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Abstract

Despite the overwhelming gravitational evidence for the presence of dark matter in our
Universe, we still lack an understanding of its particle physics nature. In this work, we
investigate the phenomenology of weakly interacting massive particles (WIMPs), a well-
motivated class of dark matter candidates which can be probed by direct detection, indirect
detection and collider experiments. We first study the complementarity between these search
strategies by considering three different ¢-channel simplified models, in which the Standard
Model of particle physics is extended in a minimal way in order to accommodate a viable dark
matter candidate. In particular, we take into account various higher-order corrections both
to the annihilation as well as to the scattering process of dark matter, and we find that these
can be crucial for assessing the detectability of WIMPs within these scenarios. Subsequently,
we discuss a variety of model-independent approaches for interpreting data from direct
and indirect detection experiments. To this end, we first investigate the impact of generic
higher-order corrections on the flux of neutrinos produced by dark matter annihilations in
the Sun. Afterwards, we confront the DAMA modulation signal to null search experiments
in the context of the non-relativistic effective theory for dark matter-nucleon interactions,
which constitutes an (almost) model-independent approach regarding the particle physics
of dark matter. Lastly, by developing a novel method for combining data from direct
detection experiments and neutrino telescopes which is model-independent with respect to
the astrophysics of dark matter, we derive for the first time an halo-independent upper limit
on the scattering cross section of dark matter with nucleons.

Zusammenfassung

Trotz der iiberzeugenden Beweise fiir die Existenz von Dunkler Materie in unserem Univer-
sum sind deren teilchenphysikalischen Eigenschaften noch immer nicht bekannt. In dieser
Arbeit beschaftigen wir uns daher mit der Phanomenologie von schwach wechselwirkenden
massiven Teilchen (WIMPs), einer Klasse an Dunkle-Materie-Kandidaten die in Experi-
menten zur direkten und indirekten Detektion sowie in Teilchenbeschleunigern untersucht
werden konnen. Wir betrachten zunéchst die Komplementaritat dieser Detektionsstrate-
gien anhand dreier vereinfachter t-channel Modelle, in welchen das Standardmodell der
Teilchenphysik auf minimale Weise erweitert wird, so dass das Phanomen der Dunklen Ma-
terie erklart werden kann. Hierbei beriicksichtigen wir insbesondere Korrekturen hoherer
Ordnung sowohl im Annihilations- als auch im Streuprozess der Dunklen Materie, welche
essenziell zur Beobachtbarkeit der betrachteten Szenarien beitragen. Anschlieflend disku-
tieren wir eine Reihe modellunabhingiger Methoden der Interpretation von Experimenten
zur direkten und indirekten Detektion. Hierfiir untersuchen wir zunéchst die Auswirkun-
gen von Korrekturen héherer Ordnung auf den Neutrinofluss welcher von Annihilationen
der Dunklen Materie im Inneren der Sonne erzeugt wird. Im Anschlufl daran konfrontieren
wir das DAMA Modulationssignal mit den Ergebnissen anderer Experimente im Kontext
der nicht-relativistischen effektiven Theorie der Streuung von Dunkler Materie an Nuk-
leonen, ein nahezu modellunabhéngiger Ansatz beziiglich der teilchenphysikalischen Figen-
schaften der Dunklen Materie. Zu guter Letzt entwickeln wir eine neue Methode zum
Vergleich der Daten von Experimenten zur direkten Detektion und Neutrinoteleskopen,
welche modellunabhéngig beziiglich der astrophysikalischen Eigenschaften der Dunklen Ma-
terie ist. Inbesondere verwenden wir diesen Ansatz fiir die erstmalige Berechnung einer
oberen Grenze an den Streuquerschnitt von Dunkler Materie mit Nukleonen, welche nicht
von der Geschwindigkeitsverteilung der Dunkle-Materie-Teilchen abhangt.
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Introduction

Early in the 20th century, a few astronomers such as Kelvin [1], Opik [2], Kapteyn [3] and
Oort [4] realized that a significant fraction of the matter content of our Galaxy could be
in the form of non-luminous dark matteﬂ However, to these pioneers of the field the very
existence and hence of course also any detailed properties of this population of invisible
matter remained unclear. More than 100 years later, we find ourselves in a very different
situation: a large variety of convincing evidence for the existence of dark matter has emerged,
based on independent observations across several orders of magnitude in length scale; we
will briefly recapitulate the most important pieces of evidence in Sec. and However,
all of these observations are solely based on the gravitational nature of dark matter, and
hence we have still no understanding of the even most basic particle physics properties of
dark matter, such as its mass or spin. One of the few facts we actually know about the dark
matter particle is that it can not be part of the Standard Model of particle physics, which
otherwise has proven to be an extremely successful description of particle physics below
the TeV scale. In view of that situation, determining the fundamental properties of dark
matter and embedding them into an appropriate extension of the Standard Model is among
the most pressing open issues in modern (astro)particle physics, and will be the motivating
theme throughout this thesis.

Specifically, we will investigate the phenomenology of weakly interacting massive particles
(WIMPs), a particularly well-motivated and popular class of candidates for the particle
nature of dark matter. As we will explain in more detail in Sec. WIMPs are hypothetical
particles with a mass the GeV-to-TeV range, interacting with Standard Model particles with
a strength comparable to the weak interaction. Intriguingly, models containing a WIMP as
the dark matter candidate can naturally accommodate for the amount of dark matter as
observed in today’s Universe, a fact that is commonly seen as one of the strongest motivation
for the idea of WIMPs. Interestingly, there are several ways of testing this paradigm with
current and near-future experiments, most notably by means of direct, indirect and collider
searches, which will be introduced in Sec. In fact, several experiments have already
conducted searches for non-gravitational interactions of dark matter, unfortunately with no
unambiguous success so far. However, there are good reasons to expect a wealth of new data
within the next decade, hopefully shedding light on whether WIMPs are indeed realized in
nature.

It is important to stress that WIMPs constitute a whole class of dark matter candi-
dates, with a considerable freedom in the construction of a specific particle physics model
containing a WIMP. This leads to the problem that in most cases there is no unique way
of translating the results from direct, indirect and collider searches into measurements or
constraints on e.g. the dark matter mass or its interaction strength with Standard Model
particles. Given the large variety of possible underlying models with different degree of
complexity, a natural and minimalistic way for interpreting the data is given by simplified
models. In such a framework, one extends the Standard Model of particle physics in a
minimal way such that the new theory can accommodate for the presence of dark matter,

'We refer to [5] for a comprehensive review on the history of the subject.



thereby ignoring other potentially existing new degrees of freedom which are not relevant
for the dark matter phenomenology. Typically, a simplified model involves a new particle
acting as the WIMP, and in some cases one also introduces a mediator responsible for the
interactions of the dark matter particle with the Standard Model degrees of freedom. The
virtue of such an approach involving only a few new parameters is that one can map the
experimental results from various searches onto the low-dimensional parameter space of the
theory, allowing for interesting complementarity studies between the different search strate-
gies. Most importantly, in many cases a simplified model can be either confirmed or fully
excluded with future experiments, and thus constitutes a highly predictive framework. We
will follow precisely this approach in part [T of this thesis, where we investigate the impact of
direct, indirect and collider searches on three different t-channel simplified models, namely
Dirac dark matter in Sec. [3] real scalar dark matter in Sec. [d] and Majorana dark matter in
Sec. [

However, as the name already suggests, it is also conceivable that the most minimal
constructions of simplified models do not capture all relevant aspects of the dark matter
phenomenology. In fact, there are well-known examples for more complex UV-complete
theories, in which several new states contribute to the scattering and annihilation processes
of dark matter. Furthermore, if dark matter interacts e.g. with a very light mediator, a
pseudoscalar or only with photons via one-loop processes, the signatures expected in direct
and indirect searches could be drastically different from the expectations of “vanilla” sim-
plified models. Lastly, when translating experimental results into constraints on a simplified
model, as it is done in part [T of this work, one often makes specific assumptions on the
astrophysical properties of the galactic dark matter population, which might or might not
be fulfilled. Hence, in addition to possible complications from the particle physics side, it
is also important to investigate the impact of non-standard astrophysical properties of dark
matter on the interpretation of experimental data.

We take all of these considerations as motivation for part [[TI of this thesis, in which we try
to extract as much model-independent information as possible from the results of direct and
indirect detection experiments. Concretely, in Sec. |§| we investigate the impact of (model-
independent) higher-order corrections to the dark matter annihilation process in the Sun,
which are particularly important if dark matter annihilates into light fermion-antifermion
pairs. Subsequently, in Sec. [7]we confront the dark matter interpretation of the modulation
signal observed by the DAMA collaboration to null results from other direct and indirect
detection experiments, without adopting a specific particle physics model, but by instead
working in the non-relativistic effective theory for dark matter-nucleon interactions. Lastly,
in Sec. [§] we develop a novel method for analyzing data from direct detection experiments
and neutrino telescopes which does not rely on specific assumptions regarding the velocity
distribution of dark matter, leading for the first time to halo-independent upper limits on
the scattering cross section of dark matter with nucleons.

In summary, this thesis consists of three parts: in part [ including Sec. [1] and [2] we
give a general introduction to the astro- and particle physics of dark matter, covering the
gravitational evidence, an introduction to the concept of WIMPs, as well as the basics of
direct, indirect and collider searches. In part [[I} given by Sec. 3} [ and [5, we then investi-
gate the constraints on three different ¢-channel simplified models arising from the different
search strategies. Afterwards we turn to part [[II] in which we discuss model-independent
ways of interpreting the experimental data. Concretely, in Sec. [6] we investigate higher-
order corrections to the dark matter annihilation process in the Sun, before interpreting
the DAMA modulation signal in the context of the non-relativistic effective theory for dark



matter-nucleon interactions in Sec. |7l Furthermore, in Sec. |8 we develop a halo-independent
approach for analyzing data from direct and indirect dark matter searches. Finally, in
part m we present our conclusions.

This thesis is largely based on the following publications:
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1. Dark matter: observational evidence and
basic properties

The focus of this thesis is on exploring and constraining the particle physics properties of
dark matter. The underlying motivation for these investigations is the convincing evidence
for the existence of dark matter in the past and present-day Universe. Hence, in Sec. we
give a brief introduction to the most important observations leading to the notion of dark
matter. We then discuss in Sec. the basic properties of the population of dark matter
in the Milky Way, which play a pivotal role in the interpretation of direct and indirect
detection experiments. Finally, in Sec. we discuss the necessary requirements for any
viable particle physics candidate for dark matter, before introducing WIMPs as the class of
candidates discussed in the rest of this work.

1.1. Gravitational evidence for dark matter

Starting more than 100 years ago, a large variety of evidence for the presence of a significant
amount of dark matter in the Universe has emerged from several independent observations.
In this section, we present a brief overview of the most important pieces of evidence, referring
to [13HL5] for much more detailed reviews.

1.1.1. Astrophysical observations of individual galaxies and galaxy clusters

One of the most elementary arguments for the existence of dark matter is given by obser-
vations of galactic rotation curves. Pioneered by Vera Rubin and collaborators in the 1960s
and 1970s [17,|18], spectroscopic observations of various galaxies revealed that the rotation
curves v(r) corresponding to the trajectories of objects within a single galaxy are flat, i.e. in-
dependent of the distance r to the galactic center, for values of r far beyond the visible part
of the corresponding galaxy. On the other hand, defining M (r) to be the total gravitating
mass within a sphere of radius r and assuming spherical symmetry, Newton’s law of gravity
predicts the scaling v(r) oc /M (r)/r, and hence naively v(r) should decrease as 1/+/r out-
side the visible region of the galaxy, in strong contrast to the observations by Rubin et. al.
This suggests a significant amount of non-luminous matter on galactic scales, giving rise to
M(r) < r at large r, and hence explaining the observed flat rotation curves. The situation
is illustrated in Fig. which shows a more recent measurement of the rotation curve of
the galaxy NGC 6503 [16], compared to the expected contributions from interstellar gas,
the (visible) galactic disk, and the inferred contribution from a dark matter halo.

Even earlier, in 1933 Fritz Zwicky presented a compelling argument for the existence
of dark matter in clusters of galaxies [19]. By applying the virial theorem to the Coma
Cluster, he was able to infer the total gravitating mass M from observations of the cluster
radius R¢ and the velocity dispersion o, of the galaxies via M = Rco2/G [20]. When
comparing this to the absolute luminosity L of the Coma Cluster, he concluded that the
mass-to-light ratio M/L is roughly 500 times larger than the solar value Mg /L [21]. While

13



1. DARK MATTER: OBSERVATIONAL EVIDENCE AND BASIC PROPERTIES
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Figure 1.1.: Rotation curve measurement of the galaxy NGC 6503, together with the contributions
attributed to the galactic disk, the interstellar gas, as well as the halo of dark matter.
Figure has been taken from [14], while originally it has been published in [16].

this ratio is expected to have some dependence on the properties of the stars, the magnitude
of the discrepancy led him to the conclusion that there is a substantial amount of “Dunkle
Materie” (dark matter) present in the cluster. More than 40 years later, X-ray observations
revealed that the Coma Cluster contains a halo of hot gas, constituting about five times the
mass which is visible in form of stars |[15]. Even though this invalidates the quantitative
estimation of the amount of dark matter obtained by Zwicky, the qualitative conclusion
about the existence of dark matter in galaxy clusters remains unchanged, and in fact is
supported by modern observational methods applied to several other clusters [22].

A rather modern and striking piece of evidence for dark matter arises from the double
galaxy cluster 1E 0657-558, which is better known as the “Bullet Cluster”, a system con-
sisting of two separate galaxy clusters that passed through each other ~ 100 Myr ago [23].
The spatial distribution of the hot gas in each cluster, which is known to dominate the
visible mass of the system, can be inferred from X-ray observations, as shown in Fig.
On the other hand, the distribution of gravitating mass within the Bullet Cluster can be
determined from weak gravitational lensing: the bending of light by strong gravitational
fields, an effect predicted by General Relativity, leads to systematic distortions of the im-
ages of objects which are in the background of the cluster system (see e.g. [24] for more
details). This can be used to map the gravitational potential of the Bullet Cluster, with
the result also shown in Fig. Evidently, there is a significant offset between the visible
and gravitating mass of the system, which is commonly interpreted as the deacceleration of
the hot gas due to electromagnetic interactions, while the dark matter components were not
(or at least much less) affected by the collision process. It is also important to notice that
while the flat rotation curves in principle can also be explained by a modification of the law
of gravity such as the MOND framework [25],26], the Bullet Cluster observation necessarily
implies the presence of a non-luminous form of matter which interacts at most weakly with
baryons [27].

14



1.1 GRAVITATIONAL EVIDENCE FOR DARK MATTER
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Figure 1.2.: Image of the Bullet Cluster system, with the X-ray observations shown via the color
coding, while the contours of constant gravitational potential inferred from weak grav-
itational lensing are indicated by the green solid curves. Figure taken from [23].

Lastly, also strong gravitational lensing leading to the appearance of arcs or even multiple
images of a background object can be employed for inferring the mass profile of certain galaxy
clusters. Comparing again to the visible amount of matter in the form of stars or hot gas,
evidence for the existence of a dominant dark matter component has been found e.g. in the
galaxy cluster Abell 1689 [28].

1.1.2. Role of dark matter in cosmology

So far, we have discussed the evidence for the presence of dark matter in astrophysical
objects such as galaxies and galaxy clusters. Interestingly, it turns out that dark matter
is also an essential ingredient in the Standard Model of Cosmology, also known as the A-
CDM model (with CDM denoting cold dark matter, as explained below), which successfully
describes the evolution of the Universe as a whole, starting from the Big Bang up to present
times. In the following, we recapitulate only briefly the features of the A-CDM framework
which are most important for our purposes; see e.g. [29,/30] for comprehensive reviews on
the subject.

In the Standard Model of Cosmology, the expansion of the Universe is described by
means of a scale factor a(t). In the minimal six-parameter A-CDM model, i.e. in particular
assuming a flat Universe, the rate of expansion given by the Hubble parameter H(a) = a/a
can be calculated from [30]

H(a) = -H‘O\/Qma/_3 + Qrada_4 +Qy, (11)

where Hj is the present-day Hubble constant. Furthermore, we defined Qx = px/p., where
pe = 3H3/87G is the critical density of the Universe, while px is the energy density of
the contribution X to the total energy budget of the Universe. More specifically, pp, is the
matter density, praq describes the energy density in form of radiation, while p, includes the
contribution arising from a cosmological constant in the Einstein equations, also denoted as
dark energy. Notice also that Eq. in particular implies the relation 1 = Q, +Qyaq + Q4.

15



1. DARK MATTER: OBSERVATIONAL EVIDENCE AND BASIC PROPERTIES

The (rescaled) matter density €2, can be decomposed as the sum of a dark matter com-
ponent Qpy and a contribution from ordinary baryonic matter 2. In the rest of this
section, we present the most relevant methods to experimentally determine Qpy and €2y.
Most importantly, we will arrive at the conclusion that cosmological data clearly implies a
significant contribution of dark matter to the total matter density, in agreement with the
astrophysical evidences presented in the previous section.

Temperature and polarization fluctuations in the CMB

Probably the most important technique to probe cosmological models, and in particular to
determine the density parameters (2x introduced above, is the observation of the Cosmic
Microwave Background (CMB). Early in the Universe, photons were tightly coupled to the
primordial plasma by frequent interactions with free electrons and protons. Approximately
380,000 years after the Big Bang, the Universe cooled down sufficiently in order to allow for
the formation of stable neutral atoms, making it essentially transparent to photons. The
photons, being in thermal equilibrium up to that point, then decoupled from the subsequent
evolution of the Universe, and since then have only been subject to the redshift induced by
the growing scale factor a(t). They can be observed today as a nearly perfect black body
spectrum with T' ~ 2.73 K. However, acoustic oscillations in the primordial plasma induced
by the interactions of matter and radiation led to small density fluctuations, which nowadays
can be observed as temperature and polarization fluctuations in the CMB [31]. Importantly,
baryons and dark matter had a different impact on the oscillations in the plasma, as the
former are subject both to gravitational as well as to electromagnetic interactions, while
the (uncharged) dark matter component only feels the gravitational forceﬂ Consequently,
the power spectra of the temperature and polarization fluctuations of the CMB depend
sensitively on both Qpy; and 2y,. These fluctuations have been measured with an impressive
accuracy, most recently by the Planck satellite, leading to the values [32]

Qpuvh? = 0.1198 £0.0015  and k% = 0.02225 + 0.00016, (1.2)

where h = 0.6727 4+ 0.0066 is the present-day Hubble constant Hy expressed in units of 100
kms~!' Mpc~!, as determined also by Planck [32]. These results are not only a convincing
evidence for the existence of dark matter on cosmological time and length scales, but also
determine the total amount of dark matter with high accuracy. In particular, Eq.
implies that 84.3 % of the matter content in the Universe is in form of non-baryonic dark
matter, which in fact is in good agreement with the (much less precise) estimates of the
dark matter content in galaxy clusters, c.f. Sec. [[.1.1}]

Big Bang Nucleosynthesis

The baryon density 2, can also be determined by employing the framework of Big Bang
Nucleosynthesis (BBN), which describes the production of the light nuclei 2H, 3He, *He
and "Li in the early Universe (see e.g. [33] for a recent review). For T' > 1MeV, processes
mediated by the weak interaction kept neutrons and protons in chemical equilibrium, while
for T < 1MeV ~ m,, — m,, the abundance of neutrons became exponentially suppressed.
Some of the “frozen-out” neutrons have decayed into protons, while others survived long
enough to form stable nuclei. Clearly, the abundance of light nuclei produced in this way
depends explicitly on the initial baryon density. Matching the observed abundances of

!The potential presence of weak interactions between dark matter and baryons is irrelevant for this point.
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1.2 DARK MATTER IN THE MILKY WAY

Deuterium, Helium and Lithium in today’s Universe to the prediction by BBN requires
Oph? = 0.021—0.025 [34], in perfect agreement with the value given in Eq. . Combining
this with the total matter density inferred from the CMB observations, BBN not only
confirms the existence of dark matter, but is also one more evidence for its non-baryonic
nature.

Large scale structure formation

On very large scales, the Universe exhibits a pronounced structure in the form of filaments
of galaxy clusters with large voids in between, as observed e.g. by the Sloan Digital Sky
Survey [35]. Within the A-CDM model, these structures are interpreted as the result of
the growth of the initial small density fluctuations in the primordial plasma, as they are
imprinted in the CMB [36},37]. The formation of structures can be modeled with the help
of N-body simulations, which describe the dynamical evolution of the matter content in the
expanding Universe. Interestingly, including a substantial amount of dark matter in such
simulations is crucial for reproducing the observed large scale structure: dark matter allows
for the efficient growth of the initial structures via gravitational instabilities, while baryons
alone would not clump effectively enough due to the radiation pressure counteracting the
formation of overdense regions. In particular, it is the presence of dark matter that leads to
an hierarchical bottom-up picture of structure formation, where first small structures such
as dark matter (sub-)halos are formed, which then merge into larger objects such as galaxies
and galaxy clusters, in good agreement with observations.

To be more precise, this mechanism requires dark matter to be cold, i.e. non-relativistic
at the time most relevant for structure formation, as hot dark matter would have washed
out the initial regions of enhanced matter density. As we will discuss in Sec. this leads
to important restrictions on the viability of several particle physics realizations for dark
matter.

Finally, let us remark that while the large scale structure of the Universe is well compatible
with the paradigm of cold dark matter, on scales relevant for individual galaxies, N-body
simulations based on the A-CDM model are in conflict with e.g. the number of observed
satellite galaxies orbiting the Milky Way [38]. However, it is not yet established whether this
is actually a problem of the model, which could point e.g. to warm dark matter or to strong
self-interactions of dark matter, or whether it is an artefact of the simulations which do not
fully take into account the baryonic effects in the formation of individual galaxies [39,40].

1.2. Dark matter in the Milky Way

Based on the strong evidence for the existence of a significant amount of dark matter in the
Universe, we also expect dark matter to be present in our Galaxy, the Milky Way. This is
the basis for the idea of direct and indirect dark matter searches, which will be introduced
in detail in Sec. [2, and hence it is crucial to have a good understanding of the properties
of the galactic dark matter population in order to correctly interpret the results of the
corresponding experiments.

First, let us discuss the spatial distribution of the dark matter density p(7) within the
Milky Way. For other galaxies, it is feasible to infer the dark matter profile directly from
observations of rotation curves; in particular, a flat rotation curve outside the visible part of
a galaxy suggests the scaling p(7) oc 1/72 for large r = |]. However, determining the rotation
curve of the Milky Way itself is notoriously difficult due to the fact that all observations are
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1. DARK MATTER: OBSERVATIONAL EVIDENCE AND BASIC PROPERTIES

necessarily done from within the crowded Galactic plane. Despite this complication, a recent
compilation of data relevant for the Milky Way rotation curve [41] shows a clear preference
for the existence of dark matter in our Galaxy, consistent with the asymptotic behavior
oc 1/7? observed in several other galaxies [42,43]. However, pinning down the dark matter
distribution of the Milky Way at » < 5kpc by means of rotation curve measurements is still
out of reach [42]. Hence, in order to estimate the behavior of p(7) in the innermost region of
the Milky Way, one typically employs N-body simulations for the formation of galaxies, see
e.g. [44./45]. A commonly used parametrization for the dark matter distribution extracted
from such simulations is the spherically symmetric Navarro-Frenk-White (NFW) profile [46],
which in its generalized form is given by

1

¥ 3=y’
(£) (1+7)

with rs >~ 20kpc being the scale radius, while viable values for the inner slope of the dark
matter profile are given by v ~ 1.0 — 1.4 [47-49]. Alternatively, a good fit to several
simulations is also obtained with the Einasto profile [50,51], which is defined through

) xcesp {2 (L)1) | (1.4

with o ~ 0.17 and ry >~ 20kpc. We furthermore remark that both the NFW and the
FEinasto profile, which feature a dark matter cusp for r — 0, are known to be in conflict
with rotation curve measurements of several other galaxies that are better fitted by a cored
dark matter distribution, a situation known as the core-vs-cusp problem [52]. Similar to
the missing satellite problem mentioned briefly in the previous section, this tension might
originate from the non-consideration of baryonic effects in the formation of galaxies [53],
but could also be explained by strong self-interactions of dark matter [54].

Furthermore, for direct and indirect dark matter searches it is important to have reliable
estimates for the normalization of the dark matter profile p(7); in particular, the event rate
in direct detection experiments is proportional to the local dark matter density po = p(re),
where ro ~ 8.5kpc is the distance of the Solar System to the Galactic Center [55]. The
local dark matter density can be inferred either from rotation curve measurements (assuming
a spherically symmetric halo), or from velocity measurements of nearby stars, which can
be used as tracers for the local gravitational potential, and hence allow to estimate the
local value of the dark matter density. Typical values obtained by these methods are pg ~
0.3 — 0.4 GeV/cm?, see e.g. [43,/56,57).

In addition to the halo profile p(7), also the velocity distribution of dark matter particles

PNFW (1) o (1.3)

at the position of the Solar System, fégal) (¥), enters the interpretation of direct detection
experiments; the impact on the corresponding phenomenology will be discussed in detail in
Sec. In contrast to the spatial distribution of dark matter which can at least partially
be inferred from rotation curve measurements, there is no experimental data which could be
employed for directly determining the local velocity distribution. Hence, one typically relies
on simplifying theoretical assumptions, with the most popular one being the Standard Halo
Model (SHM) [58], in which fégal) (V) takes the form of a Maxwell-Boltzmann distribution

with an additional cut-off,

L2
Gal) /- 1 0] .
?ED )(v) = exp <—’20|2> 0 (Vesc — |0]) - (1.5)
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Figure 1.3.: Velocity distribution of dark matter extracted from the Aquarius simulation, together
with the best-fit Maxwell-Boltzmann distribution. Figure taken from [66].

Here, o is the velocity dispersion, which in the SHM is related to the local circular speed
vy via 0 = m vg. The local circular speed can be estimated by analyzing the ve-
locities of tracer objects in the Milky Way, with recent works favoring values between
vo ~ 218 km/s [59] and vy ~ 244 km/s [60H63]. Moreover, in Eq. Vese denotes the
Galactic escape velocity, corresponding to the largest possible velocity of a dark matter par-
ticle being bound to the gravitational potential of the Milky Way. Based on observations of
high-velocity stars, the recent RAVE survey finds vese = 533751 km/s [64]. We also remark
that formally the Maxwell-Boltzmann distribution is only valid for an isothermal halo profile
p(7) oc 1/72, while for other spatial distributions such as the NFW or Einasto profile, one

f(Gal)

can in principle determine the corresponding functional form of f57™/(¥) by means of the

Eddington formula [65].

Besides inferring the dark matter velocity distribution from simplifying arguments such
as the ones leading to the SHM, it can also be estimated from N-body simulations, similar

to the halo profile p(7) as discussed at the beginning of this section. Interestingly, various

simulations indicate substantial deviations of fégal) (V) from the simple Maxwell-Boltzmann

picture, often related to recent merging processes between infalling dark matter subhalos
and the galactic disk, leading to a non-equilibrated part of the dark matter population which
is not included in the Maxwell-Boltzmann distribution [67]. Such processes can lead e.g. to
individual streams of dark matter, or to a dark disk containing low-velocity dark matter
particles aligned with the baryonic disk. One example for the output of a N-body simulation
is shown in Fig. together with the best-fit Maxwell-Boltzmann distribution. While the
result of an individual simulation of course does not have to be related to the actual local
velocity distribution, the simulations indicate that direct detection rates (and in fact also

the capture process of dark matter in the Sun, c.f. Sec. [2.2]) can potentially be significantly

affected by the non-maxwellian structure of fégal)(ﬁ), which consequently constitutes an
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important systematic uncertainty when interpreting the corresponding experimental dataﬂ
Motivated by this situation, we will present in Sec. [§| a novel method which allows to infer
particle physics properties of dark matter from direct and indirect detection experiments in

a halo-independent way, i.e. without specifying the form of fégal) (V).

1.3. Particle dark matter: constraints and candidates

Up to date, all sources of evidence for the existence of dark matter are based on its grav-
itational interaction alone, and hence do not reveal detailed information about its particle
nature. In view of that situation, determining fundamental properties of the dark matter
particle such as its mass, spin and interaction strength with Standard Model particles is one
of the most important open questions in elementary particle physics. In this section, we
first list the basic characteristics every dark matter candidate has to fulfill, before focusing
on WIMPs as a specific class of candidates, introducing in particular the concept of thermal
freeze-out of dark matter particles.

Properties of the dark matter particle:
evidence for physics beyond the Standard Model of particle physics

The evidences presented in Sec. lead to a list of necessary requirements for any particle
physics candidate for dark matter. First, the dark matter particle needs to be stable or to
have a lifetime significantly larger than the age of the Universe. As we will see in part [LI] of
this thesis, this is often related to a discrete global symmetry forbidding the decay of the
lightest particle which is charged non-trivially under this symmetry. Secondly, the very fact
that it is dark forbids a significant electric charge of the dark matter particle; for example,
from observations of magnetic fields in galaxy clusters one can derive the upper bound
lgpm| < 107 Je|(mpum/GeV) [70]. Next, the evidence for dark matter arising from the
CMB as well as the determination of the baryonic density 2, via BBN requires the dark
matter particle to be non-baryonic. This excludes in particular baryonic matter in form of
MACHOs (Massive astrophysical compact halo objects) [71] as the dominant form of dark
mattel{ﬂ Furthermore, there are several constraints on the type of interactions of the dark
matter particle: from the displacement of the hot gas and the center of the gravitational
potential observed in the Bullet Cluster one can set an upper limit on the self-interaction
cross section of dark matter, opypym/mpy S 1em?/g ~ 1.8 barn/GeV  [73]74], which is
however significantly larger than typical weak-scale interactions expected for a large variety
of candidates (see below). On the other hand, the interaction of dark matter with Standard
Model particles by now is strongly constrained for a large set of dark matter masses, most
notably by direct and indirect searches, which can even exclude some models with interaction
strengths smaller than the Standard Model weak force. This will be discussed in much more
detail in Sec. [2] and in several other parts of this thesis.

The most simple and elegant solution for the dark matter puzzle would of course be an
explanation within the Standard Model of particle physics, which in fact is an extremely suc-
cessful description of the interactions of elementary particles up to the TeV scale. However,
among all particles contained in the Standard Model, i.e. all charged leptons, neutrinos,

2See however [68l/69] for recent works claiming that the Maxwell-Boltzmann distribution might actually be
a good approximation to the actual velocity distribution.
3These candidates have also been excluded by microlensing observations [72].
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quarks and composite hadrons, gauge bosons as well as the recently discovered Higgs par-
ticle, only the three neutrinos meet all requirements for a viable dark matter candidate
mentioned above. Indeed, Standard Model neutrinos have been considered as a promising
dark matter candidate in the past |75.|76]; however, there is one more known characteristic
of the dark matter particle which is not part of the list in the previous paragraph: suc-
cessful structure formation requires dark matter to be cold, i.e. non-relativistic at the time
when structures in the Universe start to form, as discussed in Sec. [[.1.2] Experimentally,
the masses of the Standard Model neutrinos are constrained to values below ~ 2.2eV [77],
and hence their relativistic nature during structure formation implies that neutrinos would
constitute hot dark matter.

Taking together all of these arguments, the existence of dark matter hence strongly points
towards physics beyond the Standard Model. Interestingly, also completely independent
arguments suggest an extension of the Standard Model of particle physics, most notably
the non-zero neutrino masses, the observed baryon asymmetry in the Universe, as well as
the unexplained origin of the apparently unnatural huge separation between the weak and
the Planck scale, commonly known as the hierarchy problem. Indeed, there are several
proposed theories which try to address one or several of these shortcomings of the Standard
Model, and at the same time provide a viable dark matter candidate. Popular examples
include supersymmetric theories featuring the neutralino or the gravitino as the possible
dark matter particle (see e.g. the review in [78]), Kaluza-Klein theories based on extra
space-time dimensions [79,80], dark matter in form of axions [81], a scenario motivated by
the strong QCD problem, or sterile neutrino dark matter with a mass in the keV range,
which in combination with other sterile neutrinos could be related to the non-zero masses
of the Standard Model neutrinos [82,83]. However, up to date the true particle nature of
dark matter is still obscure, and hence remains as one of the most pressing open questions
in modern particle physics.

Thermal freeze-out and the WIMP miracle

In this thesis, we study the viability and detectability of dark matter candidates falling
into the class of weakly interacting massive particles (WIMPs). These are loosely defined
as new elementary particles with masses between a few GeV and tens of TeV, and which
interact Weaklyﬁ with Standard Model particles. WIMPs naturally arise as a “by-product” of
some of the theories mentioned in the previous paragraph, which often have been proposed
for completely different reasons than the dark matter puzzle, making this class of dark
matter candidates theoretically appealing and well-motivated. However, probably the most
salient feature of WIMPs is related to their production mechanism in the early Universe: the
process of thermal freeze-out provides a natural way of explaining the observed abundance
of dark matter, for generic values of the mass and interaction strength of weakly interacting
massive particles. In the following, we present a brief introduction to the main concepts of
this mechanism, referring to [14}/84},85] for more details.

The basic idea behind the freeze-out process is that at sufficiently early times in the
Universe, the weak-scale interactions of WIMPs with Standard Model particles led to a
chemical and thermal equilibrium of dark matter with the hot plasma of Standard Model

4This is to be understood is the general sense, i.e. the interactions are not necessarily related to the weak
gauge interaction of the Standard Model.
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particles X, via annihilation processes of the form DMDM < XX EL Eventually, the
expansion rate of the Universe became larger than the annihilation rate of WIMPs, leading
to the decoupling of the dark matter particles existing at that point. This population of
frozen-out particles is then observed today as the dark matter in the Universe.

Quantitatively, this process is described by a Boltzmann equation for the number density
n of dark matter [84]:

% = —3Hn — (ov) (n® — ngq) . (1.6)
Here, the first term on the right hand side accounts for the decrease of n due to the expansion
of the Universe with a rate given by the Hubble parameter H. Moreover, the annihilation
of dark matter particles occurs with a rate (ov)n?, where (ov) is the thermally averaged
annihilation cross section, defined as the average of v-opypyr_s x x Over the thermal velocity
distribution of dark matter particles, with v being the relative velocity of the annihilating
particles. Lastly, the creation of WIMPs from annihilations of Standard Model particle
pairs X X is included via the term (Uv>n§q, using the principle of detailed balance. Here,
Neq is the density of dark matter particles at thermal equilibrium, which for non-relativistic
species is given by [14]

mpmT \ ¥/ mpMm
Meq =9\ —5 exp(— T ); (1.7)

with g being the number of degrees of freedom for the dark matter particle.

Eq. in general has to be modified in scenarios containing other new particles besides
the dark matter candidate. Specifically, if these additional states are kept in equilibrium
via annihilations with themselves or with the dark matter particle, and if they eventually
decay into dark matter, their abundances obtained via the freeze-out mechanism effectively
contribute to the final density of dark matter particles [86]. Formally, these coannihilations
can be taken into account via a modified Boltzmann equation of the form [14]

% = —3Hn — (oeqv) (n2 - ngq) , (1.8)
where n = ). n; is defined to be the total density of states eventually decaying into the dark
matter particle (including the dark matter particle itself), and (o.gv) denotes the effective
thermally averaged annihilation cross section, defined via [14]

NjeqTy,
<O’eﬂr’U> = Z<aijvij>% . (19)

ij eq

Similar as above, 0;; and v;; are the cross section and relative velocity for the annihilation
process involving the states i and j in the initial state. As 1;¢q/Neq X exp(—(m;—mpwm)/T),
in the computation of the effective annihilation cross section it is sufficient to include only the
particles ¢ which are rather close in mass to the dark matter particle, i.e. m;/mpm < 1.2—1.5,
with the precise value depending on the detailed characteristics of the model.

Both for scenarios with and without coannihilations, the relic density of dark matter
as observed today follows from Qpy = mpyn(today) /pe, where p. is the critical density as

®Notice that here XX can also be replaced by a final state consisting of three or more Standard Model
particles, not affecting anything in the following discussion. In fact, in Sec. @we will encounter an explicit
scenario where 2 — 3 processes dominate the freeze-out process.
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introduced in Sec. , and n(t°day) ig given by the solution of the corresponding Boltzmann
equation defined in Eq. or , evaluated at present timeﬂ Whenever necessary, we
employ the micrOMEGASs code [87] for a numerical solution of the Boltzmann equation, in
order to obtain a prediction of the dark matter relic density Qpyr for a given particle physics
model, i.e. a given set of annihilation cross sections entering the corresponding Boltzmann
equation.

Even though in this work we always choose a fully numerical approach for the solution of
the Boltzmann equation, it is highly instructive to discuss an approximate analytic solution
for the dark matter relic density. For this purpose, we restrict ourselves to the standard
scenario without coannihilations, and expand the thermally averaged annihilation cross
section as follows:

(ov) = a+ b(v?) + d{v*) + O((v9)), (1.10)

where the individual terms proportional to a, b and d can be interpreted as the s-, p-
and d-wave partial wave contribution to the annihilation process. Assuming furthermore
that the annihilation is not mediated by a resonance, nor proceeds close to a kinematical
threshold [86], the relic density of dark matter follows from [14}8§]

1.07-10°GeV~! zp 1
Mpianck VO a+3b/xp +20d/2%

Qpmh?® ~ (1.11)

where g, ~ 100 is the number of degrees of freedom in the primordial plasma at the time
of dark matter decoupling [84], and xp = mpy/TF parametrizes the freeze-out temperature
Tr at which the dark matter population falls out of equilibrium and decouples from the
thermal bath. Typically, xp ~ 20— 25, implying in particular that the dark matter particles
are non-relativistic at freeze-out.

From Egq. , we deduce that in the absence of a suppression of the coefficient a
appearing in the expansion of (ov) defined in Eq. , the dark matter relic density is
dominantly set by the s-wave contribution to the annihilation cross section. Neglecting the
higher-order partial waves, Eq. simplifies to |89

2210720 cm3/s
{ov) '

Hence, within the approximations introduced above, the dark matter relic density as ob-
served by Planck is reproduced for a WIMP with a s-wave annihilation cross section of
~2.2-10726cm3 /s, denoted as the thermal annihilation cross sectionﬂ On the other hand,
from the particle physics side one can roughly estimate the expected annihilation cross
section for a weakly interacting massive particle solely on dimensional grounds:

Qpavh? ~0.12 - (1.12)

91%1\/[ N 0.14

~22-107% cm? 1.13
m2y, (200 GeV)?2 em/s, (1.13)

(O"U)weak ~

where for illustration we assumed a weak coupling ~ 0.1 and a dark matter mass of
~ 200 GeV. Remarkably, the order of magnitude of a weak scale interaction cross section

STechnically, one rewrites the Boltzmann equation as a differential equation for the yield Y = n/s, where
s is the entropy density per comoving volume, and approximates ntod®) yig V;_, oo - s(today) |14].

"This value corresponds to the case in which the dark matter particle is its own antiparticle, e.g. if it is a
Majorana fermion. Otherwise, the thermal annihilation cross section is given by ~ 4.4 - 10726 ¢cm?®/s.
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matches the necessary cross section for reproducing the observed relic density, a situation
commonly referred to as the WIMP miracle. While this of course might simply be an amus-
ing coincidence of nature, the fact that the observed amount of dark matter can naturally
be explained by means of this mechanism at least serves as a strong motivation for WIMPs
as dark matter candidates.

Most importantly, the WIMP framework leads to the firm and testable prediction that
dark matter has weak-scale interactions with Standard Model particles. In view of this,
in the last decades a huge effort has been undertaken in designing and constructing ex-
periments searching for these non-gravitational interactions of dark matter, most notably
direct, indirect and collider searches. The idea behind these approaches as well as the current
experimental status will be discussed in detail in the next section.
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2. Detection methods of WIMPs: general
concepts

2.1. Direct detection of dark matter

WIMPs, as introduced in the previous section, are expected to interact with particles of
the Standard Model with a strength comparable to the weak interaction. If that scenario
is indeed realized in nature, dark matter particles present at the location of the Earth will
occasionally scatter off ordinary nuclei, via the (hypothetical) weak-scale interactions of
WIMPs with quarks and gluons. This prediction of the WIMP framework can be tested
with direct detection experiments, which aim at observing the nuclear recoil induced by
non-relativistic dark matter particles which are bound to our Galaxy and scatter elastically
off target nuclei which are initially at rest [90].

In this section, we first review the basic concepts necessary for calculating the expected
rate of scattering events at a direct detection experiment, which requires input both from
the particle physics as well as from the astrophysics of dark matter. After that, we briefly
discuss the current experimental situation as well as the prospects for future developments
in the field.

2.1.1. Rate of scattering events expected at a direct detection experiment

The elastic scattering of a dark matter particle with mass mpy and a non-relativistic velocity
v off a nucleus with mass mqg, which is assumed to be initially at rest in the laboratory
system, gives rise to a recoil of the nucleus with an energy [91]

3?1 — cos6*) c lo 2u%v?
N mr ’ mr ’

ERr

(2.1)

where 6* is the scattering angle in the center of mass frame, and ppr = mpym mr/(mpm +mr)
is the reduced mass of the WIMP-nucleus system. For an exemplary scenario with mpy =~
50 GeV, mp ~ mxe ~ 130 GeV, and v ~ 1073, which is the characteristic velocity for dark
matter particles bound to our Galaxy (c.f. Sec. , the typical recoil energy is of the order
of Er ~ 10keV.

The number of recoil events expected at a direct detection experiment per unit target
mass of the isotope T', observation time and recoil energy is given by the product of the flux
of dark matter particles at Earth and the cross section for the scattering of dark matter off
the nucleus 7', integrated over all possible dark matter velocities v:

dRr Po /OO dor
——(Ep) = ——— dvof(v v, ER) . 2.2
T B = ot [ ol @) g B (22)

Hence, the event rate depends both on astrophysical properties of the Galactic dark matter
population, specifically on the local speed distribution f(v) and the local dark matter density
po, as well as on the particle physics of the dark matter, which enters in the differential dark

25



2. DETECTION METHODS OF WIMPS: GENERAL CONCEPTS

matter-nucleus scattering cross section ggT Furthermore, vyin(FR) is the minimal velocity

of a dark matter particle which allows for a recoil with energy Eg; following Eq. ( ., it is
given by

mrER

Umin (ER) = 2H2
T

(2.3)

On the one hand, the dependence of the event rate on the astrophysical and particle
physics aspects of dark matter constitutes a significant challenge, as most of these properties
of dark matter are poorly understood up to date. On the other hand, this implies that by
eventually measuring the rate of dark matter induced scattering events in one or more
experiments, one can potentially learn a lot about the physics of dark matter. With this
situation in mind, we will now discuss the basic concepts as well as the most commonly
adopted assumptions regarding the particle- and astrophysics relevant for direct detection
experiments.

Scattering rate: particle physics input

Fundamentally, a given extension of the Standard Model containing a dark matter candidate
specifies the couplings of the dark matter particle to quarks and gluons. In order to calculate
the dark matter-nucleus scattering cross section ggT for an underlying theory, one then has
to go from the level of dark matter-quark and dark matter-gluon interactions to a description
of dark matter-nucleon interactions, and finally it has to be taken into account that nucleons
are bound inside the target nucleus.

While this procedure in principle has to be carried out separately for each underlying
theory (requiring different input from nuclear physics depending on the scenario), it has been
noted that for a large variety of models, though not for all, two types of dark matter-nucleus
interactions are sufficient to capture the dominant part of the scattering cross section: spin-
independent (SI) and spin-dependent (SD) interactions [90]. In a SI interaction, the dark
matter particle scatters coherently off the complete nucleus, with a cross section given by [92]

<£>SI:[ J}Z(A Z)] Z;Ug F&(Er), (2.4)

where 41, is the reduced dark matter-proton mass, f,(fy) is the effective SI coupling of dark
matter to protons (neutrons) and o, is the total scattering cross section for dark matter
off a free proton. In particular, if dark matter couples with equal strength to protons and
neutrons, SI scattering is enhanced by a factor A2, favoring heavy nuclei as target material.
Furthermore, in Eq. , Fg1(ER) is a form factor taking into account the loss of coherence,
relevant if the momentum exchange ¢ = v/2m7 ER is comparable to or larger than the inverse
size of the nucleus. To first approximation, the form factor is given by the Fourier transform
of the spatial distribution of nucleons inside the nucleus; if not specified otherwise, we will
use the SI form factor presented in [93]. From the model building perspective, SI scattering
arises e.g. in scenarios where dark matter interacts with quarks via the exchange of a heavy
C P-even scalar, such as the Standard Model Higgs, or in models where the dark matter
particle couples to quarks via a heavy vector mediator. A specific example for a scenario
involving SI interactions will be discussed in Sec. including more details about the
relation of the fundamental couplings of the theory to the effective dark matter-nucleon
couplings f, and f, and the dark matter-proton scattering cross section o,.
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On the other hand, SD scattering originates from the interaction of a dark matter particle
with the spin Jr of the target nucleus, leading to the cross section [92]

dor a 2JT+12mTU
i I ) R M9 po 2.5
()= |t + 2205|275 ri ). (2:5)

where (S,) and (S),) are the expectation values of the spin content of the proton and neutron
group in the nucleus, respectively, a, (ay) is the effective SD coupling of dark matter to
protons (neutrons), and the form factor F3,(ER) again takes into account the finite size of
the nucleus, and can be found in [94] for a large variety of target nucleiﬂ As apparent from
Eq. , SD interactions favor target nuclei with unpaired protons and/or neutrons, and
in contrast to SI interactions with f, = f,, the scattering cross section is not enhanced by
the coherence factor A%2. At the fundamental level, SD interactions arise in models where
a fermionic dark matter particle couples to quarks via an axial-vector interaction, induced
e.g. by the exchange of the Standard Model Z-boson. In Sec. we will discuss in more
detail the nuclear and particle physics input to Eq. .

