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Abstract

Even though the amount of gravitational evidence for dark matter is overwhelming, the proper-
ties of dark matter still remain one of the most intriguing puzzles of high energy physics. Elusive
by its very nature, most candidates for dark matter interact only weakly with Standard Model
particles and are hard to probe. Nevertheless, a number of detection strategies, i.e. indirect,
direct and collider searches, have seen a tremendous increase in sensitivity in the last decade
and begin to cut into the parameter space of thermal dark matter. In this work, we discuss
a promising signature for dark matter annihilations in the gamma-ray sky and report results
from a search for gamma-ray features based on Fermi-LAT observations of the Galactic Center.
Furthermore, we analyse the impact of direct detection experiments on these scenarios and com-
ment on the complementarity of direct and indirect detection. In addition, we derive limits on
spin-dependent dark matter interactions from the XENON100 experiment and demonstrate the
importance of spin-dependent dark matter nucleon scattering for the detection of dark matter
with the next generation of direct detection experiments. Finally, we consider the possibility of
probing the dark sector with collider experiments and compare the sensitivity of the LHC with

different detection strategies.
Zusammenfassung

Obwohl astronomische und kosmologische Beobachtungen iiberwéaltigende Beweise fiir Dun-
kle Materie liefern bleiben die Eigenschaften des Dunkle-Materie-Teilchens eines der groflen
Ratsel der Hochenergiephysik. Da ein guter Dunkle Materie Kandidat notwendigerweise nur
schwach mit den Standardmodellteilchen wechselwirken kann, ist Dunkle Materie experimentell
nur schwer nachweisbar. Im letzten Jahrzehnt haben direkte und indirekte Suchmethoden, sowie
Beschleunigerexperimente, trotz dieser Hindernisse erhebliche Fortschritte erzielt und begin-
nen den theoretisch erwarteten Parameterraum einzuschranken. In dieser Arbeit werden Dunkle
Materie Annihilationsprozesse, welche zu einer lokalen Verzerrung des galaktischen Gamma-
strahlungsspektrum fithren konnen, diskutiert und die Ergebnisse einer Suche nach einem solchen
Gammastrahlungsiiberschuss mit dem Fermi-LAT Teleskop prasentiert. Unabhéngig von solchen
astrophysikalischen Beobachtungen kann Dunkle Materie auch auf der Erde direkt nachgewiesen
werden. Interessanterweise stehen direkte und indirekte Suchen in einer Wechselbeziehung und
es ist moglich die Sensitivitdten der jeweiligen Experimente auf ihre Komplementaritat hin zu
analysieren. Eine weitere Einschrankung des Parameterraumes wird durch die Interpretation der
Daten des XENON100 Experiments in Form von Grenzen an den Spin-abhangigen Wirkungs-
querschnitt erzielt und es kann gezeigt werden, dass die Beriicksichtigung von Spin-abhéngigen
Streuprozessen in der néchsten Generation von Experimenten duflerst relevant ist. Abschlieflend
wird zudem die Moglichkeit diskutiert, Dunkle Materie am LHC zu beobachten.
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1. Introduction

The origin and the nature of dark matter is one the of most intriguing unanswered questions in
high energy physics and particle cosmology. Although our observations of the gravitational effects
of dark matter have made tremendous progress since the first indications for a sizeable abundance
of non-luminous matter discovered in the early 1930s [I}, 2], and we know the abundance of dark
matter to unprecedented precision today, Qh? = 0.1199 4 0.0027 [3], the microscopic physics
of dark matter still remains a puzzle. As the known particles of the Standard Model (SM) do
not have the right properties to account for dark matter, any solution of this puzzle requires an
extension of the SM and must invoke new physics to explain the origin of dark matter. One of the
most promising dark matter candidates is a weakly-interacting massive particle (WIMP). This
class of particles is interesting as, for a reasonable choice of parameters, they can be produced
with the observed relic abundance by thermal freeze-out in the early universe and have all the
properties required for a good dark matter candidate. In the following we will assume that dark
matter has a mass in the GeV to TeV range and interacts with the Standard Model particles
with a strength of the order of the weak interactions, even though we do not require these to be

actual gauge interactions. We will use the terms WIMP and dark matter interchangeably.

WIMP-like dark matter is interesting from a particle physics point of view as the thermal
production mechanism implies further interactions with the SM which can be used to detect
dark matter with a number of different experimental approaches. Most closely related to thermal
freeze-out are dark matter annihilations in the universe today, which contribute to the fluxes
of cosmic-rays, neutrinos or gamma-rays at the Earth. A different possibility is the scattering
of dark matter off Standard Model particles, which is employed in direct detection experiments
and, finally, the production of dark matter or other particles of the dark sector in accelerator
experiments. All these experimental approaches have made tremendous progress in the last
decade and recent results, for example from XENON100 [4] and LUX [5] in direct searches,
Fermi-LAT [6], AMS-02 [7], H.E.S.S. [§], MAGIC [9] and IceCube [10] in indirect searches and the
LHC in collider searches [11 12} [13], [14], begin to cut into the regions of theoretical expectations.
Despite - or perhaps because of - this wealth of experimental data a number of challenges
for dark matter theory arise. The interpretation of the experimental observations requires an
understanding of their implications for the theory of dark matter, while, in particular for collider
searches, even defining an useful observable remains a non-trivial task. Furthermore, we need
to use all available search strategies and employ their synergy efficiently if we want to tackle
the dark matter puzzle and identify the dark matter particle or rule out models for dark matter

conclusively. The aim of this work is to explore the power of various experimental searches and

3



4 1. INTRODUCTION

assess their relative detection power. In order to be able to determine the relevant observables
and quantify their correlation we employ in a large part, but not exclusively, a simplified model
for Majorana dark matter coupling to the Standard Model fermions via a Yukawa interaction

with a new scalar.

Thermal dark matter is expected to annihilate in the galaxy today and thus contributes to the
flux of cosmic-rays, neutrinos and gamma-rays. Since the possible contribution from dark matter
is most likely subleading, it is one of the big challenges for indirect detection to understand the
astrophysical background to the necessary precision. A sharp spectral feature in gamma-rays is a
particularly promising signature as astrophysical processes are in general not expected to mimic
such a signal. In this work, we perform a dedicated analysis of data taken by the gamma-ray space
telescope Fermi-LAT during the first 43 months of operation and search for a gamma-ray feature.
Furthermore, we propose a new adaptive technique to determine the optimal target region for
any kind of dark matter profile. The limits on the dark matter annihilation cross section derived
from our analysis are competitive or even stronger than previous limits from the observation of
dwarf galaxies. However, we are not able to exclude the annihilation rates expected for thermally
produced dark matter. Interestingly, we find a hint for a gamma ray excess at 130 GeV with a
global significance of 3.1¢, which could be fitted by an internal bremsstrahlung feature with a
dark matter mass of about 150 GeV or a gamma-ray line with a dark matter mass of roughly
130 GeV.

A different way to test dark matter is direct detection. We present an introduction to the
calculation of the nuclear recoil rate in direct detection experiments. This can be used to derive
constraints on the parameter space of a simplified dark matter model and to compare the
sensitivity of direct and indirect detection. Including further data from observations of the
Galactic Center with the H.E.S.S. Cherenkov telescope, we find, on the one hand, that the
limits from indirect detection extend up to tens of TeV with very little dependence on the mass
difference. On the other hand, limits from direct detection exhibit a strong dependence on the
mass difference. For small to moderate mass splittings and dark matter masses below one TeV
the constraints from XENON100 on dark matter coupling to light quarks surpass the limits from
indirect detection by orders of magnitude. Furthermore, we analyse the prospects of future direct
and indirect detection experiments and find the two search strategies to be fully complementary
with XENONIT chiefly probing small to moderate mass differences up to dark matter masses
of one TeV, while CTA is most sensitive in the multi-TeV range. Unfortunately, even future
indirect detection experiments do not seem to possess the sensitivity necessary to probe thermal

dark matter.

Next we study the spin-dependent sensitivity of XENON100. As is well-known [I5], [16],
xenon based detectors naturally contain a significant fraction of neutron odd isotopes, which are
sensitive to spin-dependent interactions. We analyse the results of the latest XENON100 run and
find that the constraints derived from this data set are the strongest bounds on spin-dependent

dark matter neutron scattering to date. Furthermore, we apply our bounds to two exemplary



dark matter models and show that limits from spin-dependent interactions can exceed the limits
from spin-independent scattering. Additionally, limits on the spin-dependent cross section are

able to rule out regions of parameter space which are in agreement with all other constraints.

Finally, we consider the LHC implications of a simplified model of Majorana dark matter
coupling to Standard Model fermions via a Yukawa interaction with a new scalar in more detail.
The collider phenomenology of this model is quite promising as pairs of the coloured mediator
can be produced copiously at the LHC and decay into jets and missing energy. Such a final
state can be searched for very efficiently by ATLAS and CMS. We discuss the production rate
of the scalar in detail and include both QCD processes and t-channel exchange of dark matter.
In particular, the dark matter induced t-channel production mode dominates the total cross
section in significant parts of the parameter space. As this channel is quite distinct from the
more commonly considered production via strong interactions, we perform a full Monte Carlo
simulation, including jet matching with up to two additional jets, in order to determine the
appropriate experimental efficiencies. These can then be used to derive upper limits on the
interactions of dark matter with the Standard Model and we discuss the complementarity of

collider searches with direct and indirect detection.

The structure of this thesis is as follows. In chapter [2] we review astrophysical evidence for
dark matter before we introduce a class of simplified models for dark matter interactions with
Standard Model fermions and discuss the thermal freeze-out mechanism in chapter [3] We de-
scribe our search for dark matter annihilations with Fermi-LAT in chapter [l In chapter [5] we
discuss the concepts of direct detection and comment on the complementarity between direct
and indirect detection before analysing the importance of XENON100 for spin-dependent dark
matter scattering. Finally, we investigate the implications of collider searches for dark matter

and present our results in chapter [6] before concluding in chapter
Parts of this thesis have been published in the following articles:

[I7] Dark matter annihilations into two light fermions and one gauge boson: Gen-
eral analysis and antiproton constraints
M. Garny, A. Ibarra, and S. Vogl
JCAP 1204 (2012) 033, [arXiv:1112.5155]

[18] Fermi LAT Search for Internal Bremsstrahlung Signatures from Dark Matter
Annihilation
T. Bringmann, X. Huang, A. Ibarra, S. Vogl, and C. Weniger
JCAP 1207 (2012) 054, [arXiv:1203.1312]

[19] Closing in on mass-degenerate dark matter scenarios with antiprotons and
direct detection
M. Garny, A. Ibarra, M. Pato, and S. Vogl
JCAP 1211 (2012) 017, [arXiv:1207.1431]
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[20] On the spin-dependent sensitivity of XENON100
M. Garny, A. Ibarra, M. Pato, and S. Vogl
Phys.Rev. D87 (2013) 056002, [arXiv:1211.4573)

[21] Internal bremsstrahlung signatures in light of direct dark matter searches,
M. Garny, A. Ibarra, M. Pato, and S. Vogl
JCAP 1312 (2013) 046, [arXiv:1306.6342]

[22] Majorana Dark Matter with a Coloured Mediator: Collider vs Direct and
Indirect Searches
M. Garny, A. Ibarra, S. Rydbeck, and S. Vogl
accepted for publication in JHEP, arXiv:1403.4634

Furthermore, this thesis contains some material which has been used in my diploma thesis and

was originally published in

[23] Antiproton constraints on dark matter annihilations from internal electroweak
bremsstrahlung
M. Garny, A. Ibarra, and S. Vogl
JCAP 1107 (2011) 028, arXiv:1105.5367



2. Observational Evidence for Dark Matter

First hints for dark matter were already found in the early 1930s when the velocities of stars in
the Milky Way [1] and of galaxies in the Coma cluster [2] were found to indicate a dynamical mass
of these systems which exceeds the mass of luminous matter significantly. Later on, a systematic
observation of the velocities of stars in galaxies was conducted, see e.g. [27], and the rotation
curves of these galaxies were determined. If luminous matter is the dominant contribution to
the mass of a galaxy, the virial theorem implies that the circular velocity of stars in the outer
part of the galaxy, where the dominant part of the mass of the galaxy is within the stars galactic
radius, should scale as v o 1/4/r. However, observations of real galaxies reveal that the radial
velocity remains surprisingly constant up to large radii, see e.g. Fig. This behaviour can be
explained if there is an additional non-luminous, i.e. dark, contribution to the mass of the galaxy

which extends significantly beyond the characteristic scale of the visible mass distribution.

Further evidence for dark matter can be obtained by the direct observation of the gravitational
impact of dark matter on light. General relativity predicts that the path of light gets distorted
by a gravitating mass, which leads to an effect known as gravitational lensing. Strong lensing,
which is caused by a large gravitating mass close to the path of light, can distort the image
of an object in the background to such an extent that partial arcs or even multiple images
appear. The observation of strong lensing confirms that the gravitational mass of clusters exceeds
their luminous mass significantly [28]. However, strong lensing is a rather rare phenomenon
since the presence of a sufficiently large mass very close to the line of sight is required to
achieve such an effect. A rather more common phenomenon than strong lensing is weak lensing,
which only induces a marginal distortion such that the effect on the image of an individual
object is not observable. However, weak gravitational lensing can be detected since it induces a
coherent distortion of multiple background objects which allows the reconstruction of the matter
distribution in the foreground from the statistical properties of the lensed images [29]. This

technique has been used successfully to determine the dark matter profile of galaxy clusters [30].

Another confirmation of the existence of dark matter comes from the observation of the rather
particular galaxy cluster 1E0657-558, better known as the Bullet Cluster. This object consists of
two galaxy clusters which collided recently and passed through each other. Observations of the
Bullet Cluster with x-ray telescopes allow to trace the distribution of gas, which is the dominant
contribution to luminous matter in this object, while weak gravitational lensing can be employed
to determine the mass distribution [25]. As can be seen in Fig. the distribution of the gas is

completely misaligned with the observed mass distribution, thus indicating that the dominant
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8 2. OBSERVATIONAL EVIDENCE FOR DARK MATTER

DISTRIBUTION OF DARK MATTER IN NGC 3198
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Figure 2.1.: Rotation curve of NGC 3198 and fit with a dark matter halo model. Figure from
[24].

contribution to the cluster mass is due to a dark and collision-less matter component.

The observation of the Cosmic Microwave Background (CMB) provides us with the most
precise determination of the abundance of dark matter to date. Initially proposed by George
Gamow in 1948, the CMB was discovered by Penzias and Wilson in 1965. The CMB consists of
the photons from the early universe which were emitted at the time of last scattering when elec-
trons and protons combined to form neutral hydrogen such that the universe became transparent
to photons. The spectrum of the CMB can be described by a black body with a temperature of
2.73 K and small temperature anisotropies at the level of 107°. The temperature fluctuations
of the CMB were discovered by the COBE mission [31] in 1993 and later on high precision
measurements were conducted by WMAP [32], which was operational from 2001 to 2010, and
Planck [3], which released their cosmological results in 2013. In order to analyse these temper-
ature anisotropies in a quantitative way they are usually expanded in spherical harmonics Y},

AT(ﬁ) = T<ﬁ> —Tp = Zalelm(a (b) ) (2'0'1)

Ilym
where Tj is the average temperature, 6 and ¢ are spherical pole angles and a;,,, are the coefficients

of the expansion. The power spectrum can be defined as

Ci= 57— Z ain? (202)
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Figure 2.2.: Image of the bullet cluster depicting the mass distribution inferred from weak lensing
(green contours) superimposed on the X-ray emission (indicated by a color code).

Figure from [25].

In the plot often referred to as the power spectrum it is conventional to plot (I + 1)C;/27
against [. An example of the power spectrum inferred from Planck data as well as a fit with
the Standard Model of cosmology, ACDM, can be seen in Fig. The power spectrum of
these temperature fluctuations can be used to determine the matter content of the universe and
calculate the abundance of both baryonic and dark matter. In general, the connection between
the amplitude of the power spectrum and the cosmological parameters is complicated and far
from intuitive, for an useful introduction to the CMB anisotropies and their interpretation see
[33]. Using the most precise measurement of the CMB by the Planck satellite [3] and accounting

for weak gravitational lensing, the energy content of the universe has been determined to be

Qp =0.693 £0.019 and
Q= 0.307£0.019 ,
where Q25 and 2, are the energy density of dark energy and matter normalized to the critical

energy density of the universe, respectively. The matter density can be decomposed further into

baryons and dark matter, which yields, after rescaling by h?,

Qph? = 0.02217 4+ 0.00033  and
Q.h? = 0.11805 + 0.0031 ,

where Q,h? denotes the abundance of baryons while Q.h? is the abundance of cold dark matter.

As becomes apparent from these numbers, the total abundance of dark matter exceeds the abun-
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Figure 2.3.: The temperature angular power spectrum of the CMB as measured by the Planck
satellite. The vertical scale is I(l 4+ 1)C;/2x. Figure from [26].

dance of baryons in the universe by about a factor of 5 and agrees nicely with the astrophysical

observation that the mass of clusters and galaxies is dominated by their dark matter component.



3. Simplified Models for Thermal Majorana
Dark Matter

In the following we will briefly describe our fundamental assumptions regarding the nature
of dark matter and comment on its role in the evolution of the universe. In the beginning
the universe is assumed to be in a hot and dense initial state. At that stage, the universe
can be described by a hot plasma of SM and exotic particles, one of which is later going to
constitute dark matter. As the universe expands the temperature and, accordingly, the density
of all particles decreases and eventually the density of a given particle species becomes so low that
the interaction rate of this particle with the plasma can no longer keep it in thermal equilibrium.

At this point the particle decouples from the thermal bath and becomes a thermal relic.

In this chapter we will first discuss briefly some of the properties of dark matter and argue that
simplified models for dark matter and its interactions with SM particles can provide valuable
information about the expected phenomenology of dark matter candidates. Furthermore, we
are going to introduce the thermal freeze-out mechanism and comment in a little more detail
on a well known exception to the standard calculation which can be relevant for the scenarios

considered in this thesis.

3.1. Simplified Majorana Dark Matter

Unfortunately, the compelling evidence for dark matter from astrophysics and cosmology does
not allow us to address the question regarding the nature of dark matter. In order to detect dark
matter as a particle and determine its interactions with the SM we therefore need to conduct
further experiments. However, currently there is no compelling theory for dark matter which
could guide our experimental efforts and, even if we subscribe to the WIMP paradigm, we need
to make certain assumptions about the properties of dark matter in order to proceed. An in-
triguing possibility for the study of dark matter phenomenology is the construction of a minimal
model. While not being subject to the restrictions immanent to a full theory, e.g. minimal su-
persymmetry or extra dimensions, such a framework allows to explore the possible signals of
dark matter in experiments and analyse their correlations. In the following we present the basic
features of a simplified model for Majorana dark matter which we will revisit at some points in
the phenomenological analysis presented in the later chapters. We consider a minimal extension

of the Standard Model by a Majorana fermion y, which we assume to constitute all the dark

11



12 3. SIMPLIFIED MODELS FOR THERMAL MAJORANA DARK MATTER

matter in the Universe, and a beyond the SM scalar 7, which mediates interactions with SM

fermions. The Lagrangian of this model is given by
£:£5M+£x+£n+£int . (3.1.1)

Here Lgps stands for the pure SM Lagrangian, while £, and £, are the terms in the Lagrangian
involving only the Majorana fermion x and the scalar 7, respectively. £, and £, can be written
as
L, = liciax — 1mX)Zcx , and
2 2 (3.1.2)
Ly = (Dun) (D*n) —min'n
where D,, corresponds to the covariant derivative. Finally, £;,; denotes the terms which are

responsible for the interactions of the dark sector with the SM fields. £;,; can be split into two

fermion

scalar
int L;

sedtar | which contains

parts, L , which describes the interactions with SM fermions, and

the term coupling the scalar ) to the Standard Model Higgs doublet H.

Depending on the details of the model a number of different terms can arise here. On the one
hand, the quantum numbers of x under the SM gauge group SU(3)c x SU(2)r x U(1l)y are
partially constrained by the requirement that dark matter is electrically neutral and does not
carry a colour charge. On the other hand, the quantum number under SU(2)y, is free provided
the hypercharge is chosen such that no electric charge is generated. In the following we will
restrict the discussion to the case of a SU(2)r, singlet and refer the reader to [I7] for details
regarding SU(2)r doublet dark matter. Furthermore, there is some freedom regarding the SM
fermions which are coupled to dark matter. In principle, x can interact with all SM fermions,
i.e. all generations of quarks and leptons and with all chiralities, provided the quantum numbers
of the mediator 7 are chosen such that the interaction Lagrangian L;,; is invariant under the
Standard Model gauge group. For the sake of simplicity we will focus here on the scenario with
dark matter coupling to right-handed SM fermions such that 7 is a singlet under SU(2)r. In

this case the interaction Lagrangian with fermions reads
LIS = — 19 pixm; + hee. | (3.1.3)

where Vg, denotes a right-handed fermion of flavour ¢. In particular in the quark sector, this kind
of interactions with the dark matter can generate dangerously large flavour changing neutral
currents (FCNCs) thus forcing us to impose further restrictions on the parameter space of the
model. We find two possibilities to avoid large FCNCs:

1. We take the scalar n to couple exclusively to right handed up quarks. Such a scenario cor-
responds to an alignment type set-up of the squark sector in the minimal supersymmetric
Standard Model (MSSM) and can be realized by appropriate flavour symmetries at a high
scale [34].

