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Abstract

In this thesis, we study the gamma-ray output of 1-step dark matter cascade processes. The
emitted spectrum can present distinctive features which are given by the details of the specific
dark matter model. These spectral features are confined to an energy regime dictated by the
kinematics of the process, yielding different kinds of spectra from narrow, line-like features to
wide signals, providing always a sharp cut-off at the maximal photon energy. The shape of
the signal can vary depending on the particle type involved in the intermediate state of the
cascade. We classify these features as gamma-ray boxes and triangles. Then, we investigate
the power of dark matter indirect searches for these features. We find that gamma-ray boxes
and triangles are useful tools, setting upper limits on the dark matter annihilation cross section
down to (ov) ~ 1072? cm®s~! and cover over four orders of magnitude in the dark matter mass
using current and future experiments. Furthermore, gamma-ray triangles open the possibility
of probing asymmetric dark matter with indirect detection.

Zusammenfassung

In dieser Arbeit untersuchen wir die in kaskadenférmigen Annihilationen von Dunkler Materie
entstehende Gammastrahlung, welche entsprechend der spezifischen Details des Modells ver-
schiedene markante Merkmale aufweisen kann. Diese spektralen Merkmale sind auf ein von der
Kinematik bestimmendes Energieintervall begrenzt, mit einer Form von engen Linien-dhnlichen
Spektren bis hin zu weiter ausgedehnten Signaltypen, aber in jedem Fall mit einem scharfen
Abfall bei der maximalen Photonenergie. Der genaue Typ des Signals hagt dabei von den Art
des Teilchens ab welches im Zwischenschritt des Kaskadenprozesses auftritt. Wir klassifizieren
diese spektralen Merkmale der Gammastrahlung als box- und dreiecksférmig. Anschliefend
untersuchen wir die Relevanz der indirekten Suche nach diesen Merkmalen. Unsere Ergebnisse
zeigen, dass die box- und dreiecksféormigen Spektren verwendet werden konnen um im Bere-
ich von vier GroBlenordnungen in der Masse der Dunklen Materie starke obere Schranken an
den Annihilationswirkungsquerschnitt zu setzen, bis hin zu (ov) ~ 1072 cm®s~!. Des Weit-
eren zeigen wir, dass dreiecksformige Spektren die Moglichkeit eréffnen asymmetrische Dunkle
Materie mit Hilfe von indirekter Detektion zu untersuchen.
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1. Introduction

The standard models of cosmology and particle physics are currently the most fundamental
theories in physics. The first succeeds in explaining the evolution of the Universe from the
early stages after the Big Bang until today. The second is an elegant description of the particle
content of the Universe and the governing interactions. Three of the four known interactions
can be explained as gauge theories, whereas the remaining interaction—that being gravity—is
described using the over one hundred years old field equations by Finstein. Nevertheless, there
are still several open issues which still lack a satisfying theory behind them.

One of the unresolved issues is connected to the concept called dark matter. Several ob-
servations have shown that the behaviour of structures at different scales, ranging from tens
of kpc up to several tens of Mpc, differs from the one predicted by otherwise the widely ac-
cepted theory of gravity. These phenomena can be addressed by the consideration of the dark
matter paradigm: the existence of some kind of non-luminous, non-baryonic, and gravitation-
ally interacting substance. First indications of such observations can be tracked down back to
the decade of 1920, when the astronomers Jacobus Kapteyn [1] and James Jeans [2] studied
the vertical motion of stars near the Galactic plane. They predicted the presence of what
they called dark stars in order to explain their findings. In the following years, Oort [3] and
Zwicky [4] also observed unexpected movement of celestial bodies which could be explained by
the gravitational potential induced by what Zwicky called “dunkle Materie”, German for dark
matter. After ground breaking discoveries from observations of the rotation curves of galaxies
in 1970 [5] and of colliding galaxy clusters in 2006 [6], among others, the hypothesis of dark
matter became a leading field of research. A very appealing class of dark matter candidates
is given by weakly interacting massive particles, a scenario where dark matter is described
as remnants from early stages of the universe which decoupled from the thermal bath early
enough to allow for structure formation. However, other attractive scenarios are also possible
e.g., asymmetric dark matter, a model where baryogenesis and dark matter share a common
production mechanism. In light of the attention this area has drawn, a myriad of experiments
was built hoping to observe non-gravitational signals induced by dark matter. A subset of
these experiments relies on indirect search strategies—a strategy which hopes to discover dark
matter through the observation of cosmic rays.

This work investigates dark matter using gamma-rays as carriers. Depending on the specific
details of dark matter, the photon output of dark matter annihilation or decay may be produced
with distinctive energy spectra. Such is the case of cascade processes, where dark matter
interactions produce an intermediate state which in turn decays into at least one photon. These
features can be categorised as gamma-ray boxes or gamma-ray triangles. We devote this thesis
to the study of these signals, their phenomenology, the dark matter models able to produce
them, and the sensitivity of experiments towards them. This work is structured in the following
way: In chapter 2 we summarise briefly the standard models of particle physics and cosmology.
In chapter 3 we explain in detail the concept of dark matter, its history and the current state of
research. Chapter 4 discusses exclusively gamma-rays in the contexts of astroparticle physics
and dark matter indirect detection. We start the second part with chapter 5, where we explain
the phenomenology of gamma-ray boxes and triangles. Then, in chapter 6, we explain in detail
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three different particle physics models which give rise to these signals. Finally, in chapter 7
we compare quantitatively the gamma-ray fluxes expected from these signatures to the data
measured by different telescopes and the expected performance of future experiments. We end
this work with a summary of the conclusions in chapter 8.

This thesis is largely based in the following works:

[7] Gamma-ray boxes from axion-mediated dark matter,
A. Ibarra, H. M. Lee, S. L épez Gehler, W.-1. Park, and M. Pato, JCAP 1305 (2013) 016,
[Erratum: JCAP1603,n0.03,E01(2016)].

[8] On the sensitivity of CTA to gamma-ray boxes from multi-TeV dark matter,
A. Ibarra, A. S. Lamperstorfer, S. Lopez-Gehler, M. Pato, and G. Bertone, JCAP 1509
(2015), no. 09 048.

[9] Gamma-ray triangles: a possible signature of asymmetric dark matter in
indirect searches,

A. Ibarra, S. Lopez-Gehler, E. Molinaro, and M. Pato, arXiv:1604.01899.

We remark that some figures and parts of the discussion is also presented in these publications.
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2. Standard models of particle physics and
cosmology

The reach of this work lies within the branch of physics called astroparticle physics, a cross
disciplinary field of research requiring the input of particle physics, astrophysics, and cosmology.
On the one hand, the Standard Model of particle physics (SM) describes the fundamental
building blocks of matter and the mechanics of their interactions as a gauge theory under the
group Ggn, described in the first section. On the other hand, the A-CDM Model explains
modern cosmology, which we address in the second section of this chapter. Together these
two theories describe nature at its most fundamental level. In this chapter, we discuss the SM
and A-CDM Model in a concise manner. Throughout this work we assume A = ¢ = 1 unless
explicitly stated otherwise.

2.1. Standard model of particle physics

This is the most fundamental theory in physics up to date. It describes the particle content of
the universe and their interactions using Quantum Field Theory (QFT) as a gauge theory under
the group Gsm = SU(3)c xSU(2)1, x U(1)y, where the electroweak symmetry SU(2)1, x U(1)y is
spontaneously broken at lower temperatures leaving a remaining U(1)en,. A thorough overview
of the SM lies outside the scope of this work; we refer to [10,11] for a more extensive review.
Instead, we present it in a superficial fashion, summarising the content, mechanisms, and
unresolved issues.

2.1.1. The model

The SM includes several fields that constitute the fundamental particle content of the universe.
Twelve of the thirteen elementary particles known to date are described by fermion fields,
whereas the thirteenth is a scalar field linked to the Higgs mechanism. The interaction between
these states is dictated by their transformation behaviour under the group Ggu, as gauge fields
are introduced to ensure gauge symmetry. We summarise the particle content of the SM and
their respective representations in the upper panel of table 2.1 with the notation (c,1),, where
c and 1 are the numeric labels of the corresponding representation under the groups SU(3)c
and SU(2)r,, respectively, and y is the hypercharge of the one dimensional representation of
U(1)y. We align them according to their families and generations, and distinguish between
quarks—non-trivial transformation under SU(3)c—and leptons.

In this phase, the fermion fields are massless, since the mass terms are not allowed due to
gauge symmetry. However, these terms can be generated via the Higgs mechanism through
the spontaneous symmetry breaking (SSB) of the electroweak symmetries. At lower energy
scales, the Higgs field acquires a non-vanishing vacuum expectation value (vev) (h°) — v # 0,
which breaks the electroweak symmetry to a remaining U(1)ep,. Three main consequences can
be listed from this transition: First, the Yukawa couplings between the fermions and the scalar
induce mass terms for the fermions, with exception of the neutrino fields v,. Second, the

13
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Generation Repr. U(1)em charge
Ist 2nd 3rd (c,1)y Q
Ve Vy Ur 1.2 0
Leptons <6>L <“)L (7->L (1,2)_1) -1
eR [R R (1,1) 4 —1
u c t 2/3
(3,2)
Quarks <d> L <5> L <b> L 1/6 —-1/3
UR CR tR (3, 1)2 3 2/3
dR SR bR (3, 1)71 3 —1/3
ht _
Scalar field <h0) (1, 2)1/2 0

before SSB SU@B)c | SU@2)L | U(l)y
erore G?:l..s W?:l..?; B*
SU(3)C U(l)em massive
after SSB G?—l o AH Wi? 7h

Table 2.1.: Top: Summary of the transformation behaviour of the fermion and scalar fields in the SM
before the electroweak symmetry breaking and the charge for the residual U(1)ey symme-
try after the transition. Bottom: Gauge fields of the group Ggn before the electroweak
symmetry breaking, and the remnants afterwards.

four gauge fields of the electroweak symmetry group are reformulated as one remaining gauge
field, the photon, and three massive vector fields the W* and Z bosons. And third, a massive
uncharged scalar particle remains from the scalar field, namely the Higgs boson. The SU(3)¢
gauge bosons are unaffected by this mechanism. We summarise this transition of the gauge
fields in the lower panel of table 2.1. This theory succeeds brilliantly at describing almost all
phenomena at high energies, and is in agreement with other low-energy theories.

2.1.2. Unresolved issues

Although the SM provides an accurate description of elementary particles and their interactions,
there are still some open questions, one of which is closely linked to the topic of this thesis: The
origin and nature of dark matter. This subject will be investigated in detail in later chapters;
instead here we address briefly two other unsettled issues.