Finally, it is important to remark that there are several models in which the scattering
cross section of dark matter with nuclei can not be classified according to the “standard” SI
or SD interactions given by Eqgs. and . For instance, if the mediator between dark
matter and the Standard Model particles is lighter than the typical momentum transfer in
scattering events, ¢ ~ 50 MeV, or if the mediator is a C' P-odd scalar particle, the scattering
cross section has additional, non-trivial dependencies on the recoil energy Er, compared to
Egs. and . Examples of scenarios featuring a non-standard dark matter-nucleus
scattering cross section will be discussed in detail in Sec. [3] and

Scattering rate: astrophysical input, annual modulation

Besides the particle physics of dark matter, the recoil rate defined in Eq. also depends
on astrophysical properties of the dark matter population in our Galaxy. First, the event rate
depends linearly on the local dark matter density pg. Following the discussion in Sec. [I.2]
we will typically assume values between ~ 0.3 and ~ 0.4 GeV/cm?. Secondly, the recoil
rate depends on the local speed distribution f(v) of dark matter particles in the rest frame
of the detector, which can be written in the form

f) = fot) = / dQv? fip" ™ (@, ) = /|~| AV 5 (G + Tgarn(t) . (2.6)

|5]=v

In this expression, fégal) (¥) and fégarth) (¥, t) are the three-dimensional velocity distributions
of dark matter particles in the rest frame of the Galaxy and the Earth, respectively. These
two distributions are related by a shift Ugaptn(t) in velocity space, with Ugaen(t) being the
velocity of the Earth in the Galactic rest frame.

As discussed in Sec. the local velocity distribution fégal) (V) corresponding to an
isothermal halo of dark matter particles is given by a Maxwell-Boltzmann distribution:

Gal) (= 1 [ .
éDa)(v) - ﬁexp <_w> 0 (Uesc - "U‘) s (27)

!Note that for SD scattering, the form factor Fap(FEg) also depends explicitly on the ratio a,/a, [92,94].
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with a velocity dispersion o ~ 270—290 km /s and a Galactic escape velocity vesc ~ 492 — 587
km/s (c.f. Sec. . Eq. is a frequently used assumption in the analysis of direct
detection experiments, and it also will be employed in several parts of this work. However,
it is important to keep in mind that deviations from the Maxwell-Boltzmann shape are
possible, and in fact they are expected from IN-body simulations, as discussed in more
detail in Sec. Consequently, the lack of knowledge of the precise form of the local
velocity distribution leads to a significant systematic uncertainty when inferring particle
physics properties of dark matter from direct detection experiments.

More specifically, while the uncertainty in the local density of dark matter py affects all
direct detection experiments in a universal way, the impact of the velocity distribution on
the event rate differs from experiment to experiment, which can be seen from Egs.
and : the event rate at a given recoil energy Er is sensitive to all dark matter veloc-
ities above vpin(FRr), which however depends on the mass of the target nucleus. Taking
furthermore into account the fact that different experiments are sensitive to different ranges
of recoil energies, it follows that in general two direct detection experiments probe different
regions in the velocity space of dark matter. However, it has been shown that it is pos-
sible to partially circumvent this source of uncertainty with the help of halo-independent
methods (see e.g. [95H97] for early works), which aim at analyzing data from direct detec-
tion experiments without specifying the velocity distribution. In particular, in Sec. 8 we
will present a novel halo-independent method, which allows to place upper limits on dark
matter properties valid for all possible velocity distributions.

For a fixed velocity distribution fégal)(ﬁ) defined in the Galactic rest frame, e.g. the
Maxwell-Boltzmann distribution given by Eq. , the one-dimensional speed distribution
f(v,t) relevant for the analysis of direct detection experiments follows from Eq. , with
ﬁEarth(t) given by [98]

Tgarth (t) = TLSR + o pec + Val(t) . (2.8)

Here, v1.sr = (0,v0,0) describes the motion of the Local Standard of Rest in Galactic
coordinates, with vg being the local circular velocity introduced earlier on. Furthermore,
Uo,pec = (11.11’8%, 12.24J_r8:g, 7.251‘8:22) km/s is the velocity of the Solar System with re-
spect to the Local Standard of Rest, with the numerical values corresponding to a recent
estimation using stellar kinematics [99]. Finally, Vi (t) takes into account the orbital motion

of the Earth around the Sun with a speed given by )V@(t)} = 29.8km/s; we refer to [100]

for the full expression of the Earth’s velocity vector.

Due to the time dependence of the Earth’s motion around the Sun, f(v,t) is changing
through the year, leading in particular to an annually modulating event rate in direct detec-
tion experiments [58]. Specifically, it can be shown [98] that under quite generic assumptions
regarding the shape of the Galactic velocity distribution, the time dependence of the event
rate defined in Eq. is well approximated by

jg;(ER,t) ~ So(ER) + Sm(ER) cos (1;Zar (t — to)) . (2.9)

In this expression, So(FRr) is the time-averaged event rate, while S,,(Eg) gives the modu-
lation amplitude of the signal. The phase of the modulation ¢y in general depends on the
velocity distribution; for the Maxwell-Boltzmann distribution it is given by ¢y ~ June 1,
which is the time of the year at which the Earth is moving with maximal velocity through
the wind of dark matter particles [9§].
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2.1 DIRECT DETECTION OF DARK MATTER

Even though the modulation fraction S,,(Eg)/So(ER) is typically only at the level of a few
percent (with the precise value depending on both the particle- as well as the astrophysics
entering the direct detection rate), annual modulation provides a potentially very clean
signature of dark matter, as most sources of background in a direct detection experiment
are not expected to modulate in time. Hence, even if the total background rate in a detector
is not fully understood, the observation of an annual modulation of the total rate, i.e. the
sum of the dark matter induced signal and the various background components, can provide
a strong indication for the interaction of dark matter with the target nuclei. Moreover, at
least within the framework of the Maxwell-Boltzmann velocity distribution, the phase of
the modulation % is a prediction which can be tested experimentally.

2.1.2. Experimental situation

For a given particle physics model and for fixed astrophysical parameters, the methods out-
lined in the previous section can be employed in order to predict the number of dark matter
induced recoil events at a direct detection experiment. For many scenarios, the expected
event rates are of the order of only one or even less events per kilogram target material and
per day; hence, the main experimental challenge is to distinguish these rare signals from
various sources of background. In most of the up-to-date experiments, the backgrounds are
typically dominated by nuclear interactions of neutrons arising from radioactive materials
inside and around the detector, as well as by electromagnetic interactions of a-particles,
muons, electrons and photons induced by either cosmic ray showers or also by radioactivity.

Detecting nuclear recoil events is usually achieved by measuring the ionization, the scin-
tillation, or the small temperature rise in a cryogenic material induced by the primary
scattering event. Most experiments then use a combination of two of these strategies, which
often permits to discriminate between signal and background on an event-by-event basis.
Based on such techniques, over the last decades there has been tremendous progress in the
field of direct detection experiments. Results of searches for dark matter induced scattering
events have been reported by various collaborations using different target nuclei and de-
tection methods, such as the xenon-based experiments LUX [101-103], XENON100 [104,
105], XENON10 [106], XMASS-I |107], PandaX [108], experiments using a germanium
target, such as SuperCDMS [109], CDMS-Ge [110], CDMSIite [111], CoGeNT [112] and
EDELWEISS-II [113], the silicon-based experiment DAMIC [114], the Nal experiments
DAMA/LIBRA [115] and DM-Ice [116], the CsI experiment KIMS [117], the CRESST-
1T [118,119] experiment based on a CaWOy target, the CFsl-based experiments COUPP [120]
and PICO-60 [121], and finally the experiments SIMPLE [122], PICASSO [123] and PICO-
2L [124}]125], which are based on bubble chambers containing different carbon-fluorine tar-
gets.

Most of these experiments have observed event rates that are consistent with the expected
level of background, and hence they can be used to constrain the interaction strength of
dark matter with nuclei. Fig. shows the upper limits on the dark matter-nucleon scat-
tering cross section for the most sensitive experiments, assuming standard spin-independent
scattering (upper panel) or spin-dependent scattering off protons (lower left panel) or off neu-
trons (lower right panel). In these plots, the velocity distribution of dark matter is fixed to
the Maxwell-Boltzmann distribution given by Eq. . For spin-independent interactions,
LUX is currently the most sensitive experiment for dark masses above ~ 4 GeV, while for
smaller masses the low-threshold experiments CDMSLite and CRESST-II provide stronger
limits. For spin-dependent scattering off protons, PICO-2L is the leading experiments for
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Figure 2.1.: Status of direct detection experiments as of 2016, assuming py = 0.3 GeV /cm? as well as
a Maxwell-Boltzmann velocity distribution. In all panels, the 3o-favored regions of the
parameter space implied by the DAMA modulation are shown in orange, as calculated
in [100] for scattering off Na and I. On the other hand, all solid lines are upper limits
on o, or o, at 90% C.L. Upper panel: spin-independent scattering, assuming f, = fn
(c.f. Eq. (2-4)). Upper limits are shown for LUX [102] in black, for XENON100 [104] in
blue, for PandaX-II |108] in brown, for SuperCDMS [109] in red, for CDMSLite [111] in
dark green, as well as for CRESST-II [119] in purple. Lower left panel: spin-dependent
scattering off protons, with the upper limit from PICO-2L [125] shown in black, from
PICO-60 [121] shown in red, as well from PICASSO [123] shown in blue. Lower right
panel: spin-dependent scattering off neutrons, shown for LUX [103] in black and for
XENON100 [105] in blue.

mpm S 50 GeV, with PICO-60 taking over at larger masses. Lastly, for spin-dependent
scattering off neutrons, LUX is providing the best limits, due to the unpaired neutron in
the xenon isotopes 12?Xe and !Xe.

Notably, there is one experimentﬂ reporting results that are not in agreement with known
sources of background: DAMA and its successor DAMA /LIBRA, based on a Nal scintilla-
tor, have observed an annual modulation of the event rate in the energy range between 2 and
6 keV, consistently appearing over 14 annual cycles, with a combined statistical significance
of 9.30 [115]. Intriguingly, the phase ¢y of the modulation signal is compatible with the pre-
diction based on the Maxwell-Boltzmann velocity distribution, as introduced in the previous

2We do not discuss other claims of detection by CDMS-Si [126] or CoGeNT [127], as these are statistically
not significant, or the excess of events reported by CRESST [128], which eventually has been explained
by a novel source of background [118].
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section. For this astrophysical setup, the range of parameters within the spin-independent
and spin-dependent parameter spaces that can explain this observation are shown in the
different panels of Fig. Clearly, there is a strong tension of these scenarios with various
null results, which have set upper limits on the scattering cross section orders of magnitude
below the parameter space favored by DAMA. However, it is important to keep in mind
that Fig. makes very specific assumptions both about the particle- as well as about the
astrophysics of dark matter. In particular, we will discuss in Sec. 7| to what extent the
tension between DAMA and the null results can be ameliorated by extending the standard
spin-independent and spin-dependent parameter space to a much more general framework
of dark matter-nucleon interactions.

Irrespectively of the puzzling situation regarding the apparently conflicting experimental
results in the region of low-mass WIMPs, it is very interesting to note that in the next decade
a new generation of direct detection experiments will push the sensitivity to even lower cross
sections. For dark matter masses above ~ 10 GeV, the most promising future experiments
are XENONIT [129], which has been inaugurated in November 2015, as well as the ton-scale
experiments LZ [130] and DARWIN [131], which are planned to start running in 2021 and
2024, respectively. These experiments will be able to probe cross sections several orders of
magnitude below current bounds, and thus will be sensitive to a large variety of models that
remain unexplored up to date. While the main improvement of these experiments compared
to the already existing ones is the much larger target mass, which currently is the limiting
factor for the sensitivity at large dark matter masses, at the low-mass frontier it is mainly
the performance of the detector which limits the capability of detecting smaller and smaller
cross sections. In that context, further upgrades of CRESST [132] as well as of SuperCDMS
at Snolab [133] are expected to push down the threshold below the keV scale, leading to
unprecedented sensitivity to dark matter in the mass range between ~ 500 MeV and ~ 10
GeV.

Ultimately, direct detection experiments will face a source of irreducible background,
called the neutrino floor: besides dark matter, also solar, atmospheric and diffuse super-
nova neutrinos can scatter coherently off the target nuclei, giving rise to a nuclear recoil
signal mimicking the one of dark matter induced scattering events [58}/134}/135]. For con-
ventional direct detection experiments, this limits the discovery reach to spin-independent
scattering cross sections above 3-107%% cm? (107%% cm?) for a dark matter particle with mass
5 GeV (30 GeV) [136]. Discovering dark matter with a cross section beyond the neutrino
floor would then require detectors that can resolve the direction of the recoil track of the
nucleus, which can be used to discriminate the dark matter signal from the neutrino induced
background [137]. However, the sensitivity of existing prototypes of directional detectors
is still orders of magnitude above the neutrino floor; realizing a detection of dark matter
beyond it thus requires considerable future experimental efforts [138].

2.2. Capture and annihilation of dark matter in the Sun and in
the Earth

In the previous section, we introduced the idea of dark matter direct detection, which is based
on observing the nuclear recoil produced by the scattering of a WIMP off a nucleus. Due to
this recoil, such a scattering event also leads to an energy loss of the dark matter particle.
While irrelevant for direct detection experiments, this energy loss, if large enough, can lead
to the capture of the dark matter particle in the gravitational potential of large celestial
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Figure 2.2.: Schematic illustration of the capture and annihilation process of dark matter in the
Sun, leading to a flux of high-energetic neutrinos which potentially can be observed at
Earth. Figure has been taken from [145].

objects, such as the Sun or the Earth . The captured dark matter particles will then
accumulate in the center of the celestial object, and subsequent dark matter annihilations, as
suggested by the freeze-out mechanism (c.f. Sec. , can produce high-energetic neutrinos,
which potentially can escape the celestial object and eventually be observed by neutrino
telescopes at Earth . This mechanism of dark matter capture and annihilation
is illustrated in Fig. for the case of the Sun. As ordinary solar neutrinos produced by
fusion reactions in the Sun have energies below ~ 20 MeV , the observation of a flux of
neutrinos with energies F,, ~ 1 — 100 GeV which is correlated with the direction of the Sun
would provide compelling evidence for the particle nature of dark matterﬂ In this section,
we first discuss the basic concepts underlying the physics of capture and annihilation of dark
matter in the Sun and in the Earth, before giving an overview of recent results of neutrino
telescopes searching for a high-energy neutrino flux from the direction of the Sun.

Capture of dark matter in celestial objects

To begin, let us briefly review the calculation of the capture rate of dark matter in the Surﬂ
following ,. A dark matter particle of the Galactic halo which has a velocity w at
large distances from the Sun will have a velocity w = \/ u? + Vgun esc()? at a distance r
from the center of the Sun, with vgun esc(r) being the escape velocity from the Sun at radius
r. Then, in order to be gravitationally captured, the dark matter particle has to undergo a
scattering event off a nucleus 7', reducing its velocity to a value smaller than vgun esc(r). In

other words, it has to transfer a minimal recoil energy El(%min) = mpmu?/2 to the nucleus.
For a given dark matter particle, this process occurs with a rate per unit time given by

E}(%max) dO.T
Qw) = nr(r)w / . dEp——(w, ER), (2.10)
E](%mln) dER

3There is only one known source of background which could mimic this signature: high-energetic cosmic
rays impinging on the Solar corona produce secondary particles which in turn can decay into neutrinos,
leading also to a neutrino flux correlated with the direction of the Sun . However, considering current
and near-future sensitivities of neutrino telescopes, this background can safely be neglected .

4For simplicity, in the following discussion we will focus on the case of the Sun, as the generalization to
other celestial objects like the Earth is obvious.
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where np(r) is the number density of the nucleus T at the position r, Egnax) = 2u2w?/mr is
the maximal recoil energy following from Eq. , and gg; is the differential dark matter-
nucleus scattering cross section, which already entered the definition of the recoil rate in
direct detection experiments, Eq. . The capture rate per unit volume of solar material
then follows from convolving the scattering rate Q(w) with the flux of incoming dark matter

particles E| [141]:

A _ o [ ()

where f(u) is the speed distribution of dark matter particles in the rest frame of the Sunﬂ
without taking into account the Sun’s gravitational potential. The capture process is kine-
(min)

matically only possible if £ < Ef,%max), c.f. Eq. (2.10); this leads to the maximal initial
velocity of the dark matter particle uyax entering Eq. (2.11)):

2y/mommr (2.12)

" |mpym — mr|

Umax (7") = VSun,esc (7')

Notice that umax — oo for mpy — mp, which in particular leads to a resonant enhancement
of the capture rate in the Earth, if the dark matter mass matches e.g. the mass of the iron
nucleus [141}|148]. Finally, the total capture rate C is obtained by integrating Eq. up
to the radius R of the Sun (or the Earth, respectively):

R , dC
C= Z ; dr 4nr v’ (2.13)
T

with the sum including all relevant isotopes of the celestial object.

As discussed in Sec. 2.1.1] in a large variety of particle physics models the scattering
dominantly proceeds via a spin-independent and/or spin-dependent interaction, with the
cross section defined in Egs. and , respectively. Assuming furthermore a Maxwell-
Boltzmann distribution with vg = 220km/s and vesc = 544 km/s, the solar capture rate for
mpm = 1 TeV is approximately given by [7],149]

C =105 ( P > <1TeV)2 27755 +4.27.103 5

, 2.14
0.3GeV/cm® /) \ mpum 10740 ¢cm? (2.14)

assuming f, = f, in Eq. . While we will employ this standard result for the capture
rate in Sec. [f] and [6] we will study the capture process of dark matter for different velocity
distributions in Sec. |8 To that extent, we calculate the capture rate C' for a given velocity
distribution f(v) following Eqs. (2.10)—(2.13)), using the solar model AGSS09 [150] for the
number densities np(r). For the case of spin-independent interactions, we include the 29
most abundant elements in the Sun, and we assume Gaussian form factors, as parametrized

This step is only valid if the overall probability of capture is much smaller than one, which is indeed the
case for most realistic scenarios. However, for very large scattering cross sections, the capture rate is
instead simply given by the geometrical cross section of the Sun, taking into account its gravitational
potential. For details, we refer to [147].

5In Sec. f(v) denoted the speed distribution in the rest frame of the Earth, relevant for direct detection.
Despite this slight abuse of notation, in the following it always should be clear from the context which
speed distribution is to be used.
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in [149]. On the other hand, following [151], for the capture rate induced by the spin-
dependent coupling to the proton, we take into account scattering off hydrogen and 4N,
using the form factor given in [151] for nitrogen.

By studying the dependence of the capture rate on the velocity distribution of dark matter,
which according to the discussion in Sec. is not necessarily in the form of a Maxwell-
Boltzmann distribution, one finds that direct detection experiments and the capture process
are sensitive to different parts of the velocity space: for the former, only velocities above
a minimal velocity vmin given by Eq. are relevant, while capture is sensitive to all
velocities below a mazimal velocity given by umax in Eq. (2.12). Then, by combining the
information from direct detection experiments and neutrino telescopes, one has access to
the complete range of dark matter velocities. This will be discussed in more detail in Sec.
where we develop a novel halo-independent approach based precisely on this observation.

Annihilation and equilibration of dark matter

Once a dark matter particle has been captured, it will be subject to subsequent scatterings
with the solar matter, and for typical weak-scale scattering cross sections the dark matter
population reaches thermal equilibrium in a region around the center of the Sun, with a
density profile given by [152}/153]

1 1/2
OOGeV> . (2.15)

NDM,Sun (7)) X €xp (_T2/R2DM,Sun) with  Rpwm,sun =~ 0.01Rg < p——

with R = 7-10% m being the radius of the Sun. For capture in the Earth, the dark matter
population has a radial extension of Rpm garth ~ 500 km (100 GeV/ mDM)l/ 2 [153]. Following
the paradigm of WIMPs produced by thermal freeze-out, these dark matter particles then
start to self-annihilate, with a rate proportional to the square of the number of dark matter
particles N present in the core of the celestial object:

R
Jo® dr dmr? n2DM,Sun(r)

2.16
(fRQ drdrr2n ( )2 ( )
0 DM,Sun(7)

1
Ta= 5CAN2 with Ca = (ov)

Numerically, the annihilation constants C'4 for the Sun and the Earth are given by [92]

3/2
~1.2.1079257 ov) () 2.1
Cao 07 <2.2-10—26cm3s—1 Tev/ (2.17)
3/2
~3.9.10749 5! {ov) (mDM) . 2.1
Cap=~39-107"s <2.2-10—26cm3s_1 TeV (2.18)

The competition between the capture process, which builds up the dark matter population,
and the annihilation process depleting it is governed by the differential equation |152]

dN

=0~ C4N? — CgN . (2.19)

In this equation, the last term additionally takes into account the thermal evaporation of
dark matter particles: a solar nucleus with a non-zero velocity can scatter off a dark matter
particle which has been previously captured, and potentially transfer an energy large enough
such that after this scattering event the velocity of the dark matter particle is again larger
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than the escape velocity of the Sun. However, this mechanism of depleting the dark matter
population is only efficient for fairly small dark matter masses mpy < 4 GeV [154]; by
restricting ourselves to scenarios involving larger dark matter masses, we can safely neglect
evaporation in the rest of this work.

In the absence of evaporation, the solution to Eq. satisfying the initial condition

N(t =0) =0 is given by

N(t) = \/Z tanh (i) with 7= \/C;CA (2.20)

In particular, for ¢ > 7, the number of dark matter particles stays constant, corresponding
to an equilibrium between capture and annihilation. The equilibration time T defined in
the previous equation depends on both the scattering as well as on the annihilation cross
section of dark matter: the larger these cross sections, the shorter the equilibration time.
In Sec. 5, we will calculate 7 for a specific dark matter model; in general, it turns out that
in many (though not in all) scenarios of weakly interacting dark matter, at present times
t ~to = 4.5-10%y, corresponding to the age of the Solar System, the equilibration condition
t > 7 is indeed satisfied for capture and annihilation in the Sun. On the other hand, for
the case of the Earth equilibration typically has not yet been reached, which we will also
confirm in the context of a specific model in Sec.

Most importantly, if captures and annihilations are in equilibrium, the annihilation rate
defined in Eq. is completely determined by the capture rate:

Fra=C/2 for t>r. (2.21)

Physically, this equation simply states that in equilibrium there is one annihilation event for
every pair of captured dark matter particles. If that is the case, also the normalization of
the neutrino flux produced by the dark matter annihilations is fully specified by the capture
rate, in particular it is proportional to the scattering cross section of dark matter with nuclei
while being independent of the annihilation cross section, provided the latter is large enough
for equilibration to be satisfied. Consequently, the results of neutrino telescopes searching
for high-energy neutrinos from the direction of the Sun can be directly compared to direct
detection experiments.

Production and propagation of neutrinos

Depending on the annihilation channel, the dark matter particles annihilating in the center
of the Sun or the Earth produce a cascade of stable Standard Model particles. Almost all
of these are stopped by subsequent interactions with the dense matter of the environment,
and never reach the surface. However, depending on their energy, neutrinos can escape
the annihilation region, and eventually be detected by neutrino telescopes located at the
surface of the Earth. In the rest of this introductory section, we will omit the discussion of
dark matter capture and annihilation in the Earth, as the absence of equilibration in almost
all viable models (c.f. the previous paragraph) suppresses considerably the neutrino flux,
making the observational prospects rather poor.

In order to obtain the spectrum of neutrinos injected at the core of the Sun for a given
annihilation channel of dark matter, the first step is to simulate the hadronization process
with the help of a Monte Carlo event generator such as PYTHIA [155,156]. For the sub-
sequent decays of unstable Standard Model particles, the dense environment of the solar
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matter has to be taken into account: if the lifetime y7y of a particle, where 7y is the proper
lifetime and ~ is the corresponding Lorentz factor, is comparable to or larger than the typ-
ical timescale for interactions with the solar medium 7y, the particle loses a significant
part of its initial energy before decaying [157]. In particular, it turns out that muons as
well as charged pions and kaons are completely stopped before they decay, and thus do not
contribute to the flux of neutrinos at energies £, 2 100 MeV, rendering them irrelevant for
searches with neutrinos detectors such as IceCube |158] or ANTARES [159], which are only
sensitive to neutrinos with energies E, 2 (1 — 10) GeV m On the other hand, 7 leptons or
hadrons consisting of charm or bottom quarks have a lifetime comparable to their interac-
tion time [157], and thus they lose part of their energy before decaying. Other particles as
e.g. weak gauge bosons or the Higgs boson have lifetimes much smaller than their inverse
interaction rates, and consequently they decay as if they were in vacuum. All these effects
can be taken into account on an event-by-event basis in a Monte Carlo event generator, as
done e.g. in [153}[162,163]. In Sec. [5|and |§|, we will also use our own implementation of this
formalism, by using a properly modified version of PYTHIA 8.1 |156], based on the mod-
eling of the interaction rates of Standard Model particles with the solar matter presented
in [157].

Once produced near the center of the Sun, the neutrinos propagate through the solar
matter. During that phase, they are subject to matter-enhanced flavor oscillations, described
by the following effective Hamiltonian in flavor space [153]:

mim
2F,

H= +V2GF | N, diag(1,0,0) — % diag(1,1,1)] . (2.22)
Here, the first term on the right hand side describes oscillations in vacuum, determined
by the 3 x 3 neutrino mass matrix m, which in turn is specified by the three neutrino
masses and the mixing angles in vacuum; see [164] for a recent review on the experimental
determination of these parameters. In addition, coherent forward scattering of neutrinos off
electrons, protons and neutrons in the Sun, via the exchange of Z and W bosons, leads to
an additional matter potential (which in particular can give rise to the MSW effect [165]),
described by the second term in the oscillation Hamiltonian (2.22). We refer to [166] for
more details on neutrino oscillations in matter. Furthermore, neutrinos can lose energy
or disappear completely by scattering off solar nuclei. More precisely, a neutral-current
interaction (IZ)N — (Z)N leads to an energy loss of the (anti-)neutrino, while a charged-

current interaction (IZ)N — Z:EN " removes the neutrino from the flux, by producing a charged
lepton l;t. If the latter is a 7 lepton, the decay of it again produces a high-energetic neutrino,
denoted as T regeneration. As the neutrino-nucleus scattering cross section grows with the
neutrino energy [166|, all these effects are more pronounced for large neutrino energies.
In particular, for £, = 1 TeV, the Sun gets opaque to neutrinos, leading to a cutoff in
the neutrino spectrum from annihilations of dark matter particles with masses above a
few TeV [153]. The combined problem of matter enhanced neutrino oscillations as well as
interactions with solar nuclei can be solved numerically, either using the density matrix
formalism [153], or by means of an event-by-event Monte Carlo simulation, as implemented
in the WimpSim package [162]. Whenever necessary, we employ the latter in order to
propagate a spectrum of neutrinos injected at the core of the Sun.

As soon as the neutrinos reach the surface of the Sun, they propagate through vacuum

"Notice however that also the MeV neutrino flux can be used to probe dark matter models, using the
Super-Kamiokande detector [160], as discussed in [147}/161].
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on their way to Earth, corresponding to only the first term in Eq. . Depending on the
relative orientation of the neutrino telescope to the position of the Sun, they also cross the
interior of the Earth before they can finally be detected; however, for the energy range of
interest to us, Earth matter effects are negligible [153,/162]. Also for this final part of the
neutrino propagation, we employ the WimpSim package [162].

Detection of neutrinos from dark matter annihilations, experimental situation

After reaching the Earth, the neutrinos originating from dark matter annihilations in the
Sun can be observed via their interactions with nuclei inside or nearby large-scale neutrino
detectors. More specifically, charged-current interactions of muon (anti-)neutrinos produce
charged (anti-)muons, which typically move at relativistic velocities and hence induce the
emission of Cherenkov light, which in turn can be detected by optical sensors of the cor-
responding neutrino telescope. Importantly, with this technique it is possible to achieve
angular resolutions down to 1 — 10° (depending on the instrument and the neutrino energy,
see e.g. [167]), facilitating a directional search for a point-like source like the Sunﬁ For the
energy range of interest, the dominant sources of background are atmospheric muons and
neutrinos, produced by interactions of cosmic rays with the atmosphere of the Earth. How-
ever, as mentioned already in the beginning of this section, these processes are not expected
to correlate with the direction of the Sun, allowing for a direct off-source measurement of
the background.

Several searches for an excess of muon tracks correlated with the direction of the Sun
have been undertaken, most notably by the neutrino telescopes IceCube [158,|168,/169],
ANTARES [159], Super-Kamiokande [170], Baikal [171], as well as by the Baksan Under-
ground Scintillator Telescope [172]. Up to date, none of these experiments have found a
statistically significant excess, and consequently various upper limits on the neutrino flux
originating from dark matter annihilations in the Sun have been deduced from the corre-
sponding data sets. For a fixed annihilation channel of dark matter, one can employ the
methods introduced in the previous part of this section in order to convert an upper limit
on the neutrino flux into an upper limit on the annihilation rate of dark matter. Assum-
ing equilibrium between capture and annihilation of dark matter in the Sun, this in turn
implies an upper limit on the capture rate, via Eq. . Finally, using the formalism of
the calculation of the capture rate given at the beginning of this section, one arrives at an
upper limit on the scattering cross section of dark matter with nuclei, separately for every
possible annihilation channel.

In Fig. we show the upper limits on the spin-dependent as well as on the spin-
independent scattering cross section with protons following from the currently most sensitive
neutrino telescopes. Analogously to Fig. showing the upper limits derived from direct
detection experiments, these results are based on assuming a Maxwell-Boltzmann velocity
distribution, given by Eq. , and furthermore use pg = 0.3 GeV/cm?. Following common
practice by the neutrino telescope collaborations, in these plots we show the upper limits
only for two benchmark annihilation channels: W+W ™ (replaced by 777~ for mpyn < my ),
corresponding to a rather hard neutrino spectrum due to the prompt decay of the W and
7 particles in the Sun (c.f. the previous discussion), as well as bb, which leads to a softer
spectrum of neutrinos, due to the energy loss of B-mesons and -hadrons inside the Sun.

81n general, neutrinos can also be detected via electromagnetic or hadronic showers. However, this signature
does not allow for a precise reconstruction of the direction of the initial neutrino, and hence is typically
not employed for the search for neutrinos from dark matter annihilations in the Sun.

37



2. DETECTION METHODS OF WIMPS: GENERAL CONCEPTS

Spin-dependent scattering off protons Spin-independent scattering, assuming f, = f,
10735 grrrr ———— 7 T 7

& £ evaporation \ N ‘? vaporation
) 10-36 [ regime \ ] g egime

2 E \ K 3 a

S E S

g 1097 E g
‘g £ E o0k i TN T
= g8 L PICO-2L", = o

3 E 5]

5 107% ¢ E ) IceCube
= F 4 (WHW=/7%
O —40 L ) - o D ——

2 1040 ¢ SuperK a ) S
B : W~ frre) leeCube : X LUX e
1 10 102 103 1 10 102 10%
mpwu [GeV| mpu [GeV]

Figure 2.3.: Upper limits from neutrino telescopes searching for a high-energy neutrino flux from
the direction of the Sun, compared to the most sensitive direct detection experiments,
assuming po = 0.3 GeV/cm? as well as a Maxwell-Boltzmann velocity distribution. In
both panels, the 3o-favored regions of the parameter space implied by the DAMA mod-
ulation are shown in orange, as calculated in [100] for scattering off Na and I. All other
lines are upper limits on o, at 90% C.L. Left panel: spin-dependent scattering off pro-
tons, with the IceCube limits (blue curves) taken from |158], and the Super-Kamiokande
limits (red curves) from [170]. The results from PICO-2L [125] and PICO-60 |121] are
shown as black and green dotted curves, respectively. Right panel: spin-independent
scattering, assuming f, = f,. The IceCube limits (blue curves) are taken from [168],
while the Super-Kamiokande results were presented in [170]. For comparison, the upper
limit from LUX [102] is shown as the black dotted curve.

As the effective area for neutrino detection rises with energy, the expected muon signal is
larger in the former case, leading to more stringent upper limits. In particular, from the left
panel of Fig. it follows that for the annihilation channel W+W ™~ /7777 the neutrino
telescopes provide stronger limits on the spin-dependent scattering cross section with protons
than the most sensitive direct detection experiments. For the softer annihilation channel bb,
as well as for spin-independent scattering, direct detection experiments are typically more
important, although the neutrino telescopes are still competitive for some ranges of dark
matter masses. However, as mentioned already earlier on, it is important to notice that
direct detection experiments and the capture process in the Sun are sensitive to different
parts of the velocity space. Hence, even for those scenarios in which direct detection limits
are stronger than the ones from neutrino telescopes when assuming the Maxwell-Boltzmann
distribution, the latter nevertheless provide important complementary information, once
astrophysical uncertainties are taken into account.

Finally, we remark that W¥W =, 7t7~ and bb are of course not the only possible an-
nihilation channels of dark matter. In particular, it is conceivable that dark matter only
annihilates into “neutrino-poor” channels, such as ete™ or wa. In Sec. |§|, we will derive
upper limits on the scattering cross section of dark matter for these and various other an-
nihilation channels, including for the first time higher-order corrections to the annihilation
process, which we will show to have a significant impact on the neutrino flux expected from
these annihilation channels.
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2.3. Indirect dark matter detection with gamma rays and charged
cosmic rays

Following the WIMP paradigm, dark matter is expected to annihilate also in today’s Uni-
verse, most significantly in regions with a high density of dark matter. The idea of indirect
detection is to observe the Standard Model particles produced in these annihilation events
as part of the cosmic rays impinging on Earthﬂ One example of this idea has been intro-
duced in the previous section: captured dark matter particles which are present in the core
of the Sun can annihilate, producing a flux of neutrinos potentially detectable at Earth. In
this section, we give a brief overview of other important indirect detection channels, namely
gamma rays in Sec. and charged antimatter in Sec. These messengers will be
employed later on in Sec. and [5] in order to confront particle physics models of dark
matter to observations from gamma ray instruments such as Fermi-LAT or H.E.S.S., and
from experiments searching for antimatter in cosmic rays, such as PAMELA and AMS-02.

2.3.1. Gamma rays from dark matter

Gamma rays constitute an excellent messenger for dark matter annihilations or decays:
photons with energies in the GeV to TeV range propagate essentially unhindered through
the Universe, and thus both the spectral and directional information can be used to dis-
tinguish a dark matter induced component from conventional astrophysical backgrounds.
For energies below ~ 100 — 500 GeV, gamma rays can be detected by satellite experiments
like DAMPE [174] and in particular Fermi-LAT [175], while for larger energies atmospheric
Cherenkov telescopes such as H.E.S.S. [176] or MAGIC [177] are the leading technology.

The flux of gamma rays produced from dark matter annihilations within a given angular
patch A in the sky is given by [178]

W, 1 [
dE, 8T Jay AV o,

J-factor

f
dly, p*(7) > By dN . (2.23)
!

ov)
DM W

Here, the J-factor takes into account the information about the spatial distribution of dark
matter within the observed angular region A, in particular involving an integration of
the square of the dark matter density p(7) over the line of sight. The remaining part of
Eq. depends on the particle physics properties of dark matter, i.e. its mass mpy and
velocity averaged annihilation cross section (ov), as well as the spectrum of gamma rays
dNA{ / dE, arising from the final state f, which is assumed to occur with a branching fraction
By.

An important aspect in the search for dark matter annihilations using gamma rays is the
choice of the target region in the sky. The scaling of the J-factor with p?(7) clearly moti-
vates to search for WIMP annihilations in directions containing a large integrated density of
dark matter. One widely used target is the region around the Galactic Center (GC), which
hosts most of the dark matter population of the Milky Way. However, while potentially
luminous in gamma rays from dark matter annihilations, it is also a very active region in

9Besides annihilations, dark matter particles might furthermore decay on cosmological time scales, leading
also to a potential signature in cosmic rays. However, as only the case of annihilations is relevant for the
remaining parts of this work, we will mostly omit the discussion of dark matter decays in the rest of this
introductory section, referring to [173] for more details on this topic.
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Figure 2.4.: Energy spectrum of gamma rays produced by dark matter annihilations. The gray
band brackets the spectra for annihilations into quarks and gauge bosons, while the
colored solid and dotted lines correspond to the spectral features mentioned in the text,
assuming different energy resolutions of the instrument. Figure taken from [178§].

terms of conventional astrophysical processes. Important examples for the latter are spal-
lations of cosmic rays on the interstellar matter, leading to the production of neutral pions
that subsequently decay into gamma rays, bremsstrahlung emission of cosmic ray electrons
interacting with the interstellar gas, or inverse Compton scattering of low-energy photons
with cosmic ray electrons |179]. The modeling of these processes to a precision necessary for
extracting a potential dark matter induced signal from the observed data is highly challeng-
ing. Furthermore, following the discussion in Sec. the density profile p(7) near the GC is
only poorly constrained, which results in a significant systematic uncertainty in the relation
between the dark matter annihilation cross section (ov) and the associated gamma ray flux.
Besides the GC, also dwarf spheroidal galaxies (dSphs) orbiting the Milky Way have been
employed extensively in the search for the gamma ray emission produced by dark matter
annihilations. While their J-factors are typically ~ 2 orders of magnitude smaller than the
GC region [180], dSphs are expected to be largely dominated by dark matter, making the
problems associated with the subtraction of the astrophysical background much less severe
than for the case of the GC. Furthermore, the J-factors of the dSphs can be estimated with
reasonable accuracy from data, by inferring their gravitational potential from observations
of the stellar density and velocity profiles [181-183]. Lastly, also Galaxy clusters and the
gamma ray emission from the extragalactic sky can be employed for indirect searches for
dark matter; as these targets are not relevant for the rest of this work, we refer to |184H186]
for more details.

From the particle physics side, following Eq. , the main ingredients in the calculation
of the gamma ray flux induced by dark matter annihilations are the dark matter mass and
annihilation cross section on the one hand side, affecting the overall normalization of the
signal, and on the other hand the spectrum of gamma rays dN«],c / dE,, for a given final state
f. Let us first consider the signal produced by annihilations into quark and gauge boson
final states, which produce a rather universal and featureless energy spectrum shown as the
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gray band in Fig. Various authors have analyzed the Fermi-LAT data corresponding to
different regions around the GC, allowing for the presence of such an exotic contribution to
the total gamma ray spectrum. Interestingly, several works have claimed the existence of an
extended diffuse emission of gamma rays on top of the standard astrophysical backgrounds,
within a region of a few degrees around the GC [187-192]. In particular, this excess seems
to be robust with respect to changes in the modeling of the diffuse gamma ray emission
associated to the background processes [192]. When interpreted in terms of dark matter
annihilations, the spatial profile is consistent with a slightly contracted NF'W profile, and the
energy spectrum, peaking at a few GeV, can be well-fitted by a large number of annihilation
channels, for dark matter masses in the range of ~ 10 — 200 GeV [193]. Intriguingly, within
the astrophysical uncertainties related to the determination of the J-factor corresponding
to the region close to the GC, the absolute strength of the signal is compatible with the
thermal annihilation cross section (ov) ~ 2.2 -10726cm3/s. In Sec. |3, we will give an
explicit interpretation of the GC excess in terms of a simplified model of Dirac dark matter,
which we then confront to bounds from direct detection experiments. Finally, it should be
mentioned that there are also proposals for explaining the GC excess without invoking dark
matter annihilations, such as recent hadronic or leptonic cosmic-ray outbursts [194-196],
or the combined emission from a large number of unresolved point sources, in particular
millisecond pulsars [197,/198]. Recent analyses claim that the Fermi-LAT data prefers the
latter option over the dark matter interpretation [199,200].

On the other hand, the Fermi-LAT search for a gamma ray emission from 15 dSphs
turns out to be consistent with the absence of a dark matter induced signal |180]. This
results in stringent and robust upper limits on the annihilation cross section of dark matter;
in particular, for annihilations into quark-antiquark pairs or into 777, the thermal cross
section is excluded for mpy < 100 GeV. These bounds pose important constraints on a large
variety of dark matter models, which we will specifically study in Sec. |3|and [4]in the context
of simplified models. Also, it should be noticed that taken at face value, the upper limits
from dSphs are in tension with the dark matter interpretation of the GC excess. However,
in view of the uncertainties in extracting the J-factor in regions close to the GC, reconciling
both observations is still possible |193].

Finally, let us briefly introduce the search for gamma ray spectral features as a comple-
mentary strategy for disentangling the dark matter induced gamma ray signal from the
astrophysical background processes. This method is based on the observation that in a
large variety of models, dark matter can annihilate into final states featuring a hard photon
spectrum, with the energy scale set by the dark matter mass. The most prominent exam-
ple is the annihilation process DM DM — X [201-203], where X denotes either another
photon, a Z boson or the Higgs particle. For WIMPs with non-relativistic velocities, as it
is relevant in particular for the dark matter population in our Galaxy, this process leads to
a photon spectrum in form of a gamma ray line with an energy E, ~ mpn(1 —m% /4m2, ;).
As discussed previously, it is difficult to accurately predict the precise normalization and
spectral shape of the astrophysical background of gamma rays e.g. from the direction of the
GC; however, for the purpose of the search for gamma ray spectral features, it is enough
to employ the fact that in the GeV to TeV range all known astrophysical processes lead
to smooth, featureless energy spectra. Hence, the observation of a gamma ray line on top
of a smooth background is generally expected to be a smoking-gun signal for the annihi-
lation or decay of dark matter. Besides gamma ray lines, the annihilation of dark matter
can also result in other spectral features which can be distinguished in this way from the
background: wvirtual internal bremsstrahlung (VIB) [204-206], arising from the annihilation
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of dark matter into a three-body final state including a hard photonlﬂ7 as well as gamma
ray boxes [207], triangles [208] or higher-order polynomials [209] which appear in scenarios
in which the dark matter particle annihilates into an intermediate particle, which then de-
cays in flight into vX. Examples for the spectra arising from these processes are shown in
Fig.

Several experiments, most notably Fermi-LAT, H.E.S.S. and MAGIC, have searched for
the presence of a gamma ray spectral feature in various regions of the sky, such as in different
regions close to the GC [210,211], in nearby galaxy clusters [212], in dwarf galaxies [213]/214],
or in the extragalactic sky [211]. As of today, no statistically significant gamma ray feature
has been foundEL and hence several of these searches lead to stringent bounds on the
annihilation cross section of dark matter into a pair of gamma rays or into the other final
states involving a spectral feature. In Sec. 4], we will employ these upper limits in the context
of a simplified model of real scalar dark matter, showing that large parts of the parameter
space are excluded by the observations of Fermi-LAT and H.E.S.S.

2.3.2. Searches for antimatter in cosmic rays

The annihilation of dark matter particles into final states containing e.g. quarks or gauge
bosons produces not only gamma rays, as discussed in the previous section, but also stable
charged Standard Model particles. Among these, in particular antiprotons, antinuclei and
positrons are interesting messengers for dark matter, as their astrophysical background flux
is suppressed compared to the more commonly occurring protons, nuclei and electrons.

In contrast to gamma rays, charged cosmic rays with energies in the GeV to TeV range
are subject to rather complex propagation effects within the Milky Way. In particular, the
presence of inhomogeneous Galactic magnetic fields leads to a diffusion of the particles which
smooths out almost all directional information, leading to a flux of antimatter at Earth that
is, to first order, isotropic [217,218]. The fluxes of antiprotons and positrons have been
measured by various space-based instruments, most recently by PAMELA [219-222] and
AMS-02 [218,223}225]. We show the recent (but still preliminary) data from AMS-02 on
the p/p ratio in the left panel of Fig. as well as several measurements of the positron
fraction et /(e + e7) in the right panel of the same figure.

The left panel of Fig. furthermore includes a prediction for the p/p ratio arising from
spallations of cosmic rays on the interstellar matter [226], constituting the main background
for dark matter searches. Here, the blue band brackets the uncertainty on the spallation
background resulting from our incomplete knowledge of propagation in the Milky Way. The
standard approach for modeling the latter is to describe the effects of diffusion, convection,
reacceleration, energy losses, annihilations on the interstellar medium, as well as solar mod-
ulation by means of a two-zone diffusion model [229,230]. This model contains a handful of
free parameters, which can be constrained by observations of secondary-to-primary ratios
such as boron-to-carbon (B/C). The blue band in the left panel of Fig. corresponds to
the envelope of the expected spallation background obtained by using 500 sets of propaga-
tion parameters consistent with the B/C ratio [226] as measured by AMS-02 [231]. Besides,
the gray band in that panel additionally takes into account uncertainties in the nuclear
cross sections underlying the spallation reactions of cosmic ray protons and helium on the

10The phenomenology of this spectral feature will be discussed in detail in Sec.

HSeveral authors have found a line-like feature at E, ~ 130 GeV [215l[216] in the Fermi-LAT data. However,
its significance has decreased considerably after using a larger, reprocessed data set, making a dark matter
origin unlikely [210].
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Figure 2.5.: Left panel: p/p ratio as measured by AMS-02, compared to the expected flux arising
from cosmic ray spallations. Figure from [226]. Right panel: positron fraction, with
data from several experiments, as well as the prediction for the spallation background.
Figure has been taken from [227], which is based on [218] and [228].

interstellar matter.