2. We consider a pair of mass degenerate scalars 7; and 1; which couple to right handed quarks

of the first and second generation with an universal coupling f. Such a scenario is motivated
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by the paradigm of minimal flavour violation [35] which requires flavour universality among
quarks with the same gauge quantum numbers while allowing a separation of particles

belonging to different multiplets.

We show explicitly in Appx. [A]that with these assumption the stringent constraints from FCNCs
can be avoided. Furthermore, we consider dark matter coupling exclusively to bottom quarks. In
the lepton sector the flavour constraints are less severe. Nevertheless, we assign the appropriate
flavour quantum number to n and couple the scalar exclusively to one lepton flavour. Finally,
we impose a new discrete Z symmetry under which all Standard Model particles are even and

all particles of the dark sector are odd in order to ensure dark matter stability.

Finally, the part of the interaction Lagrangian which describes interactions between the scalar

mediator and the SM Higgs reads

scalar — _X\g(HH)(nin) (3.1.4)

i

where A3 is an a priori free four scalar coupling. This term provides an additional contribution to
the mass of 7, but this can be absorbed in the tree level mass by the substitution m?7 +)\31)129W —
m?7 where vgy is the vacuum expectation value of the Higgs field. Furthermore, this term
induces a coupling between 1 and H, which could in principle have an impact on dark matter.
In practice the influence of this interaction on dark matter phenomenology is limited as direct
and indirect detection are only sensitive to the interactions of the dark matter particle y while
collider searches probe only the gauge and Yukawa interactions of 7. The scalar interactions
could modify the relic density in the coannihilation scenario discussed in more detail in the next
section, but numerical checks showed that only rather large values of A3 > 1 have an impact on

the dark matter abundance.

Interestingly, it is not possible to characterize the phenomenology of this model in terms of a
small set of effective operators and higher order effects can be relevant. For instance, the con-
straints from indirect detection are dominated by two-to-three and loop induced annihilation
channels. This is due to two reasons; on the one hand, the tree-level two-to-two processes are
suppressed by helicity and velocity while, on the other hand, channels such as xx — ¢¢y and
XX — v (Z7) produce high energy gamma rays which lead to a most distinct signature for
gamma-ray telescopes like H.E.S.S. or Fermi-LAT. Furthermore, in direct detection the low-
est order operators generating spin-independent interactions happen to vanish for a Majorana
fermion with chiral interactions and, consequently, the leading contributions are due to either
spin-dependent interactions or higher order effects. Finally, the most intriguing signature at the
LHC is not related to the production of dark matter itself but to the production of the scalar
mediator 7. Therefore, collider searches open a completely different way of constraining the dark

sector, which we find to be complementary to direct and indirect detection.
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3.2. The Relic Density

Probably the most convincing argument in favour of WIMP dark matter is the fact that such a
particle can be produced thermally in the early universe and quite generically freezes out with
an abundance close to the value Qh? = 0.11805 & 0.0031 [3] observed by the Planck satellite.
Qualitatively, thermal decoupling, which is known to be responsible for the relic abundance
of regular matter in the universe, can be described rather intuitively [36]. Initially, the hot
universe is assumed to be in thermal equilibrium such that this state can be described exclusively
by a temperature 7', which is the highest scale in all processes and compared to which the
masses of all particles, including the dark matter particle x, are small m, < T'. As the universe
expands the temperature of the plasma decreases and at a certain time the temperature T
becomes comparable to the dark matter mass. Then the rate I'(xx <> SM SM) with which dark
matter y and Standard Model particles are converted into each other begins to be suppressed
by the comparatively low abundance of sufficiently energetic particles. Once the rate I'(xx
SM SM) < H, where H is the expansion rate of the universe, the evolution of the dark matter
density begins to be dominated by H exclusively and thermal equilibrium can no longer be

maintained.

3.2.1. The Standard Calculation

In order to obtain a more quantitative picture of thermal freeze-out it is necessary to solve the
Boltzmann equation for the evolution of a particle distribution in an expanding universe [30,
37, 38]. The appropriate equation to describe the evolution of the number density of WIMPs n,,
can be written as

A 3Hn, = —(ov)(n2 —n2..) | (3.2.1)

dt x ~ Mx.eq
where H is the Hubble rate, (ov) corresponds to the thermally averaged annihilation cross section

2
X;€q

It is convenient to re-express this equation in terms of the comoving number density Y) = n, /s

and (ni —ns ,) parametrizes the departure from the thermal equilibrium number density 7, 4.
and x, where s is the entropy density of the universe and the dimensionless number x is the
ratio of the dark matter mass and the temperature x = m, /7. Assuming entropy conservation
Eq. simplifies and yields the following equation for Y,

dY, = (ov)s

dz  Hz

The evolution of H during the radiation dominated phase of the universe is given by

T2 Gx
H=—/—, 3.2.3
Mp; 'V 90 ( )

where Mp; = 2.4 x 10'® GeV is the Planck mass and g, is the number of effective degrees of

(Y7 —Y2.). (3.2.2)

X Tx.eq

freedom. For completely general (ov) and without making a priori assumptions about the freeze-

out temperature Tr Eq. needs to be solved numerically, however, approximate analytic
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solutions can be derived if decoupling occurs while x is either fully relativistic of fully non-

relativistic. In this work, only the non-relativistic case is of interest.

In the non-relativistic limit, i.e. for freeze-out temperature xp = m, /Tp > 3, (ov) has a
significant impact on the relic abundance since Y, ., decreases exponentially with 7" and (ov)
determines how long thermal equilibrium can be kept. In most cases it is useful to simplify (o)

using the partial wave expansion

60 1
(ov) = a+b(v?) + O((v")) = a + -+ O(ﬁ) , (3.2.4)
and neglect terms of order (’)(;12) and higher. In this limit the relic abundance can be approxi-

mated by the following analytic formula,
1

Yieo = Yy(z — 00) = . (3.2.5)
X X 1.3my Mpy\/Gi(ap) (a/xF + 3b/2%)

A visualization of the qualitative behaviour of the freeze-out solution can be seen in Fig. 3.1]

Using Qxh2 = mysYy 0o/ pe, Where p. = SHgMI%l is the critical density of the universe and
sp ~ 2900cm ™3 is the present entropy density, we can recast the relic abundance in a more

conventional form as

My ) 85 x 107 apGeV 2

o) = . (3.2.6)

Q82 =27%x108Y, 0
X X ( Ju(ap) (@ + 3b/zF)

It is interesting to note that Qxh2 is inversely proportional to (ov) and does not depend explicitly
on the dark matter mass m,. Furthermore, as is well-known, the freeze-out temperature depends
only logarithmically on the WIMP mass m, and zr is usually found in the range xr ~ 20 — 25.

Thus, a reasonable estimate of the relic density is given by the famous relation

B 3 x 107 27cm2s!

QO h?
X (ov) ’

(3.2.7)

which leads to the canonical thermal cross section of (ov) = 3 x 10726cm2s~!. Inserting the
appropriate expressions for ¢ and b in Eq. the relic density for the dark matter candidate
presented in Sec. reads (see e.g. Ref. [23])

1 /0.35\" 2 (14 p)
Qpaih? ~ 0.11— <035> ( T ) Dy (3.2.8)

N\ f 100GeV/ 1+ 2

where 1 = m% / mi and N, denotes a colour factor.

3.2.2. Coannihilations

As pointed out by [39], the standard calculation of the relic density fails if there are further
particles of the dark sector with a mass close to the dark matter mass. In that case these
additional particles need to be included in the Boltzmann equation and can induce significant

deviations from the canonical freeze-out result.
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Figure 3.1.: Qualitative evolution of the dark matter abundance Y with . Figure from [36].

Let us consider for instance the particle model presented in the previous section. When the
mass of the scalar particle n and the Majorana fermion y are quasi-degenerate, coannihila-
tions can become important. Consequently, it is necessary to include all possible annihilation
and coannihilation processes X;X; — SM SM into Standard Model particles in the scattering
term in Eq. where X; = x,n,7. As many different processes can contribute, a complete
description of coannihilations is complicated and cumbersome. In order to ascertain that all
relevant processes are taken into account we use a fully numerical calculation of thermal freeze-
out performed with the public code MicrOMEGAS2.4 [40)] in all our quantitative results. We
have compared the numerical solution against a semi-analytic approximation [41]. The analytic

correction to the relic density can be parametrized as

p— o _ Tvess Ty

3.2.9
Q ovy Tfo ( )

where the quantities with subscript zero are derived without coannihilations. Furthermore, the

effective annihilation cross section can be expressed as

nginS
(3

ij ( k”k)
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where n? = g;(m;T/(27))3/2¢=™/T and g; counts the number of internal degrees of freedom of
the particle species ¢. For Majorana dark matter g, = 2 and for a coloured mediator g, = g5 = 3.
In the case of dark matter coupling to light quarks we find four leading contributions to ov.yy; the
annihilation of a dark matter pair yx — ¢g, the annihilation of a mixed initial state xn — ¢g and
the annihilation of a pair of scalars n — gg or nm — qq. The Feynman diagrams contributing to
this set of leading processes are shown in Fig. 3.2l The cross section o(xx — ¢q) is suppressed
by helicity or velocity,
3f4m3 fr? 1+ m%/mi

o 2.11
av(xx = 49) 3am(mZ +m22 | 16mm2 (1 +m2/m2)i’ R

while the cross sections for the processes xn — qg, nm — qq, and 7 — gg have a non-zero

s-wave contribution for m, — 0 [19],

f?g? 1
— =
ov(xn — q9) 247 Ty )
) 7gs
— = —3
ov(nn — gg) 216rm?
m
ov(m —qq) = *— X (3.2.12)

2 2)2
67 (m3 +m3)
Finally, we need to consider the correction to the freeze-out temperature, which is given by

0 1+ o In(LLLTeLS ) (3.2.13)

x 9,00
where o = a + 6bx and gepp = >, (mi/my )% 2e”(Mi=mI)/T We find that the results obtained
with this semi-analytic approach are in good qualitative and quantitative agreement with our
numerical result, thus confirming that both methods lead to a reasonable description of thermal
freeze-out. The general outline of the procedure is completely analogous for a leptophilic 7,
however, the number of relevant processes is larger and we prefer to present only the numerical

results in this case.

Once we require a relic density which matches the value observed by the Planck satellite
Qh? = 0.119940.0027 [3] the three dimensional parameter space of the model is reduced and we
can express f = fi,(my, my). Note that not all possible choices of m, and m,, yield a physical
solution for the thermal coupling constant f;;. In particular when small mass splittings make
coannihilations more important the required values of the coupling f reduce dramatically. In
very degenerate scenarios, m,/m, < 1.1, coannihilations can be so efficient that the total dark
matter relic abundance cannot be produced thermally if m, < 200 GeV (50 GeV) for dark
matter coupling to quarks (leptons). This interesting feature, the absence of light relics, can be
understood in terms of a simplified argument. In the coannihilation regime, the effective thermal

cross section is of the form

mp—m _ 2(mp—my)

ovepr = ov(xx) +ovlxne” T +ov(me T, (3.2.14)
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Figure 3.2.: Feynman diagrams showing the leading (co-)annihilation processes that contribute
to the thermal freeze-out density. Two additional diagrams corresponding to (a)
with reversed charge flow and to (d) with flipped legs are not shown, as well as

several diagrams for charge conjugated processes. Figure published in [19]

where processes including the coannihilating particle n are Boltzmann-suppressed. In order to
get a clearer idea of the mass and coupling dependence, we can isolate these and express the xx
cross section as ov(xx) = % v (and likewise for the other processes), where C\, is a function
of mass and temperature ratios only. Absorbing the Boltzmann factors into the Cj; functions
and using the relation between the relic abundance and the effective cross section we obtain [21]

2

_ X , 3.2.15
OUVeff fACxw + f2g? Cyn + gt Cm ( )

n?~ L m

where g denotes a gauge coupling. As can be seen from this equation, for g4C7m = 0 there will
always be a lower limit on the mass m, min S m, below which the relic abundance cannot
be maintained even for f = 0. In our scenario, which includes strong coupling and only a
relatively mild Boltzmann suppression this lower bound my m, can be O(100 GeV) for dark

matter coupling to quarks.



4. Indirect Searches: The Gamma-Ray Feature

If dark matter in the universe is a thermal relic from the hot and early universe, we expect
dark matter to annihilate into SM particles today and contribute to the flux of cosmic-rays,
e.g. antiprotons, positrons and neutrinos, or gamma-rays. However, an excess of these fluxes is
hard to identify as that requires an excellent understanding of all possible backgrounds and,
furthermore, the ability to reject non-standard astrophysical processes as a possible source of
the excess. For example, the production of positrons in pulsar magnetospheres could lead to
a modification of the positron fraction from secondary production [42] 43| [44] [45] which could
account for the positron excess observed by Pamela [46] and AMS-2 [7], while acceleration
of secondaries in supernova remnants can have a similar impact on the antiproton-to-proton
ratio [47]. Among all these messengers, gamma-rays are particularly interesting as they are more
easily probed than neutrinos and, in contrast to antimatter, travel basically without interactions,
thus preserving spectral and spatial information about their production. Furthermore, a sharp
feature in the gamma-ray spectrum is expected to be a smoking gun for dark matter annihilations
as no astrophysical process can mimic such a signal (a possible exception has been proposed
in Ref. [48]). While this possibility has been pointed out long ago [49], the excellent energy
resolution of modern gamma-ray observatories has led to a tremendous increase in sensitivity
to such a signature rather recently. Apart from a gamma-ray line from direct annihilations into
photons, also internal bremsstrahlung can induce a hard spectral feature close to the highest

accessible energies 4, = my, which is, with current instruments, indistinguishable from a line.

In this chapter we will first discuss the relevant annihilation cross sections in Sec. before
describing the details of our method for the derivation of limits on gamma-ray features in
Sec. We present our results in Sec. and compare our limits with previous results from
dwarf galaxies, cosmic-ray antiprotons and precision observables in Sec. Parts of this chapter
have been published previously in [18], [21I] and [22]. For a recent review of searches for gamma

ray features see [50].

4.1. The annihilation cross section

Before discussing the techniques used to search for line-like spectral features in the gamma-ray
sky, it is interesting to identify the processes which contribute to dark matter annihilations,

compare the different final states and single out the conditions under which they are relevant.

The first process which needs to be considered is the annihilation of WIMPs into pairs of SM

19
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Figure 4.1.: Feynman diagrams of the processes that contribute to leading order to the three-
body annihilation cross section and produce internal bremsstrahlung. This figure

was originally published in [I§].

fermions. After expanding the cross section into partial waves, the lowest order contribution in
the dark matter velocity v to the s-wave is given by
A 2
f*N, m} 1

swave _ my 411
(UU)Q'bOdy 327rm§ mi (14 p)2’ ( )

where p = (m,;/m,)?* parametrizes the mass splitting between the dark matter x and the scalar
mediator 7, my is the mass of the SM fermion in the final state and NV, is a colour factor which
is one for leptons and three for quarks. Furthermore, the p-wave contribution to O(v?) reads

o fAN. 1+ p?

p-wave __
(Uv)2—body =v 487rm§ (1 +M)4 . (412)

It is interesting that, on the one hand, the s-wave contribution is suppressed by helicity, i.e.
scales like (ms/m,)?, which is a fairly small number for all SM fermions except the top quark.
On the other hand, the p-wave contribution is of higher order in the velocity and thus suppressed
by the small value of the velocity v ~ 1072 in the galaxy today. Consequently, the total tree-level

annihilation cross section is very small and higher order corrections can become relevant.

A second class of processes which has been shown to contribute significantly to dark matter
annihilations are three-body processes, known as internal bremsstrahlung (IB) or virtual internal
bremsstrahlung (VIB) EL in which a hard boson B is emitted in association with the fermion
pair [52, 53, 54, 55, 56l 57, B8, (9, 60, 61, 62, 63, 23, 17, 64, 65, 66]. The additional boson
in the final state lifts the helicity suppression and generates an s-wave contribution at O(m?)
such that the cross section of the 2 — 3 channel can be comparable or even dominate over
ov(xx — ff) even though it is suppressed by an additional power of the coupling constant and
the three-body phase space. For the special case of photon emission we show the contributing

Feynman diagrams in Fig. [4.1]P] The lowest order s-wave cross section for the emission of one

!The usage is not consistent in the literature. In the following we will use both expressions interchangeably.
2Note that the diagrams in Fig. contribute both to IB and the well-known soft and collinear divergent final

state radiation (FSR). These contributions interfere and a clear separation is only possible after expanding ov

in v and my.
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Figure 4.2.: Gamma-ray spectrum (N denotes the number of photons produced per annihilation)
as predicted by our toy model for different flavours of final-state fermions, assuming
m, = 200 GeV and a mass-splitting of © = 1.1. Solid lines show contributions from
three-body final states, including the IB photons close to z = 1; dashed lines show
contributions from two-body final states (in case of muons, the two-body final state
is strongly suppressed and not visible on the plotted scales). Branching ratios are
calculated according to Eq. and . Note that we convolve the spectra
shown here with the Fermi LAT energy dispersion as derived from the instrument
response functions (about AE ~ 10% at around 100 GeV [51]) before fits to the
data are performed. This figure was originally published in [I§].

hard IB photon and a pair of massless Standard Model fermions can be expressed analytically
and is given by [67, [58]
em f*NQF 2 +1 ) +1
(O'/U)3—b0dy >~ ch {(/I/ + ].) |: — 1112 ('u2'u/> — 2L12 <'LL2/,L>:|

647T2m§< 6

du+3 4u?—3u—1 -1
ik O ks 1n<“ >} (4.1.3)
w1 2 w1

where Q; is the electric charge of f in units of |e| and Lia(z) = Y 5o 2 /k? is the dilogarithm.
This cross section can exceed the tree-level 2 — 2 cross section by orders of magnitude for
sufficiently small values of u. The most interesting property of this kind of process is that the
energy spectrum of the gamma rays from IB peaks at energies close to the kinematic cut-off
E, = m,. The differential cross section of IB photons as a function of the photon energy fraction
xr = E,/m, reads
do  aemfiN,
Ydr = 64r?m?

x){ 2z B z
(L+D(p+1-22) (p+1-2)2

(+1)(u+1-—2z) pt1
R ES s <,u—|—1—2x>} ‘ (4.1.4)

(1-
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Figure 4.3.: Annihilation cross sections of a dark matter particle which couples via a Yukawa
interaction to the right-handed bottom-quarks and a coloured scalar 7. The left plot
shows the cross sections as a function of the dark matter mass for fixed mass ratio
squared p = 1.1, while the right plot as a function of the mass ratio squared pu for
fixed dark matter mass m, = 300 GeV. In both cases we adopted for definiteness a

coupling f = 1. These figures were originally published in [21].

We report the differential cross sections for the other three body processes for SU(2), singlet
and doublet dark matter in Appx.

In order to visualize this behaviour we show three exemplary gamma-ray spectra in Fig.
for a dark matter mass m, = 200 GeV, a mass splitting 4 = 1.1 and annihilations into u, 7
and bottom quarks in the final state. In this figure we include both photons from FSR and
secondary photons generated in the decay or fragmentation of the SM fermion simulated with
PYTHIA6.4 [68]. A further complication in the case of annihilations to quarks which needs
to be taken into account arises from the annihilation xx — ¢qqg since the gluon final state is
enhanced with respect to the photon by «g/aenm. As becomes apparent from Fig. photons
from internal bremsstrahlung dominate the spectrum at the highest energies for small mass
splittings and produce a pronounced peak close to m,, while secondary photons and FSR are
only relevant at lower energies. Furthermore, it is interesting to note that while the total cross
section depends strongly on u, the form of the spectrum is fairly independent of the mass

degeneracy for values of p < 2.

Finally, a third class of processes which is of importance for indirect detection is the loop-
induced annihilation into pairs of gauge bosons xx — Vv, vZ, ZZ, WW, gg [69} 70} [71], [72].
These processes are suppressed by an even higher power of the coupling constant compared to
the 2 — 3 process but have only a two-body phase space and generate an helicity-unsuppressed
s-wave. The two most interesting final states are v+ and Z+, both of which generate a gamma-
ray line. As the analytic expressions for the cross section into these states are rather lengthy
and cumbersome, we refer the reader to [69, [70] [71] and discuss their features qualitatively in

the following.
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Figure 4.4.: Energy spectrum of gamma rays produced in the annihilation channels uay, vy
as well as uuig and gg convolved with the Fermi-LAT energy resolution, for m, =
100 GeV, m, = 1.1m, (left panel) and m, = 2m, (right panel). The black line

indicates the total spectrum. These figures were originally published in [22].