Hierarchy Problem

The Higgs sector, as introduced previously, has a conceptual problem. The Higgs mass receives
additive renormalisation corrections of the order of the cut-off scale A. Currently, there are no
strong hints for the magnitude of this scale, however it is expected to lay at Grand Unification
Theories (GUTs) scales or even Planck scales, which usually lie above 106 GeV. If this is
the case, the bare mass of the Higgs particle lies in a similar energy scale, implying that the
radiatively corrected mass term is tuned down fourteen orders of magnitude to the observed
mass mp ~ 125GeV. This dramatic cancellation and fine tuning is widely considered to be
unnatural, and has led to several efforts to address this concern. One of the most studied pro-
posals is called supersymmetry [12], which postulates a relation between bosons and fermions,
and as a result a large number of new elementary particles is introduced.
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Neutrino masses

A strong argument against the SM being a complete description of nature is the fact that
neutrinos are massive. The discovery of neutrino oscillations [13-15] point to non-zero mass
terms for the neutral leptons. Up to date, there is no clear method of generating such terms
with strong empirical support; however a large set of possible mechanisms have been studied.
The most intuitive strategy is to generate neutrino mass terms in the same way as in the quark
sector. This is achieved by introducing a new leptonic degree of freedom to the Lagrangian:
right-handed neutrinos. In order not to violate any symmetry of the Lagrangian, these new
states are required to be completely sterile under Ggp, i.e. (1,1),. Other possibilities include
different types of see-saw mechanisms or the introduction of new heavy degrees of freedom.

2.2. Standard model of cosmology

As the SM describes the constituents of matter and their interactions, the Big Bang cosmolog-
ical framework is explained by the A-CDM model. It accounts a large set of empirical evidence
on an immense span of scales and includes naturally the concepts of dark matter and dark en-
ergy. General Relativity (GR) is assumed and used for the description of gravity at all scales,
and the SM for the other three fundamental forces. In the remainder of this chapter we explain
briefly the main aspects of this model. For a more thorugh exposition of the cosmological
model we refer to e.g. [16]. Since this work is focused on dark matter, we leave a more in-depth
discussion of this topic for chapter 3.

The description of gravity according to GR states that the matter-energy content curves
space-time in such a way to induce gravitational interactions. This is summed up in the
equations of the gravitational field of Einstein

1 8t G
R,uz/ - §Rg;w = _CTT;,LV + Agul/ ) (2'1)

where c is the speed of light, R, and R are the Ricci tensor and scalar, respectively, g, is
the metric tensor, G is Newton’s constant, T),, is the energy-momentum tensor, and A is the
cosmological constant. These equations describe the relation between geometry of space-time,
on the left-hand side, and the mass-energy content of the universe on the right-hand side.
We note that the second term on the right-hand side is not explicitly related to the mass-
energy content, but is rather an inherent property of space-time itself, dictated by empirical
evidence on the geometry and energy content of the universe. Furthermore, we accept the
cosmological principle which implies homogeneity and isotropy of the universe, two properties
strongly supported by experimental evidence—particularly the Cosmic Microwave Background
(CMB). With these two symmetries we can simplify the metric to

2

ds = —c*dt* 4 a(t) (1 frkﬂ - r2d92> : (2.2)

known as the Friedmann-Lemaitre-Robertson-Walker metric. Here, a(t) is the scale factor and
k € {—1,0,1} is the curvature parameter. Using this metric, one of the components of the
Einstein equations (2.1) leads to the Friedmann equation

k. 8rd a(t)

H? + 2= g P with H(l)= alt)’ (2.3)

S
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and pyot being the total average energy density of the universe. This equation governs the
expansion of the universe in terms of the Hubble parameter H(¢). Current estimations for the
present-day value of H using measurements of the CMB yield Hy = 67.2740.66 kms~! Mpc~! =
h 100 kms~! Mpc~! [17], with & being the reduced Hubble constant. We separate three possible
geometries of the universe, depending on the value of the curvature parameter k. From equation
(2.3), we read that for a total energy density equal to a critical density piot = pc, the universe
is flat, i.e. £k = 0. If the total energy density is larger or smaller than this critical value, the
universe is said to be open (k = 1) or closed (k = —1). It is customary to express the energy
density of a particular species 7 in terms of the critical density as

pi . 3H?
Q== th p.=——. 24
o Mith pe= o (2.4)
We also introduce the parameter
Qg = Qot — 1 = g Q-1 (2.5)

)

as a measurement of the flatness of the universe. We say the universe is flat when Qg = 0.

Empirical evidence points towards a flat universe made up of a small amount of baryonic
matter, a larger amount of cold dark matter (CDM). However, this matter content is relatively
small and cannot account for the observed flatness. The remaining energy density is called
Dark Energy and is attributed to the cosmological constant A, hence the name A-CDM model.
We expand on this discussion in chapter 3.



3. Dark matter

This work is concerned with dark matter. Therefore, we devote a complete chapter to the
description of the concept, its properties, and the experimental efforts pursuing its observation.
First, we summarise the evolution of the concept of dark matter and the ground breaking works
and discoveries related to it. Second, we discuss some possible candidates. Lastly, we address
the current state of experimental search strategies and efforts. For the rest of this work we
reserve the Greek letter y exclusively for dark matter related entities—such as fields, particles,
and masses—or as a name tag referring to dark matter.

3.1. Experimental evidence

Several studies in the last century point to deeper gravitational potentials than the ones ex-
pected from observed luminous and baryonic matter [18]. All of these so-called missing-mass
problems can elegantly and consistently be explained by the presence of a non-luminous kind
of matter on all cosmological scales. Furthermore, other studies e.g., on the CMB or on Big
Bang Nucleosynthesis (BBN), require this additional kind of matter to be non-baryonic. We
call this new kind of matter dark matter. Below we discuss compelling evidence towards the
existence of dark matter. Therefore, assuring that dark matter has been discovered is not a
bold statement, although its specific (particle) nature is left undetermined. We briefly review
the most relevant experimental evidences in support of the conjecture of dark matter, from
which we also derive important properties.

First missing-mass observations

In the year 1922, the astronomers Jacobus Kapteyn [1] and James Jeans [2] studied the vertical
motion of stars near the Galactic plane. This led to an estimation of the density of the Galaxy,
for which the results by Jeans required the presence of two dark stars to every bright star.
Almost ten years later, the Dutch astronomer Jan Oort and the Swiss astronomer Fritz Zwicky
found a similar discrepancy between the gravitational and luminous matter contents. On a
galactic scale, Oort found that the stars in the Milky Way moved more rapidly than expected
from the gravity exerted by luminous matter [3]. The study carried out by Zwicky one year
later arrived at a similar conclusion at the scale of galaxy clusters [4]. Relying on measurements
of the velocities of galaxies from the Coma Cluster and the virial theorem he realised that ~ 400
solar masses per solar luminosity were required.

Probably, the most famous hint for the existence of non-luminous matter is the discrepancy
between the measured and expected rotation curves: The rotational velocity of stars v.o as a
function of the distance to the respective galactic centre. Observed and investigated by Vera
Rubin and Kent Ford in 1970 [5], this ground-breaking discovery clearly stated the necessity
of stronger gravitational potentials than the one expected from luminous matter. Figure 3.1
illustrates the results of similar measurements of the NGC 3195 galaxy adapted from [19].
Newtonian dynamics predicts vy o< 1/4/7 outside the visible disk, since the amount of enclosed

17
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Figure 3.1.: Rotation curve of the galaxy NGC 3198 adapted from [19]. For small radii, r <
4kpc, the circular velocity expected from the gravitational potential exerted by
the luminous disk (dotted line) is in agreement with the data. For larger radii,
r 2 10kpc, the need for a stronger gravitational potential becomes apparent.
With the insertion of a non-luminous massive halo (dashed line) this discrepancy
is lifted. The predicted circular velocity by the total mass of disk and halo (solid
line) provides a good fit to the data.

matter is not expected to vary for larger radii. The flatness of the curves clearly hints for non-
luminous matter extending onto larger regions than luminous matter, otherwise stars would
scatter away from the galactic centre. Recent works were able to demonstrate the necessity of
dark matter even inside the solar circle using the rotation curve of the Milky Way [20].

Although these missing-mass problems can be elegantly explained with the inclusion of dark
matter, alternative theories exist. The possibility of this dark component being baryonic e.g.,
in form of Massive Compact Halo Objects (MACHOSs) is, at this stage of the discussion, still
open. After all, baryonic matter is not required to have a light emitting component. This
interpretation loses its validity in light of further experimental analyses as we explained below.
Furthermore, alternatives to Newtonian gravity are also a viable explanation [21]. However,
studies on strong and weak lensing (see below) disfavour the idea of Modified Newtonian Dy-
namics (MOND).

The Bullet Cluster and lensing

Gravitational lensing is a phenomenon predicted by GR and has proven to be a powerful tool
in the search for dark matter. The matter distribution of the Bullet Cluster—a system of
two colliding clusters of galaxies—was determined using weak lensing and then compared to
X-ray images of the interstellar gas of the same region [6]. Figure 3.2 displays both results
simultaneously. A clear offset of the centre of the mass from the centre of luminous mass peaks
can be seen. This distinguishes a baryonic, interacting, and light-emitting kind of matter
from an opposite dark component that lacks all three properties just mentioned, disfavouring
both MOND and MACHOs. Furthermore, an active search for MACHOs using microlensing
towards the Large Magellanic Cloud found that these objects are too scarce to account for the
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Figure 3.2.: X-ray image of the colliding Bullet Cluster (1E 0657-558) as observed by the Chan-
dra telescope, together with the distribution of mass obtained by weak lensing
(green contours). Figure taken from [6].

observations [22].

Strong lensing is also able to deliver similar statements. The total mass of an object can
be inferred by the distortion of light due to massive objects leading to formations of Einstein
rings and arcs. The presence of dark matter predicts a larger mass concentration as the one
calculated from the luminous matter. This is observed, for instance, in the study performed in
reference [23] where the absolute mass of the galaxy cluster Abell 1689 was measured by the
gravitational lens magnification of a background galaxy population induced by the gravitational
potential of the cluster.