As apparent from the plot, the AMS-02 data on the p/p ratio is well compatible with the
expected astrophysical background, once all the uncertainties mentioned above are taken
into account. This leaves little room for an exotic source of antiprotons, such as dark
matter annihilations, and consequently the p/p data can be employed in order to derive
upper limits on the dark matter annihilation cross section. However, the uncertainties
corresponding to the different sets of propagation parameters compatible with the B/C
ratio are significantly larger for the antiproton flux expected from dark matter annihilations,
compared to the spallation background. Partially, this is because both B/C as well as the
spallation antiproton flux are mainly sensitive to the combination Ky/L, where Ky and L
are the normalization of the diffusion coefficient and the half-height of the diffusion zone,
respectively, while on the other hand antiprotons originating from dark matter annihilations
are produced in the complete halo, and are very sensitive to L directly. Hence, upper limits
on (ov) vary by up to two orders of magnitude when using different sets of viable propagation
parameters [232,233]. In Sec. we will derive constraints arising from the p/p ratio as
measured by PAMELA in the context of a simplified model of real scalar dark matter, based
on the three sets of propagation parameters MIN, MED and MAX which have been derived
in [234], and which approximately bracket the propagation uncertainty for antiprotons from
dark matter annihilationd™

Besides antiprotons, also positrons can be used as a messenger for dark matter annihila-
tions or decays. Interestingly, PAMELA [221}222], Fermi [237] and AMS-02 [218}224] have
observed an increase of the positron fraction at energies E.+ 2 10GeV, as shown in the
right panel of Fig. As the positrons produced in spallation reactions of cosmic rays on
the interstellar matter are expected to lead to a decreasing positron fraction [228], indicated
by the gray band in the same plot, the positron excess is nowadays widely accepted to be
evidence for an additional, primary source of positrons. In particular, it is possible to fit
the data with dark matter annihilations or decays [238239], although in the case of annihi-

21t should be noted however that these propagation parameters are based on old data on the B /C ratio.
Furthermore, by now the MIN parameters are excluded on the basis of radio, synchrotron and positron
data [235,/236].
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lations the cross section necessary for explaining the positron excess is up to three orders of
magnitude larger than the thermal value (ov) = 2.2 - 10726 cm?/s. In any case, by now the
dark matter interpretation of the positron excess is in strong tension with the absence of
signals in other indirect detection channels, most notably antiprotons and gamma rays (see
e.g. [240]), as well as by observations of the CMB [241]. Consequently, the currently most
plausible option is that the positron excess is dominantly caused by other primary sources,
most notably pulsars, which indeed can also provide an excellent fit to the data [242].

Irrespectively of the origin of the positron excess, the data on the positron fraction as well
as on the positron flux can nevertheless be used for setting upper limits on the annihilation
cross section of dark matter. In particular, analogously to the idea of gamma-ray spectral
features introduced in Sec. [2.3.1] one can search for the presence of a spectral feature in
the positron flux or fraction on top of the observed smooth spectrum. Such an analysis
is particularly interesting for final states leading to a peaked positron spectrum, such as
ete” and ptp~. This idea has been employed in [243] and [244], based on the AMS-02
data on the positron fraction and flux, respectively. The corresponding upper limits on the
annihilation cross section will be employed in Sec. [3] in order to constrain a simplified model
of Dirac dark matter coupling to electrons or muons.

Finally, it has been pointed out that also antideuterons [245] (or even antihelium [246,247))
can be used as a messenger for dark matter annihilations or decays. While the overall
antideuteron flux expected from dark matter as well as from spallations of cosmic rays is
~ 2 — 3 orders of magnitude smaller than for antiprotons, the signal-to-background ratio
is considerably larger. In particular, the observation of only a few antideuterons would
provide a strong indication for the presence of a primary source of antinuclei, such as dark
matter [248.249]. Up to date, no antideuterons have been detected in cosmic rays, but are
currently searched for by AMS-02, as well as in the future by the GAPS experiment [250].
More details on this indirect detection channel can be found in the recent review article [251].

2.4. Collider searches for dark matter

Finally, in this section we give a brief overview on the possibility to probe the particle
nature of dark matter at colliders. Naturally, the focus of the discussion is on proton-proton
collisions at the LHC, operating at center-of-mass energies between /s = 7 — 13 TeV.
Furthermore, we remark that for some dark matter models also constraints from LEP can
still be relevant, as we will see e.g. in Sec.

As weakly interacting dark matter particles themselves do not lead to signals in the LHC
detectors, they can only be observed in association with visible Standard Model particles.
Hence, the signatures of interest are typically given by one or several hadronic jets or
leptons, accompanied by a significant amount of transverse missing energy (see e.g. [252]).
Such a topology in general can arise in two ways: first, the dark matter particle itself can be
directly produced in the pp collisions, together with e.g. a hard gluon or quark originating
from initial or final state radiation. Secondly, in several models also other new heavy states
connected to the dark matter particle can be produced (such as a mediator between the
dark matter and Standard Model particles), which then subsequently can decay into the
dark matter and a visible Standard Model particle, also leading to one of the signatures
mentioned above. Notice that this in particular implies that in contrast to direct and
indirect detection experiments, the LHC is not only sensitive to the dark matter particle
itself, but also to other new states within a possible “dark sector”. In run 1 of the LHC,
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performed at /s = 7 and 8 TeV, no significant excess which can be attributed to the
production of dark matter particles has been found.

From the theoretical point of view, a generic problem is that collider searches for dark mat-
ter are typically highly model-dependent: there is no straightforward analogue to the way of
interpreting the direct and indirect detection experiments in a two-dimensional parameter
space spanned by the dark matter mass and its scattering or annihilation cross section. In
view of that situation, dark matter searches at colliders are often interpreted within the
parameter space of a given UV complete theory containing a dark matter candidate, most
notably supersymmetric theories featuring the neutralino as the hypothetical dark matter
particle; see e.g. the recent analysis [253]. Obviously, a disadvantage of such an approach
is that there is no direct way of translating the results obtained in one particular theory
to another scenario, and also a comparison with non-collider experiments can only be done
separately for each point in the (typically high-dimensional) parameter space of the model.
Hence, in run 1 of the LHC, the dark matter searches also have been interpreted within
effective field theories (EFTs) [254]. In this framework, one assumes that the production
of the dark matter particle can be described by a higher-dimensional contact interaction
involving e.g. two quarks and two dark matter particles. A bound on the coefficient of
such an operator can then be compared to direct and indirect detection experiments, which
allows to study the complementarity of the different approaches [255}256].

However, various authors have stressed that the assumption of contact interactions can
be strongly violated at the LHC, questioning the validity of the EFT at the relevant energy
scales, see e.g. [257,258]. In view of that situation, there has emerged the consensus [259(261]
to interpret the LHC data in terms of simplified models of the dark matter particle and its
interactions. As already mentioned in the introduction to this thesis, here the strategy is to
include only the degrees of freedom relevant for the description of the dark-matter-related
signatures at the LHC, leading to typically two or three free parameters which then can
be constrained by the data. These minimal, but still self-consistent particle physics models
(as opposed to the EFT description) can then also be confronted to direct and indirect
detection searches, allowing for detailed complementarity studies. We will employ precisely
this approach in Sec. where we interpret an ATLAS search for multiple jets plus missing
energy in terms of a simplified model containing a real scalar dark matter particle and a
colored fermionic mediator.
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3. Dirac dark matter with a charged
mediator: a comprehensive analysis of the
direct detection phenomenology

In this section, we open the discussion of the phenomenology of dark matter searches within
simplified models, by studying the direct detection signals arising in a model of Dirac dark
matter. In this framework, the dark matter particle is assumed to be a singlet under
the Standard Model gauge group, coupling via a Yukawa interaction to a Standard Model
fermion and a charged scalar mediator. Apart from the cases where the dark matter couples
directly to a quark of the first generation, there is no tree-level coupling of dark matter to
nucleons within this simplified model. Naively, one then might think that in these scenarios
the dark matter-nucleus scattering cross section is beyond the reach of current and future
direct detection experiments.

However, within the last decades, dark matter direct detection experiments have reached
unprecedented sensitivity to ever smaller scattering cross sections, and future experiments
such as XENONIT [129] or DARWIN [131] are expected to probe further parts of the dark
matter parameter space, as discussed in detail in Sec. With this development in mind,
it is worthwhile to ask whether current or future direct detection experiments are sensitive
to models in which there is no tree-level coupling of dark matter to nucleons, but where
the scattering can only proceed via one-loop diagrams. The simplified model of Dirac dark
matter introduced in the previous paragraph is a prime example to study this question:
if the dark matter particle couples via the Yukawa coupling to a Standard Model lepton
or a heavy quark, the tree-level coupling to nucleons vanishes, however, due to the non-
vanishing interactions of all Standard Model fermions with gauge bosons and/or the Higgs
boson, there are one-loop diagrams which can nevertheless induce the scattering of dark
matter off nuclei. Examples of such processes include the one-loop exchange of a Higgs,
a Z-boson and a photon, as discussed partially in [262-270], or the one-loop coupling of
dark matter to gluons [271-273]. Taking into account all relevant tree-level and one-loop
processes, in the following we present a comprehensive calculation of the scattering cross
section of dark matter with nucleons, and discuss the phenomenological implications for
current and future direct detection experiments, separately for all Standard Model fermions
that can couple to the dark matter particle.

This section is organized as follows: In Sec. we define the simplified model, and
subsequently discuss the constraint imposed on the model by requiring that the Dirac dark
matter candidate accounts for all of the observed relic density. Then, in Sec. we discuss
the effective Lagrangian for dark matter-nucleon interactions induced by the coupling of dark
matter to a given Standard Model fermion. Finally, in Sec. we determine the expected
scattering rate in xenon-based direct detection experiments, confronting it to existing upper
limits from LUX, as well as comparing it with the projected reach of the future experiments
XENONIT and DARWIN.
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3.1. Singlet Dirac dark matter with a charged mediator

The simplified model discussed in this section is defined by extending the Standard Model by
a Dirac fermion x, which is a singlet under the Standard Model gauge group, and a charged
scalar particle n, with gauge quantum numbers depending on the fermion coupling to x
and 7, as it will be discussed later on. By imposing a discrete Zo symmetry under which x
and n are odd, while all Standard Model particles are even, and by additionally demanding
m, < my, the Dirac fermion  is guaranteed to be stable, and thus can potentially constitute
the dark matter observed in the Universe. Then, the most general renormalizable Lagrangian
is given by

L= Lom+ Lo+ Ly + Lo + L5 (3.1)

In this equation, Lgy is the Lagrangian for the Standard Model, including in particular the
scalar potential V = m?®Td + %)\1(@“1))2 for the Higgs doublet ®. Moreover, £, and L,
contain the kinetic, mass and self-interaction terms for the dark matter particle xy and the
scalar mediator #:

L, = xidx —myxx and (3.2)
1
Ly = (Dum)(Dn) = min'n — S Xa(n'n)?. (3.3)

In Eq. , the covariant derivative D* is specified by the gauge quantum numbers of 7,
which will be discussed below.

The interactions between the dark matter particle y and the Standard Model sector
are governed by Eifﬁfjmion, which consists of a Yukawa interaction between x, 1 and one
Standard Model fermion f. The latter can be either a right-handed quark or lepton, i.e. fr €
{u’é, d}é, e’é}, with ¢ = 1,2, 3 labeling the generations of Standard Model fermions, or a left-
handed quark or lepton doublet f; € { Q} ,Li}. In the first case, the Yukawa interaction is

given by
L™ = —yn'Xfr+h.c., (3.4)

while in the latter case it reads

[fermion _ _ T’f G he — —y T](T])ZVL — ynT_XeL + h.c. for coupling to Ly, and
int = —YynxjL A N t— _ T,d h f 1;
ynuxur — Yy nyxdr + h.c. for coupling to Qr .

(3.5)

Egs. (3.4) and (3.5) specify the gauge quantum numbers of the mediator n; in particular, it
is color neutral for dark matter coupling to a lepton, and a color triplet for coupling to a

Standard Model quark.
Finally, the last term in the Lagrangian defined in Eq. (3.1)) is a scalar potential leading
to the interaction between the scalar mediator n and the Standard Model Higgs boson:

(3.6)

int

scalar _ —>‘3(‘1)T‘I))(7IT77) for Coupling to fRa and
—X3(®T®) (') — Xa(®Tn)(nT®)  for coupling to f .

Large parts of the phenomenology of the model do not depend critically on this part of the
Lagrangian, and thus we will set the couplings A3 and A4 to zero in the following discussion.
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3.1 SINGLET DIRAC DARK MATTER WITH A CHARGED MEDIATOR

Nevertheless, we will comment briefly in Sec. [3.2] on the impact of this assumption on the
effective dark matter-nucleon Lagrangian. Finally, we note that by neglecting the terms in
£sealar the neutral and charged components of the SU(2) doublet 1 = (19, 7—) appearing in
Eq. have a common mass, which in the following will be denoted by m,,.

As discussed in Sec. [I.3] the relic density of dark matter particles is determined by the
thermally averaged annihilation cross section (ov) at the time of dark matter freeze out,
which in general receives contributions from the self-annihilation of dark matter as well as
from coannihilation processes involving other particles in the dark sector. For the model
discussed in this section, the only relevant self-annihilation process is xx — ff, with f
being the Standard Model fermion coupling to x via the Yukawa interaction specified by
Eq. or . Due to the small velocity of dark matter particles during the freeze-
out process, the thermally averaged annihilation cross section is well approximated by the
s-wave contribution:

2
N y*N, mi 1= (mys/my)
<O-/U>XX - (O”U)X)_( "U—)O = 327_[_

(m?< +m2 — m})Q 7 &0

with N, = 3 (1) for coupling to quarks (leptons). If the dark matter particle couples to a
fermion doublet fr, (ov)yy is given by the sum of the annihilation cross sections into both
fermion states, with each one given by Eq. (3.7)).

Besides the self-annihilation of the dark matter particle x, in certain parts of the parameter
space also coannihilations of y with the scalar mediator 7, as well as self-annihilations
of n have to be taken into account in the computation of the dark matter relic density.
Following the discussion in Sec. these processes are only expected to be relevant if y
and 7 are nearly degenerate in mass, due to the exponential suppression of the contribution
of coannihilation processes with the mass splitting m, —m,. Specifically, if this is the case,

the processes xn — qg, mn' — gg, and nun:; — Wtyg, if x couples to quarks, as well as

Y0 = ey, b = vy, ¥ Z, ZZ, WTW, or nonl. — W+, if x couples to leptons contribute
to the effective annihilation cross section. For the calculation of the relic density at a given
point in the parameter space of the model, we fully take into account all annihilation and
coannihilation channels, by solving numerically the corresponding Boltzmann equation with
the help of micrOMEGAS [87], interfaced with FeynRules [274] and CalcHEP [275|. Using
this procedure, we find that the coannihilation processes contribute significantly to the relic
density for m, < 1.2m,.

In the following discussion, for every value of m, and m,, we fix the Yukawa coupling y
entering Egs. and by requiring that all of the dark matter observed in the Universe
has been produced by the thermal freeze-out of the dark matter candidate y; for this, we
use the measurement of the relic density by Planck, given by Qpyh? = 0.1198 +0.0015 [32].
Consequently, there are only two parameters of the model left which are relevant for the
phenomenological analysis, and which can be chosen to be e.g. the dark matter mass m,,
and the relative mass splitting between the dark matter particle and the scalar mediator,
(my —my)/m,. We finally note that outside the coannihilation regime, i.e. for m, 2 1.2m,,
the above-mentioned condition on the Yukawa coupling y is equivalent to demanding that the
self-annihilation cross section (ov)yy defined in Eq. is equal to the value (00)thermal =
4.4 x 10720 cm?3 /s, as discussed in Sec.
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Figure 3.1.: Representative Feynman diagrams leading to dark matter-nucleon scattering: (a) tree-
level scattering, (b) one-loop scattering via the exchange of a photon or a Z boson, (c)
one-loop scattering via the exchange of a Higgs boson, (d) dark matter-gluon scattering
at one loop.

3.2. Effective Lagrangian for dark matter-nucleon scattering

Depending on the fermion f that couples to the dark matter particle x via the Yukawa inter-
action given by Egs. or , different processes contribute to the dark matter-nucleon
scattering amplitude. We show one representative Feynman diagram for each possible pro-
cess in Fig. If dark matter couples to a quark ¢, it can scatter off nucleons at tree-level,
as shown in panel (a). On the other hand, panels (b) and (c) show the scattering of dark
matter off a quark at the one-loop level, mediated by a photon, a Z-boson or a Higgs bo-
son, which is present for all possible choices of the fermion f coupling to the dark matter
particle. Finally, panel (d) is an example for a box-diagram with two external gluons, again
only relevant if dark matter couples to quarks. In the following, we discuss the effective
Lagrangians corresponding to each of the processes shown in Fig. [3.1}

If the dark matter particle y couples directly to a quark g, it can scatter off nucleons
at tree-level via the diagram shown in panel (a) of Fig. In that case, similar to the
scattering of y, also the antiparticle ¥ can scatter off a quark ¢, by exchanging the colored
mediator 7 in the s-channel. The effective interaction between dark matter and quarks then
follows from a Fierz rearrangement of the corresponding matrix elements, resulting in a
vector and an axialvector couplingﬂ

£ED =\ ("X Prg — XX 70’a) (3.8)

with Ay = 3?2/ [S(m% - mi)] . In order to go from the level of dark matter-quark interactions
to a description of dark matter-nucleon interactions, one then has to evaluate the matrix
elements of the corresponding quark currents inside a nucleon N € {p,n}. For the vector

interaction, they are given by [92]

2pyup ifg=u nyun  ifg=u
(plavuglp) = { pyp  ifq=d  and (n|gyugn) = 2ayn ifq=d . (3.9)
0 otherwise 0 otherwise

'We omit terms leading to a scattering cross section suppressed by v2, with v being the velocity of the dark
matter particle.
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3.2 EFFECTIVE LAGRANGIAN FOR DARK MATTER-NUCLEON SCATTERING

These relations simply reflect the fact that even in the presence of non-perturbative QCD
effects, the vector current is a conserved quantity, and hence the contributions of the valence
quarks contained in the proton and neutron add coherently. In particular, the nucleon matrix
element of the vector current vanishes identically for ¢ ¢ {u, d}. Using Eqs. and ,
the vector interaction leads to an effective dark matter-nucleon Lagrangian describing a
spin-independent interaction (c.f. the general discussion in Sec. :

N) _ = .
Letigree = e X7 X N7 N, with (3.10)
2 Ay for coupling to ug Ay for coupling to ug
f x(/z,gt)ree =4 Ay for coupling to dg and f, ‘(/Z)ree =4 2y for coupling to dgr
3y for coupling to (ur,dr) 3y for coupling to (ur,dr)
(3.11)

On the other hand, the axialvector current is not conserved, and consequently the cor-
responding nucleon matrix elements are not perturbatively calculable. Following [92], we
parametrize them in the form

(N|gyy alN) = 25 AN (3.12)

(N)

where s,/ is the spin of the nucleon, and AgN

)

parametrizes the quark spin content of the
nucleon N, which can be estimated from lepton-nucleon scattering experiments. AgN) turns
out to be essentially zero for ¢ € {c,t,b}; for ¢ € {u,d, s} we employ the numerical values
given in [276]. From Eq. , it follows that the axialvector part of the dark matter-
quark Lagrangian leads to a spin-dependent interaction. As the experimental sensitivity
to spin-independent scattering is orders of magnitude better than to the spin-dependent
one [102,[103], the spin-dependent part of the scattering cross section is always subdominant
in the simplified model of Dirac dark matter discussed in this section. Hence, we will
disregard it in the rest of the discussion, while still taking it into account in our numerical
analysis.

Besides the tree-level scattering, which is only relevant if dark matter couples to f € {u,d},
the Yukawa interactions defined through Eqgs. or necessarily lead to dark matter-
nucleon scattering at the one-loop level via the penguin diagrams depicted in panels (b) and
(c) of Fig. regardless of the choice of the Standard Model fermion f. In particular, the
exchange of a photon induces electromagnetic moments for the dark matter particle y, which
are described by means of an effective Lagrangian for dark matter-photon interactionsﬂ

1% ,magn. _ _
Loty = =5 X0" X + b Xv"X0" Fyw (3.13)
with fty magn. and b, being the dark matter magnetic dipole moment and charge radius,

respectively. These electromagnetic moments are obtained by matching an explicit calcula-
tion of the relevant loop diagrams to the effective Lagrangian given by Eq. (3.13)), working

2The photon exchange furthermore leads to an anapole moment of the dark matter particle, given by the
effective operator x7"7°x0” Fj. In the non-relativistic limit, this operator leads to a scattering cross
section which is suppressed by the square of the dark matter velocity, and hence can be safely neglected
with respect to the other electromagnetic moments. Nevertheless, we include it for completeness in our
numerical calculations.
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in the limit where the transferred momentum ¢ goes to zero. For dark matter coupling to
a right-handed Standard Model fermion fgr, we obtainlﬂ

— Nyy? [-A+1—p— Al/2 1
My, magn. = Qfe y + pe arctanh ( + —(e — p) log (;) — 1:| ,

32m2m,y, | Al/2 p+e—1 2
(3.14)
—QfeNcy2 I 9 Al/2
by = SarTm? | B2 (8A% + (9 + Te — 5)A — 4€(3p + € — 1)) arctanh ]
3e—1
+ (8 — 8¢ + 1) log (;) +4<4+“+A6>] . (3.15)

In these expressions, @ is the charge of the fermion fg in units of |e|, N, is a color factor
given by 3 (1) for coupling to quarks (leptons), and A is defined through

A=p?+(e—1)2—2u(e+1), (3.16)

with p = m% /mi and € = m?c /mi Furthermore, if dark matter couples to a left-handed
Standard Model fermion doublet via Eq. , My, magn. and b, are given by the sum of the
corresponding expressions for both components of the doublet.

By taking the limit € — 0 in Eq. , one realizes that the charge radius b, suffers from

an infrared logarithmic divergence x log (m?g /m%) in the limit of small fermion masses,

questioning the validity of our fixed-order calculation. However, in that context it is impor-
tant to note that Eq. has been derived in the limit of vanishing momentum transfer,
which is an invalid assumption if the momentum transfer is not the smallest energy scale in
the process. Namely, for a scattering event off a xenon nucleus with a recoil energy Er ~ 10
keV, the typical momentum transfer is given by /—¢? ~ 50 MeV, which is substantially
larger than the fermion mass my, if dark matter couples to a first generation quark or to an
electron. Hence, for these scenarios we replace my by 50 MeV in our numerical analysis, in
order to cut-off the divergence at the relevant energy scale. Due to the logarithmic nature
of the divergence, the precise value of the cut-off does not significantly affect our results.

Similar to the photon exchange described in the previous paragraph, y can also inter-
act with nucleons via penguin diagrams involving a Z boson, as shown in panel (b) of
Fig. Neglecting the subdominant spin-dependent contribution, this process leads to a
vector interaction between dark matter and quarks oc Xv*x ¢v,q; using the nucleon matrix
elements , we obtain the following effective dark matter-nucleon Lagrangian:

Lotz = fig XV'X NN, (3.17)
Graz PO Graz
V2ot e

Similar to the calculation of the electromagnetic moments, az is obtained by matching the
effective Lagrangian to an explicit loop calculation, with the result being

with  fi7) = (453, — 1) (3.18)

Sf 2 _ 1/2
(fR):T3NCy6 11 € 14+ upu—e L A 1
ay T [2 og . + N arctan vy R (3.19)
a(ZUL:dL) _ _a(ZuR) _ a(ZdR) : a(ZVLyeL) _ _a(ZeR) ’ (3.20)

3We have employed FeynCalc [277] for parts of the calculation. Furthermore, we checked that our result
numerically agrees with the semi-analytical expressions given in [265].
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3.2 EFFECTIVE LAGRANGIAN FOR DARK MATTER-NUCLEON SCATTERING

for dark matter coupling to a right-handed fermion fg, a left-handed quark doublet (ur,dr)
and a left-handed fermion doublet (vr,er), respectively, and with A given by Eq. .
Notice that for m; < m,, the effective coupling of dark matter to the Z boson, parametrized
by az, scales as (ms/m,)?. Hence, the contribution of the Z exchange to the total scattering
cross section is strongly suppressed with respect to e.g. the contribution arising from photon
exchange, except for the scenarios where y couples to tg or (tr,br).

Furthermore, the dark matter particle can scatter off quarks via the exchange of the
Standard Model Higgs h, shown by the one-loop diagram in panel (c¢) of Fig. leading to
a scalar interaction o< Yxqq. Analogously to Eqgs. and , one then has to evaluate
the nucleon matrix elements of the scalar quark current gg [92]:

m
(N|gg|N) = =X £, (3.21)
Myq

where the nuclear parameters féN) can be estimated from chiral perturbation theory [278§],
pion-nucleon scattering [279] and lattice simulations [280]. For our purposes, the relevant

quantity is the effective Higgs-nucleon coupling f J(\(,) ), given by [281}282]

7
FO =, = 3 t5 D o 0345, (3.22)
q

q=u,d,s

With that, the effective dark matter-nucleon Lagrangian describing the Higgs exchange
contribution can be written as

N _ —
Left Higgs = fs(,H)iggs XX NN, (3.23)
where fs(%)iggs is given by

—\@GFmeNf](\?) 3e
m,% 3212 A1/2

N
fS(,H)iggs =

Al/2 (2 + (u—e)log (;)) +

A1/2
2 (€ + pu(u— 1) — € (1 +2u)) arctanh <,u+e—1> ] . (3.24)

As the Higgs couples to Standard Model fermions with a strength proportional to their mass,
this contribution to the dark matter-nucleon Lagrangian is suppressed by € = m? / mi, mak-
ing it clearly subdominant for scenarios in which the dark matter particle couples to a light
Standard Model fermion. For dark matter coupling to a third-generation quark, we find that
the contribution from Z exchange, given by Eq. , is always significantly larger than
the one arising from Higgs exchange, rendering the latter irrelevant for all scenarios dis-
cussed in this work. Nevertheless, for completeness we include it in our numerical analysis.
Furthermore, we notice that the effective dark matter-Higgs interaction would receive addi-
tional contributions from non-zero values of the quartic couplings A3 and A4, c.f. Eq. .
However, we find that even when allowing for O(1) values of these couplings, the Higgs
interaction is still subdominant compared to the scattering induced by the exchange of the
Z boson.

Finally, if the dark matter couples at tree level to a quark, one-loop box diagrams such
as the one shown in panel (d) of Fig. induce an effective coupling of x to gluons, which
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in turn leads to an effective scalar interaction of the dark matter particle to nucleons, given
by

N -
[feff,gluon = fég)]uonXXNN- (3'25)

The effective coupling fg\gluon has been studied in detail for a simplified model in which the

Dirac dark matter particle x studied in this section is replaced by a Majorana fermion [271-

273]. In particular, it has been shown in [273] that only the heavy quarks ¢, b and ¢ contribute

to the effective dark matter-gluon coupling, as the box-diagrams contailight quarks are
3.21))

already included in the non-perturbative matrix elements féN), c.f. Eq. . By inspecting

N)

all relevant diagrams, we find that fé gluon is exactly the same for Majorana and for Dirac
dark matter, and we refer to [273] for the full expression of the effective coupling.

3.3. Event rate for dark matter-nucleus scattering and
experimental limits

3.3.1. Scattering cross section and event rate

Starting from the effective Lagrangians describing the interaction of dark matter with nu-
cleons and photons, given by Eqs. (3.8)), (3.13), (3.17), (3.23) and (3.25)), we now compute
the scattering cross section of dark matter with a nucleus T'. For elastic and non-relativistic
scattering, it generally follows from

dop 1

= M o 3.26
dEr  32mv*m2Zmr (Mot ( )

where mr is the nucleus mass. Assuming coherent scattering off the individual constituents
of the nucleus, the scattering amplitude M, 1,471 is simply obtained by replacing the
nucleon spinors IV in the effective dark matter-nucleon Lagrangians presented in the previous
section by a spinor describing the nucleus 7. As the typical momentum transfer in a
scattering event is of the same order as the inverse size of the nucleus, one additionally has
to take into account the loss of coherence by means of an appropriate form factor. Finally,
for scattering mediated by a photon, one has to decompose the nuclear current 7y*T into a
term describing the interaction of the photon with the charge Z of the nucleus, and a term
taking into account the coupling to the nuclear magnetic dipole moment g7 magn., using the
Gordon identity [283]. Including only the leading terms in an expansion in 1/Eg and 1/v?,
we obtain:

dUT 2 2 1 mr 9
dEn 2\ = 55 ) Fs(E 3.27
dER Oéemﬂx,magn. ER 2#%'02 [ SI( R)] ( )
2 2
KT magn. Hx,magn. T Jr+1 9
- T2 3Jr [Fdipole (ER)]
e (0? (y (Br)P
+ ot (F7) 1B (BR)

where Jp is the spin of the nucleus, p is the dark matter-nucleus reduced mass, Fgi(ER) is
the Helm form factor for spin-independent scattering given in [93], Fyipole(ERr) is the form
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factor for dipole-dipole scattering taken from [284], and f () is the effective scalar dark
matter-nucleus coupling, defined as

€y, magn. n n n
f(T) =7 <fg,)g)luon + f‘(/]jt)ree + f‘(/]j)Z o €bx N M2X7mg> + (A a Z) (fé',g)luon + f\(/,t)ree + f‘(/’%> ’
X
(3.28)

Finally, using Eq. , we convert the scattering cross section given by Eq. into
a differential event rate igg in a xenon experiment. Following the discussion in Sec.
we assume that the velocity distribution of dark matter is given by a Maxwell-Boltzmann
distribution, as defined in Eq. , with parameters vg = \/%a = 220 km/s, |Ugartn| = 233
km/s (neglecting the small time dependence, which is unimportant for the results discussed
in this section), and vese = 533 km/s. Furthermore, we use pg = 0.3 GeV /cm? for the local
dark matter density. We then confront the expected event rate to the results of the LUX
experiment [101], which has the strongest sensitivity to the model discussed in this section.
To this end, we determine the total number of expected scattering events Np in LUX for
every point in the parameter space, by integrating the differential event rate % over the
relevant range of recoil energies, taking into account the exposure and efficiency of the
detector. If Np is larger than the 90% C.L. upper limit following from the non-observation
of an excess in LUX, the corresponding set of model parameters is considered to be excluded.
Details of our procedure of obtaining upper limits can be found in Appendix m

Besides considering the results from LUX, we will also discuss to what extent the future
xenon-based experiments XENONIT [129] and DARWIN [131] (c.f. Sec. can further
probe the parameter space of the Dirac dark matter model discussed in this sectiorﬁ Fol-
lowing [136], we derive prospects for XENONIT by assuming that this experiment will be
sensitive to scattering cross sections JSI which are a factor of 40 below the limits from
LUX [101]; this translates into a rescaling of the upper limits on the Yukawa coupling y
following from the LUX data by a factor of 401/4 ~ 2.5. We only apply this procedure
for sufficiently large dark matter masses, mpyn 2 30 GeV, as the prospected upper limit
at smaller masses depends critically on details of the detector performance near threshold,
which are not yet known for XENONIT. Analogously, we derive prospects for DARWIN
by assuming a gain of sensitivity to the Yukawa coupling y by a factor of 180014 ~ 6.5,
corresponding to the most optimistic scenario in which the experiment will be able to probe
cross section as small as ~ 1074 em? [131]. As for XENONIT, we do not attempt to derive
prospects for scenarios involving a low-mass dark matter particle.

Before presenting the existing and prospected limits on the model arising from LUX,
XENONIT and DARWIN, we first discuss the relative importance of the different con-
tributions to the scattering rate, which have been introduced in Sec. and which are
schematically shown in Fig. 3.1} To this end, we show in Figs. and which of these
processes lead to the largest contribution to the total number of events Nt expected at LUX,
and correspondingly also at XENONIT and DARWIN, for a given coupling scheme, dark
matter mass m, and mediator mass m,. The left panels of Fig. @ correspond to the three

Tt is important to remark that it is not possible to simply employ the limits on ok published by the
experimental collaboration for constraining the model discussed in this section: the scattering cross
section given by Eq. has a different dependence on the recoil energy EFr compared to the standard
spin-independent case, c.f. Eq. , due to the long-range force induced by the magnetic dipole moment
of dark matter.

SFor simplicity, we assume that DARWIN will consist only of xenon, although liquid argon is also discussed
as a possible target material.
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Figure 3.2.: Dominant contributions to the scattering rate of dark matter in LUX. Upper panels:
coupling to right-handed up-type quarks. Central panels: coupling to right-handed
down-type quarks. Lower panels: coupling to left-handed quark doublets.

cases of dark matter coupling at tree-level to first generation quarks (from top to bottom:
ug, dr and (ur,dr)). As expected, in these scenarios the tree-level scattering shown in
panel (a) of Fig. dominates the event rate, rendering all one-loop processes irrelevant.
However, as discussed in Sec. [3.2] the spin-independent scattering cross section induced by
the vector interaction, Eq. , is identically zero for all other coupling schemes, and
hence in all these scenarios the one-loop processes dominate the event rate.

In particular, for dark matter coupling to second generation quarks, b or any of the
Standard Model leptons, it follows from the corresponding panels of Figs. and that
for large parts of the parameter space, the most important process is the scattering via
photon exchange. More precisely, for dark matter masses below ~ 1 TeV, the contribution
induced by the charge radius dominates, while for larger masses the magnetic dipole moment
of dark matter is more important. This behavior can be understood from the dimensions
of the effective operators appearing in Eq. : while the charge radius operator is of
dimension six, the magnetic dipole moment already arises at dimension five, leading to the
asymptotic behaviors b, ~ m;Q and fiy magn. ~ M, ", respectively. Consequently, for large
dark matter masses, scattering via the magnetic dipole moment dominates over the charge
radius of dark matter. Moreover, if the dark matter particle couples at tree-level to a charm,
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Figure 3.3.: Same as Fig. for coupling to leptons.
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top or bottom quark, also the one-loop coupling to gluons can contribute significantly to
the scattering rate in some parts of the parameter space. In particular, for dark matter
coupling to cg, (cr,s1), br or (t1,br), it is the dominant process for small dark masses and

mass splittings m,,/m.,.

Lastly, if dark matter couples to the top quark, corresponding to the coupling schemes
tr or (tr,br) shown in the upper right and lower right panel of Fig. it is the one-loop
exchange of a Z boson which dominates the event rate in large parts of the parameter space.
Following the discussion in Sec. this is due to the fact that the effective coupling of dark
matter to the Z boson, parametrized by az, is suppressed by m?c / mi in the limit my < m,,
c.f. Egs. and . For dark matter coupling to the top quark, this suppression is
absent (or at least less severe), enlarging the corresponding contribution to the scattering
rate with respect to all other scenarios.

3.3.2. Limits on the model from current and future experiments

In this section we finally determine, separately for each coupling scheme, the parts of the
parameter space which are ruled out by the LUX experiment, as well as the regions that
are within the reach of the future experiments XENONIT and DARWIN. As mentioned
already at the end of Sec. to this end we fix the Yukawa coupling y at each point of the
parameter space to the value yihermal leading to the observed relic density of dark matter.
The result is shown in Fig. for the various scenarios of dark matter coupling to quarks,
and in Fig. for coupling to leptons. In each case, the dark gray shaded regions are
theoretically inaccessible, as for these dark matter and mediator masses the coannihilation
processes discussed in Sec. are effective enough to deplete the dark matter density below
the observed value, irrespectively of the value of the Yukawa coupling y. Also the parts of
the parameter space shown in light gray, corresponding to large dark matter and mediator
masses are theoretically not viable, as they correspond to Yukawa couplings ¥thermal > VA,
which we consider to be the maximal value of y compatible with a perturbative theoryﬂ In
particular, this condition limits the parameter space of the model to dark matter masses

below ~ 20 TeV (15 TeV), for coupling to quarks (leptons).

As expected, the direct detection constraints are most stringent for scenarios in which
the dark matter particle couples at tree-level to first generation quarks, as shown in the
left panels of Fig. , for coupling to right-handed up-quarks (top panel), right-handed
down-quarks (central panel), and to the first generation left-handed quark doublet (lower

5This condition follows from the requirement that the expansion parameter oy = y? /4w for higher-order
processes is smaller than one.
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Figure 3.4.: Regions of the parameter space of the Dirac dark matter model which are excluded by
the LUX experiment (red shaded regions, enclosed by red solid curves), or which are
within the reach of XENON1T or DARWIN, shown as red dashed and red dotted curves,
respectively. The upper (central) panels correspond to coupling to right-handed up-
type quarks (right-handed down-type quarks), while the lower panels show the results
for coupling to left-handed quark doublets. In all plots, the Yukawa coupling y is fixed
to its thermal value yghermal, with the dotted black lines corresponding to yshermal = 0.3
and 1.0, respectively. The dark gray shaded regions in the lower left corners of each
panel show the regions for which coannihilations suppress the dark matter relic density
below the observed value, irrespectively of the value of y, making these parts of the
corresponding parameter space theoretically inaccessible. Moreover, in the light gray
shaded regions our perturbativity condition yihermal < V4T is violated.

panel). As it can be seen from the plots, practically the whole thermal parameter space is
excluded by LUX, and already XENONI1T will completely close in on these scenarios. In
particular, it is worthwhile mentioning that in this model, LUX is sensitive to dark matter
masses up to tens of TeV. The enhanced sensitivity of direct detection experiments to these
scenarios with respect to other dark matter models can be traced back to the unsuppressed
vector interaction between dark matter and quarks given by Eq. ; this is in contrast to
e.g. the scalar singlet model, where the scattering proceeds via a scalar interaction o< Xxqq,

which has a much smaller nuclear matrix element, leading to a less stronger upper limit
mpMm S 100 GeV arising from the LUX data [285].
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On the other hand, as discussed in Sec. and as shown in Fig. for coupling to
quarks of the second generation, the scattering proceeds dominantly via the dark matter
electromagnetic moments, which are suppressed by a loop factor, and hence lead to consid-
erably weaker constraints from LUX. This can be seen from the plots in the second column
of Fig. for dark matter coupling to cg (top panel), sg (central panel), and (cr, sp) (lower
panel). Nevertheless, it is remarkable to notice that even though the scattering proceeds
only at the one-loop level, LUX already excludes dark matter masses up to ~ 100—500 GeV,
with the precise value depending on the coupling scheme as well as on the mass splitting
between 1 and x m Furthermore, there are excellent prospects that the next generation
of direct detection experiments will further probe the parameter space of the model: as it
follows from the plots, already XENON1T will be sensitive to dark matter masses of up to
~ 1 TeV or more, and DARWIN could even cover practically the whole thermal parameter
space compatible with the condition on perturbativity, despite the fact that all scattering
processes only arise at the one-loop level.

Moreover, the right panels of Fig. [3.4]show the constraints on the parameter space for dark
matter coupling to third-generation quarks. In the scenario where y couples to the right-
handed top quark, shown in the upper right panel, we restrict our analysis to m, > m; ~ 175
GeV, as for smaller dark matter masses the tree-level annihilation process Yy — tt is
kinematically forbidden. While in principle it is also possible to have a thermal relic in that
part of the parameter space, e.g. by means of one-loop induced annihilation processes such
as xx — g9, this would substantially modify the phenomenology of the model and is beyond
the scope of this work. We refer to [286] for an extensive discussion in that direction. The
constraints on scenarios where dark matter couples to a top quark, i.e. either to tr (upper
right panel) or (t1,br) (lower right panel) are dominated by the one-loop exchange of a Z
boson, as shown in Fig. or by the dark matter magnetic dipole moment for masses above
~ 3 —20 TeV. In these two scenarios, LUX excludes dark matter masses below < 200 — 400
GeV. On the other hand, the constraints are weaker in the case of coupling to br (central
right panel of Fig. , as in this case the effective coupling of dark matter to the Z boson
is suppressed by m% /mi, as discussed above. However, in all cases in which dark matter
couples to third-generation quarks, XENONIT and eventually DARWIN will probe large
parts of the remaining parameter space; in particular, similar as for the scenarios with
coupling to second-generation quarks, these experiments will be sensitive to dark matter
masses well above the TeV scale.

Finally, Fig. [3.5] shows the results for the scenarios in which the dark matter particle
couples at tree level to one of the Standard Model leptons. The dark and light gray shaded
regions again show the theoretically inaccessible parameter space, as in Fig. As it fol-
lows from the plots, the region of the parameter space for which no thermal relic exists due
to efficient coannihilations is smaller for dark matter coupling to leptons than for coupling to
quarks. This can be understood from the fact that for leptonic couplings, the coannihilation
channels such as nnf — 4y are induced by the electromagnetic coupling, while for colored
mediators they are driven by QCD processes (e.g. nmn' — gg), leading to a stronger sup-
pression of the cross sections in the former case. Besides, for the scenarios with coupling to
leptons, the coannihilation process nn' — ff with a Z boson exchanged in the s-channel is
resonantly enhanced for m, ~ m, ~ mz/2 ~ 45 GeV, which is clearly visible in the various
panels of Fig. As for coupling to the second- or third-generation quarks, also in these

"We notice that the sensitivity of direct detection experiments is enhanced for mass-degenerate scenarios,
i.e. my/my ~ 1, which is due to the parametric dependence of the charge radius of dark matter, by

1/((mn/my)* = 1), cf. Eq. (3.15).
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Figure 3.5.: Same as Fig. but for dark matter coupling to right-handed charged leptons (upper
panels) and to left-handed lepton doublets (lower panels).

scenarios the direct detection signal is induced only at the one-loop level, as discussed in
Sec. B:2] and shown in Fig. [3:3] We show the constraints from LUX, as well as the potential
reach of XENONI1T and DARWIN, for coupling to right-handed leptons (left-handed lepton
doublets) in the upper (lower) panels, with each generation of leptons corresponding to one
column of the Figure. As apparent from the plots, the range of masses which is excluded
by LUX, or which will be probed by the future experiments, is very similar for the different
scenarios involving coupling to leptons. For large mass splittings m,,/m,, LUX excludes
dark matter masses between 8 GeV < m, < 100 GeV, while XENON1IT (DARWIN) will
probe the parameter space up to dark masses of ~ 500 GeV (7 TeV). For smaller mass
splittings, the experiments are even more sensitive, again due to the fact that the charge
radius operator b, is parametrically enhanced in the limit m,/m, — 1, c.f. the discussion
in the previous paragraphs.

3.3.3. Complementary information from indirect detection and collider searches

In the previous section, we found that direct detection experiments have a remarkable
sensitivity to the simplified model of Dirac dark matter, even in the cases where there is no
tree-level coupling of x to a light quark. However, as discussed in Sec. direct searches
are subject to astrophysical uncertainties, i.e. the local dark matter density as well as the
local velocity distribution of dark matter particles. One possibility to handle this source
of uncertainty is to use halo-independent methods for analyzing direct detection data, for
which we refer to Sec. Instead, in the rest of this section, we will qualitatively discuss
complementary constraints on the model arising from indirect detection experiments and
collider searches (see also the general introduction to these topics in Sec. and , which
are mostly sensitive to different systematic uncertainties, and hence can be used together
with the direct detection constraints to robustly exclude parts of the parameter space.

To begin, for the case of dark matter coupling to quarks, the colored mediator n can
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be pair-produced at the LHC, provided that it has a mass below a few TeV. Assuming
furthermore that the absolute mass splitting between m,, and m, is larger than ~ 100 GeV,
the subsequent decays n — xq and 7 — x¢ produce a characteristic signal consisting of two
jets plus missing energy, which is a well-studied event topology in dark matter searches,
e.g. in the context of simplified supersymmetric models [287-290]. On the other hand, when
the mass difference is small, the jets are too soft in order to be observed at the LHC, and
higher-order diagrams involving the additional emission of one or more hard jets is required
for the visibility of the event. This strategy has been employed in monophoton [291] or
monojet searches [292], which also can be used in parts of the parameter space where the
colored mediator is too heavy to be kinematically accessible at the LHC, and in which one
has to search for the pair-production of the dark matter particles themselves, accompanied
e.g. by a hard jet, a photon or a W or Z boson [255|256,293]. While a full analysis of
these signatures in the context of the Dirac dark matter model discussed in this section is
beyond the scope of this Workﬂ a qualitative comparison with the works mentioned above
suggests that present collider limits can constrain some regions of the parameter space with
my S 200 GeV, with the details depending on the specific scenario. Besides the searches
at the LHC, additional constraints arise from electroweak precision observables such as the
Z boson decay width [294], which excludes the existence of charged scalar mediators with
masses below m, < 40 GeV.

On the other hand, in the scenarios in which the dark matter particle couples to leptons,
the charged (but not colored) scalar mediator 7 can be pair-produced via the Drell-Yan
process in colliders. The subsequent decay into the Standard Model lepton and the dark
matter particle gives rise to a signature consisting of opposite-sign, same-flavor leptons, plus
missing transverse momentum due to the escaping dark matter particle. Searches of this
kind have been undertaken in the context of slepton searches (i.e. searches for the scalar
partners of Standard Model leptons predicted by supersymmetric models), both at the LHC
by the ATLAS [289] and CMS [290] collaborations, as well as at LEP II by the ALEPH,
DELPHI, L3 and OPAL collaborations [295]. In [296], a compilation of the corresponding
limits has been applied to the parameter space of a simplified model featuring a Majorana
dark matter particle, which also couples to Standard Model leptons via a charged scalar
mediator. In that work, it has been found that some regions of the parameter space with
my S 100 GeV are excluded by collider searches; as the decay modes of the charged mediator
in that simplified model are very similar to the ones appearing in the model discussed in
this section, this is also a reasonable estimate for the sensitivity of collider searches to the
scenarios discussed here.