The relative importance of the different final states depends strongly on the masses of the
different particles relevant for the annihilation, i.e. m,, m, and my. We show in Fig. the
dependence of ov on the dark matter mass m,, (left) and the mass degeneracy parameter p (right)
for the exemplary case of dark matter coupling to bottom quarks with a coupling f = 1. Note
that photons from IB or vy dominate the spectrum at the highest energies even for branching
fractions BR < 1072. As can be seen, both the tree-level and the loop-induced 2 — 2 cross section
scale as 1/u? while three-body processes scale as 1/u*. Therefore, the loop induced annihilation
into gauge bosons dominates the total cross section at large values of u, while 2 — 3 channels
receive a considerable enhancement as p decreases. For example the intensity of photons from
IB and from ~~ are approximately equal for ; = 25 with IB dominating at smaller values and
loop induced photons at higher values. Current instruments do not have the energy resolution
necessary to disentangle the contributions from IB and the gamma-ray line (see Fig. . In a
full analysis spanning the complete parameter space the limits should therefore be derived based
on the combined spectrum. However, the contribution of loop photons is negligible for small
( see Fig. (left)). As the total enhancement of the hard gamma spectrum is most pronounced
for p ~ 1, we will focus on values p < 2 in the following analysis and neglect the photon line.
However, in Ch. o] when we revisit the constraints from searches for gamma-ray features in a

less restricted parameter space, we consider the full spectrum in our statistical analysis.

4.2. Searching for gamma-ray features with Fermi-LAT

With current instruments the sharp gamma-ray peak from internal bremsstrahlung is virtu-

ally indistinguishable from a gamma-ray line, therefore, we adopt techniques developed for line
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searches and modify them to better fit the needs of IB. As the signal of dark matter annihilation
is highly concentrated in energy it is possible to restrict the analysis to a fairly narrow energy
window, in practice only a few times the energy resolution of the instrument, around the dark
matter mass. We assume that in such a small energy range the astrophysical background can be
described locally as a simple power law, the spectral index and normalization of which we derive
directly from the data. Since no detailed understanding about the origin of the background is
necessary, it is possible to select difficult but highly promising target regions like the Galactic
Center. In our analysis we focus on dark matter masses in the range 40 GeV < m, < 300 GeV.
This choice for the lower end of the energy range is motivated by the lower limit on the mass
of charged scalars from LEP m, 2 40 GeV [73] which excludes much lighter dark matter in the
mass-degenerate scenarios m, ~ m, considered here. The upper limit is due to the fact that
dark matter heavier than 300 GeV would produce a spectral feature outside the energy range
of Fermi-LAT.

4.2.1. Dark Matter signal from the galactic halo

Dark matter annihilations in the galaxy contribute to the gamma-ray flux from a given direction

with an intensity which is proportional to the density squared integrated along the line of sight

aJ, _ {ov) dN 9
EdQS) = &rmz ag | PO
L.

0.8.

(4.2.1)

where dN/dE represents the energy dependence of the gamma-ray spectrum produced in the
annihilation and £ is the angle to the Galactic Center. The integration variable s > 0 denotes the

distance along the line of sight and the radial coordinate r, which measures the distance to the

Galactic Center, can be expressed as 7(s,&) = \/(ro — scos€)? + (ssin€)2, where rg = 8.5 kpc
is the distance between the Solar System and the center of the Milky Way.

Here, we will consider a generalized Navarro-Frenk-White (NFW [74] [75]) profile

1
(r/rs)* (L+7/rg)*~"

Py (1) o (4.2.2)
which we normalize to p, = 0.4 GeV cm™> at the position of the Earth [76] [77] and a scale
radius r; = 20 kpc. The standard NFW profile is recovered for o = 1 while larger values of «,
which are motivated as a mean to parametrize the effect of adiabatic contraction [78, [79, 80, 81],
correspond to a steeper inner slope of the dark matter halo. We take values of « in the range

1 < a < 1.4 which are allowed by microlensing and dynamical observations [82].

4.2.2. Event and target region selection

The data measured by Fermi LAT is publicly available [83]. We consider 43 month of data taken
between the Fourth of August 2008 and the Sixth of February 2012 and use only events from the
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Figure 4.5.: Target regions used in our spectral analysis (solid black lines). From top left to
bottom right, Regl, Reg2, Reg3 and Reg4 are respectively optimized for DM profiles
with inner slopes of a = (1.0,1.1,1.2,1.4) as described in the text. The optimization
maximizes the signal-to-noise ratio. For comparison, the colours show the expected
signal-to-background ratio, normalized in each case to 1 for the central pixel. These

figures were originally published in [18].

P7CLEAN_V6 event class. In our analysis we include both front- and back-converted events in the
energy range 1-300 GeV. In order to minimize contamination by photons from the Earth Albedo
we reject events with a zenith angle > 100° and apply a quality filter cut DATA_QUAL==1.
We have used the 06/10/2011 version of ScienceTools v9r23pl throughout our analysis.

In order to search for spectral features it is of utmost importance to select an appropriate
target region since an inefficient region of interest can lead to unnecessary background levels
and thus reduce the significance or even hide a signal. We optimize our signal region with a
data-driven method based on the expected signal-to-noise ratio and determine optimal signal

regions for four different generalized NFW halo models with o = 1.0, 1.1, 1.2 and 1.4.

First, we divide the full data set into two distinct energy ranges, a low energy sample
1 GeV < E, <40 GeV, which we use in our optimization procedure, and a high energy sample
40 GeV < E, < 300 GeV, which is employed in the actual search for IB. Next, we construct a
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two dimensional equirectangular count map covering angles with || < 90° in galactic latitude
and —90° <[ < 490° in galactic longitude with a pixel size Ab = Al = 1°. As the gamma-ray
flux is falling rapidly with energy, the number of gamma ray events ¢; observed in a given pixel
i in the energy range 1 GeV < E, < 40 GeV is dominated completely by the lowest energies, i.e.
events with £, ~ 1 GeV. Under the assumption that the spatial distribution of the astrophysical
gamma-ray emission at 1 GeV and in the search region 40 GeV < E, < 300 GeV are similar we
can use the low-energy data to estimate the spatial distribution of the background for our search.
Furthermore, we can derive the expected number of signal events in a pixel y; from Eq.
up to an overall normalization. At this point the normalization is undetermined as we leave owv
and dN/dE unspecified here. As the halo profiles considered here are all spherically symmetric,
1; depends only on the angle £ relative to the Galactic Center and the halo model parameter a.
It should be noted that we neglect the angular resolution of Fermi-LAT, which is Af < 0.2° for
E, > 40 GeV. Now we can determine the expected signal-to-noise ratio as R; o j1;/4/c; where

we have assumed that the signal is small compared to the background, i.e. u; < ¢;.

In principle the optimal target region is given by the set of pixels 7, which maximizes the

total signal-to-noise ratio
Rt, = 721’67:’ fi .
\/ 2oieT, Ci

possible combinations of pixels it is not feasible to calculate the

(4.2.3)

As there are in total ~ 2180%

optimal set 7, exactly by simple scanning. Instead, we use an iterative procedure to construct

an approximate target region by using the following algorithm:

1. We start by selecting the pixel with the single highest signal-to-noise ratio R; as a seed.

2. We check for every pixel not in 7 whether adding it increases the total Ry, then all pixels

which were found to improve the total signal to noise ratio are included at once.

3. We determine for each pixel in 7T if its subtraction increases R+ and remove all pixels for

which we found Ry to improve at once.
4. Step 2 and 3 are repeated until the number of pixels in 7 remains constant.

5. Finally, we clean up our sample by removing small regions which are disconnected from

the main target region around the Galactic Center.

It should be mentioned that the removal of separated regions in step 5 of our algorithm has
very little impact on our results and just cleans the border of the target region. Furthermore,
we find only very little dependence on the initial seed and observe that the selection process

always prefers regions around the Galactic Center.

We consider four values for the halo parameter o« = 1.0, 1.1, 1.2 and 1.4 and obtain four
different target regions, Regl, Reg2, Reg3 and Reg4 which are indicated in Fig. with a solid
black line. For illustration we use a colour code to show the expected signal-to-background ratio

normalized to one for the pixel for which this ratio is maximized. As can be seen in Fig. [£.5] the
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optimal target region is large for & = 1.0 and reaches up to galactic latitudes |b| < 70° while
larger values of « lead to a drastic contraction of the target region and a strong concentration
on the Galactic Center. General features which are present in all the regions are a certain
north/south asymmetry which prefers the galactic south since the diffuse gamma-ray emission
of our galaxy is stronger in the north. Furthermore, we find that the galactic disc is strongly

disfavoured.

4.2.3. Spectral analysis

In our search for an IB feature in the gamma-ray spectrum we use a sliding-energy-window
technique which has been discussed in the context of line searches in [84] [75, [85], 86] and choose
a small energy window around a given dark matter mass. To be precise, we take the energy range
to be £ = mxe*(”. . .min[mxeo'3, 300 GeV], where € is an energy dependent parameter which
controls the width of the energy window. Numerically we use € ~ 1.8 at 40 GeV and increase it
to € ~ 7 for m, = 300 GeV. This parametrization of the window size is identical to the one used
in Ref. [85], where it was shown explicitly to allow a good background fit for line searches. As
the IB spectrum is expected to peak at energies 0.7 m, < Ejeqr < 0.9 m, the window taken here
is not symmetric around the dark matter mass m, but shifted towards lower energies in order to
increase the sensitivity. Furthermore, we want to stress that we expect secondary photons from
decay and fragmentation to be irrelevant for our analysis as they do not contribute significantly

to the gamma-ray flux in the energy window chosen in this analysis.

For each dark matter mass m, and a given mass splitting u, we fit the gamma-ray spectrum
measured in the corresponding energy window for the four target regions discussed in Sec. [4.2.2]
with a three-parameter model. We describe the astrophysical background as a single power
law with the spectral index and the normalization as free parameters while the IB-signal, the
spectrum of which is fixed for a given choice of m, and p, has only the normalization as a free

parameter. Note that the IB normalization is required to be positive in order to be physical.

We perform a binned analysis of the measured gamma-ray spectrum in the energy window
and divide the observed events into a large number of energy bins (200 per decade). Since the
size of these energy bins is small compared to the energy resolution of Fermi-LAT this procedure
is essentially equivalent to an unbinned analysis. In a given energy bin j we observe a number of
events c;. The expected number of events y; in bin j can be calculated by convolving our three-
parameter model for the gamma-ray flux described above with the energy resolution and the
exposure of the instrument. We infer the energy resolution directly from the instrument response
function of the P7TCLEAN_V6 event class and calculate the exposure maps with ScienceTools
vI9r23pl. Furthermore, we average properly over front- and back-converted events and take the
effect of different impact angles into account using our own software. Now the signal can be
fitted to the data by maximizing the likelihood function £ = II;P(c;|p;) with respect to the
three parameters of our model. Here P(c|u) is the Poisson probability of observing c¢; events

when p; events were expected.
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On the one hand, limits on the significance of a dark matter signal can be derived with the
profile likelihood method [87]. In order to obtain one-sided 95% CL upper limits on the IB cross
section we increase the normalization of the dark matter signal of our model while refitting the
background parameters until —2In £ increased by 2.71. On the other hand, the significance of a

signal can be determined from the test statistics (T'S)
Enull
Ebest—ﬁt

where Lyesi-fit 1S the likelihood of the best fit and L.,y the likelihood of the null hypothesis. As

the dark matter signal is bound to be positive for physical reasons, T'S is expected to follow a

TS = —2In , (4.2.4)

0.5X7_+0.5x7_, distribution (see e.g. Ref. [85]), where x7_, and x3_, have zero and one degree
of freedom, respectively. A value for T'S measured for a dark matter mass m, corresponds to a
significance of slightly more than +/T'So.

Finally, we need to take into account that we perform more than one statistically independent
trial. We scan both over m, and four different target regions, and thus the chance of finding a
pure statistical fluctuation is increased. In order to take this so-called looking-elsewhere effect
(LEE) into account we approximate the distribution of maximal TS value from which we de-
termine the significance of our signal by 4 x 4 = 16 trials over a x7_, distribution. Four of our
trials come from the four different target regions we consider, while the other four are due to the
scan over m, ( see Appx.|C|for details). Therefore, the global significance of an observed signal
can be determined by solving P(x;_, < T'S)#Wals = P(y2_| < 0?) for o, where P(x2_, < TS)

is the probability of observing a value smaller than 2 when drawing from a x3 distribution.

4.3. Significance of a gamma-ray spectral feature

We do not find a gamma-ray feature with a significance of more than 5o in our analysis. There-
fore, we derive the 95% CL upper limits on the IB cross section for u = 1.1 in the four different
target regions depicted in Fig. and show the results in Fig As can be seen the limits on
the cross section for the three less contacted profiles, a = 1.0, 1.1 and 1.2, agree up to a factor
< 3 while the limits on the cross section for the steepest profile & = 1.4 can exceed the weaker
limits by more than one order of magnitude. We are able to exclude cross sections larger than
10~26cm3s~! for almost all masses and can even exclude cross sections as low as 10~ 28cm3s !
for a = 1.4 and m, < 100 GeV. Furthermore, the grey cross in Fig. indicates the theoretical
prediction for the CMSSM benchmark point BM3 (stau coannihilation) of [53]. Unfortunately,
it turns out that the theoretical expectation in this SUSY scenario still remains below the upper

limits and IB features from stau coannihilation cannot be tested with current observations.

Even though we cannot claim the detection of a dark matter signal at 5¢, it is interesting to
analyse the observed significance of a spectral feature in some more detail. We show in the left
panel of Fig. the TS value of an IB-feature for 4 = 1.1 and the four target regions described
in Sec. As can be seen from the plot we find the highest significance for a dark matter
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Upper 95% CL limits for different DM profiles, u=1.1
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Figure 4.6.: Our results for the 95% CL limits on the three-body (IB) annihilation cross section of
xx — ff7, for different values of the dark matter profile inner slope c. The limits
are obtained by a spectral analysis of the gamma-ray flux in the corresponding
target regions shown in Fig. We assume a mass splitting of p = 1.1. Note that
the limits do not directly depend on the nature of the final state fermion f, as they
are derived from the IB feature only. The gray cross shows the CMSSM benchmark
point BM3 from Ref. [53]. This figure was originally published in [18].

mass m, ~ 150 GeV in Reg2, and a similar, though less significant, indication for a gamma-ray
excess in Regl, Reg3 and Reg4. The local statistical significance of a dark matter contribution
to the gamma-ray flux is vVT'S = 4.30, which corresponds to global significance of 3.10 once the

look-elsewhere effect is taken into account.

In the right panel of Fig. [£.7] we show the gamma ray data and the fit to the signal in Reg2
where the spectral feature is clearly visible by eye. It should be noted here that an IB signal from
m, =~ 150 GeV corresponds to a gamma-ray excess at I, ~ 130 GeV since the IB spectrum
peaks at energies slightly below m,. The additional, less significant, fluctuation at 50 GeV is in
complete agreement with statistical expectations and should not be taken as an indication for
dark matter annihilations. Finally, we would like to comment on T'S = 0 which we observe for
certain mass ranges. This value of TS is essentially due to the fact that at these masses the fit
prefers a negative normalization of the spectral feature such that, since we enforce a positive
normalization, the likelihood of the best fit model becomes identical to the likelihood of the null
model, i.e. T'S = 0.

We investigate the possibility that our signal is due to some unexpected systematic error by
performing a number of tests. On the one hand, masking different halves of the sky has no
effect on the presence of the signal and we find an excess independently in four different parts
of the sky (east, west, north and south). On the other hand, the signal vanishes completely

once we shift the target regions by 10 — 20 degrees away from the Galactic Center as expected
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Figure 4.7.: Left panel: statistical significance for VIB-signal in terms of the T'S value, as function
of m,, and for the different target regions shown in Fig. @ Right panel: fits to data
in Reg2 for the best signal candidate at m, = 149GeV. We show the background-
only fit without dark matter signal as red bars. The green bars show the background
plus DM signal fit, the blue line the corresponding VIB signal flux. In the right panel,
we rebinned the data into (9 times) fewer bins than actually used in our statistical
analysis in order to improve the optical appearance of the figure. Note that the
shown fluxes are already integrated over the individual energy bins and properly
convolved with the LAT IRF. These figures were originally published in [I§].

for a genuine dark matter signal. Furthermore, an analysis of the PTULTRACLEAN_V6 and
P7SOURCE_V6 event classes reveals the same gamma-ray excess as do back- and front-end
converting events separately. Finally, the uncertainty of the effective area is 2% [88] and thus
much too small to account for the full signal flux. Neither of these tests is able to exclude a dark

matter interpretation of the gamma-ray excess.

The best fit IB cross section is (ov) = (6.2 + 1.5 T99) x 107%"em3s™! for @ = 1.1 and
my, = 149 £ 4 f%GeV; the errors are respectively statistical and systematic [°l The 130 GeV
gamma-ray excess can also be fitted with a gamma-ray line from yx — v+ with a cross section

357! and a dark matter mass m, ~ 130 GeV. This interpretation has been under

ov ~10"%"cm
considerable scrutiny in the past two years and the presence of an excess at the 2 3o level has
been confirmed in a number of independent studies [89) [90]. Recently the Fermi Collaboration
published the results of their search for gamma-ray spectral features. Using reprocessed data

with an improved energy resolution they find a decreased significance of 3.30 locally [91].

3The systematic error is due to the uncertainty of the total effective area and the uncertainty of the energy
calibration (cf. [88]).
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Figure 4.8.: Comparison of different upper limits on the three-body annihilation cross section of
XX — T pu~y, for three reference values of the mass splitting p. Black lines show
95% CL upper limits that come from our spectral analysis of the Galactic Center
fluxes as shown in Fig. assuming a standard NFW profile. Green lines (partially
overlapping) show the corresponding limits derived from dwarf galaxy observations,
taking into account both two- and three-body annihilation channels. Blue lines show
upper limits on the annihilation cross section that are derived from requiring that
the relic density predicted by our toy model does not undershoot the observed value.

Updated version of figure published in [I8].

4.4. Comparison with other constraints

In the following we will confront the limits from IB photons with other constraints. As the
limits on owv3_peqy Were derived exclusively from the IB spectrum it is particularly interesting
to assess how these limits compare to the bounds derived from the emission of continuum
photons. Furthermore, we will analyse the implications of the upper limits for the cross section
expected for a thermal relic, discuss the relevance of precision observables and comment on the

contribution to the cosmic antiproton flux.

4.4.1. Continuum photons from dwarf galaxies

As is well-known, dwarf galaxies are one of the most promising targets for the observation of con-
tinuum gamma-rays from dark matter annihilations. Dwarf galaxies are expected to be among
the most dark matter dominated objects in the universe while they host only moderate astro-
physical activity and no relevant gamma-ray emission from astrophysical sources is expected. To
date no excess over the background expectation has been measured from dwarf galaxies and there
are stringent upper limits on the gamma-ray flux from dark matter annihilations [92, 03, [94]. In

this work, we derive constraints on the three-body annihilation cross section based on the model
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Figure 4.9.: Same as Fig. but for annihilation into 77~ v. Updated version of figure pub-
lished in [I§].

independent limits on the gamma-ray flux published in [94]. This bound can be parametrized as

2
8 my

~ior 50 x 107 em’s 1 GeV ™2, (4.4.1)
v

(ov) <

where fo’t is the average number of photons emitted per dark matter annihilation in the energy
range 1-100 GeV. We calculate N;Ot taking into account both the photons from the IB process
and the tree level annihilation into fermion pairs. Note that we approximate the spectrum of low
energy continuum gamma-rays from the three-body process with the spectrum from annihilations

into ff thus overestimating N1°* slightly.

We show the limits on the IB cross section for different values of p and three different choices
of the final state flavour in Figs. and As can be seen from the plots, the limits
derived from our search for a gamma-ray spectral feature exhibit only a mild dependence on
the degeneracy parameter p and are almost independent of the flavour of the fermions. This is
essentially due to the fact that for moderate values of u < 2 the shape of the spectral feature
has only a mild dependence on the mass splitting. The limits from dwarf galaxies exhibit a
stronger dependence on p for couplings to b quarks or 7s, while in the p*u~ channel there is
hardly any dependence at all since IB always dominates the total cross section in that case.
Interestingly, the limits from the gamma-ray feature surpass those from continuum photons by
orders of magnitude for dark matter coupling to leptons while the signal from dwarfs is more
constraining for coupling to b quarks. The reason for this comparatively high sensitivity of dwarf
searches to IB is that the process bby is always accompanied by bbg, which has a huge branching

fraction and produces a featureless gamma-ray spectrum.
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Figure 4.10.: Same as Fig. but for annihilation into bby. Note that we include bbg final states
when calculating the dwarf limits [64, [17]. Updated version of figure published
in [18].

4.4.2. Relic density

As already discussed in Sec. we generically expect the relic density of this model to be given
by Eq. However, we are particularly interested in the regime of p < 2 and are therefore
prone to corrections from coannihilations. We perform a full numerical calculation of the relic
density with MicroMEGAS [40] and find that the analytic estimate of the relic density neglecting
coannihilations is only approximately correct for p > 1.3 for leptons and p > 1.8 for dark matter

coupling to bottom quarks.

With the results of our numerical simulation we are now able to calculate the three body
annihilation cross section expected for a thermal relic. As apparent from Figs. the
upper limits from the search for a gamma-ray feature are still more than one order of magnitude
away from the thermal expectation and we cannot hope to observe such a signature with Fermi-
LAT unless either a astrophysical enhancement or a particle physics correction changes these

results significantly.