Cosmology

In section 2.2, we introduced the CMB, which is similar to a fingerprint left from the moment
of recombination. This radiation is remarkably isotropic and follows almost exactly a Planck
distribution of temperature T' = 2.7255 K [17]. However, tiny fluctuations of the order of 1075,
as seen most recently by the Planck space telescope [24], encode important information about
the energy content of the universe. These fluctuations are partially rooted in the gravitational
wells responsible for redshifting photons at early stages of the universe, a phenomenon known
as the Sachs-Wolf effect. Before recombination, no stable atoms or any larger matter clumps
could form due to the photon pressure in the plasma. However, for the formation of structures
as observed today, gravitational inhomogeneities at early stages of the universe are required.
Therefore, some non-baryonic and non-luminous kind of matter is needed for the development
of these gravitational inhomogeneities. Analysing the temperature field as a decomposition in
spherical harmonics allows us to determine the baryonic and dark (non-baryonic) contributions
to the matter budget. The CMB power spectrum measured by Planck [17] is depicted in
figure 3.3 where the solid line corresponds to the best-fit for the cosmoligcal parameters. In
terms of density fractions §2;, as introduced in section 2.2, and the reduced Hubble constant h,
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Figure 3.3.: The temperature power spectrum of the CMB as measured by Planck, and the
best-fit base ACDM spectrum (solid red line) are shown in the upper panel. The
residuals between model and data are shown in the lower panel. Figure taken
from [17].

we have [17]
Oph? = 0.02225 4 0.00016 and  Q,h% = 0.1198 + 0.0015. (3.1)

Clearly, there is a non-baryonic component making ~ 80% of the total matter budget. These
results are in concordance with those from BBN, which was the only probe capable of measuring
the baryon density before the precision measurements of the CMB were carried out; predicting
the abundances of light nuclei and restricting the amount of baryonic matter to [25]

0.021 < Qph% < 0.024. (3.2)

Higher baryonic densities would have had an impact on BBN and raised tensions with the
observed amount of primordial deuterium. From the CMB it is also possible to determine the
total energy content of the universe and therefore its geometry (c.f. section 2.2). These results
are strongly supported by studies on the redshift of supernovae [26-28] and on the correlation
of baryonic acoustic oscillations with luminous red galaxies [29]:

Oy = 0.3156 £0.0091 and Q24 = 0.6844 £ 0.0091 ; (3.3)

Ok = 0.0401553% . (3.4)

These calculations show that the geometry of the universe is (close to) flat and therefore a
large amount of dark energy besides the total matter content is present. We call dark matter
to the non-baryonic and non-luminous matter required by all of the observations above.

An intuitive candidate for these empirical evidences are neutrinos. Carrying no electric
charge and being massive, these leptons seem well suited in order to account for the early
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gravitational wells and the non-baryonic content of the universe. However, measurements from
the CMB are able to constrain the abundance of relic neutrinos to [17,25]

O, h2 = Z 9;”;/ < 0.0052, (3.5)
which is less than 5% of the amount of dark matter required. The existence of other neutrino
like particles has also been discredited by these data. Furthermore, the growth of structures
is inconsistent with dark matter being constituted solely by neutrinos, as we explain in the
following.

We can label dark matter as cold (CDM) or hot (HDM) depending on its velocity at the time
of structure formation. If particles moved at non-relativistic velocities we have CDM, otherwise
we have HDM for which the neutrino is a standard example!. After recombination, baryons
fell into the existing gravitational wells—also required by the CMB measurements discussed
above—formed by dark matter, otherwise matter would be homogeneously distributed and
no structures would have formed. Thus, these two scenarios differ in their description of the
evolution of large-scale structures. In an HDM scenario, superclusters would form first and later
smaller objects such as galaxies through fragmentation. This scenario is known as top-down
large-scale structure evolution. On the contrary, a CDM scenario describes it as a bottom-up
process, where smaller inhomogeneities survive which in turn cluster into larger objects. The
observed universe strongly favours CDM [16,30,31]. Furthermore, a no-dark matter paradigm
as proposed by MOND disagrees strongly with these observations [32].

In conclusion to these discussions a large set of properties can be assigned to dark matter:
It is a non-baryonic kind of matter carrying no electric charge, which is significantly more
abundant than ordinary matter. At the moment of structure formation it is required for it to
have non-relativistic velocities and to be stable or at least long lived. Provided these properties,
dark matter is able to explain a large amount of otherwise unexpected observations.

3.2. Candidates

To date, there are no evident experimental results narrowing down the possible particle prop-
erties that dark matter may have. This is then reflected into a large set of possible realisations,
differing on several characteristics each model could have, such as dark matter mass, interac-
tion with other particles, or production mechanism. In the following paragraphs we outline
the concepts of Weakly Interacting Massive Particles (WIMPSs) and Asymmetric Dark Matter
(ADM) with considerable depth, as they are of special interest for this work.

3.2.1. WIMPs

Although the SM predicts a large amount of elementary and bound states, only five particles
contribute actively to the energy budget of the universe: electrons, protons, neutrons, neutrinos,
and photons. These remaining particles do not annihilate or decay into lighter states, due to
symmetries or absence of annihilation partners, as do the rest of the particles present in the
primordial thermal bath. A quite natural assumption is for dark matter to be a remnant from
the past as well, with the corresponding properties necessary for any dark matter candidate,

"Warm dark matter (WDM) is also a possibility, if dark matter became non-relativistic at the time of structure
formation. We address this scenario as equivalent to CDM.
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c.f. section 3.1. We review briefly the WIMP framework, where dark matter is interpreted as
a relic with weak interactions.

Motivation

By definition a WIMP is any massive particle which interacts through some portal with or-
dinary matter with a cross section of the order of weak interactions. Historically, a large set
of candidates were being considered separately, all of them falling within the definition of a
WIMP. Standard examples are massive neutrinos, supersymmetric particles such as neutrali-
nos, gravitinos, or sneutrinos [18]. Besides fulfilling all required conditions of a dark matter
candidate, the most compelling property is the production of the right relic density (see below).
A relic with a mass in the order of GeV to TeV subject to weak interactions decouples from
the thermal bath with the correct density to account for the observed dark contribution to the
total mass density of the universe. This paradigm opens the possibility to detection prospects,
since an interaction akin to

xx ¢ XX, (3.6)

with X any SM particle is guaranteed to exist. To date, WIMPs are the most popular can-
didates due to their simplicity and detectability. Furthermore, several models predict such
particles as a by-product. As we study later on, dark matter could have a certain dark particle-
antiparticle asymmetry. We study this case separately, therefore we assume a fully symmetrical
WIMP density, as several models do.

Freeze-out

According to the current cosmological paradigm, the universe has gone through several tran-
sitions as it expands and cools down. The CMB is the print left from the recombination
epoch, when photons decoupled from the rest of matter. Similarly, neutrinos detached from a
weak-interacting thermal equilibrium with protons, neutrons, and electrons when the rate of
expansion of the universe overcame that of the interaction. These resulting ubiquitous rem-
nants are commonly referred to as relics and it is not unreasonable for dark matter to be such
a particle. We call this process thermal freeze-out, the properties of which we now summarise.
Here, we focus exclusively on freeze-out as a production mechanism for WIMPs, and refer to
e.g. [16] for a more broad description. This framework relies on the interplay between the
expansion of the universe and the balance of a dark matter annihilation-production process
into SM particles, xx <> X X. This process is initially at equilibrium and, as the universe cools
down, the number density per comoving volume n, drops as e™x/T n a stationary universe,
this would continue until the dark matter budget depletes. However, the expansion rate of the
universe H counters the annihilation rate I' eventually overcoming it. Henceforth, dark matter
is completely detached from thermal equilibrium with the number density per comoving volume
being conserved. A detailed description of this mechanism is done using a special case of the
Boltzmann equation and the law of entropy conservation. Introducing the fiducial quantities
Yy = ny/s, with s the entropy density, and = m, /T, T being the temperature of the thermal
bath, we write [33]

ay, 1 ds 2 e

where Yy? = n{!/s, with the equilibrium number density ny!, and the Hubble parameter H.
We use the expression for H derived from the Friedmann equation (2.3) and introduce the
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Figure 3.4.: Evolution of the WIMP comoving abundance Y = n, /s as a function of x = m, /T for an
expanding universe as described by equation (3.9). The equilibrium abundance Yed (solid
black) drops, however at freeze out, the expansion rate overcomes the annihilation rate
and the number density freezes out (dashed). Several choices for (ov)io are depicted in
different colours.
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where gog and heg are the effective degrees of freedom for the energy and entropy density,
respectively, and Mp = 1.22 x 10" GeV is the Planck mass. With these two expressions,
equation (3.7) can be rewritten as

dY, mXMpgi/2 T

= gl - 05 (3.9

The boundary condition for this first order differential equation stems from the assumption
that for higher temperatures dark matter was in equilibrium with the thermal bath, hence
Y, = Y;’q for x ~ 1. From the solution, we extract the freeze-out temperature z¢, and the
relic abundance Y;, =Y, (x — 00). As discussed in section 3.1, we argued in favour of CDM
against HDM, this implies that the freeze-out temperature is ought to be x¢, > 3. We show
in figure 3.4 the numerical solution of equation (3.9) for different annihilation cross sections.
At early stages, WIMPs remain in chemical and thermal equilibrium suffering a suppression as
the temperature drops. However, at x = ¢, when the Hubble expansion rate becomes of the
order of the annihilation rate—i.e. the mean free path for dark matter annihilations becomes
larger than the Hubble radius—dark matter decouples and its number density converges to
Y, — Yg‘o‘. In standard cosmology, the freeze-out temperature is approximately x¢, ~ 20 and
therefore the approximate average velocity of dark matter at freeze-out is vZ, = 0.3 [33]. As
a result of this analysis, we find that the relic density Q,h* (and the freeze-out temperature
Zfo.) of a WIMP scenario is dictated by the value of the thermally averaged cross section times
velocity as

9 h? My S0 Yo N 2.2x 1072 cm3s!

Q. h )
X Po (ov)

(3.10)



24 3. DARK MATTER

where sy denotes the entropy density today, and py denotes the present critical density. From
this equation and as illustrated in figure 3.4 we see that for increasing cross sections the
asymptotic number density drops. From the estimates outlined in the previous section, we
expect for dark matter to account for a specific amount of energy density Qxh2 ~ 0.12. Implying
for the sum of the cross sections over all the possible annihilation channels

(oV)ot = > (o0)xx ~22x 10 0 em®s ™. (3.11)
X

A remarkable coincidence is the similarity of this scale with that of the weak nuclear force,
which is often label WIMP miracle. For instance, the annihilation cross section of a stable
neutrino with mass of some GeV occurring through the exchange of a Z boson would lie in the
order of {(ov) ~ 10727 cm3 s,

3.2.2. Asymmetric Dark Matter

Within the scope of this work we partially address the concept of ADM: when dark matter
presents a particle-antiparticle asymmetry similarly to visible matter. This assumption is not
unnatural, since the abundances of visible and dark matter are fairly similar today. Further-
more, the density of baryonic matter is established by an asymmetry and it stands to reason
for dark matter to share this origin: this is the ADM hypothesis. It is possible to attribute
this asymmetry to certain processes that transpired at early stages of the universe. We make
a concise overview of the concept of ADM and refer to [34,35] for more comprehensive analyses.