Finally, we discuss the indirect detection signatures predicted by the simplified model of
Dirac dark matter. The only relevant self-annihilation channel of dark matter, both during
freeze-out as well as today, is the tree-level annihilation yx — ff, where f is the Standard
Model fermion coupling to the dark matter particle. Fixing the Yukawa coupling to the value
imposed by the constraint on the relic density, the annihilation cross section of this process
in the relevant astrophysical environments (e.g. in the Galactic center) is then simply given
by the thermal value ~ 4.4 - 10726 cm3/s (c.f. Sec. , except in regions of the parameter
space where coannihilations are relevant, where the annihilation cross section is suppressed
today. The predicted imprint of dark matter annihilations in cosmic rays then leads to
significant constraints on the model. In particular, for all coupling schemes discussed in

8We note, however, that we will discuss in detail the collider constraints in a simplified model of real scalar
dark matter in Sec. @ using event topologies very similar to the ones mentioned above.
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this section, the non-observation of an excess of gamma rays from the direction of dwarf
galaxies excludes relevant parts of the parameter space: employing a recent analysis by
the Fermi-LAT collaboration which is based on a stacked analysis of 15 dwarf spheroidal
galaxies, dark matter masses below >~ 100 GeV (80 GeV) are excluded for coupling to br
(tr) [180]. For the other coupling schemes, the constraints are either of similar order or
less stringent, e.g. for coupling to egr, for which the Fermi-LAT data only excludes dark
matter masses m, < 15 GeV [180]. However, the latter scenario can be efficiently probed
using AMS-02 data on the positron fraction [218,[224] or on the positron flux [225]. More
specifically, as already introduced in Sec. the annihilation of dark matter into eTe™
pairs, and, to a lesser extent also the annihilation into u*p~ and into 777, would produce
a sharp spectral feature in both the positron fraction as well as in the positron flux, for which
there is no indication in the data. Using the limits derived in [243] based on the positron
fraction, one can exclude m, < 120 GeV for coupling to er, m, < 70 GeV for coupling to
KR, and m, < 30 GeV for coupling to 7g. Employing instead the more conservative limits
from [244], which are based on the positron flux measurement, dark matter masses below
100 GeV (40 GeV) are excluded for coupling to er (ur).

Lastly, the model discussed in this section also gives rise to a diffuse gamma ray signal
associated with the direction of the center of our Galaxy. Interestingly, as mentioned already
in Sec. [2.3.3] various authors have claimed evidence for an excess of gamma rays in that
region of the sky over the known astrophysical backgrounds [187H192]. The spectral shape
of this signal can be well fitted by the gamma ray spectrum expected from dark matter
annihilations, for a dark matter mass of ~ 10 — 100 GeV, with the precise value depending
on the annihilation channel [193]. Most remarkably, the overall normalization of the signal
is compatible with a Dirac dark matter particle annihilating with a thermal cross section
(ov) ~ 4.4 -10726cm?/s, once astrophysical uncertainties are taken into account [193].
Consequently, our simplified model of Dirac dark matter in principle provides an excellent
particle physics framework to explain the Galactic center excess (GCE), for all possible
coupling schemes discussed in this work, except for dark matter coupling to er or (ve,er),
for which the corresponding gamma ray flux can not fit the observed spectrum. For all other
coupling schemes, we show the mass ranges favored by the dark matter interpretation of the
GCE in the corresponding panels of Figs. [3.4] and as vertical hatched bands, using the
results presented in [193]. As it can be seen from the plots, for dark matter coupling to first
generation quarks, cr, sg or g, the non-observation of an excess in LUX is in strong tension
with the dark matter origin of the GCE. On the other hand, for the scenarios in which dark
matter couples to (cr,sr), br, (tr,br), Tr or (v-,7r1), the dark matter interpretation of the
GCE is still allowed by direct detection experiments, at least for some values of the mass
splitting between 1 and Y.
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4. Complementary searches in a model of
real scalar dark matter

In the previous section, we have considered a simplified model consisting of a Dirac dark
matter particle coupling to a Standard Model fermion via a scalar mediator. This scenario
is part of the more general class of t-channel simplified models, i.e. models in which the
dark matter particle can annihilate into Standard Model fermions via the exchange of a
mediator in the t-channel. Within this class of simplified models, another viable possibility
is a scenario featuring a scalar dark matter particle and a vector-like Dirac fermion serving
as the mediator. In the following, we will discuss in detail the phenomenology of this model,
focussing for definiteness on the case of a real scalar dark matter particle, coupling either
to a right-handed Standard Model lepton, er, g or Tg, or to a light quark, ugr or dg.

This section is organized as follows: in Sec. after defining the model, we discuss the
effect of helicity suppression in the annihilation of a dark matter pair into ff, which turns
out to have important consequences for the phenomenology of the model. In that context,
we also introduce the higher-order effects which are relevant for the calculation of the total
annihilation cross section of dark matter. Equipped with that, we present the calculation
of the dark matter relic density within this scenario in Sec. Afterwards, in Sec.
we investigate the phenomenology of the model for the case of dark matter coupling to a
Standard Model lepton, with an emphasis on gamma-ray spectral features, while in Sec. [4.4]
we consider the scenario in which the dark matter couples to a light Standard Model quark,
focussing in particular on the direct detection and collider phenomenology.

4.1. General properties of the model

Definition of the model

In a similar fashion as in the previous section, we now extend the Standard Model by a
real scalar S, which is a singlet under the Standard Model gauge group, as well as by a
vector-like Dirac fermion 1. In order to allow for a Yukawa interaction between S, ¢ and a
right-handed Standard Model fermion fr, which we consider to be either a lepton or a light
quark, the gauge quantum numbers of ¢ are chosen to be identical to those of fr. We again
impose a Zy symmetry, under which S and ¢ are odd, while all Standard Model particles
are even. Then, by assuming m,, > mg, the scalar S is a stable dark matter candidate. We
furthermore note that from a more fundamental perspective, this model can be understood
as a simplified version of a scenario with large extra dimensions, see e.g. [297].

With this particle content of the model, the most general renormalizable Lagrangian can
be written as

L= Lowi+ L+ Ly + L™ + L (4.1)

which is similar to the Lagrangian given in Eq. (3.1]) for the simplified Dirac dark matter
model. In Eq. (4.1), Lsm denotes the Standard Model Lagrangian, while Lg and £, contain
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the kinetic, mass and self-interaction terms for .S and v, respectively:

1 1 K .
Ls =5 (0u0)" = 5mS® — 58* . Ly =1 (i) —my) ¥ (4.2)
The quartic coupling & is irrelevant for the phenomenology of the model (as long as it does
not lead to strong self-interactions of S), and hence will be ignored in the following. On the
other hand, the interactions of dark matter with the Standard Model particles are induced
by the Lagrangians

"t = —y S fr +hc. (4.3)
A
and Liclar — —552 O, (4.4)

Here, the first equation defines a Yukawa interaction between the dark matter particle S,
the mediator 1, and one right-handed Standard Model fermion fr, analogously to Eq. .
Note that in contrast to Sec. |3| here for simplicity we do not consider the case of coupling
to left-handed Standard Model fermions. Furthermore, Eq. describes the interaction
of S to the Standard Model Higgs doublet ®. Within the simplified models discussed in
this work, the existence of this term, which leads to a tree-level interaction of dark matter
with the Higgs boson, is unique to the scalar dark matter case: the corresponding operator
1) TP for the case of a fermionic dark matter particle ¥ does not arise at the level of
renormalizable interactions.

Broadly speaking, the parameter space of the model can be divided in two regions, one of
them corresponding to the dominance of the “vector-like portal” given by Eq. over the
“Higgs-portal” defined through Eq. , and the other one vice versa. In particular, in the
limit y — 0, the model discussed in this section is identical to the singlet scalar model [298}-
301], which has already been discussed extensively in the literature [282,(302-307|. Hence, in
this work, we will mostly focus on the opposite limit, in which the scalar interaction given by
Eq. is subdominant compared to the Yukawa interaction, Eq. , a scenario which
has partially been discussed in [8}/88}/265,297,308-312]. However, in Sec. we also discuss
to some extent the phenomenology of the model when both y and X are significantly different
from zero.

Helicity suppression and higher-order annihilations

Assuming a vanishing Higgs portal interaction, i.e. setting A = 0 in Eq. , the lowest-
order dark matter annihilation channel is SS — ff, proceeding via the Yukawa interaction
defined through Eq. . A straightforward calculation of the annihilation cross section
for this process yields

N, y4 m2  9m2v?(1+ 2r?) vt
(av)ff: c ( / f

4
L DN o - . (45
4rm%(14+1r2)2 \m% 3 mi(1+12)? + 15 (1 + 7~2)2> mf/gzcs—m v (4.5)

with N, = 3 (1) for coupling to quarks (leptons), = m,,/mg, and keeping only the leading
terms in an expansion in my/mg and in the relative dark matter velocity v. Crucially, in the
limit m¢/mg — 0, as it is relevant for dark matter coupling to leptons or light quarks, the
annihilation cross section is suppressed by the fourth power of the dark matter velocity |88
311]. In other words, in the expansion of ov introduced in Eq. of Sec. the
first non-vanishing term corresponds to the d-wave part of the cross section. This peculiar
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Figure 4.1.: Tllustration of the helicity suppression of the annihilation cross section of real scalar or
Majorana dark matter coupling chirally to a massless Standard Model fermion fg.

behavior of the annihilation cross section has profound implications for the phenomenology
of the model, which will be discussed in detail in the rest of this section.

However, first let us give a physical explanation for the suppression of the cross section
by v* for the case of a massless Standard Model fermion f. The vanishing of the s-wave
component a appearing the expansion ov = a + bv? + dv* + O(v%) can be understood
from simple helicity arguments, illustrated in Fig. the s-wave part of the cross section
corresponds to an angular momentum L = 0 of the initial state, implying J) = 0 for
scalar dark matter. Moreover, by defining the z-axis to be the direction of motion of the
outgoing fermions f and f, and using the fact that the Yukawa interaction given by Eq.
only involves the right-handed fermion fr as well as the left-handed antifermion fg, the only
possible spin configuration in the limit m; = 0 is given by Jz(om) = Sgout) = 1, as shown
in Fig. Hence, by angular momentum conservation, the s-wave annihilation of dark
matter is forbidden. A mass insertion flips the helicity of one of the fermions, explaining
the scaling a mfp in Eq. . This helicity suppression of the annihilation cross section
is also present for the annihilation of Majorana dark matter particles coupling chirally to a
massless Standard Model fermion fr: the argument above is equally valid, after realizing
that in that case the implication L") = 0 — J) = 0 follows from the Pauli exclusion
principle for identical fermions, requiring a spin singlet initial state. On the other hand, for
the Dirac dark matter scenario discussed in Sec. 3] the argument does not hold, and indeed,
the annihilation cross section given by Eq. is non-zero in the limit v — 0 and my — 0.
In the case of real scalar dark matter (but not for Majorana dark matter, see Sec. , in
addition also the p-wave contribution of the cross section is zero for my = 0, as it can be
seen from Eq. . This can be understood from the fact that there is no bilinear current
for real scalars transforming as a vector, and hence also the L™ = 1 state is forbidden by
angular momentum conservation [88},313].

The suppression of SS — ff by the fourth power of the dark matter velocity naturally
asks for the inclusion of higher-order processes, which are not necessarily d-wave suppressed,
and thus can be relevant both for the calculation of the relic density, as well as for the indirect
detection phenomenology. One way of lifting the helicity suppression is to emit an additional
gauge bosorE| in the annihilation process, i.e. SS — ffV, with V = v, Z, g, known as virtual
internal bremsstrahlung (VIB) [204-206], for which one representative Feynman diagram
is shown in the central panel of Fig. While being suppressed by a gauge coupling as
well as by the additional phase space required for the final state, this process features a
non-vanishing s-wave component in the limit my — 0. Besides this 2 — 3 process, the dark

! Also the additional emission of a Higgs boson can lift the helicity suppression [314]; however, due to the
small Standard Model Yukawa couplings of the fermions discussed in this section, this process is irrelevant
for our purposes.
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Figure 4.2.: Annihilation channels of the scalar dark matter particle S, with only one representative
diagram shown for each process. In the limit my — 0, the lowest order annihilation
channel SS — ff, shown in the left panel, is d-wave suppressed, and the higher-order
diagrams shown in the central and right panel can contribute significantly to the total
annihilation cross section. See text for details.

matter particle S can annihilate via one-loop diagrams into a pair of gauge bosons V' and
V', as illustrated in the right panel of Fig. Like VIB, this channel proceeds without
helicity suppression, in that case at the price of two additional gauge couplings as well as a
loop factor ~ 1/16m2. The analytical results for all relevant cross sections are provided in
Appendix for large mass splittings r > 1 they are approximately given by
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r mg

where for the final states involving a Z boson these results additionally assume mg > my.
From Eq. one can in particular infer that for r» > 1, the VIB cross sections scale as
1/r8, while the one-loop annihilations into gauge bosons are proportional to 1/r*. Hence,
the relative importance of the one-loop processes with respect to the 2 — 3 annihilations
increases with the mass ratio of the mediator ¥ and the dark matter particle S. A similar
behavior arises in scenarios with a Majorana dark matter particle coupling to a Standard
Model fermion via a charged scalar mediator, as we will discuss in more detail in Sec.

4.2. Dark matter relic density

Perturbative analysis and Sommerfeld corrections to the coannihilation
processes

In the following, we discuss the constraint on the real scalar dark matter model arising from
the requirement that S accounts for all of the observed dark matter in the Universe. To this
end, we take into account the processes induced by the Yukawa coupling shown in Fig[£.2} in
addition, if the scalar coupling A of the dark matter particle to the Higgs doublet, defined by
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Eq. , is non-zero, also annihilation processes of the form SS — h — X X’ are possible,
with X, X’ being any Standard Model particles. Besides, similar to the discussion of the
Dirac dark matter model in Sec. 3, for mass splittings m,,/mg < 1.5 also the coannihilation
processes Y1) — ff, W — FF, p — VV' 1) — Zh as well as Syp — fV can play a
significant role in the calculation of the relic density, with V, V' and F being any Standard
Model gauge boson and fermion, respectively.

As first noted by Sommerfeld [315], the non-relativistic annihilation of two particles which
interact with each other via the exchange of a light or massless mediator can receive signif-
icant non-perturbative corrections, induced by the multiple exchange of the corresponding
mediator. For our purposes, this is most relevant for the coannihilation processes involving
the colored initial states ¥, 11 or 11 interacting via gluon exchange, as in contrast to
the equivalent process including photons, the corresponding diagrams are only suppressed
by the strong coupling, and not by the electromagnetic one. In the following, we briefly
recapitulate the formalism of the Sommerfeld effect, following closely the method presented
in [296,316].

Similar as in Eq. , the perturbative annihilation cross section can be expanded as

Tpert, = % b+ O0P). (4.7)

The presence of the Sommerfeld effect is taken into account by introducing an individual
Sommerfeld factor S; for each partial wave [ [317},318]:

OSomm. = 50% + S1bv + O(v?), with (4.8)
l
—2ma /v o?
So = 1 —exp(2ra/v) and - Si>0 = S X kl_[l (1 T v2k2) : (4.9)

Here, v is the relative velocity between the two particles of the initial state, while « is
the coupling strength of the effective abelian potential between the annihilating particles.
The latter depends on the individual SU(3). representations R and R’ of the initial state
particles, as well as on the SU(3). representation @) of the coupled initial state, which
in general is one of the irreducible components of R ® R’. Then, the interaction can be
effectively described by the Coulomb-like potential |316]

V(r) =

o  agl
r

=2 (Cq—Cr—Cn)., (4.10)

where C; is the quadratic Casimir invariant of the representation 7, and «y is the strong
coupling constant evaluated at the energy scale p = mwv/2. We are interested in the annihi-
lations 1), 11, Y, corresponding to either 3® 3 =1 @ 8 or 3® 3 = 6 @ 3; the relevant
Casimir invariants are given by C7 = 0,C3 = C5 = 4/3,C¢ = 10/3 and Cg = 3. With that,
the effective potentials read

_4 _2 (3
V3®3:O‘5{ s W V3®3:‘:f’{ 5 8 (4.11)

For the following discussion, we define Sl(l), S (8), Sl(g), SZ(G) to be the Sommerfeld factors

defined in Eq. (4.9)), using the couplings o = ag x {—4/3,1/6,—2/3,1/3} following from
these potentials. Notice that Eq. (4.11) implies that depending on the initial color state,
the Sommerfeld effect can either lead to an attractive or to a repulsive potential.

-~
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With the Sommerfeld factors S; being calculated, we are left with determining the relative
probabilities for the annihilation in a given color state, separately for every annihilation
channel. For ¢¥1) — gg, we obtain

(99) _ 2g(1) , D8
S99 =28 S (4.12)
as for this process the probability of annihilation in a singlet (octet) state is 2/7 (5/7),
consistent with the results of |316|ﬂ Next, for the annihilation channel ¥y — gq induced
by the Yukawa coupling of S to the quark g, the Sommerfeld factor is given by
() _ 1o® , 2400
51 = 3938 (4.13)
Moreover, the annihilations of ¥ into vg, Zg (vy,vZ, ZZ, WW, Zh) proceed via a pure
octet (singlet) state, a result that directly follows from color conservation. Hence, the
corresponding Sommerfeld factors read

s19:29) _ g® SO ZZEWWZR) _ Q) (4.14)

and

Lastly, we take into account the coannihilation channel ¢ — ¢q. If the final state quark ¢
is mot the fermion coupling to the dark matter particle via the Yukawa interaction defined
in Eq. , the only contribution to the process is the s-channel exchange of a gluon.
In that case, the initial color state is a pure octet. On the other hand, if the Yukawa
coupling involves the final state quark ¢, the annihilation additionally receives a contribution
from the exchange of the mediator 1 in the t-channel. In that case, the s- and t-channel
processes interfere, and the initial state is a combination of singlet and octet representations.
Hence, the total Sommerfeld factor can not be expressed in the concise form of Egs. —
; in our numerical calculations, we decompose the squared matrix element in the parts

corresponding to singlet and octet initial states, multiplying each contribution with Sl(l)

and S l(s), respectively.

Results of the relic density calculation

We calculate the relic density by employing the micrOMEGAs code [87] for the solution of
the Boltzmann equation, thereby taking into account all of the (co)annihilation processes
listed abovdﬂ7 including the Sommerfeld corrections where applicable. Then, for a fixed value
of A\, we determine the value ¥y = Yihermal Of the Yukawa coupling leading to Qpah? ~ 0.12 as
required by the PLANCK data [32]. The result for ythermal @s a function of the dark matter
mass is shown in the left panel (right panel) of Fig. for dark matter coupling to a right-
handed lepton (quark), adopting several different choices for the mass splitting r = my,/ms.
For concreteness, here we assume A\ = 0; setting A > 0 leads to a decrease of Yihermal With
respect to the values shown in the plots, which will be further discussed in Sec. We also
remark that due to the dominance of either the Yukawa interaction or the QCD processes in
the (co)annihilation processes, Ythermal i identical for the scenarios of coupling to ug and to
dpR, up to sub-percent corrections arising from diagrams involving electromagnetic or weak
couplings. Notice however that we fully include all these sub-leading effects in the numerical
calculation.

2These probabilities, as well as the corresponding values for the other annihilation channels have been
calculated in the limit v — 0, and hence are strictly only applicable for S;—g. However, we have checked
that the error arising from using the same probabilities also for Si~¢ is negligible.

3For the higher-order processes, we only take into account the s-wave contribution to the total annihilation
cross section.
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Figure 4.3.: Thermal value yipermar of the Yukawa coupling entering Eq. , defined as the cou-
pling leading to the observed relic density, as a function of the dark matter mass. The
left panel corresponds to setting fr = eg, ug or 7 in Eq. , while the right panel
assumes coupling to a light quark, i.e. ur or dr. In both panels, each curve corresponds
to a different value of the mass ratio my/mg.

Generally speaking, one can infer from Fig. that in the scenario discussed in this
section, the values of the Yukawa coupling ¥y = ¥thermal necessary for matching the observed
relic density are quite large, compared to many other simplified models of WIMP dark
matter. As discussed above, this can be traced back to the d-wave suppression of the
lowest-order 2 — 2 annihilation channel, which is a specific feature of the real scalar dark
matter model. This has important consequences for the phenomenology of the model,
as large couplings in general lead to enhanced signal rates in direct, indirect and collider
experiments, as it will be investigated in detail in the following sections. It is also important
to note that several of the coannihilation channels, such as ¥ — gg, are purely driven by
gauge interactions, and thus are independent of the Yukawa coupling y. In particular, if
r < 1.2 (or r < 1.4 for the case of dark matter coupling to quarks), there is a lower limit
on the dark matter mass below which these annihilation channels suppress the relic density
to values smaller than the observed one, irrespectively of the choice of y, as it can be seen
from Fig.

By investigating the relative importance of the different contributions to the total anni-
hilation cross section at freeze-out, we find that for the case of dark matter coupling to a
Standard Model lepton, the VIB and one-loop processes introduced in Sec. contribute up
to ~ 10% to the total annihilation cross section, with the remaining part given either by the
d-wave suppressed channel SS — ff, or by the Higgs-mediated annihilations. Moreover, for
dark matter coupling to a light Standard Model quark, we obtain the result that for A =0
the higher-order processes give a larger contribution to the total annihilation cross section
than the annihilation into ¢g, reinforcing the importance of including these additional an-
nihilation channels in the computation of the relic densityﬁ The difference between the
cases of coupling to leptons and quarks can be understood from the fact that in the former
case, the higher-order processes are suppressed by one or two powers of aep,, while for the

4Using a model-independent approach based on effective operators, the possibility that annihilations into
gg dominate the dark matter freeze-out process has been previously considered in [319|. The model of
real scalar dark matter coupling to a quark as discussed in this section provides an explicit realization of
that scenario.
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latter scenario the suppression by one or two powers of the strong coupling is less severe,
c.f. Eq. . From this equation, we also infer that due to the different scaling of the VIB
and one-loop cross sections with the mass ratio r = my/mg, namely (ov) sz, x 1 /r® and
(ov)yyr oc 1/r4, the 2 — 3 annihilations are more important for small mass splittings (con-
cretely, r < 2.5), while the one-loop processes are relevant for larger values of r. Finally, we
find that for the most degenerate scenario discussed in this work, » = 1.01, the Sommerfeld
corrections lead to a change of the relic density of up to 15%; notice that this change can
be in either direction, depending on the dark matter mass and the mass splitting, as it
follows from the different signs of the effective couplings « for various initial color states,

c.f. Egs. (4.10) and (4.11]).

4.3. Real scalar dark matter coupling to leptons

Based on the calculation of the dark matter relic density discussed in the previous section,
we now investigate the detectability of the real scalar dark matter model for the case of
coupling to a lepton eg, pugr or 7r. In Sec. [£:3.1] we discuss the sharp gamma-ray features
arising from the higher-order annihilation processes, while complementary constraints from
other indirect searches, as well as from direct detection and collider experiments will be
covered in Sec. Taking together all of the relevant search strategies, we then identify
the remaining viable regions of the parameter space of the model in Sec. and also
discuss the prospects to probe them with future experiments.

4.3.1. Sharp gamma-ray features from scalar dark matter annihilations

As discussed in Sec. the annihilation of the real scalar dark matter candidate S can
proceed both via the d-wave suppressed lowest-order process SS — ff, as well as by VIB
and one-loop annihilations into gauge bosons. The typical velocity for the galactic dark
matter population is v ~ 1073 (c.f. Sec. ; hence, the 2 — 2 process SS — ff is
completely negligible for dark matter annihilations in our Galaxy. Consequently, for dark
matter coupling to leptons, the dominant annihilation channels are given by SS — ffv,
SS — ffZ,8S = v, SS = ~Z and SS — ZZ.
The gamma-ray spectrum produced by these annihilations readsﬂ
an, 1 d(ov) 47, 19 d(ov)y 4 d(ov)z,

4.15
dz (o) total dz dx dz ’ (4.15)

with o = E,/mg, and all relevant cross sections given in Appendix The rescaled
gamma-ray spectrum x> dN,/dx is shown in Fig. for several choices of the mass splitting
r = my/mg, assuming for concreteness mg = 500 GeV ﬂ and including a 10% gaussian
energy resolution, as roughly appropriate for instruments like Fermi-LAT or H.E.S.S. As it
can be seen from the plot, not only the annihilations into v+ and ~vZ, but also the VIB
process ffv can lead to a sharp gamma-ray spectral feature, which, as introduced in more
detail in Sec. allows for an efficient discrimination of the dark matter induced signal
from the smooth astrophysical background. The sharpness of the VIB feature close to the

SFor the purpose of the following discussion, we neglect the contribution arising from the decay and
hadronization of the Z bosons produced in the annihilations of S, as these do not lead to a sharp
feature in the gamma-ray spectrum.

SNotice that for ms > mz, the gamma ray spectrum dN.,/dz is independent of ms.
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Figure 4.4.: Energy spectra of gamma rays produced in the annihilations of the real scalar dark
matter particle into ffv (black curves), vy (red curves) and vZ (blue curves), for
several different values of the mass splitting » = m,/mg. For concreteness, these
spectra assume an energy resolution of 10%, as well as mg = 500 GeV (or, equivalently,
any mg > my).

kinematical endpoint, = 1, is most pronounced for small and intermediate mass splittings
r < 2, while for larger values of r the spectrum becomes softer, analogously to the well-
known case of Majorana dark matter annihilating into ffv [206]. It also follows from the
plot that for an energy resolution of 10%, experiments can not distinguish between the
spectra of the different annihilation channels; this might change with the next generation of
gamma-ray telescopes, such as GAMMA-400 [320] and DAMPE [174], which are expected
to reach an energy resolution of ~ 1% at E, > 10 GeV.

Furthermore, Fig. [4:4] implies that depending on the mass splitting 7, either the VIB
process or the one-loop annihilations into gauge bosons can dominate the total gamma-ray
spectrum at large x. The relative importance of the three processes leading to a sharp
gamma-ray feature is further investigated in Fig. again assuming mg = 500 GeV. For
r = 1, the cross section for SS — ffy is 1.6 - 103 (2.9 - 10) times larger than for the
annihilation into vy (vZ). Increasing r leads to a further decrease of (ov), and (ov)yz,
and eventually the amplitude for annihilation into vy changes sign at r — 1 ~ 4.0 - 1073,
leading to a vanishing of the cross section at that value of the mass splitting. For r > 1, the
relative importance of the one-loop annihilations increases again, and dominates the total
cross section for r 2 3 (c.f. also Eq. for the asymptotic behavior of the cross sections
at large mass splittings).
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Ratio of 2 — 2 and 2 — 3 cross sections

Figure 4.5.: Ratio between the cross sections for the one-loop induced annihilations into gauge
bosons and the VIB process SS — ffv, as a function of 2 — 1. For the ratio
(0v)yz/(0v) s f,, this assumes mg = 500 GeV; however, notice that this curve is in-
dependent of mg in the limit mg > my.

Fixing ¥ = Ythermal (and A = 0) by means of the discussion in Sec. the total cross
sections for annihilations of dark matter into f fv and vy are shown in Fig forr =1.1(3)
in the left (right) panel. As introduced in Sec. several experiments have searched for
the presence of a gamma-ray spectral feature on top of the smooth astrophysical background,
most notably Fermi-LAT [322] and H.E.S.S. [211], employing a target region close to the
Galactic center. Based on these results, upper limits on the combined annihilation cross
section (ov)z., + 2(0v),, have been derived in [321], for a simplified model of Majorana
dark matter coupling to a scalar mediator and a right-handed Standard Model lepton fgr
via a Yukawa coupling. As the gamma-ray spectrum induced by the VIB process (and, of
course, by the one-loop annihilations) in the scenarios of Majorana and real scalar dark
matter is identical up to a global rescaling factor, we adopt those limits for our analysisﬂ
The corresponding upper limits on the cross sections are shown in Fig. [4.6] together with
the prospected sensitivity for the future Cherenkov telescope array CTA [323], which we
also take from [321].

From Fig. it follows that already current experimental searches for sharp gamma-ray
features are highly sensitive to the model of real scalar dark matter coupling to a Standard
Model lepton, and in fact exclude significant parts of the parameter space. This will be
discussed in more detail in Sec. where we compare the upper limits from Fermi-LAT
and H.E.S.S. with complementary bounds from direct detection and collider searches. In
Fig. 4.6, we also show the annihilation cross sections into ffy and vy for the analogous
simplified model of Majorana dark matter, discussed in detail in [321], fixing again the
Yukawa coupling y to the value implied by the relic density constraint. Clearly, the expected
cross sections are considerably smaller than for the case of real scalar dark matter, and are
out of the reach of current and future gamma-ray instruments, unless fairly large boost
factors are adopted [321]. The reason for the difference between the scenarios involving a

"Strictly speaking, adopting these limits for our scenario of real scalar dark matter is only valid if either the
VIB process or the annihilation into vy dominates the high-energy gamma-ray spectrum. In principle,
this assumption is not fulfilled for intermediate values of the mass splitting r, where both processes
contribute with comparable strength, c.f. Fig. However, due to the only mild dependence of the
upper limits on (ov) on the mass splitting r [321], we estimate that this level of approximation changes
the actual upper limits for the real scalar dark matter model by at most a factor of two.
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Figure 4.6.: Cross sections (ov) for dark matter annihilations into f fv (solid curves) and vy (dashed
curves), for the simplified model of real scalar dark matter (red curves) and Majorana
dark matter (blue curves). In each case, for a given dark matter mass mg, the Yukawa
coupling vy is fixed to the value ythermar implied by the constraint on the relic density,
following the discussion in Sec. All lines are only shown for the cases corresponding
tO Ythermal < 4, as required by our perturbativity condition, c.f. Sec. Further-
more, the black dashed line shows the upper limit on (ov);f, + 2(0v),, deduced from
Fermi-LAT and H.E.S.S. data, as derived in [321], while the black dotted line depicts
the reach of CTA.

real scalar and a Majorana dark matter particle is twofold: first, for fixed masses and a fixed
value of y, the total cross section into ff~ is a factor of 8 larger for a real scalar dark matter
particle compared to the case of Majorana dark matter [88]. Secondly, the annihilation of a
pair of Majorana dark matter particles into ff is only p-wave suppressed, in contrast to the
d-wave suppression implied by Eq. , leading to significantly enhanced values of ¥hermal
for the scenario of real scalar dark matter.

4.3.2. Complementary constraints

In addition to the gamma-ray spectral features discussed in the previous section, the model
of real scalar dark matter coupling to a lepton can also be probed by means of other in-
direct detection techniques as well as by direct detection and collider experiments, and it
is furthermore subject to theoretical restrictions such as perturbativity. In the following,
we discuss each of the constraints resulting from these considerations individually, before
investigating their complementarity with the gamma-ray searches in Sec. [£-3.3]

Perturbativity

As we have seen in Sec. the constraint from the relic density of dark matter typically
implies rather large values of the Yukawa coupling #ihermal. On the other hand, pertur-
bativity of the model leads to an upper bound on this coupling, for which we will mainly
use the common and conservative condition Yihermal < 47. However, in Sec. we will
also present our results employing a more stringent upper limit on the size of the coupling,
given by Yihermal < V47, motivated by the observation that the perturbative calculations of
the annihilation and scattering cross sections are based on an expansion in a, = y?/(4r).
Notice that by assumption, for the scalar coupling A we anyway only consider values < 1,
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Figure 4.7.: Upper limit on the scalar coupling A following from the LUX data [101] (solid line), as
well as the projected reach of XENONIT (dashed line).

compatible with perturbativity.

Direct detection

The rate for scatterings of the scalar dark matter particle off nucleons in principle receives
two contributions: the first one is induced by the Yukawa coupling of S to the Standard
Model fermion f defined in Eq. , while the second contribution arises from the scalar
coupling A given by Eq. (4.4). However, for the scenario of dark matter coupling to a
Standard Model lepton as discussed in this section, the former appears only at the two-
loop level [324], rendering it completely irrelevant for current and future direct detection
experiments. On the other hand, a non-zero value of the scalar coupling A induces the
tree-level scattering of S off nucleons via the exchange of the Higgs boson in the ¢-channel,
leading to the spin-independent cross section

2
0)
)\2< ( ) 2.9
ST — N ) Ny
p 4,27
47 m,myg

(4.16)

where uy = mymg/ (my + mg) is the dark matter-nucleon reduced mass, mj ~ 125 GeV is
the Higgs mass, and f ](\? ) ~ 0.345 is the effective Higgs-nucleon coupling defined in Eq. ,
with the numerical value taken from [282].

As introduced in Sec. the strongest constraint on the spin-independent scattering
cross section follows from the LUX experiment [101], leading to an upper limit on the scalar
coupling A via Eq. (4.16]), which is independent of the values of y and my,. This upper bound
on A is shown in Fi as a function of the dark matter massﬂ7 together with the projected
reach of the XENONI1T experiment. For the latter, we assume a gain in sensitivity by a
factor of 100 with respect to the XENON100 results [104}325].

8 After the results of this study have been first published (8], the LUX collaboration has updated their limits
on crzs;l |102]. However, the improvement is mainly relevant for dark matter masses below ~ 20 GeV, which
is not the focus of the discussion in this section; in particular, we confirmed that all of our qualitative
results stay unchanged with the new limits.
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Indirect detection using cosmic ray antimatter and the continuum gamma-ray
spectrum

The annihilation of S not only produces sharp gamma-ray features as discussed in Sec.
but also contributes to the antimatter and continuum gamma-ray flux. Based on the general
introduction to these indirect detection techniques given in Sec. in the following we
discuss the resulting constraints on the model of real scalar dark matter coupling to a
Standard Model lepton. To this end, we will first consider the case of a vanishing scalar
coupling A, and subsequently discuss the impact of a non-zero value of this coupling on the
cosmic ray fluxes.

To begin, the annihilations of dark matter into ffZ, vZ and ZZ, which are present also
for A = 0, lead to the production of antiprotons via the decay and hadronization of the Z
bosorﬂ The cross section for SS — ffZ is given in Eq. ; the annihilations into gauge
bosons are only relevant for mass splittings r 2 3 (c.f. Eq. ), for which the antiproton
flux turns out to be too small to be observable. Hence, in the following we neglect the
contribution of the one-loop annihilations to the production of antiprotons.

In order to obtain a prediction for the flux of antiprotons produced by the VIB of a Z
boson, we first calculate the injected spectrum of antiprotons by employing CalcHEP (330,
331], interfaced with PYTHIA 8 [156]. After being produced by dark matter annihilations,
antiprotons are subject to propagation effects in the Galaxy, as introduced in more detail
in Sec. Following that discussion, we employ the standard two-zone diffusion model,
neglecting energy losses and reacceleration, and using the MIN, MED and MAX propagation
parameters [234] for bracketing the propagation uncertainty in the final antiproton flux (see
Sec. as well as [329] for all relevant details). For definiteness, the Galactic dark matter
distribution is assumed to follow a NFW profile as defined in Eq. ; however, other
profiles are known to yield very similar results for the antiproton flux [329]. Finally, we
convert the interstellar antiproton flux to a top-of-atmosphere flux by including the effect
of solar modulation, employing the force-field approximation [332] with ®p = 500 MeV.
The sum of the resulting exotic contribution to the p/p ratio and the expected spallation
background (c.f. Sec. , which we take from [333], is then compared to the PAMELA p/p
data [219] H We derive upper limits on the normalization of the dark matter induced signal,
and hence on the Yukawa coupling y, by means of a x?*-test at 95% C.L. In Fig. we show
these upper bounds as a function of the dark matter mass for three different choices of the
mass splitting r. In each panel, the three blue dashed lines depict (from top to bottom) the
upper limits deduced from the PAMELA data for the MIN, MED and MAX propagation
parameters. For comparison, the black solid line shows the Yukawa coupling ythermal required
by the constraint on the dark matter relic density, as discussed in Sec.[£.2] From these plots,
it follows that even for the most optimistic propagation setup, the antiproton data is not
able to constrain the model of real scalar dark matter coupling to leptons, at least for the
choice A = 0 used in the preceding discussion.

Furthermore, if the dark matter particle .S couples to an electron via the Yukawa in-
teraction given by Eq. , and if the mass splitting between S and v is small enough,
i.e. r < 2, the annihilation processes SS — e~ ety and SS — e"e"Z lead to a sharp fea-
ture in the positron spectrum towards the kinematical end point. As explained in more

9For the corresponding simplified model of Majorana dark matter, the associated phenomenology has been
studied in detail in [326[{329].

0For the purpose of this section, we do not employ the preliminary AMS-02 data on the p/p ratio [223].
This choice has a negligible impact on our results.
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Figure 4.8.: 95% C.L. upper bounds on the Yukawa coupling y arising from searches for antimatter
in cosmic rays, as a function of the dark matter mass mg, for r = 1.01, 1.1 and 2
in the upper left, upper right and lower panel, respectively. The blue dashed curves
show the upper limits derived from the PAMELA p/p data for three different sets of
propagation parameters, while the red solid curves correspond to the non-observation
of a sharp feature in the AMS-02 positron fraction, and are only applicable for dark
matter coupling to electrons (see text for details). For comparison, the black solid
line shows the value of the Yukawa coupling necessary for matching the observed relic
density. In these plots, we assume A = 0.

detail in Sec. this allows for an efficient subtraction of the astrophysical background
of positrons, similar to the search for gamma-ray spectral features. For the following dis-
cussion, we employ the limits on (0v).-.+, derived in [243] from the AMS-02 data on the
positron fraction [218|, and convert them to upper limits on the Yukawa coupling y E
In [243], the limits arising from the positron fraction have only been derived for a mass
splitting » = 1; up to mass ratios r < 1.2, we confirmed that the spectrum of positrons only
changes marginally, allowing for the applicability of these constraints. The corresponding
upper bounds on y are shown in Fig. together with the p/p constraints, for the cases of
r = 1.01 (upper left panel) and r = 1.1 (upper right panel). As apparent from these plots,
also the positron data is not able to constrain the thermal values of the Yukawa coupling of
the real scalar dark matter model.

So far, in the discussion of the indirect detection phenomenology of the model, we assumed
a vanishing scalar coupling A. For A > 0, there are additional tree-level annihilation channels

"Notice that here we neglect the subdominant contribution from SS — e~ e’ Z to the positron spectrum.
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Figure 4.9.: Maximally allowed annihilation cross sections (ov)™*) into W+W~ (red dashed line),
ZZ (red solid line), and hh (green solid line), after imposing the upper limit on the
scalar coupling A deduced from the LUX data. The black solid and dashed curves show
the upper limits on (ov) arising from the PAMELA measurement of the p/p ratio [232]
and from the Fermi-LAT observations of dwarf galaxies [334], respectively.

mediated by the Standard Model Higgs boson in the s-channel, the most important ones
being SS — WTW~, SS — ZZ and SS — hh. In the limit v — 0, the corresponding
annihilation cross sections are given by

(o0) A2 (4m§ — 4m%m22 + Sm%) m% - mQZ
oV)zz7 = ;
167‘(‘777% (mi — 4771?9)2
o) A (4m$ — AmEm3, + 3myy,) \/m% — m3,
ov)w+w—- = )
87rm% (m,% — 4m%)2
mg —mj, 2 4 2 9 272 2 1\2
(O"U)hh = 3 1 2 2 2 5 A (4m5 + 4Am5UEW — mh [mh + )\UEW])
16mmyg (SmS —6mgmj + mh)
(4.17)

Here, vgw = 246 GeV is the vacuum expectation value of the Higgs field. These annihi-
lation channels lead to an additional exotic source of antiprotons, and also contribute to
the featureless gamma-ray spectrum. However, the upper limit on A following from direct
detection experiments severely constrains the magnitude of the antiproton and gamma-ray
fluxes arising from these processes. This is illustrated in Fig. [4.9] which shows the maxi-
mally allowed annihilation cross sections (ov)™2%) for the Higgs-mediated processes, fixing
A to the upper limit from LUX given in Fig. separately for each dark matter mass.
In Fig. we also show the upper limits derived in [232] from the PAMELA data on the
p/p ratio, as well as the Fermi-LAT bounds on the annihilation cross section deduced from
the non-observation of a gamma-ray flux correlated with the direction of dwarf spheroidal
galaxies [334] (c.f. the discussion in Sec. for details). It follows from the plot that
the LUX bounds are stronger than the indirect detection limits arising from PAMELA and
Fermi-LAT, for all values of the dark matter mass. Note that for simplicity, the upper limits
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shown in Fig. assume annihilations of dark matter into bb; however, the antiproton and
gamma-ray constraints for the annihilation channels WTW =, ZZ and hh are expected to
be very similar [232,334], and thus our conclusion regarding the comparison of the direct
and indirect detection limits is not affected by that approximation.

Collider constraints

We conclude this section by briefly commenting on the possibility to probe the real scalar
dark matter model with coupling to leptons at colliders (see also the general introduction
into searches for dark matter at colliders in Sec. . A full analysis of the corresponding
constraints is beyond the scope of this work; notice however that for the case of dark matter
coupling to quarks, we will present a dedicated study of the collider signatures in Sec. [£.4.2]

Here, we focus on the Drell-Yan production of a pair of heavy fermions, 1, at the
LHC. The subsequent decays into the dark matter particle S and the lepton f (or the
antilepton f) lead to a signature consisting of two oppositely charged, same-flavor lepton
jets plus missing energy. This type of signal is very similar to the one appearing in the
search for supersymmetric sleptons, i.e. charged scalar particles decaying into missing energy
and a Standard Model lepton. However, the production cross section for 1 is about one
order of magnitude larger than for the case of the sleptons [264], leading to more stringent
constraints for the scenario discussed in this work. We estimate the production cross section
for pp — 14 at leading order using CalcHEP [330/331], and confront it to the upper limits on
the production cross section presented in [265], which are based on the ATLAS search [335]
at /s = 8 TeV, using an integrated luminosity of 20.3 fb~!. Furthermore, we estimate a
bound from the LEP experiment by reinterpreting a search for the right-handed selectron
in the MSSM, undertaken at /s = 183 — 208 GeV [336]. We remark that this search is not
exactly applicable to the scenario of real scalar dark matter discussed in this section, and
hence is only meant to serve as an order-of-magnitude estimation.

The results of the estimation of the collider bounds will be presented in Fig. together
with the complementary information from direct and indirect searches.

4.3.3. Combined constraints on thermally produced dark matter

Finally, in this section we discuss which parts of the parameter space of the real scalar dark
matter model coupling to a Standard Model lepton are excluded by the combination of the
constraints presented in the previous sections. To this end, each panel of Fig. shows the
parameter space of the model spanned by the dark matter mass mg and the mass splitting
r = my/mg, fixing the Yukawa coupling to the value ythermal implied by the requirement
of reproducing the observed relic density, separately at each point in the parameter space.
The left panels correspond to existing constraints, while the right panels show the reach of
future experiments (see the discussion below for details). Furthermore, in the upper panels
we assume a vanishing scalar coupling A, while the central and lower panels show our results
for A = 0.03 and 0.1, respectively.

The dark gray shaded regions in the upper right part of each plot correspond to values
of the parameters not fulfilling our conservative perturbativity requirement, ¥thermal < 47,
while the dotted black lines show the combination of masses leading to the more stringent
condition Ythermal = V/4m. Moreover, the light gray shaded regions appearing in particular
in the lower left part of each panel are theoretically inaccessible, as for these choices of the
parameters there is no value of y leading to the observed relic density. This can be either
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Figure 4.10.: Regions of the parameter space of real scalar dark matter coupling to a Standard Model
lepton for A = 0, 0.03 and 0.1 in the upper, central and lower panels, respectively,
fixing at each point the Yukawa coupling to the value yihermal implied by the relic
density constraint. The blue shaded regions in the left panels show the constraints
from Fermi-LAT and H.E.S.S., while in the right panels they show the reach of CTA.
The constraints from collider searches are shown as red shaded regions. Furthermore,
in the dark gray shaded regions one has ¥ihermal > 4w, while the black dotted lines
correspond t0 Yinermal = V47, Finally, the light gray shaded parts of the parameter
space in the lower left corner of each panel, and in case of A > 0 also in the nearly
vertical strips, show the values of the parameters for which either the coannihilations
or the Higgs-mediated annihilations suppress the relic density below the observed
value, irrespectively of the value of y.
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due to efficient coannihilations as discussed in Sec. (see in particular Fig. , or because
the Higgs-mediated annihilation channels are sufficiently strong to suppress the relic density
below the observed value, independently of the value of y, leading to the nearly vertical
light gray shaded strips in the central and lower panels of Fig. In particular, even for
small values of A, the region of the parameter space around mg ~ my/2 ~ 63 GeV is not
compatible with the relic density requirement, due to the resonantly enhanced annihilation
channels involving the Higgs particle in the s-channel.

