.18 in Eqn. 3.17 we obtain

do
dR =n,(v)N (dER> dEg ,
dR do
— = N|—]. 3.19
:>dER nX<U> <dER> ( )
Since in the context of DM direct detection, CﬁE—UR is generally velocity dependent,
then it must also be velocity averaged:
dR do
— =n,N : 2
i =N o) (3.20)

This is the differential recoil rate of a WIMP nucleon interaction; N is the number
of target nucleons and n, is the local number density of WIMPS. Per unit detector

mass this becomes equation 2 of [41]:

dR Ny do
— = 3.21
T = v, (321

(since the unit detector mass here is just N x M). One can show that

dEp 1
dg*  2M°
1
dER = ——dq*
= R = o
do , 4 do , ,
— =2M— . 22
= dER(q V) dqQ(q V) (3.22)

Then, substituting in this for -2 in equation 3.21 yields

dR do
i) o
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Assuming that the DM in our galaxy has some local distribution of velocities f(v,t),

equation 3.23 becomes

dR Px / 3 do . 4
=2—[d t)— 3.24
B [ s, 350). (3.21)

dEr
where we have made the substitution for the local DM density p, = n,/m,, an

important empirical parameter discussed later in section 3.2.4.

3.2.2 The differential scattering cross-section

The particle physics interactions in direct detection phenomenology are encoded
within the differential scattering cross section ;%(qz, v) . For this purpose, one needs
to map the effective interactions between relativistic DM particles and quarks to
some effective interactions between non-relativistic DM particles and nuclei. Such

an effective field theory (EFT) for non-relativistic interactions can be written as
Lint = Zcfv <q2) oN | (3.25)
i\N

where the operators O will in general depend only on the DM spin S,, the nucleon
spin Sy , the momentum transfer q and the DM-nucleon relative velocity v [107, 108].
For the work covered in publications 1 and 2, we only consider the canonical non-

momentum suppressed spin-independent and spin-dependent operators:*
oY =1, 0),=5,-Sy. (3.26)

For scattering off larger nuclei, the momentum-transfer dependence which comes
from evaluating matrix elements of quark currents like (N’ |gI'*q| N') of the cross

section can be parameterized into a form factor F?(q). Define

gmax do‘(q = 0) 2
09 = ———dq" . 3.27
o= T (3.27)
where ¢uax = 2uv is the maximum momentum transfer in a collision given by
Eqn. 3.14 and % is the differential cross-section evaluated at zero momentum

'For a more exhaustive list of all non-relativistic operators, see Ref. [109]
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transfer. The actual cross section can then be written in terms of o,

qmax d
o= / dq? —0

gmax d (q = 0)
— F2
/ dq dg?

4u e / qmd [F(q)] . (3.28)

An important note to make here is that oy is a very important quantity, in that
it is 09 and not the total momentum dependent cross section ¢ that is used in
constraints from direct detection experiments?. Notice from Eqn. 3.28 that the range
of momentum values always ranges from 0 to gma.x. We can then introduce a step
function into the differential cross-section:

do
i — (g%, v) =

4u 5 F(0)O(Gumax — ) (3.29)

Substituting Eqn. 3.29 into equation 3.24 for the differential recoil rate we obtain

ikl F —
dER /d v Uf v t)4 2 2 (q ) @<qmax Q)

= Qp—x dPvuf(v,t)

My Jomin 4u202

F(¢%), (3.30)

since the step function enforces an upper limit of ¢n.x < a lower limit of vy;,.
Leaving the integral with an explicit velocity dependence we are finally left with the

familiar expression

dR 00y
= F minyt 9 . 1
TEn = B P n(tn 1) (331)
where
1
N(Vmin, t) = | d>v ;f(v,t) (3.32)

is the called the mean inverse speed. The functional form of f(v,t) will be discussed

in the next section.

2More specifically it is the WIMP-nucleon cross-section at zero momentum transfer that is
constrained in direct detection searches.
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3.2.3 The Standard Halo Model (SHM)

The local DM density and velocity distribution are not very well known and introduce
sizable uncertainties in the prediction of experimental signals. However, it is often
assumed that the DM halo in the local neighbourhood is most likely dominated by
a smooth and well-mixed (virialized) component with an average density po. The
simplest and most overwhelmingly used model for this smooth component is often
taken to be the Standard Halo Model (SHM) [110, 111], a non-rotating isothermal
sphere with an isotropic, Maxwellian velocity distribution and most probable speed
vg, where for the SHM, v is equal to the disk rotation speed v,o;. In the literature,

the DM velocity distribution is usually denoted
f(v,t) = distribution of DM particles with velocity vat time t, (3.33)

with units [f(v,t)] = km™!s. The vector v is defined such that X is the direction
to the Galactic Center, y the direction of disk rotation, and z the direction of the
North Galactic Pole. The time dependence of the velocity distribution is obtained

via the Galilean boost from the halo rest frame to the lab frame:

San(V, 1) = frato(V + Vobs(t)) | (3.34)

where v, is the velocity of the Earth in the dark matter halo rest frame. We will
explicitly derive this time dependence in section 6.2 for the results of publication
3, but for now we deal with experiments that are only sensitive to the average rate

over the year.

Definition in halo rest frame

Let f(v) represent the velocity distribution in the dark matter halo rest frame where
vV = (Vy, Uy, V) (3.35)

is the WIMP velocity relative in this dark matter rest frame. The SHM models
the dark matter halo as a simple isothermal sphere with a Maxwellian velocity

distribution:

. 3 me2i2id)
f@):(ﬁ&) o (3.36)

Since this has the form of a multivariate Gaussian with independent normally

distributed variables v,, v, and v,, we can assert that the variances of the components



30 Background and supplementary information for Publications one & two

of v take the form

Hence, the variance of the multivariate vector distribution of velocities v has variance

302 or
(3.38)

The standard deviation of this distribution is physically interpreted as the velocity
dispersion of the dark matter halo. Re-writing the velocity distribution in Eqn.(3.36)
with this new parameter definition we obtain the form most commonly found in the

literature

f(V)=< ’ )26_35;, (3.39)

2
2moy

where v = |v|. It is common to impose an upper limit on v set by the escape velocity

of the galaxy Ve
U < Vese - (3.40)

One must therefore normalize the function in Eqn.(3.39) appropriately to ensure

fi= dv f(v) =1

3 3v
1 3 \2 752
~ =) e v U < Vgse
flv) = q Ve (7) (3.41)
0 , otherwise .
Here,
N, f(z) 2 e (3.42)
=erf(z) — —=ze * )
esc ﬁ
where z = %% Note the sharp cut-off at ves in the velocity distribution shown

in Eqn.(3.41) is not physical and is expected to fall off more smoothly [112]. The
probability to find a WIMP with velocity v + dv is

f(v)d®v = f(v)v?sin@db dedv , (3.43)
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where the angles # and ¢ are the “path” and “course” angle in velocity space. Since
the SHM (Eqn.(3.39)) is by construction a well virilized Maxwellian, and thus has
no dependence on # or ¢, one may marginalize over these degrees of freedom ending

up with a function that is only dependent on the magnitude of the velocity

f(v)dv o 47 < )2 v? e_% : (3.44)

2
2mos

Eqn.(3.44) is exactly equation 9 of [113].

The mean inverse speed

The DM velocity distribution enters Eqn. 3.31 via the mean inverse speed given by

the integral

1(VUmin, t) = / d’v , (3.45)

V>Umin v

where Uiy = Umin(ER) is the minimum WIMP velocity in the lab frame required
to produce recoil energy Er in a detector as introduced in Eqn. 3.11. The mean

inverse speed can be analytically calculated for simple velocity distributions such as

the SHM.

We have already denoted f(v,t) as the velocity distribution in the rest frame of
the dark matter population, that is

/d3v vf(v,t)=0. (3.46)

We have also seen that the velocity distribution in the lab frame is determined via the
Galilean transformation f(v,t) = f (V+Vobs(t)), where vops(t) is the (time-dependent)
motion of the lab (observer) relative to the rest frame of the dark matter population.
Below we show the mean inverse speed for a regular Maxwellian velocity distribution

as well as the truncated Maxwellian that is the SHM.

Simple Maxwellian

A simple Maxwellian velocity distribution has the form

3/2 1,2
flv) = (12> e w (3.47)
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with mean inverse speed [112, 114]

7 (Vmin, ) lerf(x 4+ y) — erf(z — y)] , (3.48)

2'Uobs

where r = “min and y = ebs,
vo vo

Truncated Maxwellian

For the case where the Maxwellian distribution is truncated at the escape velocity,
the mean inverse speed is evaluated analytically by first defining z = ve./vp and is
given by [114, 115]

volbs for z <y, x < |y— 2|,
(Vi 1) = v |erf(z +y) = erf(z — y) — ] for 2> y,z < |y — 2],

o (el(2) = erf(e —y) = Z(y+z—w)e ] for [y <z <y,
! fory+x <z

(3.49)

where N is defined as on Eqn. 3.42.

3.2.4 The local dark matter density

It is crucial for the interpretation of results from direct (and indirect) detection
searches to have a good estimate of the local dark matter density p,. This parameter
was originally estimated empirically from measurements of the rotation curve of
the Milky Way (assuming spherical symmetry) or from the vertical kinematics and
position of stars in the solar neighbourhood. These methods yielded a value which
was unanimously adopted for the interpretation of direct detection experiments of
py = 0.3 GeV /em?. However, this number has a rather large uncertainty of ~50% as
individual measurements show considerable variations [116]. A recent measurement
(2017) using Sloan Digital Sky Survey data yields p, = 0.461)9) GeV/cm?® [117].
In the absence of a signal, the direct detection community have typically adopted
py = 0.4 GeV/em? as a canonical value in order compare the different experiments
rather than adopting a perpetually updated result. More common practice even
involves including p,, as a statistical nuisance parameter. For the work undergone in
this thesis, and more specifically in the context of a two-component dark sector, we

usually adopt p, = 0.4 GeV/cm? for the total local density, unless stated otherwise.
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3.2.5 The quenching factor

The quenching factor describes by how much the ionization signal from a nuclear
recoil energy deposition in the nuclear target is reduced compared to a nuclear recoil
of the same energy. In case of low-energy nuclear recoils, significantly more energy is
lost to atomic motion (heat), which is often not detected. This leads to considerably
smaller scintillation and ionization signals and makes their detection even more
challenging. Signal quenching is typically energy dependent and has to be measured
accurately in order to establish an energy scale for the detector. It is an intrinsic
feature of the detection material and independent from the actually used detector (if
detector-specific effects such as signal collection efficiency and thresholds are properly
accounted for); this allows for quenching factor measurements in detectors specifically
designed for this purpose. The events are measured in electron equivalent energy
(keVee), which is related to the true recoil energy Eg through the target and recoil
energy-dependent quenching factors @ [40]:

Eee [keVee] = Q (ER) X ER [ke\/} .

3.2.6 What we observe in a detector: The expected number

of events

In a realistic experiment, one must fold detector effects into the differential recoil
rate in a way which is independent of the type of WIMP interaction or spectrum.
This is done by taking into account the finite energy resolution of the detector as
well as the detector efficiency. For a given WIMP spectrum, the average expected

number of signal events in some energy bin Ex € [E}, Fy] centered at EE™ center jg

N(EBin center) =MT E2 dE ﬂ (E t)
ee - o ee dEee ee
FEo oo dR
= MT [ " dEe | [ dEr (QEn) 6 (En, Fu) - (Ent)| |
By 0 dER

(3.50)

where, ¢ (ERr, Ee.) is the differential response function or energy resolution defined
such that ¢ (Eg, Fee) dEee is the probability that a nuclear recoil of energy Er will
produce a scintillation signal measured between F,. and Eg. + dFe.. € is the detector
efficiency and MT is the total target detector mass x exposure time and is called
the ezposure and serves as an overall normalization. Figure 3.2 shows a Monte Carlo

realizations a variety of energy spectra for the case of two WIMP particles interacting
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m; =20.0 GeV, m,= 200.0 GeV
¢« N(E) True
MT= 3t-y

m; =10.0 GeV, m,= 200.0 GeV
¢ N(E) True
MTI'= 3ty

N(E) (events after 1.5 years)

N(E) (events after 1.5 years)

Y B (keV)

m; =40.0 GeV, m,= 200.0 GeV
« N(E) True
MT= 3ty

my; =30.0 GeV, my,= 200.0 GeV
« N(E) True
MT= 3ty

N(E) (events after 1.5 years)
N(E) (events after 1.5 years)

Fig. 3.2 Binned spectrum from 10,000 Monte Carlo realisations of a two-component
dark matter scenario in a Xenon-type direct detection experiment (yellow) with
Poissonian uncertainties. Red points are the expected bin-by-bin numbers of events
as given by Eqn. 3.50.

with a Xenon type detector. These energy spectra simulate the detector response to
a two-component WIMP spectrum for a variety of mass splittings. Indeed these are
the spectra derived from the rates shown in Fig. 4.2 that were used to generate some

of the analyses seen in publication 1 in chapter 4.

3.3 DM Genesis scenarios

We consider two DM genesis schema in our studies of multi-component DM: Freeze

out, and asymmetric DM.

3.3.1 Freeze out

Qualitatively, the process of freeze-out can be thought of as follows: very shortly
after the big bang, the DM was in equilibrium with the rest of the cosmic plasma.
Equilibrium in the dark sector was kept via DM-DM self annihilations through a finite
(but small) self interaction cross-section. As the universe expanded, the equilibrium

maintained by DM annihilation was skewed. That is, the rate of DM annihilations
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decreased significantly as a function of scale factor. Hence, the DM population
was “frozen out” or equivalently the rate of DM annihilations were suppressed. It’s
important to note that the freeze out condition is an assumption about the DM in
order to explain the relative abundance we see today; if the DM where allowed to be

kept in thermal equilibrium, it’s number density would be suppressed by e~™/7

as
the temperature of the universe of course decreases [118]. There would therefore be
no such particles today. But how do we model the number density of such a “thermal
relic” in a quantitative manner? Introduce the Boltzmann equation. The Boltzmann
equation formalises the statement that the rate of change in the abundance of a
given particle is the difference between the rates for producing and eliminating that
species. In other words, freeze out occurs when the expansion rate overtakes the
DM annihilation rate. Formally this is written as a temporal differential equation
involving the current DM number density n, scale factor a and equilibrium number

density
dp
nEQ = 9 / W e BIT , (351)

where g is the number of degrees of freedom of the DM (for example spin polarisations
of the DM field etc), T is the temperature and F is the energy. In the generic WIMP
framework, two massive (possibly identical) particles y can annihilate to produce
two infinitesimally massive particles . These light particles are assumed to then
remain in thermal equilibrium with the cosmic plasma with néEQ = n!. There is then
only one unknown parameter - the DM number density n. One can then write the

Boltzmann equation to describe its evolution:

_,d(na®
o & o ) _ (0v) [(nq)® — n?], (3.52)
where
1 1 d*p; —(E1+E»)/T 44 2
(ov) = nig 11 (2n)2E; ) € ' x (27)°0%(p1 + p2 — ps — pa) M| (3.53)
E =1 ?

is defined as the velocity averaged annihilation cross section for a y; + x2 — I3+ I4
process. This is the primary quantity used for constraining DM from indirect detection
as is discussed in chapter 8.1. It is essentially o - v integrated over a Maxwellian
velocity distribution and was primarily introduced in this form as a definition rather
than an empirically derived expression. It is easy to re-write equation 3.52 in a more

convenient manner, convenient in that the following form is how a majority of the
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literature expresses it. From a typical thermodynamic treatment of cosmology, the
temperature 7' o< a~ . Hence, one can treat the quantity a7 as a temporal invariant,
thus factoring it out of the derivative in equation 3.52. Write na® as n(aT')?/T? and
define the new variable Y = n/T®. Then

_5 d(na®) ,dY

“Ta T a
dY _ m3 2 2
= - =Tov) Yig =Y, (3.54)

where the definition Yrq = ngq/ T? has been made.

The WIMP relic density

Section 3.3.1 introduced a means of describing the time evolution of the DM number
density over cosmic history. The aim of this sub-section is to approximately solve the
Boltzmann equation for the well-measured DM relic density Qpym = pom/Perit == 0.27
[20] which subtly implies the assumption that the DM is made up of a single species.
Hence, we only need the simplest version of the Boltzmann equation introduced
earlier. Start with defining a new variable, x = m/T, where m is the mass of the

DM. This new variable has an implicit time dependence given by the Jacobian

dz
—=H 3.55
where H is the familiar Hubble rate parameter. Again using Dodelson [118], eventually

this leads to the following expression for the Boltzmann equation:

dY A 9 9
where
m3{ov)
A= .
Him) (3.57)

where H(m) is the value of the Hubble parameter at 7' = m. This is taken to be
during the radiation era i.e when energy density scales as T*. The first step for
determining the DM relic density is to determine the final freeze out abundance
Yo =Y (2 = 00). It can be shown that Y, ==~ x/\ where z; = z(at freeze out)
(see Dodelson for explicit derivation). Note that this approximation is dependent on
the freeze out temperature (). A common order of magnitude estimate is x5 ~ 10.

Thus, A and more importantly from a particle physics view (ov) is purely responsible
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for the DM abundance. Figure 3.3 shows numerical solutions of the Boltzmann

equation for differing values of (ov). Once a particle has frozen out, its number
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Fig. 3.3 Plot from [119]. Numerical solutions of the Boltzmann equation for varying
values of (ov).

density falls off according to the scale factor, a=3 (volume goes as a®). Thus the
mass density today is m(ay/ag)®>n, where a; is assumed to be at a sufficiently late
time that Y ~ Y. Given the estimate for Y., shown earlier, the present number

density is then n = Y, /T?. Hence, the mass density today is

a1T1)3 _ mYT§

p=m(ai/ag)’n = mYy Ty ( 30

3.58
T (3.58)
The last term comes from the fact that the ratio (a17}/agTy)? is approximately 1/30.
The reason for this is basically due to the fact that a7 is not constant over cosmic
time due to the reheating of photons from the annihilation of particles between 1
MeV and 100 GeV. Hence, writing the relic density using peiw = 3HZ/87G and the
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Boltzmann solution Yo, = x¢A:

Qpm = (3.59)
pcrit
xy mT
=2 3.60
X 30pe (3.60)
30m2(ov) perit, '

The Hubble rate during the radiation era H(m) is given as

H(T =m) = T%/W : (3.62)

where g, = g—;T4 is the effective number of relativistic degrees of freedom as a function

of temperature. Hence putting this all together one obtains

4m3Ge.(T) a1y
45 30(ov) perit

Qwivp = (3.63)
A very interesting fact to take out of this is that, besides its implicit dependence
through x and g., the DM mass m does not enter the expression for the relic density.
Hence the primary model dependent quantity that influences {2py; is the velocity
averaged cross section (ov). For Ty ~ 100 GeV, ¢.(Tp) includes contributions from
all of the particles of the SM except for the top or Higgs, and so is of order 100.
Putting in all the numbers one sees that in order to obtain Qpy = 0.27 requires
(ov) ~ 1072cm3s™!. The fact that this cross section is that of a weak main reason

for the popularity of this class of DM candidate.

3.3.2 Asymmetric DM

The visible matter (VM) abundance in the universe today is made from a small
number of SM fields: protons and bound neutrons (formed mainly from valence up
and down quarks, and gluons), and electrons (with neutrinos and photons comprising
the current radiation content of the VM). These are the stable relics of a much larger
SM particle content. Since asymmetric dark matter (ADM) models seek to draw a
connection between DM and VM, it is natural to suppose that the DM may also
be the stable member(s) of some relatively complicated gauge theory constituting a
hidden sector. In general, ADM models have gauge groups that contain the product
structure

Gy x Gp
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where the first factor is the SM gauge group or some extension thereof, and the
second factor is a dark gauge group. Some models have a gauge force that couples
to both sectors, with an extended U(1) being a common example. The dark sector
in general may have various fermion and scalar multiplets in representations of
Gp, and spontaneous gauge-symmetry breaking may occur. Many models have
the dark sector as simply just fermions or scalars or a mixture of the two. Taking
our cue once again from the visible world, it could well be that the DM is multi-
component and that there is dark radiation (bosonic and/or fermionic) as well as dark
matter. A relatively complicated dark sector is not mandatory, but it is perfectly
consistent with the ADM philosophy. There are two features that are not optional:
a conserved or approximately-conserved dark global quantum number so that a dark
asymmetry can be defined in the first place, and an interaction that annihilates away
the symmetric part of the dark plasma, just as strong and electroweak interactions
annihilate the symmetric component of the SM plasma into radiation. If DM also
carries a particle-antiparticle asymmetry, then gauge invariance implies that there
must be at least two dark species with compensating asymmetries, such that the
total gauge charge of the universe vanishes [120]. Discussing a mechanism that
specifies the dynamics of the asymmetry generation was beyond the scope of this
work. However, a (non-exhaustive) list includes: out-of-equilibrium decays of heavy
particles [121], Affleck-Dine dynamics [122], bubble nucleation during a first-order
phase transition [123], asymmetric freeze-out [124], asymmetric freeze-in [125], and

spontaneous genesis [126].

Asymmetric two-component dark matter

For the work detailed in chapter 5, we considered a dark QED-like model that consists
of two Dirac fermions that couple to a dark U(1)p such that the total gauge theory
becomes SU(3) x SU(2) x U(1)y x U(1)p. We now consider the case that the two
species are produced in some asymmetric scenario but are coupled to a light vector
mediator with mass m 4. We consider an extra U(1)p gauge symmetry with dark
coupling ¢gp, such that the gauge theory becomes SU(3)c x SU(2), x U(1)y x U(1)p.
As the dark symmetry is Abelian, a Stueckelberg mass for the dark photon is gauge
invariant, but it can also be generated by a new scalar higgs that takes a VEV.

Just considering the U(1)y and U(1)p parts and a two-component dark sector, the
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Fig. 3.4 Diagram relevant for direct detection through the mediation of a light

mediator.

Lagrangian at this stage has the following relevant terms:

€y 1 1 m%
E D) _?BHVF}/M/ — ZBPWBNV — ZF;“/F//“/ —+ 2 A/IUA/“
2
i=1 f

where €y is an effective coupling that absorbs the effects of heavy messengers in the
UV complete theory and the covariant derivative Di) = 0, +1igp A, involves the dark
photon. After the standard model Higgs acquires a VEV and breaks the electroweak
symmetry SU(2) x U(1)y — U(1)gm, we can re-write the hyper charge gauge field
in the mass basis in the usual way B, = cosf, A, — sinf,, Z,. Transforming the

field in this way will give terms in the Lagrangian that looks like?:

€ , 1 1, ., 2 _ . T
LD _§FMVFMV - iFMVFlW B ZFMVF/JV + ; QXiXi(ZwD - mXi)Xi + ;fo(llD - mf) f
1 2 -
= _Z‘FZI/K‘FNV + Z sz'Xi(ZlDD - mxz')Xi + Z fo(zw - mf) f (3'65>
i=1 f

where € = cosf, ey and F,, = ,A, — 0,A, is the electromagnetic field strength
tensor and D,, = GM + e Au~ In the second line we have written the kinetic terms in

a canonical matrix form with

1 €
fZ/:(FMV?F/iy) and K: ( ¢ 1) . (366)

3Noting that we have neglected terms that involve Z mixing since these will eventually lead to
suppressed couplings, and therefore we do not include them in our study.
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At O(e), the transformation that simultaneously diagonalises the kinetic terms as

well as the dark photon mass terms is F,, — T'F,,, where

K — TKT™ : T:((l) i) (3.67)

This implies the photon field is transformed, whilst the dark photon field is left

invariant:
= A, = A teA, A = AL (3.68)

In the resulting mass basis the U(1)gy covariant derivative will pick up a term
that involves the dark photon: D, = 3§, + ieA, + ic gpAj,. Substituting this into
Lagrangian in Eqn. 3.65 gives us currents that couple the dark photon A’ to the SM

fermions in the mass basis:

ﬁint De€ GJgMQSM + gdp ‘]gMgbu ) (369)

where JPM is the electromagnetic current J7 =3, Q; fo*f and JPM is the dark

2
fermion current Y, Q,,xi7"x: - These are the interaction terms that are relevant for
i=1

tree level direct detection as shown in Fig. 3.4. Note that the vector A’ is equivalent

to the ¢ represented in Fig. 3.4.
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Abstract

We study the case of multi-component dark matter, in particular how direct detection
signals are modified in the presence of several stable weakly-interacting-massive par-
ticles. Assuming a positive signal in a future direct detection experiment, stemming
from two dark matter components, we study the region in parameter space where it
is possible to distinguish a one from a two-component dark matter spectrum. First,
we leave as free parameters the two dark matter masses and show that the two
hypotheses can be significantly discriminated for a range of dark matter masses with
their splitting being the critical factor. We then investigate how including the effects
of different interaction strengths, local densities or velocity dispersions for the two
components modifies these conclusions. We also consider the case of isospin-violating
couplings. In all scenarios, we show results for various types of nuclei both for
elastic spin-independent and spin-dependent interactions. Finally, assuming that the
two-component hypothesis is confirmed, we quantify the accuracy with which the
parameters can be extracted and discuss the different degeneracies that occur. This
includes studying the case in which only a single experiment observes a signal, and
also the scenario of having two signals from two different experiments, in which case

the ratios of the couplings to neutrons and protons may also be extracted.

4.1 Introduction

We know from gravitational effects that dark matter (DM) constitutes a significant
fraction of the energy density in the universe, but no confirmed detection in the
laboratory has been made so far. Some of the most popular candidates are Weakly-
Interacting-Massive-Particles (WIMPs), in particular those that have non-vanishing
interactions with the standard model (SM) and therefore can be tested. In fact,
they are actively being searched for in direct detection (DD) experiments, which
look for their nuclear scatterings in underground detectors [9]. Interestingly, current
and planned next-generation experiments are probing a very large portion of the

parameter space of well-motivated theories of WIMPs.
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A plausible scenario is that DM is not made up of a single species, but that
it has a multi-component nature. In this work we study direct detection signals
in the presence of multi-component WIMP-like DM, i.e., several types of WIMPs
(labelled by Greek sub indices a = 1,2..., N) with individual global energy density
Q. such that they constitute the observed total DM energy density of the Universe,
Qpum = 2V Q. Purely on theoretical grounds, having the individual energy densities
(the global €2, or the local p,) exactly equal would seem to be a highly unnatural
scenario, requiring a fine-tuning between masses and number densities (unless there
is some underlying mechanism to equalise the densities). On the other hand, that
the densities are similar up to order one factors seems rather plausible, that is to say,
that there are several species contributing in a non-negligible way to the global and
local energy densities. For instance, in the SM there are baryons forming different
stable nuclei with a non-negligible density: H, He, Li..., and also electrons, photons
and neutrinos. Therefore, it is not difficult to imagine that a similar situation could
occur in the dark sector, which has an energy density five times larger than the

visible one.

There have been only a few works in the past regarding the direct detection of
multi-component DM [127-133]. Let us discuss the main points studied there and
the most relevant differences with our analysis. In Ref. [128] the authors considered
very small mass splittings (< 200 keV) for the particles, such as arise in inelastic
scenarios [134-136]. In Ref. [129] a continuum spectrum of closely spaced DM
particles was considered. In this work we will focus mainly on the case of two DM
states and consider splittings comparable to the DM masses. In Refs. [129, 130] the
possibility of testing multi-component DM using collider, indirect and direct searches
was studied. In Ref. [130] the authors related the WIMP-nucleon scattering cross-
section to the annihilation one, motivated by thermal freeze-out and supersymmetric
scenarios. Therefore they were able to express the scattering cross-section as a
function of the global (and local) density and the DM mass. In our study we
will keep the analysis as phenomenological and model-independent as possible. In
particular, we will not make any assumptions in the numerical analysis regarding
the production mechanisms for the DM, i.e., we will keep the abundance and the
scattering cross-sections as independent parameters. Furthermore, we will adopt a
different statistical approach to that in Ref. [130] and we will study the effects of all
relevant parameters entering the scattering rate. As pointed out in this last reference,
indirect detection of one DM particle could mimic the effects of two components,
as it may annihilate/decay not only to two gamma rays but also to Higgs/Z plus

a photon. In addition these interactions are loop-suppressed. Regarding colliders,
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the authors studied the case of models with charged partners decaying into DM. In
Ref. [137] the authors also considered the possibility of discriminating the number
of DM particles generating missing energy distributions. In this work we will focus
on how multi-component DM can be studied using only information stemming from
direct detection signals.

We will first discuss some general expectations of multi-component DM. In
particular, the relevant quantity that enters in DD is the local DM number density,
Nioc = Ploc/MpM, and we will discuss this in some detail. Afterwards, in order to
draw quantitative conclusions, we will focus on the case of having a two-component
DM signal in a direct detection experiment. The questions we would like to answer
are two-fold: first, how significantly can we distinguish the one-component and the
two-component hypotheses? Second, assuming that the two components can indeed
be distinguished, with what accuracy can we extract the DM properties? In order to
answer these questions, we will simulate a signal generated by two DM components
in different target nuclei, assuming either spin-independent (SI) or spin-dependent
(SD) interactions. We will adopt a frequentist framework in order to compare the
one- and two-component hypotheses and to extract the preferred regions for the
free parameters. We will also discuss the case of having two experimental signals,
and how accurately one can extract the DM properties in this case, including the
couplings to neutrons and protons.

This paper is structured as follows. In sec. 4.2 we give some general remarks
on multi-component DM. This section may be skipped for readers interested more
in the main results of this work. In sec. 4.3 we present the framework relevant for
direct detection of multi-component DM. In sec. 4.4 we analyse in detail the case of
a two-component DM event rate and how, from a given signal, the one- and two-DM
hypothesis can be discriminated. Assuming that the 2DM hypothesis has been
confirmed, in sec. 4.5 we study the extraction of the DM parameters. We conclude
in sec. 7.4. Finally we elaborate on some statistical methods used in App. 4.7, and

show the results of the parameter estimation using Bayesian methods in App. 4.8.

4.2 General remarks on multi-component dark mat-

ter densities

The relevant quantity for DD is the DM local energy density in the solar neigh-
bourhood, which should obey pio. = Efxv Pa- More precisely, it is the local number
density that is important in determining the total event rate in a DD experiment.

Given arbitrary local energy densities for two DM components, it is not entirely



Publication one: On the direct detection of multi-component dark matter:
50 sensitivity studies and parameter estimation

straightforward to determine which one dominates the event rate. For example, even
though the heavier DM mass has a smaller number density, it probes a larger part
of the velocity distribution, and therefore it is not straightforward which particle

dominates the rate, the lighter or the heavier.

One feature to keep in mind is that the proportionality of the global and local
densities is expected in the case of cold DM, such as WIMPs [138] (see also its effects
in Ref. [139]). We will assume such a proportionality in the following discussion.
Furthermore, for simplicity, we will focus on the case of two DM components, taken

to have masses mo > my without loss of generality.

The production mechanism of DM is unknown. Up to now, we have defined
multi-component DM as the scenario in which several particles have similar energy
densities. Another option is that they have similar number densities. The first
one is relevant in the context of thermal freeze-out, while the second one could in
principle be more natural in asymmetric scenarios (see Ref. [140] for a review on the
topic). In the latter case, however, the masses are typically of O(GeV), and therefore
DD is quite challenging, although detectors with low thresholds exist (typically
with Germanium). Focusing on two components, in the case of similar local energy

densities, we have that
Ploc

2 ?

i.e., both species have a significant contribution to the energy density. Instead, for

101 ~ pQ ~ (41)

similar number densities ny ~ ny & Ny, we have
Ploc = nloc(ml + m2) = Nioc M2, (42)
where in the last step we assumed msy > m,. Therefore,

~ Ploc
Nioc ~ .

ma

Of course, in the case of equal masses, i.e., m; = mgy (as roughly expected for
asymmetric DM), both expressions in egs. (4.1) and (4.2) are equivalent. This
means that, in this case, direct detection signals for multi-component DM models
are suppressed by the heaviest DM mass (really the total sum of the masses), and

similarly with indirect detection signals.