Motivation

In section 3.1 we saw that the present-day mass density of dark matter is larger than the
baryonic one approximately by a factor of six

0, ~ 6, (3.12)

that is, both densities lie in the same order of magnitude. It is possible to treat this coincidence
as chance. However, the ADM paradigm suggests a rather more sensible hypothesis: attribute
said coincidence to a connection between the origins of both sectors. Simple reasoning and
observation shows an excess of baryons B over antibaryons B. Indeed this asymmetry has
been observed even at cosmological scales and parametrised by [17]

np =2 5 "L 10710, (3.13)
where the number densities of baryons and antibaryons are denoted by np and ng, respectively,
and s is the entropy density. This asymmetry is responsible for the density of baryons, since
protons and neutrons—as long as bounded in nuclei— are stable. A common origin of visible
and dark matter implies an active asymmetry in the dark sector as well, which dictates the
dark matter number density Y. Assuming both species have similar energy densities and using

equation (3.12), we have
Q Y,
e QL S Y (3.14)
Qb mp Y
This suggests a fiducial dark matter mass of m, ~ 6 GeV, with m}, ~ 1GeV being the mass
of the proton. However, different factors such as a Boltzmann suppression, non-trivial dark
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quantum numbers, or differing densities allow other mass scales. Usually ADM models are
described by a gauge structure
Gsm X Gxu (315)

connecting each factor to the visible and dark sectors, respectively. The dark gauge structure
G, and its particle content accounts for dark matter and any other interactions and mechanisms
related to it (e.g., dark radiation or the generation of the asymmetry). A complex dark sector
is not necessary, however the model is required to include two key properties in order to qualify
as a plausible ADM scenario: First, an (approximately) conserved quantum number—such as
baryon number or electric charge in the visible sector—is needed, such that an asymmetry can
be initially defined, we call this a dark baryon number and label it as B,. And second, an
annihilation channel for disposing the remaining symmetric component of the dark sector must
be ensured, similar to electroweak interactions in the SM. Any higher degree of complexity
is arbitrary and limited only by the imagination of the model builder, therefore we do not
investigate this in depth, instead we analyse possible frameworks for ADM scenarios.

Generating an asymmetry

For the generation of an asymmetry of a certain species with charge X the well-known Sakharov
conditions need to be fulfilled [36]: out-of-equilibrium processes violating X, and also violation
of C' and C'P symmetry. The mechanism of any ADM scenario follows usually these steps:

1. An asymmetry is generated in either the visible or the dark sector, which is then com-
municated through some portal to the corresponding non-asymmetric sector. It is also
possible to generate separate asymmetries in each sector which are then balanced through
a similar portal.

2. The process connecting the two sectors decouples, freezing in the asymmetries separately
at that instant.

3. Any remaining symmetric fractions annihilate. In the case of baryons this occurs via
electroweak interactions, and in the case of dark matter through the ad hoc annihilation
channel.

We distinguish two cases for the first step: When an already existing asymmetry from the visi-
ble matter is transferred to the dark sector, and when the dark sector plays an active role in the
generation of the asymmetry. In the case of transfer, an existing baryogenesis model is assumed
to have generated an asymmetry, which is passed on to dark matter. This can occur through
electroweak non-perturbative field configurations or sphalerons, assuming some connection of
dark matter to the SU(2), group (e.g. [37]), or high dimension operators enabling the commu-
nication between both sectors (for instance [38,39]), among others. We split the second case
into two subcategories: Cogenesis, when the generation of the asymmetry is shared between the
sectors, and darkogenesis?, when that task is left exclusively to the dark sector and transferred
via sphalerons or high dimension operators, analogously to the first case. Common cogen-
esis scenarios are: out-of-equilibrium decays e.g. [40-43] (adapted from Fukugita-Yanagida
leptogenesis [44]), models based on the Affleck-Dine (AD) mechanism [45-47], electoweak coge-
nesis [48], and asymmetric freeze-out [49]. The last framework is of particular interest, since it
marries the ideas of ADM and WIMPs with all the corresponding perks. Dark baryogenesis or

2Some literature use the term darkgenesis.
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Figure 3.5.: Hllustration of the three different search strategies based on different kinds of interactions
between dark matter and SM particles: Dark matter indirect detection (ID), dark matter
direct detection (DD), and collider searches.

darkogenesis can occur in different ways: The cogenesis methods of out-of-equilibrium decays
and AD mechanism can be made exclusive to the dark sector becoming darkogenesis scenarios.
Electoweak baryogenesis mechanisms (through phase transitions) can be realised in a suited
dark sector instead, such as in [50,51]. In similar fashion, spontaneous baryogenesis [52-54] can
be employed to generate a spontaneous dark baryogenesis [55-57]. The summary of scenarios
presented in the previous lines is not considered as a complete catalogue of all the existing
ADM models; for a fully comprehensive listing we refer to [34,35].

Other frameworks

The two recently discussed frameworks are part of a far larger set. To date, there are several
dark matter candidates each with their own compelling features. Usually these models are
constructed from three different kinds of approaches [58]. A microscopical approach, when
a minimal extension of the SM effectively introduces dark matter, its interactions and pro-
duction, with observable consequences. An observable approach, when the properties of dark
matter are systematically tailored as an interpretation of empiric material. And a fundamental
approach, when dark matter is a by-product of a broader theory at a more fundamental level
e.g., supersymmetry. An extensive review on the existing frameworks can be found in refer-
ence [59]. In particular candidates such as axions [60] and sterile neutrinos [61], or cases where
dark matter is embedded in Kaluza-Klein, composite Higgs [62] or supersymmetric theories [63]
are compelling possibilities.

3.3. Search strategies

It is possible to interpret the cosmological and astrophysical evidence as proof for the existence
of dark matter. However, to date there is no unambiguous confirmation for the existence of a
dark matter particle as it is understood in QFT. The experimental pursuits for data supporting
the existence of such a particle is a current effort amongst large international collaborations.
There are three search strategies that rely on the interactions of dark matter with standard
matter, which are illustrated in figure 3.5. As introduced in section 3.2.1, WIMPs guarantee the
reversible annihilation yy <> XX, where X stands for any particular SM particle, therefore the
scattering interaction xyX — xX is also ensured. Although this work is not uniquely focused
on one specific dark matter framework, we illustrate the search strategies using WIMPs, as
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Halo model i | « g v | rs [kpc]
NFW 1 3 1 20
Moore 1 3.02 1.16 30
Cuspy gen. 1 3 1.2 20
Isothermal 2 2 0 4.4
Cored gen. 2.9 25 0 4.4

Einasto 0.17 20

Table 3.1.: Parameters for the dark matter density distribution profiles from equations (3.16)
and (3.17) [65].

these can be probed by a variety of methods. Then, these strategies can be extended to other
frameworks, provided they fulfil the proper characteristics e.g., an annihilation channel into
SM particles. In this section, we describe two out of the three strategies: dark matter indirect
and direct detection, leaving collider searches out, since they are not relevant within the scope
of this work. We also summarise the current status of experimental efforts.

3.3.1. Indirect strategies

We start our discussion on search strategies with dark matter indirect detection. As depicted
in figure 3.5, dark matter annihilation gives way to the production of SM particles. The
concept of indirect searches is to detect these particles as cosmic rays, provided that they
can be backtracked or attributed, in some way, to dark matter. Assuming an annihilation
cross section (ov) ~ 2.2 x 10726 cm3s~1—as suggested by the WIMP paradigm—, the fluxes
of different channels, predicted by physical models, are of a relevant intensity and can be
tested by existing experiments. Moreover, some anomalous observations of gamma-rays and
positrons hint to signals which could be of dark matter origin. Decaying dark matter is a
putative scenario, since the stability of dark matter is not ensured, which would give rise to
signatures in indirect detection experiments as well. Since the discussion is qualitatively the
same, we leave out an explicit consideration of this case and focus on annihilating dark matter.
We discuss the main elements required for the computation of signals from a dark origin as
well as the different detection channels. Since gamma-rays are of special interest for this work,
we leave a detailed discussion on this topic for chapter 4. We refer to [64] for a comprehensive
summary of the current status of indirect detection.

Dark matter distribution

From the rotation curves, as presented in section 3.1, we inferred that the Galactic disk is
embedded in a dark matter halo, without any specific description of the density distribution.
For the computation of signals from dark matter annihilation, a definite quantification of the
amount and allocation of dark matter is needed. Several possibilities were considered which
can be grouped into two sets, cored profiles which turn constant for smaller radii; and cusped
profiles which grow rapidly near the Galactic Centre (GC). On the one hand, cusped profiles,
such as Navarro-Frenk-White (NFW) [66,67], Einasto [68,69], Moore [70], or cuspy generalised
profiles [68,71] are favoured by more recent numerical N-body simulations. On the other hand,
cored profiles e.g., truncated Isothermal [72,73] or cored generalised profiles [74] are motivated
by the observation of rotation curves of other galaxies [65]. The functional expressions of these
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Figure 3.6.: Dark matter density distribution profiles against the distance from the GC. All profiles are
normalised to py = p(8.5kpc) = 0.4 GeV em 3. For details on the functional expresions of
the profiles and references see text.

profiles read:

) = Ps _
pi (r) I Lt (e T (3.16)

PEn = ps exp{—z [(;)a - 1]} : (3.17)

where ps and rs are the scale density and radius. Equation (3.16) is a generalised profile
with the parameters as described in table 3.1. These parameters must be in accordance with
two astrophysical observations: The local dark matter density po = p(Rp) ~ 0.4 GeVcm™3
[75,76], where Ry ~ 8.5kpc [77-80] is the distance from the Sun to the GC, and the total
dark matter mass contained within a certain volume [65]. We plot these profiles in figure 3.6.
We remark that recent simulations, which include interactions with baryonic matter, found
profiles which were even more pronounced near the GC than that predicted by dark matter
only simulations [81,82].

The formation of dark matter halos from the perspective of the A-CDM model is also an
important feature, since fine structural properties of dark matter halos at different scales are
strongly correlated to their formation epoch [83-87]. The prediction of substructure within a
halo is of particular interest for dark matter indirect detection, as these regions with a higher
dark matter density would be promising for the search of a dark matter signal. Furthermore,
it is possible to find a correlation between the mass of a halo and its dark matter density
distribution reducing the number of parameters of the profiles to one [88-90].

Charged cosmic rays

After being produced the final-state SM particles are subject to hadronisation and decay pro-
cesses. We intend to detect these particles with experiments at Earth, therefore the channels
under scrutiny for indirect searches are stable particles: protons, electrons, neutrinos, and
photons (naturally, their antiparticles as well). Effectively, these particles are produced at a
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certain rate depending on the specific dark matter model, which can be expressed as source
functions®

2
o) = (2] (o0) Erx T (3.18)
X X

where r is the position of the annihilation, ' the energy at which particle X is emitted, BRx
is the branching fraction of that channel, and dNx /dEx is the energy spectrum.