4.4.3. Precision observables

Muon g — 2. For dark matter coupling to muons a dark matter-mediator loop can contribute to

the muon g — 2. In our model the contribution to g — 2 can be written as [95]

2 2
pm_ ST My
X
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where u = (m,/my)? parametrizes the mass splitting, m, is the muon mass and the loop

function F'(z) is given by

B 2+ 3z — 622 + 23 + 6z logx
Flz) = 6(z—1)%

(4.4.3)

As is well known, the measurement of g — 2 exhibits a long standing 30 deviation from the
theoretical expectation [96]

aS® —aiM = (20 +£9) x 10710 (4.4.4)

Unfortunately, the contribution from our dark matter model has the wrong sign and therefore
any additional contribution can only worsen the agreement between theory and experiment.
Since even the Standard Model is already excluded at 30 we choose to interpret the current
observation as a statistical fluctuation and demand that the total theoretical prediction should
agree with the experiment at the 5o level. In the limit @ — 1 the measurement constrains the

coupling y < 1.7(m,/100 GeV), which corresponds to an upper bound on the cross section for

XX — 'ty given by

_ _ m 2
(0V)3-body < 2.5 % 10 Bem3s~! (m) . (4.4.5)

Typically this limit is weaker than the bounds from gamma-rays presented in Fig. and we

do not get an additional constraint from g — 2.

Furthermore, the model considered here contains new scalar particles which are charged under
SU(2) x U(1)y and can thus induce corrections to the oblique parameters S, T and U [97, [98].
However, as long as the scalar particle is an SU(2)r, singlet, the three oblique parameters do

not receive any exotic modifications.

4.4.4. Antiproton observations

In the case where the scalar n is colour charged the annihilation channel xyx — ¢gg, which
contributes to the cosmic antiproton flux due to the decay and the fragmentation of the gluon and
2 this process
is enhanced with respect to the photon-IB channel by a factor ~ 100 [56], 99, 17, 64]. Therefore,

the constraints on ¢y which can be derived from antiproton measurements are remarkably

the quarks, is allowed. As the gluon cross section is proportional to o and not «

strong and can be comparable to or even stronger than the limits from gamma-rays for certain
choices of cosmic-ray propagation parameters [17, [64], however, it should be noted that the

uncertainty due to cosmic-ray propagation is large.

There is also a contribution to the antiproton flux in leptophilic model due to the yx — ffZ
channel which has a cross section comparable to yx — ffv for dark matter masses sufficiently
larger than my [100} 57, 60 58, 23, 61, 17]. In this case the limits from antiprotons are less
important and in the mass range m, ~ 100 — 300 GeV antiproton limits are weaker than the

bounds from our search for any choice of cosmic-ray propagation parameters.
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4.5. Summary of internal bremsstrahlung searches

One of the main challenges for indirect dark matter searches is to find a reliable way to discrim-
inate between an actual signal from dark matter annihilations and astrophysical backgrounds.
Since a sharp gamma-ray feature, which could be created by annihilations into a pair of photons
or by the internal bremsstrahlung process, cannot be mimicked by astrophysical sources this

class of signatures are most promising for dark matter detection.

We adapted methods developed for line searches and conducted, for the first time, a dedicated
search for an IB-like feature using 43 month of public Fermi-LAT data. Furthermore, we propose
a new data-driven technique for the determination of the optimal target region based on the

maximization of the expected signal to background ratio.

We derived upper limits on the annihilation cross section which exceed the limits from dwarf
galaxies and antiproton measurements for dark matter coupling to leptons. However, we find that
these limits fall short of the expected thermal cross section by about one order of magnitude
and the exclusion of a heavy thermal relic remains impossible unless the annihilation rate is

enhanced by astrophysical boost factors.

We find a weak indication for a gamma-ray excess at £, ~ 130 GeV which could be explained
by an internal bremsstrahlung feature from the annihilation of dark matter with a mass m, =
149 4+ 4 *§.GeV and a cross section (OV) sy = (6.2£1.5 09 x 10727em3s L Tt is also
possible to fit the signal with a gamma-ray line for a dark mass m, ~ 130 GeV and a cross

351, The local statistical significance of this signal is 4.30 which

section (00)yy—yy ~ 107* cm
corresponds to a global significance of 3.10 once the look-elsewhere effect is taken into account.
It should be noted that the preferred cross section is surprisingly large and is not easily explained
by conventional models. So far no conclusive explanation of the excess has been found. However,
a recent analysis by the Fermi Collaboration reported a decrease of the significance which could
indicate a statistical fluctuation. Nevertheless, the observation of a gamma-ray feature remains

an intriguing possibility for the detection of dark matter.






5. Direct Searches: Complementarity and
Spin-dependent Sensitivity

The second main way to probe dark matter interactions with the Standard Model is the search
for the scattering of WIMPs off SM matter. As the Earth is immersed in the dark matter halo
of our galaxy, we expect a huge flux of dark matter particles through the Earth at any time. In
direct detection we search for the energy deposit of dark matter recoiling against regular matter,
usually nuclei, and thus probe the interactions between dark matter and the SM. However, the
scattering cross section is expected to be very low and the observation of this signature requires
a high level of background suppression, making the direct search for dark matter a technically
very challenging endeavour. Nevertheless, the field has made tremendous progress in the last
decade and pushes the sensitivity of direct detection experiments to unprecedented 10~4°cm?.
All considered, the current status of direct searches is rather puzzling. On the one hand, a number
of experiments, for example DAMA [101], CRESST [102], CoGeNT [103] and CDMS-Si [104],
observe anomalous recoil events compatible with a 10 GeVish dark matter particle. However, on
the other hand, these observations are in tension with null results from XENON100 [4], LUX [5]
or CDMS-Ge [105]. In the following we will remain agnostic as to the origin of these low mass
signatures and concentrate on the uncontested limits on the interactions of higher mass dark

madtter.

In this chapter we will first discuss the theoretical interpretation of direct detection before de-
riving explicit limits on the Majorana Dark Matter Model presented in Sec. and comment on
the complementarity of direct and indirect detection. Finally, we argue that the spin-dependent
interactions can contribute significantly to the recoil rate in XENON100 and could even be de-
tected before spin-independent interactions in upcoming experiments. Parts of this chapter have
been published previously in [19], [20] and [2I]. Useful reviews of the various aspects of direct
detection can be found in [106] 107, [108].

5.1. The recoil rate

As mentioned above, the key observable in direct detection experiments are nuclear recoil events
induced by the scattering of dark matter off the detector material. Since the velocity of WIMPs

in the galaxy is of order 10~ 3¢, the scattering process is highly non-relativistic and the recoil

37
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energy is given by

20 (1— cosf
Fp = My (1= cost) (5.1.1)
my

where my is the mass of the recoiling nucleus, uy = mympy/(m, +my) the dark matter nucleus
reduced mass, v the relative velocity of the incoming particles and 6 the scattering angle in the
center of mass system. For dark matter masses O(10 — 100 GeV), typical values of the recoil
energy are in the range 1 — 100 keV, i.e. the energy scale of WIMP nucleus scattering is very
small compared to the mass scale of dark matter. Therefore, the momentum transfer in the
scattering process is negligible and dark matter nucleus scattering can be described as a contact

interaction.

The differential recoil rate requires input from both astrophysics and particle physics and can

be written as

AR po [ doy
— = d E 1.2
1 = [ o) ). (512

where pg is the local dark matter density and f(v) is the local dark matter velocity distribution,
while the lower limit of the integration is set by the minimal velocity vin = \/mNER/ (QM?V)
required to produce a recoil event with energy Er and do/dFEp is the differential WIMP nucleus

cross section. Integrating the above equation over energy we obtain the total rate per kg x day

Po daxN
R= | dE d E 5.1.3
Jamn [ v uro) e, ). (513)
ET VUmin

where Er is the threshold energy below which a given detector is unable to measure the recoil

reliably.

The astrophysical parameters py and f(v) are crucial for a reliable determination of the
cross section o,y and a precise determination of their value is highly desirable. Unfortunately,
these parameters are hard to probe with current observations and there is a considerable un-
certainty associated with them. Unless stated otherwise we will adopt a set of fiducial param-
eters which is well within the range of commonly considered values. In the following we use
po = 0.4 GeV/cm? [76] and assume that the velocity distribution in the galactic rest frame is

given by a truncated Maxwellian

1 2
flv) = o exp (20_2 > O (Vese — V) , (5.1.4)

where vese = 544 km/s [109] is the escape velocity and the velocity dispersion o = /3/2vg is
related to the local circular velocity vy = 230 km/s [108]. In principle, this velocity distribution

is further modified by the movement of the solar system with respect to the galaxy and the
rotation of the Earth around the sun, however, given the uncertainty of vg we do not take these

effects into account here.



5.2 THE DIRECT DETECTION CROSS SECTION 39

5.2. The direct detection cross section

The dark matter nucleus cross section depends on the microscopic interactions between the dark
matter particle and the constituents of nuclear matter, i.e. quarks and gluons. Since the energy
scale of recoil events in direct detection experiments is small compared to the mass scale of dark
matter, these interactions can be described in terms of an effective Lagrangian L. Naturally,
the coefficients of the effective operators have to be determined by matching to the appropriate
amplitudes in the fundamental theory, however, by exploiting some properties of L.fs it is
possible to simplify the problem considerably without subscribing to a full theory. In particular,
as has already been noted in [110], the non-relativistic limit of axial-vector interactions describes
interaction between the spins of the WIMP and the quarks, while scalar, vector and tensor
interactions reduce to the same form and couple to the mass of the nucleus. Consequently, the
differential scattering cross section do/dEgR can be decomposed into a spin-independent (SI)

and a spin-dependent (SD) cross section

doyy dUiJIV dafjl\?
dEr  dERp = dER

(5.2.1)

Furthermore, we need to take into account that for Er 2 10 keV the wavelength associated
with the momentum transfer ¢ = v/2myEr becomes comparable to the scale of the nucleus.
When this happens the scattering process begins to resolve the inner structure of the nucleus
and coherence is partially lost. Conventionally, this is taken into account by introducing a form
factor F'(Er) which is normalized to unity at zero momentum transfer, F'(0) = 1. Thus, the

differential cross section can be rewritten as

doyny ~ mn
dEr 2u%v

5 (05" F31(ER) + 05" F3p(ER)) (5.2.2)

where O'g D

and agf are the SD and SI cross sections at zero momentum transfer and the appro-
priate form factors are included. In the following we will discuss each of these two interaction

types separately.

5.2.1. Spin-dependent scattering

For fermionic dark matter the leading contribution to spin-dependent interactions is induced by
coupling the dark matter current to the axial-vector quark current in the nucleus, as described

by the following effective Lagrangian

L} = dgxX" Y x@1usa - (5.2.3)

In order to calculate the WIMP nucleus cross section we need to evaluate the quark current in

the nucleon and obtain
(nlgyvsaln) = 25V Aqg™ (5.2.4)
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(n)

where s, is the spin of the nucleon and the coefficients A¢™, which can be measured in
polarized scattering experiments, parametrize the quark spin content of the nucleon. Having
evaluated the nucleon matrix element it is possible to write down the effective Lagrangian for

the SD interaction of dark matter with the nucleons

Eff} = dyxy"yPxnsun Z 2d,Aq" (5.2.5)

q=u,d,s

where we sum over the quark flavours which contribute to the total spin of the nucleon. After

rewriting the coupling of dark matter to protons and neutrons as

dg q ),
ap = g Aqg"Y, and a, = E A (5.2.6)
q Gr

the total spin-dependent cross section reads

dO.SD 16
xN MN 2 ~2
= ANGRJ(J+1
dER 2 (J+1) S@0) 7

(5.2.7)

where G is the Fermi constant, J the total spin of the nucleus and S(E) is a form factor which

parametrizes the effects of nuclear structure while the constant A is given by

1
A= i [ap(Sp) + an(Sn)] - (5.2.8)
For the presentation of the form factor it is convenient to replace a, and a, with the isoscalar
coupling ag = a, + a,, and the isovector coupling a; = a, — a,. Then the total form factor which

contains a pure isovector, a pure isoscalar and an interference term can be written as
S(E) = a3Soo(E) + a1a0So1(E) + a?S11(E) , (5.2.9)

where the S;;(E) are structure functions which need to be determined from nuclear physics

calculations.

In order to allow a better comparison of experimental results obtained with different target
materials, i.e. in order to compare different WIMP nucleus cross section with each other, ex-
periments report their results in terms of the SD-proton or -neutron cross section U;ED SD
under the assumption that only one of these terms is different from zero. In the case when only

and o)

SD-proton scattering contributes

2
u AT +1
0;?]{7) = Tg (Sp >23 7 SD , (5.2.10)
P

and the case of exclusive scattering off neutrons can be obtained with the appropriate replace-

ments.
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5.2.2. Spin-independent scattering

In contrast to SD interactions, the SI cross section can receive relevant contributions from a
rather large set of effective operators: both couplings to quarks and gluons or even higher order
operators can give sizeable contributions. Therefore, we postpone the discussion of the effective
dark matter quark/gluon Lagrangian at this point and will revisit it later in the next section in
the context of the simplified model introduced in Sec.

For Majorana fermions spin-independent interactions at the WIMP nucleon level can be de-

scribed in terms of an effective scalar Lagrangian
L8 = faxxin, (5.2.11)

where n represents the proton or neutron and f, is the coupling to the respective nucleon. The
contributions from the different nucleons in a given nucleus interfere constructively such that

we get the following expression for the dark matter nucleus scattering cross section

7§ = (2,4 (- )1 5:212)

where Z and A are the proton and the mass number of the nucleus, respectively. As can be
seen, the cross section is enhanced with A2, leading to an improved experimental sensitivity
to spin-independent interactions for heavy target nuclei. Finally, we need to take momentum
transfer dependent decoherence effects into account and after including the form factor F(ER)

the differential cross section reads

doyy _ myof! F2(Eg)
dFERr 203,02

(5.2.13)

In a large class of models the coupling of dark matter to nucleons is isospin independent, f, = f,.
It is customary to assume implicitly that this condition holds and present experimental results

in terms of a single spin-independent direct detection cross section

2
oS = BN 42551 (5.2.14)
Hp

5.3. Complementarity of direct and indirect detection

Having established the theoretical framework necessary for the interpretation of direct detection
experiments we can now exploit the wealth of observational data and put dark matter models to
test. One intriguing possibility is to analyse the direct detection properties of the dark matter
model described in Sec. and analyse the complementarity between direct detection and

searches for gamma-ray features.
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5.3.1. Effective operators

The starting point from which the interactions of dark matter with the nucleons can be derived

is the Lagrangian of our model

Efermion — *f)Z\I’R'LTh + h.c. s (531)

int

which allows for direct interactions between dark matter and the quarks. The first and most
obvious contribution to dark matter quark scattering is due to the s-channel exchange of the
scalar 7. This interaction induces spin-dependent and spin-independent scatterings off nucleons,
while further contributions to SI scattering arise from loop level interactions with both the
quarks and the gluons [107]. The leading contribution to SD interactions can be described by
the dimension-six axial-vector dark matter quark interaction in Eq. with a strength d,
given by

1 12

d pu—
1 Sm% — (my +myg)?

(5.3.2)

Interestingly, in the case of SI scattering the coefficient f, of the scalar term in the effective

SI
eff scalar

vector interactions Xy*xqy,q vanish to all orders since x is a Majorana fermion. Consequently,

Lagrangian £ = fyXXxQq vanishes for chiral interactions at dimension six and, furthermore,
the leading contribution to the SI coupling between dark matter and the nucleons has to be
generated at higher order. Expanding the scalar exchange beyond dimension six, the first non-

vanishing contribution arises from a dimension eight derivative term [111]

L2fr = 97010 X (@0 — 074) (5.3.3)
with the strength of the interaction given by
1 12
99 = 73 ; (5.3.4)
L8 m = (mytmg)?)?

and thus suppressed compared to the spin-dependent interaction. As can be seen, both d, and
gq are enhanced if the mass splitting is small which leads to an improved sensitivity of direct
detection to mass-degenerate scenariogl] A further contribution to the dark matter nucleus
coupling, which is subdominant for light quarks but can become relevant for quarks of the third
generation, is induced by the scattering of dark matter off the gluon content of the nucleon via

a scalar-quark loop, which generates a dimension-seven effective operator [107],

[ _
Eg]}}ons = basxxGy, G, (5.3.5)
where G* is the gluon field strength tensor. The strength of this coupling is given by
m2
b o= (BS - %BQS - Bis| o [ (5.3.6)

'For light quarks both d, and g, seem to possess a pole for m, — m,. However, it should be noted that the
expansion which leads to these expressions is only valid while m, — m, > A, where A is the characteristic

energy scale of the quarks in the nucleus. Conservatively, we always impose m, —m, > 1 GeV.
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where the B; represent loop functions which are reported in [111]ﬂ After evaluating the nuclear
matrix elements the effective dark matter proton coupling reads

f; m 8 3 _

L= XY e - jbf}%) —omy D g (q(p)(Z) + q(p)(2)) , (5.3.7)

my 2
q=u,d,s q=u,d,s,b

where f:(pi ) and f}p(); parametrize the quark and the gluon content of the proton respectively,
while ¢(?)(2) and ?)(2) correspond to the second moments of the parton distribution functions
(PDF).

The nuclear physics entering the calculation is encoded in a number of parameters: Ag®™
for SD scattering and f}q’n), }pG’n), q(p’”)(Q) and (j(p’”)(Q) for SI interactions. It is possible to
simplify the f;q’n) and f}%n) coefficient further and express them in terms of the w-nucleon
sigma term Y, and the parameter oy which can be determined in scattering experiments [112].
The fiducial values for these parameters can be found in [112, IT3]. It should be noted that
these parameters are known to be prone to uncertainties and in particular the uncertainty of
the parameters As®™_ ¥ and oy has a sizeable impact on the results [114]. Here, we use the

values from [112]

As?) = As™ = _-0.09 +0.03,
Yen = 64+8MeV,
oo = 3647 MeV . (5.3.8)

Furthermore, the uncertainty of the parton distribution function u(x) (d(z)) is at the level of 10
to 25% (10 to 50%) as can be seen in Fig. 9 of [115]. In the following we always take the most
conservative choice of nuclear parameters for our analysis, however, we later use the fiducial

values in the discussion of collider limits in order to facilitate comparison with other works.

5.3.2. Experimental searches

As discussed in more detail in Chapter [d] the most prominent indirect detection signature in this
model is the gamma-ray feature produced by the annihilation yx — ffv and the loop induced
process xx — 7. Apart from this contribution to the gamma-ray flux the model also predicts
a sizeable dark matter nucleon scattering cross section which can be enhanced significantly for
small mass differences Am = m,, —m,,. In the following we will describe briefly the method used
in our analysis and comment shortly on the additional data used with respect to the analysis
presented in Chapter

Spectral features and indirect detection

Apart from Fermi-LAT the Galactic Center has also been observed by the H.E.S.S. Cherenkov
telescope which recently published an analysis of 112h of data collected in four years [8]. The

2The analytic expressions in [IT1] contain errors, the appropriate corrections are reported in [107].
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target region selected by H.E.S.S. is a narrow cone with a radius of 1° around the Galactic Center.
Additionally, |b] > 0.3° is required in order to exclude the galactic disk and thus suppress the
astrophysical background. The main background is due to misidentified cosmic-ray protons even
though stringent cuts were employed to reduce this contamination. Using this data, the H.E.S.S.
collaboration performs a search for a spectral feature and reports limits on the flux of photons

both from a gamma-ray line and internal bremsstrahlung in the range from 500 GeV — 25 TeV.

A further improvement of the limits on spectral features with future experiments can be
achieved by a better energy resolution, a larger effective area or a better background suppres-
sion. In the following we will consider the prospects of two projected gamma ray telescopes,
the GAMMA-400 satellite experiment [I16] and the ground based Cherenkov Telescope Array
(CTA) [117]. On the one hand, GAMMA-400 is a prime example for an instrument with an
excellent energy resolution as it aims to achieve an accuracy at the percent level in energy while
the effective area is expected to be a modest O(1m?). CTA, on the other hand, is going to
possess a huge effective area with A.ry ~ 0.02,0.3,2.3 km? at energies of 100 GeV, 1 TeV and
10 TeV, respectively [11§].

Note that the hard gamma-ray spectrum in the model considered here is always given by
a superposition of a gamma-ray line and an internal bremsstrahlung feature. As we consider
a large range in p we always take the full mass dependence of the gamma-ray spectrum into
account. In our analysis we compute the differential gamma-ray flux as seen from the Earth

under the angle £ with respect to the Galactic Center,

dd 1 [dovggy 7 L [ py(r) 2

— = 2 E— - (B 3.

dEdS 471'( ap 2 mx)) B\, ) (5.3.9)
0

where 7 = \/(rg — scos€)2 + (ssin )2, ro = 8.5kpc. Here the radial dark matter distribution is
taken to be given by an Einasto profile

pr (1) o exp <_042E <£>QE> , (5.3.10)

with ap = 0.17 and scale radius 7, = 20 kpc [119], normalised to po(rg) = 0.4 GeV/cm3. This

primary energy spectrum has to be convoluted with the energy resolution of Fermi-LAT [120]

and H.E.S.S. [§], respectively. Finally, we use a binned profile likelihood analysis and derive one-
sided 95% CL upper limits on a dark matter signal on top of a smoothly varying background
spectrum, which was fitted to the Fermi-LAT data presented in [I121] (search region 3, Pass7
SOURCE sample) and the H.E.S.S. data from [8] (CGH region). For Fermi-LAT we employ the
same energy range and the same background parametrization as in Ch. [4] while we follow [g]
closely for the search conducted with the H.E.S.S. Cherenkov telescope. Comparing our results
for a pure gamma-ray line with the limits reported in [121], 8] we find agreement better than

20% in the complete energy range.