The number densities ny, ny are plotted in Fig. 4.1 versus r, = pa/p; for m; =9
GeV and my = 10 GeV in the left figure, and for m; = 9 GeV and my = 45 GeV in
the right one. We show the exact values in solid, and the different approximations

n1 = ngy in dashed black, p; = pioc/2 in dotted blue and py = pioc/2 in dotted red. In
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Fig. 4.1 Number densities n, with o = 1,2 versus log,((r,), where r, = pa/p1. In
the left panel we plot m; =9 GeV and mgy = 10 GeV. In the right panel, we plot
m1 = 9 GeV and mo = 45 GeV. We show the exact values of n,, in solid. Also
shown are the different approximations: n; = ny = n (dashed black), p1 = pioc/2
(dotted blue) and pa = pioc/2 (dotted red). For m; = mg all three approximations
collapse into a single horizontal line. A plot for m; = 45 GeV, my = 9 is the
mirror image of the right plot with respect to a vertical axis passing through

10g10(7"p) =0.

the case of p1 = pa = ploc/2, for r, =1 it is of course exact. One can also see that
taking n, = ny gives the average of the exact number densities. In the regime where
the local energy density of particle 1 (2) is large, i.e. r, < 1(>> 1), the respective
approximations are a (roughly constant) factor of two weaker, while in the opposite
regime they are more discrepant.

When the masses are similar (left panel), both approximations are roughly the
same. In fact all the approximations collapse for m; = ms. On the other hand, when
the masses are very different (right panel), the approximations are quite different. In
the case of ny = ny, it is an exact solution for r, = my/m; = 1.1 (5) in the left (right
panel). This qualitative behaviour is similar for other DM masses: the assumption
of equal number densities is an average of the real number densities for any true
value of the local energy densities, while that of equal energy densities is a worse
approximation at least for one of the two candidates whenever r, # 1.

In the rest of the paper, we will not make any approximation regarding energy
densities, which we will treat as free parameters, just subject to the constraint that

their sum gives the observed local energy density.

4.3 Direct detection of multi-component DM

4.3.1 The differential event rate

We present in the following the general notation for multi-component DM in detectors

with different types of nuclei. For the time-being, we assume elastic spin-independent
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(SI) scattering of DM particles x, (a = 1,2..., N) with masses m,, off nuclei with
atomic and mass numbers (Z;, A;) (j = 1,2..M), depositing the nuclear recoil energy
Eg. The total differential rate (usually measured in events/keV /kg/day) observed
by a detector is given by the sum of the event rates of the individual DM particles

on each of the nuclear elements:

M N
R(ERa t) = Z Z R?(ERu t) ) (43)
j=1a=1
where
R(Ep.t) = 2,00 (qefy2p2py (@) 44
j( R’t) =T 2 ( a,j) j( R)na,](vm,jvt)v ( : )
2Makay

with p, the individual local DM energy density (with the restriction pioc = S0, pa),
o? the individual DM-proton scattering cross-section at zero momentum transfer,
Lap the X, particle-proton reduced mass and Fj(Eg) the nuclear form factor of
element j. We also denoted the effective mass-number of the nucleus j with DM «
by

Agf’fj = Zj + (Aj - Zj):‘ia, (45)
with
ko = fal I8, (4.6)

where fP are the SI individual couplings of the DM particle o to neutrons and

protons. x; is the mass fraction of element j in the detector, i.e., z; = mj/(zy m;).

We will discuss spin-independent (SI) and spin-dependent (SD) interactions in
this paper; in the case of SD interactions, Eq. (4.4) can be used by substituting
A% — 1 and the form factor F7(Egr) — F3)(ER, ka) now has a kq dependence. In
the numerical analysis, for the SI form factors we will use the Helm parametrisation
[141, 142], while for SD in xenon (and fluorine) we will use the results of Ref. [143].

In addition to p,, the astrophysics enters in Eq. (4.4) through the halo integral

= o fe ( )
na,j< 'r(nj7 ): (f(get)7 m]? ):/ (a)dg dtT, (47)
with
)
0 = v (g, my) = || LR (4.8)

2/@]’ 7
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(@)

m?j
of energy Ep in element j, and fégt) (v, t) describes the distribution of DM particle
velocities in the detector rest frame, with f£i%(v,t) > 0 and [ d®vf\%)(v,¢) = 1. The

velocity distributions in the rest frames of the detector and the galaxy are related by a

where v, is the minimal velocity of the particle a required to produce a recoil

Galilean transformation, fé:t) (v,t) = fg(:l) (v+ve(t)), where v,(t) is the velocity vector
(a)

m7j

of the Earth in the galaxy rest-frame. Notice that 7,;(v
()

m7j )

we will use the so-called Standard Halo Model (SHM), with p® ~ 0.4 GeV/cm®, a

loc

) is a decreasing function

of v which for large DM masses does not depend on m,. Throughout this paper,

Maxwellian velocity distribution fe.(v) = W exp | — 23’%2 , and a cut-off at
T, Ot

the escape velocity vese = 550 km s~1.

(a)

In principle, 7q;(vy,;,t) depends on the DM particle a in two different ways:

directly, via its velocity distribution £ (v,¢) (which, in addition may depend in

a non-trivial way on the micro-physics of the DM, like its mass and interactions)
()

and indirectly, through its mass m, that enters into v,

7(7?7 )J — Uy j). In the following, we will

(unless m, > m;, in which
case the dependence on the DM mass drops, v
assume that the functional form of the velocity distributions of the different DM
components is equal, i.e., f(v,t) = f(v,t). We will however consider the case of
different velocity dispersions later on. Also, we will focus on constant rates, i.e.,
averaged over the year, so that

— R(E z(:max R(E 7tmin
R(ER): ( R );_ ( R )7

(4.9)

where tax (tmin) are the times of the year at which the rate reaches a maximum

(minimum). *

4.3.2 The rate for two DM particles

We now fix the notation for the DD signals expected from 2 DM particles a = 1,2
with masses m; < may, cross-sections with protons ¢, o}, and densities p;, ps, such
that p1 + p2 = poe. We will also study their signals in two different detectors
Jj = Ay, Ay, with mass and atomic numbers (A, Z;) # (Asg, Z5), and taken to have
mass fractions x; = x5 = 1 for simplicity (in the case of xenon, we will consider the

different mass fractions of its isotopes). We define

_»
P1

—r Ploc
1471,

) , such that p2 =T, p1 (4.10)

1'We will not discuss annual modulation signals, the reader is referred to refs. [112, 114, 144-149)
for studies on the topic.



Publication one: On the direct detection of multi-component dark matter:
54 sensitivity studies and parameter estimation

From eqs. (4.3), (4.4) and (4.9) (dropping the bar from the notation of R(Eg)), and

using p1, = pop = My, we can write the total rate as:

Ri(ER) = R{(Er) + R} (ER)

(Aeff )2 L (Aeff )2 )
= Clry,0}) F3, (Er) (m Ma) = e n(va) | (411)
where we defined
Ploc 0']10

C(r,,of) = and 7, (4.12)

I
Sl

2(14rp)my’

Ra,(ER) is similar, after making the following substitutions: A; — Ay, AST — AT
and A — A% In the case of a DM signal generated from two components, it
is clear that the particle masses will determine the slope of their individual rates,
while 7,7, and K1 o will determine their relative normalisation. Therefore, a first
conclusion is that using just information from a given direct detection signal, we can
only distinguish if there are one or two components if the particles have different

masses.

In the following numerical analysis, we will use different targets: fluorine, sodium,
germanium and xenon. The strongest limits for the SI cross-section come from
XENONIT [150], and are 10~% c¢m? for a 10 GeV DM particle and 1074 cm? for
mpm = 30 GeV at 90% C.L. For SD couplings with protons, PICO-2L [151] (and
PICO-60 [152] for heavier masses) set the strongest bounds, at the level of 1074 ¢cm?
for a 10 GeV DM particle. The values of the energy threshold (Eyy,), mass, time and
exposures for the different nuclei based on future expected experimental sensitivities
are given in table 4.1. Notice that there are many different proposed experiments,
and very large uncertainties are present in the literature regarding these values. For
Ge, although smaller thresholds are possible (< keV), we take a conservative value
similar to the other detector ones. Therefore our analysis can be understood as
a proof of concept, with more sophisticated experimental simulations needed once
there is a signal. We provide some examples of illustrative proposed experiments in
the last column of the table. 2 We also provide in the third column the minimum

DM mass that can be detected for each element assuming perfect energy resolution.

2This is by no means an exhaustive list, and other elements and experiments are also very
promising, for instance those using argon [153, 154], which however typically have higher energy
thresholds (~ O(20) keV). Moreover, in addition to XENONnt [155], other very promising xenon
experiments are DARWIN [156] and LZ [157]. For further details of the current status of DD
experiments, the interested reader is referred to Refs. [158, 159].
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Element FEy, (keV) mpy (GeV) M (t) T (y) MT (¢-y) Experiments

F 3 2 05 2 1 PICO-500 [152]

Na 3 2.5 0.25 10 2.5 PICO-LON [160]
Ge 2 3.5 0.4 10 4 SuperCDMS [161]
Xe 1 3 2 15 3 XENONnT [155]

Table 4.1 Experimental values used in the numerical analysis for future direct
detection experiments. Columns 2 to 6 show respectively the recoil energy threshold
Ein (keV), the minimum DM mass that can be detected in GeV, the mass of the
detector M in tonnes, the data collection time 7" in years and the total exposure
MT (t-y). The last column shows an illustrative experimental reference for the
type of experiment considered. For xenon we consider both isotopes Xe!?? and
Xe'3! with mass fractions x; equal to 0.264 and 0.212, respectively.

In Fig. 4.2 we show the differential spectrum of two component DM for a variety
of DM mass splittings. One can see the different slopes of the two components and
the presence of a kink in the total rate, which rapidly vanishes for smaller mass
splittings. This is the smoking gun of multi-component DM. We have checked that
sensible energy resolutions do not significantly affect the spectra, and in the following

we assume perfect energy resolution and efficiency.

Something important to keep in mind in the case of multi-component DM is that,
the heavier DM particle may contribute to the rates in different experiments. On
the other hand, the lightest particle may only scatter in the lightest detector, as in

the heaviest detector the recoils may be below its energy threshold.

We plot in Fig. 4.3 the lightest DM mass m; (GeV) versus the recoil energy Eg
(keV) where the spectrum of the DM component 1 intercepts that of DM component
2, for both SI (left) and SD (right) interactions. The SI targets include xenon,
germanium and sodium, whilst for SD interactions we only consider xenon and
fluorine nuclei. We fix mgy = 200 GeV and r, = 7, = 1. The cut-off for the curves
indicates the values of m; for which the spectra for the constituent components are
parallel. One can see that this cut-off is highly dependent on the mass number of
the nuclear target (i.e, the lower the mass number, the lower the cut-off). Notice
that the maximum recoil energy that can be detected sets a conservative upper limit
to the maximum m; that can be discriminated, i.e., such that the energy of the
intersection is below its value. Similarly, the maximum m; sets the maximum energy
of the intersection above which the rates cannot be discriminated. This means that
there are both lower and upper bounds on the splitting between the DM masses
meo-my for a discrimination between a two-component and one-component signal to
be possible. This is due to the fact that, for fixed mso, m; cannot be arbitrarily light,

as it would not give recoils below threshold. Similarly, for a fixed my, my cannot be
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Fig. 4.2 Total differential event rate for 2 DM particles (solid black), as well as
their individual contributions (1 dashed blue, 2 dotted green) for a variety of DM
mass splittings on the energy range [2,30] keV. One should notice that the kink
feature in the combined spectrum rapidly vanishes with smaller mass splittings.
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Fig. 4.3 The lightest DM mass m; (GeV) versus the recoil energy Er (keV) where
the spectrum of the DM component 1 intercepts the spectrum of the DM component
2. We show different targets for both SI (left) and SD (right) interactions. For SI
interactions we consider Xe, Ge and Na nuclei whereas for the SD case we only
take Xe and F nuclei. We fix my = 200 GeV and r, = r, = 1. Notice that the
maximum recoil energy of the interception sets an upper limit on the maximum
my that can be discriminated.
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arbitrarily large, as its number density (and therefore its rate) would be extremely

suppressed.

We can try to see which particle dominates the rate, the heaviest or the lightest.
As we have seen, this depends on the recoil energy considered. For a fixed Eg, as
mgy > my (by definition), we have that n(v,, 4;) < n(v5, 4;). However, it could well
be that the lightest particle (number 1) dominates if r, < 1 or r, < 1. Therefore
which particle gives the largest contribution to the rate depends also on the product
r,rs. We plot in Fig. 4.4 the regions in the plane log(my)-log(ms) where DM particle
2 (1) dominates as shaded light blue (shaded light brown) areas for Er = 2 keV
(upper panel) and for Er = 30 keV (lower row). We show results for two different
values of 7,7, =1, (0.2) in the left (right) panel. Of course, the areas are symmetric
under interchange of particles 1 and 2 for r, = r, = 1. In this case, one can see that
lightest DM species always dominates: DM 1 to the upper-left region of the diagonal,
and DM2 to the lower-right, except in a small region where the lightest DM is so
light that we are probing the tail of the velocity distribution, which is exponentially
suppressed. For r,r, = 0.2, the regions where DM 1 dominates are somewhat larger
than for r,r, = 1. A similar plot for r,7, = 5 can be obtained by the reflection of
the r,r, = 0.2 plot by interchanging m; <+ my everywhere, and therefore, in this
case, the regions where DM 2 dominates are larger than for r,r, = 1. The regions to
the left (bottom) of the vertical (horizontal) dashed lines imply v\ (ER) > Vege det
(V2 (ER) > Vese det) and therefore there is no DM 1 (2) that can give recoils at that
recoil energy. They set the lowest DM mass that can be detected. For Er = 30 keV,
the regions where the scattering is allowed shrink, as the minimum DM mass that

can produce a recoil is larger than for Fr = 2 keV.

We therefore conclude that in the general case, which particle dominates the
rate is a rather model-dependent statement. If we take equal energy densities and
cross-sections, i.e. 7,7, = 1, again, which one dominates depends on the DM masses
and cross-sections, see Eq. (7.1) and Fig. 4.4. On the other hand, if we assume
ny = ng = n, then pioec = N My, where myo, = my +ms, and 7, = my/my. Therefore,
in this scenario the total rate can also be computed using Eq. (7.1) for 7, = my/my,

and it simplifies to:

Cﬂ(ap e e
Ry (Br) = = j> F3, (Er) ((AS5)? n(vn)a) + (A2 ron(oay)) » - (4.13)
where we defined
C (O_p) — Ploc 0-217 (4 14)
n\“Y1) — 2m2 . .

p
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Fig. 4.4 Regions in the plane log(m;)-log(msa) where DM particle 2 (1) dominates
as shaded light blue (shaded light brown) areas. The upper row is for Ep = 2
keV and the lower row for Er = 30 keV. Left (right) column is for r,r, = 1(0.2).
The regions to the left (bottom) of the vertical (horizontal) dashed lines imply
vﬁ,ll)(ER) > Vesc ,det (vg) (ER) > Uesc det) and therefore there is no DM 1 (2) that
can give recoils at that recoil energy.
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Interestingly, in this case the DM masses my, my only enter in the rate through
the dependence on 7(v,,). This means that the lower the DM mass, the larger
the minimum velocity, and therefore the smaller the rate. Therefore, in this case,
for r, = 1 and K1 = kg, the largest DM mass clearly dominates the rate. The

implications of this will be further discussed below in sec. 4.3.2.

Suppression of the rate for equal number densities

In the case of equal number densities, if we assume that the DM particles have roughly
the same kind of interactions with the SM (r, = 1, k1 = k2), calling of ~ 05 = 0y,
with SI isospin-conserving interactions, the total rate for a particular nucleus can be

written using Eq. (4.13) as:

Op Ploc 19 12 (2)
— A (F 4.15
QmIQ) Mo ( R) n(vm ) ) ( )

R(ER) =~

where we used that n(v(?)) > n(v)) and mye ~ ms, which are valid when there is a
significant hierarchy in masses, m; < mo. Notice also that in the limit my > my4,
v?) becomes independent of the DM mass my, and so does 1(v(?), so we could drop
its superscript (we assume this in the following). From this expression, we can derive
an upper bound on the heaviest DM mass to have a signal in a direct detection
experiment for a given cross-section. For an experimental sensitivity of Rex,(ER) at

a given recoil energy Egr, we get:

Ploc Op ~ 2 m?) Rexp(ER>

~ , 4.16
ma = PP Ex) fom (B 0
or similarly, for a fixed DM cross-section:
L P oppg E 4.1
my 0pA”F*(ER) n[vm(ER)] - (4.17)

= 2m2 Regp(Er)

Notice that one can use the inequality 7(v,,) < 1/v,, that is independent of the
velocity distribution [139, 162-164], and therefore derive an upper limit on the DM
mass (or a lower limit on pjc 0,/ms) that is f(v)-independent as a function of the

recoil energy:
1 Ploc
2 mz% Um (ER) Rexp<ER)

o, A’F*(ER). (4.18)

Mo <

Therefore one can check the Er at which the upper bound is weakest. As an example,
using 0, = 107* cm?, and taking the the form factor equal to one, in Germanium, for
an expected sensitivity of Rex, > 107° cts/kg/day at a typical recoil energy Er = 2
KeV, we get that my < 200 GeV, i.e., unless the heaviest mass is lighter than 200
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GeV, the rate will be too low to be detected. For the same conditions in Iodine
(DAMA) and Xenon, we obtain upper bounds of ~ 600 and ~ 700 GeV respectively.
Similarly, if the DM properties were known from other probes (colliders, indirect
detection), eq. (4.18) could be used to derive an upper limit on the event rate as
a function of recoil energy. The bottom line is that, for equal number densities, if
the DM components have similar interaction strength, the heaviest mass of the DM

group dictates the sensitivity of DD.

4.4 Hypothesis testing: one versus two DM com-

ponents

In the following (sec. 4.4.1) we detail the statistical methods used to calculate the
sensitivity of future experiments to discriminate a two-component DM scenario from
the one-component one. We formulate this analysis as a frequentist hypothesis test,
with the null-hypothesis being one-component, and the alternative hypothesis being
two-component. The test should be able to select the two-component interpretation
when the energy recoil spectrum has a significant kink feature, as shown in Fig. 4.2,
since this feature cannot be explained with only one DM particle. The statistical
techniques used in this study have been previously applied and thoroughly detailed in
the context of neutrino mass ordering analyses [165-167]. We then show in subsequent
subsections that the best model discriminator is the mass splitting between the two
DM components. We first show in sec. 4.4.2 results taking as free parameters my,
moy and the overall normalisation a;, keeping k1,2 = 1, = 1, = 1 and assuming the
SHM for both DM particles with oy = o = 270 km/s. Afterwards, in sec. 4.4.3
we proceed to see how the discrimination is worsened by allowing r, # r, # 1, the

dispersion velocities og; # ogs # dsum, Or the ratios of couplings k1 # kg # 1.

4.4.1 Test statistic for hypothesis testing

We construct the hypothesis test in a frequentist framework, defining the null
hypothesis to be the one-component scenario which we denote Hipy. Similarly we
denote the two-component alternative hypothesis Hopy. Notice that the one DM
hypothesis is a subset of the two DM hypothesis, as can be seen easily by taking
r, = 01in Eq. (7.1). Hipy is said to be a nested hypothesis of Hypy. We will see
later that this has important ramifications.

Suppose that we have a detector that has observed a set of binned count measure-

ments X = xq, To...,xy over N bins with uncertainties o; = /z;. We parameterise
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the likelihood of observing this data given a hypotheses Hipy/Hapw with a binned

Gaussian distribution:

_[#i—pi(a )

L(x|H,) 20} o = [Hipm, Haowl, 4.19
(x| H 2m [Hipwm, Hapw] (4.19)

where p;(6,) is the expected number of counts in bin i as a function of the model
parameters O, /O, under the hypothesis Hipyv/Hopy. Maximising the likeli-
hood in Eq. (4.19) with respect to the hypothesis parameters 6, is equivalent to

minimising -2 times the log-likelihood as follows:

a;

. . N Ti — 4 ea 2 .
min ( —2In E) = Hé}inzi: % = min (0. - (4.20)

This is the familiar ‘chi-square’ statistic which, as showed by Pearson [168] in the
limit of large x; follows a x? distribution with N — n(6,) degrees of freedom, where

n(0,) is the number of parameters 6,,.

One should immediately notice that Eq. (4.20) only provides a ‘goodness of fit’
for the hypothesis «, and does not explicitly reject one in favour of the other. For
this task, we require a test-statistic 7 that explicitly discriminates between Hipwm

and Hopy. A commonly used test statistic is:

T = min X2(9H1DM> — min X2(9H2DM)‘ (4'21)
OH1pm OHypM
Notice that the definition of 7 is such that the larger its value, the larger the

preference for Hopyr, and the smaller its value, the more Hipy is preferred.

In order to quantify how much the data supports either hypothesis, we require
the limiting probability distribution of the 7 statistic in the case either Hipy and
Hopy is true. Under some general assumptions, the theorem from Wilk [169] states
that in the case of nested hypotheses (i.e when Hipy is true), 7 will follow a 2
distribution with k& = n(0p,,,,) — (0w, ) degrees of freedom, where n is the number

of parameters that parameterise a given hypothesis. We denote this by 7'PM.

However, in the case that Hypy is true, we show in Appendix 4.7 that the T
statistic, which we denote 72PM, will follow a Gaussian distribution that is solely
dependent on the true parameter values p(0%% ) with mean given by 77°M and

Hipwm
standard deviation 2y/TZPM, where

true

2
782DM =T (x; = (0% ) = mm Z (,uz 9H2DM> _ ui(GHlDM)) ) (4.22)

H 2DM Obt, true
i

i (0H2DM)
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Fig. 4.5 Normalised probability distribution of the test statistic 7 in a Xe target
for true one-component 7'PM (light red) and two-component 72PM (light yellow)
DM hypothesis. We fixed m; = 10 GeV and mgy = 200 GeV. We used 8500 samples.
We see that the one-component DM follows a x? distribution with one degree
of freedom, while the two-component DM hypothesis is well-approximated by a

Gaussian centered at 72PM, with standard deviation 2,/7ZPM.

That is, 7P has no statistical fluctuations from the data and is often called the
‘Asimov likelihood’. The Asimov likelihood can be qualitatively thought of as an
approximation of the median value of a test statistic. See Ref. [170] for details. Note

that large values of 762DM disfavour the null hypothesis Hipy.

In Fig. 4.5 we show the probability distribution of 7 for the two hypotheses in a
Xe target: Hipy in light red and Hopy in light yellow. We fix m; = 10 GeV and
mo = 200 GeV and use 8500 Monte Carlo samples. Since the only free parameters
we are considering are the two DM masses, the difference in degrees of freedom
of the two hypotheses is k = 2 — 1 = 1 degrees of freedom. Hence, from Wilk’s
theorem, we expect that under Hypyg, 7 will follow a x4, ; distribution. One can see
that 72PM is approximately Gaussian distributed with median 72" and standard
deviation 24/T#PM, while 7PM is approximately estimated by a y2-distribution with

one degree of freedom as expected.?

30ne will also notice that the width of the Gaussian approximation in Fig. 4.5 slightly overesti-
mates 72PM. This of course could be primarily because we have assumed Monte Carlo realisations of
the recoil spectrum are Gaussian distributed instead of Poisson. We have exploited the assumption
that for large number of events the bin by bin distribution starts looking Gaussian. In practice,
however, we are only interested in the median of the Hopy distribution, since its variance does not
enter in the calculation of the median sensitivity, as will be discussed in sec. 4.4.1.
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Median sensitivity

The aim of this analysis is to quantify how sensitive an “average experiment' operating
at future benchmarks is to rejecting Hypy in favour of Hopyp. The quantity that allows
us to do this is called the median sensitivity and can be easily visualised as follows:
Under Hopy an experiment will generate a 72PM statistic that is approximately
Gaussian as shown in Fig. 4.5. In this vein, the median (mean) of this Gaussian

TPM quantifies the experiments’ ‘average’ capability.

Since we know that the distribution of 7 under Hipy is a x? with k& degrees of
freedom, we can then calculate the probability of having a 77PM at least as extreme

as the one we observed. This is called the p-value and is given by

[e.9]

p= F(T|Hipn) dT =1 — CDFY (TP (4.23)

2DM
75

where CDFf{‘zof is the cumulative density function for the x2 ;.;. As a result, a
larger 7§DM which favours Hopy will produce a smaller p-value, and vice-versa. We
define o to be the probability of making an error of the 1st kind, i.e, rejecting Hipwm
if its true. If p < «, then the data supports Hapy over Hipy. In more conventional
words, we have defined our critical region to be where there is a low probability to
observe T if Hipy is true but a high probability if the alternative hypothesis Hopm
is true. The p-value in Eq. (5.27) can be converted to a two-sided number of unit
Gaussian standard deviations, which we will denote throughout the rest of this paper

as Z, and call it the median sensitivity using *

Z(p) = V2erfc ™ (p) (4.24)

where erfc(p) = 1 —erf(p) is the complimentary error function. If Z > Z(a) = 5 then
the median experiment can reject Hipy in favour of Hopyy at the 5-sigma confidence
level (CL). In the special case that the difference in number of degrees of freedom is

k = 1, the sensitivity is just given by [170]

Zlper = TEM . (4.25)
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Fig. 4.6 Significance Z with which the median experiment can reject the one-DM
hypothesis in favour of the two-DM hypothesis as a function of the mass splitting
(mg —mq)/myq, for fixed my equal to 10 GeV. We show as dotted, dash-dotted
and dashed (black) horizontal lines the 1, 3 and 5 ¢ C.L. The left panel shows the
SI targets xenon (in blue), germanium (in red) and sodium (in green). The right
panel shows the SD targets fluorine (in grey) and xenon (in blue).

4.4.2 Fixed parameters except for the DM masses

We perform the analysis discussed in sec. 4.4.1 firstly for the case that all hypothesis
parameters are fixed except for m; and ms. As a result, the difference in number of
degrees of freedom between Hipy and Hopyy is £ = 1. Thus, Eq. (4.25) is used in
this case to calculate the median sensitivity. Later on in sec. 4.4.3, we will study
how our results are changed in more general cases by relaxing the restrictions on
other parameters. We do the following analysis both for SI and SD WIMP-nucleon
couplings.

For SI interactions we will consider future sodium, germanium and xenon ex-
periments, with a true SI cross-section with protons of 011’(81) = 10" cm?. For SD
interactions we will consider future fluorine and xenon experiments with true SD
cross-section with protons of o} gy, = 107*? cm?. We adopt the experimental config-
urations shown in tab. 4.1. The choice of the nuclei for our assumed SI interaction
experiments is such that there is a large range in masses, while for SD interactions
there is an additional feature: fluorine (xenon) is most sensitive to DM couplings
to protons (neutrons). We also assume a true (known) r,, 7, = 1, i.e., equal energy
densities and cross-sections for the two DM particles, as well as equal couplings to
protons and neutrons (k2 = 1).

In order to illustrate how the mass splitting controls the hypothesis discrimination,

we show in Fig. 4.6 the median significance Z as defined in Eq. (4.25) versus the

4An alternate definition of the median sensitivity as seen in Ref. [165] is given by the CL at
which an experiment will reject the wrong hypothesis with a probability of 50%, that is, with a
rate for an error of the second kind of 0.5. We will use the definition in Eq. (5.26) for this study.
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normalised mass splitting (my — my)/my, for a fixed lightest DM mass m; equal
to 10 GeV. The left panel shows SI targets: xenon (in blue), germanium (in red)
and sodium (in green). The right panel shows the SD targets fluorine (in grey)
and xenon (in blue). We also show for reference the 1, 3, and 5 sigma contours
as horizontal dotted, dash-dotted and dashed (black) lines. In the case of sodium,
the significance is always very poor. This is due to two reasons. Firstly, the rate
goes for spin-independent interactions as A%. As a result, one obtains suppressed
statistics in a Na based experiment as opposed to Xe and Ge when similar exposures
are used. This dominates the height of the curve in figure 6, left panel (c.f. figure 6
right panel for SD). Secondly, in general one is always more sensitive to recoils when
roughly mpy ~ Myucens- Hence since one will only ever observe a significant ‘kink’
in the recoil spectrum for large enough mass splittings, a Na experiment will have
trouble significantly rejecting the one-component hypotheses because it won'’t see
the heavier particle. This effect is reflected by the relative shift of the peaks of the
three curves (red, green and blue) in the left panel of figure 6. In all other cases, one
should notice that the median significance is globally maximised at a mass splitting
that is approximately equal to ~ 10 and drops to zero for very small < 0.1 or very
large > 10° mass splittings. This illustrates that there exists only a finite window
in masses, roughly my ~ O(1 — 100) m;, where there can be a significant (2 50)

discrimination.

In Fig. 4.7 we show the median sensitivity in the full mass plane my—my. The top
panel is for SI and the bottom panel for SD. One can see that the DM mass regions of
large significance increase with the mass of the nucleus. Indeed, as discussed above,
the significance for sodium is always negligible. Notice also that the regions shrink
for very large masses of the heaviest DM, where its number density is so suppressed
that it gives no signal in the detector. The exposure for such heavy masses is a
critical factor to obtain a signal and achieve discrimination. For xenon, the largest
sensitivity occurs when the lightest DM mass is around 10-20 GeV, and the heavy
mass is in the range 50-400 GeV. For germanium, the largest significance occurs
when the heaviest DM is lighter than roughly 300 GeV. For the SD case the main
features are preserved for xenon, however the maximum significance that can be
achieved is slightly lower. Fluorine however achieves maximum significance for ms in
the range 50-200 GeV. Another feature of the SD fluorine result is that the median

significance also drops above m; 2 15 GeV.
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An important note to make is that the median (statistical) sensitivity scales as

usual with the square root of the exposure
Z xVMT . (4.26)

This is true for all detector types for both SI and SD interactions. This is important,
since the results we show in this section can always be scaled accordingly for different

experimental exposures to those given in tab. 4.1.

4.4.3 General scenarios

In the following we drop some of our simplifying assumptions to see how our results
are affected. We use values of mi-msy that yield high median significance: we fix mo
to have a mass of 150 (200) GeV for SD (SI) respectively. We then consider three
different generalised scenarios (we do not show the results for sodium since in all

cases the maximum median significance achieved is negligible):

1. In the first general scenario we consider we include the velocity dispersions
of the two components’ velocity distributions into the parameter space of
Hipm and Hopy: Hipw = [0F, ma, og,] and Hopy = [08, ma, ma, oy, 0,]. In
Fig. 4.8 we show the median sensitivity in the plane of m; versus oy, for the
SI targets (top panel) and SD targets (bottom panel). We fix the velocity
dispersion of the heavier particle to og, = 270 km/s, while the lightest (DM
one) has a free velocity dispersion in the range 50 < oy, < 400km/s. The low
velocity dispersion case corresponds to a stream. The median sensitivity is
calculated realising that Hsopy has two more degrees of freedom than Hipy.
Hence, k = 2 and the median sensitivity is calculated using Eq. (5.26). In the
case of SI xenon (and similarly for germanium), one can see that there is a
correlation between the lightest DM mass and its velocity dispersion, which is
expected. This is because the median significance is large, whether for very
low DM masses with large dispersions such that events are above threshold, or
for medium-range masses with small dispersions. With respect to the SHM
case, for my in the region of ~ 15 GeV, the hypotheses can be somewhat
better resolved by a smaller velocity dispersion. Sodium (not shown) can only

discriminate between Hipy/Hapy at the level of 1.6-sigma.