We begin by discussing charged particles as carriers and their detection prospects. In most
models, SM particles are generated as a particle-antiparticle pair, in contrast to astrophysical
sources which generate mainly ordinary matter. Antiparticles are better suited for indirect
searches, since their backgrounds are far fainter than those of electrons and protons. The
path these particles have to travel is by no means trivial. Due to electromagnetic interactions,
they get entangled in the Galactic magnetic fields and diffuse randomly. This diffusion is
generally described by a transport equation with a source given by equation (3.18), which can
be solved analytically, semi-analytically, or numerically for the given boundary conditions and
properties of dark matter. Furthermore, open source tools for the numerical solution of the
equation are available, such as DRAGON [91] and GALPROP [92]. Using this knowledge,
we can make an educated guess on the expected fluxes at Earth coming from dark matter
and compare them with measurements from different experiments. The antiproton flux follows
closely the one predicted by astrophysical sources observed by PAMELA [93] and AMS-02 [94],
and therefore allows the estimation of strong upper limits on the annihilation cross section of
dark matter [95-98]. We display in the left panel of figure 3.7 constraints on (ov) for different
annihilation channels, using the Einasto dark matter profile and the MED propagation model,
computed by [98]. On the contrary, the positron fraction—the ratio e/ (e~ + e™)—displays
a rise at energies 2 10GeV that is unexpected from the astrophysical background. This
observation was first hinted by HEAT [99] and later confirmed by PAMELA [100-102], AMS-
02 [103-105], and Fermi [106]. Although this signal can be attributed to dark matter [107],
it is also possible to interpret it as re-acceleration of positron secondaries [108-110] and as
pulsar radiation [111], the latter being the more likely explanation according to reference [107].
Furthermore, even if dark matter is not responsible for the rise, it is possible to draw constraints
from these measurements [112,113]. These limits can test cross sections down to the same level
as antiproton observations, as shown in the right panel of figure 3.7. However, both results
obtained by the observation of positrons and antiprotons are sensitive to the propagation
model chosen for the analysis, yielding to results which can vary by more than an order of
magnitude [95,113].

Radio waves

We briefly discuss the status of indirect detection from observations of the radio sky. In contrast
to cosmic rays, neutrinos, or gamma rays, radio waves are emitted as dark matter secondary
radiation: Charged particles—mostly electrons and positrons—accelerated by the magnetic
fields emit electromagnetic waves in form of synchrotron radiation. This is part of the energy
losses that influence the transport equation of charged particles, therefore the adopted diffu-
sion model has strong repercussions on the calculations [114]. The distance a particle covers
whilst generating synchrotron radiation is minuscule in contrast to Galactic scales, and can
be generally interpreted as an in situ emission. Therefore, morphological information of the
emission can be critical for a thorough analysis. The synchrotron emission is computed by

3Scenarios where dark matter is not self-conjugated require an additional factor 1/2.
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Figure 3.7.: Constraints on the present day annihilation cross section (ov)o. Left: Limits obtained
using data on the cosmic antiproton flux, adapted from [98]. Right: Limits derived from
data on the positron fraction, adapted from [113]. The limits are displayed for several
possible annihilation channels. Both measurements were performed by AMS-02 assuming
an Einasto profile and the MED propagation profile.

a convolution between the e* number density and the synchrotron emissivity for each given
frequency [114-116]. This last term is dependent on the strength of the magnetic fields, such
that the total energy radiated is proportional to B? [65]. Besides the standard uncertainties
when studying indirect detection, those of the Galactic magnetic field have a strong impact
when computing the output from synchrotron radiation, jeopardising the robustness of these
constraints. In practise, it is possible to estimate the emissivity and astrophysical informa-
tion into a set of generalised functions characteristic of the energy, position, and frequency of
the emission [117]. With an electron-positron injection given by the source in form of equa-
tion (3.18), for any specific dark matter model, the radio emission is easily obtainable [116].
The background in radio frequencies is given by two major components, at low frequencies
diffuse Galactic synchrotron radiation dominates, whereas at higher frequencies the CMB is
the most relevant emission. Furthermore, extended structures called radio loops are present in
the radio sky, which also contribute to the background [118]. Dark matter synchrotron radia-
tion has a distinctive intensity spectrum depending on the mass and branching fractions of the
annihilation, which can help distinguish the signal from the astrophysical background. This
spectrum has a cut-off in frequency dependent on the dark matter mass, this implies that light
dark matter does not produce high frequency radiation. The hardness of the spectrum also
differs if it was originated by hadronic, leptonic, or vector final states. We present in the left
panel of figure 3.8 the upper limits on the annihilation cross section for different dark matter
masses obtained from an analysis using the observation of radio waves performed by Planck for
different annihilation channels [116]. Finally, we comment that the future radio experiments
SKA [119] and LOFAR [120] show promising avenues in radio astronomy.

Neutrinos

Lastly, we summarise the status of dark matter searches using neutrinos as messengers. Since
neutrinos are not charged they can propagate almost unhindered from their production posi-
tion through the Galaxy to Earth, making a directional analysis possible. Experiments like
IceCube [122] at the South Pole or Super-Kamiokande [123] in Japan are actively observing
the neutrino sky. However, due the fact that neutrinos are only subject to the SM weak
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Figure 3.8.: Constraints on the present day annihilation cross section (ov)o. Left: Limits obtained
from observations of the radio sky for different annihlation channels, assuming an Einasto
profile, the MED propagation modeel, and the MF1 magnetic field configuration, adapted
from [116]. Right: Limits obtained from measurements of the neutrino flux performed by
IceCube on the xx — 777~ annihilation channel assuming an NFW profile for different
detector configurations, adapted from [121].

interactions, the detection of the uncharged leptons is challenging. The two mentioned experi-
ments rely on the conversion into charged leptons, and the subsequent detection of these mostly
through Cherenkov light. On the one hand, electrons need to scatter several times before reach-
ing the Cherenkov threshold. This worsens the angular resolution, still the energy resolution
improves as these events are more likely to be fully contained. On the other hand, muon and
tauon events are track-like and the effects on the angular and energy resolution are opposite
to those of electrons. Upper limits on the velocity averaged cross section of dark matter anni-
hilation obtained by neutrino observations with different detector configurations [121,124-129]
can reach values down to (ov) ~ 10722 cm?®s™!, as shown in the right panel of figure 3.8. We
also mention another strategy for the study of dark matter using neutrinos coming from the
Sun. This strategy aims to detect dark matter particles which were captured in the gravita-
tional field of the Sun after scattering with nuclei and dropping their velocity below the escape
velocity. Then, the annihilation of dark matter would produce SM particles, from which only
neutrinos could escape from the core of the Sun. In most theories, an equilibrium between
capture and annihilation can be achieved and the dark matter density within the Sun—which
is significantly larger than that of the solar neighbourhood—remains constant. In this equilib-
rium, the annihilation rate is no longer dependent on annihilation cross section (ov) but on the
scattering cross section o with nuclei instead. For this reason, this strategy is compared with
direct detection experiments which are discussed in the next section, therefore we postpone the
discussion of the results until then.

3.3.2. Direct strategies

We now turn to a complementary strategy to dark matter indirect detection, namely dark mat-
ter direct detection. In contrast to the recently discussed indirect searches, the efforts of direct
searches aim at measuring an interaction of dark matter itself with an Earth-bound experiment.
Within the WIMP paradigm an interaction with SM particles with a rate comparable to that of
weak interactions, as illustrated in figure 3.5, is virtually guaranteed. Furthermore, assuming a
local dark matter density of py = 0.4 GeV em ™3, a relative velocity of a few v ~ 100kms~!, and
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a mass of m,, =~ 100 GeV, the incident dark matter flux would be ®, = pgv/m, ~ 10%cm~2s7L.
This implies, for weak-scale cross sections o ~ pb, about O(10) scatterings per year for a de-
tector with a target mass of 1kg. The essence of direct searches is to measure the nuclear recoil
of such scatterings [130].

In this section, we introduce the formalities for a quantitative discussion of dark matter
searches using this method. Not unlike indirect detection, both fields, astrophysics and particle
physics, play a crucial role in this discussion and need to be addressed. We close this section
with a discussion on the experimental efforts based on this technique and the present status of
their measurements.

The recoil rate and spectrum

When an incident dark matter particle with a mass m, and a non-relativistic velocity v interacts
with a resting nucleus with mass my through an elastic scattering, it transfers a recoil energy
given by [131]

~ pkv? (1 —cosb)

Egr . with puy = —2X——
my mx—i-mN

meN

(3.19)

being the dark matter-nucleus reduced mass, and 6 the scattering angle in the centre-of-mass
frame. For standard WIMP scenarios, typical recoil energies lie within the range 1 — 100 keV.
The fact that nuclei are spatially extended results into a loss of coherence. Then, for the
correct consideration of the cross section, we introduce form factors F'(ER), as it is customary
in nuclear physics and express the cross section as
mn

dO-N 2
—— (v, ER) = —5—5on F*(E 2

where oy is the cross section at zero momentum transfer.
For a given experiment, the differential scattering rate per unit mass of the target nucleus
requires both the input from astro- as well as from particle physics. That is, the flux of dark

matter particles at Earth with a specific local (time-dependent) speed distribution f(v,t) and
the cross section for each specific scattering as [132]

dR Po /OO dO’N
—(ER,t) = d t) — (v, FE
dER( R?) mymy Sy, ’UUf(U, ) dER (Uu R)
pO 2 o f(U,t)
= — F“(FE dv ——= 3.21
2y 3, TN R X/vmm T 321

where vy, = \/ my Er/ (2;@\,) is the minimal velocity at which an incoming dark matter
particle induces a recoil with energy Er. In the final expression of equation (3.21) we recognise
the key required ingredients related to different properties of dark matter, similarly as in the
case of indirect detection. Inputs from astrophysics are: the local dark matter density and the
velocity distribution; whereas the dark matter-nucleus elastic scattering cross section is dictated
by particle physics. We turn to a discussion of the basic concepts of these two contributions.

Cross section

For the exact computation of the WIMP-nucleus cross section, one has to evaluate the cor-
responding diagrams and take into account the properties of the precise dark matter model
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under scrutiny. However, it is possible to generalise the dominant contributions of almost all
frameworks into two different kinds of interactions: spin-dependent (SD) and spin-independent
(SI) scatterings [130]:

on F*(Eg) = o3P F3p(ER) + o F3(ER) - (3.22)

On the one hand, the SD component interacts with the spin of the target nucleus and is therefore
dependent on the total spin of the nucleus. On the other hand, the SI term is sensitive to the
amount of nucleons of the target isotope. As a result, experiments are more sensitive to SI
. . . . SD,SI
interactions. We discuss these two cases separately and express the cross sections oy
terms of the cross section of a scattering between a WIMP and a free proton o,.

n

SD Scattering Spin-dependent interactions are mediated e.g. by axial-vectors, which couple
dark matter to the total spin of the target nucleus Jy with a cross section given by [133]

2 2
sD :u‘N (079 4 JN + 1 sD
=—= [ (S — {5y = , 3.23
ON ,Ufz% << p) + ap < >> 3 JN Up ( )

where f, is the reduced mass of the WIMP-proton system (analogous to that of the WIMP-
nucleon system, c.f. equation (3.19)), a, and a,, are, respectively, the effective spin-dependent
WIMP-proton and WIMP-neutron couplings, and (S,) and (S,,) are the proton and neutron
spin expectation values in the nucleus. From this equation, we read that the SD cross sec-
tion depends critically on the ratio a,/a,. However, the sensitivity of the instrument can be
improved if the target material of the experiment are isotopes with unpaired nucleons.