In the case of a vanishing scalar coupling A, corresponding to the upper panels of Fig. [£.10]
the real scalar dark matter model is significantly constrained by the non-observation of
gamma-ray spectral features, as discussed in detail in Sec. In the upper left panel of
Fig. we show the parts of the parameter space which are excluded by the Fermi-LAT
and H.E.S.S. searches as the blue shaded regions enclosed by the blue solid lines. It follows
from the plot that these experiments already rule out large parts of the parameter space,
and in particular, depending on the mass splitting r, can exclude dark matter masses up
to ~ 4 TeV. On the other hand, as discussed above, other indirect detection channels such
as antiprotons or continuum gamma rays are not able to rule out the thermal values of the
Yukawa coupling, and hence are not shown in the figure. However, the collider constraints
introduced in Sec. can probe some parts of the parameter space for mg < 200 GeV,
shown as the red shaded regions enclosed by the red dashed curves. In particular, it is
worth noting that the indirect and collider searches are partially complementary, i.e. they
exclude different regions in the parameter space. Furthermore, the blue shaded region in
the right upper panel shows the reach of CTA, again following the discussion in Sec.
Remarkably, CTA has good prospects to completely close in on the whole parameter space
of the model, and in particular it could probe dark matter masses up to ~ 10 TeV, which
are inaccessible to present and near-future collider searches.

Finally, let us discuss the combined constraints on the model for a non-zero value of
the scalar coupling A, concretely for A = 0.03 (0.1) in central (lower) panels of Fig. |4.10
The presence of new annihilation channels mediated by the Higgs boson leads to a smaller
value of Yihermal compared to the case of A = 0, and thus the intensity of the gamma-
ray spectral features is expected to be smaller. This can be seen e.g. by comparing the
upper right and central right panel of Fig. increasing A from 0 to 0.03 diminishes
(slightly) the prospects to observe gamma-ray spectral features with CTA, in particular
for mg < 100 GeV. Additionally, as discussed in Sec. for A > 0 there are stringent
constraints on the scenario arising from direct detection experiments. The ranges of mg
and r which are excluded by LUX are shown as a hatched region in the central and lower
left panels of Fig. while the prospected reach of XENONIT is shown in the same way
in the central and lower right panels. It follows from the corresponding plots in Fig. [4.10]
that there is an interesting complementarity between the direct detection experiments, the
gamma ray searches and the collider constraints: while LUX and the LHC mainly exclude
regions of the parameter space with mg < 100 — 200 GeV (depending on the precise value
of A\), Fermi-LAT and H.E.S.S. can test the model for larger dark matter masses. We
also observe that some regions of the parameter space are ruled out by both direct and
indirect searches (and in some cases also by collider searches), which is interesting in view of
the different systematical uncertainties inherent to these search strategies. Moreover, from
Fig. it follows that there are parts of the parameter space which are still allowed by
current experiments, but which could be detected in the future both by XENONI1T and
CTA, e.g. the region around A = 0.03 and mg ~ 350 GeV.
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Y

Figure 4.11.: Feynman diagrams visualizing the different contributions to the dark matter-nucleon
scattering process, with ¢ being either u or d. Additional diagrams corresponding to
the crossing of initial or final state particles are not shown.

4.4. Real scalar dark matter coupling to a light quark

We now turn to the discussion of the phenomenology of the model of real scalar dark matter
coupling to a light right-handed Standard Model quark, i.e. ur or dr. For simplicity, in this
section we only discuss the case of a vanishing Higgs-portal interaction, i.e. we set A = 0.
The constraints arising from direct detection experiments are discussed in Sec. while
in Sec. we confront the simplified model to an ATLAS search for multiple jets plus
missing energy. Finally, we include constraints from indirect detection in Sec. [£.4.3] before
taking together all relevant search strategies in order to determine the excluded regions in
the parameter space of the model in Sec. [£.4.4]

4.4.1. Direct detection constraints

The dark matter particle S can scatter off nuclei via the Feynman diagrams shown in
Fig. In the upper row, we show the diagrams corresponding to the tree-level scattering
off a light quark ¢ = u, d, via the exchange of the fermionic mediator v in the s- or t-channel.
After integrating out the mediator, as appropriate for the small momentum transfer relevant
in direct detection experiments, the effective interaction of S with a light quark ¢ is given
by the sum of a scalar and a twist-2 contribution [271]:

Ly=C4 meS*qq + T (aﬂs)(avs)ogft/wista ) (4.18)
: S g
with Of fwista = 5 (qv"a q+qy"oq — 2q3q> : (4.19)
For the coefficients of these effective interactions, we obtain
2 2 2
ye 2rc—1 Y 1
Cl=*""—F—>  Cl="20 (4.20)
S 4m?Z (r2 — 1)2 T md (r2—1)?
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with ¢ = u (¢ = d) for dark matter coupling to ug (dg).

Furthermore, the dark matter particle can scatter off nucleons via the diagrams shown in
the lower row of Fig. which describe the interaction of .S with gluons induced at the
one-loop level. A conceptual complication in the evaluation of these diagrams is that the
loop integrals receive significant contributions both from small momentum scales of the order
of k ~ mg, as well as from large momenta k ~ m,,, denoted as the long-distance and short-
distance contributions, respectively, similar to the corresponding scenario of Majorana dark
matter with a colored scalar mediator [271-273]. The long-distance contribution involves
values of the strong coupling constant at an energy scale £ < Aqcp =~ 250 MeV, questioning
the validity of the perturbative expansion of the scattering process. However, as recently
discussed in [337], one can argue that the non-perturbative part of the amplitude is already
implicitly contained in the parton distribution functions of the light quarks in the nucleon,
which in turn enter the nuclear matrix elements of the effective dark matter-quark interaction
given by Eq. . Consequently, for the dark matter-gluon interaction, only the short-
distance contribution has to be taken into account, leading to the effective Lagrangian

L, =CY %52 GH' Gy (4.21)

where in the limit mg < my — mg the coefficient C¥, is given by [337]

g y* 1

= 4.22
S 24mZr? -1 (4.22)

Similar as in the discussion of the simplified model of Dirac dark matter in Sec. |3} the
next step is to evaluate the nuclear matrix elements of the dark matter-quark and dark
matter-gluon Lagrangians given by Eq. and , respectively. This leads to a spin-
independent interaction of dark matter with nucleons, Leg = fOVS2NN, with fOV) given
by [271]

3

f(N)
my 4

_ 4 £(N)
= CaI

) 8
Cim(¢™M(2) + 7N (2)) — §C§f{§N) : (4.23)

Here, féN) is the mass fraction of the quark ¢ in the nucleon N as introduced in Eq. 1 ,
féN) =1-> d=ud.s féN) parametrizes the gluon contribution to the nucleon mass [92],

and ¢\N)(2) and g™¥)(2) are the second moments of the parton distribution functions. The
numerical values for all of these parameters are taken from [337]. In the left panel of Fig.|4.12
we show the effective dark matter-proton coupling f,/m, in units of yt/ m% (which appears
as a prefactor in all terms of Eq. (4.23])) as a function of r — 1, assuming for concreteness
dark matter coupling to ur. Besides the total f, shown as the solid black curve, we indicate
the individual contributions defined in Eq. by the colored dashed lines. It follows
from the plot that there is a destructive interference of the dark matter-gluon scattering
with the scalar and twist-2 quark contributions, leading in particular to a vanishing dark
matter-proton coupling for r ~ 3.0. Similarly, we find that the dark matter-neutron coupling
fn is zero at a mass splitting r ~ 2.3.

Finally, the total spin-independent cross section for the scattering of S off a target nucleus
T at zero momentum transfer is given by the coherent sum of f, and f,:

(S _ mi - 2
op _W[pr+(A Z)fal”, (4.24)
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Figure 4.12.: Left panel: effective dark matter-proton coupling f,/m,, expressed in units of y*/m?%,
for the case of coupling to ugr. Right panel: ratio of the neutron-to-proton coupling
of dark matter, also for coupling to ug.

where Z and A are the charge and mass number of the nucleus T, respectively (see also
Sec. in particular Eq. (2.4)). Most experiments analyze their data by assuming isospin

conserving interactions, i.e. f, = f,, and then present the resulting limit on the spin-
independent scattering cross section with protons, U](;SI). However, as shown in the right

panel of Fig. [£.12] we find that the model discussed in this section in general can lead to
strong violations of that assumption: the ratio f,/f, calculated from Eq. for the case
of dark matter coupling to ug can be drastically different from 1, depending on the mass
splitting r. In particular, for r ~ 2.6, one has f,,/f, ~ —0.7, leading to “maximal isospin
violation” at a xenon target, i.e. a strong cancellation in Eq. for the case of scattering
off xenon nuclei. Analogously, for dark matter coupling to dg, this occurs at r ~ 3.3. When
confronting the model of real scalar dark matter to the results of the LUX experiment [101],
which provides the currently best limits on spin-independent interactionle for mg = 4 GeV
(see also Sec. , we take into account the fact that f, # f, by defining the effective

dark matter-proton cross section UI(,eH) via
2
U;H =0, - Zieisotopes §i (Z + (AZ o Z)fn/fp) ' (4'25)

2
Zieisotopes élAz

In this equation, the sum runs over all xenon isotopes ¢ occurring with natural relative abun-
dances &;. With that definition, one can interpret a;ff as the dark matter-proton scattering
cross section which, under the common assumption f, = f,,, would lead the same expected
number of events in LUX as the actual cross section o, of the model. Hence, a given point
in the parameter space is excluded by LUX if and only if agﬁ is larger than the upper limit
on the dark matter-proton scattering cross section presented by the collaboration in [101].

Based on this formalism, we show in Fig. the effective dark matter-proton scattering
cross section Uzﬁ in two different projections of the parameter space of the model, each time

12 After this work has been first published, LUX updated its upper limits on the spin-independent scattering
cross section in [102]. We have checked that none of our conclusion change qualitatively when using these
new results.
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Figure 4.13.: Effective spin-independent dark matter-proton scattering cross section agﬁ, defined

via Eq. (4.2F)), as a function of the dark matter mg (the relative mass splitting r — 1)
in the left (right) panel. In the left panel, the color gradient corresponds to different
values of r — 1, fixing the Yukawa coupling ¥ to ¥thermal, While in the right panel
the color coding stands for the Yukawa coupling y, fixing the dark matter mass mg
to the value imposed by the relic density constraint. Furthermore, the black solid,
dashed and dotted curves in the left panel show the upper limit on agﬁ from LUX,
the projected sensitivity of XENONI1T and the neutrino floor, respectively. See text
for details.

imposing the constraint that the abundance of S generated by the freeze-out mechanism
accounts for all of the observed dark matter, following the discussion in Sec. For
simplicity, in these plots we only consider the case of dark matter coupling to ug; the
results for coupling to dr will be discussed in Sec. [£.4.4] together with the complementary
constraints from collider and indirect searches. Furthermore, we only consider points in the
parameter space with y < 6, which we choose as perturbativity limiﬂ In the left panel
of Fig. @}, we present O'Ie)ff as a function of mg, with the color gradient corresponding to
different values of the mass splitting r, and fixing the Yukawa coupling to the value ¥thermal
implied by the relic density requirement. It follows from this plot that depending on the
mass of the dark matter particle and the fermionic mediator, Uf;ff can vary by several orders
of magnitude. Generally speaking, we find that for fixed mg, the scattering cross section
is enhanced for degenerate scenarios, i.e.  — 1, which is due to the resonant behavior of
the dark matter-nucleon coupling f¥) in that limit, as it follows from Egs. ,
and . On the other hand, for small r there is a lower limit on the dark matter mass,
below which the coannihilation processes suppress the dark matter relic density below the
observed value, irrespectively of the value of y; this can also be inferred from the right panel
of Fig. This behavior is visible in the left panel of Fig. as a turnaround of the
points corresponding to a fixed, small value of the mass splitting, e.g. » = 1.01 shown in
dark blue, towards arbitrarily small values of the effective cross section. Furthermore, we
observe that when fixing mg to a value < 200 GeV and increasing the mass splitting r to
larger and larger values, o converges to a finite value, visible in form of the line containing

P
the dark red points. This feature can be understood by noting that for r > 1, the total

13 This is motivated by the observation that the loop process S.S — gg, which is relevant for the relic density
calculation and for indirect detection constraints, scales as yzgf/(167r2). Requiring that this combination
of parameters is < 1, such that the one-loop calculation is reliable, one obtains the condition y < 6.
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annihilation cross section relevant for the freeze-out process scales as 1/r* (c.f. Eq. ),
which is precisely the same asymptotic behavior of the effective scattering cross section in
the limit of large r, as it follows from Egs. (4.20), (4.22)), (4.23) and (4.24).

The left panel of Fig. [.13] also includes the upper limit on the spin-independent dark
matter-proton scattering cross section from LUX [101], the projected sensitivity of
XENONIT ([325], as well as the values of the cross section corresponding to the neutrino
floor |135], constituting the ultimate reach of non-directional direct detection experiments,
as explained in Sec. Interestingly, the LUX experiment already excludes significant parts
of the parameter space for mg < 200—300 GeV; furthermore, for highly mass-degenerate sce-
narios, even dark matter masses around 2 TeV are already ruled out. During the next years,
XENONIT will be able to probe further parts of the parameter space of the model, and in
particular it is expected to have sensitivity to dark matter masses up to ~ 10 TeV, which
will not be accessible to any near-future collider experiment. On the other hand, Fig.
also implies that for several choices of mg and r, the expected scattering cross section is
well below the neutrino floor, leading to the conclusion that direct detection experiments
alone will not be able to fully rule out this model of real scalar dark matter.

Finally, the right panel of Fig. [d.13|shows the effective dark matter scattering cross section
as a function of r — 1. In this plot, the color gradient corresponds to different values of the
Yukawa coupling y, while we fix the dark matter mass mg by the requirement of reproducing
the relic density via the freeze-out mechanism. This projection of the parameter space clearly
shows the loss of sensitivity of xenon-based direct detection experiments at r ~ 2.6, due to
the maximal isospin violation occurring at this value of the mass splitting, c.f. Fig.

4.4.2. Constraints from searches at the LHC

Besides direct detection, the model of real scalar dark matter coupling to a Standard Model
quark can also be probed at the LHC, in particular through the production of the colored
fermionic mediator . After being produced, ¥ decays into the dark matter particle S
and the quark ¢ via the Yukawa coupling defined in Eq. . Consequently, the signature
associated to the production of a mediator paix@ is given by at least two jets plus missing
transverse energy J, which is a typical signal topology in dark matter searches at the LHC,
as introduced in Sec. 2.4

In the following, we first discuss the production cross section for a pair of mediators in
proton-proton collisions, and then derive constraints on the real scalar dark matter model
by carefully reinterpreting an ATLAS search for multiple jets plus Er.

Production of mediator pairs

The production of a mediator pair ¥, ¥} or 11 in a proton-proton collision arises from the
Feynman diagrams shown in Fig. The diagrams in the upper row describe the QCD
induced production of 1) from a G or gg initial state, which is independent of the dark
matter mass and the Yukawa coupling y. On the other hand, the processes in the lower row
of Fig. correspond to the production of 11, 1) or 1) via the exchange of the dark
matter particle S in the t-channel, involving the Yukawa interaction defined in Eq. .

14n addition to the production of mediator pairs considered in this section, also the processes pp — St
and pp — St contribute to the signature of jets plus missing energy. However, we have checked that
olpp — SX) < o(pp — XX), with X = 1,4, and hence including these production channels does not
significantly affect the final results shown in Fig. @
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Figure 4.14.: Feynman diagrams contributing to the production of mediator pairs in proton-proton
collisions, for dark matter coupling to ug. Additional diagrams corresponding to
crossing or charge conjugation of the initial or final state are not shown.

Notice that for the case of dark matter coupling to up, the Yukawa induced processes are
only possible for a uu, ut or uu initial state, respectively. An analogous statement holds
for dark matter coupling to dg.

Usually, the production of a heavy colored state at the LHC is dominated by QCD pro-
cesses, such as the ones shown in the upper row of Fig. However, in the model of real
scalar dark matter discussed in this section, the requirement of correctly reproducing the
observed relic density of dark matter via thermal freeze-out implies rather large Yukawa
couplings Ythermal, C.f. Fig. [£.3] leading to a significant enhancement of the Yukawa induced
processes shown in the lower row of Fig. Furthermore, for the scenario of dark matter
coupling to ur (dgr), the production process uu — 1) (dd — 1)), which is driven solely
by the Yukawa coupling, is favored compared to processes involving a ¢g initial state by
the large parton distribution function of the u (d) quark in the proton. All in all, we find
that depending on the masses of S and v, either the QCD or the Yukawa induced processes
can dominate the production of mediator pairs; hence, we carefully take into account all
relevant contributions (including interference terms) in our numerical analysis. To this end,
we calculate the leading-order cross section o© for pp — ), Y1), i at /s = 8TeV us-
ing CalcHEP [275], employing the cteq6l parton distribution function. Furthermore, we
parametrize higher-order corrections to the production cross section by defining

oMl = K olO, (4.26)

A full calculation of the relevant K-factor is beyond the scope of this work; consequently,
we treat K as a source of uncertainty by varying it in the range [0.5, 2] El

The result for o™© is shown in Fig. as a function of the relative mass splitting
r — 1, choosing for illustration m, = 500GeV, and assuming that dark matter couples

15This choice is motivated by K ~ 1.7 for tf production [338], which resembles the QCD induced processes
shown in the upper row of Fig. @
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Figure 4.15.: Production cross section of mediator pairs 12, 1) and 1) in proton-proton collisions
at /s = 8TeV, assuming m, = 500GeV and dark matter coupling to ug. For
the red curves, the Yukawa coupling is fixed to the value ythermal following from the
constraint on the dark matter relic density, while the blue dashed line corresponds to
the production induced solely by the QCD processes.

to ugr. The red solid curve shows the total production cross section, while the red dashed
curves correspond to the individual contributions from the different initial states, in all cases
fixing the Yukawa coupling to the value ythermal implied by the relic density constraint. For
comparison, the blue dashed curve shows the production cross section induced only by the
QCD interaction. It follows from the plot that for intermediate and large mass splittings,
the production of mediator pairs is dominated by the Yukawa induced process uu — ¥; as
discussed above, this is due to the large value of Yihermal as well as due to the large parton
distribution function of the up-quark in the proton.

Reinterpreting an ATLAS search for multiple jets plus missing transverse energy

After being produced, 1 can be detected via its decay into the light quark ¢ and the dark
matter particle S. At leading order, the relevant signal topology thus consists of two jets
plus missing energy@ However, the radiation of quarks or gluons from the initial, final
or an intermediate state can lead to additional jets which potentially can be observed at
the detector. Even though the cross sections for these processes are suppressed by one or
several powers of ag, including these extra jets can be important for two reasons: first, if
my —mg S 50 — 100 GeV, the jets arising from the decays of the mediators are too soft in
order to pass the basic pp-cut of the ATLAS detector, requiring the presence of additional
jets for the visibility of the event. Secondly, even for larger mass splittings the signal-to-
background ratio of the signature consisting of three or more jets plus £ can be larger
compared to the lowest-order 2-jet + Jr process, leading to potentially more stringent
constraints arising from the former signal topology.

'6Constraints on the model of real scalar dark matter based on this signature have also been obtained
in [339]. However, in that work neither coannihilations nor the higher-order annihilation channels of S
have been taken into account in the freeze-out process.
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In order to confront the multiple jet + F signature predicted by the model to available
LHC data, we employ the ATLAS search ATLAS-CONF-2013-047 [340] for 2-6 jets + Frp,
undertaken at /s = 8 TeV with a luminosity of 20.3fb~1. For the analysis of the data,
the collaboration has defined ten different signal regions, each of them specified by a set of
cuts on the number of jets and the minimally required . All of the signal regions receive
background contributions from Standard Model processes, most notably the production
of jets in association with weak gauge bosons, which can decay into (invisible) neutrinos
leading to the Jp signature. By extrapolating the number of events observed in separate
control regions into the signal regions, the ATLAS collaboration has estimated the number
of background events in each signal region [340]. These predictions have also been cross
checked with a direct Monte Carlo evaluation of the expected background rates. After
comparing to the actually observed number of events, no significant excess in any of the
signal regions over the Standard Model background expectation has been found, leading to
95 % C.L. upper bounds Sggs,i on the number of signal events in each signal region i, which
can be found in [340]. Similarly, we denote the upper bounds expected in the absence of a
signal contribution as Sgﬁp,i’ and also take them from [340].

For a given signal region 7, the upper limit Sggs,i or SB;Z’W- can then be compared to the

expected number of signal events predicted by the model of real scalar dark matter, which
we calculate from

Si=0-€¢-L, (4.27)

with o being the total production cross section for a pair of mediators, as discussed earlier
on in this section, and £ = 20.3fb~! being the luminosity relevant for the ATLAS search.
Furthermore, ¢; is the efficiency corresponding to the signal region ¢, which is defined as the
probability that a given event leads to a signature that passes all the selection cuts, i.e. gives
rise to the required number of jets and amount of missing energy. As the probability of
emitting additional quarks or gluons explicitly depends on the Feynman diagrams underlying
the production process of the mediators, the efficiencies ¢; have to be recalculated for a given
model. To this end, we implement the model of real scalar dark matter in FeynRules [274],
and then simulate events for the production of mediator pairs using MadGraph [341], taking
into account all diagrams involving the emission of up to two additional jets. The showering
and hadronization of the partonic events is then simulated using PYTHIA 6 [155]. A
well-known complication arising in that step is that the additional jets produced by the
radiative emissions of the quarks and/or gluons can both be considered as being part of
the underlying partonic event as well as being due to the showering process. In order to
avoid a possible double counting, one then defines a minimal transverse momentum kp of
the corresponding jet, above which it is considered to be part of the partonic event, while
for smaller values of kp it is described by means of the showering process. Technically, this
is implemented by employing the MLM matching scheme which ensures a smooth transition
between both regimes, using the parameters Qcut = m,, /4 and SHOWERKT=T. We also validate
this approach by checking that the differential jet distributions are indeed smooth, indicating
a physically meaningful matching scheme. Lastly, we employ CheckMATE [342] for the
detector simulation and the implementation of the cuts corresponding to the ATLAS search.
More precisely, for a given point in the parameter space of the model, we simulate N, events
as described above, and then use CheckMATE in order to determine the number of events

® passing all the cuts for a given signal region i. Then, the efficiency follows from

after cuts
€ =N, i;t) or cuts/ Nev, which allows us to obtain S; as defined in Eq. 1}

90



4.4 REAL SCALAR DARK MATTER COUPLING TO A LIGHT QUARK

Finally, by comparing the expected number of signal events S; with the observed (ex-
pected) upper limit S%_ . (S25 ), we calculate the observed and expected 95% C.L. upper

obs,i exp,i
limit on the production cross section of mediator pairs from

(95) Sglgs i (95) Sg’?p ¢
Oobs,i — 9 S; — 1.96AS; v Texpi =9 S; — 1.96AS; ’ ( )

respectively. Here, we additionally have taken into account in a conservative way the Monte
Carlo uncertainties associated to the finite number of simulated events Ney, by replacing
S; — 5; —1.96AS;, with AS; being the 1o statistical error on the number of expected signal
events, and hence S; —1.96AS; being the 95% C.L. lower limit on S;. In order to ensure that
AS;/S; <0.1—-0.2, we have generated up to N, = 5-10° events per point in the parameter
space. We find that depending on mg and m,, a different signal region i provides the most
stringent constraint on the model, i.e. the lowest value of the excluded cross section o. As
the choice of the optimal signal region should not depend on the actual data in order to
avoid artificially stringent constraints based on an underfluctuation of the background rate,
we proceed as follows: for a given point in the parameter space, we determine the signal
region %optimal leading to the smallest expected upper limit among all 0(95) and then define

exp,’
. . . . 95 . . .
our final upper limit on the production cross section via o(()bs)i i For illustration, this
stoptima.

upper limit is shown in Fig. for my = 500 GeV, which then can be compared to the
production cross section expected within the model. In Sec. we will determine in
detail which parts of the parameter space are ruled out by the ATLAS search, comparing it
to complementary constraints from direct and indirect detection.

4.4.3. Probing the model with indirect detection

In this section we discuss one more class of constraints on the model of real scalar dark
matter coupling to a quark: indirect searches for dark matter annihilations using gamma-
rays and antiprotons.

Gamma-ray spectral features

Fully analogous to the gamma-ray spectral features appearing in the scenario of real scalar
dark matter coupling to a lepton, as discussed in Sec. also for the case of coupling to
a Standard Model quark the annihilation of S gives rise to sharp gamma-ray features. As it
follows from Eq. , for small mass splittings r the gamma ray spectrum at the kinematical
endpoint E, ~ mg is dominated by the VIB process SS — ¢qgv, while for larger mass
splittings the one-loop annihilations into vy and vZ are more important. We again refer to
Appendix for the full expressions of the corresponding cross sections. For the scenario
of dark matter coupling to ug, the combined annihilation cross section (0v)qgy + 2(00)yy,
which acts as the normalization of the total gamma ray flux containing sharp features, is
shown in the left panel of Fig. as a function of mg, with the color gradient corresponding
to different values of the mass splitting r, and fixing again the Yukawa coupling to the value
Ythermal following from the relic density requirement. Furthermore, in this plot we show the
observational upper limits from Fermi-LAT and H.E.S.S. on (0v)4gy as derived in [321], as
well as the upper limits on 2(ov),, derived by the Fermi-LAT collaboration in [210] and
by the H.E.S.S. collaboration in [211]. For a given dark matter mass, the upper limits on
(0v)qqy and 2(ov),, bracket the actual upper limit on the combination (ov)ggy + 2(0v)~,
and hence can be used as an estimation of the limits on the model. As apparent from the
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Figure 4.16.: Cross section (0v)qgy + 2(0v)y- (left panel) and (ov)gg + (00)qqq (right panel) in the
scenario of thermally produced dark matter coupling to ug, as a function of the dark
matter mass. The color gradient corresponds to different values of the mass splitting
7. The solid and dashed curves show various upper limits on the corresponding cross
sections arising from gamma-ray and antiproton searches; see text for details.

figure, the present limits on sharp gamma-ray spectral features probe the model of real
scalar dark matter coupling to ug only for mg < 40 GeV; for coupling to dr we obtain very
similar results. This is in strong contrast to the case of dark matter coupling to a Standard
Model lepton: from Fig. we concluded that in that scenario Fermi-LAT and H.E.S.S.
are sensitive to dark matter masses up to several TeV. The reason for this difference is
the relative enhancement of yiphermal in the case of dark matter coupling to er, pur or g
compared to the scenario involving a Yukawa interaction with ug or dr, due to the additional
annihilation channels involving the strong coupling in the latter scenarios, reducing the value
of the Yukawa coupling necessary for reproducing the observed relic density.

Continuum gamma rays

In contrast to the scenario in which S couples to a lepton, the presence of the annihilation
channels SS — ¢gg and SS — gg in the model discussed in this section also leads to
a significant continuum spectrum of gamma-rays produced by dark matter annihilations,
which can be constrained by observations of dwarf spheroidal galaxies, as introduced in
Sec. The right panel of Fig. shows the total annihilation cross section (o0v)gq +
(0v)qqq for these two processes for the case of dark matter coupling to ug, as a function
of the dark matter mass, and again fixing y by the relic density requirement. As for the
gamma-ray spectral features, for an intermediate mass splitting r the total photon spectrum
is a superposition of the spectra for pure annihilations into ggg and gg, and hence we can
again bracket the upper limit on (0v)gg + (0v)4ge by considering the upper limits derived
for the single annihilation channels. These are shown in the right panel of Fig. as the
solid and dashed black curves, based on the dSph observations by Fermi-LAT [180] E As it

1"The Fermi-LAT collaboration has not published upper limits on (ow) for the annihilation channels ¢gg

: . . upper limit upper limit qq qdg, gg
and gg. Hence, following [215], we estimate these via (ov)yep gg = (0V)gg -Ni1/N1 , where

(ov)goP Hmit s the upper limit for the annihilation channel ¢ given in [180]. Furthermore, N is
defined as the number of gamma rays per annihilation into the final state X within the energy range of

Fermi-LAT, 0.5 GeV < E, < 500 GeV, which we obtain by using PYTHIA 8.1 [156].
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4.4 REAL SCALAR DARK MATTER COUPLING TO A LIGHT QUARK

can be seen from the figure, this indirect detection channel probes the model of real scalar
dark matter coupling to a quark for dark matter masses < 150 GeV, for a large range of
mass splittings 7.

Antiprotons

Finally, the annihilations S5 — ggg and 5SS — gg also produce a flux of antiprotons, which
can be constrained by the PAMELA p/p data, as explained in more detail in Sec. El
Analogously to the continuum gamma rays, we show in the right panel of Fig. the band
bracketing the upper limit on the combined annihilation cross section (0v)gq+(0v)qqqg, based
on the upper limits on (0v)4g4 and (ov)gg derived in [329343] and [319] from the PAMELA
data [220], respectively. It follows from the plot that the non-observation of an excess in the
p/p ratio leads to constraints on the model for mg < 100 GeV; however, it is important to
keep in mind that these limits are rather sensitive to propagation uncertainties, c.f. Sec.[2.3.2]
Hence, we will conservatively not include the antiproton limits when discussing the combined
constraints on the parameter space of the model in Sec. [£.4.4]

4.4.4. Combined constraints on thermally produced dark matter

We conclude this chapter by discussing the combined constraints on the model of real scalar
dark matter coupling to ur or dg, taking into account direct, indirect and collider searches
as discussed in the previous sections. To this end, Fig. shows the parameter space of
the model for coupling to ur (dgr) in the upper (lower) panel, fixing the Yukawa coupling
to the value Ythermal resulting from the relic density constraint, separately for each mg and
r. Similar to the case of real scalar dark matter coupling to a lepton, as shown in Fig. [£.10]
or to the scenario involving Dirac dark matter presented in Figs. and the dark gray
shaded regions in the lower left corners of the two panels in Fig. [£.17 show the regions of
the parameter space, where coannihilations suppress the dark matter relic density below
the observed value, irrespectively of the value of y. On the other hand, large values of
mg and/or r violate our perturbativity condition Ythermal < 6, as shown by the light gray
regions enclosed by the black dashed curves. Besides, we include in the plots the limits
from the LUX experiment as a red shaded region enclosed by the red solid curve, following
the results obtained in Sec. Moreover, the constraints from the ATLAS search for
multiple jets plus £ discussed in Sec. are shown as a blue shaded region enclosed by
the solid blue line, adopting K = 1 in Eq. , i.e. neglecting the higher-order corrections
to the production cross section of mediator pairs. The dependence of the limits on the
unknown K-factor is indicated by the dashed and dotted blue lines, which show the ATLAS
excluded region for K = 0.5 and K = 2, respectively. We also show for completeness an
estimation of the limits arising from a search for vector-like quarks at the Z-resonance at
LEPI as the yellow dotted curve, which follows from requiring m, 2 mz/2, as well as
an approximate bound from LEPII (yellow solid), corresponding to m,, 2 100 GeV [344].
Lastly, the constraints arising from the dSph searches by Fermi-LAT discussed in Sec.
are shown as the green shaded region enclosed by the green solid curve.

As apparent from the plots, both for dark matter coupling to ur and dg, large parts of the
parameter space with mg < 1TeV are excluded by one or multiple searches. The ATLAS
limits are most stringent for r ~ 1.5, excluding masses between ~ 20 GeV and 1TeV for
coupling to ur. For dark matter coupling to dg, the constraints are slightly weaker, due to

8We do not consider the preliminary data on the p/p ratio from AMS-02 [223].
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Figure 4.17.: Combined constraints on the model of real scalar dark matter coupling to ug or dg,
shown in the upper and lower panel, respectively. For a given dark matter mass mg
and mass splitting r = m,,/mg, we fix the Yukawa coupling to the value implied the
relic density constraint. See text for details.
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the smaller parton distribution function of the down-quark in the proton. We also notice that
the ATLAS excluded region is only mildly sensitive to the choice of the K-factor, making
our results robust against the uncertainties related to the next-to-leading-order corrections
of the mediator production cross section. Furthermore, from the plots one can infer an
interesting complementarity between the LUX constraints and the collider limits: on the
one hand, direct detection is very sensitive to very small mass splittings, excluding e.g. the
region around mg = 300 GeV and r = 1.2 which is not covered by the ATLAS search. On
the other hand, the LUX limits are significantly worsened at r ~ 2.6 (3.0) for dark matter
coupling to ugr (dg), due to the maximal isospin violation occurring at that value of the
mass splitting, as discussed in detail in Sec. However, that part of the parameter
space is covered by the ATLAS and LEP searches, excluding this “blind spot” of direct
detection. Lastly, also the Fermi-LAT limits shown in green are partially complementary
to the other approaches, excluding in particular very small values of the dark matter mass
which are inaccessible to both LUX and the ATLAS search.

Finally, in both panels of Fig. [4.17] we show as a red dashed line the prospected reach of
the XENONI1T experiment, which will be able to probe dark matter masses up to >~ 10 TeV
for small mass splittings » — 1 < 1. We also remark that a future 100 TeV proton-proton
collider (not shown in the figure) would perfectly complement the next-generation direct
detection experiments by being sensitive to scenarios with intermediate and large values of
r. Altogether, the simplified model discussed in this section constitutes a prime example of
a scenario which might be completely probed by future experiments, however, requiring the
complementary interplay of various search strategies, such as direct detection experiments
and high-energy collider searches.
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5. Neutrinos from the Sun in a model of
Majorana dark matter

Having discussed the model of Dirac dark matter and a scalar mediator in Sec. |3 and the
scenario involving a real scalar dark matter particle interacting via a fermionic mediator
in Sec. [4) we now turn to one more example of a t-channel simplified model: a Majorana
dark matter particle y interacting via a Yukawa interaction with a scalar mediator n and a
right-handed Standard Model quark ¢ [ﬂ

The phenomenology of this model in the context of direct and collider searches, as well as of
indirect detection using gamma-rays and antiprotons has already been extensively discussed
in the literature [215],296|[321}328}|329}1343,1345-348|]. In this section, we will consider a
so far unexplored avenue to probe the scenario of Majorana dark matter, namely via the
capture and annihilation process of dark matter particles in the Sun, an idea introduced in
detail in Sec. Previous analyses of dark matter annihilations in the Sun have focused on
computing and constraining the neutrino flux arising from the lowest-order 2 — 2 processes;
however, similar to the scenario of real scalar dark matter discussed in Sec. |4} also in the
simplified model of Majorana dark matter the tree-level 2 — 2 annihilation turns out to
be heavily suppressed, requiring the consideration of higher-order processes such as virtual
internal bremsstrahlung of a gauge boson. After introducing the simplified model in Sec.
we will analyze the capture and equilibration process in Sec.[5.2] where we in particular show
that the spectrum of neutrinos is significantly affected by the higher-order annihilations. In
Sec. we then use recent data from the IceCube telescope in order to place an upper
bound on the normalization of the neutrino flux and employ these limits in order to derive
constraints on the parameter space of the Majorana dark matter model, comparing our
results to complementary information from direct and other indirect searches.

5.1. Definition of the model and discussion of the dark matter
annihilation process

The simplified model studied in this section is defined in an analogous way to the scenarios
discussed in Sec. [3|and [4l We extend the Standard Model by a Majorana fermion Y, singlet
under the Standard Model gauge group, and by a charged and colored scalar 7. The latter
particle has gauge quantum numbers (3,1, —g¢) under SU(3). x SU(2)r, x U(1)y, with g
being the electric charge of the quark coupling to x and 7 via a Yukawa interaction. Both of
the newly introduced particles are assumed to be odd under a Zo symmetry, guaranteeing
the stability of the dark matter candidate x, as long as m, < m,. Then, the most general
renormalizable Lagrangian is identical to the case of the simplified Dirac dark matter sce-
nario coupling to fr = qr as defined in Egs. —, except that the kinetic and mass

!This scenario is closely related to a specific realization of the Minimal Supersymmetric Standard Model
(MSSM), namely when the neutralino is a pure bino; in that case, the mediator n can be identified with a
corresponding squark. However, in the simplified model approach, the strength of the Yukawa coupling is
taken to be a free parameter, while in the MSSM it is fixed by the Standard Model U(1)y gauge coupling.
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term of a Majorana fermion reads %)‘(Ci(‘ﬁx - %mx)_gcx. Most important for the phenomenol-
ogy of the model, the Yukawa interaction of x, n and the Standard Model quark gr is given
by

fermion — —y ntYqr + h.c. (5.1)
For concreteness, in the following we focus on the scenarios gg = upg, representative for dark
matter coupling to a light quark, and ggr = br as an example for dark matter coupling to a
third-generation quark.
The lowest-order annihilation channel of the dark matter candidate is the ¢-channel me-
diated process xx — ¢g, with a cross section given by [347]

3y4m3 5 yt 1+ m% / mi

+v° - )
32m(m2 + m2)? 16mm2 (14 m2/m2)4

(5.2)

where we kept only the leading terms in an expansion in mg and v2. As for the case of real
scalar dark matter discussed in Sec. 4] the s-wave component is helicity suppressed, i.e. it
vanishes in the limit m, — 0. For the physical explanation of this suppression, we refer to
Sec. On the other hand, in contrast to the scenario involving a real scalar dark matter
particle, the p-wave component given by Eq. is non-zero in the limit of a vanishing
quark mass, leading to qualitative differences between the two models when computing the
total annihilation cross section during freeze-out, as we will discuss below.

Analogous to the case of real scalar dark matter, the suppression of the annihilation
channel xx — ¢q asks for the inclusion of higher-order processes, given by the virtual internal
bremsstrahlung (VIB) of a gauge boson, xx — ¢qV/, as well as by the one-loop annihilations
into a pair of gauge bosons, xx — VV’. The cross sections for all relevant processes
are summarized in Appendix [B:2} most importantly, all of these higher-order annihilation
channels feature a s-wave component which is not suppressed by mg /mi, making them
typically dominant over the lowest order 2 — 2 process for velocities v ~ 1073 relevant for
dark matter annihilations in our Galaxy. In this section, we mostly focus on the case of
small and intermediate mass splittings m,,/m,, and hence we will only take into account the
VIB processes in the discussion of the dark matter annihilation processEL as the one-loop
annihilations are only relevant for larger mass splittings.

The relative importance of the different VIB processes compared to the lowest-order 2 — 2
annihilation channel is illustrated in Fig. |5.1|for the case of dark matter coupling to ugr (br)
in the upper (lower) panels, employing for concreteness the two exemplary mass splittings
my/my = 1.01 (left panels) and m,/m, = 2.0 (right panels). In these plots, we have
assumed v ~ 1073 for the p-wave suppressed annihilation channel yx — ¢g, appropriate
for dark matter annihilations in the galactic halo or in the Sun. Clearly, if x couples to
the up-quark, the 2 — 2 annihilation is completely negligible, due to the large suppression
of the s-wave component by m?2/ mi, c.f. Eq. . The total annihilation cross section is
dominated by the VIB processes, which in the limit m, > my are related via

(V) uging : (OV)ugapy = 3as(mpm)/dem =~ 32.2,

(0V)uparz * (OV)upipy = tan?(Ay) = 0.30, (5.3)

as it follows from the cross section expressions presented in Appendix [B.2] On the other
hand, for dark matter coupling to br, the helicity suppression by mg /mf< is somewhat

2We notice, however, that we include the one-loop annihilations into gauge bosons in Sec. where we
discuss the simplified model of Majorana dark matter in a different context.
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Figure 5.1.: Branching ratios of the annihilation channels xyx — ¢g(V), with V' € {g,~, Z}, for ¢
being an up-quark (upper panels) or bottom-quark (lower panels). The left and right
panels correspond to a mass ratio m,/m, = 1.01 and 2.0, respectively.

alleviated at dark matter masses < 100 GeV; still, in most parts
VIB processes are dominant, with the relative strengths

of the parameter space, the

129,
0.30 .

1205(my ) / Ctem

(UU)bR5R7
tan? (Ow)

(O-U)le_)R'y

(UU)le_)Rg

UU)bRERZ

(5.4)

For concreteness, in Egs. (5.3) and (/5.4]) the numerical values of the cross section ratios have
been obtained for a strong coupling constant evaluated at the scale m, ~ 1TeV.

During freeze-out, the annihilation channel xx — ¢q is suppressed by (v?) ~ 0.2. Then,
for the total annihilation cross section of dark matter entering the Boltzmann equation, we
find that in contrast to the scenario of real scalar dark matter in which the lowest-order
annihilation process occurs only via the d-wave contribution, the milder suppression in the
case of Majorana dark matter makes the higher-order annihilation channels subdominant
compared to the tree-level 2 — 2 process. Hence, in this section we employ the results
of the relic density calculation obtained in [347], which takes into account the annihilation
channel xx — qq as well as all relevant coannihilation processes, analogous to the discussion

in Sec. 1.21F

3For the calculations in the current section, the Sommerfeld corrections to the coannihilation channels are
not included.
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5.2. Capture, annihilation and equilibration in the Sun and Earth

Capture rate of dark matter and the equilibrium coupling constant

Both the event rate at a direct detection experiment as well as the capture rate of dark
matter particles in the Sun or the Earth depend on the scattering cross section of x with a
nucleon N. Starting from the Yukawa interaction defined in Eq. , the scattering cross
sections for the model of Majorana dark matter have been calculated in [271}272,276], using
a similar approach as the one employed in Sec. [3] and [4] for the other ¢-channel simplified
models. The result for the spin-dependent scattering cross section with a nucleon N reads

12 2 2 4
o) = 22N (Auv)) Y (5.5)

q 2
T 64 [m% — (my + mq)z]

where p is the dark matter-nucleon reduced mass, and ASIN) parametrizes the contribution

of the quark ¢ € {u, b} to the spin of the nucleon, as already introduced in Eq. (3.12)), with
the numerical values given in [276]. In particular, we notice that AIEN ~ (0. Furthermore,
the spin-independent cross section is given by

413 2
ot = LR (y)7, (5.6)
with
2
m
700 = (073 ’ 2
8 [m% — (my + myg) }
3 2 8
+ 5y Y . [q(N) (2) + g™ (2)] — wa§N>> . (5.7)
2 2 9
8 [mn — (my +my) ]

Here, b is a function of m,, m,, and m, specified in [92,271]. Moreover, the nuclear param-
eters fq(N)7 g(N), g™ (2) and @) (2) are the same as those appearing in Eq. 1} We
remark that in the limit m, > m,, the spin-dependent cross section scales as 1/ mf], while

aé]IV) is suppressed by 1/ m%. This is due to the fact that the lowest-order spin-independent

operator xxgq vanishes for a chiral coupling of a Majorana fermion [271], and correspond-
ingly the leading-order spin-independent contribution arises from a twist-2 operator similar
to the one defined in Eq. for the scenario of scalar dark matter. Furthermore, we no-
tice that both the spin-dependent as well as the spin-independent cross section are enhanced
for mass-degenerate scenarios, i.e. when the mediator 7 is only slightly heavier than the dark
matter particle y. We avoid complications arising from the apparent divergence of f(V) at
my = m, + mg, which would require the modeling of the width of the exchanged scalar, by
restricting our analysis to values of the model parameters satisfying m,, —m, > 2m,.

As introduced in detail in Sec. the scattering process with a nucleus can lead to the
capture of the dark matter particle in a celestial object like the Sun or the Earth. For
given values of aéjlv) and aég), we calculate the capture rate C' using DarkSUSY [149],
adopting for concreteness the local dark matter density py = 0.4 GeV/cm?, as well as a
Maxwell-Boltzmann velocity distribution with the most probable speed vy = 230+ 30 km/s,
c.f. Sec. For the case of capture in the Sun, an approximate expression for C' valid
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for my, 2 1TeV is given in Eq. . Following the discussion in Sec. observing
the neutrino flux produced by the annihilations of dark matter particles accumulated the
center of the Sun or the Earth is only feasible if captures and annihilations have reached
equilibrium. This is the case if the age of the solar system to = 4.5 - 10%y is sufficiently
larger than the equilibration time 7 = 1/4/C - C4 , where C4 is the annihilation constant
given in Eq. and for the case of the Sun and the Earth, respectively. For the
total annihilation cross section (ov) entering the expressions for C'4, we use the sum of the
lowest-order 2 — 2 and the various 2 — 3 annihilation channels discussed in the previous
section.

In order to quantify whether equilibrium has been reached within the simplified model of
Majorana dark matter, one can make use of the fact that both C' and C4 are proportional
to y*, allowing us to define the equilibrium coupling constant Yoq Via

/ |
t® C‘y:ch’yzl yéq = 1 . (58)

In that way, the ratio between the annihilation rate I" 4, which sets the normalization of the
neutrino flux, and the capture rate C' is given by

2%’* — tanh? [(yzq)j . (5.9)

Hence, the equilibrium coupling constant serves as a lower limit on the coupling strength
following from the requirement of equilibration: for y 2 yeq, the annihilation rate I' 4 reaches
exponentially fast the maximal value C/2, while for y < yeoq it decreases as (y/yeq)®. For
example, for y = yeq/2, the signal strength is about 0.4 % of the maximal value.

The upper and lower panels of Fig.[5.2)show the values of the equilibrium coupling constant
Yeq relevant for capture and annihilation in the Sun and in the Earth, respectively, with the
left (right) panels corresponding to the scenario of dark matter coupling to ur (bg). In
each plot, the red curves show the dependence of yq on the dark matter mass, for a few
exemplary choices of the mass ratio m,/m,. If the scattering process is dominated by the
spin-independent interaction, as it is the case for coupling to bg, the equilibrium coupling

constant scales as mg/ % for a fixed mass splitting m,,/m,, while it is proportional to

m>1<3/ 1% for a scenario in which the spin-dependent scattering is more important, relevant
for coupling to ug El For comparison, we also show in the figure the values of the coupling
Ythermal 1Mplied by the constraint of matching the observed relic density via the freeze-out
mechanism, following the discussion in Sec. Similar as in the corresponding models
involving Dirac or real scalar dark matter, for mass-degenerate scenarios there is a lower
limit on the dark matter mass below which coannihilations suppress the relic density to
values smaller than the observed one, irrespectively of the choice of y.