In Fig. 4.9 we show m; versus op, for the SI targets (top panel) and SD targets
(bottom panel). In a similar way to Fig. 4.8, here we fix oy, = 270 km/s and

let o, run over 50 < oy, < 400km/s. We see that the median significance is
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almost insensitive to oy, (at m; ~ 12 GeV) for all targets except for fluorine
in the SD case, where Z starts to decrease for smaller o, (< 100 km/s). The
lack of dependence on oy, is due to the fact that for heavy WIMPs the whole

velocity distribution is probed.

2. In the second scenario we drop the assumption of equal energy densities and
cross-sections, i.e, we take r, # r,. We now allow r, and 7, to enter the
parameter space of Hopy in the range 0.01 < r, < 2.5 and 0.01 < r, < 10:
Hipm = [o],m1] and Hopm = [0F, Mg, ma, 1), 7). Since 7, and r, only exist
within the parameter space of Hopy then in this case we have k£ = 3 and hence

in order to calculate the median significance we need to resort to Eq. (5.26).

In Fig. 4.10 we show the r,~m; plane for SI (top panel) and SD (bottom panel)
interactions, whilst keeping r, = 1. One can see that, for any fixed DM mass,
Z drops once we move away from the r, = 1 case. Conversely, for the SD
case in a fluorine target the significance is approximately constant in the range
0.25 < r, < 2.5. These results are similar to that of Fig. 4.11 which shows the
r,—my plane for SI (top panel) and SD (bottom panel) interactions for fixed
r, = 1. However, the region of high significance is slightly more elongated along
the r, axis for both the SI and SD cases. The SD fluorine target significance
now drops lower at 7, < 0.1. We can conclude that if r, [r,]| are different
from one, but not more than a factor O(1[10]) from it, the sensitivity is not

significantly worsened.

3. The final scenario we consider involves isospin-violating DM (see also [171, 172]).
We perform a scan over the WIMP-nucleon coupling ratios x; and ky. We
let the coupling ratios enter the hypotheses’ parameter space in the ranges
K1, k2 € [=5, 5], keeping in mind that these parameters enter the rate differently
for ST and SD interactions: Hyipy = [0, m1, k1] and Haopym = [07, ma, ma, K1, K.
The total difference in number of degrees of freedom is £ = 2 and hence the

median sensitivity is again calculated using Eq. (5.26).

In figure 4.12 we show the ko—r; plane for SI (top panel) and SD (bottom panel)
interactions. In the SI case, one can easily see from inspection of Eq. (4.5)
that AT — 0 as kK — —0.7 for Xe and —0.8 for Ge. Hence if either one of
K1 or kg are close to zero, the rate due to this component will be vanishing
and hence there will be no good hypothesis discrimination. One will also
notice that the median sensitivity grows for larger k1 o, where A2 o< |r1 2%,
becoming independent of the signs of the x;. In the SD case, since Xe targets

are more sensitive to WIMP-neutron couplings, we see that the rate diminishes
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for kK — 0. In the case of a fluorine target however, since the nuclear mass is
much lower than Xe, for a given Fp, the SD form factor is approximately 1,
and hence varying x does not significantly effect the median sensitivity. For

this reason we do not show the result for the fluorine target. °

4.5 Parameter estimation: extracting the DM prop-

erties from 2DM signals

Previous studies have conducted parameter estimation analyses for ensembles of
WIMP parameters in current generation detectors under the assumption of only one
component DM [173, 174]. In the following we want to study the case where the 2 DM
hypothesis has been confirmed, so that one would try to extract the DM parameters.
We again adopt a frequentist framework to conduct our parameter estimation by
making use of the method of maximum likelihood. We use the MultiNest [175]
package which obtains likelihood samples within a user-specified prior boundary via
an importance nested sampling algorithm. We also do the analysis under a Bayesian
framework for completion, however we present these results in appendix 4.8. We
choose this prior range to span over parameter values that give good discrimination
between Hipy and Hopy as observed from the results of sec. 4.4. In the following

sections we briefly discuss the statistical methods and then present our results.

4.5.1 Statistical methods
Method of maximum likelihood

The method of maximum likelihood (ML) allows us to make estimations about model
parameters by finding the parameter configuration 8 that maximises the likelihood
function £(x|@). The values @ are called the ML estimators of the model. For this
study we wish to examine the parameter space of only two of the 8 model parameters
at a time. Omne may explicitly ‘profile out’ all other parameters by writing the
likelihood function in terms of the ML estimators of these parameters. The result is

called the profile likelihood

A~
~

L(x| 64, 05) = L(x | 61,05, 05..0,) (4.27)

®The median sensitivity is Z > 15 V k1 2 € [—5, 5] and hence not much is gained from inspection
of this result.
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Benchmark m; me K1 ke T, Ty O, Omw, Targets
SI 15 200 2 25 0.7 1.1 220 230 Xe, Ge, Xe+Ge
SD 7 150 25 1.5 09 0.9 220 230 Xe, F, Xe+F

Table 4.2 Parameter benchmarks used to generate the Asimov data in Eq. (5.30).
These benchmarks are chosen taken into account the results of sec. 4.4, i.e., choosing
illustrative regions of parameter space that give a large discrimination between
the one and two-component hypotheses. DM masses m; o are measured in GeV.

where the double hat notation denotes the ML estimators of 65...0,, for the given
values of #; and ;. Maximising the likelihood in Eq. (4.27) with respect to 6 5 is
equivalent to maximising the profile likelihood ratio (PLR)

)\(91792) _ E(X | il(,jj,é‘g)gen) — £(X | 8292,93...0n> ‘ (428)

In our analysis we will call the point in the ;-6 plane that maximises the profile
likelihood ratio the ‘best-fit’ point. In the limit of large statistics, the distribution
of —2In \(6y, 6;) will tend towards a x? with k& = 2 degrees of freedom as given by
Wilk’s theorem. As a result, this leads to a critical region that is defined by a cut on
A that we will choose to represent contours of the standard 20 (95.45%) frequentist
confidence level (C.L).

4.5.2 Results

The likelihood function we use for our analysis is a Gaussian as defined in Eq. (4.19)
but we now require that the likelihood is a function of all eight model parameters

shown in tab. 5.1:

[ —115(8)]>
202

N 1 -

L(x]0)= 1:[ \/Q_TO'Z-B i 0 = [my,ma, K1, Ko, Tp, To, Om1, Or2] ,  (4.29)
where again, z;, o; and p;(€) are the data, error and predicted number of counts in
the 7th energy bin. In a similar way to the approach in sec. 4.4.1, we use the Asimov
likelihood in our parameter estimation in order to obtain a measure of the median
experiments ability to determine the model parameters. The likelihood that enters
the profile likelihood ratio is then

N 1 [merr-mo]”
L(x=p(0")]0)=]] ———c¢ R (4.30)
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Parameter Range Type
my,2 (GeV) [10, 1000] Flat
oy, H, (km/s) 20, 400] Flat
o, (cm?) [107%,107%%]  Log
r, (1072, 107 Log
K1,2 [-5,5] Flat

Table 4.3 Ranges for the parameter estimation.

As for generating the Asimov data 8", we use a few benchmark scenarios as
given in tab. 5.1 that contain parameter values that ensure a good discrimination
between the one and two-component hypotheses, as deduced from the results of
sec. 4.4. We provide benchmarks for SI and SD, that generate data for both one
signal and two signals in detectors with different nuclei. We exclude sodium since the
results from sec. 4.4 show that no significant discrimination between Hipy and Hopy
is possible. Another thing to note is that we don’t assume that the DM particles
have equal couplings to protons and neutrons, i.e., Ky # ko # 1, or equivalently
Aein 7# Aesi2. For the case of just one experimental signal from one detector, this
could be absorbed into ¢} and r,. That is, from one signal one cannot extract
information about couplings to neutrons and protons, while one can do this using
two signals (also using information on the coupling to protons from neutrinos from
the sun, see Refs. [134, 176-179]). However, in the case of two experimental signals
in two different types of nuclei (we use Ge and Xe for SI, and Xe and F for SD)
information about the interactions with protons and neutrons can in principal be

obtained. Our chosen ranges for the scan are shown in table 4.3.

In Figs. 4.13 and 4.14 we show parameter estimates using the PLR method for the
combination of two signals Xe+Ge (SI) and Xe+F (SD) respectively. Visualisation
is done with the Pippi plotting package [180]. We show the 20 C.L contours (solid
line), as well as the best-fit point and normalised profile likelihood density £/Lax
on the colour scale. For comparison, we show the best-fit points and 20 C.L contours
(dashed/dotted lines) for the one-signal cases (Xe/Ge for SI and Xe/F for SD) in order
to display any improvement in parameter realisation. We show results in the same
planes that were used for the previous section, as well as parameter combinations
that showed an interesting degree of uncertainty/degeneracy. We notice in general
that the PLR distribution of the SD results are in general more non-localised and
uniform, as opposed to the SI cases where definitive regions of high PLR display a
good degree of resolution for certain parameters. We also notice that the combined
signal in the SD case generally produces regions that are more extended than the

F-only case. This may initially seem counter-intuitive. The reason is that we have an
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eight-parameter scan with a likelihood which is highly multi-modal and non-trivial.
As a result, one should not expect parameter estimates from the combined and one
signal cases to give the same best-fit point, but rather significantly different regions
of PLR. In fact, in general, we will see that for SD interactions the xenon form factor
makes the parameter estimation much harder in the combined case than in the case
of just a signal in fluorine, where the form factor suppression is absent. This makes

the combined signal somewhat worse than the individual one.
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Fig. 4.7 Significance Z with which the median experiment can reject the one-DM
hypothesis in favour of the two-DM hypothesis in the mo — my plane for different
target nuclei. All other model parameters are fixed when generating the Asimov
data: r, =1, =1, k1,2 = 1 and o, , = 270 km/s. We do not plot the symmetric
region around the axis m; = mg for clarity. The top panel is for SI interactions
for Xe, Ge and Na, while the bottom panel is for SD interactions for F and Xe.
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Fig. 4.8 Significance Z with which the median experiment can reject the one-DM
hypothesis in favour of the two-DM hypothesis in the o, —m; plane. The fixed
parameters are mo = 150 (200) GeV for SD (SI), r, = o = 1, k1,2 = 1 and
om, = 270 km/s. The top panel shows SI targets: Xe, Ge and the bottom is for
SD targets: F and Xe.
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Fig. 4.9 The same as Fig. 4.8 but in the op,~m plane, where at each point o, is
fixed to 270 km/s.
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Fig. 4.10 Significance Z with which the median experiment can reject the one-DM
hypothesis in favour of the two-DM hypothesis in the r,~m; plane. The fixed
parameters are mz = 150 (200) GeV for SD (SI), 1,2 = 1 and op, , = 270 km/s.
The top panel shows SI targets: Xe and Ge, while the bottom is for SD targets: F
and Xe.
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Fig. 4.11 The same as Fig. 4.8 but in the r,—m; plane.
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Fig. 4.12 Significance Z with which the median experiment can reject the one-DM
hypothesis in favour of the two-DM hypothesis in the ks—x1 plane. The fixed
parameters are mg = 150 (200) GeV for SD (SI), 7, = 1 and oy, , = 270 km/s.
The top panel is for SI targets: Xe and Ge. The bottom is for a SD Xe target.
We do not show the results for F since the median significance does not change
with varying x, and hence is not illustrative.
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Fig. 4.13 SI results of the parameter estimation for one and two signals in Xe
and Ge. The colour scale shows PLR while the solid (grey), dashed (black) and
dotted (orange) lines show 20 C.L contours for the combined Xe+Ge, Xe-only
and Ge-only signals respectively. The best-fit PLR point for the Ge/Xe/combined
Xe+Ge signal is shown with a diamond/dot/star. The true parameter values (see
tab. 5.1) are depicted by the yellow cross.
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Fig. 4.14 SD results of the parameter estimation from the fit to one signal in Xe/F,
and two signals in Xe + F. Figure properties are the same as for Fig. 4.13. The
solid (grey), dashed (black) and dotted (orange) lines show 20 C.L contours for
the combined Xe+F signal, Xe-only signal and F-only signal respectively.
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Looking first at the top-left panel of Fig. 4.13, one can see excellent realisation of
the two DM masses with the best-fit PLR, however the uncertainty in ms extends
over a large region of the my parameter space (although it is peaked around the true
value). This is because for large mg, Uiy and therefore n(Eg) become independent of
my. Therefore the same signal can be fitted with increasing 7,7, o< msy as can be seen
from Eq. 7.1. In the SD case in Fig. 4.14, the uncertainty in m; is increased and the
true point is covered by an extended region of high PLR, however the best-fit point
for the combined case does not resolve m; and ms accurately. The best-fit point
for a signal with only fluorine however does resolve the benchmark point. There is
no distinct difference between the Xe+Ge and Xe/Ge-only cases for SI other than
a slight improvement in the m, precision, however the F-only region shows less
uncertainty in m; for the SD case. Notice that the light m; chosen for SD (equal to

7 GeV) implies that lighter nuclei (like F) are much more sensitive to it.

The top-right panels of Figs. 4.13 and 4.14 show the SI/SD results in the plane
of op,—om,. We notice that in the SI case we are less sensitive to op,, whilst the
best-fit PLR is able to resolve the true og,. This is because for the heavier particle
an experiment is able to probe the entire velocity distribution, whereas for the lighter
particle we are more sensitive to fact that we need velocities to provide recoil energies
above threshold. This is not the case for the SD result however, which shows that
whilst the true point lies well within 20 contour, the uncertainty has increased in
both op, and op,. Interestingly, the F-only 20 contour is much more resolved than
the combined Xe+F result, with the best-fit PLR lying on top of the benchmark

point.

Next we show results in the m;—oy, plane. For the SI case, we see that the
extended degeneracy decreases in length from the Xe/Ge-only to the combined signal
case. Moreover, the true point is well estimated by all best-fit points. For the SD
case, the benchmark point is only resolved by the best-fit PLR for the F-only case.
The degenerate region for the combined signal and Xe-only is significantly more
extended than the SI case. Of all results shown in Fig. 4.14, the SD case seems to
have the most dramatic increase in the 20 region going from the F-only signal case

to the combined signal and Xe-only case.

Next, we consider the ms—op, plane where we can see the true point lies well
within 20 for the combined signals in the SI and SD case, and is well resolved by the
best-fit PLR. The PLR density in both the SI and SD cases is high for the true mo,
however it is not localised in the oy, direction. The F-only signal in the SD case

interestingly still covers the true point, and has a larger degree of precision in oy, .
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The next figure shows an extended degeneracy in the log,,(7)-log,y(7,) plane
for both SI and SD cases, i..e, we have that r, o< 1/r,. Notice that we do not observe
an exactly symmetric plot in r, and 7, since r, also enters the rate in the pre-factor
ox 1/(1+r,). The best-fit points for the combined and one signal cases are not able
to resolve true values for both the SI and SD scenarios, except for the Xe-only SD
case. Given such a large degeneracy of high PLR density however, one can safely
ignore the significance of the best fit points on this plot. The true point does however
fall within the 20 C.L region for all combined and single signal cases. The results of
this figure show that in general, the median experiment will have trouble resolving

the individual 7, .

We next show the result for the combination log,y(7,7,) vs. mg in order to
explicitly explore the degeneracy that was previously mentioned. In both the SI and
SD results we observe similar extended 20 regions for the combined signal, as well
as very good accuracy for the best-fit PLR in the product r,r,, much better than
for the individual 7,, (c.f. previous figure and discussion). In both cases, the PLR

density is peaked (> 0.9) at roughly the correct ms.

The next panel in each figure shows a fourfold degeneracy in the ko—k1 plane.
This is because, as we saw in hypothesis testing section, we are insensitive to the sign
of k for large values, as then A%; o |k|?. In the SI case, the degeneracy is resolved
by the best-fit PLR for the combined signal (also the PLR density is peaked in the
correct quadrant) as well as the Ge-only signal. The Xe and Ge-only cases produce
20 contours that are all equally large indicating equal preference for all degenerate
regions. This is not the case for the combined signal, where the PLR density favours
the correct quadrant. In the SD case, the F-only signal has no sensitivity, and thus its
contour covers the whole region (k12 € [—10,10]). In addition the fourfold degeneracy
is not broken by either Xe-only or combined signal best-fit PLR. Furthermore, each
quadrant of the degeneracy contains an equally high (= 0.9) PLR. Therefore we can
conclude that the couplings to neutrons and protons are difficult to resolve in the

case of SD interactions.

Lastly, we show results in the log(a;)fml plane. The combined signal for the SI
case contains the true point in a region of high PLR and well within the 20 contour.
The combined signal also offers a slightly more constrained region than the Xe-only
and Ge-only cases. This is not true in the SD case, where the combined signal
produces a large region of high PLR density, and the F-only case provides a best-fit

that is closer to the benchmark, as well as a more tightly constrained region.
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4.6 Conclusions

We have studied the implications of multi-component DM in DD signals. On general
grounds, in the case of similar energy densities, we have argued that it is not possible
to know which type of particle dominates the direct detection rate, the heavier
or the lighter. For the cases in which one expects similar number densities, and
assuming that the interactions of the dark sector are roughly the same, the total rate
is suppressed by the heaviest DM particle, which also dominates the (suppressed)
rate. Therefore, if this is the case, there is an upper bound on the heaviest DM
expected to be able to be detected, and we have estimated it for several nuclei. For
this case, indirect detection rates are also suppressed by the heaviest DM particles.
In the case of similar masses, the approximations of equal number/energy densities

are of course equivalent.

Focusing on two-component DM, we showed that the discerning feature of the
two component scenario is a kink in the (somewhat low energy) recoil spectrum.
Such a feature cannot be present in the one-component scenario, and can thus be
used to discriminate between the one/two component hypotheses. We then simulated
the sensitivity of an ‘average’ experiment to the one or two-component hypothesis.
We adopted several experimental configurations (energy threshold, exposure) for a
variety of different nuclear targets to roughly simulate the next generation of direct
detection experiments for both SI and SD interactions. Our first results assumed
equal cross-sections, energy densities, couplings to neutrons and protons and velocity
dispersions. We showed that the mass splitting between the two WIMP components
provides the best means for the median experiment to reject the one-component
hypothesis in favour of the two-component hypothesis, and there are both lower
and upper bounds on it for discrimination to be possible. In general, that the
heaviest DM mass should be smaller than a hundred times the lightest one. The
mass configurations that maximise the median significance are roughly m; = 15,
ms = 200 (SI) and m; = 7, my = 150 (SD). After fixing the mass of the heavier
WIMP at my = 200 (150) GeV for SI (SD), we then incrementally included more
parameters into the hypotheses parameter space, starting with the velocity dispersion
of the WIMPS oy, , then moving onto the ratios of the local energy density and
WIMP-proton cross-section r,/r,. In general, small variations in these parameters
around ~ 1 do not affect significantly the results. We finished by scanning over
the WIMP-neutron/proton coupling ratios x1 2. In each of these three generalised
scenarios we observed that the median significance can increase in localised regions

of the parameter space.
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For the regions of parameter space in which there is especially strong hypothesis
discrimination, we have estimated the precision and accuracy with which the model
parameters can be extracted. We conducted parameter estimates for both SI and SD
scenarios, and we considered the case of a combined signal from two experiments and
compared the results to the one signal case. We observed that parameter estimation
is worsened for SD scenarios, where regions of high PLR density were less localised
than in the SI case. The parameters that show the greatest degree of uncertainty
are the mass of the heavier WIMP and the individual ratios of energy densities and
cross-sections (7, ), as well as the velocity dispersion of the heavier WIMP, oy, .
However, the product r,r, was much better resolved. We observed degeneracies in
the parameter space of r,-r, as well as k1-s2. In the SI case, the xi-x2 degeneracies
were broken by the combined-signal best-fit PLR. No degeneracies in any parameter
space were observed to be broken in the SD case by going from single to dual

experimental signals.

We would also like to emphasize that our analysis assumes a simplified idealised
scenario, with known background and perfect energy resolution and efficiency. Hence,
more sophisticated experimental simulations are needed once a signal is observed.
We note that the median sensitivity scales with ~ ,/exposure (before systematics
dominate) and hence our results serve as a guide for more detailed studies of future

experimental designs.

Although we focused on elastic SI and SD interactions, further studies can be per-
formed with more complicated DM interactions, like inelastic endothermic/exothermic
DM [135, 136, 181-184], or with interactions with nuclei mediated by different oper-
ators, which can have non-standard velocity /momentum dependencies [185-192]. An
interesting avenue to pursue would be to study to what extent non-trivial interactions

can be degenerate with multi-component DM, i.e., can show a kink-like feature.

To finish we would like to mention that multi-component DM could give rise to
specific signals also in indirect detection and at colliders. The smoking gun signal
would seem to observe two gamma ray lines at different DM masses. However this
could also be produced by a single DM annihilating into a boson (Z or Higgs) and a
photon [130], and therefore other information is necessary to break such degeneracy.
However, even the continuum gamma ray spectrum could in principle show features
pointing to multi-component DM, like the presence of a kink, in a similar way as in
DD. For similar densities and interactions, depending on whether the DM particles
decay or annihilate, the heaviest or the lightest DM particle would give the strongest

signal, as the dependence of the decay width with the mass is very strong (o< m?® for
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decaying DM with four-fermion interactions, for example). Therefore the preferred

energy ranges and strategies to search for indirect DM signals are model-dependent.

Regarding collider searches, if the masses of the particles in the dark sector are
< O(1) TeV, they could be produced at the LHC. In this case, disentangling whether
there is one type of DM produced or more is not an easy task [137], as different DM

masses or operators (models) could generate similar missing energy distributions.

Optimistically, one can imagine a situation in which DM is first observed being
multi-component in direct detection, the underlying interaction is extracted (say
SD), and that is used to predict halo-independently a signal at colliders [139, 164]

and from annihilation into neutrinos in the Sun [134, 177].
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4.7 Distribution of the 7 statistic when Hspy is

true

In sec. 4.4.1 we claim that one can easily show that for Gaussian distributed data,
the T statistic under Hsopyy is Gaussian with mean given by 762DM as defined in
Eq. (5.28), and standard deviation given by 24/77PM. In this appendix we show why
this is true, following the method of Ref. [167]. We start by writing the data z; as a

Gaussian distributed variable

z; = (05 )+ goi (4.31)
where 1;(032 ) is the true data under the two-DM hypothesis Hopn, 07 = (/i (052 )

and ¢ is a unit Gaussian variable. Then, from the definition of 7 from Eq. (5.25),
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one finds that

TN = min x*(Or,py) — min X (O (4.32)
Hipm HopM
a i, — Mg 0 2 — (0 2
-2 ( min POl gy [ 0O ) (4.33)
i GHlDM O-i 9H2DM Ui
N true 2 true 2
= Z min [Iui(gHQDM) +99i — ”i(eHIDM)] — min [Mi<0H2DM) +90i — Iui(eHQDM):|
7\ Prion 012 O Horyns 012
(4.34)
N etrue 9 2 9 Qtrue 9
— mln Z |:/’Ll( H2DM) _2/’61( HipMm ):| + |::L[/Z( HQD]V[) - /’L’L< HIDM):| g . (435)

Hip™m 4 0; ;

The last line here explicitly shows that 72°M is a Gaussian random variable with

mean given by the first term

2
N K etrng — i 0 1DM
min [ i) 5 O )} = T2PM (4.36)

O, pu i 0;

and standard deviation given by the second term

N 9 ietrue _ 19 )
min Z {,u ( HQDM) H ( H DM):|g _9 /762DM . (4.37)

Hipm 4 o)

4.8 Bayesian parameter estimation

In this appendix we conduct the same parameter estimation study as in sec. 4.5 but
in a Bayesian framework. We first give an overview of the methods used followed by
the results.
Bayes’ theorem
L(x]0) - 7(6)

PO =T 2x0) - ~(0) (4:38)

allows one to explicitly solve for the probability of a given set model parameters
0 having observed some data x. This probability function P(0 |x) is called the
‘posterior’ probability, and is a function of the likelihood £(x|@) that the data is
observed given the model parameters as well as the ‘prior probability’ function 7 (8),
which parameterises one’s prior degree of belief in 8 as well as sets the allowed size of
the parameter space. The integral in the denominator of Bayes’ theorem is called the

‘Bayesian evidence’ and ensures that the posterior is normalized to 1 with respect to
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the model parameters. In order to constrain a slice of the full parameter space, one

can integrate over unwanted nuisance parameters to give the ‘marginalised posterior’

P(6y, 05 |x) = / dbs...d6, P(0 |x) . (4.39)
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Fig. 4.15 Normalised posterior probability from the fit to one and two SI signals
in Xe and Ge. Shown are the 2D regions of parameter space as given in Fig. 4.13.
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The example given in Eq. (4.39) would be an example of a 2D posterior. A

Bayesian ‘credible region’ (CR) is the interval on the parameter 6; such that
l—a= /d@l P(Gl, 92 ‘X) s (440)

where we choose 1 — a = 0.9545 to define a 20 CR.

Our results are shown in figs. 4.15 and 4.16, where the likelihood that enters
Bayes’ theorem is the Asimov likelihood defined in Eq. 5.30. We chose a combination
of flat and log-flat priors so as to not give any preference to any region of parameter
space. Our chosen priors are shown in table 4.3 and the results are not expected
to change significantly under translation of the prior intervals. The results shown
are of the normalised posterior probability P/Pa.x with 20 CR (solid line) for data
obtained from the combined signal Xe + F as well as for comparison the 20 CR
(dashed line) for the F-only signal.

The posteriors shown in figs. 4.14 and 4.16 for the most part spatially resemble
the PLR results shown in sec. 4.5 (keeping in mind that strictly speaking one can
not qualitatively compare the two), however, there are some distinct differences. In
general, for both SI and SD results, the posterior probability seems to be able to
resolve degeneracies quite well, contrary to the PLR for the SD case. The Bayesian
method also seems to resolve certain parameters with less uncertainty, although we
caution that the definition of the uncertainty is different in this case. The most
notable differences are present in the log,(r,)-log;o(r,) and ko—ky planes. In this
first case, the extended degenerate region 7,7, = cte is distinctly separated into two
regions of high posterior probability. The true point still does not fall within the
20 CR however. In the ki-ko plane, we observe that in the SI case, the four-fold
degeneracy has regions that do not contain the true point, but are smaller than the
regions of high PLR. The posterior does however favour the correct quadrant. In
the SD case, the benchmark point is contained by the 20 CR for the F-only signal,
however the combined signal produces smaller regions with the incorrect quadrant

favoured by the posterior density.
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Abstract

Recently we studied the direct detection of multi-component dark matter with
arbitrary local energy densities. Although the generation of the dark matter relic
abundance is model-dependent, and in principle could be only indirectly related
to direct detection, it is interesting to consider the implications of the former on
the latter. In this work we conduct an extended analysis to include constraints
from two natural scenarios of dark matter genesis: asymmetric dark matter and
thermal freeze-out. In the first (second) case, the dark matter number (energy)
densities of the different components are expected to be similar. In the case of
thermal freeze-out, we assume that the global energy density scales with the local
one. In our numerical analysis we analyse the median sensitivity of direct detection
experiments to discriminate a two-component scenario from a one-component one,
and also the precision with which dark matter parameters can be extracted. We
analyse these generic scenarios for both light and heavy mediators. We find that
most scenarios have a relatively suppressed maximum median sensitivity compared
to the previously studied general cases. We also find that the asymmetric scenario is

more promising than the thermal freeze-out one.

5.1 Introduction

Some form of non-visible matter, termed dark matter (DM), constitutes a significant
fraction of the universe. Several different particle physics scenarios have been proposed
as an origin of this DM (see for instance Ref. [2] for a review). Among them, some
of the best motivated ones are Weakly-Interacting-Massive-Particles (WIMPs), with
their energy density originated from thermal freeze-out, and Asymmetric DM models
(ADM) [193], where the abundance stems from an asymmetry in a similar fashion to
the case of the observed baryon and lepton energy densities (see also Refs. [140, 194]
for reviews on the topic). However, it is by no means guaranteed that just a
single state or particle (1IDM) constitutes the whole dark sector, which may have a

multi-component nature as occurs in the visible sector.
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In this work we focus on the direct detection (DD) of DM in underground
detectors [9]. We extend our previous study of the DD of two-component (2DM)
averaged rates [195], in which we considered arbitrary local energy densities (see
also Refs. [127-133, 196], and Ref. [197] for the study of annual modulations), by
taking into account the implications that reproducing the DM abundance has on
DD. Under a given particle physics model, both the scattering and the annihilation
cross section can be obtained, and as is well known, the global DM relic abundance
can be obtained from the latter [198]. This approach was taken in Ref. [130], where
the authors related the WIMP-nucleon scattering cross-section to the annihilation
one, motivated by supersymmetric models. By further assuming that the local
energy density relevant for DD is proportional to the global one, one further reduces
the allowed parameter space [138, 139] (see also Ref. [199] for the validity of this

assumption).

In this work we do not consider specific models, but concentrate on two generic
particle physics scenarios: thermal freeze-out and ADM. In the asymmetric scenario
the number densities of the two species are expected to be similar, whereas in the
thermal case we assume that the local energy densities, which are of similar size
for both components, scale as the global ones. For each scenario considered we
study both heavy and light mediators. We test how well an average experiment can
discriminate between the 1DM and the 2DM hypothesis as well as how accurately

and precisely the DM parameters can be obtained from a positive signal.

The paper is structured as follows. In Sec. 5.2 we review the relevant notation
for the DD of 2DM. In Sec. 5.3 we study the case of ADM, while in Sec. 5.4 we
consider the case of thermal WIMPs. Finally we give our main conclusions in Sec. 7.4.
We provide some details of the analysis methods used for hypothesis testing and
parameter estimation in App. 5.6. We give some expressions for thermal freeze-out

scenarios with light mediators in App. 5.7.

5.2 Direct detection of two-component dark mat-

ter

We present in the following the relevant expressions for the DD of 2DM scenarios.
See Ref. [195] for more details and expressions for the general case of multiple

components.
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5.2.1 The general scenario

We take the DM components to have masses m; < mg, spin-independent (SI) and
isospin-conserving cross-sections with protons o7, o, and local energy densities
p1, P2, such that p; + ps = pioc, which we fix to be 0.4 GeV/cm3. We define

p
o

r,=—, TUEU—?), (5.1)
1

such that py = 7, ploc/(14+7,). We can write the averaged rate over the year, typically
measured in events/(kg keV day), for a detector with target nucleus labelled by
(A, Z) (with mass my,), as

Ra(Er) = RY (Er) + R (Er)

p
Ploc 01

2
_ Pp1 M1 (U(Q) )
2(1+ Tp) /~L;271 my

2
Hp2 T2

(5.2)

A® F3(ER) U(US?A) + Ty

Here F4(ER) is the SI nuclear form factor of element with mass number A, for which
we use the Helm parametrisation [141, 142], and U;% is the DM-proton reduced mass.
In addition to pg (8 = 1,2 for the two DM particles), the astrophysics enters in
Eq. (5.6) through the halo integral

(8)
)y _ / 3y et (V) - 8) | maERg
v = v ) with Upy A(ER) = ) 5.3
1(Vim,a) N v a(ER) 242 (5.3)

where vf?ﬁ)A(ER) is the minimum velocity of the DM particle 5 = 1,2 required to

produce a nuclear recoil of energy Egr, and 4 is the DM-nucleus reduced mass.
faet(v,t) describes the distribution of DM particle velocities in the detector rest-
frame, which we take to have the same functional form for both species. It can be
written in terms of the galactic velocity distributions by doing a Galilean boost,
faet(V, 1) = fea1(v+Vve), where v, is the velocity vector of the Earth in the galactic rest-

frame.! As we are considering only averaged rates, we use a constant |ve| = 230 kms™!.