S| Scattering On the contrary, interactions mediated by scalars or vectors are spin indepen-
dent. In this case, dark matter scatters off a nucleus adding coherently contributions of each
of the nucleons. The cross section of such an interaction is given by [133]

n\ 2
oS = I (pr+(;1p—Z)f ) o5

Hp
Here, Z and A are the standard proton and mass numbers of the target nucleus, f, and f,
are the effective spin-independent couplings of dark matter to protons and neutrons, respec-
tively. In specific cases, where f,,/f, >~ 1—for instance the case where the scattering is Higgs
mediated—the cross section becomes proportional to A?. This illustrates the reason why heavy
nuclei are favoured as target materials for experiments e.g., germanium or xenon.

(3.24)

Velocity dispersion and annual modulation

There are two astrophysical properties that come into play when computing the recoil rate from
equation (3.21): the local dark matter density and velocity distribution. As introduced in the
previous section the local dark matter density is estimated to be around pg =~ 0.4 GeV em™3 [75].
On the other hand, the (time-dependent) speed distribution f(v,t) is rather unknown. It is
usually assumed to follow a Maxwell-Boltzmann distribution with a most probable velocity
vp = 218—244km s~ [80,134], however possible deviations are not excluded and it is important
to keep this source of systematic uncertainty in mind. Furthermore, this implies that positive
signals in direct detection experiments would provide useful insight towards dark matter density
and velocity distributions in the Milky Way.
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Figure 3.9.: Illustration of the the different direct detection detection methods—scintillation, ionisa-
tion, heat, and droplets—employed by different experiments.

The velocity distribution can be decomposed into (Galilean) relative velocities of the Galaxy
and Earth:

fv,t)=f(va+ve(t)) . (3.25)

This parametrisation distinguishes two components: a constant term related to the movement
of the Sun around the Galactic centre and a time-dependent term associated to the orbital
movement of Earth around the Sun. The latter contribution implies a changing alignment
with respect to the dark matter wind. This feature translates into an annual modulation of
the recoil rate from equation (3.21), an effect that can be parametrised as [135]

dR

—— = So(ER) + Sm(ER) cos2m (t —tg) , (3.26)
dFERr

where Sy is the time-averaged event rate, S, is the modulation amplitude, and ¢y is the phase
at which Earth moves with maximum speed against the dark matter wind. Although the
fraction S,,/Sp is usually of a few percent, this modulation is a unique property of WIMPs
and can be used as a discrimination technique between dark matter and background.

Experiments are affected by differing velocity distributions in a non-universal way, giving
rise to a large set of uncertainties when studying direct detection. The possibility of halo-
independent methods as been proposed [136-139], which analyses data from the direct detection
experiments without assuming any velocity distribution.

Experimental efforts

Measuring a nuclear recoil originated by a WIMP scattering off a nucleus would be clear
empirical evidence for dark matter. Consequently, several international collaborations built
experiments designed to detect these interactions. However, as stated previously, the weak
interactions predict a low event rate. A large background, exceeding the expected signal by
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orders of magnitude, makes this experimental search highly challenging. Effects released by
cosmic rays constitute a substantial component, thus the experiments are usually located in
underground facilities. Furthermore, the building and surrounding materials of the experiment
have to be meticulously controlled, as radioactivity is also a substantial source of background.

Detection techniques

The measurement of these nuclear recoils can be carried out by observing different effects pro-
duced by them. Dark matter can interact with nuclei either elastically, allowing experiments
to measure the recoil; or inelastically, when dark matter interacts with the orbital electrons or
excites the nucleus. The search strategies usually fall into one of three categories: scintillation,
ionisation and heat. Scintillation experiments measure the light emitted by the interaction,
ionisation experiments look for ions produced by the scatterings, and heat experiments aim to
detect small temperature fluctuations caused by incident WIMPs (usually of order pK). Fur-
thermore, some experiments use simultaneously two detection methods in order to strengthen
their discrimination power. To date, a large set of collaborations operate direct detection
experiments like the scintillation detectors DAMA/LIBRA [140], KIMS [141], and XMASS-
I [142]; the ionisation detectors DAMIC [143] and CoGeNT [144]; and the bolometers (heat)
CRESST-II [145,146]. As well as XENON [147-149], LUX [150-152], and PandaX [153], which
use scintillation and ionisation techniques; CRESST-II [145,146] CRESST [154] which uses heat
and ionisation techniques; and finally heat and ionisation bolometers like SuperCDMS [155],
CDMSlite [156], and EDELWEISS-II [157]. Finally, we mention superheated droplet detectors
like SIMPLE [158], PICASSO [159], PICO [160], and COUPP [161], which use a technique sim-
ilar to the bubble chambers used around decades of 1950 and 1960. A schematic arrangement
of some of the direct detection experiments according to their detection methods is shown in
figure 3.9.

Signals and upper limits

Dark matter direct detection has been source of controversy for a long time. On the one hand,
some experiments claim to have measured an interaction between WIMPs and the target nuclei
of the experiments. Most significant is the 9.3¢ claim by the DAMA collaboration of the
discovery of an annual modulation, over fourteen annual cycles (1995-2009) [140]. Experiments
such as CDMS-Si [163] and CoGeNT [164] have also published results with less significance,
claiming the measurement of phenomena of dark matter origin. Furthermore, the phase of
the DAMA signal is in concordance to that attributed to the dark matter wind. On the other
hand, results from other experiments exclude the parameter space for the interpretation of these
signals, giving rise to tensions with the former claims. We display in figure 3.10 a summary of
the limits set by different collaborations as well as the regions of the parameter space favoured
by the DAMA measurements. In the same figure, we also depict the limits obtained from
observations of neutrinos with IceCube, assuming dark matter being captured in the core
of the Sun [162] with the method introduced in section 3.3.1. The main annihilation channel
assumed for these results are yx — bb (soft), and xyx — 777~ for m, < my and yxy — WTW~
for m, > my . The strongest limits obtained with this method are on the SD scattering cross
section with protons O'ED due to the large amount of hydrogen nuclei in the Sun.
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Figure 3.10.: Summary of the experimental status on the spin-independent scattering cross section o5+
against the dark matter mass m,. The upper limits on the cross section are shown (solid)
as obtained using data of different experiments. The favoured parameter space regions
for the annual modulation as observed by DAMA are also shown (dotted). Finally, the
limits from indirect searches from neutrinos from the Sun are presented as well (dashed).
For details and references see text.
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4. Gamma-rays in astroparticle physics

In this chapter, we discuss high-energy photons or gamma rays within the context of astropar-
ticle physics and dark matter. That is, astrophysical sources yielding a large flux, dark matter
as the origin of gamma-rays, and some gamma-ray observatories. In figure 4.1 we present
an all-sky survey of the gamma-ray sky performed by the Fermi-LAT observatory, after an
observation time of five years for photons with energies F, > 1GeV. This map is domi-
nated by astrophysical sources, however it is possible for a dark matter signal to be concealed
within. First, we discuss the main astrophysical sources for gamma-rays, then we summarise

Figure 4.1.: All-sky gamma-ray view for energies larger than E, > 1 GeV based on five years of data
taking with the Fermi-LAT telescope. Brighter colours indicate a larger gamma-ray flux.
Image credit NASA/DOE/Fermi-LAT collaboration [165].

the method and status of dark matter indirect detection using gamma-rays, and finally we give
a brief overview of the experiments.

4.1. Astrophysical gamma-rays

In this section, we discuss astrophysical sources of gamma-rays, which are, to date, the only
proven sources of gamma-rays in contrast to other putative sources like dark matter. We can
classify these sources into three distinctive categories:

Diffuse Galactic sources. First, we introduce the category with the largest contribution
to the total gamma-ray flux: the diffuse Galactic emission. This emission is mainly
produced via three effects: inverse Compton scattering (ICS), bremsstrahlung, and 7°
decay. These are the result of cosmic-ray spallation processes with interstellar matter
(ISM) or high-energy interactions with the CMB. Since this emission originates from the
interactions of ordinary matter, its brightest component is located on the galactic plane
and it dims for ascending latitudes.

39
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Point sources. Second, sources, the angular extension of which is smaller than the resolution
of the instrument, also contribute to the map. These sources are clearly distinguishable
in the all-sky gamma-ray map presented above as bright isolated pixels, hence the name
point sources. The main contributions are from active galactic nuclei (AGNs) and pulsars.

Diffuse gamma-ray background. Lastly, we address the isotropic gamma-ray emission
populating the full sky. Although its precise nature is not fully understood, it can be in-
terpreted as the cumulative emission of extragalactic sub-threshold sources e.g., Blazars,
AGNs, star-forming galaxies, and possibly dark matter. This emission is the remain-
ing contribution of the gamma-ray sky map after the substraction of the two former
foregrounds. This contribution is omnidirectional, but not necessarily isotropic.

We explain the first two sources in more detail, while leaving the faint extragalactic diffuse
gamma-ray background out of the discussion, since it does not contain substantial information
for the pursuits of this work.

4.1.1. Point sources

We introduce some astrophysical phenomena that contribute to the gamma-ray sky as point
sources. We remain concise and refer to e.g. [166] for a more comprehensive overview.

Active galactic nuclei

In some cases, galaxies are able to host a super-massive black hole in its core, with masses
ranging between 10° — 10° M. These black holes are constantly fuelled by accretion disks,
radiating large amounts of energy in form of photons with different wavelengths, among other
particles. These objects are called active galactic nuclei, and contribute largely to the total
number of point sources. A characteristic property of AGNs is an emission jet pointing out
from the poles of the galaxy, where the photons with highest energy are radiated. Therefore,
AGNs are classified according to the observation angle in relation to the jets: Blazars are AGNs
the jets of which point directly at us (head-on), Seyfert galaxies and quasars lay at an angle
towards Earth, and radio galaxies have their jets pointing perpendicularly (edge-on). Since the
brightest source of gamma-ray emission are the jets themselves, Blazars are the most relevant
when discussing their contribution to the high energy gamma-ray sky. There are two leading
models for the emission mechanism: leptonic and hadronic processes. In both cases the low-
energy gamma rays are emitted via synchrotron radiation. In the leptonic case, high-energy
gamma rays are produced via ICS using the synchrotron emission as seed photons; whereas in
the hadronic case neutral m mesons decay into photons and give rise to this emission.