For the case of thermally produced dark matter coupling to ug, it follows from the up-
per left panel of Fig. that equilibration of capture and annihilation in the Sun is only
reached within certain ranges of dark matter masses. Concretely, the requirement of equi-
librium leads to the lower limit m, 2 1TeV and m, 2 200GeV for m,/m, = 1.01 and

~

/ (N) —4

“These scalings with m, follow from (ow) o m;2, leading to C’A|y:1 x m;l 2 as well as from ogn X My,

Uéjlv) x m;ﬁ, implying C’y:l x m;6 and C’|y:1 x m;g for the spin-dependent and spin-independent
capture rate, respectively. Together with the definition of yeq in Eq. 1) we obtain Yeq =~ mis/ 1% and
Yeq mij/lﬁ for a scenario in which the capture is dominated by spin-dependent and spin-independent

scatterings, respectively.
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Figure 5.2.: The red curves show the equilibrium coupling constant y.q, defined as the lower limit
on the Yukawa coupling arising from the requirement of equilibration between capture
and annihilation in the Sun and in the Earth, shown in the upper and lower panels,
respectively, for coupling to ug (left panels) and to bg (right panels). Also, the black
dashed curves indicate the values of the Yukawa coupling ythermar following from the
relic density constraint.

1.1, respectively, while for a mass splitting m,,/m, = 2.0, equilibrium is only achieved for
my S 1TeV. For dark matter masses not fulfilling these conditions, the annihilation rate
I' 4 and consequently also the neutrino flux observable at Earth is significantly suppressed,
c.f. Eq. . Similarly, the upper right panel of Fig. shows the relation between y.q and
Ythermal fOr the scenario of dark matter coupling to br, again for capture and annihilation
in the Sun. Interestingly, the absence of a spin-dependent scattering cross section arising
from a coupling to the bottom quark leads to the conclusion that thermally produced dark
matter is not in equilibrium in the Sun in that scenario (at least for the choices of the mass
splitting shown in the figure). Consequently, the simplified model of Majorana dark matter
coupling to bg is a concrete example in which the common assumption I'y = C'/2 is not
fulfilled.

Finally, the lower panels of Fig. show the equilibrium coupling constant relevant for
capture and annihilation in the Earth, which we again compare to the thermal value of
the Yukawa coupling. As apparent from the plots, within the framework discussed in this
section, thermally produced dark matter can never be in equilibrium in the Earth, making
the prospects to observe the corresponding neutrino flux rather poor. Consequently, in the
following we will not further discuss the case of capture and annihilation of Majorana dark
matter in the Earth, and instead focus on the more promising possibility to observe the
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Figure 5.3.: Sum of the differential v, and 7, flux at Earth, produced by annihilations of dark
matter particles with m, = 1TeV. The upper (lower) panels correspond to coupling to
ur (br), while the left and right panels show the results for two different mass ratios,
my/my = 1.01 and 2.0, respectively.

high-energy neutrinos arising from dark matter annihilations in the Sun.

High-energy neutrino flux from the Sun

According to the previous discussion, at least in parts of the parameter space of the model,
captures and annihilations of thermally produced Majorana dark matter are in equilibrium
in the Sun, leading to a high-energy neutrino flux potentially observable at Farth, with a
normalization proportional to the dark matter-nucleon scattering cross section. The neutri-
nos arise from the hadronization and decays of the quarks and gauge bosons produced in
the annihilation channels xx — ¢g(V); c.f. Sec. for a discussion of the branching ratios.
For the modeling of this process in the dense environment of the Sun, as well as of the
subsequent propagation of the neutrinos from the point of annihilation to the location of
the Earth, we refer to the detailed discussion in Sec. 2.2} We show in Fig. [5.3] the resulting
differential flux of muon neutrinos and antineutrinos at Earth, produced by the annihilation
of Majorana dark matter particles with a mass m, = 1TeV, for coupling to ug (bgr) in the
upper (lower) panels, and for the exemplary mass splittings m,,/m, = 1.01 and 2.0 in the
left and right panels, respectively. In each case, the total flux is shown as the red solid curve,
while the various black lines correspond to the contributions of the individual annihilation
channels.

For the case of dark matter coupling to ug, the neutrino flux at energies F, < 200 GeV is
dominated by the gluon bremsstrahlung process, due to the large branching fraction of this
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annihilation channel, c.f. Fig. However, it follows from the upper panels of Fig. [5.3] that
for larger neutrino energies, the dominant contribution arises from annihilations into uuZ2,
even though this channel has a significantly smaller branching fraction than the uug final
state. This can be understood by recalling from the discussion in Sec. that the baryons
and mesons produced by the hadronization of quarks or gluons lose a significant amount
of their energy before decaying (or are even stopped completely), leading to a suppressed
flux of neutrinos with the highest kinematically allowed energies. On the other hand, the
Z boson produced in the annihilation process xyx — uuZ can decay promptly into a pair of
neutrinos, leading to the dominant contribution to the total flux at large E,. As we will see
below, the IceCube detector is mainly sensitive to large neutrino energies, making the VIB
of a Z boson particularly important in the calculation of the limits on the model.

From the lower panels of Fig. it follows that also for dark matter coupling to bg,
the virtual internal bremsstrahlung of a Z boson dominates the spectrum at the highest
possible neutrino energies. However, in that case the annihilation into ggg gives a larger
contribution compared to the case of coupling to ug, as there are significantly more high-
energetic neutrinos produced by the hadronization of the bottom-quark than of the up-
quark, c.f. the discussion in Sec. In addition, we remark that the ratio of the branching
fractions of the qgZ and qgg channels is smaller for coupling to br than for coupling to ug,

as it follows from Eqgs. (5.3)) and (5.4)).

5.3. Constraints on the parameter space of Majorana dark matter

The flux of muon (anti-)neutrinos produced by the annihilations of dark matter particles
in the Sun gives rise to an (anti-)muon signal in a neutrino telescope, via the charged

current interaction (I/_M)N — uT N’ (see also the discussion in Sec. . For a given neutrino
spectrum derived by means of the methods presented in the previous section, we compute
the number of induced (anti-)muon events in the IceCube detector following the approach
of [349], and using the effective area given in [167]. The expected number of signal events is
then compared to the actual data [168], thereby taking into account the background induced
by the atmospheric neutrino flux, which we also take from |168]. We refer to Appendix
for further details regarding our method of calculating limits from the IceCube data.

For given values of m, and m,, we convert the upper limit on the normalization of the
neutrino flux into a constraint on the Yukawa coupling y. For the scenario of dark matter
coupling to ug, the resulting limits are shown in Fig. as a function of the dark matter
mass, with each panel corresponding to a different value of the mass splitting, m,/m, = 1.01,
1.1 and 2.0. The width of each light red band corresponds to the systematic uncertainties
relevant for the calculation of the upper limit following from the IceCube data: first, the
dependence of the capture rate on the abundances and spatial distributions of the solar
nuclei leads to an uncertainty of ~ 3% (25%) in the determination of the spin-dependent
(spin-independent) capture rate [167]. Moreover, following [347], we take into account un-
certainties related to the parameter vy of the Maxwell-Boltzmann velocity distribution, as
well as the nuclear parameters Y., 09, ¢(2) and q(2).

Furthermore, in Fig. we compare the upper limits arising from the non-observation of
an excess of high-energy neutrinos from the direction of the Sun by the IceCube telescope
with complementary searches for dark matter studied in [347]. Namely, the upper limits
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Figure 5.4.: Upper limits on the Yukawa coupling y, for a scenario of Majorana dark matter coupling
to ug, and for a mass splitting m,,/m, = 1.01 (upper panel), 1.1 (lower left panel) and
2.0 (lower right panel). The constraints from IceCube are shown in light red, from
XENON100 in dark gray, and from the PAMELA p/p data in light gray. In each case,
the width of the band indicates the level of systematic uncertainties in deriving the
limits. The shaded blue region shows the region of the parameter space where captures
and annihilations are not in equilibrium in the Sun, while the black dashed curves
depict the values of the Yukawa coupling leading to the observed relic abundance via
dark matter freeze-out. Finally, the prospected reach for XENONIT is shown as a
green line.

on y resulting from the XENON100 experiment are shown as the dark gray shaded bandﬂ
while the constraints following from the non-observation of an excess in the PAMELA p/p
ratio correspond to the light gray shaded bands. Again, the width of each band shows the
impact of the astrophysical and nuclear uncertainties. It follows from the three different
panels of Fig. that the IceCube constraints derived in this work are competitive, or in
the case of small mass splittings m,/m, even better than the PAMELA antiproton limits.
On the other hand, XENON100 provides stronger limits in all of the parameter space, which
can be explained by the significant spin-independent scattering cross section induced by the
Majorana dark matter model, c.f. Sec. which is known to be better constrained by direct
detection experiments than by neutrino telescopes.

Besides, the shaded blue region in each panel of Fig. corresponds to the values of the

5 After the results of this section have first been published, the XENON100 limits were superseded by the
LUX results |[101}]102]. These would lead to (slightly) stronger direct detection constraints, but we have
checked that the qualitative conclusions remain unchanged.
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Figure 5.5.: Upper limits on the spin-dependent cross section with protons, following from the
corresponding constraints on the Yukawa coupling y presented in Fig. The full
results from the IceCube analysis (including the higher-order annihilation channels)
are shown as red solid curves, while the red dashed curves correspond to a calculation
only taking into account the lowest-order annihilation channel xx — ua. Furthermore,
the upper limit on O'é%) arising from the COUPP data is shown as a green dashed line.
All other curves are analogous to the ones shown in Fig.

Yukawa coupling for which captures and annihilations of dark matter particles in the Sun
are not in equilibrium, based on the definition of the equilibrium coupling constant yeq in
Sec. In these parts of the parameter space, the annihilation rate is highly suppressed
with respect to the equilibrium value, c.f. Eq. , and hence observing the neutrino
flux is very challenging both for current and future experiments. As it can be seen from
the plots, in particular the XENON100 experiment already probes a significant fraction
of the parameter space in which dark matter is in equilibrium in the Sun, and in some
cases it actually excludes the equilibrium coupling constant yeq. This conclusion will be
further strengthened by future direct detection experiments such as XENONI1T, which will
be able to probe Yukawa couplings smaller by a factor ~ 601/4 = 2.78 compared to the ones
constrained by the XENON100 experiment. Lastly, we remark that from comparing Fig.
and Fig. it follows that XENON100 excludes all values of the Yukawa coupling leading
to equilibration in the Earth, making the observation of a high-energy neutrino flux from
dark matter annihilations in Earth very unlikely within this scenario.

The results of neutrino telescopes searching for a dark matter induced flux from the direc-
tion of the Sun are typically presented in the parameter space spanned by the dark matter
mass and the spin-dependent scattering cross section with protons. Hence, for illustration
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Figure 5.6.: Same as Fig. but for dark matter coupling to bg.

we translate the upper limits on y presented in Fig. into upper limits on agg, using

Eq. , and show the results in the different panels of Fig. In order to highlight the
importance of including the higher-order corrections to the annihilation process, we show
both the upper limit obtained from the full calculation including all annihilation channels
xx — uuV (red solid curves), as well as the upper limit that would follow from assuming
a 100% branching fraction of the lowest-order channel yx — wa (red dashed curves). Evi-
dently, the presence of the 2 — 3 processes significantly improves the sensitivity of IceCube
to the model of Majorana dark matter, for all vales of m, and m,,. For comparison, we also
show the upper limits on the spin-dependent cross section following from the COUPP [120]
and XENON100 experiments, thereby choosing the astrophysical and nuclear parameters
among those suggested in |347] leading to the most conservative constraintsﬂ

Analogously to Fig. showing the constraints for dark matter coupling to ur, we present
in Fig. the upper limits on y for coupling to br. As discussed in Sec. we restrict our
analysis to m, —m, > 2mg, in order to avoid the modeling of the resonant behavior of the
scattering cross section at m, = m, + mg,. Hence, in Fig. m we only show our results for
my/my = 1.1 and 2.0, and for m, > 100 GeV. It follows from the plots that compared to
the scenario of dark matter coupling to the up-quark, the IceCube limits are significantly
weaker for coupling to the bottom-quark, which can be explained by the absence of a spin-
dependent coupling to protons, c.f. Sec. In particular, the upper limits on y following
from the PAMELA measurement of p/p as well as from the null results of the XENON100
experiment are always stronger than the constraints arising from the IceCube data.

Finally, we compare the various upper limits on the Yukawa coupling y to the values
Ythermal f0llowing from the requirement of correctly reproducing the observed relic density
via the freeze-out mechanism, c.f. Sec. To this end, all panels of Figs. and
include a black dashed curve indicating the coupling (or scattering cross section) expected
for a thermal relic. These figures suggest that the results from IceCube are not (yet)
constraining the thermal parameter space of the model, while for some values of m, and
my, XENON100 already excludes Yukawa couplings smaller than yihermal-

SWe stress that the XENON100 limits in Fig. correspond to the upper limit on O'gg within the spe-
cific scenario discussed in this section, which also leads to a spin-independent scattering cross section,
c.f. Eq. (5.6). Hence, the corresponding curves differ from those reported in |105,/350|, which implicitly

™

assume og;° = 0.
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Figure 5.7.: Thermal parameter space of the simplified model of Majorana dark matter, for coupling
to ug (upper panels) and to bg (lower panels). The light gray shaded regions are
theoretically inaccessible, either due to efficient coannihilations for small values of m,
and m,/m,, or because the model becomes non-perturbative at large values of the
masses. In the left panels, we show the constraints from XENON100 (light green) and
from CMS (light red), as well as contours of constant 2I'4/C, determining whether
captures and annihilations are in equilibrium in the Sun, c.f. the discussion in the text.
In addition, the right panels show the reach of XENONI1T.

We further investigate the thermal parameter space of the model in Fig. for dark
matter coupling to ug (bgr) in the upper (lower) panels, with the left panels corresponding
to constraints from existing searches, while the right panels show the prospects to probe
the model with future experiments. Similar to the related figures for Dirac dark matter
and real scalar dark matter shown in Figs. and Figs. respectively, we fix
the Yukawa coupling y to the thermal value %thermal Separately for each dark matter mass
m,, and mass splitting m,/m,. As for the other t-channel simplified models, the region of
the parameter space corresponding to small m,, and m,/m, is theoretically inaccessible due
to efficient coannihilations, while for large values of the dark matter and mediator mass,
the model becomes non-perturbative. These parts of the parameter space are shown as
the gray shaded regions in each panel of Fig. Besides, the green shaded regions in the
left panels show the parts of the parameter space which are excluded by the XENON100
analysis presented in [321], while they correspond to the reach of XENONIT in the right
panels. Furthermore, also following [321], in the upper left panel we include as a light red
region the constraints on the parameter space arising from the search of a colored scalar
by the CMS collaboration, using the ar analysis at /s = 8 TeV [351]. Indirect searches

108



5.3 CONSTRAINTS ON THE PARAMETER SPACE OF MAJORANA DARK MATTER

for antiprotons or neutrinos are not able to constrain the thermal values of the Yukawa
coupling, c.f. Figs. and and are hence not included in Fig. Furthermore, we
show in the plots contours of constant values of 2" 4 /C' (black curves), and in particular the
curve corresponding to t;, = 7 (red curve), marking our definition of the boundary between
equilibrium and non-equilibrium of captures and annihilations in the Sun.

As apparent from the upper left panel of Fig. the XENON100 experiment provides the
strongest limit on the scenario of Majorana dark matter coupling to ur for small values of
the mass splitting m,/m,,, while for larger mass splittings the CMS search gives rise to the
most important constraint. Qualitatively, this is similar to the complementarity found for
real scalar dark matter coupling to quarks, as shown in Fig. Moreover, the upper right
panel shows that the XENONIT experiment will probe a significant part of the remaining
thermal perturbative parameter space; again, this is a similar conclusion as for the related
simplified models of Dirac and real scalar dark matter. Furthermore, it follows from the
lower left panel of Fig. that for coupling to bottom quarks, present experiments are
largely insensitive to the thermal values of the Yukawa coupling, except for the XENON100
experiment at small dark masses and m,,/m, ~ 1.15. However, it is worth noting that the
XENONIT experiment will probe precisely the parts of the parameter space in which dark
matter is in equilibrium in the Sun, as it can be seen from the lower right panel of the same
figure. Consequently, within the scenario of dark matter coupling to bg, the non-observation
of a signal at XENONI1T would make the possibility of detecting a high-energy neutrino
signal with future upgrades of the IceCube detector (or any other neutrino telescope) highly
unlikely.
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Interlude: t¢-channel simplified models and
beyond

The preceding part of this thesis has been devoted to the study of direct, indirect and collider
searches for dark matter in the context of t-channel simplified models, i.e. scenarios in which
the dark matter particle interacts with a Standard Model fermion f and a mediator particle
via a Yukawa interaction. Concretely, we have investigated Dirac dark matter interacting
with a charged scalar mediator in Sec. |3] real scalar dark matter coupling to a vector-like
fermionic mediator in Sec. [l and lastly a scenario of Majorana dark matter involving a
charged scalar mediator in Sec.

Despite being quite similar in their basic structure, we have learned that the phenomenolo-
gies of these models differ significantly from case to case. In order to facilitate a simple com-
parison between some of the most important features of the different scenarios, we present
in Table a schematic overview of the three ¢-channel simplified models listed above,
working for simplicity in the limit m; = 0. Concretely, in the column labeled by (ov);f,
we indicate whether in the corresponding model the tree-level annihilation DM DM — ff
is p- or d-wave suppressed, corresponding to (ov) FF X v? and v*, respectively, or whether
it features a non-vanishing s-wave component o v°. As discussed in the previous sections,
this behavior can be crucial both for the physics of dark matter freeze-out as well as for the
total annihilation cross section in today’s Universe (c.f. the fourth column of Table [5.1)).

Moreover, in the table we summarize (in a simplified fashion) the feasibility of probing
the simplified models with direct detection experiments as well as with indirect searches
using gamma-ray spectral features. To this end, we specify the most important process(es)
contributing to the dark matter-nucleon scattering rate in a xenon experiment, and classify
each resulting constraint from the LUX or XENON100 experiment as follows: a “strong”
constraint corresponds to a situation in which thermally produced dark matter with mpy =
1TeV is already excluded for some values of the mass splitting between the dark matter
particle and the mediator. On the other hand, the label “intermediate” implies that at
least one point of the thermal parameter space is ruled out, while “no constraint” means
that currently no direct detection experiment can probe the model. Lastly, we illustrate the
relevance of searches for gamma-ray spectral features in each simplified model by quoting a
representative value of the annihilation cross section for the VIB process DMDM — ff,
choosing for concreteness mpy = 600 GeV and a mass splitting of 1.2, again employing
the relic density requirement for fixing the value of the Yukawa coupling. If the value
for (ov);, is written in red color, that point of the parameter space is ruled out by the
H.E.S.S. analysis [211,[321], while it is shown in green if it is still allowed by the data.

For the case of Dirac and real scalar dark matter, all the results employed in Table
are taken from Sec. [3| and [4] of this work’} Moreover, for the simplified model of Majorana
dark matter, we partially use the results of [321,|347].

"For simplicity, here we set the coupling of the real scalar dark matter particle to the Standard Model Higgs
doublet to zero. Furthermore, we remark that we have not analyzed the scenario of a real scalar dark
matter particle coupling to f € {c, s, b}, and hence omit this case in Table
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. dominant annihilation mode direct detection (ov) Fy
coupling to (ov) 7 g
at freeze-out today contributing processes resulting constraint 10~ em?/s
fe{u,d} vector coupling (tree level) —
Dirac DM fe{es, b} oc 0 ff o _ intermediate -
— magnetic dipole mom., charge radius (one loop)
e I
fe{u,d} scalar, axial-vector and twist-2 quark coupling (tree level), 0.63
) ) _ _ , intermediate
Majorana DM | f € {c, s, b} xX v ff ffVorVV scalar gluon coupling (one loop) 0.16
fele,u, 77} anapole moment (one loop) 1.6
_ scalar and twist-2 quark coupling (tree level),
fe{u,d} ffVor VvV’ _ ) 3.5
Real scalar DM o« vt ffvVor vV’ scalar gluon coupling (one loop)
fefe,u, 7} ff two-loop suppressed 72

Table 5.1.: Summary of important properties of the simplified models of Dirac, Majorana and real scalar dark matter, coupling to a Standard Model
fermion f via a Yukawa interaction. In the columns specifying the dominant annihilation modes, V' and V’ denote Standard Model gauge

bosons. In the last column, we quote the annihilation cross section for the VIB process DM DM — f fv with f being either u, b or e,
choosing for concreteness mpy = 600 GeV and a mass splitting of 1.2. See the text for other details relevant for the content of this table.




As it can be seen from Table the t-channel simplified models discussed in this work
already capture a large variety of non-trivial features in the phenomenology of dark matter
searches, such as p- or d-wave suppressed 2 — 2 annihilations, the importance of higher-
order corrections to the annihilation process both today and at freeze-out, strong constraints
from direct detection experiments induced solely by one-loop diagrams, and a large spread
of the annihilation cross section into final states involving a gamma ray spectral feature.
By employing data from future experiments, all of these differences potentially allow for a
discrimination between the corresponding scenarios.

Nevertheless, it is clear that by no means all of the possible models involving a WIMP
as the dark matter candidate are described by a t-channel simplified model. For example,
dark matter could annihilate into Standard Model particles via the exchange of a scalar
or a vector boson in the s-channel, or it could be part of a much more complicated “dark
sector”, including potentially many more particles relevant for the phenomenology of di-
rect, indirect and collider searches. Obviously, it is impossible to extend the model-specific
studies undertaken in the previous sections of this thesis to all conceivable scenarios of dark
matter. In view of that situation, we will now turn away from the approach of interpreting
experimental data in terms of simplified models, and perform a series of investigations which
all aim at extracting as much model-independent information as possible from the results of
direct and indirect detection experiments.

To this end, we reinvestigate in Sec. [6] the higher-order effects to the annihilation process
of dark matter in the Sun, which already have been studied in Sec. 5] in the context of the
simplified Majorana dark matter model. We will derive constraints on the scattering cross
section of dark matter for a large variety of possible annihilation channels, this time without
specifying an underlying particle physics model. Afterwards, in Sec.[7} we study the (almost)
model-independent non-relativistic effective theory for dark matter-nucleon interactions,
which can be seen as a generalization of the standard spin-independent or spin-dependent
interactions. Concretely, we employ this framework in order to evaluate the compatibility
of the DAMA modulation signal with the null results of (in)direct searches. Lastly, in
Sec. |8 we develop a novel method for analyzing data from direct detection experiments and
neutrino telescopes, which, while still referring to a specific model of dark matter-nucleon
interactions, is model-independent from the point of view of astrophysics, i.e. it does not
refer to a particular velocity distribution of dark matter.
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6. General analysis of higher-order effects in
dark matter annihilations in the Sun

We start the discussion of model-independent methods in the phenomenology of dark matter
searches by a general analysis of the higher-order effects in the annihilation process of
dark matter particles captured in the Sun. One concrete example for the importance of
taking into account these processes has been discussed in Sec. [5} in the simplified model of
Majorana dark matter coupling chirally to a Standard Model fermion, the virtual internal
bremsstrahlung of a Z boson constitutes the dominant source of neutrinos at the largest
possible energies. Despite being suppressed by a weak gauge coupling and the three-body
phase space, this process turned out to be important, as the baryons and mesons produced
in the hadronization of up-quarks and gluons are mostly stopped in the dense environment
of the Sun before they decay (c.f. the discussion in Sec. , and hence lead to a suppressed
high-energy neutrino flux.

More generally speaking, it is well known that there are actually several lowest-order
2 — 2 annihilation channels for which the limits on the dark matter scattering cross section
deduced from neutrino telescopes are either absent or very weak: besides the light quark
final states qq, with ¢ = u, d, s, also annihilations into ete™ or ™y~ only produce a flux of
neutrinos with energies in the MeV range, well below the detection threshold of IceCubeEL as
discussed in Sec. However, as all Standard Model fermions carry non-zero hypercharge,
the annihilation into a light fermion-antifermion pair is necessarily accompanied by the
emission of Z bosons, either via final state radiation, virtual internal bremsstrahlung, or by
means of one-loop annihilations into gauge boson pairs. Additionally, if the corresponding
fermion is part of a SU(2)1, doublet, also final states involving W* bosons are present. The
prompt decays of the weak gauge bosons into neutrinos or tau leptons then lead to a high-
energy flux of neutrinos potentially observable at instruments like IceCube, hence opening
a new door for probing models of dark matter where the annihilation is driven by couplings
to electrons, muons or light quarks. In this section we will investigate this possibility, and in
particular, by assuming equilibrium between captures and annihilations of dark matter in
the Sun, we will employ recent data from the IceCube neutrino detector in order to derive
for the first time model-independent upper bounds on the scattering cross section of dark
matter with nucleons from the neutrino flux generated by these higher-order processes.

This section is organized as follows: in Sec. we consider a general setup of dark matter
annihilations into a light fermion-antifermion pair mediated by a contact interaction (with-
out referring to a specific model), and investigate the phenomenology of the higher-order
annihilation channels leading to a high-energy neutrino flux. More precisely, the relevant
processes are either the final state radiation of gauge bosons, discussed in Sec. or the
one-loop annihilation into gauge bosons, which we investigate in Sec. Subsequently,
in Sec. we discuss the interplay of the model-independent approach with a full analysis
of the simplified model of Majorana dark matter introduced in Sec.

!These neutrinos, however, can potentially be observed by Super-Kamiokande [147,[161].
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6. GENERAL ANALYSIS OF HIGHER-ORDER EFFECTS IN DM ANNIHILATIONS IN THE SUN

Figure 6.1.: Feynman diagrams showing the annihilation of dark matter into a fermion-antifermion
pair via a contact interaction (left panel), as well as the associated higher-order pro-
cesses relevant for the calculation of the high-energy neutrino flux: the final state
radiation of a gauge boson V' (central panel), and the one-loop annihilation into a pair
of gauge bosons V'V’ (right panel).

6.1. Contact interactions

In this section, we investigate scenarios in which the unique lowest-order annihilation chan-
nel of dark matter is given by DM DM — ff, with f being an electron, a muon or a
light quark. The only assumption we are making about the nature of the corresponding
interaction between the dark matter particle and the Standard Model fermion f is that
the mediating particles are sufficiently heavy, allowing for a description of the process by
a contact interaction, as illustrated in the left panel of Fig. [6.1l The relevant classes of
higher-order annihilations which generate a flux of high-energy neutrinos are shown in the
central and right panel of Fig. To begin, for all possible choices of f, a soft Z boson can
be radiated off the final state fermion, provided that mpy > myz [326}352]. Additionally,
if the Standard Model fermion coupling to the dark matter particle is left-handed, also the
annihilation into ff'W¥ is possible, with f and f’ being the states forming a SU(2)r, dou-
bletﬂ Furthermore, if f is a quark, also the final state radiation of a gluon contributes to the
annihilation process. Besides these 2 — 3 annihilations, the contact interaction inducing
the tree-level annihilation into ff in general also leads to the annihilation into a pair of
gauge bosons V'V’ via the one-loop diagram shown in the right panel of Fig. Depending
on whether f is a SU(2)r, singlet or doublet and whether it carries color charge or not, the
possible final states are given by vy, vZ, ZZ, WTW ™~ and/or gg.

The expected flux of neutrinos is then given by the sum of the fluxes induced by the
individual final states, weighted by the corresponding branching fractions. Remarkably,
it turns out that within the framework of contact interactions, it is possible to divide all
conceivable underlying models in only two classes, and to evaluate the branching fractions
(and hence the neutrino flux) in each of these categories without specifying the concrete
model. The distinction between these two classes of models is made according to whether
the total annihilation cross section is dominated by DM DM — ff or whether the one-loop
annihilation into gauge bosons is most important. In the following sections and
we will separately discuss these two classes of models, i.e. in particular we determine the
corresponding branching fractions and the expected neutrino fluxes. For both cases, we
then derive bounds on the normalization of the neutrino flux from the IceCube data, and,
assuming equilibrium between captures and annihilations, convert them into upper limits on
the spin-dependent and spin-independent dark matter scattering cross section with protons.

2For dark matter charged under SU(2)r, also the initial state radiation of weak gauge bosons would be
allowed. However, our assumption that the single lowest-order annihilation channel is given by DM
DM — ff automatically implies that dark matter is a Standard Model singlet, as otherwise also the final
states ZZ and WHTW ™ would occur at tree level.
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6.1 CONTACT INTERACTIONS

To this end, we employ DarkSUSY [149] for the calculation of the capture rate, assuming
po = 0.3GeV/cm?® and a Maxwell-Boltzmann velocity distribution with o = 270km/s,
c.f. the discussion in Sec.

6.1.1. Case a: total cross section is dominated by DM DM — ff

First, let us discuss the class of models in which the dominant annihilation channel of dark
matter is the lowest-order 2 — 2 process DM DM — ff. This is the case, for example,
in the simplified model of Dirac dark matter coupling to fr or fr discussed in Sec. [3], or
for a Majorana fermion that annihilates into fr,fg or frfr; in both cases, the annihilation
proceeds in the s-wave, neither with helicity nor velocity suppression. In such a scenario,
the dominant source of high-energy neutrinos is given by the final state radiation (FSR)
of gauge bosons V' (shown in the central panel of Fig. , which is suppressed only by
two powers of the corresponding gauge coupling, as opposed to the loop annihilations (right
panel of Fig. , which are proportional to g*.

The quantitative description of the FSR of a gauge boson V is based on the parton
distribution function Dj_,y (), which is defined to be the probability for radiating V' off a
final state fermion f, with a fraction x = Ey /Ey of the energy of the fermion. For a fermion
with electric charge ¢y and weak isospin T3 r, the lowest-order parton distribution functions
corresponding to V = Z, W are given by [352-354]

Qlem (T37f — Qf SiIl2 ew)Q

D - P , 6.1
52 (%) 27 sin? Oy cos? Ow jv (@) (6.1)
Clem T32
Dy w (z) = mpf—w (z) . (6.2)

Moreover, if the fermion f is a Standard Model quark, one also has [355]
&
Dy, (z) = %Pf—ﬂ/(ﬂj)- (6.3)

In these equations, the splitting functions Py, (x) are given by

1+(1—2)?° 22 M2
T Ty (14 i MY v = 2w
T M TEMmp\

Pf—>V(‘r):
41+ (1 —x2)°

forV=g.
3 . or g

(6.4)

We do not implement the formalism of the parton distribution functions ourselves, but use
PYTHIA 8.176 [155,|156], which includes the possibility to allow for the emission of (soft)
weak gauge bosons and gluons from the final state, c.f. [356] for more information. As
described in detail in Sec. we then take into account the energy losses of the hadrons
induced by their interactions with the solar matter, as well as the propagation effects of
neutrinos on their way from the center of the Sun to the location of the Earthﬂ Finally, we

3We have confirmed that for mpy > 300 GeV our neutrino spectra from the FSR processes are in good

~

agreement with the results presented in [163].

119



6. GENERAL ANALYSIS OF HIGHER-ORDER EFFECTS IN DM ANNIHILATIONS IN THE SUN

convert the neutrino flux at the position of the detector into a number of (anti)muon events
following the approach of [349], and derive upper bounds on the normalization of the neutrino
flux from the IceCube 79-string analysis, using the method presented in Appendix [C] Under
the assumption of equilibrium between capture and annihilation, in this way we obtain
upper limits on the scattering cross section of dark matter with protons, separately for each
annihilation channel ff(V).

We show the resulting upper limits on the spin-dependent and spin-independent scattering
cross section in the left and right panels of Fig. [6.2] respectively, for dark matter annihilating
into first or second generation leptons (top plots), first generation quarks (central plots), or
second generation quarks (bottom plots). For comparison, we also include the upper limits
on the scattering cross section arising from the direct detection experiments COUPP [120]
and SIMPLE [122] for the case of spin-dependent interactions with protons, as well as from
XENON100 [104] and LUX [101] for the spin-independent case. Lastly, we show the upper
limits obtained in [147] from considering the MeV neutrinos produced by the corresponding
lowest-order 2 — 2 final state. Generally speaking, one can infer from the various panels
of Fig. that when taking into account the FSR processes, the IceCube experiment can
probe interesting regions of the parameter space of dark matter annihilating solely into
light fermions. In particular, in some cases the limits on the spin-dependent scattering cross
section derived in this section are comparable to, or even more stringent than the ones
following from the most sensitive direct detection searches, which is remarkable in view of
the fact that this sometimes occurs in situations in which the high-energy neutrino flux is
solely induced by higher-order annihilation processes. In the following, let us discuss the
IceCube upper limits for the different possible annihilation channels in more detail.

To begin, we infer from Fig. that the bounds on the cross section for annihilations into
eRER, URER, URUR, drdr and sp5g are all comparable. For the first two final states, this
is easily understood by noting that in these cases all high-energy neutrinos originate from
the decay of the Z-boson produced in the FSR process DM DM — frfrZ, which occurs
with equal probability for electron and muon final states. In the scenarios of annihilations
into light right-handed quarks, the cross section for the FSR of a Z-boson is modified with
respect to the case of annihilations into leptons due to the different hypercharges of the
involved quarks, and additionally the high-energy neutrino flux receives a contribution from
the process DM DM — fgfrg, which we find to be comparable to the flux induced by the
weak FSR. Taken together, the differences in the fluxes (and hence in the upper limits) for
f = e, uu,d, s are of O(1). Lastly, the limits for annihilation into cgrcr are significantly
stronger than for all other frfg final states, due to the production of charmed baryons and
mesons: in contrast to the pions and kaons produced by the hadronization of light quarks,
these can decay into high-energetic neutrinos before being stopped completely.

On the other hand, if the total annihilation cross section is dominated by DM DM — f7 fr
(or DM DM — frfr), the upper limits arising from the IceCube data differ significantly
depending on whether f is a Standard Model lepton or a quark. Compared to the scenario
of annihilation into frfg, the final state involving a left-handed fermion now additionally
allows for the FSR of a W= boson. For the case of annihilation into leptons, a soft W+ boson
is automatically accompanied by a hard neutrino, highly favorable for a neutrino detector
such as IceCube, which has an effective area that strongly rises with energy. Consequently,
the upper limits on the scattering cross section for annihilation into epép or uppfp are
significantly stronger than the bounds for the corresponding final states involving light
quarks. We furthermore remark that the limits for the channels g7 gr turn out to be stronger
than for ¢rqr, which can be explained by the larger hypercharge of left-handed quarks
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Figure 6.2.: 90% C.L. upper limits on the spin-dependent (spin-independent) scattering cross sec-
tion of dark matter with protons, shown in the left (right) panels, for dark matter
annihilating via a contact interaction into first or second generation leptons (upper
row), first generation quarks (central row), or second generation quarks (bottom row).
The various red, blue and purple lines show the bounds deduced from our reanaly-
sis of the IceCube 79-string data, taking into account the FSR of weak gauge bosons
and gluons, while the green dashed line represents the limit derived in from the
MeV neutrino flux. For comparison, the most stringent upper limits arising from direct
detection experiments are shown as black dashed and dotted curves.

compared to right-handed quarks, as well as by the existence of the additional FSR process
qr.grW in the former case.

Finally, the limits from IceCube on the annihilation channels f, f;, are again much stronger
for f being a lepton compared to annihilations into left-handed quarks. This is related to
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6. GENERAL ANALYSIS OF HIGHER-ORDER EFFECTS IN DM ANNIHILATIONS IN THE SUN

the fact that due to SU(2)r invariance, both components of a weak isospin doublet are
necessarily produced with comparable rates, with the relative difference being suppressed
by the ratio of the scale of electroweak symmetry breaking and the energy scale of the
contact interaction. Hence, the possible final states involving light left-handed leptons or
quarks are given by eper + vele, prfir, + vy, upty + drdr and crér, + sp5r. Among
these annihilation channels, the first two clearly give rise to the strongest upper limits on
the scattering cross section, due to the presence of hard neutrinos in the lowest-order final
state. Also for annihilation into cp¢r, + sz51, the high-energy neutrino flux is dominated by
the tree-level contribution, due to the neutrinos produced in the decays of charmed hadrons.
On the other hand, the upper limits for annihilations into first generation left-handed quarks
are again dominated by the FSR of weak gauge bosons, leading to somewhat less stringent
bounds, especially at low dark matter masses.

6.1.2. Case b: total cross section is dominated by loop annihilations

The discussion in the previous section was based on the assumption that the dominant
annihilation mode of dark matter is the lowest-order process DM DM — ff, which is then
accompanied by the FSR of weak gauge bosons and gluons leading to the high-energy
neutrino flux potentially observable at IceCube. However, there are several known scenarios
in which the tree-level annihilation into a fermion-antifermion pair suffers from a helicity
suppression: in these cases, the s-wave component is proportional to mfc /m%M and hence
negligibly small for annihilations into light fermions considered in this section, while all
higher-order terms in the partial wave expansion are suppressed by the small velocity of
dark matter particles in the Sun. In Sec.[d]and [5] we studied two concrete simplified models
where this is realized, namely the scenarios of real scalar and Majorana dark matter coupling
chirally either to fr or fr. We demonstrated that in these models the dominant annihilation
channels of dark matter for v — 0 are given by higher-order processes which are not helicity
suppressed, namely the virtual internal bremsstrahlung (VIB) of a gauge boson or the one-
loop annihilations into gauge bosons. Under the assumption of contact interactions between
dark matter and the fermion f, the mediating particle can be integrated out and hence only
the latter class of processes contributes to the annihilation cross section. In the language of
the simplified models, this amounts to say that the mediating particle is sufficiently heavier
than the dark matter particle, which we will assume in the remainder of this section’}

The total one-loop annihilation cross section into gauge bosons depends on the strength
and the Lorentz structure of the contact interaction. However, under the assumption of
equilibrium between captures and annihilations of dark matter in the Sun, the neutrino
flux only depends on the branching ratios into the various possible final states vy, vZ,
ZZ, WrW~ and gg. In the limit mpy > my, these are independent of the nature of the
underlying contact interaction, as they only depend on the gauge quantum numbers of f
as well as on phase space suppression factors. In Table we list the cross sections for
the annihilation into each gauge boson final state, with Cj,op denoting the common model-
dependent normalization of each one-loop process, which factors out in the computation of
the branching fractions. Furthermore, ¥z, ¥z7 and Xy are phase space suppression
factors, which in principle can be important if the dark matter particle is only slightly
heavier than the Z or W boson. These quantities depend on the underlying effective operator
responsible for the contact interaction; the only relevant cases for the s-wave annihilation

4However, we will come back to the full discussion of the VIB and one-loop processes in the context of the
simplified model of Majorana dark matter in Sec.
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H (o)
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Table 6.1.: One-loop annihilation cross sections (ov) into gauge boson pairs, for scenarios in which
the dark matter particle couples to a fermion-antifermion pair ff via a contact interac-
tion. Cioop denotes the common model-dependent normalization of each cross section,
Ne =3 (1) for quarks (leptons), I =1/2(0) for coupling to SU(2), doublets (singlets),
and Y is the hypercharge of the Standard Model fermion f.

of a Majorana fermiorﬂ into gauge bosons are given by [357]

m2 \?
Yz = (1 — 2Z ) for all operators ,
Ami

2\ 1/2 2 4
m m 3m
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(6.5)

with V' being either a Z or a W boson.
Once the branching fractions BF; into the various gauge boson final states i are deter-
mined, one can evaluate the upper limit on the scattering cross section, UIS“S;‘SI, from

1 BF;
max = Z max,t ’ (66)
ogryysi(mom) o sp/s1(MDM)

where aISnS;(éiI(mDM) is the upper limit from IceCube at the dark matter mass mpy assuming

100% annihilation into the final state Zlﬂ. This expression can be further simplified by ap-
+ -

proximating Ugng;(éliv W (mpw) ~ créng;(’sfz (mpm) (which is fulfilled with ~ 10% accuracy),

and by realizing that the upper limit on the scattering cross section for the vZ channel can

be obtained from the limit for the ZZ channel via

m2

2C (mDM + Z ) 2
xZ 4m x,2Z m
A o) = g S (mow+ ) (6

SFor simplicity, here we focus on Majorana dark matter. As we find that the phase space suppression
modifies the upper limits only marginally, we expect small changes in our conclusions for scalar or vector
dark matter.

5Due to the different cone angles employed in the calculation of the limits corresponding to each of the
annihilation channels, the upper bound obtained from Eq. can differ from the exact result obtained
directly from the total neutrino flux. All results shown in this section have been obtained by using the full

numerical calculation; however, we have confirmed that the difference with respect to the approximation
defined through Eq. is at most 30%.
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Figure 6.3.: 90% C.L. upper limits on the spin-dependent and spin-independent scattering cross
section of dark matter with protons, shown in the left and right panels, respectively,
arising from the IceCube data on a high-energy neutrino flux from the direction of the
Sun. These results assume that dark matter dominantly annihilates into gauge bosons
at one loop, induced by a contact interaction of dark matter to leptons (top plots) or
to quarks (bottom plots). For comparison, the dashed and dotted black curves show
the most competitive direct detection bounds.

with C(mpy) being the capture rate for a dark matter mass mpy, using an arbitrary refer-
ence cross section. The latter relation follows from the fact that the spectrum of neutrinos
originating from the decay of the Z boson produced in the annihilation of dark matter with
mass mpym into vZ is related to the spectrum corresponding to the annihilation into ZZ of
dark matter particles with a mass mpn + mQZ /(4mpn) simply by a multiplicity factor of
two. These considerations allow us to rewrite Eq. in the form

1 _BFZZ + BFy+w- n 1 C (mpm) BF,z
max - max,Z 7 2 2
T8 st (mpwm) O'SS/SI (mpwm) 20 (mDM + Jn’lﬁ) J?S;(’S?Z (mDM + 4::51\4)
BF
+ —maxgg o (6.8)

Isp//ST (mpm)

The upper limits on the cross section for annihilations into ZZ and gg are reported in
Appendix [C|

We present in Fig. [6.3]the resulting upper limits on the spin-dependent and spin-independent
scattering cross section with protons in the left and right panels, respectively. Here, the up-
per (lower) panels correspond to scenarios in which the annihilation is induced by a contact
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interaction of dark matter to leptons (quarks). Each upper limit is shown for the two
possible phase space suppression factors for Majorana dark matter defined in Eq. ;
evidently, our results are almost insensitive to this model-dependent factor, even for dark
matter masses only slightly above the production threshold. Furthermore, for comparison
we include in the plots the most constraining results from direct detection experiments.

From comparing the different panels of Fig. it follows that the upper limits on the
scattering cross section are more stringent for scenarios in which the annihilation of dark
matter is driven by a coupling to leptons, compared to the case of quarks. This is straight-
forwardly understood from the fact that in the former case, the branching fractions into final
states involving weak gauge bosons (which produce a significant high-energy neutrino flux)
are rather large, while in the latter scenarios the total annihilation cross section is dominated
by annihilations into gluon pairs, which produce a much softer spectrum of neutrinos. Fur-
thermore, one can infer from the plot that the limits are stronger for dark matter coupling
to left-handed fermions than for coupling to right-handed fermions, due to the additional
annihilation channel W+ W ™ as well as due to the larger hypercharge of the fermion f in the
former case, c.f. Table Interestingly, for the leptonic case the upper limits on the spin-
dependent scattering cross section following from the IceCube data are stronger than the
direct detection bounds; for annihilations driven by couplings to quarks, the two methods
of probing ogp are of similar power. On the other hand, for spin-independent interactions,
the direct detection experiments always provide the strongest limits, irrespectively of the
final state of dark matter annihilations in the Sun.

6.2. Comparison with the simplified Majorana dark matter model

Lastly, in this section we compare the model-independent approach based on contact inter-
actions with one specific realization falling into the class of scenarios covered in Sec. [6.1.2
i.e. a model in which dark matter dominantly annihilates into a pair of gauge bosons. To
this end, we (re)consider the simplified model of Majorana dark matter coupling to a Stan-
dard Model fermion via a Yukawa interaction with a charged scalar mediator, which already
has been defined and discussed in detail in Sec. In particular, the relevant interaction
Lagrangian reads

femion — —ynixfr +h.c., (6.9)

where y is the Majorana dark matter candidate, singlet under the Standard Model gauge
group, and 7n is a SU(2), singlet scalar particle, with the same hypercharge as the right-
handed Standard Model fermion fgr, which we choose to be either e, ug or dg. As it can be
seen from Eq. , the annihilation cross section for the lowest-order process DM DM — ff
is helicity- and velocity suppressed, and hence negligible for dark matter annihilations in
the Sun.