We use a Maxwellian velocity distribution fga(v) = W exp ( — 23%2 ), with

velocity dispersion o, and a cut-off at the escape velocity vese = 550 kms~—!. Notice

that the velocity dispersions of both components can be different, as we discuss in

the following section. We refer to Eq. (5.6) as the general scenario.?

'We do not include the effects of the gravitational focusing (GF) by the Sun (see Refs. [147,
148, 200]) since it only affects the phases of the annual modulation and hence has no bearing on
the average rates considered in this work. We include the effects of GF in Ref. [197] in the context
of annual modulations, where it is a relevant effect.

2In the following whenever the general scenario is plotted we fix r,=7s=1.
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Scenario  Mediator TR my (GeV) mgo (GeV) 1, 1, ma (MeV)
Asymmetric ~ Heavy 1o p /12, 10 50 - 1 -
Asymmetric Light 1 10 50 - - 30
Freeze-out Heavy m3/m3 10 40 1073 - -
Freeze-out Light ma/my 8 20 1 - 1

Table 5.1 Benchmark points used to generate the Asimov data for parameter
estimation. Cases where certain parameters have been absorbed into other degrees
of freedom or are not applicable are shown with a dash. All coupling strengths
are fixed to either O’; =10"% cm? or e = ae? = 10722, Also shown in the third
column is the factor rr that determines the position of the kink in the rate of
2DM scenarios.

Apart from an overall normalisation, the slopes of the energy spectra of the
different DM components are governed primarily by the term in squared brackets
(and to a lesser extent the form factor). As discussed in Ref. [195], the smoking gun
signature of 2DM is the presence of a kink in the total rate. This is because (in
the general model at least) the light component generates a spectrum that falls off
more rapidly at low Eg than the heavy component. This distinctive feature rapidly
vanishes for smaller mass splittings, when both components have the same slope,
and also for very large values of the heavy DM mass, for which the number density
of the heavy component is very suppressed. Notice in Eq. (5.6) that the DM masses
(and the form factor) control the slopes of the spectra, while the ratio of the rates of
the heavy and light components at a certain energy, R(A?)(E r)/ RS) (ER), specifies the
position of the kink. We define rg to be the factor in front of the n(vfj?A) term, i.e.,
RY/RY = rpn® /m® | which hence summarizes the different underlying particle
physics of the scenarios considered. In the third column of Tab. 5.1 we present rg

for each scenario considered in this study.

As before we have checked that sensible energy resolutions do not significantly
affect the detection rates, and in the following analysis we assume perfect energy
resolution and efficiency. Hence, our results are intended to understand the underlying
physics and more sophisticated experimental studies are needed once a signal is
observed. In the numerical analysis we consider xenon and germanium targets, as
they have quite different masses. For xenon (germanium) we use an exposure of
3(4) t -y with an energy threshold of 1(2) keV. We note that the median sensitivity
scales with ~  /exposure (before systematics dominate) and hence our results can

be rescaled for other exposures.
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m;=15.0 GeV, m, = 200.0 GeV
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Fig. 5.1 Differential event rates in xenon for mass-dependent velocity dispersions
according to Eq. (5.4) (solid), and for constant ones equal to 6y = 270 kms™*
(dashed), for m; = 15 GeV (green), ma = 200 GeV (blue) and the combined rates
(red).

5.2.2 Velocity dispersions

The effective temperature for an isometric Maxwellian thermal distribution is given by
T ~ %mﬁ o2, where we take a canonical value for the velocity dispersion, gy ~ 270
kms~!. This is valid for the single species case, and for multiple species N (labelled
by 8 = 1, 2..., N) that interact with each other. For multiple species which are
self-interacting on time scales much shorter than those relevant for the halo formation,
the dark plasma attains hydrostatic equilibrium at a temperature 7, on galactic
scales. The result is that the Maxwellian velocity dispersion of each component of
the dark sector, op,, becomes mass dependent [201],
m

where m = Y ngmg/ > ng, with ng = pg/msz the number density of the DM particle
B B

B. As can be seen, the heavier DM particle has a narrower velocity distribution than

the lighter one.

In Fig. 5.1 we show how the event rate changes between equal velocity dispersions
(dashed curves) equal to oy, and the mass-dependent case (solid curves). We
use m; = 15 GeV (red), my = 200 GeV (blue), and fixed r, = 1. In this case,
o, =368 > oy and oy, = 100 < oy. We observe that there are no large differences
between both cases, although the rates slightly increase in the case of mass-dependent
velocity dispersions. However, in this case the kink of the 2DM spectrum is more

smooth than for constant velocity dispersions, and therefore will be harder to observe.
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In the following we consider 2DM scenarios that have either heavy or light
mediators. For the case of a light mediator DM self-interactions are not suppressed,
and therefore it seems more natural that the DM components have mass-dependent
velocity dispersions. However, as the difference with the case of constant velocity
dispersion is not very large, in order to more readily investigate the differences
between the different cases, in the following we take constant velocity dispersions

equal to oy for each DM component.

5.3 Asymmetric dark matter

The production mechanism of DM is unknown. One of the most natural ways to
obtain the correct dark matter relic abundance is via an asymmetry, in the same
spirit as is expected to happen in the baryon and lepton sectors [140, 201]. ADM
scenarios also naturally feature multi-component DM for models with a light or
massless force carrier which follows from the requirement of gauge symmetry and

the possible formation of bound states [120].

5.3.1 Heavy mediator

In this first case, we assume that any heavy physics is point-like. We also assume

that the two DM particles have similar number densities, n; = ns, so that

ma

=12, (5.5)
and the event rate in Eq. (5.6) becomes
RalBr) = 5 P20 a2 ) a0l + o 20| 69
2 (my +ma) i " fpp ™

The simplification in this expression is due to the fact that the individual rates are
proportional to the (equal) DM number densities. In most asymmetric models the
number densities of DM and baryons are related by order one factors, and therefore
one expects DM masses O(5) GeV to reproduce the DM relic abundance. This is
well-motivated but model-dependent, and in the following we consider ADM-like
scenarios with DM masses of up to a few hundreds GeV.

In Fig. 5.2 we show the detection rates for the general scenario, i.e., Eq. (5.6)
(solid black), for equal number densities with a heavy mediator (dotted blue), and for
the case of light mediators with m 4 = 1 MeV (dashed red). The only quantitative

difference between the spectra of the equal number density case and the general
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Fig. 5.2 Differential event rates in a xenon experiment for the general scenario
(solid black), for equal number densities with a heavy mediator (dotted blue), and
for the case of light mediators with m 4 =1 MeV (dashed red). We fix m; = 15
GeV. Left: mo = 50 GeV. Right: mg = 200 GeV.

scenario (studied in detail in Ref. [195]) is the fact that now we are fixing r, = mq/my,
which leads to a smoothened kink feature in the recoil spectrum. The result is that
the resolving power of the 1DM versus 2DM hypothesis is expected to be worse for
ADM-like models.

To quantify this, we plot in Fig. 5.3 the ‘median significance’ for such discrimina-
tion in the case of ADM with a heavy mediator, and compare it to our previous study,
namely Fig. 7 of Ref. [195] for xenon and germanium type detectors®. For details and
definitions of the analysis used to forecast the median sensitivity of an experiment to
discriminating between 1DM and 2DM see App. 5.6.1. In Fig. 5.3 we show the results
of the hypothesis testing in the planes my — m; (top) and log,,(ry) — my (bottom).
The left panel is for Xe and the right one for Ge. We see that the maximum median
significance achieved for the heavy mediator model (max Z ~ 5 for Xe) relative to
the general case (max Z ~ 12.8 for Xe) is reduced. We notice throughout this work
that xenon-type experiments typically give a better median significance overall than
germanium type experiments, with the exception of thermal freeze-out scenarios with
light mediators (Sec. 5.4.3). Aside from the overall reduction in median sensitivity,
as can be seen in the top panel of Fig. 5.3, the point of maximum Z is shifted to
lower ms in the heavy mediator model. This is because at low my the total rate
gets larger at low recoil energies, producing more events and hence increasing Z.
Furthermore, as can be seen in the lower panel of Fig. 5.3, there is an upper cut-off
in the lobe at r, ~ 3. This is due to the enhancement in the rg factor at large r,

that drives the rate to look like a single heavy component.

3Note we do not include sodium as we did in our previous study since the median significance
was always found to be heavily suppressed relative to the Xe and Ge cases.

40
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Fig. 5.3 Median significance Z with which an ADM scenario with heavy mediators
can reject the 1DM hypothesis in favour of the 2DM hypothesis. Top: ms — my
plane, with fixed r, = 1. Bottom: log;¢(r») —m1 plane, with fixed my = 50 GeV.
The left panel is for Xe, and the right one for Ge.

Next we show in Fig. 5.4 how well the parameters can be estimated in the case

of a heavy mediator by calculating the Asimov likelihood and generating the Profile

Likelihood Ratio (PLR) in 2D regions of the parameter space. We use the analysis

methods summarised in App. 5.6.2. The benchmarks used in this study to generate

the Asimov data are provided in Tab. 5.1. These benchmark values belong to regions

of parameter space which give a large discrimination between the 1DM and the 2DM

hypotheses as ascertained by the results of the hypothesis testing. We show 20 C.L

regions for the first benchmark point given in Tab. 5.1 in the m; — my plane (left

panel), my(GeV) —log,y(r,) plane (middle panel) and the log,y(r,) — log,,(c7) plane.

The different colour contours correspond to a xenon only (black dashed), germanium
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only (orange dotted) and xenon + germanium combined (grey solid) experiment.

We observe no degeneracies in the PLR with excellent parameter reconstruction.
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Fig. 5.4 PLR density for the ADM scenario with a heavy mediator. Left: mq — mo
plane. Middle: my — logyo(ry) plane. Right: log;o(rs) — logyo(o] /em?) plane.
Contours represent 20 C.L regions. Benchmark points for generating the Asimov
data are given in Tab. 5.1. The different colour contours correspond to a xenon
only (black dashed), germanium only (orange dotted) and combined xenon +
germanium (grey solid) experiments.

5.3.2 Light mediators

We now consider the case that the two species are produced in some asymmetric
scenario but are couple to a light vector mediator with mass m 4. We consider
an extra U(1) gauge symmetry with dark coupling gp, such that the gauge theory
becomes SU(3)c x SU(2)r x U(1)y x U(1)p. As the dark symmetry is Abelian, a
Stueckelberg mass for the dark photon is gauge invariant, but it can also be generated
by a new scalar that takes a VEV. The fermionic DM component 5 (8 = 1,2) has
charge Qg under this new U(1)p symmetry. For definiteness we take Q3 = 1. We
consider the case where there is an induced kinetic mixing € between the dark and
the visible photons parameterised by a term in the Lagrangian —5F),, F ;/W' For our
purposes, it is sufficient to consider the interaction terms generated at low energies

after diagonalising the gauge boson kinetic terms,

Line D eeJiA' Yy + 9o oA (5.7)
where e is the magnitude of the electric charge, Jiy = > g5 fo*f is the electromag-
netic current of Standard Model fermion f (with electric charges ¢y in units of e) and
Jbn = 25 @sXs V"X s is the dark fermion current. These are the interaction terms

that are relevant for tree-level DD. The scattering cross section of DM component 3

1.0



Publication two: On the direct detection of multi-component dark matter:
104 implications of the relic abundance

reads

T = o5 % =y (5.8)

|q1? +m3,)?
where ¢ is the momentum transfer, whose absolute value can be expressed in terms
of the recoil energy as |7 = v/2maFER, and o} is the zero-momentum WIMP-proton
cross-section of DM g, given by
167 €cr EM M?)B Q3

oh = L , (5.9)

where e.g = e?ap and agy = €?/(47) [ap = g% /(4m)] is the electromagnetic [dark]
fine structure constant. The universal neutrality of the U(1)p charge implies that a

plasma containing two species has charges of opposite sign with

nmQ1 +naQ2=0. (5.10)

As we assume that the species have equal number density n; = n, this implies that
Q2 = —Q1 = 1, and hence r, = 2 /p2 . With this in mind, the total DD rate is
simplified to

mflq/
(QWAER + mi,)2 ’
(5.11)

D r72
Ploc 01 Z

RA(ER) =
A( R) 2(m1+m2)ﬂ12)1

FA(Er) [n(whs) +n(l)] x

One should note that since kinetic mixing only produces interactions with the SM
photons, the DM couples to the electric charge. Therefore, the rate is proportional

to the number of protons Z, and not to A.

In Fig. 5.2 we plot the rate of Eq. (5.11) for my = 1 MeV as a red dashed
curve. The momentum-dependent suppression factor 1/(¢* + m?,) in the scattering
cross-section, Eq. (5.8), produces a steeper decrease with energy of the event rate.
One should immediately notice that whilst there is a slight enhancement in the rate
at low recoil energies, there is an absence of any distinct kink feature in the spectrum.
We therefore expect the maximum median sensitivity Z in the case of an asymmetric
scenario with a light mediator to be small except for large values of the effective
mixing e or very small mediator masses m 4 (compared to ¢), both of which give

enhancements in o (|q]).*

4Also notice that in the limit of large mas > |g] we recover the contact case, where the
discrimination is larger than for light mediators.
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In Fig. 5.5 we show the results of the hypothesis testing in the planes my — my
(top), logyo(mar) —logyy(€er) (middle) and log,,(mar) —my (bottom). The left panel is
for Xe and the right one for Ge. We use 90% C.L constraints on the U(1)py coupling
derived from PandaX [202] to put a conservative upper limit on the parameter
combination e.g = 2apy < 10722, These limits are shown as solid white lines in the
middle and bottom panels. In the middle panel only the most conservative limit is
shown for a DM mass of 10 GeV. Furthermore, a lower limit can be placed on the
combination €.z m 4 from requiring that thermally produced A’ particles decay before
Big Bang Nucleosynthesis (BBN), with a lifetime below a few seconds [203-205].
We use the 20 C.L limits from Ref. [203] which are calculated at two benchmark
values for the mediator/decoupling temperature ratio T5¢/T°d. These lower limits
are overlaid in the middle panels for T5¢ /T4 = 1 (dotted white) and 75 /T4 = 0.5
(dashed white). We see from these results that, as expected, one needs go to larger
€of and smaller m 4 to increase the median sensitivity. However the PandaX limits
severely restrict the forecasting potential, in the most conservative case allowing a
median significance of Z ~ 2 (3) for Ge (Xe) for ma ~ 10 MeV. That is, in all cases
the regions of highest Z are disfavoured by PandaX null results.

In Fig. 5.6 we show the results of the parameter estimation for the second
benchmark point in Tab. 5.1 in the planes m; — mqy (left), my — logyy(ma/GeV)
(middle) and log,q(ma//GeV) — logy(€er) (right). We notice a large degeneracy in
the my; — my plane. The extended region in the mass of the lightest DM mass, my,
is reduced in the combined Xe+Ge case, however a very large uncertainty remains in

moy at the 20 level.

5.4 Thermal freeze-out

5.4.1 Generic scenarios

Another very natural way to obtain the correct dark matter relic abundance is via
thermal freeze-out. In this case, ignoring logarithmic corrections of the DM masses,
the relic abundance implies a relation between the thermally averaged annihilation

cross sections at freeze-out, that is,
Ql + QQ = QDM — <O’annl)>1_1 -+ <Uannv>2_1 = <O’annv>t_hl . (512)

Therefore, the DM particles have similar energy densities if their annihilation cross
sections are similar. We can further assume that the local densities of the DM species

scale as the cosmological ones, see Refs. [138, 139], which for cold DM is a natural
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expectation [199],

Ps _ Qgh? _ (Tann¥)th
Ploc QDMh2 <Uannv>5

) (5.13)
where we take the canonical value (0anv)in = 2.2 x 1072 cm? s7!. v is the DM
relative velocity at freeze-out, v o~ /12/x ¢, with x; = mpy /1. In the following we
assume that both DM particles have the same velocity at freeze-out, which is a very
good approximation given the fact that x only has a logarithmic dependence on the
DM mass.

The relationship between the scattering and the annihilation cross sections is
model-dependent. We restrict ourselves to scenarios in which the relationship between
the two is simple. An example is s-wave annihilations mediated by some vector
mediator into first generation quarks, with SI interactions for scattering. In this case,
the annihilation cross section at freeze-out for DM S can be written as

> M

<Uannv>6 = gﬂ (

—_—t 5.14
) (5:14)

where m 4 is the mass of the mediator and gg is the effective coupling between quarks
and DM particles 3. Note that s-wave annihilation is severely constrained by CMB
constraints for mg < O(10) GeV [4, 206] and so we only consider heavy DM in the
following. Similarly, the DD WIMP-proton cross-sections have the form

THa) = g s (5.15)

a1 +m%)?*
Hence, neglecting order one factors, we can express the product 7, r, in terms of the

masses as

(m3 + m)* 15 mi

, 5.16
(md+ %, )7 i 10

TpTe ™

where we have also used Eq. (5.13). In the following two subsections we analyse the

cases of heavy and light mediators, each of which yields a different phenomenology.

5.4.2 Heavy mediators

In the heavy mediator limit, with ma > my 5, we can simplify Eq. (5.16) to

2 9
TpTo & M—gzm—; , (5.17)
Hp1 T2
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and the rate in Eq. (5.6) reduces to

Ru(Eg) = Ploc 71 A2 F2(ER) n(v<l>)+@n(q]<2>> (5.18)
AT o Uy gy AT [T AT g Tl |

Notice how in this case the contribution of DM2 is suppressed by m3/m3. One should
therefore expect that the total rate is rapidly dominated by DM1 for ms > m4. Hence,
the discriminating power between 1DM and 2DM in this region of the parameter
space should correspondingly be suppressed. Furthermore, the rate is enhanced for
small r, ~ gf mi/(¢g3m3) and hence we would expect the median significance to
increase. To see this behaviour, we plot in Fig. 5.7 the rate in Eq. (5.18) as a blue
dotted line for two different mass splittings. One should immediately notice the kink
feature becoming more prominent for m; = 8 GeV and msy = 40 GeV (right plot).

In Fig. 5.8 we show the results of the hypothesis testing in the my — my (top)
and log,y(r,) —my (bottom) planes for the case of thermally produced DM species
coupled to a heavy mediator. As expected we find that the median significance
falls off for large my due to the m?$/m3 suppression factor. We also observe in the
lower panel an increase and approximate degeneracy in the median significance for
vanishingly small r, (i.e., gi m? < g3 m3) and m; € [5,20]. The median significance
drops for masses below m; ~ 5 due to the light component producing scatterings
below threshold.

In Fig. 5.9 we show the results of the parameter estimation for the third benchmark
point given in Tab. 5.1 in the m; —ms, o] —my and log;,(r,) — o planes. We observe
interesting degeneracies in the PLR. Starting with the left panel, there appears to be
an extended degeneracy in the msy direction for ms > 40 GeV whilst reconstruction
of the true m; value is good. This is due to the suppressed number of events for
mso > 40 GeV rendering the rate indistinguishable from a single component. In the
middle panel we see no ability in the average experiment to be able to reconstruct
the true of accurately with the degeneracy extending over the entire plane. This is
because larger o drives the overall normalisation of the rate higher, but it does not
make the kink more pronounced. The right panel shows perhaps the most interesting
degeneracy. We see that the benchmark is found with good precision in of for r, ~ 1,
whereas above this value there is a degeneracy with 7. This can be easily understood

from Eq. (5.18), where for r, > 1 they enter in the normalisation of the rate as o /7.

5.4.3 Light mediators

In the following we also consider the simplified model with the vector mediator

introduced in Sec. 5.3.2. Up to order one factors, the t-channel xyg + xz — A"+ A’
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(secluded) annihilation cross-section into light mediators reads

2
T

<Uannv>6 = Qg{ 2D v, (519)
mp

where we neglected the phase-space factor, as ma < mg. Using Eq. (5.9) we can

now relate the DD scattering cross-section to the annihilation one,

16 62 #1’27/3 OEM <Uannv>,8 m%’

of ~ 5.20
p ap mi, v ( )
Hence, we obtain
2,2
my Hps
Tp Te = %712717 (521)
P

where we assumed that both DM particles have similar velocities at freeze-out. The

rate then becomes

Ploc 0'{)
2(1+7,) 2 my

me
Z° FA(Er) [nvpla) + 2

2) ) mj,
(QmAE’R + m124,)2 '
(5.22)

RA(ER) =

Interestingly, notice how the DM2 term is now enhanced by mgy/m;, as opposed to
the case of heavy mediators in Eq. (5.18). The total rate, measured in events/(kg

keV day), can we written as (see App. 5.7 for details)

15 €2
ap

1
(2mAER + mi/)2 ’
(5.23)

R4(ER) =

m,

mg
FAER)Z*my | n(vla) + 2 n(v,)

where all the masses are to be evaluated in GeV. The dark fine structure constant
ap can be expressed in terms of my and r, by making use of Eq. (5.12) and charge

conservation from Eq. (5.10) as

5x 1073 Mo
=222 it () 24
D r 1 \To0Gev ) (5-24)

which can be plugged into Eq. (5.23). The rate in Eq. (5.22) is shown in Fig. 5.7 as
a red dashed curve for two mass splittings, for a mediator mass of 1 MeV. As for
the case of a heavy mediator in Fig. 5.2, there exists a much steeper decrease with
recoil energy than for the heavy mediator cases, due to the 1/(|¢]*> + m?,) factor

in the rate. This smoothens the kink in the spectrum, which is the crucial feature
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needed to provide a good discrimination between the 1DM and 2DM cases. Hence,
one should expect that the average experiments capability to discriminate the one
and two component cases will be limited unless there is a significant enhancement in

the rate from exposure or cross-section.

For the hypothesis testing shown in Fig. 5.10, we first perform a scan in the
my — my plane (top) and fix 7, = 1 and muy = 1 MeV. Instead of overlaying
the PandaX upper limits as we did earlier in Fig. 5.5 we instead calculate Z at
points in the parameter space that are not excluded. That is, for every my (and
r, = 1) that gives a particular ap as per Eq. (5.24), we set the value of the kinetic
mixing parameter €2 to satisfy €2 ap = 10722 which is the conservative upper limit.
Immediately obvious is the fact that the Ge experiment provides larger median
sensitivity than the Xe experiment. Upon inspection of the rates, this feature is due
to the fact that at small mediator masses the overall normalisation of the rate goes as
1/(4m? E%). We note that the maximum median significance occurs for Ge at m; ~ 8
GeV and my ~ 20 GeV, which corresponds to a maximum allowed €2 ~ 7 x 10720,
The median significance completely drops off however above my ~ 40 GeV. This is
because the second term in the parentheses in Eq. (5.23) starts to saturate the rate,
which becomes 1DM like (i.e., dominated by the heavy component, DM2). Also
enhancing this effect is the overall 1/my suppression in the rate stemming from the
1/ap factor in Eq. (5.23).

We also show in Fig. 5.10 the planes log;o(m.4/GeV) — log;y(e?) (middle) and
log,,(r,) — logyo(€?) (bottom), for fixed m; = 8 and my = 20 GeV. In the general
one-component scenario the PandaX limits on the scattering cross-section translate
into e2ap < 10722, On the other hand, for the model considered here this constraint
implies the upper limit €2/ap < 107 (GeV/m;)*(1 + r,) for DM1 and similarly
(divided by 7,) for DM2, where we have corrected for the 2DM local energy densities.
All points that do no satisfy this are set to Z = 0. In the middle panel, we keep r, = 1

2 remains at 7 x 1072°, and hence above this value the

and hence the upper limit on €
median significance is set to zero. We observe in the middle panel that the maximum
Z is achieved by making the mediator mass small which is again expected from the
1/(|¢)* + m?,) enhancement in the rate as in the asymmetric case. Furthermore the
median significance is maximised for €2 ~ 5 x 107%° which is slightly less than the
maximum allowed by PandaX. In the bottom panel, we observe that the median
significance is maximised and remains constant for 7, > O(1). This is because unlike
other scenarios studied in this paper, the rate in Eq. (5.23) is proportional to the

factor r,//1 4 2, which for r, < 1 suppresses the rate and therefore Z, while for
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r, > 1 saturates to 1. Hence, for large enough r,, the rate (and therefore Z) falls off
to a constant (since the DM masses are fixed). This is indeed what is observed.

In Fig. 5.11 we show the results of the parameter estimation for the fourth
benchmark point given in Tab. 5.1. We find that in all displayed cases the germanium
experiment provides a tighter 20 C.L region than the xenon experiment. This is
because as seen from the hypothesis testing, for this scenario the germanium type
experiment provides better maximum median sensitivity. In each panel the combined
experiment has a better overall precision as expected. The DM masses are well
reconciled with the best fit points finding the true values. The middle plot however
shows an extended region of degenerate PLR whilst at the same time the best fit
points do not recover the true value. This is because above ma > 107%° GeV
the kink becomes less prevalent in the rate, whilst as m4 — 0 the rate becomes
independent of the mediator mass. In the final panel we observe an anti-correlation

between €* and r, below 7, ~ 1, due to the fact that the rate scales as €

r,. For
r, > 1 the rate becomes independent of 7,, hence, as a result there is an extended

region where the latter cannot be extracted.

5.5 Conclusions

We have studied the implications that reproducing the relic abundance has on the
DD event rates of multi-component DM. We considered two generic genesis scenarios:
asymmetric DM and thermal freeze-out. In the asymmetric scenario we restrict
the WIMPs to have equal number densities, while in the freeze-out scenario we
formulate the analysis based on the assumption that the local energy densities
of each component scale like the global relic abundances, so that we are able to
relate the thermally averaged annihilation cross-section at freeze-out with the DD
WIMP-proton cross-section. For each case we consider two types of mediators,
light and heavy. We also analysed the implications on DD of scenarios where the
DM components interact with each other, so that their velocity dispersions become
mass-dependent. This effect caused a mild smoothing out of the kink feature in the
two component spectrum.

For each scenario considered, we first, looked at the shape of the recoil rate
spectrum to get an idea of the existence and prominence of any kink features which
are smoking gun signatures of two-component DM. We then did a hypothesis test
to determine regions of the model parameter space where the median experiment
can significantly discriminate between the 1DM and 2DM hypothesis. Lastly, we

extracted the DM parameters from mock data for a few benchmark model values.
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As a general conclusion, we observe a decrease in the maximum median sensitivity
relative to the general scenario studied in Ref. [195] across all models studied. As a
result the maximum median significance to reject the 2DM hypothesis in favour of

the 1DM one is suppressed relative to the latter.

In the asymmetric scenario with heavy mediators, we found that imposing equal
number densities smoothens the kink feature in the rate relative to the general
scenario. We also observed that the point that maximises the median sensitivity
is at lower my than the general case. We found that the median experiment is
able to sufficiently reconstruct benchmarks in regions of good model discrimination
without the presence of any degeneracies. The second model considered in the
asymmetric scenario involved the addition of a light vector mediator. We observed
that the current PandaX limits on the kinetic mixing parameter and dark U(1),
coupling exclude regions of the model parameter space that give the best hypothesis
discrimination. We also observed that the limit on the mediator lifetime from BBN
considerations also places a strong constraint on the allowed parameter space. We
obtained extended uncertainties in the resolving power of my, but the true benchmark
had the largest PLR.

For the case of freeze-out, we observed that the rate for the case of a heavy
mediator has a deeper and more pronounced kink at low recoil energies relative to
the general case, whereas the light mediator case still has a smoothened rate. With
the heavy mediator, we find that the median sensitivity is largest for r, < 1, whilst
the m?/m3 suppression factor in the rate of the second component causes the median
significance to be maximised for smaller ms. In this scenario we find that parameter
reconstruction of the heavy DM mass and the cross-section have large associated
uncertainties. For the case of the light mediator we considered secluded annihilation
to a light vector species that produces a thermally averaged cross-section that is
independent of the kinetic mixing parameter € and is only dependent on the dark
coupling ap. Regardless of parameter configuration the spectrum in this case is
a smooth curve as opposed to the clear kink needed to successfully discriminate
between 1DM and 2DM. We find that the maximum median sensitivity is suppressed
for r, < 1. Our analysis also shows that the DM masses can be recovered whilst
the kinetic mixing parameter 2 experiences some interesting degeneracies with the

mediator mass m4: and r,,.

To summarise, in this study we found that even when applying reasonable
DM genesis model constraints to a general two-component DM scenario, therefore
reducing the allowed parameter space, there are cases where the 1DM and the 2DM

hypothesis can be significantly discriminated, but typically with smaller significance
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than for the most general case. We have also uncovered interesting degeneracies
in the median experiments capability for reconstructing the model parameters in

these scenarios, giving insight into the reconstruction of such models in future direct

detection experiments.
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5.6 Analysis methods

The analysis methods used in this work are detailed in Ref. [195]. Here for complete-

ness we briefly review the main aspects.

5.6.1 Hypothesis testing

For assessing the average capability of an experiment for discriminating 1DM (mod-
elled by parameters 0p,,,,) from 2DM (modelled by parameters 6y, .,) we formulate
our analysis as a frequentist hypothesis test with the null-hypothesis being 1DM, and
the alternative hypothesis being 2DM. We use a common test statistic constructed

from the difference of y?:

T = min x*(Og,p,,) — Gmin X2 (O, ) - (5.25)

Hipm HopMm

Notice that the definition of 7T is such that the larger its value, the larger the
preference for Hopy, and the smaller its value, the more Hipy is preferred. The
median significance Z quantifies an average experiments capability to discriminate a
1DM hypothesis from a 2DM one. It is defined as

Z(p) = V2erfc(p) , (5.26)
where p is a p-value given by
p=1-CDF},, (77", (5.27)

and TZPM is the ‘Asimov likelihood’ defined by

2

n ; etrue S 0

7—(;2DM = T(ZEZ _ qu(eg;;M)) — min Z 2 ( H2DM) K ( HlDM) ' (528)
OH1pm i girue

Mi( H2DM)

The ‘Asimov data’ 8¢ is generated for Xe and Ge type detectors.

5.6.2 Parameter estimation

For examples of parameter configurations that provide good discrimination (high Z)

we conduct parameter estimates. For this we use the method of maximum likelihood
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which involves calculating the profile likelihood ratio (PLR)

A~
~

L(x]01,0,,05..0,)  L(x|6:,605,05..0,)
L(x]|6) Loex '

A~
~

A0y, 0,) =

(5.29)

In our analysis we call the point in the #;-6; plane that maximises the profile
likelihood ratio the ‘best-fit” point. In the limit of large statistics, the distribution of
—21In \(0y,0-) tends towards a x? with k = 2 degrees of freedom as given by Wilk’s
theorem. As a result, this leads to a critical region that is defined by a cut on A that
we choose to represent contours of the standard 20 (95.45%) frequentist confidence
level (C.L). For this analysis we use Gaussian likelihoods where we again make use
of the Asimov data "

. N 1 [merr-mio)”
Lix= u(0")[0) =]

\/ﬁe 2414(6%71°) . (530)
i A/2mp; (00

Visualisation is done with the Pippi plotting package [180]. We show the best-fit

point and normalised profile likelihood density £/L,.x on the colour scale.