Pulsars

Under certain conditions, the death of a star and the subsequent gravitational collapse may
lead to the formation of a neutron star. These are small, highly dense, and highly magnetised
bodies made up almost entirely out of neutrons. Due to conservation of angular momentum,
some neutron stars rotate at very high velocities, known as pulsating rotating stars or pulsars.
The gamma-ray emission mechanism is not yet fully understood. However, most of the existing
models agree that high-energy photons within the magnetosphere produce an e* pair which in
turn emit a second generation of photons via synchrotron radiation. This process is repeated
until the photons fail to meet the energetic requirements to pair produce and are able to escape.
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The source of emission is located at the magnetic poles of the star, which are at an off set to
the geographical poles. This leads to the characteristic periodic gamma-ray emission, which
enabled the Fermi collaboration to identify 117 pulsars from their observations [167,168].

4.1.2. Galactic diffuse emission

Galactic diffuse emission is the most luminous source of high-energy photons, stemming mainly
from the galactic disk, clearly distinguishable in the Fermi-LAT map, from figure 4.1. This
component is originated in high-energy spallation processes: cosmic rays collide with ISM pro-
ducing a large amount of particles which are subject to hadronisation, and decay processes.
Among others, neutral m mesons are produced which decay dominantly into high-energy pho-
tons. Finally, the remaining charged stable particles diffuse in the galaxy and are subject to
several possible interactions e.g., bremsstrahlung and ICS. Let us discuss the main compo-
nents of the diffuse gamma-ray sky separately in a compact manner. This discussion is based
on [166, 169, 170].

Pion decay

Pions are a natural product of all hadronisation processes. Collisions between high-energy
protons and ISM produce a large amount of m mesons, 7 and 7. The charged 7F states decay
dominantly into leptons which in turn emit photons in form of bremsstrahlung as discussed later
on. On the other hand, the neutral mesons 7° decay with a branching fraction BR(T['O — fyfy) ~
0.988 into photons, providing a large contribution to the total gamma-ray flux. In the rest
frame, both photons are emitted with the same monochromatic spectrum, since it is a diphoton
emission, with an energy E, ~ 70MeV. However, the pions have non-zero velocity and the
emission has to be boosted correspondingly. Considering a pion source function @ o(E;) the
gamma-ray contribution from 7° decay is given by

4o (Ey) = 2 / B, Quo(Ey) (B2 —m2) % (4.1)

where my is the pion mass and € = E, + (m% / (4E7)) is the minimal energy for a pion to
emit a photon with energy E,. In the present day, the Universe is completely transparent to
photons at these energies, therefore the differential flux at Earth is obtained by performing a
line-of-sight integral
d2¢7r0 1
A

= — ds E. s 4.2

aE,d0 = 1 ), e Ers) (4.2)

assuming an isotropic velocity distribution of pions.

Bremsstrahlung

In the previous chapter, we briefly addressed the propagation of charged particles through
the Galactic magnetic fields to which bremsstrahlung is one of the main effects that lead
to energy losses. During this diffusion, charged cosmic rays are subject to interactions with
the ISM and emit bremsstrahlung (German for braking radiation). There are two different
contributions from bremsstrahlung: the one originated from thermal electrons with typical
energies in the X-ray range, and the one originated from non-thermal relativistic electrons,
usually from supernova remnants (SNR). Under the assumption of an electron number density
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described by a power-law dN./dE. = xk E_, with v ~ 1.5, we obtain a source function for
photons radiated as bremsstrahlung

o0
0 (B) = [ . FoRE = B (4.3)
Y
where « is a parameter depending on the chemical properties of the ISM, and n is the number
density of interacting nuclei. The lower integration bound is, as in the case of pion decay,
due to kinematical reasons. Again, we perform a line-of-sight integral in order to compute the
differential photon flux at Earth

1= ds g (B ) 4.4
dE,dQ ~ 4r /105 s Gor (. ) (4.4)

Inverse Compton scattering

Finally, we discuss inverse Compton scattering as a gamma-ray source. As the name suggests,
this effect involves the energy transfer between an electron and a photon ey — evy. Here,
an (ultra)relativistic electron—usually produced at SNR-—scatters off a low-energy photon
resulting in a low-energy electron and a photon in the MeV-GeV range. The low-energy
photons are provided by the interstellar radiation field (IRF), the main sources of which are:
CMB photons, infrared light from the galactic dust (IR), and starlight (SL). The total energy
loss of electrons due to ICS in the Thomson limit, i.e. v £, < m,, is given by [171]

dEe 4

E = gUT Ubath 52 '72 ) (45)

where ot is the Thompson scattering cross section, 8 and - are the Lorentz boost factors from
the rest frame of the electron to the lab frame, i.e. E. = vym, and upatn is the energy density
of the photon bath. Furthermore, a kinematical analysis shows that a photon with energy E;
is scattered off by an electron with energy F. to an energy

E, = %ﬁ El. (4.6)
This means that the gamma-ray spectrum from ICS depends highly on the low energy photon
bath, which can be described by the three components previously mentioned as black-body
spectra with temperatures Toymp ~ 2.7255 K, Tig ~ 40K, and Ty, ~ 3500 K—arguing in
favour of the usage of the Thompson limit for this description. The ICS source function is
obtained as a convolution between the electron number density dN./dE. = k E;Y and the
photon emission power [65]

o
s () = [ dE, Pres(Ey, Bo) B, (17)
Me
where Pics(Ey, Ee) = Y, Pics(Ey, Ee) is the differential power emitted as photons from I1CS
with ¢ = CMB, IR, SL. As usual the differential flux is obtained as
2 4ICS
26108

= E.. s). n
dE,dQ ~ 4 losdsqm( 1) (4.8)

We present the resulting Galactic diffuse emission considering the three components in fig-
ure 4.2.
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Figure 4.2.: Gamma-ray flux from different sources as observed at Earth. The contributions of ICS
(dashed), bremsstrahlung (dotted), and 7% decay (dotdashed) are shown separately as
well as the total flux (solid). The scale of the y-axis is for an arbitrary region and varies
depending on the direction of observation. Figure adapted from [170].

4.2. Dark matter indirect detection using gamma-rays

In addition to the discussion on dark matter indirect detection from section 3.3.1, we discuss
gamma-rays in the context of indirect searches. Since dark matter is not electrically charged,
a direct coupling to photons is not allowed. However, as we argued in the context of indirect
searches with radio waves, there are several ways dark matter could produce a sizeable photon
flux. Furthermore, gamma rays do not suffer any diffusion effects after their production through
the Galaxy and travel in a straight line to Earth. This provides avenues to studies not only
on the flux but also on the morphology of the gamma-ray emission. We discuss two separate
types of gamma-ray emission from dark matter: direct and secondary emission.

4.2.1. Prompt emission and spectral features

Let us start the discussion with photons emitted directly from dark matter annihilation—
usually called prompt emission. Notice that dark matter decay is also a possible source of
prompt gamma-rays, however, since the discussions are fairly similar, we focus solely on an-
nihilating dark matter. The path a photon transits between its origin and the telescope is a
straight line, which enables the direct derivation of the incoming flux from the emission source,
more precisely the sources along the line of sight. We write the differential flux of photons from
an angular direction df) produced by the annihilation of dark matter as

d%® 1 . dNe© 5
dE,dQ ~ 8rrm? 2_(ov)6 BRe g7 / dspy (4.9)

where £ = 1 in the case of self-conjugated particles and x = 2 otherwise, dN¢/dE, is the photon
spectrum of a channel ¢ produced by an annihilation with a present-day velocity averaged cross
section (ov)§ and a branching ratio BR., and p, the dark matter distribution profile. This
equation is one of the main tools we will use when studying prompt gamma-rays from dark
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matter. In contrast to other channels, the incoming flux can be clearly splitted into two terms.
One term encodes the astrophysical information of dark matter called the J-factor given by the
line-of-sight integral

= S 2 Ires . .
Jan = /bsd 22 (x(s)) (4.10)

Since instruments have a finite angular resolution, it is useful to define an averaged J-factor of a
patch with solid angle AQ as Jan, = (AQ) ™ Jaq A Jann. The rest of equation (4.9) describes
the microscopic properties of dark matter annihilation and the emission of photons

dN°€

1
c Y

- 2
87r/£mx

K(E,)

Optical depth

On its path to Earth, gamma-rays can be absorbed by the extragalactic background light due
to possible pair-production processes 7y — e*e~. For this reason it is pertinent for us to review
the calculation of the optical depth (see e.g. [172,173]). First indications of this phenomenon
were apparent right after the discovery of the CMB [174-176]. Where the mean free path of
photons reaches a minimum of D ~ 8kpc for photon energies near F, ~ 2PeV. Standard
sources for background photons are visible, infrared, and ultraviolet light, CMB photons, and
radio waves, with a relevance depending on the energy of the primary photon. Since we are
exclusively interested in photons from the local universe—i.e. no redshift (z = 0)—there is
no necessity to adjust the wavelength of gamma-rays to the expansion of the Universe. The
optical depth 7(E,, s) for a photon with energy £, produced at a distance s is then calculated by
convolving the photon number density of the background photons and the e* pair-production
cross section o,

1 1 0o
T(Ey,s) = 2/1dc089 (1- cos@)/E dE! n(E.,s) 04 (Ey, E.,0) , (4.12)

where E; is the energy of the background photons, 6 is the collision angle between photons,
and Fni, is the threshold energy for pair production. Finally, the effects of the optical depth

are accounted by the inclusion of an attenuation factor < e~™#v:%) for photons with an energy
E, in the formulation of the J-factor

Il (By) = / dQ / ds e TEs) p2 (4.13)
AQ los

Gamma-ray fluxes

In the next chapters, we focus on the gamma-ray fluxes produced by dark matter annihilations.
Therefore, we discuss the contributions from the term K(E,) in more detail. Dark matter
annihilates into several primary channels mainly consisting of a pair of leptons, quarks, Higgs
particles, gluons, electroweak gauge bosons, or gamma-rays. However, the final output of
these channels is a product of parton showers and hadronisation, yielding fluxes of electrons,
neutrinos, protons, and photons'. For the estimation of the output of an annihilation it is
customary to use Monte Carlo simulation programs, such as Pythia [177] or Herwig [178].