The most relevant final states in the self-annihilation of the Majorana particle x are given
by the virtual internal bremsstrahlung (VIB) of a gauge boson, xx — ffV, or by the
one-loop annihilation into a pair of gauge bosons, xx — V'V’, both of which feature a non-
vanishing s-wave component in the limit v — 0. The full expressions for the corresponding
annihilation cross sections are provided in Appendix [B.2} the total annihilation cross section
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Figure 6.4.: Branching ratios of the various tree-level and one-loop annihilation channels for the
simplified model of Majorana dark matter coupling to er (left panel) or to ug (right
panel), as a function of the mass splitting m,,/m, between the dark matter particle
and the scalar mediator, and choosing for concreteness m, = 1TeV.

can be approximated to ~ 40% accuracy by

37.6 0.62 TeV)?
+ vt =)« 1073 em3s™! | for couplings to eg,
(my/my)®  (my/my)* my
n/ My n/ My

1.2 x 10 74.4 TeV >
(Cann?v) & . g T 1 v (e) x 1073 em®s™! | for couplings to ug,
(my/my) (my/my) My

1.2 x 103 . TeV”
x 10 s+ 733 1 vt (eV) x 1073 em®s™! | for couplings to dp.
(my/my) (my/my) My

(6.10)
Here, the terms scaling as (m,;/m,)~8 correspond to the 2 — 3 annihilations, while the ones
proportional to (m,,/ mx)_4 arise from the one-loop processes. In particular, this implies that
for small mass splittings, m,/m, ~ 1, the VIB processes dominate the total annihilation
cross section, while in the limit of large mediator masses the loop annihilations into gauge
bosons are most important. Notice that in the latter case, we recover the framework of
contact interactions discussed in the previous section.

We further illustrate this point in Fig. by showing the branching fractions into the
various two- and three-body final states as a function of the mass splitting m,,/m,, for dark
matter coupling to eg (ug) in the left (right) panel. For concreteness, this plot assumes
m, = 1TeV, although we find that these curves are nearly independent of the dark matter
mass, as long as m, > mgz. Additionally, we present analytical results for the branching
fractions in Table in the limit of complete degeneracy of the dark matter particle and the
scalar mediator, m, = m,, as well as in the hierarchical limit corresponding to m, > m,,.
In the latter case, for the one-loop annihilations into gauge bosons we recover the values
given in Table [6.1] which were obtained under the assumption of contact interactions.

Assuming equilibrium between captures and annihilations of dark matter particles in
the Sun, these branching fractions can be employed for evaluating the expected flux of
neutrinos, as well as the corresponding upper limits on the scattering cross section of dark
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BF f=e f=u

. BF, 7.7 Bsin2?:v ~ 023 W ~ 1072
o BFyz mahen = 81070 A ety = 5107
Do mmme s we pEgamace T
i;o BF,, - )~ 90107

BE 1 fra - = 1
= BFy7.2 o~ 0 S 0
S e g = oom o Spem o oo
S BFy ol o~ 561077 St fw o g.107
% BF,, ~ 1
F B - = 0

Table 6.2.: Branching fractions of the different VIB and one-loop annihilation channels, for the
degenerate limit m,,/m, = 1 in the upper part, and for the hierarchical limit m,, > m, in
the lower part, assuming m, > mz. The numerical values were obtained by evaluating
the strong coupling constant at a momentum scale of m, ~ 1TeV.

matter following from the IceCube 79-string data, by applying the same method as in the
previous section. We show the resulting limits on the spin-dependent (left panel) and spin-
independent cross section (right panel) in Fig. for dark matter annihilations mediated
by couplings to right-handed electrons in the upper panels, and to right-handed up- or
down-quarks in the lower panels. The solid lines correspond to m,,/m, = 1.01 and 10, while
the dotted curves show our results for eight different values of the mass splitting ranging
between those two values. As expected, for m,,/m, = 10 > 1, the upper limits are identical
to the ones shown in Fig. [6.3] corresponding to the model-independent results assuming
contact interactions.

Furthermore, it follows from Fig. that for small and intermediate values of the mass
splitting, the upper limits on the scattering cross section differ from the ones corresponding
to the limit of contact interactions only by a factor of O(1). More precisely, for couplings
to eg, the limits for m,/m, =1 and m,/m, — oo differ by a factor of 2, and by a factor
ranging from 1 to 1.5 (1 to 1.8) for couplings to ur (dr). In the first case, this can be
understood as follows: for small mass splittings, the dominant source of hard neutrinos is
the 2 — 3 annihilation channel egrérZ (c.f. Fig. [6.4). The spectrum of Z bosons in this
final state is strongly peaked towards Ez =~ mpy, and hence the corresponding spectrum
of neutrinos is very similar to the one arising from the annihilation of dark matter with the
same mass into ZZ, aside from a multiplicity factor of two. Hence, by employing Eq.
we obtain

2O_max,ZZ 2O_rnax,ZZ
o 0ax, deg ~ SD/SI ~ SD/SI
SD/SI BFcpepz sin® (Ow) ’

(6.11)

where we additionally used Table [6.2} On the other hand, for m, > m, it follows from
Fig.[6.4 and Table[6.2|that the most important final states for the production of neutrinos are
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Figure 6.5.: 90% C.L. upper limits on the spin-dependent (left panels) and spin-independent scat-
tering cross section (right panels), for a Majorana dark matter particle annihilating
via a coupling to eg or ugr/dg, shown in the top and bottom plots, respectively. The
various dotted curves correspond to different values of the mass splitting m,,/m, be-
tween 1.01 and 10. The most stringent constraints from direct detection experiments
are shown as black dashed and dotted curves.

77 and vZ. Employing again Eq. and Table and working in the limit m, > mz,
we find

max,Z 7 max,Z Z
max, hier _ USD/SI _ JSD/SI (6 12)
SD/SL ™ BFyz +BF,z/2  sin? (Gy) '

g

which differs from Eq. by a factor of two.

If the Majorana dark matter particle couples to ug or dg, both the channels involving a
Z boson as well as the final states including a gluon contribute to the total neutrino flux.
Using a similar argument as above, we find for the case of coupling to ugr the approximate
results

95 MaX,99 95 MAX,99
o 0ax, deg ~ SD/SI ~ SD/SI (6 13)
SD/SI 14+ BFupapz - Espyst (my) 141072 - &gpgr (my)
and
max,gg max,gg
max, hier 98D /ST N 93p/sI (6.14)
SD/8l 1+ (BFzz 4+ BF,7/2) - &spysi (my) — 1+43.5-1073 - &gp st (my)
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where we defined &gp /g1 (my) = aén];’/(églg (my) /Jgng;(’s?z (my). From Appendix (C| it follows
that &gp /g1 (my) is a decreasing function of m,, and hence the relative contribution to the
upper limits of the annihilation channels involving a Z boson, which correspond to the
second term in each denominator of Egs. (6.13) and (6.14)), gets smaller for increasing dark
matter masses. Hence, for sufficiently large values of m,, the upper limits dominantly arise
from the annihilation channels uag (gg) in the degenerate (hierarchical) case, leading again
to the ratio aéng;(’sfieg/aéng;(’slhier = 2 as for the scenario of coupling to eg. On the other
hand, for small values of the dark matter mass, also the annihilation channels involving
a Z boson contribute significantly; due to BFy,a,7z > BFzz 4+ BF,z/2, we find that the
upper limits improve to a larger extent in the degenerate case compared to the hierarchical
scenario when lowering m,, c.f. Egs. and . Consequently, the upper limits are
even more insensitive to the mass splitting at small dark matter masses compared to the
factor of two found in the limit of large m,, which clearly can be seen in Fig. A similar
rationale can be applied to the case of coupling to dg.

Let us finally compare the upper limits on the scattering cross section derived from the
IceCube analysis to the most stringent bounds from direct detection experiments, shown
as black dashed and dotted curves in Fig. 6.5} For annihilations mediated by couplings to
electrons, the neutrino limits on the spin-dependent scattering cross section are significantly
stronger than the results from COUPP and SIMPLE, while for couplings to quarks they
are weaker by ~ 1 — 2 orders of magnitude. This difference is due to the fact that in
the former case, dark matter dominantly annihilates into final states involving a Z boson,
leading to a hard neutrino spectrum, while in the latter case the neutrinos mostly arise
from the hadronization of gluons, corresponding to a softer spectrum of neutrinos. On the
other hand, for spin-independent interactions the constraints from XENON100 and LUX are
significantly stronger than the upper limits from IceCube, both for annihilations mediated
by leptons as well as by quarks.
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7. DAMA confronts null searches in the
effective theory of dark matter-nucleon
interactions

So far, in this thesis we have employed null results from direct, indirect and collider searches
in order to set constraints on the parameter space of dark matter, either in the context of
simplified models in Sec. and ] or in a model-independent way in Sec. [ However,
as already mentioned in Sec. there is one direct detection experiment which observes
a signal that is not consistent with the known sources of background: the DAMA collab-
oration has reported a statistically significant annual modulation of the event rate over 14
annual circles [115], which can naturally be explained by a dark matter signal modulated
by the rotation of the Earth around the Sun (c.f. Sec. for more details). However,
when employing the standard assumptions about the astro- and particle physics of dark
matter, i.e. a Maxwell-Boltzmann velocity distribution and standard spin-independent or
spin-dependent scattering, the upper bounds from direct detection experiments such as
LUX [102] or PICO [125] exclude the dark matter interpretation of DAMA by several or-
ders of magnitude, as it can be seen in Fig.

Broadly speaking, this tension can be resolved in three possible ways (including of course
any combination of them): first, the DAMA modulation might be caused by a so far unknown
source of background which also modulates in time with a period of one year, peaking
around June 1st. Several attempts have been made in this direction [358-361], however
so far there is no generally accepted scenario explaining the DAMA data without invoking
a dark matter signal. Secondly, going beyond the vanilla assumptions about the velocity
distribution of dark matter can reduce the tension between DAMA and the null searches |95
97]. Lastly, a non-standard interaction between dark matter and nucleons, i.e. anything
which is not captured by the framework of (isospin-conserving) spin-independent or spin-
dependent scattering, can in principle reconcile DAMA with the other direct detection
experiments, as discussed e.g. in [362-366] and many other works. In fact, in Sec. 3| and
we have already encountered a few simplified models in which the scattering cross section
can not be described by means of the standard spin-independent or spin-dependent coupling,
e.g. due to a magnetic dipole moment of dark matter, or due to a isospin-violating spin-
independent coupling, i.e. f,/f, # 1. Other important examples are dark matter-quark
interactions mediated by a pseudoscalar particle [365,366] or dark matter interacting via an
anapole moment [265,[367].

When investigating the compatibility of DAMA with the null searches in the context of
non-standard dark matter-nucleon interactions, most previous works have focused on one
specific scenario at a time, with a few examples given above. In contrast to that approach,
and in the spirit of the second part of this thesis, in this section we will investigate the prob-
lem from an (almost) model-independent point of view, by studying the (in)compatibility of
DAMA within the non-relativistic effective theory of dark matter-nucleon interactions [362].
In this framework, scattering can be induced by 28 non-relativistic operators constructed
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solely from the requirement of Galilean invariance, which by definition describe the most
general theory for one-body interactions between a dark matter particle with spin 0 or 1/2
and a nucleon, for mediators with masses 2 100 MeV and spin less or equal to 1 [368-384].
In order to efficiently probe the 28-dimensional parameter space of the theory, we will de-
velop a novel semi-analytical method for comparing a positive signal with a given set of null
searches, allowing simultaneously for the presence of all 28 operators without any a priori
restrictions on their relative strengths. Most importantly, this approach fully takes into
account the interferences between the various operators, which in general can lead to a large
variation in the relative rates of different experiments. We will then apply this method to
the concrete case of the DAMA modulation, confronting it to both direct detection results
as well as to the non-observation of a high-energy neutrino flux from the direction of the
Sun.

The rest of this section is organized as follows: in Sec. [7.1] we define the non-relativistic
effective theory for dark matter-nucleon interactions, before introducing in Sec. our
method of comparing the results of different experiments in the parameter space of this the-
ory. Lastly, in Sec.[7.3]we present the results of applying this approach to the case of DAMA,
thereby answering the question whether such a generalized particle physics framework allows
for a consistent dark matter interpretation of the observed modulation signal.

7.1. Effective theory of dark matter-nucleon interactions

The amplitude for the non-relativistic scattering of a dark matter particle x off a nucleon
N has to be invariant under transformations of the Galilean symmetry group. The most
general (quantum mechanical) Hamiltonian density compatible with this restriction can be
written as [362]

Hn@E) = > > GOt (7.1)

7=0,1 &k

where t¥ = 1 and t' = 73 denote the identity and the third Pauli matrix in isospin space,
respectively, and r is the relative distance between the dark matter particle and the nucleon.
Furthermore, each @k is a Galilean invariant operator constructed from the momentum
transfer operator g, the transverse relative velocity operator v, as well as from the nucleon
and dark matter particle spin operators Sy and SX, respectively. For dark matter particles
with spin 0 or 1/2 interacting with nucleons via a heavy mediator with spin 1 or less, these
operators have been constructed in [362,368|, and are listed in Table We remark that for
simplicity we do not consider two additional operators that can arise for dark matter with
spin 1 [379]. In Eq. , each operator O appears both in combination with the isoscalar
and isovector coupling constants cg and c,lc, respectively, which are related to the coupling
constants for protons ¢} and for neutrons ¢} by ¢} = () +¢})/2 and ¢} = (¢ — c})/2.

In the next step, one can construct the most general Hamiltonian density for the inter-
action of dark matter with a target nucleus 7. Under the assumption of one-body dark
matter-nucleon interactions, it can be written as [362]

Hr(r) = Y [R50 ) + RAA ) + & - 35(r) + B 5000) + By - Gav®)] . (T2)
7=0,1
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01 = Lo 00— 8, - (S % )

O3 =Sy - (L x v*) O =iSy - L

O4=S, Sy On =S, L

05 = i8, - (& x v+ Ouz =8, - (S x v)

Os = (S 73) (S %) Org =i (Sy-v4) (8w 3

Or =8y ot Ou =i (8- 7L) (Sy -

Og =S8, -+ O == (S5 ) [(Sw xv4) 5]

Table 7.1.: List of non-relativistic operators compatible with Galilean symmetry, constructed
in [368]. By introducing the nucleon mass my in several of the O, one ensures that all
operators have the same mass dimension.
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correspond to the nuclear vector and axial charges, as well as to the nuclear spin, convection
and spin-velocity currents. Here, r; and r denote the position vector of the i-th nucleon and
the dark matter particle, respectively, in both cases defined in the nucleus center-of-mass
reference frame. Furthermore, o; is the vector of Pauli matrices acting on the i-th nucleon,
and t] is the previously defined operator ¢7, now acting on the nucleon 4.

The model-dependent couplings of dark matter to nucleons enter the Hamiltonian density

p P AT AT AT

in Eq. 1' via the operators (5, £}, E;, £, and Lgy;, which are given by

5 S a . & NI I
K = c{+z<><v%‘ Sy E+Vy Sy E+i— S, ]y,
my my
o L a . & a 4q ¢ . : :
by = Q[ZXV%cg—i—chZ—i—-chg—i—vrfﬁc;—i—z XSy cy+i o
my myN My
o1 S T . q Ll Q T oL q G T : Al q Q T
+ VEXSycla+i—Vy-Sycs+ivi— Sy ey +—Xxvy — Sy ¢

T X Ox Cr2 VT T Ox G Ty DX a0 T oy DX 5|0
o q - .
Lo = 1— xS, cf — Sy cg,

my
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~T 1 q - A . fl él -~
£ = —|— 3 +iSy ¢l — — XSy cf3—i—— -8, ]

SV 2 N 3 x “12 my X “13 my My x “15| >

no= 0. (7.4)
Here, v% =vl— \Afﬁ,, where \Af]f, is an operator acting on the space coordinates of a single

nucleon [362]. For explicit coordinate space representations of the operators q, \7]%,, and
V1 we refer to [151]. We notice that the standard spin-independent and spin-dependent
interactions, corresponding to the operators O1 and (’)4, respectively, only contrlbute to the
vector and scalar operators ET and ES On the other hand, the operator EC multiplies the
nuclear convection current Wthh is also known from electroweak scattering off nuclei, while
esv corresponds to the nuclear spin-velocity current and is specific to dark matter-nucleon
interactions. Lastly, we remark that the vanishing of Z is based on the assumption that all
nuclear ground states relevant for our purposes are eigenstates of P and CP.

These considerations allow us to calculate the differential cross section for the non-

relativistic scattering of dark matter with a target nucleus of mass my and spin J [362]:

oo MNP Carra Ly

k=M,>" 3"

2 2
q 12 Tl 2

R . 7.5

T2 Z k (UT - ) Wi (g )] (7.5)

N p—ar &/ M A, ASY N

This expression can be seen as the generalization of Eqs. and to the most general
case within the non-relativistic effective theory of dark matter-nucleon interactions. Eq.
consists of eight terms, each one being the product of a nuclear response function W, ™ and
a dark matter response function R;T/. The former have to be evaluated numerically, based
on a nuclear shell model describing the various nuclear charges and currents defined in
Eq. . In this work, we employ the results from [368| and [151] for the nuclei relevant
for dlrect detection and capture in the Sun, respectlvely On the other hand, RTT are
analytically known functions of ¢ and v%ﬁ q*/(4p%) and are provided in Appendlx @
In particular, from Eq. one can infer that the pairs of operators ((’)1, 03), (Oy, (’)5),
(@4, @6), (@8, @9), (@11, 012), (@11, @15), and (@12, @15) interfere in the calculation of the
scattering cross section due to terms proportional to cgcz, k # k'. In addition, also the
isoscalar and isovector components of each operator o interfere, due to the terms czczl,
T # 7' present in Eq. . Other pairs of operators do not interfere, either due to the P and
CP invariance of the underlying nuclear ground states, or due to the different dependence
on the dark matter spin operator Sx- We refer to [377] for a more detailed discussion of the
interference patterns in the calculation of direct detection exclusion limits.

Finally, we convert the scattering cross section given by Eq. to a total number of
events N expected at a direct detection experiment:

dR
N = D/ dER ZET ER) dEZ (7.6)

Here, dRy/dER is the differential event rate which can be calculated from the scattering
cross section by using the general expression given in Eq. . To this end, we assume
that the velocity distribution of dark matter is given by a Maxwell-Boltzmann distribution
(c.f. Eq. ), with parameters vy and veg as specified below. Furthermore, in Eq. , D
is the exposure of the experiment, while ep(FER) is the efficiency, i.e. the probability that a
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nuclear recoil off the target nucleus T' with energy Ep is actually detected. In Appendix [A]
we provide these quantities for the direct detection experiments employed in this section.

The total number of expected events N is the relevant observable for all experiments
reporting a null result; the DAMA collaboration, on the other hand, searches for the annual
modulation of the event rate. Based on the general expression for the time dependence of
dRr/dER provided in Eq. , the modulation amplitude in a given energy bin defined by
the lower and upper boundaries £_ and FE. is defined by

1 1

SDAMA[E_,E,] = B - 2 (RDAMA[E_,E+] (7.7)

— RpAMA[E_ B4

June 1st Dec 1st) )

In this expression, Rpama[E_,E.] | .18 the event rate in the corresponding bin at time ¢, which

can be calculated from Eq. 1} using R = N/D as well as the efficiency e?AMA[E’ = (ER) =

¢ (QrER,E_,E;). Here, Qr denotes the quenching factor for the target isotope T' €
{Na,I}, while ®(QrER,E_, E;) is the probability that an event with nuclear recoil en-
ergy Eg, corresponding to a quenched energy of Q7 FER, is reconstructed in the energy bin
[E_, E1]. We calculate this quantity under the assumption of a Gaussian energy resolution
as specified in [100].

Besides confronting the DAMA modulation signal to the null results from other direct
detection experiments, we also consider the constraints arising from the non-observation of
an excess of high-energy neutrinos from the direction of the Sun. As elaborated in Sec.
under the assumption of equilibrium between capture and annihilation of dark matter, neu-
trino telescopes such as IceCube [158] or Super-Kamiokande [170] set a constraint on the
capture rate C' of dark matter, separately for each dark matter mass and annihilation chan-
nel. Within the framework of non-relativistic dark matter-nucleon interactions, we compute
C' by inserting the expression for the scattering cross section, Eq. (7.5)), in Egs. (2.10)—(2.13).

To summarize, the formalism introduced in this section allows us to calculate the event
rates in direct detection experiments as well as the capture rate of dark matter in the Sun for
a given set of 28 coefficients cj, appearing in Eq. , which fully specify the underlying par-
ticle physics model of dark matter. For our purposes, it is crucial to realize that the depen-
dence of the rates on the 28-dimensional coefficient vector ¢ = (cgo) , cgl), céo), cél), e c%%), c%))T
can be written as a quadratic form,

event rate < ¢! X c, (7.8)

with X being a real symmetric 28 x 28 matrix. For a given dark matter mass, this matrix
encodes all information about nuclear responses, the dark matter velocity distribution as
well as the specific details of the corresponding experiment such as exposure or efficiency,
but it is independent of the particle physics model of dark matter, which only enters via
the vector c. We will show in the next section that the specific functional form of Eq.
allows for the development of a semi-analytical approach of comparing experimental results
in the parameter space of the non-relativistic effective theory, without the need of manually
scanning through all possible values of the coefficients c7.

7.2. Confronting the DAMA signal to null result experiments

In principle, the modulation signal observed by DAMA can be induced by any combination
of the non-relativistic operators O. In order to provide a good fit to the data in the energy
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’ Experiment H N95%-ul N99-9%-ul
LUX 4.74 events 9.23 events
SuperCDMS 18.2 events 25.6 events
SIMPLE 5.26 events 11.9 events
PICO 4.74 events 9.23 events
COUPP (Er = 7.8 keV) 6.30 events 11.2 events
COUPP (Ep =11 keV) 7.75 events 13.0 events
COUPP (Er = 15.5 keV) 14.4 events 21.1 events
PICASSO (Er =1.73 keV) || 8.72events/(kgp - day) | 18.0events/(kgp - day)
PICASSO (Er =29 keV) || 3.21events/(kgy - day) | 5.59 events/ (kg - day)

Table 7.2.: 95% C.L. and 99.9% C.L. upper limits on the number of expected recoil events induced
by dark matter scattering for the direct detection experiments considered in this section.
These numbers follow from the implementation of the experimental set-ups described in

Appendix @

bin [E_, E4], we require the coefficient vector ¢ = (cgo), cgl), céo), cél) s 0(1%), 0(115))T to fulfill

the conditions

" Spama(E-, Exsmy) ¢ > Spaving. g (7.9)
and ¢’ Spama(E-, Ey;my) € < S]%Xll\l/ik[E_,E+] . (7.10)

Here, S]’SCXMA[Eﬂ By and nggll\l/ik[E,, B is the n,-significance lower limit (1.1.) and upper
limit (u.l.) on the modulation amplitude in the bin [E_, E |, following from the observed
amplitudes (1.7540.37) x 1072, (2.5140.40) x 1072 and (2.164-0.40) x 102 day ' kg ' keV !
in the energy bins [2.0, 2.5], [2.5, 3.0] and [3.0, 3.5] keV, respectively. Furthermore, for a
fixed dark matter mass m,, the 28 x 28 matrix Spama (E—, E1;my) can be calculated by
using the approach introduced in Sec. in particular by employing Eq. .

Similarly, the results from the direct detection experiments reporting no excess of events
over the known sources of background lead to the inequalities

" Nj(my) ¢ < Nyl (7.11)

where the matrices N;(m,) again follow from the considerations in the previous section,
separately for each experiment j. Furthermore, N ;L"‘“'l' is the n,-significance upper limit on
the total number of expected events N, which we provide in Table for the direct detection
experiments employed in this section, i.e. for LUX [102], SuperCDMS [109], SIMPLE [122],
PICO [125], COUPP [120] (with nucleation thresholds Er = 7.8, 11.0 and 15.5 keV) and
PICASSO [123] (with nucleation thresholds Ep = 1.73 and 2.9 keV).

Also the null results from neutrino telescopes searching for a high-energy neutrino flux
correlated with the direction of the Sun can be cast in a form equivalent to Eqs. —:

¢! Cj(xx — final;m,) ¢ < C';-“"u‘l‘(xx — final;m,) . (7.12)

Here, C;L”’u'l‘(xx — final;my) is the n,-upper limit on the capture rate of dark matter
with mass m, for the annihilation channel xx — final, following from a neutrino telescope
labeled by j, and assuming equilibrium between captures and annihilations. Again, the
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matrix C;(xx — final;m, ) can be calculated from the formalism defined in Sec. using
Eq. . In our numerical analysis, we employ the null results from Super—KamiokandeE
for the annihilation channels bb and 777~ /W W~ which are the commonly used examples
for a soft and hard neutrino spectrum, respectively. We extract the corresponding 95% and
99.9% C.L. limits from the 90% C.L. limits on C provided in [170], by assuming that the
relevant likelihood has a gaussian distribution centered at zero signal.

For the following discussion, we find it convenient to define the rescaled matrices

Spama(E—, E4;my) Spama(E—, E4;my)

o-11 — o-ul. _
A%AMA[E_,E+] (my) = gna-ll J A%A;\J/IA[E_,EH (my) = gnaul )
DAMA[E_,E] DAMA[E_,E]
_ N;(my) ul Ci(xx — final;m,)
ALY (my) = ) AT () = — )
7 NGt xxina Co™ (xx — final; my)
(7.13)
This allows us to rewrite Eq. (7.9) as
c’ A%‘X%\'/}A[E,,Eg(mx) c>1, (7.14)
while Eqgs. (7.10)), (7.11)), (7.12) are transformed to the common form
! Al (my) e < 1, (7.15)

with j denoting either a DAMA upper limit, a null result from a direct detection experiment,
or the constraint arising from Super-Kamiokande.

The last two inequalities have a simple geometrical interpretation: Eq. corresponds
to the exterior of an ellipsoid in the 28-dimensional parameter space of the theory, while, for
fixed j, Eq. describes the interior of an ellipsoid. Hence, for a given dark matter mass
m, and a fixed energy bin [E_, E|, the modulation signal observed by DAMA is incom-

patible with the null results if the region outside the ellipsoid defined by A%‘K%\'/}'A[ BBy (my)

has no overlap with the intersection of all interiors of the ellipsoids defined by A?"'u‘l'(mx),
with j running over all null search experiments considered in the analysis. For the latter, we
consider the set of the three upper limits on the modulation amplitude following from the
DAMA data, as well as the nine constraints arising from the direct detection experiments
listed in Table [7.2} these twelve upper limits are defined as the set £. Furthermore, we
consider the set &', which additionally includes the upper limit on the capture rate in the
Sun following from the Super-Kamiokande data, either for the annihilation channel bb or
THr /WHW .

Operationally, for a fixed dark matter mass m, and a given energy bin [E_, E ], we
consider the 95% C.L. ellipsoids defined through the matrices A?5%‘“'l', and determine the
maximal value of n, for which the intersection of the interior of all of these ellipsoids has no
overlap with the exterior of the ellipsoid represented by A%‘X}\'/}'A[ BB (my). This procedure
is illustrated schematically (i.e. not based on actual data) in Fig. for the case of only two
operators. Finally, we quantify the tension between the dark matter interpretation of the

DAMA modulation signal and the null results via NP = max,c(231{no (a)}, where

P @) is defined as the value of n, constructed as described above, for the DAMA energy

bin labeled by a € {1,2,3}. The precise statistical interpretation of N"** is then as follows:

IThe constraints from IceCube turn out to be irrelevant for the results of this section.
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Figure 7.1.: Tllustration of our method which quantifies the tension of the DAMA signal with the
combination of null search experiments, for a simplified scenario involving only two
operators with coeflicients ¢] and c;/. The regions allowed by the two null experiments
“exp-17 and “exp-2” at 95% C.L. are shown as blue and red ellipses, respectively, and
are calculated from Eq. . On the other hand, the n,-significance lower limit on
the DAMA modulation amplitude following from Eq. is shown as the gray region.
If n, is small enough, the intersection between all of these regions is empty, as shown
exemplary in the left panel. When increasing n,, the DAMA allowed gray region gets
larger, and at some point there is a non-vanishing overlap with the intersection of the
blue and red regions, which represent the null searches. The maximal value of n, for
which the intersection is still empty is defined as n***, corresponding to the situation
shown in the right panel.

after imposing the 95% C.L. upper limits from the null results, the expected modulation
amplitude in DAMA deviates from the measurement by NJ'** standard deviations in at
least one of the three energy bins in which DAMA observes a signal. We remark that for
simplicity we fix the confidence level of the null results to 95% in this definition; however,
our method can straightforwardly be applied to a different value of this confidence level. In
order to study the dependence of our results on that point, we will in particular also derive
results for N2* by imposing instead a 99.9% C.L. for the upper limits following from the
null search experiments.

While the considerations above define our method of quantifying the tension between
DAMA and the null searches, we have not yet explained how we actually in practice deter-

mine whether the intersection of the ellipsoids defined by the matrices A?E’%'“'l', jeg&, is
ne-1.1.

fully contained in the ellipsoid represented by A’ AlE_ B, For testing the validity of this
statement, it is sufficient to find a set of real positive numbers (; > 0 satisfying [385]

138



7.3 DISCUSSION OF THE NUMERICAL RESULTS

i)Y ¢ <1 and

je€
i) Z G A?E’%'u'l' — A%X;\-/}A[E_,EJF] is a positive definite matrix. (7.16)
jeE

If this is the case, the combination of Egs. and has no solutiorﬂ and hence the
DAMA modulation in the bin [E_, E] is incompatible with the null searches £. Numerically,
we determine the existence of (; satisfying the conditions ¢) and i), which are a specific
example of linear matrix inequalities [386], by means of the feasp solver implemented in
MATLAB |[387].

7.3. Discussion of the numerical results

Finally, we present in Fig. the results for NJ'®*, i.e. our measure of tension between
DAMA and the null search experiments, as a function of the dark matter mass m,. The
left and right panels correspond to dark matter with spin 1/2 and 0, respectively; in the
language of the non-relativistic effective theory, in the latter case only the subset of opera-
tors {01, 03, 07,019} contributes to the scattering cross section, as these operators do not
involve the dark matter spin SX, c.f. Table Furthermore, the upper and lower panels
of Fig. [7.2] correspond to two different choices of the quenching factors relevant for DAMA,
namely Qna = 0.3 and Q1 = 0.09 [388], as well as Qna = 0.4 and Q1 = 0.05 [389)], respec-
tively. In all panels, the blue curves show our results when only taking into account direct
detection experiments in the analysis, defined as the set £ of experiments introduced in
the previous section. On the other hand, the red curves correspond to the set &', i.e. they
additionally include the Super-Kamiokande upper limits on the capture rate, assuming the
annihilation channel 7H7~/W+W~. We do not show separately the results for dark mat-
ter annihilations into bb, as the resulting values for NI are identical to those obtained
by only considering direct detection experiments, i.e. the set of experiments £. Lastly,
the solid curves correspond to our benchmark choice of astrophysical parameters, defined
by vo = 230km/s and vese = 533km/s in the Maxwell-Boltzmann distribution, while the
shaded bands were derived by varying these two parameters within the ranges 220 — 240
km/s and 492 — 587 km/s, respectively. It follows from Fig. that our results are robust
against reasonable changes of vy and veg; of course, a completely different velocity distribu-
tion of dark matter might potentially alter our conclusions in a more significant way. In this
context, we remark that our results are fully independent of the local dark matter density
po, as this quantity cancels out exactly when considering the tension between DAMA and
the null searches.

As a general conclusion, in the framework of the non-relativistic effective theory we find
a strong tension of the dark matter interpretation of the DAMA modulation signal with the
null results of (in)direct detection experiments. Concretely, when considering only direct
detection results, we find N** > 5.1¢ for the quenching factors Qna. = 0.3 and Q1 = 0.09

2 This statement follows from

neg-1.1. Yo-u.l.
" Alaviap. e <<’ (Z CAP 1) c< > (<1, (7.17)

JjEE jEeE

where in the first step we use condition %), in the second Eq. (7.15)), and in the third condition 7).
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Figure 7.2.: Tension between DAMA and the null search experiments quantified by NM** as a
function of the dark matter mass m,, for dark matter with spin 1/2 (left panels) or
spin 0 (right panels). In the upper and lower row, we assume different values for the
quenching factors, as specified in each panel. The blue curves correspond to the upper
limits derived solely from direct detection experiments, while the red curves additionally
employ the Super-Kamiokande results, assuming annihilation into 777~ /W*TW~. For
each curve, the shaded band brackets the uncertainty on N*** arising from varying the
parameters vg and ves. of the Maxwell-Boltzmann velocity distribution.

(upper panels), and N > 3.70 for Qna = 0.4 and Q1 = 0.05 (lower panels). Also when
increasing the confidence level of the null search experiments from 95% to 99.9%, the tension
remains highly significant: N > 4.60 (3.20) for Qna = 0.3 and Qr = 0.09 (Qna = 0.4
and Q = 0.05). As expected, adding the results from Super-Kamiokande (777~ /WTW ™)
to our analysis leads to even more stringent results for m, 2 5GeV, as it follows from the
various panels of Fig. We do not show the results for the set of experiments &£’ for
my S 5GeV, as in this regime evaporation effects in the Sun start to become important.

By comparing the upper and lower panels of Fig. it becomes clear that N}'®* depends
quite sensitively on the choice of the quenching factors, in particular on Qn,. A larger value
of this quantity in general reduces the tension between DAMA and the null searches, as
then already a smaller nuclear recoil energy is sufficient to produce a signal with a given
quenched energy. Recent studies employing low-energy pulsed neutrons favor values of
Qna < 0.2 in the range from 3 to 52 keV [390], and hence strongly disfavor values of Qna
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Figure 7.3.: The blue curve is the same as in Fig. [7.2] (spin 1/2 dark matter, direct detection
experiments only), while the other lines show in addition the results derived when
excluding LUX (green curve), Super-CDMS (red curve), PICO (gray curve) or COUPP
(brown curve) from the set of experiments considered in the analysis.

larger than 0.4, assuming of course that the sodium quenching factor is universal across
different experiments. Consequently, our results in the lower panel of Fig. are very
conservative with respect to this source of nuclear uncertainty.

Lastly, we investigate the importance of some of the individual direct detection experi-
ments listed in Table for our conclusions. To this end, we have repeated the calculation
of N ' as described above, but this time excluding one particular direct detection exper-
iment from the set £. The result is presented in Fig. for the cases of taking out the
LUX, Super-CDMS, PICO or COUPP experiment from the analysis. For comparison, we
also show again the values of N®* derived from the full set £. It follows from this figure
that in particular PICO and LUX are crucial for establishing the tension of DAMA with the
null search experiments, and, to a lesser extent, also SuperCDMS and COUPP are relevant.
This strong complementarity of different direct detection experiments can schematically be
explained by Fig. different target nuclei are (in)sensitive to different directions in the
parameter space, corresponding to the orientation of the main axes of the various ellipsoids.
This observation clearly asks for a continuation of the experimental program consisting in
developing direct detection experiments with several different target nuclei.

We close this section by listing a few scenarios which are not covered by our analysis.
First, for dark matter particles with spin 1 or larger, there exist (at least) two additional
non-relativistic operators [379] beside the ones shown in Table Secondly, we do not take
into account scenarios in which the scattering of dark matter with nucleons proceeds via
mediators with masses below the typical momentum transfer in direct detection experiments
(or in the capture process in the Sun). Next, our analysis does not apply to models in which
the truncation in the effective theory expansion at quadratic order in q and at linear order in
v is not appropriate, although we are not aware of any specific scenario where this point is
actually relevant. Moreover, dark matter could scatter inelastically with nuclei [391], interact
with nucleons via two-body interactions [392], or scatter off electrons or atoms [324], not
captured by our approach. Lastly, our results could be modified for dark matter velocity
distributions strongly deviating from the Maxwell-Boltzmann one, c.f. also the discussion in
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Sec. Several of these points could actually be incorporated in the framework developed
in this section, and are certainly worth further investigations. From the experimental side,
the final word on the dark matter interpretation of the DAMA modulation signal is expected
to come from future results of Nal-based detectors such as DM-Ice [116] or ANAIS [393].
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8. A novel approach to derive
halo-independent limits on dark matter
properties

In the previous parts of this work, we have studied in various ways the upper limits on
the dark matter scattering cross section with nuclei, which arise from null observations
of direct detection experiments as well as from neutrino telescopes searching for a high-
energy neutrino flux from the direction of the Sun. In the former case, the observable which
is directly accessible to experiments is the recoil rate, while the latter is sensitive to the
capture rate of dark matter, assuming equilibrium between capture and annihilation in the
Sun (c.f. the general introduction in Sec. [2). In Sec. 6| and [7], we then employed these
observations in order to constrain relevant particle physics properties of the dark matter,
by translating the upper limits on the observable rates into upper limits on the scattering
cross section of dark matter with nucleons, considering various different types of interactions
between dark matter and the Standard Model particles.

However, in this procedure we have always assumed so far that the velocity distribution
of dark matter is in the form of a Maxwell-Boltzmann distribution, given by Eq. (2.7). As
argued in Sec. even though this is a well-motivated assumption, it is perfectly possible
that the true velocity distribution deviates substantially from this simple expectation. In
particular, the dark matter halo of our Galaxy might contain tidal streams or a dark disk
component [394H397|, which can have an substantial impact on the recoil and capture rates
expected for a given particle physics model of dark matter.

In view of that situation, several halo-independent methods have been proposed [95-
97,1398-409], which allow to analyze the data from direct detection experiments without
specifying the velocity distribution. These approaches can be broadly divided into two
categories. The first one is based on the observation that for scenarios in which the dark
matter-nucleus scattering cross section is proportional to the inverse squared of the dark
matter velocity, as it is the case for the spin-independent and spin-dependent interactions
given in Egs. and , the recoil rate defined in Eq. depends on the speed
distribution in the rest frame of the Earth f(v) as well as on the total dark matter-proton
scattering cross section o, only via the function

7(Vmin) = Pogp /OO dv f(v) , (8.1)

my v

which is universally the same for all experiments. By comparing measurements and upper
limits on 7(vmin) derived from different direct detection experiments, one can evaluate the
compatibility of a positive claim of detection with other null results, without specifying
the velocity distribution. The second category of existing halo-independent approaches fo-
cuses on the possibility of inferring fundamental particle physics properties of dark matter
from positive signals in future direct detection experiments, by parametrizing either f(v)
or 7(vmin) in a sufficiently general way, and marginalizing or maximizing the likelihood
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over the corresponding parameters. Along these lines, it already has been noticed [410/411]
that neutrino telescopes can provide relevant information, due to the complementary depen-
dence on the dark matter velocity distribution compared to direct detection experiments,
as mentioned in Sec. 2.2l

In this section, we propose a novel halo-independent method based on combining null
results from direct detection (DD) experiments and neutrino telescopes (NT). In contrast
to the approaches introduced above, this method allows to use existing data for deriving an
upper limit on the scattering cross section, which is independent of the velocity distribution.
This upper limit can then be employed in order to robustly rule out particle physics models
of dark matter, (virtually) free of astrophysical uncertainties. Furthermore, in the last
part of this section we apply our method to derive a halo-independent lower limit on the
scattering cross section, assuming a hypothetical signal in a future DD experiment.

8.1. Dark matter in the Solar System as a superposition of
streams

For the following discussion, we assume that the dark matter halo is spatially homogeneous
on the scale of the Solar System, and we denote its velocity distribution defined in the rest
frame of the Suwﬂ as f(¥). Our only assumption on this distribution is the existence of a
maximal velocity vmax, such that f(¥) = 0 for v = |U| > vmax- Assuming that all dark
matter particles in the halo are gravitationally bound to the Galaxy, vmax is given by the
sum of the galactic escape velocity vesc >~ 533 km/s [64] and the local velocity of the Sun
with respect to the halo, vjpeal =~ 244 km/s [60-62], leading to vmax ~ 777 km/s. In Sec.
we will also comment on the implications of relaxing this assumption by considering larger
values for vyax. Furthermore, we normalize the unknown velocity distribution according to

/ Bof@)=1. (8.2)

Following Eq. (2.2) for the differential recoil rate at a direct detection experiment, as well as
Egs. (2.10)—(2.13]) for the capture rate of dark matter in the Sun, the number of expected
recoil events NV at a DD experiment as well as the capture rate C' are given by

&rpo / 3 L s dor
N=¢&- / dER €( d>vvf(74 Vg(t)) —, 8.3
S deneEn e [ @@ Vao) g (33)

C = Z/ 47TT’2dT 77T )mDM /< ( )dgv fg)v) (1)2 + ['USun,ESC(r)]2) X

/2”‘% <v2+[USun,esc (7')]2) /mT dO_T

dEp ——. 8.4
n g (B4

mDMU2/2

In particular, the velocity distribution entering the number of recoil events is shifted with
respect to the one relevant for the capture rate by V@(t), which is defined as the velocity of
the Earth relative to the Sun (c.f. also Eq. (2.8)). Furthermore, {7 is the mass fraction of
the nucleus 7" in the target material of the DD experiment, while e(Er) and £ denote the
detection efficiency and exposure, respectively, both depending on the experiment under

'Tn the notation of Sec. [2.1.1] our convention of defining f(%) for the purpose of this section corresponds
to f( ) (Gal) (U + 77LSR + U@,pec)-
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consideration. In Appendix [A] we specify these quantities for the experiments employed
in this section. Lastly, in the following discussion we will assume that the scattering cross
section dop/dER is either in the form of a spin-independent interaction with equal coupling
to protons and neutrons, defined in Eq. , or in the form of a spin-dependent interaction
with protons, given by Eq. .

Fixing furthermore the local dark matter density pp ~ 0.3 GeV/cm?, the only remaining
ingredient for calculating the rates NV and C' in Egs. and is the velocity distribution
f(7). Instead of assuming a fixed distribution such as the Maxwell-Boltzmann one, for the
purpose of this section we decompose the dark matter population in the Solar System as

o= [ s ). (8.5)

Physically, this corresponds to a superposition of hypothetical streams with fixed velocities
i with respect to the rest frame of the Sun, fg, (7) = §®) (¥ — #). Inserting this expansion
of f(¥) in Egs. and , and using the linearity of the recoil and capture rate in the
velocity distribution, one obtains

N= dvo £ (@) Ny, ,
[T0]| <vmax
C= &oy f(i) C, (8.6)
[T0]| <vmax
where Nj, (Cf,) is the number of scattering events (the capture rate) corresponding to the
velocity distribution fg, (7) = 6©) (7 — ).

The null result of a given DD experiment can be formulated as an upper limit Ny, on the
expected number of dark matter induced scattering eventsﬂ In particular, in a hypothetical
situation in which all dark matter particles have the same velocity ¢y with respect to the
solar frame, corresponding to a velocity ¥ —17@ (t) in the rest frame of the detector, the upper
limit on the scattering cross section follows from Ny, < Npax. For illustration, we show in
Fig. the resulting 90% C.L. upper limits on the spin-independent (upper panels) and spin-
dependent cross section (lower panels) deduced from the null results of XENON100 [104]
and COUPP [120], as a function of the stream velocity vy = |7, assuming for concreteness
mpwm = 100 GeV. In these plots, the various dashed red lines correspond to different angles
£ (1, ‘7@), while the red solid line is defined to be the weakest among all these limits for
a given speed vg, which in the following we will denote as o2P (vg), either for the spin-
independent or the spin-dependent cross section. This represents a conservative limit for a
fixed value of v, as by construction one has Ny, (0) > Npax for o > oD2 (vp).

Furthermore, the non-observation of an excess of a neutrino flux from the direction of
the Sun leads to an upper limit on the annihilation rate I'4 of dark matter (c.f. Sec. .
Assuming equilibrium between captures and annihilations, this implies an upper limit Cyax
on the capture rate via Eq. , which depends on the dark matter mass and annihilation
channel. For the scattering cross sections which are currently probed by neutrino telescopes,
equilibration is achieved if the annihilation cross section in the Sun satisfies (0v)ann 2
10=28 cm?/s, and hence in the following we will assume that this is the caseﬂ Then, for

2We refer to Appendix [A| for details on the calculation of Nmay for the different experiments considered in
this section.

3Capture and annihilation in the Sun are in equilibrium if ceq = tanh? (t@ VO - FA) is close to one, with tq
and I'4 & (00)ann defined in Sec. It is straightforward to check that for (ov)ann 2 1028 cm3/s and
for the capture rates C that are currently probed by IceCube or Super-Kamiokande, one has aeq 2 0.99.
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Figure 8.1.: Upper limits on the scattering cross section of dark matter with protons for mpy = 100
GeV, normalized to pg = 0.3 GeV/cm?, and assuming velocity distributions of the form
fo, (@) = 8@ (T — #). The upper (lower) panels correspond to spin-independent (spin-
dependent) scattering, and the left (right) panels to annihilations into W*W = (bb).
Each dashed red line corresponds to a different angle between the stream velocity ¥y
and the Earth velocity ‘7@. In each panel, the minimal value of the cross section which
is excluded for all values of vy by either the direct detection experiment or the neutrino
telescope is denoted by oy.
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a velocity distribution given by a pure stream with velocity 7y, the upper limit on the
scattering cross section following from the corresponding NT can be calculated from the
requirement that Cj < Chpax. We show the 90% C.L. upper limit on o following from
the IceCube data [168] as a blue solid line in Fig. for the case of spin-independent
(upper panels) and spin-dependent interactions (lower panels), employing for concreteness
mpum = 100 GeV as well as the annihilation final states W+W = (left panels) and bb (right
panels)ﬁ For each dark matter mass, interaction scenario and annihilation channel, this
upper limit as a function of the stream speed vg is denoted as Urlfgx(vg). By definition, one
then has Cy,(0) > Cmax for o > oI (v).