5.7 Expressions for freeze-out scenarios with light

mediators

We can simplify the pre-factor in Eq. (5.22) by using Eq. 5.20,

Ploc 0-117 o 2.5 x 10738 m% ¢ ( Ploc ) ( <0-annv>th

_ <« GeV~'em™
2 (1 + Tp) M%p mjlq/ ap \0.4 GeV cem® 2.2 x 10726 ¢m3 S_1> ) e

(5.31)
where we used v = 0.7¢ and the masses are measured in GeV. Then the total rate in
Eq. (5.22), measured in events/(kg keV day), can easily be written as in Eq. (5.23).
Furthermore, the dark fine structure constant ap can be expressed in terms of m;y

and r, as in Eq. (5.24). This can be checked by making use of Eq. (5.12), which
using Eq. (5.19) reduces to

1 (m? m%) 1 s |mi  m3 .
el S’ 2 — ap=5x107",|—= + = GeV ", (5.32)
v (Q% Q3 (Tann¥) 4, QF Q3
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with the masses measured in GeV. Charge conservation from Eq. (5.10) implies that
Q1 = —mqr,/my for Q3 = 1, so one obtains Eq. (5.24), which can be directly plugged
into Eq. (5.23).
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Fig. 5.5 Median significance Z with which and ADM model with a light mediator
can reject the 1DM hypothesis in favour of the 2DM one. Top: ms — m1 plane,
with fixed m4 = 5 MeV and e = 1 x 10722, Middle: logyo(m.ar/GeV) —log;,(€ef)
plane, with fixed ma = 50 GeV and m; = 10 GeV. Bottom: log,o(ma/GeV) —my
plane, with fixed my = 50 GeV and e.g = 1 x 10722, The left panel is for Xe and
the right one for Ge. In the last two panels the solid white line is the 90% CL
upper limit on €. from the latest PandaX results [202], and in the middle panel
the dashed and dotted-dashed lines are the 20 lower bounds placed on the lifetime
of the mediator from BBN [203] for two benchmark 75} /T°? ratios, 0.5 and 1.
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Fig. 5.6 Similar to Fig. 5.4 but for parameter estimation in the ADM scenario
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Fig. 5.7 Rates in a xenon experiment after imposing constraints from thermal
freeze-out discussed in this section for the general model (solid black), with a heavy
mediator (dotted blue) and a light mediator with mass m 4 = 1 MeV (dashed red).
We use m1 = 8 GeV. Left: mo = 20 GeV. Right: mg = 40 GeV.
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Fig. 5.8 Significance Z for thermal freeze-out with heavy mediators for scenarios
where the local density scales as the global one. Top: mg — m; plane, with fixed
rp, = 1. Bottom: log;y(r,) — mi plane, with fixed mo = 30. The left panels are for
Xe, and the right ones for Ge.
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Chapter 6

Background and supplementary
material for Publication three:
The annually modulating dark

matter signal

6.1 Motivation

For the next phase of the multi-component DM study, we turned to an investigation
of the hypothesized annually modulating dark matter signal that should arise due to
the relative motion of the Earth around the sun. Because the relative velocity of
the detector with respect to the WIMPs depends on the time of year, the count rate
will exhibit a sinusoidal dependence with time as graphically depicted in Fig. 6.1.
For the simplest assumptions about the dark matter distribution in the halo, the
flux is maximal in June and minimal in December. Annual modulation is a powerful
signature for dark matter because most background signals are not expected to
exhibit this kind of time dependence. This was a perfect test bed for a minimal
two-component WIMP sector since two modulating signals that correspond to two
distinct DM masses would yield a very distinct modulation signal arising from both

components modulating out of phase.

6.2 Velocity distribution in Earth frame

The astrophysical distribution of DM velocities in the local vicinity of our solar
system, f(v,t), is a hotly debated topic in astroparticle physics. This is because

knowledge of this distribution is a major bottleneck for direct detection experiments
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Fig. 6.1 A simplified view of the WIMP velocities as seen from the Sun and
Earth. Due to the rotation of the Galactic Disk (containing the Sun) through the
essentially non-rotating dark matter halo, the solar system experiences an effective
“WIMP wind.” From the perspective of the Earth, the wind changes throughout
the year due to the Earth’s orbital motion: the wind is at maximum speed around
the beginning of June, when the Earth is moving fastest in the direction of the
disk rotation, and at a minimum speed around the beginning of December, when
the Earth is moving fastest in the direction opposite to the disk rotation. The
Earth’s orbit is inclined at ~ 60° relative to the plane of the Disk. Figure from
[112].

in that it directly enters the observed scattering rate in a time dependent manner:
DM-Nucleus scattering rate ~ Particle phsyics x Velocity distribution . (6.1)

This section contains a detailed overview of the time dependence of the annually
modulating dark matter signal, which is rarely covered thoroughly in the literature.
Specifically, we will cover the details arising from the Earth’s orbit of the sun as well
as notation conventions used in the literature. Consider the schematic in Fig. 6.2. In
the rest frame of the Earth, we observe a ‘wind’ of DM as the sun orbits the galactic
centre through the DM halo. In order to obtain the velocity distribution in the lab
(Earth) frame we must transform the halo rest frame accordingly. This is obtained
by means of a Galilean boost (assuming the dark matter is a WIMP and thus cold).

Define (as introduced in section 3.2.3)

f(V7 t) = f~(V + Vobs(t)) ) (62)
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where vy, is the velocity of the Earth in the dark matter halo rest frame. v, can

be decomposed as follows:
Vobs(t) = Vo + Va(t) (6.3)

where v is the suns motion relative to the halo rest frame and Vg (t) is Earth’s
velocity relative to the sun. In the remainder of this section we will discuss in detail

and derive the contributions to veps(t).

Suns velocity through the DM halo: v,

The Sun’s velocity through the galactic standard of rest, and therefore the DM halo,

is
Vo = VISR 1+ V@ pec (6.4)

where vigg is the motion of the Local Standard of Rest and vg pec km/s is the Sun’s
peculiar velocity relative to the local standard of rest. Both the local standard of rest
and peculiar velocities are standard vectors with component values given in galactic

coordinates and are adapted from Ref. [207]:

visr = [8.50,13.38,6.49] km/s , (6.5)
Vopee = [0.0,235,0] km/s . (6.6)

Earth’s trajectory relative to the sun: Vg(t)

The following analysis follows from the methods and parameter values of Ref. [208].
The Earth follows a counterclockwise orbit around the Sun, constrained to the ellipse
shown in Fig. 6.2, with a ~ 1.4960 x 108km — the length of the semi-major axis —
labelling the perihelion. The Sun is located at one of the focal points, which is a
distance f = ae from the centre of the ellipse, with e ~ 0.016722 the eccentricity of
the orbit. The eccentric anomaly is labelled F, and it is found geometrically using
the procedure shown in Fig. 6.2; it is the angle between the perihelion, the centre of
the ellipse, and a point on a fictitious circle of radius a. If ¢, denotes the time of

perihelion, then the angle E evolves with time through the well-known relation
g(t)=FE —esink, g(t)=w(t—t,) . (6.7)

where ¢(t) is commonly referred to as the mean anomaly and the time ¢ is measured

in years. The angle between the perihelion, the Sun and the Earth, denoted v on
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DM Wind

Vernal equinox: t = t;

Fig. 6.2 The Earth (blue) orbits the Sun (yellow) counterclockwise along the
solid-black ellipse. The perihelion of the orbit is denoted by a, which is also the
length of the semi-major axis. The Sun is located a distance f = ae from the
center of the ellipse, where e is the eccentricity. The eccentric anomaly E is the
angle between a fictitious point on the dashed-black circle of radius a, the center
of the ellipse (circle), and the perihelion. The true anomaly v is the angle between
the perihelion, Sun, and Earth. At the vernal equinox, the vector € points from
the Earth to the Sun. Note that the Earth has just passed the vernal equinox
in this diagram. The ecliptic longitude of the perihelion A, is the angle between
the autumnal equinox, the Sun, and the perihelion. The projection of the Earth’s
rotational axis to the ecliptic plane (red arrow) points in the —é; direction. The
obliquity of the Earth’s rotational axis € ~ 23.4° is the angle between the Earth’s
rotational axis and €3 (€3 = €; X é2). The time of vernal equinox ¢ = t; is defined
when the Earth aligns onto the equatorial vector €. The diagram is not to scale

Fig. 6.2 is called the true anomaly. It can be shown that up to second order in the

eccentricity
. 5 o .
v = g(t) + 2esing(t) + 7€ sin 2g(1) . (6.8)

The distance from the Earth to the sun is given by

B a(l—e?)

= . 6.9
1+ ecosv ( )

r(t)

In Galactic coordinates defined in Sec. 3.2.3, the basis vectors that define the eclipse

of the Earths orbit are given by [208]

&, ~ [0.9940,0.1095, 0.003116] (6.10)
& ~ [—0.05173,0.4945, —0.8677] . (6.11)
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The trajectory vector of the Earth throughout the year is then given by
r(t) = r(t) [—sin A(t)é + cos A\(t)és] (6.12)

where A(t) = A\, +v/(t) is the ecliptic longitude of the Earth measured counterclockwise
with respect to the € axis; A\, ~ 102° is the ecliptic longitude of the perihelion as

shown in Fig. 6.2.

The vector of interest Vg (¢) is then calculated promptly ignoring O(e) terms in

the eccentricity:
Vo(t) =1(t) = Vg (1 cosw (t —t1) + éxsinw (t — 1)) (6.13)

where w = 27 /year is the orbital frequency, Vg = 29.79 km/s is the mean speed of

the Earth, and ¢; is the time of vernal equinox.

6.2.1 Defining the phase of the angular modulation

Equation 6.13 is quoted often in the literature, however the time ¢; is not very
intuitive, especially in the context of DM direct detection. What is often done is to

transform ¢; into a more phenomenologically useful quantity, namely:
to = the time of year at which |vgps| is maximised. (6.14)

This is done via the transformations

b b
N NCET R

where b = /b3 + b3 for b; = &; - V¢, [114]. The parameter t, is often referred to the

phase of the annual modulation in the literature. From [113] we will adopt tq = 0.41,

cosw (tg — t1) = sinw (tg — t1) = (6.15)

which corresponds to about June 2nd.

6.2.2 Kinematic cut-off

There exists a kinematic cut off in the recoil spectrum R(F,t) for when

Vesc + Vobs (t) < Unin - (616)
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Fig. 6.3 Figure from Ref. [209]. Left: Amplitude of the modulation (in arbitrary
units) as a function of vy,. The vertical grey dashed and dash dotted lines
indicated the values of vy, for which the phase flip occurs vpin ~ 210 km/s and
for which the modulation amplitude becomes maximal vy, ~ 360 km/s. Right:
Time dependence of the modulation signal parameterized as the relative difference
of the mean inverse speed n defined in Eq. 3.45 from its average value as a function
of time over a year for different values of vy, indicated in the legend.

This originates from the constraint that requires no DM to have a velocity greater
than that of ve. The energy threshold will be

2
20 ([Vese| + [vons(£)])
my

< Ecutoff (6 17)

Any recoil energy that does not satisfy this inequality is kinematically forbidden.

6.3 The modulating Dark Matter signal

The time-dependence introduced in section 6.2 will manifest in the total scattering

rate as a constant (non-modulating) piece plus a time dependent (modulating) piece:

R (Eg,t) = R(Eg) + M (Eg,t) (6.18)

where

M (Eg,t) = M (Eg) cos [27 (t — to)] . (6.19)

M (ER) is called the “modulation amplitude”. All of the time dependence in the
modulating rate is wrapped up in the mean inverse speed 7(vmin,t). Hence, one
can visualize the modulation properties using 7 as a proxy. Without any assumed
perturbations, the rate will modulate sinusoidally and so the modulation amplitude
is simply derived by taking the difference between when the signal is maximized and
minimized, i.e, when the Earth is travelling directly into/with the DM wind. As
defined in section 6.2.1, this occurs at tyo = 0.41 and tq + 0.5 yrs. Figure 6.3 shows
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DM Wind

June |

Fig. 6.4 An illustration of the how the phase space density of DM changes due to
the gravitational focusing of unbound DM particles in the DM wind. The phase-
space density of DM at Earth is greater around March 1 than around September 1
due to this effect.

the modulation amplitude as a function of vy, as well as a few examples of the time
dependence of the modulation for varying vy,,. At approximately vy, ~ 210 km/s
the modulation amplitude flips sign. This phenomena was coined the phase flip (see
Ref. [210] and references therein), though this should not be confused with the phase
of the modulation ty introduced in Eqn. 6.14, which is the time of year that the
rate is maximized or minimized. Fig. 6.3 right shows how the phase flip (or more
accurately, m phase shift) manifests in the modulating signal as an explicit function

of Vymin-

6.4 Gravitational focusing

Gravitational focusing (GF) is a correction to the time dependence of the local DM
density, which manifests in the diret detection rate via the velocity profile due to the
gravitational influence of the sun on the local DM wind [147]. A basic sketch of the
phenomenon can be seen in Fig. 6.4. We use the various parameterizations taken
from Ref. [211].

pf(V, t) = pOO.f (V® + Voo [VS]> ) (620)
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Fig. 6.5 (left) The time ¢y when the differential rate is maximized changes as a
function of vyi,. Without GF, this time is around June 1 for vy, and 200 km/s
and ~half a year earlier for smaller vmin. With GF, ¢y is still approximately
June 1 at high vmin, but as vmin decreases, GF becomes more significant, and tg
ultimately asymptotes to a value ~ 21 days later than that expected with no GF.
The dot-dashed brown line marks March 1, which is the time when GF is maximal.
The orange region roughly accounts for the astrophysical error in ¢y by varying
vp from 180 to 260 km/s. (right) The time ¢( that maximizes the binned rate
as a function of the minimal bin energy FE,,;, for DM masses 8, 15, and 50 GeV
(thick lines). The thin lines show the corresponding phases when GF is neglected.
We assume 1 keVee energy bins at a germanium detector; note that the shapes of

these curves are highly sensitive to the bin size and target nucleus. Figure from
Ref. [211].

where v = v 4+ Vg. The GF corrections enter in the following:

V2 Vg + Voo (GMy /75) Bs — Voo Vs (Vg « Ts)
V2, + (GMg/rs) — Voo (Vs - Tg)

Voo [Vs] = (6.21)
where v = v? — 2GM,, /r, comes from requiring energy conservation and t is the
time-dependent unit vector that points from the Sun to the Earth, the magnitude of
which is the distance between the sun and the earth r,. The full vector is given by
Eqn. 6.12. Figure 6.5 demonstrates the effects of GF on the phase of the modulated

differential rate.

A secondary result of the work presented in publication 3 is that gravitational
focusing has a non-trivial effect on the modulating signal, especially for heavier
DM masses. While we indeed derive and display this result in the main results of
publication 3 in chapter 7, we do not emphasize that GF is a correction that necessarily
must be taken into account always, since it will always be present irrespective of the

DM model being investigated.
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6.5 The DAMA /LIBRA experiment as a test bed

for two-component dark matter

At the time that we undertook this study, the only experiment with a significant
amount of detector exposure that was also actively looking for a modulating signal
was the the DAMA/LIBRA apparatus located at the Gran Sasso laboratory in
Italy [212, 213]. There is one long-standing exception to the null results from direct
detection experiments: the DAMA/LIBRA collaboration has been reporting an
excess in their DM search for more than a decade, claiming a statistical significance
of more than 90, compatible with a ~ 10 GeV or ~ 70 GeV WIMP [214-217]. Unlike
the majority of WIMP direct detection experiments, which seek to measure the total
rate R (Fg,t) shown in Eq. 6.18!, by accounting for and minimizing all background
sources, the DAMA /LIBRA detector simply collects all events and aims to observe
the modulation M (Eg,t). Although the rate of the modulated signal M (Eg,t) is
much smaller than the total scattering rate, this approach is advantageous because
it offers powerful background rejection: most backgrounds are not expected to be
modulated, and if any backgrounds would be modulated their period should differ
from 1 year and/or their phase should be different from that of the DM signal for
which the maximum for most recoil energies is expected around June 2nd. There
is strong statistical tension between the DAMA/LIBRA claim and the majority of
other direct searches. No other experiment has produced anything other than a
null result. Most people in the field have an opinion on this tension and it’s origin
(i.e dark matter, standard model background or otherwise). A full review of the
DAMA/LIBRA tension, and potential standard model reconciliations are beyond
the scope of this work, but refer to Refs. [214, 218, 219] and references therein
for a thorough overview. To summarize, in light of this tension, many attempts
have been made to reconcile the DAMA /LIBRA claim with the null results using
other types of interactions, e.g. all allowed operators in the non-relativistic effective
field theory for WIMP-nucleus scattering or by using halo-independent methods. In
addition, numerous proposals to explain the signal observed by DAMA /LIBRA by
modulated backgrounds have been brought forward, all of which have been refuted

by the DAMA/LIBRA collaboration.

Recently, the DAMA /LIBRA collaboration has released first results from the
upgraded DAMA /LIBRA phase2 experiment [220] whereby they almost double the
total exposure of the DAMA /LIBRA experiment as well as allow for a lower recoil

IMeasuring the total rate requires extremely good rejection of background events as well as
knowledge of the remaining backgrounds.
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energy Eg threshold of 1 keV electron equivalent (keVee) compared to the 2 keVee
threshold of DAMA /LIBRA-phasel. As soon as the first results were made public, it
was immediately observed that the previously held DM interpretations were no longer
statistically valid with the lowest energy bin in the recoil energy spectrum. Indeed
we confirmed this ourselves and show the result in section 6.6.1. Ref. [221] considered
three possible types of DM interactions with the DAMA detector: canonical spin-
independent (SI), SI isospin-violating (IV), and spin-dependent (SD) interactions,
all within the standard halo model. They found that in all cases the DAMA /LIBRA
modulation results appear to be in severe tension with the null results from other
direct detection searches, explicitly demonstrating that it was this new lowest energy
bin centred at 1.5 keVee that was responsible. Several months later, and after the
publication of the work shown in chapter 7, the DAMA /LIBRA collaboration itself
released an in depth corollary to the inconsistency to salvage a DM interpretation
[222]. They found that fine-tuning the DM sector to include a slew of new interaction
types including inelastic and isospin-violating, as well as detector effects and nuisance
parameters like the channelling of low energy ions along planes of the Nal(T1) DAMA

crystals and quenching factors provided tenuous fits to the new phase-2 data.

6.5.1 Energy resolution and quenching factors of the DAMA /LI-
BRA apparatus

In this section we will go over some of the DAMA /LIBRA-specific details of the rate
calculations first introduced in section 3.2, which were left out of the manuscript of
publication 3. Recall from Eqn. 3.50 that the differential response function ¢(Eg, Eec)
is folded in with the differential recoil rate in order to determine the number of
expected events to be observed in a detector. Since in publication 3 we were more

accurately simulating a real detector, we adopt the energy resolution function for
the DAMA /LIBRA detector that was employed by Ref. [55]

1 (Eee*QER)2

Ep Eop) = ——— ¢ 2°QER) 6.22
) = @ T 022

where the target-dependent quenching factors E, = Q Er (we use Qna. = 0.3,
Q1 = 0.09 for Sodium and Iodide nuclei respectively). The uncertainty in the
Gaussian in Eqn. 6.22 is given by

0 (QER) = ay/QER + BQER (6.23)
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Fig. 6.6 Best fit light and heavy DM solutions to the DAMA /LIBRA phase-2 data
after re-binning in accordance with ref. [221]. Modulation amplitude (in units of

[counts/day/kg/keVee]) is shown as a function of ionization energy Fee for the
best heavy (blue) and light (green) DM interpretations. DM masses, interaction

cross-sections and p-values can be found in table 7.1.

where MT is the detector massxexposure time. This parameter is often refered
to as just the exposure. The parameters « (0.448 4+ 0.035) vkeVee and [ =

(9.145.1) x 1073,

6.6 Supplementary results for publication 3

In this section we briefly reveal some plots that were deemed complementary to the
final manuscript of publication 3. The context for the next subsections is better
understood in conjunction with the published manuscript presented in chapter 7.

6.6.1 One component best fits to the DAMA /LIBRA Phase-

2 recoil energy spectrum
The first thing we did after being made aware of the DAMA /LIBRA phase-2 self
inconsistency discussed in section 6.5 was reproduce the best fit single-species WIMP

interpretations with a standard SI interaction. Figure 6.6 shows the best fit light
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Fig. 6.7 Best fit two component DM signal to the DAMA /LIBRA phase-2 time
dependant data in upper: the [1-3] keVee energy bin and lower: [1-6] keVee energy
bin. Shown are the light (green line) and heavy (blue line) WIMP components as
well as the combined modulation signal (black). Fit parameters (DM mass, cross
sections and relative densities) are taken from table 7.2.

and heavy DM solutions after including all standard effects in addition to corrections
from gravitational focusing. The parameters and statistical exclusion strengths of
these fits can be found in table 7.1.

6.6.2 Time dependent fits 1-3, 1-6 keVee bins

The fits shown in Fig. 6.6 to the recoil energy spectrum can be realized in time space
and presented on a plot of the modulation residual, defined as the modulation at
a time ¢ minus the average observed rate. The DAMA/LIBRA collaboration only
present the residual (that is, not the total number of events they observed) averaged
over energy bins [1-3],[1-6] and [2-6] keVee. In a proper analysis, one would fit the
full time-dependent signal in every energy bin the detector is sensitive to. However,
as described in our manuscript in the next chapter, this cannot be done due to lack
of data made publicly available. For publication 3 we undertook the best possible
statistical examination of the data we could, but what we did not publish are what
our best fit two-component DM spectrum looks like as a time-dependent modulating
signal in the [1-3] keVee and [1-6] keVee energy bins. These fits are shown in Fig. 6.7.

The reason for the choice of these energy bins is to explicitly show the lower energy
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threshold (Enm = 1 keVee), where we expect non sinusoidal GF effects to be most

prominent, and hence most demonstrative.
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Abstract

The current paradigm for dark matter direct detection is to assume that the dark
sector is solely composed of a single particle species. In this short paper, we make
the observation that dark matter comprising both a light and a heavy component
that modulate out of phase leads to interesting phenomenology in annual modulation
experiments. For an illustrative example, we use the recently released DAMA /LIBRA
phase-2 results with a lower energy threshold. Immediately after, it was argued that
a one-component spin- independent dark matter explanation of the observed annual
modulation is strongly disfavored or excluded unless isospin-violating couplings are
invoked. We show that a simple two-component extension can reproduce the observed
spectrum without the need to invoke fine-tuned couplings. Using the publicly available
DAMA/LIBRA data, we perform a fit of the DAMA /LIBRA energy spectrum of the
annual modulation amplitude to a scenario with two dark matter components. We
also take into account how gravitational focusing affects the phases of the light and
a heavy components differently, which leads to nontrivial effects in the total time-
dependent rate. Our results show that there exists a unique solution in agreement
with the data in the simplest case of isospin-conserving couplings with equal cross
sections. The distinctive features found in this work are crucial for a dark matter

interpretation of any observed annual modulation.

7.1 Introduction

Dark matter (DM) is one of natures greatest enigmas. Until now evidence for its
existence stems from its gravitational interactions. However, it is by no means
guaranteed that just a single state or particle (1DM) constitutes the whole dark
sector, which may have a multi-component nature similarly to the visible sector.
Multi-component DM in direct detection has only been studied in a few works
which have then only focused on time-averaged (not modulated) event rates [127—
133, 195]. A generic prediction of two-component DM (2DM) is the presence of kinks
in the differential event rates in mono-target experiments due to the different DM

components [195]. In the following study, we observe another interesting prediction of
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2DM in annual modulation experiments. Namely, that a light and heavy component
will modulate out of phase, producing non-trivial modulation ampli- tudes that
significantly affect the interpretation of the results. To study this effect, we adopt a
purely phenomenological approach to try to reproduce the modulated signal observed
by the DAMA /LIBRA collaboration [56, 223] (denoted by DAMA in the following).
We do so without going into further details regarding the model building, which
would affect the interactions anda the abundances of the DM components. This
is in fact studied for averaged rates in Ref. [224]. In this work we also include
gravitational focusing (GF) [147, 148, 200], which has a non-trivial effect on the
2DM time dependence of the direct detection rates, and therefore on the modulation
amplitude and phase. Although in our work we use the DAMA data, the physics
discussed and the results obtained in the following apply to generic time-dependent

signals of multi-component scenarios.

Very recently, the DAMA collaboration released the long-waited phase-2 results
with a lower energy threshold, with two new energy bins below 2 keVee [85, 225].
As first pointed out in version 3 of Ref. [226], and studied in Ref. [209] (see also
Ref. [227]), the consistency of the DM interpretation of DAMA’s signal is now under
question both for the light and the heavy DM mass solutions mentioned above for
vanilla isospin-conserving spin-independent (SI) interactions, even before considering
its compatibility with other null-result experiments. This is because below 2 keVee,
the direct detection rates for the two standard DM solutions behave very differently
with decreasing recoil energy: the light DM gives rise to scatterings off iodine,
increasing its rate significantly, while for the heavy DM (that scatters predominately
off iodine) the modulation amplitude decreases, eventually giving rise to a phase
flip. This was already pointed out in Ref. [228]. We confirm in this work that for
SI interactions the energy spectrum for the one-component DM scenario (1DM) is
disfavoured. Indeed we find that the heavy solution is excluded at an even higher

significance level when GF effects are accounted for.

The current significance for the modulation in the complete DAMA data set is
12.90. The DAMA collaboration, as well as several independent studies, have not
found that modulated backgrounds like those of neutrons, muons, solar neutrinos
or radon can be responsible for the signal [229-234]. Until the very latest phase-
2 results, under reasonable particle physics and astrophysical assumptions, the
signal was consistent in both amplitude and phase with that expected from Weakly
Interacting Massive Particles (WIMPs). Assuming the Standard Halo Model (SHM)
and elastic scattering, the best-fit masses (and cross sections) are well-known: a

light DM with mass ~ 10 GeV scattering mainly on sodium (light mass solution),
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or a heavy DM with mass ~ 70 GeV scattering mainly on iodine (heavy mass
solution) [164, 183, 235-240]. We show that the modulation observed by DAMA
at low energies can be reproduced in a natural way by a combination of two DM
particles (2DM), without the need to invoke fine-tuned isospin-violating couplings!.

The main issue with a DM interpretation of the DAMA modulation is that there
is currently no accepted explanation that reconciles DAMA'’s signal with the absence
of a positive signal in all other experiments [150, 183, 242-244], even independently
of the DM velocity distribution [135, 145, 146, 245-248]. This has motivated a
large experimental effort to try to reproduce the DAMA experiment with Nal
crystals in order to independently either confirm or reject its results [160, 249-252].
The SABRE experiment [250] plans to have a northern and southern hemisphere
pair of Nal detectors to search for a seasonal correlation or anti-correlation of any
DAMA-like modulation signal [253]. Interestingly, the COSINUS experiment [251]
alms to also measure the constant rate by developing a cryogenic detector. A
null result in the latter experiment may rule out a DM explanation of DAMA
model-independently [226].

This letter is structured as follows. In Sec. 7.2 we introduce the relevant notation
to describe the DM time-dependent signal in direct detection experiments. In Sec. 7.3
we fit the binned amplitude of the DAMA modulation. We do this by generating
pseudo-mock data from a modulating 2DM signal, including GF, and extracting the
modulation amplitude by fitting a sinusoid to the resulting time-dependent signal.
This allows us to draw conclusions regarding the effect of GF and the non-sinusoidal
component. In this section we also conduct the analysis for a single light/heavy
DM to compare with results from other studies. We give our conclusions and final

remarks in Sec. 7.4.

7.2 The dark matter direct detection signal

In this section, we present the relevant expressions for the direct detection of 2DM,
with individual DM masses my o (we take m; < my), SI cross-sections with protons
032, and local energy densities p; 2. We use p; + p2 = pioc, Where pjo. is the local DM
mass density. We take the astrophysical values of Ref. [195], and use the notation

r, = p2/p1 and r, = 0} /o7,

I'We note that there have been studies that show that other effective operators can relieve the
DAMA self-tension [227]. Also the same authors claim that compatibility with other null results can
be achieved in a proton-philic spin-dependent inelastic scenario when the DM velocity distribution
departs from Maxwellian [241].
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For 2DM with SI interactions, we can parameterise the differential event rate

produced on a target nucleus with mass number A as [195]:
T A Ploc Uf
2(L+7r,) p2

1 2
{nwfnm roroti2 (v, 1)
X + 5
my MpQ ma

RA(ER,t) = A’F3(ER) (7.1)

where here we define the halo integral as

(@) (=
«a ’U,t
N(vga,t) = / W&’ Jat (01) (7.2)
v>U v
From kinematics, the DM particle a (a = 1,2) is required to have a velocity

(«
m7

larger than v )A = \/mAER/(ZuaA) to produce a recoil of energy Fr. my is the
mass of the nucleus, x4 its mass faction in the detector, p,4 is the reduced DM-
nucleus mass and Fy(ER) is its nuclear form factor, for which we use the Helm
parametrisation [141, 142]. In Eq. (7.2) é:t)(ﬁ, t) describes the distribution of DM
particle velocities in the detector rest frame. In the following we use the SHM,
i.e., a Maxwellian velocity distribution, with equal velocity dispersions for both
DM components (see Ref. [224] for a study regarding this assumption). As before,
the total rate is given by the sum of the contributions on each target nucleus, i.e.,
R(ERr,t) =>4 Ra(ERg,t). The rate for 1IDM is obtained from Eq. (7.1) in the limit
r,=0.

In this work we deal with the time-dependent signal caused by the motion of the
Earth around the Sun [110, 111]. The total differential event rate can be decomposed
as (see for instance Refs. [112, 145, 146, 164])

R (Er,t) = R$Y(Er) + MY (Eg, 1), (7.3)

where Rila) is the time-averaged rate and ./\/l(f)(ER, t) the time-dependent signal. In
the following we assume that all the time-dependence stems from the velocity of the
Earth v.(t), which is a reasonable assumption for the time scales of direct detection
experiments. For isotropic and sufficiently smooth DM haloes, to leading order on

v.(t),? the time-dependent signal consists of the annual modulation,

M (Eg,t) = MY (Eg) cos2m(t — to(v())], (7.4)

2A nonsinusoidal modulation is expected when higher-order harmonics, which are, however,
suppressed by extra powers of v, , are considered [147, 148, 229].
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(a)

where #(v,, 4) is the phase of the modulation and

« ]' « (03
MEU(Eg) = 5 M (Bp.ts) = MT (Ep. 1 +05)] (7.5)

is the amplitude. ty (t; + 0.5) measured in years corresponds to June (December)
1st, which for minimum velocities v ’, above ~ 200 kms™! is the time of the year
when the velocity of the WIMP ﬂow in the Earth’s frame is maximum (minimum).
For vfﬁ’)A < 200kms™!, the situation is the opposite: tj(ty + 0.5) ¢ty (t; + 0.5)
corresponds to minimum (maximum) WIMP flow, such that M(AO‘)(ER) becomes
negative. In other words, for small enough vff; )A, the phase of the modulation flips
by 6 months. As we show below, this is precisely what happens for heavy DM
components scattering off iodine in DAMA at the lowest energies. The total rates
are given by the sum over nuclei and DM components, R(Eg) = >, 4 Rff)(ER) and

M(ER,t) =04 M (Eg,t).

7.2.1 Gravitational focusing and the non-sinusoidal signal

GF of DM particles by the Sun affects the phase of the modulation to, which, for an
observed L, is sensitive to the DM mass via the dependence on v [147 148, 200].
The effect is significant for vm7 ', $200kms !, in which case the phase is changed from
the vanilla case of December 1st towards a later value. In the case of DAMA the effect
on the phase is important for heavy DM masses, for which it can change by tens of days.
For light DM particles, the effect is negligible and the phase remains at June 1st. In
2DM the most interesting feature is that the sum of the time-dependent signals of the
individual components, with their phases to bemg different due to GF ( ) > t(l)
as my > my), leads to a non-sinusoidal time-dependent signal only suppressed by

the (small) phase difference of the 2DM components Aty = t(() ) _ to > 0.