Furthermore, we calculate the expected limit for CTA and GAMMA-400 by generating a large

number of background-only data samples with Poissonian fluctuations around the expected
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background flux in each energy bin. Each of these mock data samples is then analysed for a
signal and we determine the expected upper limits on a gamma-ray feature by averaging the
individual upper bounds on a logarithmic scale. For modelling GAMMA-400 we follow [122] and
use the search region, observation time, background flux, effective area and energy resolution
given therein, however, we employ the same parametrization of the energy window as in Ch.
since this is optimized for internal bremsstrahlung searches. Comparing our prospected limits
for a gamma-ray line with [122] we find good agreement. In the case of CTA we use the effective
area and energy resolution from [I18] (MPIK settings) and assume 50h of observations of a
region with a 2° radius around the Galactic Centre. Our background model for CTA consists
of the gamma-ray emission close to the Galactic Centre measured by H.E.S.S. and misidentified
cosmic-ray electrons and protons. We adopt the same electron and proton fluxes as in [86] and
assume a proton/photon discrimination efficiency of 1% and an absolute observation probability
of 80%. Finally, we employ the same background parametrization as in Ch. |4/ and use a sliding
energy window (m, /e%7, m,e"3) with e = 3 (4) at m, = 1 (10) TeV. A comparable approach is
used in [123].

Direct searches

In this analysis we use the latest results from the XENON100 experiment [4]. The XENON
collaboration has collected 225 live days of data with an effective exposure of 2323.7 kg days. In
this data set 2 WIMP-like recoil events were observed in the energy window Er = 6.6 —30.5 keV
while 1.0 + 0.2 background events were expected. Using the Feldman-Cousins procedure [124]
we obtain a 95% CL upper limit on the total number of recoil events N < 5.72 which can
be translated into an upper limit on the coupling f for a given set of dark matter mass m,
and scalar mass m,,. We use the limit on the total recoil rate and not the upper limit on the
spin-independent cross section reported by the collaboration and, therefore, derive implicitly
constraints on the model parameters from the combined bound on spin-dependent and spin-
independent interactions. For the calculation of our prospects we use the expected sensitivity of
XENONIT [125].

5.3.3. Results for coupling to quarks

In this section we will present the limits on interactions with up or bottom quarks derived from
direct and indirect detection. Furthermore, we discuss the prospects for future experiments and

comment on the complementarity of projected direct and indirect detection experiments.

Current limits for coupling to quarks

Searches for a gamma-ray feature are sensitive to the high energy gamma-rays produced either

by internal bremsstrahlung or by a gamma-ray line. Annihilations into a gamma-ray line should
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Figure 5.1.: Upper limits (95% CL) on the annihilation cross section obtained from searches for

a spectral feature in the gamma-ray spectrum using Fermi-LAT and H.E.S.S. ob-
servations (blue lines), for three values of the mass splitting m,,/m, = 1.01,1.1,2
and assuming an Kinasto profile. Also shown are complementary constraints from
direct searches (XENON100, red lines) and constraints on secondary gamma rays
from Fermi-LAT observations of dwarf galaxies (light blue lines), both of which were
translated into limits on the annihilation cross section (ovg4gy) + 2(0v,). The black
lines indicate the cross section expected for a thermal relic. The lower frame shows an
estimate for the upper limit that can be achieved by searches for spectral features by
GAMMA-400 and CTA, respectively, as well as the prospect for XENONI1T. Here,
we assumed that dark matter interacts with right-handed up-quarks. These figures

were originally published in [21].
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DM coupling to RH up-quark (m, = 1.1m,)
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Figure 5.2.: Comparison of future prospects for searches for spectral features in gamma-rays
(GAMMA-400, CTA) and direct searches (XENON1T) in the case where dark mat-
ter couples to right-handed up- and bottom-quarks, respectively in the top and bot-
tom frames, and m,,/m, = 1.1. The shaded areas are excluded by various present
experiments as discussed in the text. The dashed black line shows the cross section
expected for a thermal relic, and the dotted black line refers to the case where the
Yukawa coupling is fixed to f = 0.33 (0.16) for u (b), as is appropriate in the super-
symmetric case. The dotted grey lines correspond to the +1¢ range for the expected

upper limit for CTA. These figures were originally published in [21].
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be considered for m,, 2 2m, and we present therefore upper limits on the combined cross section
0Vqgy + 200~,. However, this implies that we need to adapt the previous analysis of Fermi-LAT
data [I8] and the H.E.S.S. search [8] as these consider only pure internal bremsstrahlung. In
Fig. (top), we show the resulting upper limits (95% CL) obtained for ¢ = ug and three values
of the mass ratios m,/m, = 1.01,1.1, 2, ranging from 1072"—1072¢ cm? /s for m,, = 40—10* GeV.
As can be seen, the observational limits depend only mildly on the mass splitting. On the one
hand, the limits on a pure IB feature worsen slightly when m,/m, increases as the peak of the
spectrum gets broadened [I8]. On the other hand, this tendency only holds until the contribution
from the gamma-ray line becomes relevant as the line leads to a more strongly peaked spectrum
such that the limits improve with increasing ov(xx — 77v)/ov(xx — ¢gy). Once both effects
are included, we observe that the limits first degrade slightly up to my/m, ~ O(2 — 4) before
becoming slightly stronger again. The dependence on the mass ratio typically remains small.
Furthermore, as can be seen from Fig. the limits exhibit only a weak dependence on the
quark flavour. Note that only the observational limits depend weakly on the mass splitting; the
theoretical expectations for a thermal relic or a fixed coupling depend quite strongly on the mass

splitting.

The limit from the observation of dwarf galaxies constrain the production of secondary gamma-
rays, most of which arise from the xx — ¢gg final state. The Fermi-LAT bounds on this channel
are basically independent of the mass splitting and the quark flavour since any dependence of the
low energy spectrum on these parameters is washed out after fragmentation and hadronization.
The translation of the limits on ov,g, into limits on ovyg, is mainly given by the branching ratios
into these channels and, consequently, the bounds on annihilations into bottom quarks exceed
those on up quarks by a factor Q2/ QZ = 4. As becomes apparent in Fig. the limits from
dwarfs on dark matter coupling to bottom quarks are stronger than limits from line searches up
to dark matter masses of a few hundred GeV while the line search limits on coupling to up quarks
become competitive at lower energies. Finally, we would like to stress that the relative strength
of theses two searches depends strongly on the dark matter distribution in dwarf galaxies and
in the center of the Milky Way and, therefore, their comparison should be taken with a grain of

salt.

Furthermore, the interactions of dark matter with quarks can be tested by direct detection
experiments. As explained earlier in this section, the scattering rate receives an enhancement for
small mass splittings m, —m,. For m,/m, = 1.1 the constraints from XENON100 dominate over
the limits from indirect detection up to dark matter masses m, < 2 (cf. the top frame of Fig. .
Furthermore, the limits get even stronger for very small splittings and can exceed the limits from
Fermi-LAT and H.E.S.S. up to dark matter masses of 8 TeV for m,,/m, = 1.01. However, larger
mass splittings lead to weaker bounds and, for m,/m, = 2, the limits from direct detection
2 500 GeV. Dark matter coupling to

~

become comparable to the bounds from H.E.S.S. at m,,
bottom quarks cannot be probed as efficiently by direct detection experiments, therefore, the

bounds weaken by about one order of magnitude compared to dark matter coupling to up quarks
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(cf. Fig. . Nevertheless, limit on scenarios with coupling to bottom quarks are still competitive
and dominate over Fermi-LAT and H.E.S.S. limits on spectral features for m, < 600 GeV if
my/my = 1.1. It is interesting to note that the dark matter interpretation of the tentative 130
GeV gamma-ray excess discussed in Ch. [4 and indicated by a cross in Fig. is firmly excluded

by XENON100 in models of dark matter with couplings to quarks.

Finally, we want to caution that these results are only valid in the simplified Majorana dark
matter model considered here. While we expect minor extensions of the model, like for example
the presence of another scalar or coupling to left-handed quarks, to leave our main results
unchanged, it is not possible to draw robust conclusions if more general extensions of the model

are considered.

Prospects

Today the sensitivity of both direct and indirect detection is progressing very fast. We can expect
that current limits on gamma rays will soon be superseded by observations with GAMMA-400
[116], DAMPE [126] or CTA [117] while XENONIT [127], SuperCDMS [128], EURECA [129]
or DARWIN [125], [130] promise to improve the limits on the direct detection cross section by
up to three orders of magnitude. Consequently, it is interesting to assess the future prospects of
these two detection strategies in the context of mass-degenerate models. We present in Fig. [5.1
(bottom) the expected 95% CL exclusion limit of XENON1T, GAMMA-400 and CTA for three
mass ratio m,/m, = 1.01, 1.1, 2 for dark matter coupling to up quarks. As can be seen, GAMMA-
400 is expected to dominate the bounds from indirect detection up to m, ~ 200 GeV while CTA
is more constraining at higher masses. Interestingly, the expected limits from CTA exhibit a
rather flat behaviour in energy up to a few TeV. This can be understood from the fact that the
effective area of CTA increases rapidly with energy in this range and thus compensates the usual
my 2 dependence induced by the decreasing dark matter number density. Similar to Fermi-LAT
and H.E.S.S., the dependence of the gamma-ray constraints on the mass ratio m,/m, remains
weak, however, some slight differences with respect to the current limits arise. In particular we
observe that the dependence of the GAMMA-400 sensitivity on the mass splitting is inverted
relative to CTA. While CTA is most sensitive to a strongly peaked internal bremsstrahlung
feature, i.e. to small values of m,/m,, the constraints from GAMMA-400 are strongest for
my/my = 2. The reason for this is that the excellent energy resolution of GAMMA-400 allows
to distinguish between an IB feature and a line. The constraints improve since a line becomes
more prominent at large mass splittings, i.e m,/m, = 2. In this context it should be kept in
mind that the energy resolution of Fermi-LAT, H.E.S.S. and CTA does not allow to discriminate
between internal bremsstrahlung and a gamma-ray line, and both signatures would be observed
as a local distortion of the spectrum. Additionally, we show the projected upper limit from
XENONIT in Fig. (bottom). As can be seen these limits exhibit the same behaviour with
my/my as the XENON100 bounds depicted in Fig. (top) and discussed in the previous
subsection. If dark matter is coupled to up quarks, the projected limits from XENONIT are
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excellent for mass-degenerate scenarios and can even test models with quite significant mass
differences. For example, we find that the constraints from XENONI1T can exceed the limits

from indirect detection up to m, ~ 2 —3 TeV.

In Fig. we show a collection of current and future constraints on dark matter coupling to
up and bottom quarks for an exemplary mass ratio m,/m, = 1.1. As can be seen, we expect
the prospected limits from GAMMA-400 to be more stringent than current bounds from Fermi-
LAT and to improve by a factor of a few with respect to them. Furthermore, the sensitivity
of CTA exceeds H.E.S.S. limits by up to one order of magnitude due to its impressive effective
area. We would like to stress that these prospects are conservative and it is quite possible that
a better understanding of the instrument might lead to more optimistic conclusions regarding
the physics potential. Nevertheless, the precise mapping of the gamma-ray sky provided by
highly sensitive experiments, e.g. example H.E.S.S. or Fermi-LAT, does not allow for orders-of-

magnitude improvements.

Finally, a comment regarding the complementarity of direct and indirect searches for mass
degenerate scenarios is in order. As can be seen in Fig. the limits from XENON100 preclude
the observation of a spectral feature with GAMMA-400 for couplings to up or bottom quarks
and a mass splitting of 10%. Furthermore, similar conclusions hold in a wide range of mass
splittings and are not restricted to the 10% case we use for illustration here. Conversely, if we
observe an internal bremsstrahlung feature with GAMMA-400, direct detection implies that the
gamma-ray feature cannot be attributed to dark matter coupling to light quarks easily. However,
leptophilic scenarios do not suffer from such a tension and remain a plausible interpretation of

a gamma-ray spectral feature (see Appx. @

Another most interesting result concerns the complementarity between CTA and XENONI1T.
As becomes apparent from Fig. CTA, on the one hand, is going to improve the limits on
spectral features throughout the entire mass range m, = O(10) GeV — O(10) TeV in an almost
mass independent manner. On the other hand, XENONIT is limited to dark matter masses
less than a few TeV, but possesses a sensitive to extremely small cross sections in that mass
range. Therefore, the complementarity of indirect and direct detection is excellent and we find
that CTA and XENONI1T explore the parameter space in a fashion which is almost orthogonal.
Furthermore, there is a region of parameter space in which dark matter could be detected by
XENONI1T and CTA at the same time. In this case the correlation between the different signals
could provide valuable information about the properties of dark matter and would strengthen

the case of mass degenerate scenarios.

5.4. The spin-dependent sensitivity of XENON100

In light of the excellent sensitivity of XENON100 to spin-independent scattering it is timely
to analyse its sensitivity for spin-dependent interactions. Current direct detection experiments

can be divided into two classes; experiments either designed to have an excellent sensitivity to
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%, BTy,
(Sp)  (Sn) Sij (Sp) (Sn) Sij

“Bonn A” 0.028 0.359 Bonn A [136] —0.009 —0.227 Bonn A [136]

“Engel” 0.028 0.359 Bonn A [136] —0.041 —0.236 Engel [137]

“Nijmegen II” | 0.0128  0.300 Nijmegen 1T [136] —0.012 —0.217 Nijmegen II [1306]

“Bonn CD” —0.0019 0.273 Bonn CD [I38] —0.00069 —0.125 Bonn CD [138]

“Menendez+” 0.010 0.329 Menéndez et al [139) —0.009  —0.272 Menéndez et al [139]

Table 5.1.: The spin expectation values (S, ) and structure functions S;; of the target nuclei **°Xe and **' Xe.
This table was published previously in [20]

the SD or to the SI scattering cross section. More precisely, experiments using light neutron or
proton odd target materials, e.g. F (COUPP [131] and PICASSO [132]), are mainly sensitive to
SD interactions while, due to the A? enhancement of the cross section, SI dark matter nucleus
scattering can be probed more efficiently with high mass nuclei, e.g. Ge (CDMS [I33]), Xe
(XENON100 [134] and LUX [5]) or W (CRESST [135]). Nevertheless, SI experiments with high
mass target nuclei can have a good sensitivity to the SD cross section, provided there are proton
or neutron odd isotopes with a sizeable natural abundance. As is well-known [15] [16], xenon
detectors are well suited to constraining SD interactions since the neutron-odd isotopes 2*Xe
and '3'Xe have a significant natural abundance. In 2012 the XENON100 collaboration has
published their most constraining measurement to date corresponding to the results of 255 live
days of data taking [4] during which they observed no excess above the expected background ﬂ
In this section we will explore the sensitivity of XENON100 to SD interactions and point out
that upcoming ton-scale direct detection experiments in addition to their impressive projected SI
limits are certain to probe SD interactions to an unprecedented level. Furthermore, we investigate
the effect of the uncertainty of nuclear structure functions and show that SD-proton scattering
cannot be probed robustly with xenon detectors unless nuclear calculations provide more precise
structure functions. Finally, we demonstrate the importance of SD constraints by analysing their

impact in two well motivated particle physics models.

5.4.1. Experimental results and nuclear uncertainty

The XENON100 experiment has observed 3 WIMP-like recoil events in the energy window
Er = 6.6 — 30.5 keV, and expects a background of 1.0 events. We calculate the 95% CL upper
limit using the Feldman-Cousins procedure [124] and find for the number of dark matter induced
recoil events the upper limit Np < 4.91. A more advanced statistical analysis, e.g. a full likelihood
analysis, could exploit further information and is expected to give more stringent limits, however,

the method employed here is conservative and thus fit for a phenomenological reanalysis ﬁ Once

3Even though the SI limits of XENON100 have been superseded by LUX [B], XENON100 still provides the best
SD limits since LUX has not released their SD results. A reliable reinterpretation of the LUX SI results is not

feasible as they were derived using a full likelihood analysis of all recoil events.
* After the publication of [20] the XENON100 Collaboration released a SD analysis of their data based on a full

likelihood analysis [140]. The limits on the SD cross sections reported by them are stronger then our results

by a factor < 2 which proves the validity of our analysis.
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the upper limit on Np is known we can use the procedure described in Ref. [141] and translate it

into an upper limit on the SD-proton and SD-neutron cross sections o>

> O into a combination
k)

of these cross sections.

In order to allow for a better comparison with other experimental results, we deviate in this
analysis from our default parameters and use the “standard halo model” [I08] with a local dark
matter density pg = 0.3 GeV/cm?, a local circular velocity vg = 230 km/s, a mean Earth velocity
vp = 244 km/s and a local escape velocity vese = 544 km/s. Although this set of parameters,
which is based primarily on [I08] and on [109] for ves, is subject to astrophysical uncertainties
[109, 142], we choose to use it here since it is commonly adopted in the experimental community
and allows for a fairer comparison of our results with the literature. The main remaining uncer-
tainties in this analysis are the nuclear parameters, most prominently the structure functions
Soo, S11 and Spp of the two contributing xenon isotopes. In an attempt to quantify the total
nuclear uncertainty we consider five different nuclear models, the details of which are specified
in Tab. Three of these, namely “Bonn A” [136], “Engel” [137] and “Nijmegen II” [136] are
rather canonical parametrizations, while “Bonn CD” [I38] and “Menendez+" [139] were derived

from more recent nuclear models.

We encounter two problems in our attempt to quantify the nuclear uncertainty of the SD-
proton cross section. On the one hand, we find that the combination relevant for the SD-proton
cross section, Sgg + 511 + 501, is extremely small in the “Bonn CD” parametrization and appears
to be dominated by numerical errors in the energy range of interest here. If taken at face
value, these structure functions translate into an upper limit on the SD scattering cross section
which is weaker by a factor ~ 1000 than the constraints derived using other nuclear models.
On the other hand, the “Menendez+” parametrization provides an error estimate for Sy; and
S11. If these errors are combined naively, the total SD structure function Spg + S11 + So1 is
no longer guaranteed to be different from zero and the sensitivity to SD-proton scattering can
vanish completely. However, the errors are most likely correlated and such a combination is
not permissible. Since the information necessary to include these errors in the appropriate way
is not available we do not consider them in the following. These two issues imply that the
nuclear uncertainty of SD-proton scattering might be significantly larger than the spread of
the canonical models [136], [137] indicates. All considered, a better understanding of the nuclear
structure functions is necessary if reliable limits on the SD-proton cross section are to be derived
from xenon based experiments. The combination of structure functions relevant for SD-neutron

scattering, Sog + S11 — So1, is more robust and does not suffer from any of these issues.

In Fig. we show the 90% CL upper limits on the SD-proton (left) and SD-neutron (right)
cross-sections from XENON100 and compare them with the best experimental bounds from the
literature. We indicate the five different nuclear parameter sets discussed in the previous para-
graph by the thick, short dashed, dotted, long dashed and dot-dashed red lines. As can be seen,
the effect of nuclear uncertainties on the XENON100 limits is quite large. In particular, the

SD-proton limits are very sensitive to the choice of nuclear model and it should be noted that
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Figure 5.3.: XENON100 90% CL exclusion limits for pure proton (left) and pure neutron (right)
SD cross-sections. Shown are the results for five nuclear structure parametrizations:
“Bonn A” [136] (thick red), “Engel” [137] (short dashed red), “Nijmegen II” [136]
(dotted red), “Bonn CD” [I38] (long dashed red) and “Menendez+" [139] (dot-
dashed red). The prospects for XENONIT and a DARWIN-like experiment are
indicated by the lower thick red curves. For a pure proton coupling (left) additional
limits are available from IceCube [143, [144] bb (empty blue circles), WW (filled
blue squares), 77 (filled blue circles), SIMPLE ’12 [145] (black) and COUPP ’12
[131] (magenta). For a pure neutron coupling (right) limits from CDMS ’06 [146]
(blue), XENON10 08 [I5] (black) and ZEPLIN-III "12 [16] (magenta) are given for

comparison. Notice that the “Bonn A” and “Engel” models lead to very similar
S

D and thus the corresponding limits are indistinguishable, whereas the

results on o
“Bonn CD” model yields a very weak agD constraint above the plotted range. The
light grey area represents the region of the mass-degenerate model as described in
the text, while the dark grey region exhibits the measured relic density. Furthermore,
we show a scan of the 11-parameter MSSM with the light blue dots; the green crosses
indicate the points of the parameter space yielding the measured relic abundance.

These figures were published originally in [20].
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Figure 5.4.: 90% CL exclusion region in the a, - a, parameter space for a WIMP mass of 50
GeV. The line code is as in Fig. We also show the limits from XENON10 '08
[15] (blue), COUPP ’08 [147] (black) and PICASSO ’09 [132] (magenta). This figure
was published in [20].

the limits using the “Bonn CD” set-up are completely outside of the plot range. Essentially this
means that it is not possible to derive robust limits on 05 D from xenon based experiments, how-
ever, the effect of nuclear uncertainties on o> is rather mild and typically < 2. Furthermore,
XENON100 limits on SD-proton scattering are not competitive and lag considerably behind
SIMPLE and COUPP even for an optimistic choice of nuclear parameters. XENON100 con-
straints on the SD-neutron cross-section, on the other hand, are by far the most stringent limits

and surpass previous results by about one order of magnitude.