We now show that the information contained in the functions o2P (vg) and oNL (vg) is
sufficient to calculate a conservative upper limit on the scattering cross section for a general
velocity distribution f (), both for DD and NT experiments. First, by noting that the
differential scattering cross section given by Eq. or Eq. is linear in a’S’I or agD,

respectively, the number of expected scattering events in a DD experiment satisfies

g

g
N; = —— N [oPD > Nyax 8.7
U (U) O_Blajx(v ) 0 [Umax(vo)] = Ur]?lan(v ) max » ( )

where o denotes either of; or ok}, and where we have used the defining property of the

conservative upper limit PP (vg), as introduced earlier on in this section. Inserting this

inequality in Eq. , one obtains

o

N(o) > /| ‘ d3vg £ (7o) 55
UO <Umax

Omax (UO)

Ninax - (8.8)

Finally, requiring that the expected number of scattering events N (o) satisfies the experi-
mental upper limit, i.e. N(0) < Npax, the upper limit on the cross section following from
the DD experiment can be written in the compact form

—1
[ (@)
ooy | - 8.9
/I;TO | <Umax 0 O-I]?i]é)x (UO) ( )

Following similar steps, for a given dark matter mass and annihilation channel, the upper
limit on the scattering cross section following from the null result of a NT is given by

o<

~1
f ()
= / oo |- (8.10)
[ |gO|SUmax O-IIHIEX(UO)
In particular, once the functions o2 (vg) and o)1 (vg) have been calculated, this formalism

allows for a fast evaluation of the upper limits on the scattering cross section for a fixed,
but arbitrary velocity distribution f (7).
8.2. A halo-independent upper limit on the scattering cross

section

As mentioned initially in Sec. direct detection experiments and neutrino telescopes are
sensitive to different parts of the dark matter velocity space. Quantitatively, this can be

4The kink in the upper limit following from the IceCube data in the case of spin-dependent interactions
is due to the fact that for low velocities the capture process is dominated by scatterings off H, while for
larger velocities scattering off 'N becomes important.
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directly inferred from Fig.[8.1] which shows the upper limits on the scattering cross section as
a function of the stream velocity vg: direct detection experiments are insensitive to WIMPs
with very small velocities, corresponding to the upturn of the red curves at small vg, as in
this case the recoil of the nucleus is below the threshold of the corresponding experiment.
However, in this region of the velocity space, the upper limits from neutrino telescopes are
strongest, which can be traced back to the fact that slow-moving WIMPs are captured more
efficiently in the Sun. On the other hand, it follows from the figure that direct detection
experiments retain sensitivity for large vg, while the capture process gets more and more
inefficient in this part of the velocity space.

In particular, at least for the dark matter mass used in Fig. this complementarity
of direct detection experiments and neutrino telescopes leads to a finite upper limit on
the scattering cross section which is valid for every stream speed vg. In other words, the
combination of both types of experiments allows for probing the complete range of dark
matter velocities. Based on this observation, we will show in this section that it is possible
to derive an upper limit on the scattering cross section which is independent of the velocity
distribution, by using the formalism of decomposing the velocity distribution in terms of
infinitely many streams, as introduced in Sec.

To this end, we first define

0.« = max {UI]?IEX@), UBEX(UmaX)} , (8.11)

where @ is the speed for which oDP (7)) = oNT (%). With this definition, for a given dark
matter mass and annihilation channel, o, is the largest value of the scattering cross section
which is allowed by both a concrete direct detection experiment and by a concrete neutrino
telescope, assuming that the true velocity distribution of dark matter is in the form of a pure
stream with speed between 0 and vy,.x. The construction of ¥ and o, is illustrated in Fig. 8.1
for a dark matter mass mpy = 100 GeV, assuming annihilations into WHW = (left panels)
and bb (right panels), employing XENON100 and IceCube in the case of spin-independent
interactions (upper panels), and COUPP as well as IceCube for spin-dependent interactions
(lower panels). By construction, the functions omax(vo) are then bounded from above by
oD (vg) < o for © < vy < Vmax (8.12)

max

oNT (vg) <oy for 0 <wy <. (8.13)

max

We now combine the upper limits arising from a given direct detection experiment and a
neutrino telescope. To this end, we first note that Eq. implies

f (o) ]
o < Bog—nt
o |:/0§’U0 <Umax ‘ O'BEX (UO)
£ (i) ]
< Bog—H—| . 8.14
a |:/f)<vo <Umax 0 UI]?l]aDX (UO) ( )
Inserting Eq. (8.12), and defining
5 = / d3vg f(70) , (8.15)
ﬁgvogvmax
one obtains o
o< =. (8.16)
of
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A similar rationale can be applied to the upper limit on the cross section following from a
neutrino telescope, given by Eq. (8.10). Using in this case Eq. (8.13)), we arrive at

o< (8.17)

—1-946 f ’
with the factor 1 —d; following from the definition of 07 in Eq. (8.15)) and the normalization
of the velocity distribution, Eq. (8.2).

Finally, by combining the upper limit from the direct detection experiment, Eq. (8.16)),
with the upper limit from the neutrino telescope given by Eq. (8.17]), we obtain

o <20y, (8.18)

independently of the value of 07, and hence independently of the velocity distribution f(7).
This equation is the main result of this section: for a fixed dark matter mass and annihilation
channel, the combination of a direct detection experiment and a neutrino telescope leads to
the upper limit 20, on the scattering cross section, which is valid for all possible velocity
distributions f(¥). Here, o, is defined via Eq. , which is based on considering upper
limits for stream-like velocity distributions. We also notice that the upper limit given by
Eq. can only be saturated for velocity distributions satisfying d; = 1/2.

The resulting halo-independent upper limits are shown in Fig. [8.2]as a function of the dark
matter mass, with the upper panels (lower panels) corresponding to spin-independent (spin-
dependent) interactions. Furthermore, the left panels assume that dark matter annihilates
into W*W = /77~ while the right panels correspond to annihilation into bb. For obtaining
these results, we apply the method described above for each dark matter mass and for each
combination of one direct detection experiment with one neutrino telescope. For the former,
we consider XENON100 [104] and SuperCDMS [109] for spin-independent scattering, as well
as COUPP [120] and SIMPLE [122] for the spin-dependent case, while for the latter we use
the results from IceCube [168] and Super-Kamiokande [170]. Finally, for a fixed dark matter
mass, we take the smallest value of 20, arising from each possible combination of experiments
as our final halo-independent upper limit. Furthermore, let us remark that, while being
independent of the velocity distribution, these upper limits still depend on the value of the
local dark matter density pg. The results in Fig. correspond to pp = 0.3 GeV/cm?3, and
can be rescaled linearly for any other choice of pg.

For comparison, we also show in Fig.[8.2]the upper limits on the scattering cross section as-
suming the Standard Halo Model (SHM), i.e. employing a Maxwell-Boltzmann distribution
with a velocity dispersion o = 282 km/s and galactic escape velocity vese = 533 km/s. The
upper limits from Super-CDMS and XENON100 for that specific choice of the velocity distri-
bution are shown as solid black lines in the upper panels (corresponding to spin-independent
scattering), while in the lower panels (corresponding to spin-dependent scattering) they are
presented for SIMPLE and COUPP. Furthermore, the black dashed lines show the corre-
sponding upper limits from IceCube and Super-Kamiokande. By construction, for a fixed
dark matter mass the halo-independent limit is always weaker than the SHM upper limit
derived from one of the direct detection experiments or neutrino telescopes. Nevertheless,
for some scenarios our limits are remarkably strong, reaching Ué’l < 10743 (107%2) cm?
and ofpy < 10737 (3 x 10737) em?, for annihilations into WTW = (bb) at mpy = 1TeV,
assuming po = 0.3GeV/cm3. Moreover, for the case of spin-independent scattering the
halo-independent limits are stronger than those obtained by IceCube or Super-Kamiokande
for the SHM, while they are only a factor of a few worse than the SHM limits from SIMPLE
or COUPP for the spin-dependent scenario.
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Figure 8.2.: Halo-independent upper limits on of; (upper panels) and ofp, (lower panels), normal-
ized to pg = 0.3 GeV/cm?®. The left panels correspond to dark matter annihilating into
W*W = /77, while the right panels show the results for the annihilation channel
bb. Our main result is the red solid line, corresponding to vyax = 777 km/s, while the
red dotted curves assume vyax = 0.05¢. For comparison, the black solid and dashed
curves show the upper limits derived under the assumption of the Standard Halo Model
(SHM), as defined in the text.

It is important to stress that the limits derived in this section rely only on rather weak
assumptions, in contrast to the limits corresponding to a Maxwell-Boltzmann distribution.
One implicit assumption behind the formalism developed in this section is that the local
dark matter density and velocity distribution have been constant over the equilibration
time of captures and annihilations, which typically is of the order of 10-100 million years,
corresponding to 0.2 — 2% of the age of the Sun. Furthermore, the red solid curves in
Fig. are derived under the assumption that the velocity distribution f(¥) is zero for
¥ > Umax = 777 km/s, which is automatically fulfilled if all dark matter particles of the halo
are gravitationally bound to the Galaxy (c.f. the discussion in Sec. . We have checked
that even if the value of vmax is doubled, our limits only change for a small range of dark
matter masses, since for reasonable values of vy, the largest value of the scattering cross
section o, is typically attained at the velocity ¥, as can be seen from Fig. In order to
test the ultimate impact of the assumption regarding the maximal velocity of dark matter
particles, we have calculated the limits for the extreme case of vyax = 0.05¢, which roughly
corresponds to the largest value of velocities for which the non-relativistic description of dark
matter-nucleus scattering is valid. These limits are shown in Fig. [8:2] as red dotted lines and
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are at most one order of magnitude less stringent than our standard results assuming the
much more realistic value vpax = 777 km/s.

We conclude this section by commenting on the expected improvement of the halo-
independent upper limits with upcoming data from direct detection experiments and neu-
trino telescopes. For the case of spin-independent interactions, it follows from Fig. that
a substantial improvement of the limits could be obtained by lowering the threshold of the
direct detection experiments, corresponding to a shift of the location of the upturn of the
red curves to smaller values of vg. This development could be achievable with e.g. the
SuperCDMS-Snolab experiment |133], which plans to have a threshold well below 1 keV.
Also, the halo-independent upper limit on the spin-independent cross section could be sig-
nificantly improved by increasing the exposure of the neutrino telescopes, using e.g. several
years of data with the full 86-string configuration of IceCube [412]. On the other hand, for
spin-dependent scattering, the lower panels of Fig. imply that currently the exposures
of the relevant direct detection experiments are the main limiting factors. Hence, future
upgrades of the PICO experiment [413] featuring a much larger target mass would help in
improving the halo-independent upper limits on JgD .

8.3. Lower limit on the cross section from signal events

In the previous section, we have shown that the formalism of decomposing the velocity
distribution in infinitely many streams via Eq. can be used in order to set an halo-
independent upper limit on the scattering cross section, using the complementary informa-
tion from direct detection experiments and neutrino telescopes. In the following, we discuss
the possibility of using the same formalism for determining the dark matter parameters
in the case of a positive signal in a future xenon based direct detection experiment, again
without specifying the velocity distribution f(¥). In contrast to the previous section, we
focus on the implications of direct detection experiments alone, and do not consider the
complementary information from neutrino telescopes.

For the future direct detection experiment, we employ a setup close to the expectations for
XENONIT [129], assuming a detector with an exposure of 1 ton - yr, which is sensitive with
100% detection efficiency to recoil energies between 3 and 45 keV, with an energy resolution
o0(ER) = 0.6keV\/Egr/keV [414]. We furthermore consider a benchmark scenario where the

true dark matter parameters are given by mgﬁe) = 100 GeV and aggtrue) =10"% cm?, and
where the actual velocity distribution is given by the SHM. This scenario is compatible with
all existing constraints, and in particular lies approximately one order of magnitude below
the current LUX limit. In the future XENON1T-like experiment, this would lead to ~ 19
events (neglecting Poisson fluctuations in the actually observed number of events), resulting
in a 90% C.L. lower limit on the number of recoil events Ny, = 14.0.

Based on this lower limit, we now show that it is possible to derive a halo-independent
lower limit on the scattering cross section, using the formalism developed earlier in this
section. To this end, similar as in Sec. [8.I] we start by considering a hypothetical situation
in which all dark matter particles have a velocity 7 in the rest frame of the Sun. Then, for a
given dark matter mass mpys, a lower limit on the spin-independent scattering cross section
follows from requiring Ny, > Npin, and, for fixed vy, we define agg(vo) to be the minimum
of all lower limits corresponding to different angles between the stream velocity ¢y and the
velocity of the Earth V. Then, by definition, one has N, (0) < Niin for o < aPP (vg). This

construction is illustrated in Fig. using for concreteness mpy = 300 GeV. Similar as in
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Figure 8.3.: Lower limit on the spin-independent scattering cross section of dark matter with pro-
tons, normalized to pg = 0.3 GeV/cm?, based on the hypothetical detection of 19 recoil
events in a XENON1T-like future experiment, for mpy = 300 GeV, and assuming ve-
locity distributions of the form fg () = 6©) (¥ — @). The black solid line shows o,
which is defined to be the minimum of the function oPP (vg).

min

Fig. m the various dashed red lines correspond to different angles £ (tj, V@), while the red
solid line shows oPP (vg). Completely analogously to the rationale behind Egs. ,
and , we then deduce a lower limit on the scattering cross section for a given velocity
distribution f(¥) (still for a fixed dark matter mass mpy):

1
5 f(vo)
7= [/Iz‘z’ogvmax d anr?lg(vg)] ’ (8.19)

For each value of mpy, the function Jgg(vo) has a minimum, which we denote as ¢’, and

which is shown in Fig. for mpy = 300 GeV. Physically, the value of vy at which the
minimum of Ugg(vo) is attained corresponds to the velocity of dark matter particles to
which the direct detection experiment is most sensitive. Finally, from Egs. and
we obtain a halo-independent lower limit on the scattering cross section, i.e. a lower limit

which is independent of the choice of f(/):
o>o . (8.20)

We then repeat this construction of ¢’ for all possible values of mpy, and show in Fig. 8.4
as a red solid line the resulting halo-independent lower limit on the spin-independent scat-
tering cross section with protons as a function of the dark matter mass. Furthermore, in this
plot the black dot represents the true dark matter parameters, while the gray shaded band
is the reconstructed 90% C.L. region assuming the SHM. Moreover, for comparison the blue
dotted curve shows a halo-independent lower limit on o%; based on the general inequality

/ d%f(ﬁ)g ! : (8.21)
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Figure 8.4.: Halo-independent lower limit on ¢§; - po.3Gev/ems, following from the hypothetical ob-
servation of 19 recoil events in a XENON1T-like experiment (red line), and using the
novel approach derived in this section. Moreover, the gray band shows the recon-
structed 90% C.L. region assuming the SHM, while the blue dotted line corresponds to
the halo-independent lower limit derived from Eq. . Furthermore, the black dot
represents the true dark matter mass and scattering cross section.

as recently proposed in [415]. Remarkably, the lower limit on the scattering cross section
obtained using the approach introduced in this section is only a factor of ~ 2 below the
true value of the cross section. We have checked that this conclusion is robust against a
change of the true dark matter mass as long as mg;}e) 2 30 GeV, and also does not change
significantly with the number of observed events, as long as it is larger than ~ 5.

Finally, we note that our method is based solely on the total number of observed events,
while in a realistic situation of a positive detection also some information about the distri-
bution of recoil energies will be available. Hence, the approach discussed in this section is
particularly well-suited in an early stage of dark matter discovery, when only a few events
are detected, not allowing for a precise reconstruction of the recoil spectrum. Eventually,
with the presence of more data a determination of the latter will be possible, which allows
for breaking the degeneracy between the dark matter mass and scattering cross section by
means of other halo-independent methods [403},406|.
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Conclusions

More than 100 years have passed since the initial suggestions for the presence of dark matter
in our Universe. While its existence is nowadays a widely accepted fact, the lack of an
unambiguous positive signal in an experiment searching for a non-gravitational interaction
of dark matter leaves the determination of its particle physics properties to be a still open
task. In this thesis, we have approached this puzzle by employing data from direct detection,
indirect detection and collider experiments in order to constrain the properties of the dark
matter particle. Specifically, we have focused on the phenomenology of WIMPs, which in
principle are expected to produce a signal in all of these three search strategies. Hence,
throughout this thesis we have put a strong emphasis on the complementarity of the various
detection methods for WIMPs, and we have shown that depending on the details of the
particle- and astrophysics of dark matter, different search strategies can provide the most
stringent constraint on the properties of the dark matter particle.

After giving a general introduction to dark matter and in particular to searches for WIMPs
in part [, we have studied in part [II] the phenomenology of t-channel simplified models, in
which the dark matter particle is a singlet under the Standard Model gauge group and cou-
ples via a Yukawa interaction to a Standard Model fermion f and a charged heavy mediator.
The various scenarios within this class of models differ by the spin assignment of the dark
matter and mediator particle: in Sec. [3] we considered Dirac dark matter coupling to a scalar
mediator, while in Sec. 4| we studied a scenario in which the dark matter particle is a real
scalar interacting with a vector-like fermionic mediator. Lastly, in Sec. [ we investigated the
case of Majorana dark matter coupling to a Standard Model fermion via a scalar mediator.

While similar in their basic structure, we have shown that the phenomenologies of these
scenarios differ significantly from case to case. This is largely due to the fact that for real
scalar and Majorana dark matter the lowest-order 2 — 2 annihilation process DM DM —
ff is helicity- and velocity-suppressed: the s-wave component of the annihilation cross
section vanishes in the limit m; — 0; in the case of real scalar dark matter also the p-wave
contribution is zero for massless fermions f. This suppression naturally asks for the inclusion
of higher-order annihilation processes, which we have shown to be highly relevant both
during the freeze-out of dark matter, as well as for the indirect detection phenomenology of
the corresponding scenario. In particular, we have demonstrated in Sec.[4.3|that in the model
of real scalar dark matter coupling to a Standard Model lepton one expects strong gamma-
ray spectral features arising from the virtual internal bremsstrahlung of a photon or from the
one-loop annihilation into photons, and confronted these predictions to experimental data.
Moreover, in Sec. we have shown that for real scalar dark matter coupling to a Standard
Model quark, there are strong constraints arising both from direct detection experiments
as well as from searches for the production of the colored mediator at the LHC. Also these
results are directly related to the higher-order annihilation channels, as in this scenario the
2 — 3 and one-loop processes dominate the total annihilation cross section of dark matter
during freeze-out, and thus set the value of the Yukawa coupling entering the rates in direct
detection and collider experiments. Lastly, in Sec. [5| we have investigated the impact of the
higher-order processes on the physics of dark matter annihilation in the Sun in the context
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of a simplified model of Majorana dark matter, and we have shown that the inclusion of the
2 — 3 channels greatly improves the prospects to observe a high-energy neutrino flux from
the direction of the Sun in such a scenario.

On the other hand, in Sec. [3| we have seen that the annihilation of the Dirac dark matter
candidate into a fermion-antifermion pair proceeds without any suppression, rendering the
higher-order annihilation processes irrelevant for the computation of the total annihilation
cross section today or during freeze-out. In that scenario, we then focused on the constraints
on the parameter space of the model arising from direct searches. In contrast to real scalar
or Majorana dark matter, Dirac dark matter allows for a vector interaction with quarks
which leads to a significantly enhanced scattering rate. We have shown that both in the
case of coupling to a quark as well as for coupling to a lepton, the results from the LUX
experiment strongly constrain this simplified model; this is quite remarkable in particular
for the latter case, as in that scenario all scattering processes are induced only at the one-
loop level. Furthermore, our results imply that future direct detection experiments such as
XENONIT or DARWIN have excellent prospects to probe all of the remaining parameter
space of the model compatible with the observed relic abundance of dark matter.

In part [[T]| of this thesis, we then left the path of simplified models, and discussed various
model-independent methods of analyzing data from direct and indirect detection experi-
ments. Concretely, in Sec. [f] we investigated generic higher-order corrections to the anni-
hilation process of dark matter in the Sun, in scenarios in which the annihilation proceeds
dominantly via the coupling to a light Standard Model fermion. We have demonstrated
that these corrections can be crucial in the calculation of the high-energy neutrino flux
which is potentially detectable by neutrino telescopes such as IceCube, and we were able
to derive for the first time upper limits on the scattering cross section of dark matter with
nucleons for the case of annihilation into ete™, ua or dd. Subsequently, in Sec. [7| we turned
to an investigation of the DAMA modulation signal, which in principle can be interpreted
as being induced by scattering events of dark matter with the target nuclei. However, it
is well known that this signal is subject to severe constraints from other direct detection
experiments which observe a rate consistent with the corresponding background expecta-
tions. We quantified this tension in the framework of the non-relativistic effective theory
for dark matter-nucleon interactions, fully taking into account all relevant scattering oper-
ators including their possible interferences. By developing a novel semi-analytical method
for comparing experimental results in the high-dimensional parameter space of the effec-
tive theory, we were able to show that even with this large freedom regarding the possible
particle physics properties of dark matter, a significant tension between DAMA and the
null searches is inevitable. Lastly, in Sec. [§| we performed an analysis of data from direct
detection experiments and neutrino telescopes which is model-independent from the point
of view of astrophysics, i.e. it does not depend on a specific choice of the galactic velocity
distribution of dark matter. In that section we derived for the first time a halo-independent
upper limit on the scattering cross section of dark matter with nucleons from direct de-
tection and neutrino telescope data, which hence constitutes a bound that is fully robust
with respect to the astrophysical uncertainty arising from the unknown velocity distribution
of dark matter in the Milky Way. We also demonstrated that our method allows for the
construction of a halo-independent lower limit on the dark matter scattering cross section
in case of a positive detection in a future direct detection experiment.
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All in all, it is fair to say that in view of the currently operating as well as the near-future
experiments, the WIMP paradigm is under siege. In several well-motivated scenarios of
WIMP dark matter, a significant part of the parameter space has already been excluded, but
there is still a variety of interesting models which are consistent with all current constraints.
In the next decade, we expect more sensitive data for all search strategies of dark matter:
ton-scale direct detection experiments such as XENON1T, LZ or DARWIN will further push
the sensitivity to the scattering cross section of dark matter with nucleons, and indirect
detection experiments such as CTA or AMS-02 will probe smaller and smaller values of the
annihilation cross section of dark matter. Last but not least, there is the hope that a signal
associated to dark matter emerges from run two of the LHC. In view of this tremendous
experimental progress expected in the future, it is more important than ever to further
develop strategies of interpreting the combination of the various data sets, having in mind
the large set of possibilities both regarding the particle physics as well as the astrophysics
of dark matter.

159






APPENDICES






A. Derivation of direct detection limits

In this appendix, we present the details of our implementation of direct detection experi-
ments, relevant for the calculation of the corresponding upper limits in Sec. and 8| For
each experiment, we follow the prescriptions suggested by the respective collaboration as
closely as possible. Furthermore, in each case we validate our approach by comparing the
published upper limit on the standard spin-independent and/or spin-dependent scattering
cross section with the upper limits derived using our implementation of the data. We con-
firmed that for all experiments considered in this work, our upper limit either matches the
corresponding result from the experimental collaboration, or is slightly more conservative.

LUX (results from 2013, employed in Sec. |3)

We calculate the number of dark matter-induced recoil events following [369,416] by ex-
tracting the number of expected photoelectrons (PE) as a function of the recoil energy from
Fig. 4 of [101], using the intersections of the red solid line with the contours of constant
FERr. Following the LUX collaboration, we do not model recoils below 3 keV. Furthermore,
we assume opyT = 0.37 in the calculation of the single-photoelectron resolution of the pho-
tomultipliers. The acceptance as a function of the Sy signal is given by the red dashed line
in Fig. 1 of [101], which we additionally multiply by a factor 1/2 corresponding (approxi-
mately) to the fraction of events falling into the region below the mean nuclear recoil band
shown as the red solid line in Fig. 4 of [101]. This approximation is well-justified for large
dark matter masses, while it underestimates the number of signal events for dark matter
masses below ~ 20 GeV, leading to conservative upper limits. After running with an expo-
sure of 85.3 x 118.3kg - days, LUX observed one event in the S; range between 2 PE and
30 PE. Setting conservatively the number of expected background events to zero, the 90%
C.L. upper limit on the number of signal events is given by Npax = 3.89.

LUX (results from 2015, employed in Sec. 7))

The most recent data release of the LUX collaboration is based on an exposure of 1.4 -
10* kg - days [102]. The detection efficiency as a function of the nuclear recoil energy is given
in Fig. 1 of |102], which we employ only for Er > 1.1keV. Everything below the red solid
curve of Fig. 2 in [102] is considered as a signal event, which we take into account by an
additional factor 1/2 in the efficiency (see the comment in the previous paragraph regarding
the validity of this approximation). Lastly, we multiply the total efficiency by a constant
factor (18/20)2, corresponding to a cut 7 < 18 cm on the fiducial radius. With one observed
event in the signal region, and assuming conservatively zero background events, we obtain
the 95% and 99.9% C.L. upper limits Nyax = 4.74 and 9.23 on the number of expected
recoil events, respectively.
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A. DERIVATION OF DIRECT DETECTION LIMITS

XENON100

We calculate the detection efficiency for XENON100 following [416], using the scintillation
efficiency Log(FRr) from [417], which we set to zero below 3 keV. The efficiency of detecting
a Sp signal in the range [3PE, 30 PE], as well as the efficiency related to the cut on So is
taken from [104]. The collaboration observed two events after running with an exposure of
7636.4 kg - days; setting the number of background events conservatively to zero, we derive
a 90% C.L. upper limit Ny.x = 5.32 on the number of expected recoil events.

SuperCDMS

Here, we use the latest data release [109], based on an exposure of 577 kg-days. The efficiency
as a function of Ep € [1.6keV, 10keV] is given in Fig. 1 of [109]. After unblinding, 11 events
have been observed, with a level of background that is not fully understood. Hence, we again
are conservative and set the number of background events to zero, leading to 90%, 95% and
99.9% C.L. upper limits Nyax = 16.6, 18.2 and 25.6, respectively.

SIMPLE

The SIMPLE experiment is based on a CoClF5 target. For the calculation within the non-
relativistic effective theory discussed in Sec. we conservatively only take into account
scattering of F', as there are no results available for the nuclear response functions of C and
Cl. We employ the combined Stage I and II data |122], with a total exposure of 20.18 kg-days.
We assume a detection efficiency ¢(ERr) = 1 — exp(—3.6(Egr/Er — 1)) with Ep = 8keV, as
suggested by the collaboration, and consider recoils up to 500 keV. In total, 11 events have
been observed, which has to be compared to the conservative background expectation of
14.5 events [122]. The 90%, 95% and 99.9% C.L. upper limits using the Feldman-Cousins
method are then given by Nya.x = 4.02, 5.26 and 11.9, respectively.

CouprP

COUPP is based on a CFsl target; for the non-relativistic effective theory employed in
Sec. [7] we only consider scattering of F and I, again due to the absence of detailed nuclear
form factor calculations of carbon. In the data release [120], the results have been presented
for three nucleation thresholds Er = 7.8 keV, 11.0 keV and 15.5 keV, which can be treated
as independent experiments. For scattering off fluor, the bubble efficiency is taken to be
€(Er) =1—exp(0.15(1 — Er/E7)), while for iodine we assume ¢(Er) = 0 (Er — Er). The
effective exposures (number of observed events) in the three data sets are given by 55.8 kg
- days (2), 70.0 kg - days (3), and 311.7 kg - days (8), respectively. Setting in each case
the number of expected background events to zero, the 90%, 95% and 99.9% C.L. limits are
given by Npax = 5.32, 6.30 and 11.2 for Fr = 7.8keV, by Npax = 6.68, 7.75 and 13.0 for
Er =11.0keV, and by Nyax = 12.99, 14.4 and 21.1 for Ep = 15.5keV, respectively.

PICASSO

For the implementation of the PICASSO experiment, which employs a C4F1g target, we
again only take into account scattering off F in Sec. We consider the data obtained
with the energy thresholds Er = 1.73 keV and 2.9 keV, presented in [123]. The detection
efficiency is modeled via e(Er) = 1—exp (2.5 (1 — Er/E7)). Following the collaboration, we
assume a Gaussian distribution of the error in each energy bin, leading to the 95% (99.9%)
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C.L. Feldman-Cousin upper limit Ny,.x = 8.72 (18.0) per kg of fluor per day for bin number
1, and 3.21 (5.59) for bin number 2.

PICO

Also for PICO, based on a C3Fg target, we only consider scattering off fluor for the calcula-
tion of the rates in the non-relativistic effective theory. The detection efficiency is given by
the dashed line in Fig. 3 of [124]. After running with an exposure of 129 kg - days [125], one
event has been observed; setting conservatively the number of background events to zero,
we obtain a 95% (99.9%) C.L. upper limit Npay = 4.74 (9.23).
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B. Annihilation cross sections for real scalar
and Majorana dark matter

B.1. Real scalar dark matter

In this appendix, we provide the results for the VIB and one-loop annihilation cross sections
of a real scalar dark matter particle S coupling via a Yukawa coupling to a Dirac fermion
¥ and a Standard Model fermion fg, as defined in Eq. (4.3)). All cross sections have been
calculated in the limit v — 0, and were obtained with the help of FeynCalc [277] and
LoopTools [418]. For convenience, in this appendix we use yu = r? = mi / m%

Virtual internal bremsstrahlung

The differential and total cross sections for the internal bremsstrahlung of a photon, S5 —
ff, are given by

d(ov) 7, B y4aemNcQ?f (1—2) [ 2z B x
de 4n?m? (+1)(p+1-22) (u+1—a)?
1 1-2 1
2(p+1—2x) p+1—=2x
4 2
Yy aemNch 7T2 2 ,u‘l-l . ,u—|—1
= g w0 e () 2 (57

4u+3+(4u+1)(u—1)10g<u—1> (B2

n+1 2u p+1

where qem = €2/(4r) is the electromagnetic fine structure constant, r = E,/mg, Q; is the
electric charge of the fermion f in units of |e|, and N, = 3 (1) if f is a quark (lepton). For
the case of S coupling to a Standard Model quark, the cross sections for VIB of a gluon,
SS — ffg, are obtained by replacing cem — 4ag, No — 1, Q ¢ — 1 in these expressions.
On the other hand, for the internal bremsstrahlung of a Z boson we find the following
double-differential annihilation cross section:

d(av)ﬁz B y* ovem tan? GWNCQ?

= X
dzdz m2m% (1 — 1 —22)* (34 pu— 22 — 22)?

{(1 — ) [2® —22(1 —2) +2(1 — 2)%] + %(332 — 2+ 2)} ., (B.3)

with z = Ez/mg, 2 = Ef/mg and £ = m%/m%. In that case, the total cross section (0v) 177
can only be obtained numerically. Also notice that the expression for d(ov) ;7,/(dz dz) has a
different functional dependence on x and z compared to the corresponding process involving
Majorana dark matter; this is contrast to the annihilation into ff+, which for real scalar
dark matter is simply a factor of 8 larger than for Majorana dark matter [88].
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B. ANNIHILATION CROSS SECTIONS FOR REAL SCALAR AND MAJORANA DARK MATTER

One-loop annihilation into gauge bosons

The annihilation SS — 7 is generated at the one-loop level, with one representative di-
agram shown in the right panel of Fig. For vanishing dark matter velocity, gauge in-
variance in form of the Ward identity implies the following structure of the matrix element:

iaemQ?f 92
T

iM,, = € (kn)er (ko) g A (B.4)

Here, €,(k) is the polarization vector of the photon, and A, is the one-loop form factor for
the annihilation process, for which we obtain the expression

1—p—e€ 2e
2 2 2 2 9 9
Ay —2+ms{1+u_eﬂ_€ 0(—ms,ms,0;mf,m¢,mf)
l—e—p 2p 2 2 4.2 2 2 de (1 —¢) 2 2 9 o
1+6_N€_MCO(—mS,mS,O,mw,mf,mw)—|—714_“_600(4m5,0,0,mf,mf,mf)
Ap (1 —p)

where € = m? /m%, and where Cj is the scalar three-point Passarino-Veltman integral [419)]
defined by

C (p2 (p1 —p )2 pa:m?, m> m2> /ddﬁ ! ! ! (B.6)
0 1 1—P2) ,P2; 1, Mg, T3 )| = . . .
2 = md (04 pr)? — 3 (C+ o) — 3

The form factor A, greatly simplifies in the limit m; — 0, which is applicable for all cases
discussed in this work:

1 1 1
A =2+ Li () —Li <—> — 9y arcsin® () . B.7
Y m =0 2 1 2 1 K NG (B.7)

Our result for A,, differs from the one reported in [420], while we agree with the recent
result in [312]. We have checked that our full expression of i M., satisfies the Ward identity,
and furthermore we have cross-checked Im(.A,-) against the result deduced from the optical
theorem [421]. Finally, the annihilation cross section for the one-loop annihilation into
photons is given by

1,2 N204
(0v)yy = W |A“w|2 : (B.8)

If S couples to a Standard Model quark, it can also annihilate into a pair of gluons, SS — gg,
with a cross section given by Eq. 1) after replacing a2, — 20%, Ne—1,Q5 — 1.
Finally{T] the matrix element for SS — yZ can be cast as

iaemQ?cyQ tan Oy
T

iMyz = eu(k1)e, (k2)g" Ayz (B.9)

with €, (k1) and €,(k2) being the polarization vectors of the Z boson and the photon, re-
spectively. The form factor A,z is given by

1We neglect the contribution of SS — ZZ to the relic density.
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B.2 MAJORANA DARK MATTER

£ 2.2 2 § 2
A,z = Q—HBO (mZ,mfjmf) g 5Bo (mZ,mw,m¢)
2 (14 pu+€) ptee s 9
+ By (m%;ms,m
A0 +p—e)(1+e—p) [ 1+u+e2] o (mis;mymy)
€ § 2 2 2p §
——— By (4 ———— By (4
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M[(4+f)(_2+26—|—2u+§) 8¢ 1
2| (I4+e—p)(dp—4e+¢&) 4p— 46—1—{

Co ( mS—I— m%,O;mfp,m%,mfl,)
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2
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(B.10)

with By defined by

div 1 1
By (p;m3,m3) = / — . (B.11)
( 1 1 2) Z7T2£2—m% (€+p1)2_m%
The cross section in this case is given by
204 142
ytal N: Q tan® Oy 2
(ov)yz = T65m 1-— i 2 \AA,Z| (B.12)

B.2. Majorana dark matter

Here we present the expressions for the annihilation cross sections relevant for the simplified
model of Majorana dark matter discussed in Sec. [5| and in the limit my — 0 and v — 0,
employing FeynCalc [277] for parts of the computations. The results for annihilations into
vy and gg have also been presented in [422,/423], for vZ in [424], for frfr7y in [204-206], for
frfrZ in [329] and for frfrg in [205]; on the other hand, the cross-section for the one-loop
annihilation into ZZ is derived for the first time in this work.
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B. ANNIHILATION CROSS SECTIONS FOR REAL SCALAR AND MAJORANA DARK MATTER

Virtual internal bremsstrahlung

2

Defining x = Ey /m,, with V =~,Z,g9, 2 = Ef/my, § = mQZ/mX,

we find

— 2 2
as well as = m; /m3,

A0 gy GNCOemy" (1) [ =20 (1= 2) +2(1 - 2)" (B.13)
dE, dE; 8r2md (1— 22— p)* (3 — 22— 2z +p)° '
NV pnjnz a7 Ne tan? () aemy
dEz dE; 82md (1 — 2z — ) (3 — 22 — 22 + )
X {(l—x) [x2—2$(1—z)+2(1—z)2]
+ & [0% + 222 4 202 — 42] /4 - €2/8} (B.14)
A(00) frfng  _ (N2 = 1) as(my)y*
dE, dE; 1672mA (1 — 22 — )2 (3 — 22 — 22 + p)°
x (1 - z) [:ﬁ (11— 2)+2(1 72)2} . (B.15)

For a given annihilation channel, the spectrum of gauge bosons is obtained by integrating
the double-differential cross section over the dimensionless fermion energy z, with limits

given by Z™in/max — | _ (p +, /22 — M2/ m?2)/2. Moreover, the total cross-section follows

from integrating over = from z™® = My /m, to 2™ =1 + M /(4m3).

One-loop annihilation into gauge bosons

Defining Lis(x) as the dilogarithm function, the total cross sections for the one-loop anni-
hilations into gauge bosons read

2
NE g 0im v m3 m3
_ Lio [ ——X | — Lio [ =X , B.16
(V) 25673 m2 2 m2 2 m2 ( )
2
2 02 y4 . m2 . m2
(UU)gg = m [LIQ <_7’n>2< — L12 mié( s (Bl?)
X 7 "
A2
(ov)yz = | 7ZTLQ —— (B.18)
4
51278 ml mi (1 - 1 ) (1 10 )
2
(O"U)ZZ = |AZZ‘ - (Blg)
102473 m8 m  [1 — =%

Here, A,z and Agzy are given by

m2
A,z = Ne quc Qlom y2 tan (Ow) <1 S/ >

4m727
4 4 2 (2 2 4 2
g [ My + My mz(mn_mx) myz 2 9 My 2 9
my ( 9 + A + E C() mx,mz, 7 - mx,mn,(),()
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B.2 MAJORANA DARK MATTER

2 2\ 2 m% 2 2 .2
+2m; | m —> Co (mX,O,Q—mX,O,mn,mn>

m2 QO% m2
+ (m%—i—f) Zmi—mim%-i-nT Co <mi,m%,2z—mi,0,m,27,m,27>
2 2 4m?2 4m?2 2
+W;Z<m37+TZZ) [2\/77”277_1arccot< #—1>—log7ﬂrg+m } (B.20)
Z 7 n

Azz = No qJZC Qem y> tan? () {m% (mi + m% - mim%) Co (mi, ma, —mi +m3, m%, 0,0)

4,2 4 2 92 | 4y, 2 2.4 2 9 2 ) 2 2
+ [4mim; + (—m, — 4mim; +my) my + mimyg| Co (m3, mz, —m3 + my,0,m; m;)

[4m?2 [dm?2 2
+ m?7 my, |2/ —5¢ — 1 arccot — =1 - logm—g +am| o, (B.21)
my, my ms

with Cy being a Passarino-Veltman function. We verified that these expressions satisfy

m 0 m 0
(ov)zz ‘tan(@w)zl = (0v),, (00), 1z ‘tan(@w)zl =2 (00)., - (B.22)
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C. Derivation of limits from the IceCube data

Description of the approach

In this appendix, we describe our method of calculating upper limits on the annihilation
rate of dark matter in the Sun, employing the IceCube 79-string data; here, we follow largely
the approach presented in [349).

Starting from a given muon (anti-)neutrino flux d®, /;/dE, the number of expected muon
and antimuon signal events is given by [349]

b = to [ LB 60) (40(8) S+ 40(8) 7 ) 0B (1)
0

dE

Here, tex, denotes the live-time of the IceCube analysis [167], and A, /; (E) is the effective
area for detecting muon neutrinos/antineutrinos. We take the total effective area A4, (E) +
Ap (E) of the IceCube 79-string analysis from [167], and decompose it into separate effective
areas for neutrinos and antineutrinos following [425]. Moreover, the angular loss factor
L (E, ¢eyt) is defined as the probability that a muon track originating from a neutrino with
energy F is reconstructed with an angle ¢ < ¢¢yt with respect to the position of the Sun:

2
L (B, ¢ewt) = 1 — exp [_1 ( Peut )

5 o (C.2)

This definition of L (E, ¢cyt) is based on the assumption that the muon track directions are
Gaussian distributed around the median angle g (E), which we take from |167].

We then obtain 95% C.L. limits on fg (and hence on the annihilation rate of dark matter
in the Sun) by means of the CLg; method, which is based on an hypothesis test using the
likelihood ratio

L (nobs ‘ 98 + QBG)
L (nobs ’ HBG) '

The definition of the likelihood functions and the corresponding p-values are given in [349],
while we take the number of observed (background) events ngps (fBg) as a function of the
cut angle ¢eyt from [168].

In our analysis, we choose ¢.y¢ such that the upper limit on the annihilation rate is
optimized. To this end, we first calculate the upper limit expected in the absence of a
signal, i.e. the hypothetical limit under the assumption ng,s = g, for the eight different
cut angles ¢yt between 3° and 8.5° defined in [168]. We then determine the cut angle leading
to the most stringent upper limit within this background-only hypothesis, and employ it for
calculating our final upper limit based on the actually observed number of events nqps. In this
way, the choice of the optimal cut angle is not influenced by the actual data, guaranteeing
that our procedure is unbiased. We show the optimal cut angle as a function of the dark
matter mass in Fig. for the simplified model of Majorana dark matter coupling to ugr

X = (C.3)

173



C. DERIVATION OF LIMITS FROM THE ICECUBE DATA

Optimal cone angle ¢y for m,/m, = 1.1
10 T T
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Figure C.1.: Optimal cut angle ¢y as a function of the mass of the Majorana dark matter candidate
discussed in Sec. |5 for m,/m, = 1.1, and both for coupling to up- and to bottom-
quarks. See text for details.

or br discussed in Sec. |5 employing for concreteness the mass splitting m,/m, = 1.1. A
neutrino spectrum peaking at large energies, such as the one arising from the wuZ final
state (c.f. Fig. favors a smaller cut angle, as the mean angle between the muon track
and the incoming neutrino decreases with neutrino energy. Hence, the optimal cut angle
is typically smaller for dark matter coupling to ur than to br, as in the latter case the
neutrino spectrum has a larger contribution from the bbg final state, which is dominated by
low-energetic neutrinos, as it follows from Fig. [5.3

Finally, we remark that the data of the IceCube 79-string analysis is split into three
distinct sets, denoted as “Winter high”, “Winter low” and “Summer low” [16§]. Each of
them is optimized to a different type of muon events; in particular, the “Summer low” data
set consists of downward going muons detected in DeepCore, using the remaining IceCube
detector as a veto for the huge atmospheric muon background. For a given neutrino flux,
we apply the procedure outlined in the previous paragraphs separately for each of these
three data sets, and use the most stringent upper limit as our final result. In most of the
parameter space of the Majorana dark matter model, the “Winter high” event category
leads to the optimal limit, except for m, < 200 GeV, where the other two data sets can be
relevant.

Upper limits from IceCube for annihilations into ZZ or gg

In Table and Fig. we present the 90% C.L. upper limits on the spin-dependent and
spin-independent scattering cross section of dark matter with protons following from the
IceCube data for annihilations into ZZ and gg, calculated using the approach introduced
in the previous section. These results are necessary for obtaining the upper limits on the
scattering cross section in scenarios in which the dark matter particle interacts via a contact
interaction with light fermions, and where the annihilation proceeds dominantly into gauge

boson pairs at the one-loop level, c.f. Sec. and in particular Eq. (6.8).
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_moui[GeV] || ogp™*fem?] | o™ em?] [| ofplem’] | og™ e |

100 3.51-107% | 7.88-107% | 9.77-10737 | 2.19.1073
120 2.87-107%0 | 5.65-107* || 6.07-107%7 | 1.19-1073
150 3.01-107%° | 5.10-107* | 3.93-10737 | 6.65-10"%0
200 1.50-10740 | 2.12.107% || 2.72-10737 | 3.85-10~%0
300 2.36-107%0 | 2.69-107% || 2.10-107%7 | 2.39.10"40
500 2.96-107%0 | 2.73.-107% || 2.20-10737 | 2.03-10~40
700 42810740 | 3.57-107* || 2.08-10737 | 1.73-107%0
1000 7.10-107%0 | 5.49-107* || 3.56-107%7 | 2.75.10"40
2000 2.57-107%° | 1.81-107*2 || 5.06-10737 | 3.57-10"40
3000 6.17-10739 | 4.22.107%2 6.84-10737 | 4.68-10"40
5000 1.85-1073% | 1.24-107% 1.16-10736 | 7.76-10~%0
7000 3.80-10738 | 2.52.10%! 1.65-10736 | 1.09-10~%°
10000 7.92-107%% | 5.21-10"% 2.56-10736 | 1.68-1073

Table C.1.: 90% C.L. upper limits on the spin-dependent and spin-independent scattering cross

section of dark matter with protons, for annihilations with 100% branching ratio into
ZZ or into gg, and for various values of the dark matter mass mpy.

Annihilation into gauge bosons: limits on osp Annihilation into gauge bosons: limits on ogy

1()*35E T . —————3 1()*38§ . —— T
g 10-36 & g 10-% L
g N
g 10737 5 10710¢
= 3 = £
= jgml = ot
=) E o E
@) [ O [
X 10799 & X 1042k
2 b ES 3
10-10 ! L L L L Loy 10-43 L L I L L L
102 10° 10 10? 10% 10t
mpu [GeV] mpwu [GeV]

Figure

C.2.: 90% C.L. upper limits on the spin-dependent (left plot) and spin-independent scatter-
ing cross section (right plot) of dark matter with protons, for annihilations with 100%
branching ratio into ZZ (red curves) or into gg (black curves).
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D. Non-relativistic dark matter response
functions

In the following, we list the dark matter response functions RET/ entering Eq. {} which
is the basis for the computation of the scattering cross section in the framework of the non-
relativistic effective theory of dark matter-nucleon interactions. Here, v#? = v? — ¢2/(4u%),
with pr being the dark matter-nucleus reduced mass, while j, denotes the dark matter spin.

2 o 2 2
’ ’ + 1 ’
w (ot L) = qer 4 DD g o+ e
My my N
2 2 2
T/ 12 49 ) q T 7 (]X+1) ( q > < 7/ q 7—’>
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( " m3, 4m3, 12 ?V m?%
2 7
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2 .y e
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2 2
12 _q JxUx+1) [
s (UT ’m%,) T 2 cioC 10 ‘|‘ 19 +
q2 q* ¢ 1o
— (0406 + ey ) + CGC6 +vF 012012+ 2 T 013013
N mN My
2
/ 1 +1
o (U%27(12> I [ U%chcg + o 0707] + J(]icz) [CZCZ +
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