We can see this by expanding the combined signal in At (see also Ref. [112]).
For a given nuclei and recoil energy, Aty depends on the mass splitting of both DM
components. We find that the combined M (Fg,t) is given to leading order in Aty
by

M(t) = MW cos[2(t — t(()l))] + M@ cos[2m(t — ¢V — Atp)]
= (MO 4 M) cos2r(t — t)]

At
+ M® <tt(21>> sin[2m(t — t§)], (7.6)
— b
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where the expansion is valid for ¢ > té2) > tél). For t ~ tgm) higher order terms

become important. As can be observed, the sine term is proportional to Afy.
Therefore, for non-negligible Atg, the total time-dependent signal is non-sinusoidal.
For the DAMA observation, how good this approximation is depends on the DM
masses, which we study in the following by fitting the DAMA-phase 2 time-dependent

signal to the numerically computed one using Eq. (7.1) with GF effects implemented.

7.3 The DAMA energy spectrum of the modula-

tion amplitude

We perform our analysis on the whole energy spectrum of the DAMA annual
modulation amplitude, which combines results from DAMA /Nal and DAMA /LIBRA
phases 1 and 2. The total exposure is 2.46 kg-y. The events are measured in electron
equivalent energy (keVee), which is related to the true recoil energy Ex through the
target-dependent quenching factors Fe. = Qa4 Er (we use Qna = 0.3, Q1 = 0.09).
We employ the differential response function of Ref. [55], treating the parameters
arg = (0.448 4 0.035) vkeVee and fBrg = (9.1 £5.1) x 1073 as nuisance parameters.
The results made public by the DAMA collaboration are presented in slide 22 of
Ref. [85]. We use the data of Tab. I of Ref. [209], which gives the observed binned
annual modulation amplitude M; in N = 10 bins in the energy range [1, 20] keVee in

order to increase the signal to noise ratio in our fit.

We undertake our analysis as follows:

1. We first generate pseudo-mock data from a modulating DM signal with grav-
itational focusing corrections implemented and 2.46 tony of exposure in the
time intervals used by DAMA. The term ‘pseudo-mock’ here refers to the fact
that we use the ‘Asimov data’, which in the large statistics limit corresponds
to the expected Poisson mean in each time bin. This is done to ensure smooth
likelihood functions in our statistical analyses. We only generate signal events,
since the DAMA collaboration releases no information about the observed

constant backgrounds.

2. As DAMA does, we then fit the function R4(t) = Sp + Sy, cos[2m(t — ty) /T to
the pseudo-mock data set in each energy bin. Since the DAMA experiment

does not veto backgrounds, we fit a sinusoidal component plus a constant offset
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IDM  m (GeV) of (x107%cem?) 2, /dof p-value Z
Light 8.42 1.25 48.4/8 8.15 x 1078  5.40
Heavy 70.1 0.10 56.8/8 1.94 x 1072 6.00

Table 7.1 Results of 1DM fit to the DAMA energy spectrum after accounting for
GF corrections. The different fits are for both the light and the heavy DM mass
solutions. The dashes refer to the parameters that are fixed to 1.

to extract the best fit modulation amplitude .S,,. We take a constant phase of
to = 152.5 days and a period T' = 1yr.?3

3. We take the estimated amplitude for each energy bin and compare these to
the DAMA data using a maximum likelihood analysis in order to extract the
goodness of fit and best-fit values of the 1DM and 2DM model parameters.

The reason for this roundabout approach is that the DAMA collaboration does
not release time-dependent data in 0.5 keVee bins,* and so we proceed as closely
as possible to the method used by the collaboration to extract the modulation
amplitude. This would not be necessary if we did not consider GF, but GF non-
trivially changes the phase of the modulation away from June 1st as well as the
shape of the time-dependent signal.

We use the open source software Minuit [254] to compute the best-fit points, which
we give in Tabs. 7.1 and 7.2. For completeness, we also compute the corresponding
p-values for the fits, as well as the corresponding number of equivalent two-sided
Gaussian standard deviations Z. We deem a ‘good fit” to be one that gives a p-value
p > 0.05 which corresponds to Z < 1.96. For 2DM, we also employ the MultiNest
implementation of the nested sampling algorithm [255-257], with 5000 live points
and a tolerance of 0.5. We then determine the distribution of the profile likelihood
ratio (PLR) £/Lax throughout the parameter space from the obtained samples.

2DM my  ma  of  r,  X%./dof p-value Z
r,=1 220 80.3 0.14 335 11.8/6 0.07 1.84
Table 7.2 Same as Tab. 7.1 for 2DM fit to the DAMA energy spectrum.

3The DAMA collaboration also presents results assuming variable phases and additional non-
sinusoidal components. Energy spectra for these fits however are presented in larger integrated
energy bins of 1 keVee width. Since any interesting behaviour in the spectrum occurs in the lowest
[1 — 1.5] keVee energy bin we do not use these other data sets.

4The only time-dependent information released by the DAMA collaboration are residuals in large
integrated energy bins [1-3], [2-6] and [1-6] keVee. However, in the latter the energy information of
the (most interesting) lowest energy bins is washed out.
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Fig. 7.1 Two-component fit to the DAMA /LIBRA phase-2 data. We also show the
contribution from DM1 (DM2) in dotted green (dashed blue) and the combined
(solid black). Upper panel: Best-fit spectra of the DAMA energy spectrum for the
2DM model. The experimental best-fit modulation amplitudes to the combined
DAMA phases 1 and 2 rebinned [209] are shown with red points. Below the phase
flip, which occurs at ~ 2 keVee, the contributions of the two components partially
neutralise each other in the combined modulation. Lower panel: Time-dependent
residuals in the lowest energy bin, [1-1.5] keVee. Notice the anti-modulation of
DM2, and the non-sinusoidality of DM2 and the combined signal.

7.3.1 One-component dark matter fit

In Tab. 7.1 we show results of 1DM fits for the light and the heavy DM mass solutions,
which correspond to scatterings mainly in Na and I, respectively. We also check the
exclusion significances for the 1DM case neglecting gravitational focusing effects to
check consistency with previous studies. Since GF does not effect the sinusoidality
of the DAMA signal for DM masses below ~ 30 GeV, we find that the light solution
is excluded at 5.40, which is roughly the same significance as observed in previous
studies. Interestingly, however, we see that including GF' corrections non-trivially

increases the exclusion significance of the heavy solution from ~ 3¢ to 6o.
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Fig. 7.2 Profile likelihood ratio (PLR) density overlaid with 1 and 20 C.L. contours
for the 2DM fit to the DAMA energy spectrum of the modulation amplitude

as calculated in Sec. 7.3.2. We indicate the best fit points with a red star (see
Tab. 7.2.)

7.3.2 Two-component dark matter fit

We show in Tab. 7.2 the result of the fit for two DM particles (2DM). We fix r, = 1,
leaving r, free.” One can observe that the 2DM model provides a good fit with an

exclusion significance of only 1.84¢. In Fig. 7.1 (upper panel) we show the binned

modulation amplitude (solid black) for the best-fit points of the 2DM solution.

This corresponds to scattering of both DM components dominantly off iodine. The
fact that the lighter component scatters dominantly off iodine with a negligible
contribution from sodium is due to two factors: first, the smaller quenching factor

in iodine compensates its larger mass, translating into smaller vg?I(ER) and thus
(1)

into larger 7(v,,1); second is the A* enhancement factor for iodine due to coherent

5The energy density and the cross section enter identically in the rate. Therefore, apart from
the overall normalisation, one can fix r, and consider r, as a free parameter.

xeuly /7 o1yes pooyreNy JoIg
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ST scatterings. Below 2 keVee DM2 becomes negative (i.e., a phase flip) and DM1
dominates the total rate. Therefore there is a partial cancellation in the combined
modulation between the individual DM contributions. This is illustrated in Fig. 7.1
(lower panel), where we plot the time-dependent residual for 2DM in the lowest recoil
energy bin [1-1.5] keVee.

In Fig. 7.2 we present the frequentist 1 and 20 C.L. contours using pippi [180].
We show the planes mi—mq (top left), log,o(r,)-log (o) (top right), log,o(r,)—ma
(bottom left) and log,,(r,)-ms (bottom right). The regions are very well-defined
around the best-fit values. The 20 range of m; is quite narrow, [8, 30] GeV, while
that of my is larger, [30, 150] GeV, i.e., there is more freedom in the heavy component
since for heavier DM the dependence on the mass via n(vff: ?A) is milder. For large
mass values, m; and mso show a mild positive correlation, such that both individual
terms in the square bracket of Eq. (7.1) become similar in size. Moreover, one can
observe how the largest ms region corresponds to large r, (bottom right panel), which
is easily understood looking at the second term in the square bracket of Eq. (7.1).
Also, the region of large of corresponds to large r,, see top left panel, as expected

from the overall normalisation of the rate.

7.4 Conclusions

In this letter, we have studied how a simple 2DM can lead to interesting signals
in annual modulation experiments. Furthermore, we showed that implementing
corrections due to GF leads to non-sinusoidal and non-trivial phase effects in the
evaluation of the 2DM time-dependent rate. As an illustrative example, we studied
whether a 2DM model comprising both a light and heavy component can revive
the vanilla DM interpretation of the low threshold DAMA data. We performed
a fit of 2DM to the publicly available DAMA data using the energy spectrum of
the amplitude of the modulation. For the first time, we also fully incorporate
gravitational focusing effects into such an analysis. Firstly, we fit 1DM to the energy
spectrum data and find that the heavy solution is even more excluded than shown
in previous studies after GF effects are considered. On the contrary, we find that
2DM provides very good agreement to the energy spectrum data.

We show our solution in Fig. 7.1, where scatterings are predominantly off iodine,

with a crossing between the spectrum of the two individual DM components at

SFor completeness, we have also conducted a similar analysis without including GF. In this case,
we obtain two solutions. One which corresponds to a similar one as with GF, and another one at
my ~ 8 GeV and mg ~ 170 with r, ~ 0.07. That is, the second solution prefers a suppressed heavy
component, i.e., a 1DM scenario.
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roughly 2 keVee. The crossing occurs due to a phase flip in the heavier component
at low recoil energy. The results of the 2DM fits are summarised in Tab. 7.2 and
Figs. 7.1 and 7.2, which involve reasonable values of the relative energy densities
and the cross section. The key feature found in the analysis is that, at the lowest
energies, the modulation of the heavy DM particle becomes negative, so that in the
combined modulation the individual DM contributions partially cancel each other.

Therefore two-component DM looks like a natural solution to the first part of
the DAMA puzzle: the compatibility of the spectrum with that expected from DM
under standard astrophysical and particle physics assumptions. The second part of
the DAMA puzzle, that is, the compatibility of DAMA data with other null results
is not solved.

We would like to conclude by saying that it would be very helpful if the DAMA
collaboration made public the temporal data in smaller energy bins, which would
allow the use of all information. In particular it would show whether or not there is
a non-sinusoidal behaviour in the current data in the [1,1.5] keVee bin, as present in
the case of 2DM (see lower panel of Fig. 7.1).

In any case, even if the DAMA signal turns out not to be related to DM, the
distinctive features of the time-dependent signal of multi-component DM found in
this work, like the non-sinusoidal behaviour and the possibility of having a partial
cancellation at low energies, are generic predictions that should be searched for in

case an annual modulation signal is observed in next generation experiments.
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Chapter 8

Background and supplementary

material for Publication four

8.1 Motivation

The last publication presented in this thesis will attack the DM problem from a
different angle. Motivated by the null results of direct, indirect and collider searches
over the years, theorists have turned to model building in order to develop DM
candidates that can evade experimental constraints. “Pseudo-Nambu-Goldstone
dark mater” (pNG DM) extends the standard model with the introduction of a new
complex scalar field which yields a DM candidate that can evade direct detection
bounds. In publication 4 shown in chapter 8.4 we for the first time combine all known
experimental constraints and theoretical limits on the pNG model. The statistical

procedure that one follows to do this is often referred to as a global fit.

The publication presented in chapter 8.4 is very pedagogical in nature with
a detailed set of appendices, leaving little to discuss here in the supplementary
overview. There are however a couple of points that are glossed over in the main text.
Firstly, the discussion of the constraints obtained from the Fermi-LAT gamma-ray
observations in section 9.3.6 leaves a lot to assumed knowledge. Therefore a brief
overview of the observables and nomenclature utilized in gamma-ray searches from
DM-DM annihilation is discussed here in this chapter. In addition, supplementary
context is given for sections of the main text that deal with Higgs invisible width

constraints and electroweak precision observables.
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8.2 Indirect detection and the Fermi-LAT gamma

ray observations

The indirect detection of dark matter involves using Earth bound observatories
(either space or ground based) to measure an observable flux ¢ [particles/cm?/s| of
particle descendants arising from the self annihilation of DM. The flux is a function of
the particle physics of the DM (mass and cross-section), as well as the astrophysical
density distribution p(r). One usually uses the term prompt emission to refer to the
production of final state particles from the annihilation process itself. An example of
NON-prompt annihilation products would be the secondary photons produced when
the charged products of the DM annihilation process interact with the interstellar
medium as they propagate to Earth. Such secondary processes are not considered in

this work but have been considered in various other indirect studies [36, 258].

By convention astrophysics and particle physics are usually separated into distinct

pieces, as we will see in section 8.2.2:

Total particle flux = [Particle physics term] x [Astrophysics term] . (8.1)

The particle physics piece depends explicitly on the number spectrum % of anni-
hilation products and the DM-DM scattering cross-section. As we will see in this
section the scattering cross-section that parameterizes the DM self-annihilation is
averaged over the DM velocity distribution. The notation for this new cross-section
parameter is (ov) and it is called the velocity averaged cross section (or thermally

averaged cross-section).

8.2.1 Velocity averaged Cross-Section

First introduced in section 3.3.1, the thermally averaged cross-section (ov) is the

primary parameter that quantifies the DM-DM annihilation process. That is,

(ov) o |M|%)M-DM—>X . (8.2)

The velocity averaged cross-section includes an integral over the initial state momenta
weighted by the Maxwell-Boltzmann distribution. To get the relevant behaviour we
can simply expand (ov) in powers of the relative velocity squared v? and insert the

moments of the MB distribution. Usually, only the first and second terms in the
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expansion are required
Taylor expansion = ov = a + bv? + ... (8.3)

On taking the expectation value, the second term becomes 6b/z; since (v?) = 6/z,
where z; = m, /T, T being the temperature of WIMP freeze out (see appendix

3.3.1). Hence, the velocity averaged cross-section will be expanded as

(ov) =a+ bef + ... (8.4)

This realisation was made by Jungman and Kamionkowaki [259].

8.2.2 Differential Flux

The physical observable that quantifies a measurement of a population of prompt
photons originating from DM annihilation is called the differential fluz or differential
flux density in some astrophysical contexts. The differential flux is usually denoted
d¢/dE and has units [GeV ™! ecm™2 s7!]. Tt is defined as the number of radiant-energy
particles incident on a surface during a given period of time divided by the product
of the area of that surface, the characteristic energy of the incident particles, and
the given period of time. From dimensional analysis, the differential element of flux

originating from the infinitesimal volume element dV is

C Arlr? dt '
The rate of DM-DM annihilation within this volume element is defined by
{ov)
) = 8.6
)= 7 r) (5.6

where (ov) is the velocity averaged annihilation cross-section discussed in section 8.2.1,
p(r) is the DM density and the location of the volume element r. This alone does
not tell us about how many v producing collisions are taking place however. The

number of two body collisions within dV happening in time element dt¢ is given by

1 dVp(r)

2 My

['(t) x

(8.7)

Note the factor of two here is because there are always assumed to be two DM

particles in one annihilation event. This quantity is what enters the expression for
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Fig. 8.1 Diagrammatic representation of the differential flux through a surface
dA originating from some source at a distance r. As shown in the text, one must
integrate over the volume of sky parameterized by the telescope beam’s solid angle
to obtain the differential flux.

the flux element as 1/dt. Hence:

1 (ov)

2
X

1 (ov dN
— 5 < 2> pQ(I') v
8m|r[2 m2 dE

dp =

-~ 8xlr)2 m

p*(r) dN dV (8.8)

dE |r|* dr dS) (8.9)

where we have explicitly written the volume element dV in polar coordinates and
the photon spectrum per DM annihilation % has been separated out intentionally
to later distinguish the particle physics from the astrophysics. The differential flux
originating from some infinitesimal volume element of the DM halo dV is then

dp 1 (ov) ,,  dN

T s P (r) Edrd(l . (8.10)
X

Given that any detector has a finite angular resolution {2, one must integrate over
this volume of the sky to derive the total differential flux. This is diagrammatically
represented in figure 8.1. Writing this explicitly, we obtain

dp (1 {ov) dN 9
== <87rm§<dE> Q/l/ P2(r) dr dS) (8.11)

where the integration is over the detector resolution and the line of sight ({.0.s). This

expression is often parametrised into particle physics and astrophysics components.
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Namely the J factor defined as

JE/ /p2(r)dr d) (8.12)

AQ l.o.s
and
(0] 1 N
APy _ 1 (ov) AN (8.13)
dE 8 mi dFE
Hence
do B d®pp

Note that throughout this derivation only one annihilation channel for xxy — v
with branching ratio (BR) = 1 was assumed. To account for the possibility of any

DM model, the model dependent spectrum needs to be adjusted accordingly

ZBR dEZ (8.15)

where the spectrum of each possible decay mode is weighted by the appropriate

branching ratio. Hence we can write the total differential flux

Ccllz:(glﬂ P lZBR D/ | Fydrae. (8.16)

AQ l.o.s

Differential flux in galactic coordinates

One further point is that one may define the length of the radial vector r in terms of
galactic coordinates. Galactic coordinates are defined as shown in figure 8.2. In such

a coordinate system, we have

r| = \/R@ — 25R¢ cos(b) cos(l) + s? , (8.17)

where s is the distance from the earth to the source of flux, in this case, a star. Hence

the solid angle differential is
dQ = dbdl cos(b) . (8.18)

This makes the integral in 8.16 explicitly a function of galactic longitude b and
latitude [.
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Fig. 8.2 Definition of galactic coordinates. Image from [260].

8.2.3 The Fermi dwarfs

The Fermi dwarfs are some of the most DM rich objects known to astrophysics. Given
their relatively close proximity they make excellent targets for indirect detection.
The Fermi Large Area Telescope (LAT) has surveyed 45 stellar systems, 28 of which
are kinematically confirmed dark-matter-dominated dwarf spheroidal galaxies, with
17 recently discovered systems having photometric characteristics consistent with the
population of known dSphs [261]. These compact dwarf spherodials (dSphs) have
been probed for a significant excess of y-rays in the energy range 20 MeV to 500 GeV
stemming from DM annihilation. At present, no such significant excess has been
detected, although four of the recently added objects have shown a slight (~ 20)
excess above background estimates.

The Fermi collaboration use estimates of the J factors of the dwarf galaxies deter-
mined through dynamical modelling of their stellar density and velocity dispersion
profiles provided by Martinez et al. [262]. The measured J factor estimates are
denoted Jeas and are shown in column 6 of table 8.1. In their latest release, Fermi-
LAT report on 6 years of data implementing their latest data set called the Pass
8 event-level analysis which, along with increased exposure time provides a range
of systematic experimental improvements [263]. In addition to the improvements
from Pass 8, Fermi employ the updated third LAT source catalog (3FGL), based on
four years of pass 7 reprocessed data, to model point-like background sources. For
demonstrative illustration, Fig. 8.3 shows a variety of dwarfs overlayed on top of a

v-ray map of the Milky Way!.

!These were the dwarfs used in the first Pass8 analysis by Ackermann et al. [263].
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[13] (2) (3) (4) (51 (6) 7
Name I b Distance o My log,  (Jincas) log,; (Jpeea)
(deg. deg) (kpe) (pc) (mag) log, ,(GeV?em—) log,,(GeV? em~%)

Kinematically Confirmed Galaxies

Boites I” 35808, 69.62 L1} 189 —6.3 182 + 0.4 18.5
Bodtes 11 35369, 68.87 42 46 -2.7 189
Bodites 11 3541, 7535 47 —-5.8 188
Canes Venatici | 74.31, T9.82 218 441 —8.6 174+ 03 174
Canes Venatici II* 113.58, 82.70 160 52 —4.9 176 £ 04 17.7
Carina® 260.11, —22.22 105 205 -9.1 179 + 0.1 18.1
Coma Berenices® 241.89, 83.61 44 60 —4.1 19.0 + 0.4 18.8
Draco* %6.37, 34.72 76 184 —5.8 188 + 0.1 183
Draco 11 98.29, 42.88 24 16 -29 19.3
Fornax* 237.10, —65.65 147 594 —134 178 £ 0.1 178
Hercules* 28.73, 36.87 132 187 —b.b 169 £+ 0.7 17.9
Horologium 1 271.38, —54.74 87 6l -35 18.2
Hydra I1 20562, 30.46 134 (i1 —4.8 17.8
Leo I 22509, 4911 254 223 =120 178 £ 0.2 17.3
Leo 11" 220.17, 67.23 233 164 —0.8 180+ 0.2 174
Leo IV® 26544, 56.51 154 147 —5.8 163+ 14 17.7
Leo W 26186, 58.54 178 a5 -52 164 £+ 09 17.6
Pisces 11 79.21, —-47.11 182 45 -5.0 17.6
Reticulum 11 26630, —49.74 32 35 -3.6 189 £ 0.6 19.1
Sculptor® 287.53, —83.16 86 233 —11.1 185 £ 0.1 18.2
Segue 1° 22048, 5043 23 21 -1.5 194 + 03 19.4
Sextans” 24350, 4227 &6 361 -0.3 175+ 02 18.2
Triangulum II 140.90, —23.82 30 30 —1.8 19.1
Tucana 11 328.04, —52.35 58 120 -39 18.6
Ursa Major 1 15943 5441 a7 143 -33 179+ 035 15.1
Ursa Major 1I° 15246, 37.44 3z a1 —4.2 194 + 0.4 19.1
Ursa Minor® 10497, 44 80 16 120 —8.8 189 + 0.2 18.3
Willman 1° 15858, 56.78 38 19 -27 189

Likely Galaxies

Columba 1 231.62. -28.88 182 101 —45 17.6
Eridanus 11 24978, —51.65 331 156 —-74 17.1
Girus 1 338.68, —58.25 120 60 -34 17.9
Grus 11 35114, -51.94 53 93 -39 18.7
Horologium 11 26248, —54.14 T8 33 =26 18.3
Indus 11 354.00, —37.40 214 181 —4.3 17.4
Pegasus 111 69.85, —41.81 205 57 —4.1 17.5
Phoenix 11 32369, —-59.74 96 33 -3.7 18.1
Pictor 1 257.29, —40.64 126 44 -37 17.9
Reticulum 11 273.88, —45.65 92 64 =33 18.2
Sagittarius 11 18.94, —22.90 67 34 -5.2 18.4
Tucana I 31538, —56.18 25 44 -24 19.3
Tucana IV 31329, —-55.29 48 128 -35 18.7

Ambiguous Systems

Cetus 11 15647, —~T8.53 30 17 0.0 19.1
Eridanus 111 274.95, —59.60 96 12 -24 18.1
Kim 2 347.16, —42.07 105 12 -L5 18.1
Tucana V 31631, —-51.89 55 16 =16 18.6

Table 8.1 Table from Ref. [261]. Milky Way satellite systems consistent with being
dSphs. Horizontal lines divide systems that have been kinematically determined
to be DM dominated (top), systems with photometry consistent with being dSphs
(middle), and systems with small physical sizes populating an ambiguous region of
the size-luminosity plane between dSphs and globular clusters (bottom). Columns
represent (1) name of stellar system, (2) Galactic coordinates, (3) heliocentric
distance, (4) azimuthally averaged half-light radius, (5) absolute visual magnitude,
(6) measured J-factor derived from stellar kinematics. (7) predicted J-factor.
Targets used in the first analysis to derive combined limits from Ackermann et al.
[263] are marked with asterisks.
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Fig. 8.3 Figure from [264]. Known dwarf spheroidal satellite galaxies of the Milky
Way overlaid on a Hammer-Aitoff projection of a 4-year LAT counts map (£ > 1
GeV) of the galactic plane. The 15 dwarf galaxies included in the Fermi-LAT Pass
8 combined likelihood analysis are shown as filled circles, while additional dwarf
galaxies are shown as open circles.

Fermi-LAT likelihood

Something not detailed in publication 4 are the details surrounding the inclusion
of the J-factor as a nuisance parameter in the Fermi-LAT likelihood. As such it is
briefly discussed here. The primary quantity used in the Fermi analysis is the total

energy flux

(my o), 1) = [ B (5.19)
Sk.i(My, (ov), J) = ) )
k7 X 7 ELmin dE

The likelihood function for a particular dwarf £ and energy bin ¢ is therefore a

function of this expected signal, while the J factors enter as nuisance parameters:
Lri(ski) = Lii(my, (ov), Ji) . (8.20)

Fermi use a standard binned Poisson likelihood consistend with other LAT analyses
[264]:

)\Zkef)\k

ck,i(mxu <UU>7 Jk) = ) (821>
where ny is the number of photon data from the dwarf k& and A\, = A\x(m, (ov)) is
some function that depends on the model input parameters m, and (ocv). While
Fermi do not release the functional form of the \g, they do release the tabulated

versions of Eqn.(8.21) on their official data release page [265]. These tabulations give
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Fig. 8.4 Figure from [264]. Histogram of the bin-by-bin LAT likelihood function
given in Eqn. (8.21) used to test for a gamma- ray source at the position of
the Draco dwarf spheroidal galaxy. Within each bin, the color scale denotes the
variation of the logarithm of the likelihood with respect to the best fit value of the
source flux (truncated at —Alog £ > 10). Upper limits on the integrated energy
flux are set at 95% CL within each bin using the delta-log-likelihood technique
and are largely independent of the source spectrum.

three columns: E., s;(E,) [MeV cm™2s71] and —Alog L(sy,;), where
—Alog L(s;) = [log L(sk:) — log(sy;)] , (8.22)

and sgk is the configuration that maximises the likelihood 8.21 for a particular ¢ and
k. Hence, if one is to make use of these likelihoods, one needs to interpolate the

correct value of the likelihood for a given model dependent s ;. To make this clear:
Generate :  si;(m,y, (ov)) — Interpolate: — Alog L(sk;) - (8.23)

Hence, we can extract a log likelihood corresponding to a given energy flux (and
hence particle physics number spectrum dN/dFE). Figure 8.4 shows the log likelihood
distribution as a function of energy flux for the Draco dwarf galaxy taken from [264]
for a C.L of 95%.

The J-factor is incorporated as a nuisance parameter in the maximum likelihood.
The uncertainty is emulated by assuming log-Gaussian spread with standard deviation
o in the probability distribution for each J-factor peaked at the numerical values of

JE _shown in table 8.1. Furthermore, the Fermi functional form of this uncertainty
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is emulated with a “log normal” distribution N (.Ji) given by

2
1 f(logm(lk)flomowgbs))

= X e 20k . 8.24
In(10)J% 270y, (8.24)

N(Jk)

This typical normalization is done when we have theoretical parameters with obser-
vational constraints. Here the J; are such parameters. The likelihood for a particular
dwarf k is given by multiplying the log normal distribution with the combination
of the likelihoods over each energy bin. The total likelihood for a given dwarf k
accounts for instrument performance, the observed counts, exposure, and background

fluxes and is given by

2
1 - (10g1o(‘71€)710g10((’§bs))

L Jp) = 20k L i , ,J .

[¢]

(8.25)

Combining the dwarf Likelihoods we get the total combined-likelihood function
L(m, (ov), J) =[] L« (8.26)
k

where J represents the set of J factors {J;}.

8.3 Higgs portal at colliders

This section contains a brief primer on Higgs portal DM and the invisible Higgs
decay width which was used as one of the constraints in the global fit in publication
4. Section 9.3.3 contains the exact expressions and the detail that are relevant for the

study. One of the experimental constraints we consider in chapter 8.4 is the collider

Y
hSM

Fig. 8.5 Standard model Higgs invisible decay channel (h — xx).
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bounds on the Higgs boson’s invisible decay width (Fig. 8.5). Higgs portal models are
constructed by adding only DM and no other new particles to the Standard Model.
Only the latest generations of collider experiments have achieved the energies and
luminosities required to check for these types of DM model. Direct collider searches
for the invisibly decaying Higgs boson (hh — xx) are augmented by measurements of
other Higgs properties, which can be very sensitive to couplings to new particles. The
Higgs boson is light in comparison to the LHC energy and can be produced on-shell,
so collider searches may still constrain these models through precision studies of the
visible decays of the Higgs bosons, even if the invisible particles are much heavier

and invisible decays of the mediator are absent.

8.4 Electroweak precision observables

Adding an extra scalar field to the SM as is the case with the pNG model, induces
corrections to the gauge boson self-energy diagrams. This effect on the electroweak
precision observables (EWPQO) can be parameterized by the oblique parameters
S, T and U [266]. Section 9.6.2, which appears as an appendix in the published
version of the paper, details the explicit forms of the oblique parameters. The ~~
and vZ self-energies (IL,, and II,, respectively) are not modified as the new scalar
is electrically neutral. Thus, only the W and Z boson self-energies are subject to

corrections.
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Abstract

We perform a global fit within the pseudo-Nambu-Goldstone dark matter (DM)
model emerging from an additional complex scalar singlet with a softly broken
global U(1) symmetry. Leading to a momentum-suppressed DM-nucleon cross section
at tree level, the model provides a natural explanation for the null results from
direct detection experiments. Our global fit combines constraints from perturbative
unitarity, DM relic abundance, Higgs invisible decay, electroweak precision observables
and latest Higgs searches at colliders. The results are presented in both frequentist
and Bayesian statistical frameworks. Furthermore, post-processing our samples, we
include the likelihood from gamma-ray observations of Fermi-LAT dwarf spheroidal
galaxies and compute the one-loop DM-nucleon cross section. We find two favoured
regions characterised by their dominant annihilation channel: the Higgs funnel
and annihilation into Higgs pairs. Both are compatible with current Fermi-LAT
observations, and furthermore, can fit the slight excess observed in four dwarfs in a
mass range between about 30-300 GeV. While the former region is hard to probe
experimentally, the latter can partly be tested by current observations of cosmic-ray

antiprotons as well as future gamma-ray observations.

9.1 Introduction

The true particle nature of dark matter (DM) continues to remain a mystery de-
spite a plethora of astrophysical/cosmological evidence to support its existence
[267]. Although the well-known Weakly Interacting Massive Particle (WIMP) offers
a viable solution, most common models are strongly constrained by direct detection
experiments [242, 243, 268]. This has forced us to either seek alternate particle DM
candidates (e.g., axions [269-272], sterile neutrinos [273, 274]) or explore new ways
of saving the canonical “WIMP paradigm.

A natural way of achieving the latter is to suppress the DM-nucleon interaction at
tree level. For instance, in certain particle DM models, some parameter combinations
can lead to blind spots in direct detection experiments or even a suppression of

the DM-nucleon coupling [275-278]. Alternatively, the DM-nucleon couplings could
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vanish due to symmetries [279, 280]. More commonly, however, particle DM models
with a pseudoscalar mediator [185, 191, 281-284] leads to a momentum-suppressed
DM-nucleon cross section. Thus, this class of models can naturally evade the strong

limits from direct detection experiments.