In addition to the bound from direct detection experiments mentioned above, there are limits
on SD interactions from mono-jet searches at the LHC which can reach a sensitivity of 10740 cm?
for axial-vector contact interactions [148, [13], [149]. However, these limits have been derived using
an effective operator approach, the applicability of which is questionable if the interactions
are mediated by an additional light degree of freedom [150} 151} [152]. Furthermore, there are
stringent bounds on SD scattering from neutrino telescopes, however, these are not completely
model independent and rely on the equilibration of capture and annihilation rate which has not

necessarily been reached today (see e.g. [I53] for a scenario without equilibrium).

Furthermore, we show in Fig. [5.3| the prospects for the projected experiments XENON1T and
DARWIN assuming the “Bonn A” structure functions. In the case of XENONI1T we use prospects
presented in [I125] and estimate the sensitivity to be 60 times better than in XENON100 whereas
for modelling a DARWIN-like detector we follow [154] and assume 2.00 ton.yr of effective xenon
exposure and a background level of one event in the energy range EFr = 10 — 100 keV. We
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GeV and a,/ap < 0. The line code is as in Fig. Also shown is the theoretical
expectation in the mass-degenerate model (grey) and in the 11-parameter MSSM

(light blue). This figure was published previously in [20].

find that the prospects depicted in Fig. [5.3] are very encouraging and constraining SD-neutron
cross-sections of 10742 — 10~ *'cm? appears to be possible with future experiments. If we assume
the “Bonn A” form factors, XENONIT has the potential to probe SD-proton cross sections
beyond the current limit from SIMPLE and COUPP while DARWIN could even compete with
neutrino telescopes. However, we need to caution that a robust interpretation of xenon based

experiments in terms of SD-proton requires an improved understanding of nuclear structure.

As the issues which plague the SD-proton interactions do not influence the sensitivity to
SD-neutron interactions the potential of future experiments should be taken very seriously. In
the next section we will show explicitly in the framework of two different well-motivated dark
matter models that the expected limits on the SD-neutron cross section of experiments such
as XENONIT and DARWIN are able to rule out region of parameter space which cannot be
probed by their SI interactions. Needless to say, for a fair comparison with other experiments
it should be kept in mind that not only xenon based experiments but also LHC searches [148],
neutrino telescopes [155] and SD direct detection experiments such as COUPP [156] are going

to improve in the next decade.

Fig. depicts the XENON100 90% CL limits on the effective coupling to neutrons and
protons a, , for m, = 50 GeV and compares then to previous limits. Even though nuclear un-
certainties can once again degrade the limits significantly, it is nonetheless clear that XENON100

contributes important information and constraints the parameter space considerably in a direc-
tion which is not probed by COUPP and PICASSO efficiently. Finally, we present in Fig. [5.5]
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the limit on the combined SD cross section for m, = 50 GeV and a,/a, < 0. This choice for the
sign of ay/a, is based on the theoretical expectation in the particle physics models we discuss

in the next section.

5.4.2. Study of particle physics models

In the following we will demonstrate the importance of the XENON100 limits on the SD cross
section in two exemplary dark matter models, the simplified model for dark matter interacting
with up quarks introduced in Sec and the MSSM. We begin by considering the simplified
model and take the Yukawa coupling f, the dark matter mass m, and the mass degeneracy

parameter m,/m, 2 1 to be free parameters.

As discussed earlier in this chapter both the SD and the SI cross section receive a considerable
enhancement if the mass splitting is small. For a fixed mass ratio m,/m, 2 1, the relative
importance of the SD and SI interactions depends strongly on the dark matter mass and, using
Eq. and Eq. we find the relation O";D / agl o d2 [ (mygu)? o mi between the different
scattering cross sections. Consequently, the total recoil rate will always be dominated by SD
scattering provided the dark matter mass is sufficiently heavy. Similarly, for any given dark
matter mass the direct detection rate is always dominated by SD interactions for a sufficiently
large mass ratio m,,/m,. In order to identify the conditions under which SD scattering dominates
over SI interactions we scan the parameter space (f,m,,my,/m,) of the model in the ranges
1074 < f < 10, my > 40 GeV, 1072 < my/my — 1 < 102 and my — my > 1 GeV. The last
condition is necessary to ensure the validity of the expansion leading to the effective Lagrangian
with the couplings as given by Eq. and Eq. We require that each parameter point is in
agreement with collider searches, namely ATLAS [157], L3 [158] and monophoton searches [159],
and exclude points with a SI cross section above the upper limit from XENON100. Projecting
the resulting parameter space into the dark matter mass m, and the SD cross section agg plane,
we obtain the light gray region in Fig. [5.3] The dark grey shading indicates regions in which
thermal freeze-out yields the correct dark matter relic density. As can be seen, the constraints
on the SD cross section are able to rule out a significant part of the parameter space which is
in agreement with the SI limits. This confirms our earlier estimate that there are non-negligible
regions in parameter space for which the recoil rate in xenon based experiments is dominated
by SD scattering. The result of the scan can also be seen as the grey line in Fig. for m, = 50
GeV. Note that in this model the relative strength of the proton and neutron coupling is fixed
by the relative abundance of up quarks in the nucleons, a,/a, = Au™ / AuP) ~ —0.52, such

that the parameter space of the scan reduces to a line in Fig. [5.5

Another interesting model to consider is the MSSM. Given the stringent bounds from collider
searches and the observed Higgs mass my, ~ 125 GeV, thermal dark matter is highly constrained
in some of the more restrictive realizations of supersymmetry, for a discussion of the post-LHC
status of supersymmetric dark matter in the constrained minimal supersymmetric Standard
Model (CMSSM) see [160, 161, [162), [163]. Furthermore, if the constraints on the SI scattering
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Parameter M, Mo | ] MgL,  MgR, Mgl Mgr m; tan 8(Mz) ma Ay
Min [GeV] 10 80 80 IOOb 1000 500 500 80 5 500 -4000
Max [GeV] | 2000 2000 2000 3000 3000 3000 3000 3000 25 2000 4000

Table 5.2.: Parameter ranges for the MSSM scan. The gluino mass parameter is fixed to M3 = 2

TeV, Ay qp =0 and m; = m?;R. All parameters except tan 8 and the pole mass m 4

are given at @) = 1 TeV. This table was published previously in [20].

cross section from XENON100 are imposed on the parameter space the allowed SD cross section
is typically below 10742 cm? [162] and thus undetectable even with future experiments like
XENONIT or DARWIN.

However, it is important to keep in mind that the conclusions drawn in the CMSSM depend
on the severe restrictions imposed by the model and need not hold in more general realizations of
supersymmetry. In order to determine the implications of lifting these assumptions we perform
a random scan of an 11l-parameter MSSM with DarkSUSY [164]. We vary the parameters of
the model within the ranges indicated in Tab.[5.2] and impose constraints from LEP, Tevatron,
b — sv and the p-parameter, which are implemented in DarkSUSY 5.0.5, and require a Higgs
mass in the range my = 125.5 + 1.5 GeV. Since light squarks are constrained severely by LHC
searches and a dedicated analysis of LHC limits on the squark sector is beyond the scope of
our work, we impose conservative limits on the squark masses mg , > 1.5TeV and mg, >
500 GeV which are allowed within simplified models containing squarks, gluino and a nearly
massless neutralino [165, [166]. Furthermore, all points are required to be compatible with the
XENON100 limits on the SI scattering cross sections and contribute to the gamma-ray flux
from dwarf galaxies at a level allowed by [93]. We show the range of SD cross sections that is in
agreement with all experimental constraints in Fig. (blue circles) and the range of point with
the correct relic density (green crosses). We find that both regions overlap and the relic density
is not correlated with a suppressed SD interactions. Quantitatively we find SD cross sections
as large as 1073% cm? for neutralino masses around 100 GeV which decreases to 1074 cm? at
my ~ 1000 GeV. Here, the neutralino is a mixed bino-higgsino state and the correct relic
density is achieved by annihilations with a Z in the s-channel or t-channel chargino exchange.
Interactions with scalar superpartners contribute only little to the relic density since the large

squark masses suppress the cross section efficiently.

In the case with heavy sfermions and a mixed bino-higgsino as dark matter, the dominant
contribution to SI interactions is Higgs exchange, while SD scattering is mainly caused by Z
exchange [I12]. The leading effects governing the relative importance of SD and SI scattering
in this scenario can be understood by considering the lowest-order contributions to the effective
Lagrangian given by

L = agix¥" X549 + a3iXX0idi (5.4.1)
where the first term induces SD and the second term SI interactions. For simplicity we consider

only quarks of the first generation, ¢ = u or d, in the following argument, however, we include
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twist-2 operators and loop-induced couplings in our numerical analysis. In the decoupling/heavy
squark limit, the coefficients for a neutralino xy = ZX1B + ZXQW + ngﬁu + ZX4I:Id are given by
(we use the notation of [112])

27,
an = —TB (124 = 1Zu) (5.4.2)
SM%C%/V X X
2 2
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AmZ (12 + 1) (u2 — vy (2Tt (5:4.3)

12

These approximations are valid while My < || < M and for large t3 = tan 5. Generically, there
is a strong correlation between these two terms, however, our scan of the 11-parameter MSSM
reveals a non-negligible region of parameter space in which the SI cross section is suppressed
with respect to SD scattering. A more detailed look at the parameter space shows that this
region is characterized by small negative values for 1 < 0 and |u|/M; Z O(1). Essentially, this
behaviour is due to the fact that there are blind spots in the parameter space where the SI cross
section vanishes (cf. [I67]). Quantitatively, we find a non-negligible region in parameter space

where cr[*ifl < 107%cm? and thus beyond the projected sensitivity of XENONIT while a SD

SD
n

experiments. At the LHC this scenario would be characterized by comparatively light charginos.

cross section o5P ~ 107%%cm? induces a sufficiently large recoil rate to be detected in future

Finally, we would like to note that this region of parameter space is typically excluded within
the latest CMSSM analyses, because LHC and Higgs mass constraints would require very large
scalar soft terms mg ~ 10 TeV [I60]. The reason is the large running of M%u induced by the
large trilinear term. Once we relax the CMSSM assumptions and allow the soft Higgs and squark
mass terms to vary independently a thermally produced neutralino with an observable SD cross-
section remains a quite reasonable possibility even though LHC searches for supersymmetry are

constraining this scenario.

5.5. Summary of direct searches

Due to the increasing sensitivity of dark matter searches a proper assessment of the complemen-
tarity of different search strategies is becoming more important. In this chapter we considered the
impact of direct and indirect detection on the parameter space of dark matter, concentrating on
searches for a gamma-ray feature with current and upcoming gamma-ray telescopes, i.e. Fermi-
LAT, GAMMA-400 and CTA, and compared them to the existing bounds from XENON100
and the prospects for XENONI1T and DARWIN. It turned out that XENON100 is already able
to exclude thermal dark matter up to hundreds of GeV depending on the mass splitting, while

gamma-ray searches fall short of probing the expected cross section of a thermal relic unless
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an astrophysical boost factor increases the gamma-ray flux. Furthermore, existing limits have
implications for future gamma-ray searches and we find that given the stringent constraints
from XENON100 even future satellite born gamma-ray telescopes with an improved energy res-
olution, e.g GAMMA-400, cannot hope to observe an IB signal from dark matter coupling to
light quarks. However, it appears that XENONI1T and CTA are complementary as XENONI1T
efficiently probes dark matter masses lighter than 1 TeV, while CTA is expected to be chiefly

sensitive in the multi TeV regime.

We demonstrated that in view of the stringent upper limits on the dark matter nucleon
cross section from direct detection experiments, it is important to consider both SD and SI
interactions. Using the latest XENON100 data we derived constraints on the SD cross section
and find that these limits exceed the previous best limit on SD-neutron scattering by about one
order of magnitude. In order to illustrate the relevance of SD direct detection we demonstrated in
two well motivated dark matter models that the scattering rate can be completely dominated by
SD interactions and showed that neglecting this bound can lead to a significant overestimation
of the allowed parameter space. Furthermore, we commented on the nuclear uncertainties of
SD scattering and find that xenon based experiments can be used to derive robust limits on
the SD-neutron cross section whereas a reliable interpretation in terms of SD-proton scattering
requires a better understanding of nuclear form factors. Finally, prospects for the detection of
thermal dark matter with the projected direct detection experiments XENONI1T and DARWIN

are promising and should not be disregarded.






6. Collider Searches: Probing the Dark Sector

Beside indirect and direct searches, collider experiments are the third main way to probe dark
matter. A striking difference between collider searches and the other approaches to dark matter
detection is that the LHC probes the interactions of the complete dark sector with the Standard

Model and not only the interactions of the dark matter particle.

However, constraining dark matter at the LHC is rather challenging, as the interpretation of
collider searches is highly model dependent and requires a good understanding of both theory
and experiment. One particularly enticing possibility to address this issue is to use simplified
models and classify the expected collider phenomenology while avoiding the constraints present
in a full theory. Here, we will focus our attention on the simple scenario of a Majorana dark
matter particle coupling to quarks via a scalar mediator we introduced in Sec The collider
phenomenology of this model is rather different from that of the popular effective operator
approach [148, [150, [168], as the production and decay of the scalar mediator 7 leads to final
states with multiple jets and missing energy, which can be searched for rather efficiently at the
LHC. Collider aspects of related models have been discussed in [169, 170, 171, [I72] ( see also
[173], 174, [I75] for a discussion of leptophilic models).

In this chapter we discuss the collider analysis in detail. In particular, we determine the total
production cross section at the LHC and find that apart from the standard QCD production
additional processes with dark matter exchange in the t-channel can be relevant in this scenario.
This possibility has been discussed previously in [169] 170, 17T, 172]. In the following we im-
prove the analysis by performing a dedicated re-interpretation of an ATLAS search including
jet matching with up to two additional jets in our Monte Carlo simulation. Recently a similar
analysis has been performed for Dirac dark matter [I52], however, the phenomenology of the
two models is different. Our analysis is based on the experimental limits on events with jets
and missing energy reported by the ATLAS collaboration in [12]. We derive upper limits on the
Yukawa coupling of our model and analyse the complementarity of the indirect detection signa-
tures discussed in Ch. 4} the bounds from direct detection derived with the methods introduced
in Ch. 5| and LHC searches. Finally, we analyse different experimental and theoretical uncer-
tainties which affect the LHC analysis and discuss their impact on the robustness of collider
limits.

In the following we will first discuss the various contributions to the production cross section
of the scalar 7 in Sec. and comment on the details of our LHC re-interpretation in Sec.

We present our results and discuss the complementarity in Sec. before summarizing our main

61
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Figure 6.1.: Feynman diagrams contributing to the production of coloured scalar mediators at

a hadron collider. This figure was published in [22].

conclusions in Sec. Parts of this chapter were published in [22].

6.1. Production at LHC

Probing dark matter at the LHC is a challenge since a good candidate for thermal dark matter
can only have interactions of weak strength and thus leaves the detector unobserved. Conse-
quently, the only signature of dark matter in proton proton collisions is the presence of a large
amount of missing transverse energy (MET). Recently, searches for mono-jet events with large
MET have been employed to constrain dark matter interactions [I50} [148]. However, models
with additional light degrees of freedom can offer more effective ways to probe the dark sector
than mono-jet searches. The most promising signature in the model under scrutiny here is re-
lated to the production of pairs of the mediator 7. Since n is not stable and decays into a xq
pair we expect n-jet events, n > 2, with large missing energy from 17 (nn) production. Such
a final state can be searched for very efficiently at the LHC since multi-jet events allow for a
better background suppression than mono-jet searches. Furthermore, this channel is particularly
interesting since 7 carries a colour charge and can thus be produced with a large rate at the
LHC.

At the LHC the production rate of n receives substantial contributions from three different
production modes. First of all, there is the production of n7 pairs due to QCD interactions from
gg or qq initial states, see Fig. for the Feynman diagrams contributing to this process. Since
this is a gauge interaction, the cross section depends only on the mass of 7 and neither m,

nor the Yukawa coupling f are relevant here (cf. Fig. [6.2]). Consequently, the importance of the
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Figure 6.2.: Contributions to the production cross section of the mediator n in proton proton
collisions with center of mass energy of 8 TeV as a function of the coupling f for
my = 300 GeV and m, = 600 GeV (left panel) and as a function of the dark matter
mass for fixed coupling f =1 and m, = 600 GeV (right panel). These figures were
published in [22].

different initial states is set exclusively by their parton luminosities and we find that the largest
contribution is coming from gg with ua and dd contributing at the O(1—10%) level while heavier
quarks are completely negligible. The second process which can be relevant is the production
of nn from the wu initial state due to dark matter exchange in the t-channel. Naturally, this
process cannot be considered on its own and the interference with the QCD contribution has
to be taken into account. As apparent from Fig. (left panel), the cross section is dominated
by gauge interactions for small values of f, however, for a moderate Yukawa coupling, f ~ 0.5,
the t-channel and the QCD diagrams interfere destructively and the cross section receives a
moderate suppression. For larger values of f the t-channel exchange begins to dominate and the
cross section increases with f4. In addition, there is a third process, which is also caused by dark
matter in the t-channel, the production of a nn pair. Analogous to squark pair production from
gluino exchange in the MSSM, a chirality flip of the t-channel fermion is required for this process
such that the cross section is proportional to the dark matter mass squared mi Consequently,
the cross section o(nn) vanishes for m, — 0 and increases with increasing m,. In a significant
part of the parameter space the cross section o(nn) actually dominates the production rate since
the parton distribution function of the up quark exceeds that of the anti-up considerably (cf.
[176] for a similar effect related to gluino exchange). For the same reason we do not need to
consider uu — 77 or t-channel processes with charm quarks in the initial state, which could in
principle contribute in our minimal flavour violating set-up with two scalars coupling to up and

charm quarks.

Unfortunately, leading order calculations at the LHC are known to be prone to QCD uncer-

tainties and typically receive substantial corrections from higher order effects. Even though a
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full treatment of the NLO corrections is beyond the scope of this work it is still interesting to
ask what the plausible range of these corrections is and to derive a first estimate of the impact
they have on the interpretation of LHC limits. Useful reference scenarios from which we can
get an indication of the size of NLO effects can be found among the more commonly studied
supersymmetric models. Consider for instance the pure QCD processes gg — 17 and dd — nn. If
all superpartners except for the light squarks are decoupled, as is the case in simplified models of
supersymmetry for LHC searches, the SUSY processes are similar to our scenario. Therefore, we
can simply use the SUSY cross section, which has been calculated at NLO and next-to-leading-
logarithm (NLL), aSE%*NLL [177). We will use the tabulated values available at [I78] in our
analysis. For squark production with a neutralino (bino) in the t-channel, which is similar to
the channels uu — nn and uu — 17 with t-channel dark matter exchange, there are no NLO
corrections available, however, [I79] considered the the NLO corrections to squark-squark pair
production with the exchange of a gluino in the t-channel and finds K =~ 1.4. While this case is
not strictly similar to our scenario, namely the gluino is a colour octet and not a colour singlet
like our dark matter particle, we expect the size of the corrections in this scenario to be larger

than in our case and choose a K factor smaller than this value .

We parametrize the effect of NLO corrections to the total cross section as
o=oq0p 4+ K x (aM0(f) — 60(0)), (6.1.1)

where 0O (f) denotes the leading-order cross section for a given coupling f, namely oC(0) is
the LO QCD contribution. We use CalcHEP3.2 [180] to compute the LO cross section and use
the CTEQG6 PDF set [115] in our calculation. In order to estimate the impact of QCD corrections,
we vary USI(JODJFNLL within the theoretical error given in [I77, [I78], and the K-factor within the
range 0.8 — 1.3. We would like to stress that these values for the K factors are just estimates
of the plausible range and should in principle be derived in a NLO calculation. Furthermore,
the calculation of the total cross section at NLO is not even sufficient since a full treatment
would require the higher order corrections on the exclusive cross section after cuts, which is
clearly beyond the scope of this work. As t-channel processes dominate the production cross
section of 1 in substantial parts of the parameter space this model is significantly different from
the simplified SUSY models considered by the experimental searches. We perform a full Monte
Carlo simulation of the production and the detector response in order to derive the appropriate

limits on the production cross section.

6.2. Re-interpretation of LHC constraints

We use the ATLAS search [12] for two or more jets and missing transverse energy based on
L =20.3fb~! of data collected at a center of mass energy of 8 TeV, in our analysis of the LHC
constraints. The minimal requirements an event need to fulfil in order to be considered in this

analysis are missing transverse energy Ejnliss > 160 GeV, transverse momentum pr > 130 GeV
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for the leading jet and pr > 60 GeV for subleading jets. The search is further subdivided into
signal regions defined by the number of hard jets, with a minimum of two and a maximum of six,
and by additional cuts, which allow for further background suppression (see [12] for details). The
ATLAS Collaboration has derived the expected Standard Model backgrounds for the different
search regions and calibrated the rates against four control regions.

No excess above the background is observed and therefore a 95%CL upper limits S&?S on the
number of signal events is reported for each of the search regions. This upper limits 5’8?5 can be

translated into the upper limit on the production cross section of a given model by
S =gy x L=0xex L, (6.2.1)

where oyis = o X € is the visible cross section, and the model dependent efficiency ¢ =

Natter cuts/Ngenerated 15 given by the fraction of signal events which pass all the cuts.