A popular example in this regards is the pseudo-Nambu-Goldstone (pNG) DM.
It is realised by adding a complex scalar singlet with a softly broken global U(1)
symmetry [285-287] to the Standard Model (SM) particle content. Due to the soft
symmetry breaking, the resulting Goldstone becomes massive, i.e., a pNG boson. An
additional C'P symmetry ensures the stability of the pNG boson, which serves as a
viable DM candidate. The Goldstone nature of the DM particle implies that the pNG
DM-nucleon cross section is momentum-suppressed at tree-level.! Thus, a pNG DM
model offers a natural way of evading the strong direct detection limits. A leading-
order contribution to the pNG DM-nucleon cross section in the zero-momentum limit
appears at the one-loop level [289, 290]. For typical DM velocities in our galaxy,
v, ~ 1073, it can easily dominate over the tree-level contribution. The one-loop cross
section can vary by several orders of magnitude in the allowed model parameter
space. It has been shown that for parameter points which satisfy the relic density
constraint, the one-loop cross section is typically below ~ 107° ¢cm? [289] and thus
beyond the expected reach of future direct detection experiments, e.g., LUX-ZEPLIN
(LZ) [291] and DARWIN [157].

More recently, the pNG DM model was confronted against the constraints from
perturbative unitarity, DM relic density, Higgs invisible decay, XENONI1T, Fermi-
LAT dwarf spheroidal (dSph) galaxies [292] and LHC searches at /s = 13 TeV [287,
293-295]. Projected limits from DARWIN were also imposed in ref. [290], although
they were only slightly stronger than the perturbative unitarity constraint. The
Fermi-LAT limits in ref. [294] were computed in an approximate way by considering
annihilation into bb, (on-shell) WHW = ZZ and hh, where the latter three channels
were included by applying a re-scaling factor on the bb limit from refs. [296, 297]. In
addition, the model has also been used as a testbed for fitting the galactic centre

gamma-ray and cosmic-ray antiproton excess [298].

The pNG DM model has also been studied in light of electroweak baryogenesis. In
ref. [299], the authors found that the phase transition in this model is of second-order,
and thus a sizable gravitational wave signal is not possible. However, the situation

definitely improves if the model is extended to possess a Zs symmetry. In this case,

Tn fact, this suppression persists in the general case of N scalars which are symmetric under a
global U(1) ® Sy symmetry [288].
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both a strong first-order phase transition and a sizable gravitational wave signal is
possible [300].

In this paper, we perform a global fit of the pNG DM model. Our likelihood include
constraints from perturbative unitarity, DM relic abundance, Higgs invisible decay
width, electroweak precision observables, and latest Higgs searches at colliders. Our
results are presented in both frequentist and Bayesian statistical frameworks. We
also post-process our samples by computing the gamma-ray flux and the resulting
likelihood from Fermi-LAT observations of dwarf Spheroidal galaxies (dSphs). We
consider a set of 41 and 45 dSphs, excluding and including, respectively, those that
show slight excesses compatible with DM annihilation. We take into account all
relevant annihilation channels including annihilation into HH and hH as well as
those proceeding via off-shell vector bosons. In addition, we compute the one-loop
pNG DM-nucleon cross section for our samples and compare the resulting values
against the current limits from XENONIT (2018), and projected future limits from
LZ and DARWIN. Our FeynRules [301], UFO [302], CalcHEP [303] and FeynArts [304]
model files are publicly available at the FeynRules database.?

The remainder of the paper is organised as follows. In section 9.2, we introduce the
pNG DM model. In section 9.3, we describe the various observables and likelihoods
used in our global fit and in the post-processing. Our numerical scan details, global
fit results, including Fermi-LAT and direct detection constraints, are presented
in section 9.4. We conclude in section 9.5. Appendices 9.6.1 and 9.6.2 summarise

analytic expressions used in this paper.

9.2 Pseudo-Nambu-Goldstone Dark Matter

We extend the SM Lagrangian by adding a new complex scalar field S that couples
to the SM particles via a Higgs portal term, ®T® (& is the SM Higgs doublet). The
model Lagrangian is given by [285]

L=Lsu+ Ls + Lo, (9.1)
where Lgy is the SM Lagrangian,
% NZS 2 t 5 AS|au
L= (0,5)°(0"5) + " 1S — Aas ®®|S — 2 |5]" 92

,LLIQ
Looe = ZS(SQ + 572). (9.3)

https://feynrules.irmp.ucl.ac.be/wiki/pNG
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Notice that eq. (9.2) is invariant under a dark U(1) global symmetry:
S — e, (9.4)

where « is a real, space-time independent parameter. However, the p2 term in
eq. (9.3) softly breaks this symmetry. Thus, the model contains a massive Goldstone
boson, i.e., a pNG boson. After this symmetry breaking, we are left with a residual
Zs symmetry, S — —S, of the dark U(1) group, which forbids a linear term in S in

the above Lagrangians.

The parameter pz can be made real and positive by the phase redefinition of

S. Thus, eq. (9.1) is invariant under a dark C'P symmetry:
S — S (9.5)

This symmetry is unbroken by the S vacuum expectation value (VEV) as for positive
w2, the VEV is real. Thus, the total symmetry of the model Lagrangian is Z, @ C'P.

With an extra scalar, the scalar potential becomes
V= Vom + Vs + Veott, (9.6)

where Vg and Vo can be read directly from eqgs. (9.2) and (9.3) respectively. Mean-
while, the SM part of the potential reads

13 Ao
Vaum = —7@@ + 7(<1>T<1>)2. (9.7)

After electroweak symmetry breaking, the model spectrum can be analysed by

decomposing ® and S in the unitary gauge as

1 0 )
b= 7 S:m’ (9.8)
vp + ¢ V2

where vy, is the SM Higgs VEV. Under the dark C'P symmetry in eq. (9.5), x = —x.
This guarantees the stability of y and makes it a viable DM candidate; the physical
X mass is m? = pg.

After imposing the stationary point conditions at (¢, s) = (0, 0), we get

1e = Aavj, + Aasvy, (9.9)

1E = Asv? + Aasvi — Uz, (9.10)
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Given that the S VEV is non-zero in general, the Agg term in eq. (9.2) leads to a
mixing between the C'P-even interaction eigenstates (¢, s). Thus, the squared mass

matrix M? is non-diagonal, namely

AoV2  ApgUnUs
M= | O TR (9.11)

2
Ao SURVs /\SUS

As M? is real and symmetric, it can be diagonalised by a unitary transformation:

2
OT M20 = (m" 0 ) , (9.12)

2
0 my

where

o ( cos 6 sin@) ‘ (9.13)

—sinf cosf

Here 6 is a mixing angle that satisfies the following relation:

2Xa5Up05

tan 20 = (9.14)

Asv2 — \gvi

The eigenvalues of M? correspond to the masses of the C'P-even mass eigenstates

(h, H),

1 A2 — \ov?

2 2 2 SUsg o Up

m, g = = + Fl|———— . 1
h, 2 l)@vh As ( cos 20 )] (9 5)

Given the discovery of a SM-like Higgs at the LHC [305, 306], we identify h as a
SM-like Higgs boson with

myp, = 125 GeV, v, = 246 GeV. (9.16)
Thus, the pNG DM model contains 4 free parameters:
{my, vs, 0, mp}. (9.17)

The remaining parameters in eqgs. (9.2) and (9.3) can be expressed as

1
Ao = — (mi cos® 6 + m% sin® 9) , ,ug = mi, (9~18)
U,
1
Ag = - (mi sin? 0 + qu cos? 9) , ugp = >\<1>U;21 + A@S”?) (9.19)
/US
1
Aops = (m%{ — m%) sin 6 cos 6, ,U%' = )\503 =+ )\<I>SU}2L - MISQ- (9.20)
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9.3 Observables and constraints

In this section, we describe the set of constraints included in our global fit and

post-processing of final samples.

9.3.1 Theoretical bounds
We require the model parameters to satisfy the following two theoretical bounds.

1. Bounded tree-level potential: The tree-level potential in eq. (9.6) must be

bounded from below. This translates into the following lower bounds:

Ao > 0, /\S > 0, )\q>5 > — )\@)\5. (921)

2. Perturbative unitarity: We require the perturbative unitarity of scattering
amplitudes [307]. Using the HH — HH scattering process, we impose the
following upper bound on the S quartic coupling [308]:

As < 87/3. (9.22)

Although this bound can vary with the exact scattering process of interest,
we choose this form to maintain comparability with previous studies in litera-
ture [285, 287, 290, 298|.

Parameter points that do not fulfill these requirements are discarded from our scan.

This is formally achieved by assigning a very small likelihood to such points.

9.3.2 Thermal relic abundance

The pNG boson x is the DM candidate. Similar to the extended scalar singlet model
[309], x can annihilate into ff (where f = quarks/leptons), W*W =, ZZ, hh, hH
and H H final states via an s-channel h/H exchange. In addition, x annihilation into
hh, hH and HH final states is also possible via ¢- and u-channels via x exchange.

In our numerical scans, we require y to make up all of the observed DM relic
abundance.? This is achieved using a Gaussian likelihood function for the DM relic
density that is centered at the Planck (2018) measured value [310]:

Qpmh? = 0.120 4 0.001. (9.23)

3In general, x can account for a subdominant component of the observed DM relic abundance,
ie., fra =Q,/Qpm < 1. However, this choice (generally) leads to a larger allowed parameter space
than the fiq) = 1 case [309]. We adopt the latter choice in our study.
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We also include a 5% theoretical uncertainty and combine it in quadrature with the
Planck measured uncertainty. This is done to reflect any uncertainties arising from
the relic density calculation in micrOMEGAs v5.0.8 [311].

With two neutral scalar mediators, the y annihilation cross section is resonantly
enhanced when m, ~ my, /2. To obtain the correct DM abundance, the y anni-
hilation cross section must be sufficiently suppressed. This is achieved for small
values of vy, /v, (or large vy); an expression for the DM-scalar coupling can be found
in Appendix 9.6.1. Away from these resonances, large values of vy, /v (or small vy)

generally saturates the y relic density to the observed value.

9.3.3 Higgs invisible decay width

When m,, < my, /2, the two scalars {h, H} are kinematically allowed to decay into

a pair of DM particles, i.e., h, H — xx. This contributes to the following invisible

decay widths [287]:
1 mjsin®0 4m?2
Dinw (B — = h 11— —X, 9.24
() = gyt 1= 2 (9.24)

1 mjcos®d - 4m?
321 w2 m2

Fine (H = xx) = (9.25)

Recently, both the ATLAS [312] and CMS [313] experiments released new upper
limits on the Higgs invisible branching ratio BR(h — xx) for a SM-like Higgs from

a combination of Run 1 and 2 analyses. Here we adopt the conservative upper limit
from the ATLAS experiment [312], namely

Fim/(h — XX)

BR(h —
( XX) T (120)

< 0.26, (9.26)

where I'}°*(my,) is the total decay width of h into SM and non-SM final states.

In the following, we apply the limit in eq. (9.26) only on the scalar A whose mass
is fixed at 125 GeV. This experimental limit is derived from Higgs production in
association with a weak gauge boson or through vector boson fusion (VBF), and
assuming a SM-like Higgs except for the fact that it can decay to a pair of invisible
particles, e.g., DM. The experimental signatures are large missing energy with either
a weak boson or a pair of jets. Thus, the invariant mass of the invisible particles is not
measured, and the second scalar can contribute as well to these processes. However,
this contribution is small when the mixing angle is small as the production of the

second (first) scalar is suppressed by a factor sin?6@ (cos? ) compared to the SM
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production rate. The production rate also varies with the mass of the scalar but this
effect is small for a light scalar (mpy ~ 100 GeV) in the most constraining channel,
i.e., VBF, as the cuts on the invariant mass of the two jets (m;; > 1TeV) are already
requiring a very large partonic center-of-mass energy. As the second scalar mass
increases, its production rate is further reduced. To sum up, our approximation is
only valid for small mixing angles and for my # my. However, as we show in the
results section, the mixing angle is allowed to be large and even maximal when the
two scalars are degenerate, i.e., when my ~ my = 125 GeV. In this case, both scalars

contribute to the process and interfere quite strongly. The amplitude can be written

. cos 0 sin 0 ( m3 B m2 ) | (9.27)

Vs p? —mi +imp et p2 —m? +imyTiet

as

where T'i°* (T%") are the total decay width of scalars h (H). The amplitude for the
production of the scalar is multiplied by a factor cosf (sin ) compared to the SM
due to the modification of the couplings between the gauge bosons and h (H). The
remaining factors, besides the propagators, are due to the couplings with the DM
particle x (see Appendix 9.6.1). The missing pre-factor in eq. (9.27) depends only on
pure SM couplings and its exact expression depends on the process considered. The
two terms in the brackets can cancel exactly for § = 7 /4 if the two masses are
identical, as in that case, the two widths are also identical. Thus, these points are
unconstrained experimentally but many of them would be excluded by applying
blindly the constraints on the invisible decay width, which is the dominant channel
for low values of m, and vs;. However, the correct re-interpretation of the invisible
width constraint goes beyond the scope of this paper and thus is left as a future
work.

The upper limit in eq. (9.26) constrains the m, < my, /2 region where L'y, (h — xx)
can be sizeable. In our numerical scans, we use a one-sided Gaussian likelihood
function that is centered at the above measured value for BR(h — xx). Similar to
the relic density likelihood, we add a 5% theoretical uncertainty from our calculation
of BR(h — xx) and combine it in quadrature with the (expected) branching ratio
uncertainty of 0.07 [312].

9.3.4 Electroweak precision observables

The extra scalar S contributes to the gauge boson self-energy diagrams. Its effect on
the electroweak precision observables (EWPO) can be parametrised by the oblique
parameters S, T and U [266, 314]. As S is electrically neutral, only the W and Z

boson self-energies are modified.



9.3 Observables and constraints 175

Given that only the real component of S acquires a non-zero VEV, the pNG DM
X (imaginary component of S) does not contribute to the W/Z self-energies. Thus,
the oblique parameters in our model have the same functional dependency as in the

extended scalar singlet model [309], namely,
AO =0 — Ogy = (1 — cos?0) |Ospi(mpr) — Osp(my) |, (9.28)

where O € (S, T, U); for the analytical expressions, see Appendix 9.6.2. From
eq. (9.28), it is clear that for large my, 6 ~ 0 is required, whereas large mixing angles
6 are allowed for mpy >~ my, (see e.g., ref. [315]).

Using the SM reference as mief = 125 GeV and mi* = 172.5 GeV, a recent global
electroweak fit obtains [316]

AS =0.04+011, AT =0.09=+0.14, AU = —0.02+0.11, (9.29)

and the following correlation matrix:

1 092 —0.68
pij = | 0.92 1 —0.87] . (9.30)
—0.68 —0.87 1

In our numerical scans, we use the following EWPO likelihood function [317]:

1 — -1 S
In Lgwpo = 5 > (AO; — AO;) (EZ).. (AO; — AOy), (9.31)
T ]

Z?J
where AQ; are the central values for the shifts in eq. (9.29), E?j = 0,p;;0; is the
covariance matrix, p;; is the correlation matrix in eq. (9.30) and o; are the associated

errors in eq. (9.29).

9.3.5 Higgs searches at colliders

In the narrow-width approximation, the signal strength u; for a SM-like Higgs h
[287] is
pn = o(pp — h) - BR(h — SM). (9.32)

The inclusion of H in our model leads to a universal suppression of couplings between

h and SM particles. Thus, the h production cross section is

o(pp — h) = cos> 6 oot (my), (9.33)
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where o), (my,) is the h production cross section in the SM. Similarly, the branching

ratio of h into SM particles is

h— SM) cos? § T9M(my,)
[tet ~cos20 T3M(my,) +T'(h — xx) + T(h — Hh(f)’ |
9.34

where T5M(my,) is the total decay width of a SM-like Higgs h with mass mj, into SM

final states. The last two terms in the denominator corresponds to the new decay

BR(h — SM) = Lt

modes of h, namely h — xx and h — HH.
Thus, the signal strength gy, in eq. (9.32) becomes

B cost 0 M
o820 TM(my) +T'(h — xx) + I'(h — HH)’

Hh (9.35)
where (M = o5, (my) - TiM(my,) is the h signal strength in the SM. From the
above expression, it is clear that p, # 3™ when the mixing angle 6 # 0, or when h

decay into non-SM final states is kinematically allowed.

To constrain the scalar masses and mixings in the pNG DM model, we adopt the

following two approaches and construct a likelihood function for each one.

o For my <120 GeV, we compute a LEP y? using the HiggsBounds v5.3.2beta
[318, 319] package. Using the two scalar masses, their total decay widths,
effective Higgs-SM couplings, and branching ratios of h/H into SM and non-
SM particles as input parameters, we determine the most-sensitive LEP analysis
that is relevant for each parameter point in our numerical scan. This is used to
compute a LEP chi-square x?pp, and consequently a LEP likelihood function:

1
In ELEP == _§X%4EP‘ (936)

o For my 2 120 GeV, we rely on the observed Higgs signal strength and mass
measurements performed for a SM-like Higgs at the LHC. This is achieved
using the HiggsSignals v2.2.3beta [320] package. In practice, we compute three
contributions to the x? that are based on ¢) combined run 1 results (x&;); )
results from 13 TeV LHC analyses (x%3po); and i) results in the form of
Simplified Template Cross Sections (STXS) (x&rxs). The final HiggsSignals

likelihood that we use in our numerical scans is

1
InLys = 5 (X%u + Xi3Tev + X%TXS) : (9.37)
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Each of the individual chi-squares are computed using the peak-centered method
with Gaussian probability density function and zero theoretical mass uncertainty

for the two scalar masses. For more details, see ref. [320].

9.3.6 Fermi-LAT gamma-ray observations

Gamma-ray observations of dSphs by Fermi-LAT provide robust limits on the DM
annihilation flux. To constrain our model, we use the publicly available energy-binned
likelihood profiles? from Fermi-LAT [292], as implemented in MadDM v3.0 [321]. We
consider the set of all 45 observed dSphs and use the measured J-factors based on
spectroscopic observations [292] as adopted from ref. [322]. When measurements
are not available, we use the values predicted from the distance scaling relationship
with a nominal uncertainty of 0.6 dex [292]. We profile over the J-factor of each
dwarf galaxy according to its uncertainty and obtain a total likelihood function as
described in ref. [263].

The corresponding gamma-ray energy spectra are computed using MadDM, while
showering and hadronisation is achieved using Pythia v8.0 [323]. We include all
annihilation channels that contribute at least 1% to the total DM annihilation rate
today. In particular, besides the usual 2 — 2 processes in MadDM, we also include
2 — 3 annihilation processes, xx — VV*, where V* is an off-shell weak gauge boson.
In addition, we include 2 — 3, 2 — 4, 2 — 5 and 2 — 6 processes such as yx — Hh,
HH where H decays further into pairs of SM particles, including V'V*. The decay
of all on-shell SM particles is performed within Pythia.

In four (Reticulum II, Tucana III, Tucana IV and Indus II) of the 45 dSphs, slight
excesses have been found with a local significance of roughly 20 each [292, 324, 325].
Consequently, a combination of the likelihoods from all dwarfs favors a certain range
of DM masses and annihilation cross sections that provide a flux compatible with the
excess. However, as the DM origin of these excesses is not yet established, we show
our results in section 9.4 with and without including the respective four dwarfs. The

latter choice imposes an upper bound on the DM annihilation cross section only.

9.3.7 Direct detection at one-loop level

The elastic spin-independent (SI) pNG DM-nucleon cross section is momentum-

suppressed at tree-level (see Appendix 9.6.1) and given by [289]

: 2 2 2 2,6 2 2 \2
tree-level . 4sin” f cos* § fN My HyN (mh B mH) ’U4
X’

XN - 3T

(9.38)

22,2 4,4
mIURvE MMy

thttps://www-glast.stanford.edu/pub_ data/1203/
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where p,n = mymy/(m, +my) is the DM-nucleon reduced mass, fy = 0.3 is the
effective Higgs-nucleon coupling [326-328], my = 939 MeV is the averaged nucleon
mass and v, is the DM velocity in the laboratory frame. In the vicinity of the Earth,
vy ~ 1072, Thus, the nuclear recoil rate is suppressed by a factor of v} ~ 107'%. For
a typical choice of model parameters, the tree-level cross section in eq. (9.38) is too
small to be experimentally observed at current or future planned experiments [289].

A leading order contribution to the DM-nucleon cross section appears at one-loop

level. It can be approximated by [285, 289]

2

ia2 4 r2 4

m, < mg
5 4.2 6 ) X — )
L-loop N 64> myv; V2 9.39

Approx sin? @ mi f3 mY;

m, > mpg.
647> myvy m2vs’ X

In the limit of mi = % — 0, the DM particle x becomes a true Goldstone boson
of the spontaneously broken global U(1) symmetry. Thus, the direct detection
amplitude should vanish. This behavior is observed in eq. (9.39).

In ref. [289], the authors point out that the approximate one-loop cross section
in eq. (9.39) can under/overestimate the actual cross section by several orders of
magnitude depending on the model parameters. Thus, we use the full one-loop cross

section from ref. [289] in our study:

2 2 2
1-loop II’XN meN 2
olpoor — DN INTIN 72 (9.40)
™ vpm?

where the one-loop function F is

sin 260 (mj, — mi;)m? s 9 o 9 o
_ - [Ang(O,mX,mX,mh,mH,mX)
12872 vpv2 mymi;

2 2 2 2 92 92 9
+ A2 D3(0,0,m5, my, 0,m5, mj, my, mi, my)

+ A3D3(0, 0, mi, mi, 0, mi, m3,m3;, ma, mi)} . (9.41)

Here the C' and D terms are Passarino-Veltman functions [329-331] as computed
using LoopTools v2.14 [331, 332].° The coefficients A; are defined as

Ay = 4(mj, sin® 0 + m3; cos? 0) (2m} vy, sin® 0 + 2m3vy, cos® @ — m37 v, sin 20 + m3v, sin 260),
Ay = —2m} sinf {(mi + 5m3)vs cos @ — (mj — m3;) (v, cos 30 + 4vy, sin® 0)} ,

As = 2mj; cos 0 {(Smi +m3)vgsin @ — (m; — m3;) (v, sin 30 + 4vy, cos® 9)} . (9.42)

Shttp://www.feynarts.de/looptools/
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Note that F is proportional to mi, and the fact that both the C5 and D5 functions
behave as constants in the limit of m, — 0 [285, 289], the direct detection amplitude

indeed vanishes in this limit.

By means of our global fit, we are able to check the conclusions of ref. [289] more
generally. We post-process our final samples, compute the approximate and actual
one-loop cross sections using eqs. (9.39) and (9.40) respectively, and present results
in the {m,, Ui}l\})(’p}—plane. This allows us to confront the allowed parameter space of
the model against the current limits from XENON1T [268], and projected sensitivities

from LZ [291] and DARWIN [157]. These results are presented in section 9.4.
The authors of ref. [290] have also computed the full one-loop DM-nucleon

scattering cross section. Their results are consistent with ref. [289] in most parts
of the parameter space. However, large deviations appear at small DM masses. We
have verified that for the parameter space that we consider, these deviations do not
impact our conclusions. In regions where these differences can be sizeable, the overall

cross section lies well below the experimental limits that we show in section 9.4.

9.4 Results

In this section, we discuss the statistical treatment of the various constraints included

in our global fit and show the corresponding results.

9.4.1 Statistical analysis

To find the allowed regions in the model parameter space, we use MultiNest v3.10.0
[255] with 50,000 live points® and a stopping tolerance of 0.01. MultiNest is based
on an implementation of the Importance Nested Sampling algorithm. It is primarily
a Bayesian inference tool designed to compute the Bayesian evidence Z (defined
below). As a by-product, it draws posterior samples from a distribution that may
contain a high multiplicity of nodes and/or degeneracies. Furthermore, MultiNest is
capable of sampling the profile likelihood ratio (defined below) for the purpose of

frequentist analysis.

5For our frequentist analysis, we combine results from multiple MultiNest scans with 10k, 12k,
25k and 50k live points, see footnote 10 for more details. For our Bayesian analysis, we instead rely
on a single MultiNest scan with 50k live points.
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Parameters Ranges Priors

m, (GeV) (10, 103]  log
v (GeV) (10, 10°]  log
0 (rad) [0, m/2] flat
my (GeV) (10, 10%]  log

Table 9.1 Ranges and priors for the free model parameters.

A key ingredient for both a frequentist and Bayesian analysis is the likelihood (or

log-likelihood) function. In our numerical scans, the total log-likelihood function is

In Liotal(0) = In Lo p2(0) +1In Ly, (0) + In Lewpo () + In Lrep(0) + In Lus(0),
(9.43)
where 08 = (m,, vs, 0, my) are the free model parameters. Each of the individual
likelihood functions are described in section 9.3.

The range and prior types for our free model parameters are summarised in
table 9.1. For the mixing angle 0, we find that our results are symmetric under
0 — —60. In addition, the case § = 7 is analogous to ¢ = 0, thus we only restrict
6§ € [0,7/2]. To cover the region close to the two resonances, m, >~ my /2, where
the annihilation cross section is enhanced, we scan up to very large values for the
second scalar VEV, i.e., v, € [10, 105] GeV. The upper boundary corresponds to very
small couplings A\g and Ags, see egs. (9.19) and (9.20) respectively.

Profile likelihoods

In a frequentist analysis, the statistical precision of a parameter estimate is represented
by a confidence interval that encapsulates the frequentist ‘coverage probability’. Such
an interval is dependent on the data @, and thus changes upon each re-iteration of
the experiment. As proper frequentist coverage is usually not possible for complicated
likelihoods and parameter spaces, approximate methods are often used [333]. One
such method is the well-known profile construction [334], which depends on the
profile likelihood ratio (PLR):

>

*Ctotal (91 ) gj 3

(0:, 6;))
[,total( . (9.44)

A(‘gia Hj) )

D

Here ©(0;, 0;) are the parameter values {0,| k # i, j} that maximise Lyopa(6) for
a fixed (6;, 6;), whereas 0 is the maximum likelihood estimate for 0, ie., a ‘best-

fit” point that maximises La1(€) [335, 336]. To construct confidence intervals, we
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Post-processing with Fermi-LAT

Global fit

41 dSphs 45 dSphs
Parameters
my, (GeV) 62.573 121.632 62.598
U/ Vs 0.0187 3.46 8.93 x 1073
0 (rad) 1.53 1.54 1.49
my (GeV) 125.30 125.30 125.30
Observables
Q12 0.119 0.119 0.120

Dominant channel (FO) Xx — bb (76%)  xx — hh (100%)  xx — bb (76%)
Dominant channel (today) xx — bb (T7%) xx — WW (70%)  xx — bb (77%)

(ov)o (cm®s™1) 8.6 x 10~%7 4.4 % 10731 1.1 x 1026
o N (cm?) 6.3 x 10768 3.1 x 1075 3.3 x 10799
In £BE (6) —91.568 —91.569 —87.620

Table 9.2 A summary of the best-fit (BF) points, key DM observables (the DM
relic abundance, the dominant annihilation channel during freeze-out (FO) and
today, the DM annihilation cross section today and the one-loop DM-nucleon cross
section) and total log-likelihood In £LEY (8) from our global fit (column 1), and
after post-processing our samples with Fermi-LAT likelihood with 41 (column 2)
and 45 (column 8) dwarf spheroidal (dSph) galaxies.

maximise A in the relevant parameter planes of interest while profiling over the other
parameters and construct iso-likelihood contours at fixed confidence level (CL), e.g.,
68.3% for 1o and 95.4% for 20 CL.

In figure 9.1, we show our PLR plots in six 2D planes spanned by all combinations
of four model parameters. These are generated using pippi v2.0 [180]. In each plane,
model parameters that are not shown are profiled over. The 1o (20) CL contours
are marked by solid (dashed) lines. The best-fit point is shown as a red star; it is

also summarised in column 1 of table 9.2.7

A central constraint is imposed by the relic density selecting a thin slice in
parameter space that provides a thermally averaged cross section (ov)po ~ 3 X
10726 cm?® s~1. We find two phenomenologically distinct regions characterised by the

type of annihilation channels relevant during freeze-out:

"From our plots, it is evident that the exact position of the best-fit point is not significant, as
the PLR £/Lax is mostly flat and close to 1 in a large portion of the 1o CL region.
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1.

Dominant annihilation via s-channel Higgs exchange (h and/or H) into SM
fermions and vector bosons. Within this region, we encounter resonant and
non-resonant annihilation. In the former case (also known as the Higgs fun-
nel), the thermally averaged cross section has a sizeable contribution from the
center-of-mass energy /s = my,/p providing a significant resonant enhance-
ment. According to the thermal momentum distribution, it is supported by
DM mass in the range between somewhat below my,/y /2 and My H /2. The
point of maximal resonant enhancement is close to the upper boundary of this
range. The H- and h-resonance is visible as the (lower) diagonal stripe around
m,, ~ my /2 and the horizontal band around m, ~ my;/2, respectively, in the
(mm, m,y)-plane in figure 9.1. Due to the small coupling involved (i.e., small
vp/vs, see Appendix 9.6.1), the resonant regions are not subject to strong

constraints from other observables.®

Non-resonant annihilation via Higgs exchange only leads to allowed points in

>mH7

~Y

the range m, > m;/2 and m, < mpy. For points in the region m,
annihilation into Higgs pairs is dominant (see the next bullet point). Points
below the resonance are (mostly) excluded by the perturbativity condition (see
discussion further below) as the required coupling towards small DM masses
quickly becomes too large. This can be understood from eq. (9.27), representing
the amplitude of the respective annihilation process. For small center-of-mass
energies compared to my,/2 and my /2, a partial cancellation takes place and
the amplitude is suppressed by s. This is in contrast to the singlet scalar Higgs
portal model [338-340] where this suppression is not present and the region
below the resonance can satisfy the relic density constraint for perturbative
couplings. The features at low m, are made more apparent by zooming into a
small DM mass window around the Higgs mass resonance region, m,, ~ my/2,

as shown in figure 9.2.

. Annihilation into Higgs pairs (xx — HH, hH, hh) can be the dominant

channel for m, > my, g, and according to the thermal momentum distribution
during freeze-out, for DM masses slightly below the Higgs threshold m,, < my,/q.
In our scan 6 ~ 0 is preferred except for my ~ m;, (see discussion further
below). As the annihilation cross section into HH (hh) is proportional to

cos? 0 (sin*0), we find that yx — HH dominates over xx — hh except for the

8 As pointed out in ref. [337], the assumption of local thermal equilibrium during freeze-out can
break down near the resonances. This has the effect of changing the coupling value by a factor
of order O(1). However, this part of the parameter space has small v, /v, and is well beyond the
sensitivity of current and future experiments. Thus, we employ the standard calculation of the DM
relic density within micrOMEGAs assuming local thermal equilibrium during freeze-out.
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Fig. 9.1 2D profile likelihood ratio (PLR) plots in the planes of pNG DM model
parameters. The 1o (20) CL regions are marked by solid (dashed) lines. The
best-fit point is marked by a red star; it is also summarised in column 1 of table 9.2.

region my ~ mj where both are present. Consequently, annihilation into HH
and hh leads to allowed points in the area above the diagonal band m, ~ mpg
in the (mg, m,)-plane in figure 9.1. Annihilation into hH is only relevant
for my ~ my, and § ~ 7/4 as well as in a small region where m, > my, and

my S M.

Mixing between h and H is highly constraint by several observations. First,
to obtain a good agreement with the global electroweak fit results for the oblique
parameters S, T and U, according to eq. (9.28), either a small mixing angle 6 or
mpy =~ my, is required. Secondly, Higgs searches at LEP exclude most of the model
parameter space for my < 120 GeV and sizeable 6. For larger my, the measured
signal strength at the LHC impose strong constraints on the parameter space. In

summary, a SM-like Higgs h is compatible with 6 < 0.1 rad for all values of my,
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Fig. 9.2 2D PLR plots from our global fit in the (mg, 8)- and (m,, vp/v,)-planes
after zooming into the region mpy ~ my, and the resonance region, m, ~ mp/2,

respectively.

except for my ~ m;, where arbitrary values of 6 are allowed, see the (mpy, 6)-plane
of figure 9.1. A similar behaviour was found in ref. [315]. On top of this, the observed
signal strengths for a SM-like Higgs at the LHC exhibits a slight preference (around
lo) for my ~ my, and sizeable 6 over the SM only prediction with my = 125 GeV.
However, the presence of a second Higgs improves the fit only due to the freedom in

myg. In fact, keeping my, as a free parameter as well is expected to improve the fit

and broaden the 1o CL region beyond mpy ~ my.”

As mentioned above, constraints from perturbative unitarity are relevant in
and exclude parts of the parameter space where the measured relic density could
only be matched with extremely large couplings. In the limit of small mixing, the

perturbative unitarity limit in eq. (9.22) translates to

2 8 8 713 GeV
Asvj, i~ m—fvi < Ivi — \/% Yho o, (9.45)
v

3 Vg my mg

S

This limit is evident in the (my, v, /vs)-plane for my = 10 GeV, i.e., parameter
points that lie outside the boundary of the 20 CL implies v, /vs > 713 GeV /my. Due
to the strong constraints from perturbative unitarity towards small masses, limits
from the invisible Higgs decay are less relevant than e.g., in the singlet scalar Higgs
portal model. We found that dropping the likelihood from invisible Higgs decay does
not significantly change the results shown in figure 9.1.

In figure 9.3, we show the PLR plots for key DM observables such as the pNG DM

relic density, and its annihilation cross section into SM and non-SM particles today,

9The observed signal strengths are sensitive to the exact value of the SM-like Higgs mass, my,. In
a global fit, one could include my, as a nuisance parameter and associate a corresponding Gaussian
likelihood function that can be profiled (marginalised) over in a frequentist (Bayesian) analysis.
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Fig. 9.3 2D PLR plots for key DM observables: the pNG DM relic abundance,
Q, h? (left panel) and DM annihilation cross section today, (ov)q (right panel). The
solid (dashed) contours and red star have the same meaning as in figure 9.1. In
the left panel, the orange dashed line shows the relic density measured by Planck;

in the right panel, it shows the canonical freeze-out cross section, (ocv)y = 3 X

10726 cm3 s~ L.

(ov)g. The 1o CL region shows up as two disconnected islands. The small island at
my, >~ my /2 = 62.5GeV corresponds to the h resonance, where xy — bb channel is
most dominant. The second island appears for m, 2 125 GeV. As my is profiled over,
and given that my ~ my, is favoured, this island corresponds to the region where
xX — hh, HH is dominant during freeze-out and sets the pNG DM relic abundance
to the observed value today. Note that, although (ov)ro ~ 3 x 10726 cm?s™! as
required by the relic density constraint, the annihilation cross section today, (ov)q
varies over many order of magnitude. This is due to the large velocity dependence
of the annihilation cross section in the vicinity of a resonance and a threshold.
Resonant annihilation can lead to both (ov)y smaller or larger than (ocv)ro depending
on whether the DM mass is smaller or slightly larger than the point of maximal
enhancement during freeze-out. For the 1o CL region, this behaviour can be seen
in the right panel of figure 9.3. For annihilation into Higgs pairs, in contrast, {(ov)q
can only be suppressed compared to (0v)ro due to the smaller phase space around
threshold today. Again, this behaviour can be seen for the 1o CL region above
125 GeV in the right panel of figure 9.3.

The best-fit point lies in the h-resonance region exhibiting large mixing and
relatively small vy, /vs. The best-fit for the second Higgs mass is my = 125.3 GeV
resulting from LHC signal strength measurements. The corresponding values are
summarised in table 9.2. Note, however, that the PLR is relatively flat within the
lo CL region. Furthermore, as stated above, the 1o preference for my ~ 125.3 GeV
to some extend is a result of our choice m; = 125 GeV. This is in slight tension with

the the LHC Higgs signal strength and could be alleviated by treating the Higgs
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mass as a nuisance parameter in the fit. We therefore consider the entire 20 CL

region to be consistent with observation on a compatible level.

Marginalised posteriors

In Bayesian statistics, we rely on the Bayes’ theorem:

L(z|0)7(0)
PO®) = e 2z 0) x(8)" (9.46)

where 6 are the free parameters of our model, @ is the observed data, P(0|x) is
the posterior pdf, L(x|0) is the likelihood function and 7(0) is the prior pdf. The
denominator involves an integral over the free model parameters and is known as
the Bayesian evidence Z.

In our case of a multi-dimensional model, we are interested in 2D marginalised

posterior (MP) distributions. These are constructed in the following way [341]

P(6:, 0;]z) = /#' dby,...,do, P (B]z), (9.47)
7/7]

where we integrate over the irrelevant parameters {6;|1 # ¢, j}. The MP distribution

above is used to define a Bayesian credible region (CR) w in such a way that there is

a probability a of containing the true values of model parameters:

In figure 9.4, we show the MP distributions in various 2D planes of the model
parameter space. Similar to the PLR plots in figure 9.1, these are also generated
using pippi v2.0 [180]. The 1o (20) credible intervals are marked by solid (dashed)
lines. The posterior mean is shown as a black circle. In each panel, model parameters
that are not shown are integrated /marginalised over. Consequently, regions with a
smaller “volume of support” [342] are less favoured as they require an extra degree
of tuning of model parameters to satisfy all of the included constraints.

In comparison to the PLR plots in figure 9.1, the allowed regions in the MP
plots are more constrained, especially where a large degree of tuning is required
from marginalising over the model parameters. Again, we see a vertical stripe in the
(mp, my)-plane. On the other hand, the second resonance region, m, ~ my /2,
is less-favoured as it falls outside the 20 credible interval due to an extra need for
tuning over vy, /v,. In addition, regions where m,, > my also appears to be fine-tuned,

especially after marginalising over vy, /v;.
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Fig. 9.4 2D marginalised posterior (MP) distributions in planes of the pNG DM
model parameters. The 1o (20) credible intervals are marked by solid (dashed)
lines. The posterior mean is shown as a black circle.

In the (my, 0)- and (m,, 0)-planes, large values of 6 fall inside the 20 credible
interval. On the other hand, regions with 6 < 0.1 rad have a larger volume of
support, as is evident from a large posterior density. In the (m,, v /vs)-plane for
m, 2, 100GeV, the 1o credible interval is larger than the 1o CL region seen in
the PLR plots. On the other hand, m, < my/2 region requires a large degree of
fine-tunning in v, and mpy to satisfy the relic density constraint, and thus is less
favoured. Lastly, in the (6, vj,/vs)-plane, the posterior mass is large for 8 < 0.1 rad.

However, large values of 6 are still allowed as they fall within the 20 credible interval.

In figure 9.5, we show the MP distributions for key DM observables. In contrast
to the right panel of figure 9.3, we do not see at least 4 orders of magnitude smaller

DM annihilation cross sections than the freeze-out value; the region with velocity
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Fig. 9.5 2D MP distributions for key DM observables such as the pNG DM relic
density (left panel) and its annihilation rate today (right panel). The meaning
between the solid (dashed) lines and black circle is same as in figure 9.4.

suppressed annihilation cross section is somehow fine-tuned and less favoured after

marginalising over my & vy, /vs.

9.4.2 Post-processing of samples

In addition to the constraints included in our global fit, we consider indirect and direct
detection constraints, see sections 9.3.6 and 4.3, respectively. For the computation of
corresponding observables, we post-process our final samples. This greatly reduces the
computational time, in particular, for indirect detection constraints. The Fermi-LAT
likelihood is computationally intensive due to the generation of the annihilation
spectra for 2 — 2 up to 2 — 6 processes (see section 9.3.6). We nevertheless expect
a sufficient coverage within the resulting (1 —2)o CL contours after combining
various scans.'® Accordingly, for the post-processed samples, we provide a frequentist
interpretation only. While indirect detection constraints from Fermi-LAT observations
of dSphs have a significant effect on the PLR, current direct detection experiments
are not yet sensitive to our model, as we will show below. We thus refrain from
including a likelihood for the latter, and restrict ourselves to comparing the model

prediction to the reach of current and future experiments for this case.

Indirect detection

As explained in section 9.3.6, we consider two cases regarding the set of dSphs

included. We take into account the likelihoods from all 45 dSphs considered in

10 A5 stated in footnote 6, we combine results from several MultiNest scans. This is done with
various specific priors to guarantee sufficient coverage in the resonant regions as well as in regions
preferred by Fermi-LAT when considering 45 dSphs. The resulting samples contain more than 3
million samples.
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ref. [292] as well as excluding the four dSphs that show an excess, correspondingly
including 41 dSphs. The latter choice only imposes an upper limit on the annihilation

cross section and is described first.

In figures 9.6 and 9.7, we show the PLR plots in the planes of pNG DM model
parameters as well as the DM relic abundance and annihilation cross section today,
respectively, after accounting for the likelihoods of 41 dSphs. The implications on
the parameter space compared to our global fit results (see figure 9.1) are moderate.
However, for m, < 100GeV, the Fermi-LAT limits exclude a large portion of the
parameter space where the pNG DM annihilation today proceeds via xx — HH
channel, i.e., where m, > mpy. The constraint becomes stronger for smaller DM
masses as lighter DM requires a larger DM number density to match the same energy
density. This enhances the annihilation rate. The tendency is partly softened by the
fact that for a given mp, the spectrum becomes more peaked for larger m,, which

tends to strengthen the constraints.

Taking into account the Fermi-LAT likelihood, the new best-fit point has moved
to the region of dominant annihilation into Higgs pairs during freeze-out (xx — hh
in this case), see column 2 in table 9.2. However, m,, is slightly smaller than my, such
that xx — hh is kinematically forbidden today. Thus, (ov) is largely suppressed
as now it proceeds via (a highly off-shell) Higgs propagator (dominantly into WW*
final states). Consequently, the best-fit point effectively evades any constraint from

indirect detection.

Note that other indirect detection searches can impose further constraints on the
parameter space. Here we would like to comment on current constraints from cosmic-
ray (CR) antiproton fluxes as measured by AMS-02 [346]. While the corresponding
analyses are typically plagued by large CR propagation uncertainties, recent progress
has been made by fitting propagation and DM parameters at the same time [344]. This
analysis provides very strong bounds on the DM annihilation cross section for DM
masses above 200 GeV. While performing a respective, dedicated analysis for the
considered model is beyond the scope of this work, we can, nevertheless, interpret
the results of ref. [344] in parts of our model parameter space. The analysis provides
limits for annihilation into a pair of Higgses with m;, = 125GeV. In our model,
mp ~ my in the entire lo CL region. Moreover, for m, > 200GeV (where the
analysis becomes constraining), the dominant annihilation channels are xx — hh,
hH and HH. Hence, for the 1o CL region, the result from ref. [344] can be directly
applied without approximation (except for neglecting the small difference between
mpy and my, which is however, not expected to have a noticeable effect on the

gamma-ray energy spectrum). We show the corresponding 95% CL limit as solid blue



190 Publication four: Global fit of pseudo-Nambu-Goldstone Dark Matter

Arina, Beniwal, Degrande. Heisig, Scaffidi (2019,
1000 - T T T \\I T T T TT

Arina, Beniwal, Degrande. Heisig. Scaffidi (2019
U ——

T T T TTTT
—~ 1.0 — 7 I
o]
<
o
S~—
> o Bl i L
05 - 1 1 Lk
e — 7 N S——— W
rina, Beniwal, Degrande, Heisig, Sca g
T T T e SUBRERL T T ‘KLJ,L‘: E T T T T T TT -
Py . ] ! S
1 |§ — > . o =
e ] . i =
— L %L A ~
gw 0 ~ o - — — :,E:
= C S, g
< A 8
S -1 - N ) ] E ~
o [ g
QL [ ] r N i g
—~ i ~
5
-3 [ (RN S 4 % 1 B £
L 1l L L l L ! g
10 100 1000 10 100 1000 0.0

Fig. 9.6 2D PLR plots for the pNG DM model parameters after post-processing
our MultiNest samples with Fermi-LAT likelihood from 41 dSphs. The best-fit
point is shown as a red star and summarised in column 2 of table 9.2.

curve in the right panel of figure 9.7. For the 20 CL region, in general, myg # my,.
Nevertheless, the dashed blue curve is expected to provide an order of magnitude

estimate of the sensitivity of CR antiproton searches.

With future experiments, the pNG DM parameter space can be tested with
gamma-ray observation with improved sensitivity. A large part of the region of
dominant annihilation into Higgs pairs is expected to be probed in the near future
by a combination of new dSphs discovered by the Large Synoptic Survey Telescope
(LSST) [347] with Fermi-LAT observations. First, the inclusion of more satellite
galaxies will augment the Fermi-LAT data [343, 348]. Secondly, the LSST novel
spectroscopic observations will provide precise measurements of J-factors, decreasing
the associated astrophysical uncertainties. These improvements are expected to

provide sensitivity to the thermal cross-section for DM masses up to around 600 GeV.
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Fig. 9.7 Left panel: 2D PLR plots for the pNG DM annihilation cross sec-
tion today after post-processing our samples with Fermi-LAT likelihood for 41
dSphs. Projected limits from LSST+ Fermi-LAT dSphs [343] are shown as red
dotted curve. Right panel: Same as the left panel, except for m, € [100,1000] GeV.
The blue solid curve shows the current cosmic-ray (CR) antiproton limit for the
XX — hh channel [344]. Projected limits from CTA Galactic Centre (GC) [345]
(green dashed), and LSST+ Fermi-LAT dSphs [343] (red dotted) for the bb channel
are also shown.

For illustration, we show the corresponding projected limit for annihilation into bb
(assuming 18 years of observation) as the red dashed curve in figure 9.7. Furthermore,
in the right panel of figure 9.7 only, we display the recent projection for Galactic
centre gamma-ray observations with the Cherenkov Telescope Array (CTA) [345],
assuming 500 hours of exposure (no systematics), again using DM annihilation into
bb as a benchmark channel, which is expected to provide a reasonable order of
magnitude estimate for the sensitivity for our model. It can probe cross sections
down to 5 x 10727 cm?® s™! for masses above 500 GeV, i.e., a large portion of the
allowed pNG DM parameter space characterised by dominant annihilation into Higgs

pairs.

In figures 9.8 and 9.9, we show the respective results after accounting for the Fermi-
LAT likelihood from all 45 dSphs, i.e., including Reticulum II, Tucana III, Tucana IV
and Indus II, which exhibit slight excesses with a local significance of around 20 each
[292, 324, 325]. Interestingly, the excess can be fitted by an annihilation cross section
in the ballpark of the thermal one, (ov)y ~ 3 x 10726 cm? s7!, i.e., in regions where
the annihilation cross section today is similar to the one typically required during
freeze-out. This places additional constraints on the parameter space and excludes
parts of the resonant region where the cross section is highly velocity dependent,
and hence (ov)y deviates strongly from (ov)ro. More concretely, for DM masses
below the point of maximal resonant enhancement, (ocv)y < (ov)ro and the flux

today tends to be too low to fit the signal. In contrast, for DM masses above that
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point, the flux tends to be too high. Finally, in between, (ov)q ~ (ov)po. This is
approximately the point of maximal resonant enhancement of the thermally averaged
cross section during freeze-out which allows for the smallest possible couplings in
the scan. If the annihilation proceeds via an on-shell Higgs (h or H), the respective
cross section is proportional to

o X M : (9.49)

2 T"tot
Us Fh/H

Here '} is the total Higgs decay width, which is dominated by the partial width
into SM particles if the DM mass is very close to my,z/2, such that the corresponding
phase space is suppressed. In this case, FZO/tH is proportional to cos? 6 (sin? 6) for h (H),
thereby cancelling the respective factors in the numerator of eq. (9.49). Consequently,
the cross section for resonant annihilation via h or H is approximately proportional
to (sin0/v,)? and (cos @ /v,)?, respectively. The two regions can be recognised in the
lower part of the (6, vy, /vs)-plane as the two overlapping thin bands with decreasing
(< sin™!0) and increasing (o cos™! ) slope. The best-fit point falls in the second
band where the pNG DM annihilation proceeds dominantly via a resonant H (see

column 3 in table 9.2).

The second region fitting the signal is characterized by annihilation into a pair of
Higgses, where (unless very close to or below threshold) no strong velocity dependence
of the annihilation cross section is present, and thus (ov)o ~ (0v)po naturally. This
region extends from the respective threshold up to around 200 (300) GeV within 1o
(20) CL region away from the best-fit point. Accordingly, the allowed region spans
roughly an order of magnitude in the pNG DM mass, i.e., around 30-300 GeV.

Note that in ref. [298], the pNG DM model has been considered as an explana-
tion of the gamma-ray galactic centre excess [98, 349-356] and the CR antiproton
excess [357-361]. While a discussion of the robustness of a DM explanation of these
excesses as well as an explicit interpretation is beyond the scope of this work, we

briefly comment on this possibility. In particular, we distinguish two cases.

1. For pNG DM annihilation via a resonant h or H exchange in the s-channel,
the composition of final states is the same as for the (singlet scalar) Higgs
portal model, unless m, > my, m. For this case, explicit fits to the gamma-ray
galactic centre excess [362] and the CR antiproton excess [359] have been
performed. The latter analysis also provides a joint fit of both observations
and the above-mentioned excess in the Fermi-LAT dSphs. It reveals that all

three observations, if arsing from DM annihilation, are compatible and point to
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ig. 9.8 2D PLR plots for the pNG DM model parameters after post-processing

our samples with Fermi-LAT likelihood from 45 dSphs.

a DM mass of around (50-60) GeV and a velocity averaged annihilation cross
3 -1

section today of around (1—2) x 10726 cm? s71.
The other case concerns dominant annihilation into h or H. Due to their
subsequent decays into lighter SM particles, their gamma-ray spectra are
typically softer. For instance, just above its threshold, the photon spectrum for
xx — HH — bbbb has the same shape as the one for yx — bb but is shifted
by a factor of 2 towards smaller energies. This is also reflected in the fact that
the three observations can be fitted by DM annihilation into a SM-like Higgs
for masses around the threshold [359], i.e., roughly a factor of two larger than

the DM mass providing the best fit for yy — bb.

In conclusion, the regions that fit the gamma-ray galactic centre excess and the CR

antiproton excess are very similar to those preferred by the 45 dSphs (see figures 9.8
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Fig. 9.9 2D PLR plots for the pNG DM relic abundance and its annihilation cross
section today after post-processing our samples with Fermi-LAT likelihood from
45 dSphs. In the right panel, projected limits from CTA GC searches [345] and
LSST+ Fermi-LAT dSphs [343] are also shown.

and 9.9). We expect all three observations to be well fitted by a significant subset of
the parameter points fitting the 45 dSphs.

Similar to the case of 41 dSphs (see figure 9.7), we also display the projected limits
(for the bb channel) for future gamma-ray observations of dSphs from LSST4 Fermi-
LAT and for CTA in the right panel of figure 9.9. It is evident that LSST+ Fermi-LAT
will be able to test almost the entire 20 CL region preferred by the 45 dSphs.

Direct detection

In figure 9.10, we show the PLR plots for the pNG DM-nucleon cross section at
one-loop level after post-processing our MultiNest samples. These cross sections
are based on the approximate expressions (left panel) and full computations (right
panel), i.e., eqs. (9.39) and (9.40), respectively. The solid red curve shows the current
sensitivity of XENONIT [268], whereas the dashed orange and dotted magenta
curves show the projected sensitivities of LZ [291] and DARWIN [157], respectively.

The approximate cross section overestimates the full one-loop predition up to
several orders of magnitude. For instance, parts of the 1o CL region in the left
panel are already excluded by XENONI1T, while they are currently allowed when
considering the full one-loop computation. In fact, we find that the entire 20 CL
region is not challenged by the current limits from XENONIT. Even the projected LZ
and DARWIN experiments will probe only a small portion of the 20 CL region. The
best-fit point lies completely out of reach of these experiments. In particular, the
resonance region, m, =~ my,/2, predicts a DM-nucleon cross section that is smaller

than ~ 107 cm? and lies well below the proposed neutrino floor [363]. Tt is still
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Fig. 9.10 2D PLR plots for the pNG DM-nucleon cross section at one-loop level
using approximate expression (left panel) and full computation (right panel). The
red solid curve shows the current exclusion limit of XENONIT [268], whereas

the orange dashed and magenta dotted curves show the projected sensitivities of
LUX-ZEPLIN (LZ) [291] and DARWIN [157], respectively.

interesting to see that upcoming generation of direct detection experiments are

starting to probe models of DM with momentum-suppressed tree-level cross-section.

9.5 Conclusions

We performed a global fit of the pNG DM model by combining constraints from
the DM relic abundance, perturbative unitarity, Higgs invisible decay, electroweak
precision observables and Higgs searches at colliders. We presented our results in both
frequentist and Bayesian statistical frameworks. In addition, we post-processed our
samples by imposing indirect detection constraints from Fermi-LAT dwarf spheroidal
galaxies within the former framework. Furthermore, we computed the one-loop pNG
DM-nucleon cross sections, and compared the resulting values against the current
limit from XENONIT (2018), and projected future limits from LUX-ZEPLIN (LZ)
and DARWIN.

In the frequentist analysis, we found two main regions with similar profile likeli-
hood ratio that are compatible with all observations: the Higgs funnel region where
DM annihilates resonantly via one of the two Higgs bosons, m, ~ my g/2, and
the region of dominant annihilation into Higgs pairs, m, 2 my, y. In contrast, the
region of non-resonant annihilation into SM fermions and gauge bosons is highly
constrained and mostly falls outside the 20 CL region, in particular, for DM masses
below the resonant region where the annihilation cross section is suppressed and

requires non-perturbative couplings to match the measured relic density.
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Electroweak precision observables, LEP searches and observed Higgs signal
strengths at the LHC impose strong constraints on the mixing angle 6 between
the two Higgs bosons in our model. They require # < 0.1 rad except for the mass
degenerate case my, ~ my, where large mixing angles are allowed as well. In fact, the
observed Higgs signal strength exhibit a slight preference (around 1o) for the latter
choice. However, this preference arises from the fact that the LHC signal strengths
are better fitted with a slightly heavier Higgs of around 125.3 GeV while the SM
Higgs mass is fixed at 125 GeV in our scan. Hence, the fit prefers the second Higgs
to have a mass of 125.3 GeV and non-suppressed couplings to the SM particles. We
expect this preference to be alleviated if the SM Higgs mass is included as a nuisance

parameter in the fit.

Our Bayesian results led to an even stronger constraint after marginalisation
over the free model parameters. In particular, regions with a smaller volume of
support fell outside the 20 credible interval. For instance, this concerns regions where
the annihilation cross section today is much larger or smaller than the canonical
freeze-out cross section (ov)po ~ 3 x 10720 cm? s71, arising very close to the resonant
condition m, ~ my, /2 or the threshold m, ~ my, y. Similarly, our Bayesian results
do not imply a preference for large mixing angles ¢ induced by Higgs signal strength
observations, as it requires my to be very close to 125.3 GeV, again, providing a

small volume of support.

We computed the pNG DM-nucleon cross section at one-loop level for all of our
samples after utilising the results of ref. [289]. We found that none of the points in our
scan are challenged by current direct detection limits from XENONIT (2018). Future
based experiments (e.g., LUX-ZEPLIN, DARWIN) will only probe a small portion
of the 20 CL region.

We took into account the Fermi-LAT likelihood by considering two different
sets of dSphs. On the one hand, we considered those imposing an upper limit on
the annihilation cross section only (41 dSph). The effect on the parameter space is
mild and the DM mass is not constrained towards large values within the consider
range. On the other hand, we considered all 45 dSphs analysed by Fermi-LAT,
including the four dwarfs that show slight excesses at the level of 20 each. These
excesses can be well fitted within our model. They favour a DM masses in range
30GeV S m, < 300GeV at the 20 CL. We also expect a large part of this region
to provide a good fit to the gamma-ray Galactic centre excess and the cosmic-
ray antiproton excess seen in the AMS-02 data, if interpreted as a signal of DM

annihilation.
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Other indirect detection searches can further constrain our model. For instance,
limits from AMS-02 antiprotons already exclude parts of the 1o CL region in the
41-dSph fit with a DM mass around 400 GeV. Future gamma-ray observations by
Fermi-LAT of newly discovered dSphs by LSST and CTA observations of the Galactic
centre are expected to improve on the sensitivity and probe a significant portion of
the allowed parameter space for DM masses above my in the 41 dSPhs fit. They
are also expected to probe almost the entire 20 CL region preferred by the current
Fermi-LAT observations of all 45 dSphs.

9.6 Appendices

9.6.1 Dark matter-nucleon coupling

The dimensionful coupling between the mass eigenstates (h, H) and pNG DM x

arises from eq. (9.2), namely
t 2 As 4
LsD—|Aos® (I)’S‘ + ?’;Sl . (950)

After EWSB, this term expands to (keeping only terms proportional to ¢x? and sx?)

A A Apsv
Aps BTD[S|? = %S(vh +6) [(vs+5)? + %] O %S(QUhQS)XZ = (D; "ox,
AS qia _ A 2 2]2 _ As 2.2 As 2 ASUs
SIS = [0+ + X7 2 T [2(0 5] 2 P (duas)x® = T
Thus, eq. (9.50) can be expressed as
1,
LsD —5)( ()\q;svh ¢+ Asvs 8) . (951)

Using the following relation for the interaction eigenstates:
10) _ CO.SQ sin 6 h | (9.52)
s —sinf cosf) \H

we can rewrite eq. (9.51) as

1
Ls D —§X2(nxxh h+ kym H), (9.53)
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where the dimensionful couplings {Kyyn, kyym} are [285]

1
Kyxh = (Aasvp cos — Agvsinf) = o [(m%{ — m3)sin 6 cos?  — sin §(m3 sin? @ + m?% cos* 6)}
2
= sin 6, (9.54)

Us

1
KyxyH = (Aosvp sin + Agvs cosf) = o [(m%{ —mj})sin? 0 cos 6 4 cos O(m3 sin® 6 + m?; cos? 0)}
S
2

=+ cosg. (9.55)

Us

On the other hand, the Yukawa interaction term in the SM Lagrangian reads

m J— P J—
‘CYukawa 2 _(bz T;ff: _Z/{/hf?hff—i_/in?Hffu (956>
f f
where
m mys .
K fF = U—hf cost, Ky = U—hf sin 6, (9.57)

are the dimensionless couplings between h/H and SM quarks/leptons. Finally, the

pNG DM-nucleon interaction Lagrangian can be written as
1 _ _
Lys D _§X2(’fxxh h+ K H) — Z B hff+eygHIT (9.58)
f

For a xf — x [ scattering process via an h/H exchange in ¢-channel, the tree-level

direct detection (DD) scattering amplitude is proportional to

Favhbr 5 Ky HE 17 67 m2 m2
ADD(q2)0< EX thf + >;x Hfo ocsin@cos@( 5 a T — 3 h 2>,
qc —my q° —my q- —my  q°—Mmy

where ¢ = V2ME is the momentum transfer and M = 939 MeV is the (average)

nucleon mass. In the limit of ¢? < m,%’ 1, the above expression becomes

1 1
2 . _
App(q”) o sinf cos 6 (1 pry - q2/qu> : (9.59)

For z < 1, the Taylor expansion for (1 —z)™' = 1+ z + O(z?). Thus, the above

expression expands to

1 1
2 ?sinflcosf | — — —5 | . .
App(q”) o ¢”sin f cos (m,% m%) (9.60)

As g ~ O(MeV), the pNG DM-nucleon cross section is momentum-suppressed at

tree-level.
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9.6.2 The S, T and U parameters

In our model, the oblique parameters are shifted from their SM values by [309, 364]

3 2 ) 2
are g e (2) - ) o 21
1 m2 m3 1
Lo () (a) -4

T —
mz
AS = S [cos2 Ofs <m§l> +sin 4 fg (m%) fs ( >] , (9.62)
2m my my
mp,

AUzllcos 9f5< >+sm efs<mff> f5< )] ~AS,  (9.63)
2m may, miy méy,

where AO = O — Ogy for O € (S,T,U), mw (mz) is the W (Z) boson mass,
ck, =mi, /m% and s, =1 — c¥,. The loop functions fr(z) and fs(z) are given by

Jr(z) = a;lo_gf, (9.64)
112 { 22% + 9z + (( —3) (132 —dx + 12) + 1—xx) fr(z)
+2 (4—x)x(w2—4x+12>tan_l( 4;96)], 0<x<4,
fs(x) = . (9.65)
’ 112{ 22 +9x—|—<( —3) (¢ — 4w +12) + - )fT(x)
(@ — )z (o — 42+ 12) log (z; Z:gj)] r >4







Chapter 10
Conclusions

The particle nature of DM is still unknown. With the current experimental prospectus
in full swing and the generically-interacting single DM species interpretation having
been extensively studied, alternative models must be considered. Whilst there exists
a multitude of different DM models, modifications to the WIMP sector are still of
great interest, with a multi-component dark sector becoming more and more prevalent
from a model building perspective. The newest direct searches are currently and
will continue to push the generic WIMP picture toward the neutrino floor. If this
happens and no WIMP like particle(s) are detected, one needs to then consider

models that evade these constraints or experimental alternatives.

After a brief review of particle dark matter, this thesis presented four publications
that constitute the main body of work of my PhD. The first body of work detailed
the introduction of a multi-component WIMP sector and the extent to which future
direct detection experiments in the presence of a signal could discriminate between
the two new particles. We found that the most statistically powerful discrimination
between the 1DM and 2DM hypothesis was driven by the mass splitting of the two
DM particles, however there are significant phenomenological changes when different
parameters of the DM are varied. Specifically, the velocity dispersions, local density
ratios and interaction cross sections for both SI and SD couplings. This study was
then naturally extended by considering constraints introduced by the DM particles’
cosmological history. Namely, whether the DM genesis involved canonical freeze-out
or some asymmetric scenario. We also considered a simplified model where the
DM-DM coupling is mediated by some light mediator. We found that even when
applying reasonable DM genesis model constraints to a general two-component DM
scenario, therefore reducing the allowed parameter space, there are cases where the
1DM and the 2DM hypothesis can be significantly discriminated.
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The next section of work detailed a two-component dark sector and the phe-
nomenological ramifications for annual modulation signals. Motivated by the recent
claim that the single WIMP interpretation of the DAMA/LIBRA phase-1 analysis
was self inconsistent with the new results from the phase-2 data, it was found that
a two component dark sector would produce an anti-modulating signal that could
provide an extremely good fit to the DAMA /LIBRA phase-2 data. Something to
stress however is that what was important about this study was not the DAMA /LI-
BRA interpretation per se, but rather that a two-component signal would manifest
in an interesting way, giving non-sinusoidal modulation and partial cancellations,
especially when including the correction due to gravitational focusing - something
that is not often done in similar analyses.

The last part of this thesis presented the most complete and robust constraints on
the pseudo-Nambu-Goldstone Dark Matter model via means of a global fit. Motivated
by a tree-level aversion of modern direct detection constraints, the pNG DM model
has a rich phenomenology that manifests in a variety of detection channels; Indirect,
collider, and one-loop direct detection was considered, as well as electroweak precision
observables and theoretical constraints.

The work in this thesis lays a nice foundation for future studies. The seminal work
on multi-component dark matter could potentially be applied to future sensitivity
studies with the SABRE dark matter experiment, currently being finalized in Stawell
(Australia) and Gran Sasso (Italy). In addition, the techniques utilized for publication

4 can be extended to other dark matter models.
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