It is important to note that, while the observed limits on the signal events are model inde-
pendent, the interpretation in terms of the excluded cross section relies on the efficiencies which
depend on the precise kinematics of the final state and are therefore a model dependent quantity.
In our model the production of 7 is dominated by the uu — nn production mode in large parts
of the parameter space. As the production in the simplified supersymmetric model considered
in [12] is mediated by QCD interactions the efficiencies used in the experimental analysis are
not appropriate for a study of our model. A further source of model dependence can be relevant
for small mass splitting m, —m, < O(100 GeV). In this regime the jets from 7 decay are less
energetic and additional hard jets from the initial, final or intermediate particles in the diagrams

in Fig. [6.1] can become relevant and influence the efficiency considerably.

In order to determine the appropriate efficiencies in our model we perform a dedicated Monte
Carlo simulation with MadGraph5 [I81] interfaced with the fast detector simulation Delphes
(version 3.0.10) [I82]. We generate a large number of events with up to two additional partons
in the final state and take the double counting of matrix-element level partons and hard jets
from hadronization into account by employing the MLM jet matching scheme. The minimum
k; jet measure between partons is taken to be xqcut= m, /4 and the jet measure cut-off used
by Pythia [I83] is QCUT=xqcut. We cross checked our efficiencies against those presented by the
ATLAS Collaboration for a simplified supersymmetric model in [I2] and reproduce the cut-flow
tables reported in the experimental analysis. In general, the agreement between our results and
the official values from ATLAS is rather good; we find the agreement to be typical better than
10% while the largest discrepancies remain < 30%.

We calculate the efficiencies for all signal regions with n < 4 jets by generating a large number
of events on a two dimensional grid in the m,,m,/m, plane where we set f = fi,(my, my/my),
the expected coupling for a thermal relic. Based on these efficiencies we compute, using
Eq. , the upper limit on the signal cross section. The optimal signal region is selected
based on the best expected sensitivity. The efficiencies can be affected by uncertainties intro-

duced by the matching algorithm; in order to estimate the size of these uncertainties we vary
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xqcut and QCUT within a factor of two and find the changes in the efficiencies < 30%. Further-
more, the uncertainty can also be affected by statistics since only a finite number of events is
generated. This effect becomes relevant for small mass differences m, — m, or search regions
with n > 3 jets since in these regions only a relatively small number of events passes all the cuts.
In order to minimize this effect we generate up to Nyenerated ~ 1.2 X 105 events and exclude
search regions with a statistical uncertainty larger 30%. The size of this uncertainty is visualized
by the blue band in Fig.[6.3]

6.3. Results and comparison with indirect and direct searches

In the following we present our results from the re-analysis of the ATLAS search for jets and
missing energy [12] and discuss the relative importance of the constraints from direct, indirect
and collider searches. We concentrate on two of the minimal scenarios introduced in Sec. 3.1l and
present limits for a simple scenario where dark matter couples exclusively to ug and a scenario

with two mass degenerate mediators coupling to ugr and cg.

It turns out that the observed upper limit on the production cross section depends strongly
on the mass splitting 0 = m,/m, — 1 (cf.. For large mass splittings & > 1 the limits are
very strong and cross sections as small as ~ 1fb can be excluded. In this limit the strongest
constraints come from search regions with three and four jets and strong cuts, namely B; and Cy
in the notation of [12], as these regions allow for the best background suppression. For smaller
values of the mass splittings 6 = O(1) the efficiencies drop and the best limits can be derived
from search regions with looser cuts (B, and C),) which have larger statistics than the more
restrictive regions. We observe that the limits worsen by several orders of magnitude compared
to the limit of large §. If we consider even smaller mass splittings § < 1, the jets from the decay
17 — xq become soft and additional hard jets emitted from the initial, final or intermediate states
are crucial for the determination of the experimental sensitivity. Since hard jets are no longer
available from the decay the three and four jet search regions are inefficient in this limit and the
most sensitive regions are those with just two jets (A; and A,,). It should be noted that when
we include only one additional parton from the matrix element instead of our default number of
two, the constraints weaken in this region, as can be seen from the blue dashed line in Fig.[6.3
For § < 1 we find that the constraints form a plateau at 0.5 — 50 pb, depending on the mass of

the dark matter particles.

In addition to the experimental bounds we show the theoretical expectation for the cross
section assuming a thermal production of dark matter (see black lines in Fig.. The black
dashed line depicts the minimal production cross section due to QCD interactions. As can
be seen, the new physics contribution from dark matter exchange in the t-channel typically
dominates for mass splittings § 2 0.1 when we fix f = f;;, such that the thermal relic abundance
is in agreement with the latest observations by the Planck satellite. For § < 0.1 coannihilations

become relevant for thermal freeze-out and small values for f are favoured. Consequently, the



o [pb]

o [pb]

6.3 RESULTS AND COMPARISON WITH INDIRECT AND DIRECT SEARCHES 67
mpy = 200 mpy = 300
10°g T LB — T T T Ty 10° g LI e LI e — T T T Ty
E ﬁ excluded by ATLAS 3 E 3
102 jets+ETmiss - 102 -
E el 3 E excluded by ATLAS 3
E E jets+ETmiss E
ot T s N = 100" s e -
10° = g 10° =— --------------------- S \\\'. -
E 2 3 5 3 3
E \q\, 3 E 3 ’ 6{ E
C 2 1 C Yo ]
107 - 10 2 .
1077 5 i . E
10-2 Lol L Ll L IR 10-2 L Lol L Lol N\
1072 107t 10° 10t 1072 107t 10° 10t
m,/mpy—-1 m,/mpu-1
mpy = 500 mpy = 800
10°g L s T — T T T T Ty 10°g T Ty — T T T Ty
0% = 107 E
1l — 1L —
10'E ﬁ excluded by ATLAS E 10°E excluded by ATLAS 3
:‘ jets+ETmiss 3 F jets+ETmiss 3
S ° 1 = C e ]
10 === S e e - S 10%k=___ . . =
E 3 5 E = 3
0 e = 107 =
1072 E 1072 3
1073 1 1 11111 II 1 1 111 I..‘III . 1073 Lo i Ll
1072 107t 10° 10t 1072 107! 10° 10t
m,/mpy-1 m,/mpy-1

Figure 6.3.: Upper limit on the production cross section from the ATLAS search [12] for

jets and missing transverse energy (blue) as a function of the mass splitting

between the dark matter and mediator particle. The four panels correspond to
m, = 200, 300, 500, 800 GeV. The black line shows the expected cross section for a
thermal WIMP. The black dotted line is the production cross section arising from

QCD interactions only (i.e. for f — 0). The blue dashed line corresponds to the limit

one would obtain when including only one additional ISR/FSR jet in the matching.

For comparison, the blue dots mark the upper limit given by ATLAS [12] for a

simplified supersymmetric model containing squarks and neutralino. These figures

were published in [22].
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Figure 6.4.: Upper limit on the coupling f inferred from the ATLAS search [12] for jets and

missing transverse energy (blue) as a function of the mass splitting between the
dark matter and mediator particle, for m, = 200,300,500 GeV. The left panel

corresponds to the case of a single mediator coupling to ug, and the right to two

mass-degenerate mediators coupling to ur and cg, respectively. The blue dotted

lines indicate the uncertainty (see text for details), and the black line corresponds
to a thermally produced WIMP. These figure were published in [22].
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cross section of the t-channel process gets suppressed and QCD interactions dominate in this
regime. The gray band illustrates the impact of the theoretical uncertainty on the production

cross section as estimated in Sec. [6.1]

Furthermore, an interesting possibility is to relax the requirement of a thermal relic and treat
the coupling f as a free parameter. In this case the limit on the production cross section can
be used to derive an upper limit on the size of f (see Fig. [6.4]). The largest allowed values for
the couplings f are O(1) for 6 < 2 — 3 and increase fast beyond this range. The blue dotted
lines indicate the maximal combined uncertainty from our estimate of the QCD corrections to
the cross section and the statistical uncertainties of the efficiencies. Note that when the QCD
production cross section is larger than the excluded cross section the bound on f goes to zero.
When this happens the corresponding choice of the dark matter mass m, and m,, is excluded

irrespectively of the value of f and no contribution to dark matter is allowed.

In the left panel of Fig we show the scenario with just one mediating scalar coupling
to up while the right panel shows the case of two mass degenerate scalars coupling to ug
and cr. We find that the limits on f are rather similar except for small dark matter masses
my S 200 GeV. In this mass range the QCD cross section can become relevant and, since the
pure QCD production rate doubles in the scenario with two scalars, the mass range in which
all values of f are excluded gets larger. On the other hand, there is very little impact in the
parameter range where the t-channel process dominates as uu — 71 remains unchanged and
processes with charm quarks are strongly suppressed due to the parton distribution function of
the proton. However, there is an additional effect on the thermal coupling which has to be taken
into account. If coannihilations can be neglected, the thermal cross section scales like ov o< N f*
where N is the number of Standard Model fermions x interacts with. Consequently, the expected
thermal coupling changes as fy, o N~/4. The behaviour in the coannihilation regions is rather

complicated and we use results from MicrOMEGAS in all our numerical calculations.

6.3.1. Comparison with direct detection

The upper limits on the value of f can now be translated into constraints on the spin-dependent
and spin-independent direct detection cross section. We show the bounds on og; and ogp in
Fig. and compare them to the experimental upper limits from XENON100 [4, 140] and LUX
[5]. As explained in Sec. the direct detection cross section is enhanced for mass splittings
0 < 1, while collider limits get weakened due to the loss of efficiency caused by less energetic
jets from 7 decays. For 6 = O(1), on the other hand, the collider sensitivity is excellent and
the ATLAS limits exceed the bounds from direct detection experiments by orders of magnitude
in both SI and SD for dark matter masses in the range m, = 102 — 10® GeV. Furthermore,
the LHC limits can even exclude the QCD production of n for m, ~ 100 GeV and 6 = O(1).
For these masses the limit on f formally approaches zero which leads to the severe suppression
of the inferred direct detection cross sections, as can be seen in the middle row of Fig. It

should be noted that the impact of collider uncertainties, which is typically small, becomes large
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Figure 6.5.: Comparison of constraints inferred from the ATLAS search [12] for jets and missing

energy with the spin-independent (-dependent) scattering cross section off protons

(neutrons), shown in the left (right) panel. The rows correspond to mass ratios

my/my = 1.1,2,10 between the dark matter and mediator mass. Solid lines corre-

spond to the case where dark matter couples to ug, and dashed where it also couples

to cr. The blue dotted lines indicate the uncertainty of the collider constraint for

the case of ug-coupling (see text for details). These figures were published in [22].
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in this region and can change the limits by many orders of magnitude (see the blue dotted lines
in Fig. . In the case of large mass splittings § > 1 the collider bounds still remain excellent
for low m,, but weaken fast with increasing m, and d since mediators with m, 2 2 TeV cannot
be produced efficiently at the LHC. For comparison we also show the LHC limit for the ugr/cg
model as a blue dashed line. The black (dashed) line corresponds to the cross section expected
for a dark matter particle y which has the correct relic density due to interactions with a upg

(ur/cr) mediator.

6.3.2. Comparison with indirect detection

The most interesting signature of this model in indirect detection experiments is the presence
of a pronounced high energy feature in the gamma-ray spectrum. As explained in more detail
in Ch. |4] the spectral feature is dominated by internal bremsstrahlung for § < O(1) while the
contribution from yx — 77y becomes more important for 6 > O(1). In Fig. we show the
constraint on the combined annihilation cross section into hard gamma-rays, ovyz, + 20v,,,
derived from the ATLAS limit on f and compare it with the bounds from direct detection
[21] and the experimental limits from gamma-ray observations of the central galactic halo by
Fermi-LAT [I§] and H.E.S.S. [8]. As can be seen, the limits from direct detection dominate
over the upper limits from the LHC search for small values of . However, the LHC bounds
are much stronger for § = O(1) and constrain the possibility of observing a spectral feature
with present and upcoming instruments strongly for m, < 103 GeV. Nevertheless, gamma-ray
searches remain the most promising detection techniques for dark matter candidates with masses

in the multi-TeV range.

6.3.3. Constraints on thermal relics

Finally, it is interesting to analyse the impact of direct, indirect and collider searches on the
allowed parameter space for thermal dark matter. If we demand that the relic density predicted
in our scenario matches the observed relic density, we can fix one of our free parameters in terms
of the other. To be more specific, in the following we choose m, and d to be our free parameters,
fix f = fin(my, my) and show the constraints from different experiments in this plane in Fig.
As can be seen, the ATLAS exclusion region reaches up to dark matter masses m, < 103 GeV
for 6 = 1. For larger or smaller values of § much lighter dark matter is allowed. The reason for
this behaviour is twofold. On the one hand, for § 2 1 the mass of the scalar mediator m,, gets
heavier, such that n cannot be produced efficiently at the LHC. On the other hand, for § < 1
the experimental sensitivity is reduced while at the same time coannihilations become more
important which prefer small values for f;;, such that the production cross section decreases.
In order to determine the uncertainty of the exclusion region we vary both the experimental
upper limit and the theoretical production cross section within their uncertainties and obtain

the region bound by the green dashed line. The excluded region is rather sensitive to these
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Figure 6.6.: Comparison of constraints on the annihilation cross section obtained from searches
for spectral features by the Fermi-LAT [I§] and H.E.S.S. [§] (¢f. [21]), with con-
straints inferred from collider searches for jets and missing energy by ATLAS [12],
as well as direct detection limits from XENON100 [4] and LUX [5]. The black line
corresponds to a thermal WIMP, and the dotted lines indicate the uncertainty of
the collider constraint, as discussed before. Note that the results for ur/cr mediator
are very similar, and are therefore not shown. These figures were published in [22].
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Figure 6.7.: Constraints on thermally produced WIMP dark matter with a coloured mediator
particle 7. The green region is excluded at 95%CL by the ATLAS search [12] for jets
and missing transverse energy. For comparison, the red shaded area is excluded by
direct searches. The blue lines indicate the regions excluded by the search for an in-
ternal bremsstrahlung feature in the gamma-ray spectrum from the central galactic
halo measured by H.E.S.S. [8], assuming a boost factor 25,50 or 100, respectively
[21]. Within the grey shaded region in the lower left corner, thermal production can-
not make up for the whole dark matter abundance due to efficient coannihilations.
Within the upper right corner, non-perturbatively large values of f 2 10 would be
required. Below the upper(lower) gray line I'; /m,, < 0.5(0.1). The gray dashed line
indicates the masses for which the coupling of the mediator equals the one of a
squark. This figure was published in [22].
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uncertainties, since both the excluded cross section and the expected thermal production cross
section behave very similar (see also Fig. . In contrast to the collider search, direct detection
mainly probes the region with small mass splitting § due to the enhancement of the direct
detection cross section. The constraints from indirect detection are less stringent and do not
exclude the thermal cross section for any choice of m, and ¢ within the ranges considered here,
however, H.E.S.S. can become sensitive to the flux from dark matter annihilations in the multi-
TeV region if astrophysical boost factors increase the annihilation rate by a factor of 25 — 100.
Finally, we also show for comparison the region of parameter space excluded by a monojet search

at the LHC [184], which can be used to probe very mass degenerate scenarios.

6.4. Summary of collider limits

The LHC offers excellent opportunities to probe dark matter provided the mass m, is accessible
in proton proton collisions at a center of mass energy of 7, 8 or 14 TeV. However, the interpre-
tation of collider searches is very model dependent and in general the definition of an efficient
search region requires an understanding of the expected signal. A promising approach to tackle
these issues without narrowing the scope of LHC searches by overly specific model conditions is
the use of simplified models which offer an effective framework for the description of dark matter
phenomenology in a large class of models. Here, we discussed the implications of a simplified
model with a Majorana fermion as the dark matter particle x that interacts with light quarks
via a scalar mediator 1. An excellent experimental signature in this scenario, which is due to
the production and subsequent decay of the mediator 7, are events with two or more jets and

missing transverse energy.

We calculated the production cross section of 1 and include in our derivation both the contri-
bution from strong interactions and the production from t-channel exchange of the dark matter
particle x. It is interesting to note that the t-channel process can be relevant and even domi-
nates the total production rate in large regions of parameter space which are consistent with the
correct relic abundance from thermal freeze-out. To be more specific, we would like to stress the
relevance of the process uu — nn as this production channel receives a considerable enhance-
ment compared to other production modes due to the large parton distribution function of the
up quark. For large values of the dark matter mass and a mass difference between the dark
matter and the scalar mediator of the order of the dark matter mass the cross section of this
process can exceed the cross section of the competing QCD processes by more than two orders

of magnitude.

We analysed the results of an ATLAS search for jets and missing energy using £ = 20.3 fb~!
collected at 8 TeV [12] and determined limits on the parameter space of our model. In order to
allow a reliable re-interpretation of the ATLAS search we have carefully derived the appropriate

efficiencies for our model taking into account jet matching with two additional jets.

The LHC places strong bounds on the allowed parameter space of the model, in particular we
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find that thermal dark matter is ruled out in significant regions of parameter space. Furthermore,
we investigated the complementarity of collider searches with other experiments. We find that
the limits from the LHC and from direct detection are comparable for small mass differences,
however, the LHC surpasses direct detection considerably for mass splittings of the order of the
dark matter mass and excludes cross sections of og; ~ 1074 —1074® for 200 GeV < m, <1 TeV
and m, < 2m,,. The impressive power of collider constraints relative to direct detection can be
understood from the fact that the operators mediating spin-independent interactions between
the dark matter and the nucleus are suppressed for Majorana fermions with chiral interactions

while the production rate at the LHC is enhanced by the uwu — nn process.

In addition, we find constraints from gamma-rays to be complimentary to both direct detection
and collider searches. However, for dark matter masses m, < 1 TeV direct detection and LHC
bounds constrain the possibility of observing a signal in the gamma-ray sky severely. As these
bounds on the annihilation cross section in the galaxy are derived from collider observables they
are not subject to astrophysical uncertainties and are only affected by the uncertainties related to
the experimental efficiency and the production cross section which are typically < 50%. Finally,
we also considered an extension of our model motivated by the paradigm of minimal flavour
violation in which we include two scalar mediators, one coupling to ur and the other to cg, and

find that our main conclusions remain essentially unaffected.






7. Conclusion

Determining the nature and the origin of dark matter remains one of the major questions particle
physics needs to solve today. In order to understand the microscopic physics which governs the
interactions of dark matter with ordinary matter we need to study the phenomenology of dark
matter models and exploit the available experimental data efficiently. In this work, we analysed
the impact of recent experimental efforts on the allowed parameters of dark matter and discussed

the complementarity of different detection strategies.

One of the challenges that must be confronted in indirect dark matter detection is the proper
discrimination between a probably feeble signal and the astrophysical background. In particu-
lar, gamma-ray features, which can be generated for example by a gamma-ray line or internal
bremsstrahlung, are very promising in this regard since this kind of signature cannot be at-
tributed to astrophysical processes easily. Here, we performed for the first time a dedicated
search for an IB-signature using the first 43 month of Fermi-LAT data. As an appropriate target
region is crucial for an efficient search for spectral features, we proposed a novel technique for the
determination of the optimal search region. The limits obtained from the analysis of this region
exceed previous constraints from the observation of dwarf galaxies; however, the thermal cross
section remains out of reach of gamma-ray searches. Furthermore, we found a weak indication
for a gamma-ray excess at 130 GeV, which could be explained by dark matter annihilations.
Quantitatively, an internal bremsstrahlung signal from annihilations of a dark matter particle

0—27 3

with a mass of approximately 150 GeV and a cross section of around 6 x 1 cm3s ™! is preferred

at 3.10 once the look-elsewhere effect is taken into account.

With the great wealth of experimental data, which has become available recently, it is now pos-
sible to analyse the complementarity of different observation strategies. One intriguing question
in this context is the relative strength of direct and indirect detection in the search for mass-
degenerate models. On the one hand, we find direct searches to be very powerful in constraining
models with interactions with the light quarks and note that the limits from the XENON100
experiment even preclude the observation of a gamma-ray feature from internal bremsstrahlung
with the next generation of gamma-ray telescopes for dark matter masses lighter than 1 TeV.
On the other hand, future direct detection experiments, e.g. XENONI1T, are complementary to
projected large scale Cherenkov telescopes, e.g. CTA, which are able to probe the multi-TeV

mass range to which the sensitivity of direct detection experiments is limited.

A different opportunity, which is becoming more relevant due to the unprecedented sensitivity

of direct detection experiments, is the interpretation of the data in terms of different interactions.

"
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In particular, it has been noted that xenon based experiments possess an excellent sensitivity
to SD interactions and can be used to derive limits on the SD cross section. In this thesis, we
used the latest data published by the XENON100 collaboration and derived upper limits on
the SD scattering cross section. Furthermore, we discussed the impact of nuclear uncertainties
on the constraints. Unfortunately, the SD-proton cross section is strongly affected by nuclear
uncertainties and we find that a better understanding of nuclear form factors is imperative in
order to derive useful limits. However, this issue does not arise in SD-neutron scattering and we
obtained stringent upper limits. Furthermore, we discussed the impact of SD searches on dark
matter in two exemplary models and demonstrated that the constraints on SD interactions are
able to exclude parts of the parameter space of thermal dark matter, which are compatible with
SI limits. In particular, the next generations of direct detection experiments, namely XENON1T

and DARWIN, can be expected to cut into the parameter space of thermal dark matter.

Finally, we commented on the relevance of the LHC for dark matter detection. In this context
it is worth noting that collider experiments are fundamentally different from other searches for
dark matter, as they are not only able to detect dark matter but rather probe the entire dark
sector. Therefore, the most promising signatures of dark matter at the LHC are not necessarily
related to the direct production of dark matter particles since other states of the dark sector can
be produced as well. We demonstrated the importance of such a search in our simplified model
for dark matter interacting with the light quarks and showed that searches for the production of
the scalar mediator can impose stringent constraints on the parameter space. We find that for
dark matter masses lighter than 1 TeV, and for a mass splitting of the order of the dark matter
mass, collider searches are very competitive and exclude direct detection cross sections in the
range 10™%° — 10~48¢m?. Furthermore, the LHC is able to rule out parts of the parameter space
of thermal dark matter and can, in some mass ranges, even exclude subleading contributions to

the dark matter abundance.

All considered, it is fair to say that dark matter is under siege today. Multiple experiments
employing completely different detection strategies are beginning to cut into the expected pa-
rameter space and provide independent constraints on the properties of dark matter. Using a
simplified model we have been able to analyse the non-trivial correlations between direct, indi-
rect and collider searches. We find them to be complementary and probe the parameter space
in different directions. The results obtained with this simplified model are promising and such
an approach could turn out to be very useful. Last but not least, the prospects for the next
generation of experiments are encouraging and we can expect significant progress in the near

future.



A. Flavour constraints [

The interaction term of the dark matter particle and the coloured scalars with the right-handed
quarks in general violates the SU(3),, flavour symmetry. Therefore, it is necessary to check
whether the stringent constraints arising from flavour physics are satisfied. In this Appendix we
discuss how two well-known possibilities to suppress flavour-changing neutral currents, namely

degeneracy or alignment, can be realized within the toy-model considered in this work.

Consider first the possibility of a single coloured scalar 7, but allowing for arbitrary couplings
fi to all right-handed quarks,
L= —fiurixn (A.0.1)

where ¢ = 1,2,3 corresponds to u,c,t. In this case the box diagram shown in fig. gives
a contribution to D — D mixing, which is strongly constrained by the measured value of the
D-meson mass splitting Amp (note that there is no contribution to CP violation in presence
of a single species 7, such that constraints from ep do not apply). The box diagram gives a

contribution to the operator

Z _a O =
L= WUR’)/MCR u%wc’g (A.0.2)
n
given by
~ _f12f22 2 2 A 0.3
z = 967T2 gX(mx/mn) ( o )

where g, () = 24z fg(x) + 12f6(x) (with g, (1) = 4/5). The functions fg(z) and fs(z) are given

e.g. in [I85]. On the other hand, the experimental constraint inferred from measurements of

Amp is |2| £5.7-1077(m,,/TeV)? [185]. For m, ~ m,, this translates into an upper bound
<0.02 2y A0.4
[f2/ F1l $0.026 x (f1)™" x <7 (A.0.4)

'This appendix has been published in [22].

u \_/
C

C
1 ]

X X
nhk fn 774 Y
X

Figure A.1.: Box diagrams giving rise to a non-standard contribution to D — D mixing.
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Since thermal production requires typically f; ~ O(1), this means that n has to couple nearly
exclusively to the up-quark, with very suppressed coupling to charm (or vice-versa). A possible
exception are regions in parameter space with strong coannihilation for which f; <« 1. For a
generic f1 ~ O(1), the flavour-vector f; should be aligned with the mass eigenbasis of the quarks.
This can be realized e.g. in the presence of a U(1) flavour symmetry under which ug j and 7
transform with equal charge, while all other states are uncharged. This symmetry is then broken
only by the CKM mixing in the left-handed quark sector, and thus this breaking should lead to a
misalignment suppressed by the quark masses as well as CKM mixing angles. More precisely, one
may consider a situation where f; & (1,0, 0) at some high scale M. Due to renormalization group
running, the quark mass matrices M, (u) and My(u) are scale-dependent. This leads to a running
of the diagonalization matrices Mo (1) = VE(u)My(p)VE(u)!, with a similar expression for
the down-type quarks. The left-handed rotations lead to the well-known running of the CKM
matrix Vo (u) = V.E(u)VE ()T, while the right-handed rotations are unobservable in the
Standard Model [I86]. However, in the present case they lead to a flavour-dependent running of

the dark matter couplings,
filw) = Vi w)ig /(M) (A.0.5)

where we neglect flavour-insensitive contributions to the running and assume that V,(M);; =
d;j. Using the one-loop RGEs for the quark mass matrices from [I87], one finds for the off-

diagonal entry corresponding to ¢ = u and j = ¢

d R 3 myMme * 2 *,02 *, 02
Vu (N)Lc = - 167_‘_21}%”/ m% — mg (Vuchdmd + Vuchsms + Vubvcbmb) (AO6)

dlnp

where V,,4 etc. denotes the CKM matrix elements. Thus, even for perfect alignment f;(M) =
(f1,0,0) at the high scale, the coupling to the second generation induced by the running is

approximately

3 My |Vus‘/c§mg + Vub‘/czmg| In % ~ 10710 (A.O.?)

~ VR uc| ™
|f2/ f1l = [V (1) uc] 1672 m.. Vb H

which is safely below the upper bound required from D — D mixing.

Alternatively, one may consider a situation where three additional scalars 7); are introduced,
which are taken to transform under the SU(3),,, flavour symmetry. Then the allowed coupling

is of the form

L=—f) pixn; (A.0.8)

and the 7; are all mass-degenerate. One may consider a breaking of the symmetry in the scalar
mass matrix, which induces non-degenerate mass eigenvalues of the 7;, and singles out a preferred
basis, namely the mass eigenbasis (similar to the right-handed squarks in the MSSM). After
rotating into this basis (as well as the mass basis for the quarks) the interaction term has the

generic form

L=—fKi Z URiXNj (A.0.9)
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where K is an unitary matrix, which can have large off-diagonal entries. The resulting contri-

bution to the box diagram will be proportional to [34]

> Kia K5, Ki5K35F (my,, my,) (A.0.10)
a?IB
where F' is a function of the masses. In the limit of degenerate masses this expression goes to
zero by virtue of the unitarity condition (K KT);2 = 0. Lets assume for concreteness that the
mixing with the third generation is negligible, similar as in the CKM matrix. In this case the

box diagram gives a contribution
4

27 TR X

(m2/m?) x §° (A.0.11)
with § = Ky Kii(m;, — m2,)/mg and m, = (my, + my,)/2. Thus, the strong requirement
of precise alignment fo/f; = Ko1/Kj; found above can be considerably relaxed provided the
masses are quasi-degenerate. For order one mixing, the upper bound on # required from D — D

mixing then translates into an upper bound on the mass splitting

[ = el 096 5 (11772 % T

. A.0.12
My + My, TeV ( )

Thus, in both cases discussed above, the flavour constraints can be fulfilled in presence of an

(approximate) flavour symmetry.






B. Three-body annihilation cross sections /!

B.1. SU(2); singlet dark matter

The differential cross-sections for the two-to-three dark matter annihilation processes xx — V ff
in the limit v,my — 0, for the case of SU(2)-singlet Majorana dark matter x coupling to the

SM fermions f via a mediating scalar 7, are given by

vdo(xx =) _ Cyppoemf (1 — )2 — 20(1 — y) + 2(1 — y)?] (B.L1)
dE,dEj 8m2miy (1 — 2y — pup)?(3 — 22 — 2y + puy)?
vdo(xx — Zff) _ Cfoaemf4
dEzdEy 8m2miy (1 — 2y — pp)?(3 — 20 — 2y + py)?
{1 - a)la? - 2001~ y) + 201 - )’
+x(2)[m2—|—2y2—|—2xy—4y]/4—xé/8} , (B.1.2)
UdU(XX — Wff/) . CWff/aemf4
dEwdE; 8m2miy (1 — 2y — pup)?(3 — 22 — 2y + pypr)?

X {(1 —2)[z? —22(1 —y) +2(1 —y)? +2(2 — = — 2y)Ap]
+ iz + 2y + 22y — 4y +2(2 — x — 2y)Ap + ApP) /4 — x5/8

+ ARP[(1 - 20)/2 = 2(1 = y) (1 — 2 — ) /af]} , (B.1.3)
vdo(xx — gff)  Cyppastmpm) fA(1 —2)[z* — 22(1 — y) +2(1 — y)?] (B.14)
dE,dEf B 8m2mi (1 — 2y — pyp)2(3 — 22 — 2y + pug)? ' o

Here, x = Ey/mpwm for V. = v, W, Z,g9, y = Ef/mpwm, 0 = My /mpwm, py = m%f/m%M,
P = m%f, Jmdy, and Ap = (g — py)/2. The pre-factors are given by the following expressions

_ | Cut Corr Cwip Cyag
XX = VIrfr q]%Nc qj%Nc tan2(9W) - N.Cr
7 2 (tf—ay sin® (0w ))* Ne
XX > VIl | 4iNe Gy yeoon) Ve zamtian)  VeCF

where gy and t3; are the electric charge and the weak isospin, respectively, with ¢c = —1 and
t3e = —1/2. For quarks, one has N. = 3, and Cp = (N2 — 1)/(2N.) = 4/3. The spectra of
the vector bosons can be obtained by integrating the differential cross-section over the fermion
energy, with integration limits given by E}nm/max = mpm — (By £+ y/E% — MZ)/2. The total

!This Appendix has been published in [I7].
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cross-section can be obtained by integrating over the remaining energy with limits E@m = My
and E7% = mpy + M2 /(4mpwm). The relevant Feynman diagrams are shown in part (a) and
(b) of Fig. for the exemplary case xy — Zee.

For comparison, we also quote the leading contribution to the two-to-two cross section for

v — 0, in the limit my = 0,

N T
ov(xx = ff) = o En
Mo\ 1223

(B.1.5)

where v is the relative velocity.

B.2. SU(2); doublet dark matter

Here, we report the 2 — 3 cross sections for the case of SU(2)r-doublet Majorana dark matter
X that arise from a coupling to the SM fermions f via a mediating scalar 1. There can be
additional contributions due to 2 — 2 annihilations into WW or ZZ, with a subsequent decay
of one of the gauge bosons. We do not include them here for simplicity. Their size depends on

the ratio g/ f of gauge interactions and the interactions with the scalar 7.

The main difference compared to the case of SU(2)y, singlet dark matter are additional con-
tributions from initial state radiation. For annihilation into vff or gff, there are no such
contributions because the dark matter is electrically neutral and uncoloured. Therefore, the
cross-section is identical to the one from above. The cross-section for the annihilation to Zff
is given by a sum of ten diagrams: four with initial and final state radiation, respectively, and
two where the Z is emitted from the mediating particle n. The Feynman diagrams for the case
XX — Zeeé are shown in Fig. For the cross-section, we find in the limit ms,v — 0

vdo(xx = Zff) Neovem f*
dEzdEy T 2n2sin? (20w )miy (22 — 22)2(1 — 2y — pp)2(3 — 22 — 2y + puy)?

x {1+ /4 - o)l = 20(1 - y) +2(1 - y)* — 2 /2)Cp(x)?
+ 23l —y —2/2)*[(1 + 25/4 — 2)(4Cy (z) + 7)
—ad/2- 21—y -z -y}, (B.2.1)

where Cy(z) = 1—i—,uf+(x—x%/2)(g£ig‘f/) —22/2, and g{; = t3; —2qs sin® () and gf; =ty are
the couplings to the Z boson. The plus and minus sign applies to annihilation into left-handed or
right-handed fermions, respectively. For the annihilation into Z fr, f1, the corresponding mediating

particle 1y has to have the SM gauge quantum numbers of fg, and vice versa.
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Figure B.1.:

X1

ot

+y

3

X1

/A

n nt A - e
X1
e Z

———— X1 ——
n+ \ 4 n+ A
~ o~~~ 7 I~~~
ntY nT A
S X1 ———
X1 N~~~ X1 ——
X2 nt A
—— ——ct
7]+ A X2
X1 —— X1 ~~—Z7

()

Feynman diagrams contributing to the annihilation channel yx — Zee. For a

singlet dark matter particle x the diagrams corresponding to final state radiation

(a) and virtual internal bremsstrahlung (b) contribute. Note that only their sum

is gauge invariant. For a doublet dark matter particle x, also the diagrams (c)

where the Z-boson is emitted from the initial state have to be taken into account in

addition to (a) and (b). Here, x1 and y2 refer to the two neutral mass eigenstates

of SU(2)r, doublet dark matter. Their mass splitting is assumed to be negligibly

small in Eq.

B.2.1

. Figures from [17].
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Similarly, for the annihilation into W bosons, we find

vdo(xx — Wfo/L) . Ncaemf4
dEwdE © 64n2sin? (0w )mb, (27 — 22)2(1 — 2y — puyp)?
X {4(1 — x)[acz —2z(1l —y)+2(1 — y)2] +2(1 —x — y)xé
+ 22522 — 20 — 2+ 8(1 — y)(1 — 2))] +x8/4}, (B.2.2)
vdo (xx = W frf}) 0.2 Vdoxx = Z11)
dEwdE; W AEZdE; | Mae My fies (F502.Cp (@) bpg —a3/2
(B.2.3)

The former process can proceed via a mediating particle with the quantum numbers of the
right-handed partners of either f or of f’ and incorporates contributions from initial and final
state radiation. The latter process is mediated by the doublet (7, 7]}) with quantum numbers
of the left-handed fermion doublet (f, '), and involves contributions from initial state radiation
and from diagrams where the W is emitted off the internal line. Here, we assumed m,, =m,, 4
for simplicity. Note that annihilation into W fr f}, is only possible for quarks in the SM. It can

also exist for leptons if neutrinos are Dirac particles.

In connection to Sommerfeld corrections also annihilations of the charged components of the
doublets containing the dark matter particle are relevant. Here it is important to project out
only the contributions where the initial particles have total spin zero. We find that

vdo(x"x~ = 7fPls=0 _ 1202 VAT — Z1F)
dE-ydEf = wew dEszf |Mz—>07Cf—>1+u+qfx.

(B.2.4)

For annihilation into right-handed fermions fg, the mediating particle 1y needs to have the same
quantum numbers as fr. For annihilation into left-handed fermions fr,, a mediating particle with

quantum numbers of the SU(2);, partner f; of fr, is required.



C. Details on the statistical analysis [

In order to study the sampling distribution of the test statistic TS in absence of a
signal, we performed a subsampling analysis of Fermi LAT data. To this end, we extracted the
gamma-ray events measured in the hemisphere pointing towards the anti-galactic center, with
longitudes |¢| > 90°. Any signal from dark matter annihilation should be significantly suppressed
in this direction. From these events we generate 30000 random sample spectra, with the Poisson
expectation values in each energy bin given by u; = fc;. Here, ¢; is the number of actually
measured events in bin j, and f = 0.13 is adjusted such that the total number of events above 1
GeV in each random sample is ~ 4 x 10° (in Regl and Reg2 the number of events are 5.8 x 10° and
2.7 x 10%, respectively). In the limit of large event numbers, this is equivalent to subsampling the
energy distribution of the measured events with replacement. In each of these sample spectra,
we search for VIB features like discussed above and record the largest TS value found. The
histogram of the maximal TS values that are obtained in this way is shown in Fig. There,
we also show the distribution that one obtains when selecting the maximum from 4 trials over a
X%:g distribution. The agreement is very good, and we used this distribution when calculating

the look-elsewhere effect above.

In Fig. we show the observed limits (black solid lines) in comparison with the limits that
are expected at 68% (yellow) and 95% (green) CL. We derived these expected limits from 2000
mock data samples that were generated from the null model. In Regl to Reg3, the limits at
m, =~ 150GeV are significantly weaker than the expectation; this corresponds to the large T'S
values in the left panel of Fig. 1.7 On the other hand, the relatively strong limits at around
m, ~ 100GeV and m, ~ 250GeV are a consequence of the 150GeV excess, which influences the
background fits. To illustrate this, we show by the dashed black lines the limits that we obtain
when removing all data between 115 to 145 GeV (where the excess is most pronounced) from

the fits; in this case the limits remain in the expected range.

!This appendix has been published in [I§].
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Figure C.1.: Histogram of the maximal TS values obtained from a subsampling analysis of the
Fermi LAT data in the hemisphere pointing towards the galactic anticenter. The
blue line shows the theoretical distribution that we used to calculate the look-

elsewhere effect. This figure has been published in [18].
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Expected and observed limits
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Figure C.2.: Experimental sensitivity for VIB-like features compared to actual limits. The yellow
(green) bands show the expected limits at 68% (95%) CL, see text for details. The
black solid line shows the actually observed limits; these limits are significantly
weaker than expected at dark matter masses around 150 GeV. The dashed black
line shows for comparison the limits obtained when removing the data between 115
to 145 GeV from our fits. This figure has been published in [18].






D. Results and prospects for dark matter
coupling to leptons [|

The analysis of gamma-ray features in association to leptons, xx — Il7, is completely analogous
to the case of quarks, with the obvious substitution of the quark charge by the lepton charge.
Taking for concreteness the case of a dark matter particle coupling to muons, the different
charge of the muon compared to the quark leads to a small shift in the relative importance
of the loop process vy with respect to the ppiy channel. However, for a small mass splitting
my/my = 1.1 the limits from Fermi-LAT and H.E.S.S. remain essentially unchanged, as shown
in Fig. A more important difference arises from the limits from the observations of dwarf
galaxies with the Fermi-LAT telescope. These limits are obtained from the non-observation of
secondary gamma rays from dark matter annihilations, and therefore their strength depends on
the ratio of secondary-to-primary gamma rays, which in turn depends substantially on the final
state. In particular, the relative importance of the dwarf limits in the case of quarks mainly
stems from the fact that the annihilation channels producing primary photons ¢y and vy are
always accompanied by the channels qgg and gg which, as seen in Fig. have a significantly
higher branching ratio and produce only secondary gamma rays. Consequently, these bounds
are significantly weaker for leptons and are less stringent than the constraints from the searches
for gamma-ray features [18]. Furthermore, in the case of couplings to leptons, direct detection
experiments practically pose no limit, since the only interactions with the nucleus arise at the
two loop level [I88]. Besides, new physics that couples exclusively to leptons is inherently hard
to probe at the LHC, making LEP limits still competitive at present. LEP II constraints require
my 2 90 GeV [189] unless m,/m, < 1.03 as the searches lose sensitivity in the limit of degenerate

masses. In that case the bound m,, 2 Mz/2 from the Z decay width applies.

We show in Fig. the current status and prospects for this class of scenarios in the plane
My VS. My /My, assuming that the dark matter particle was thermally produced. It follows from
the figure that the sensitivity of gamma-ray observations reaches a maximum for m,,/m, =~ 1.1,
for the same reason as discussed before for quarks. It is interesting to note that even with cross
sections of electroweak strength, there is a region in the parameter space where coannihilations

are so efficient that it is not possible to produce thermally the whole cold dark matter population.

Searches for charged colourless scalars at hadron colliders rely mainly on Drell-Yan production

and are therefore practically independent of the size of the coupling constant f. LHC searches

! The content of this appendix has been published previously in [21].
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DM coupling to RH muon (m,, = 1.1m,)
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Figure D.1.: As Figs. and but for dark matter coupling to right-handed muons. Figure
published originally in [21].

for muon pairs and missing energy [190] are starting to probe the parameter space at low masses
and high splittings, whereas the LEP limits [I89] still stand as the strongest ones in the region
with low splittings. The ATLAS limits depend rather strongly on the leptonic flavour since
taus decay mostly hadronically, thus making their identification rather challenging. In general,
collider searches do not probe m, 2 100 GeV so far, therefore, gamma-ray observations remain
the most sensitive probe for dark matter coupling to leptons. The next generation of gamma-
ray telescopes like GAMMA-400 and CTA will continue closing in on this class of scenarios,
see Fig. (bottom); however, thermally produced dark matter particles might easily escape
detection, unless the rate of annihilations is enhanced by astrophysical or particle physics boost

factors.
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Figure D.2.: Comparison of experimental constraints as a function of the dark matter mass m,,
and the relative mass splitting m,/m, — 1. Here we assume that dark matter in-
teracts with muons and fix the Yukawa coupling f = fi,(m,;, my) at each point by
requiring that the thermal relic density matches the one derived from the cosmic
microwave background. The green region indicates exclusions by LHC searches.
The contour lines show the ratio r = ovy.r./ovy, of the upper limits on the anni-
hilation cross section obtained from searches for spectral features with Fermi-LAT
and H.E.S.S., respectively, and the cross section expected for a thermal relic. The
regions inside the contours are excluded if the annihilation signal is boosted relative
to the Einasto profile by a factor BF' > r. Within the dark grey regions, thermal
freeze-out cannot account for the cold dark matter density (in the lower right cor-
ner Q,h? < 0.12 for all values of the coupling f, and in the upper right corner f
becomes non-perturbatively large). The lower frame shows the prospects for limits
from CTA and GAMMA-400. Figure published originally in [21].
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