!Deuterons are also a possible final state from dark matter annihilations, however, since these are less common
products, we leave them out of this discussion.
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Annihilation constraints from gamma rays
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Figure 4.3.: Left: Gamma-ray flux from the prompt emission from annihilation of dark matter with
mass m, = 100GeV into different primary channels. Extracted from the tools provided
in [65,179]. Right: Upper limits on the velocity averaged annihilation cross section from
observations by the Fermi-LAT on 15 dSph for the same annihilation modes depicted in
the left panel, adapted from [180].

Here, we focus on the photons emitted from such processes. We show in the left panel of
figure 4.3 a sample gamma-ray output of the annihilation of a m, = 100GeV WIMP into
different primary channels, computed using tools provided in references [65,179]. These fluxes
include only prompt gamma-rays, that is they do not include photons emitted by final-state
charged particles, three-body annihilations or radiative hadron decays. In the right panel of
figure 4.3, we present the corresponding upper limits on the annihilation cross section obtained
from the estimation of these fluxes and the observation of dwarf spheroidal galaxies (dSph)
for the same channels [181]. This work in particular exploits the directional information of
gamma-rays. Dwarf galaxies are celestial bodies which are strongly dominated by dark matter.
Therefore, from the non-observation of gamma-ray fluxes from dSph it is possible to derive
stringent limits on the dark matter annihilation cross section. It is remarkable that almost
every annihilation channel is able to exclude thermal WIMPs with light masses, recalling the
target value from equation (3.11). With next generation gamma-ray telescopes in development,
high-energy astronomy promises an exciting future.

Recent observations of GC point towards a possible excess in the gamma-ray flux concealed
in this region [182-187]. It is possible to interpret this signal as prompt photons from dark
matter annihilations, as the morphology of this excess is in agreement with that expected from
a contracted NFW profile. Furthermore, depending on the primary channel and on details of
the dark matter model, possible masses lay within the regime m, ~ 10 — 200 GeV. If indeed
the GeV excess from the GC is of dark matter origin, a similar phenomenon should be observed
at dSph galaxies, however recent studies do not show signs of such a signal [181].

Spectral features

Another strategy relying on the emission of prompt gamma-rays is the search for gamma-
ray spectral features in the sky. These originate in dark matter annihilations and have a
characteristic spectrum which makes them particularly easy to distinguish from the otherwise
smooth background [188-190]. Furthermore, these features cannot be mimicked by any known
astrophysical source, thus being the clearest possible signals which could be attributed to dark
matter. The most well known example is the emission of monochromatic photons, usually
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via xXx — 77, a processes that suffers a loop suppression since dark matter is not electrically
charged. Depending on the specific model, the magnitude of the suppression varies, still due
to the extra vertices a factor of a2, is ensured. Due to their shape—a delta function smeared
by the resolution of the instrument—these signals are called gamma-ray lines, which have been
object of several studies. Several collaborations [180,191-194] have performed an active search
for these features and, in light of their absence, derived constraints on the annihilation cross
section of dark matter. In the right panel of figure 4.3, in addition to the results from other
prompt gamma-ray emission, we show the limits derived by the Fermi collaboration [180)].
This analysis relies largely on directional analyses of photon emission, and the selection of
optimal sky regions in order to maximise the signal-to-noise (S/N) ratio. Finding the best
target region is not a trivial task, however it could prove to be a key aspect in the search for
gamma-ray spectral features. In fact, some authors hinted the discovery of a line-like signal
in the Fermi-LAT data [195,196]. However, additional data has weaken the claim dropping
the significance of this signal [180]. Other possible spectral features have also been studied,
such as virtual internal bremsstrahlung [197-199] or gamma-ray boxes and triangles [9, 200].
The former arises from the hard emission of a photon from a two-to-three annihilation and the
latter is the product of cascade processes, which shall be discussed extensively in chapters 5,
6, and 7.

4.2.2. Gamma-rays as secondaries

Photons that are not emitted promptly from dark matter annihilations are called secondaries.
We already discussed some dark matter secondary emission in the context of indirect detec-
tion with radio waves. Secondary gamma-rays are produced via the same three effects we
discussed previously—7? decay, bremsstrahlung, and ICS—employing cosmic rays originated
in dark matter annihilations instead. For this purpose we cast the source functions from equa-
tions (4.1),(4.3), and (4.7), and replace the astrophysical inputs Q,o(£,) and dN./dE,, with
those of dark matter. In contrast to prompt emission, a clear distinction between astrophysical
and microscopical contributions is not possible, since the emissivity of secondary gamma-rays
depends on both. This can lead to uncertainties on the estimation of the gamma-ray flux.

4.3. Gamma-ray telescopes

This work discusses and analyses dark matter using observations of gamma-rays. Therefore,
we devote this section to an introduction of gamma-ray observatories. We focus on the three
telescopes that are used in the following chapters: The spaceborne Large Area Telescope aboard
the Fermi satellite (Fermi-LAT), the High Energy Stereoscopic System (H.E.S.S.), and the
future Cherenkov Telescope Array (CTA), currently in pre-construction phase.

4.3.1. Fermi Large Area Telescope

The Fermi satellite was launched in 2008, with an expected mission duration of up to ten
years [201,202]. The Fermi-LAT is a space-borne gamma-ray detector able to scan the complete
sky for photons with energies between 20 MeV and 500 GeV. At these energies, the main
interaction mode of photons with matter is pair production vy — e*e™. It is via this process
that the instrument is able to observe gamma rays, using the information obtained from four
main subsystems. The purpose of the tracker is twofold, it reconstructs the incident direction
of the gamma ray using silicon tracking devices and employs tungsten foils as target material
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Figure 4.4.: Resolution from the Fermi-LAT instrument using the IRFs P7_V15 (green squares) and
P8R2_V6 (blue dots) as a function of the energy.

for the pair production. The energy deposition (of the e* pair) is measured by the calorimeter,
a Csl scintillator placed below the tracker. The large flux of cosmic rays could induce signals
misidentifying them as photons. The anticoincidence detector and the data acquisition system
are able to discriminate these from true gamma rays with a rejection efficiency of 99.97%.
The Fermi-LAT is currently one of the most important gamma-ray observatories and has a
large list of accomplishments: the discovery of a large set of pulsars [167,168], the discovery
of the so-called Fermi bubbles [203]—two gamma-ray emitting lobes extending from the GC
to higher latitudes—and the confirmation of the rise of the positron fraction [106], among
others. The mapping of the acquired information into detected photon events is performed
by the instrument response functions (IRF). These algorithms interpret the data acquired by
the hardware of the instrument, reconstruct the events, discriminate backgrounds, and select
events according to their quality. Fermi data can be analysed with multiple IRF's allowing a
certain flexibility for different studies. The current data is processed using the Pass 8 event-level
analysis. We use in latter analyses two different IRFs, namely Pass 7 Version 15 (P7_V15) and
Pass 8 Release 2 Version 6 (P8R2_V6), therefore we present in figure 4.4 the energy resolution
for these two IRFs.

4.3.2. High Energy Stereoscopic System

The H.E.S.S. telescope is an Earth-bound gamma-ray telescope based in Namibia [204, 205].
This observatory is an imaging atmospheric Cherenkov telescope (IACT), i.e. it observes the
Cherenkov light emitted by high-energy charged particles using air as dielectric medium. High
energy photons collide with the atmosphere generating cascades of relativistic charged particles,
however charged cosmic rays yield to almost identical Cherenkov light producing a substantial
part of the background. The detector array consists of four telescopes, built in 2002 (Phase I)
and a larger fifth telescope finished in 2012 (Phase II). In contrast to Fermi-LAT, H.E.S.S. is
able to point at specific targets, which makes the observation time dependent on the observation
angle; regions of special interest, such as the GC, are subject to more extensive observations.
The field of view of the instrument has a diameter of 5° and covers an effective area larger than
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Figure 4.5.: Projected effective area A.g (right) and resolution op (left) of CTA for the southern
candidate array I using the baseline MPIK analysis. The blue dots correspond to the
Monte Carlo study from reference [208], and the green squares to the updated performance,
made available online in [209].

10°m?. H.E.S.S. is able to investigate photon energies from ~ 10 GeV up to ~ 10TeV. For
the interest of this work, the resolution adopted is a log linear variation from 17% at 500 GeV
down to 11% at 10 TeV, in line with reference [191].

4.3.3. Cherenkov Telescope Array

Finally, we introduce CTA, a next generation TACT which is expected to start data taking
by 2019 [206,207]. This observatory is currently at a pre-construction phase and will step
into the pre-production phase in early 2017. The CTA instrument will be constructed in the
northern (Canary Islands, Spain) and in the southern hemisphere (Atacama, Chile), allowing
for a better full-sky coverage. According to the current status of the design the north site will
consist of 4 large-size and 15 medium-size telescopes covering a total area of ~ 0.4 km?; whereas
the south site will consist of 4 large-size, 24 medium-size, and 72 small-size telescopes covering
a total area of ~ 4km? [207]. However, the final design is still open to changes, therefore
the performance of the instrument is subject to recurring upgrades as the analysis algorithms
improve and the final construction set-up is fixed, therefore we focus on a specific performance
which shall be used in later chapters.

Performance of the instrument

For the purposes of this work, the performance of CTA is modelled after detailed Monte Carlo
design studies by the CTA Constortium published in [208]. More precisely, we investigate
the southern candidate array I-—consisting of 3 large-size, 18 medium-size and 56 small-size
telescopes—which is a well-studied and balanced configuration, and use the baseline MPIK
analysis. We use the effective area A.g and the energy resolution op depicted in figure 4.5.
The energy range covered by the telescope is expected to be remarkably extensive, from 10 GeV
to about 100 TeV. As discussed previously, the gamma-ray detection method of TACTSs observes
the light emitted from showers generated by cosmic photons, which is (almost) indistinguish-
able from that of cosmic electrons. The photon acceptance is taken to be e, = 1, therefore the
electron acceptance is €, = 1 as well, since the Cherenkov light of both cases is almost indis-
tinguishable. On the other hand, the proton acceptance is energy dependent and lies in the
range €, = 0.01 —0.20. Finally, we comment that during the publication process of the original
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work this thesis is based on (reference [8]) an updated study on the expected performance of
CTA was made available [209]; improving the effective area and energy resolution, as shown in
figure 4.5, as well as changing the range of the proton acceptance down to ¢, = 0.001 — 0.02.
These updates were considered in the following chapters in addition to the analysis done with
the design presented in [208].

Together with other next generation gamma-ray telescopes such as the High Altitude Water
Cherenkov Experiment (HAWC) [210] or the Hundred Square-km Cosmic Origin Explorer
(HiSCORE) [211], CTA shows a promising future for ultra high-energy gamma rays.






5. Gamma-ray emission from cascade
processes

As discussed in section 4.2, gamma-ray spectral features enjoy the perks of being clearly distin-
guishable from the otherwise featureless astrophysical background. Throughout this work we
will engage in the discussion of a variety of features which arise from cascade processes. The
study of their phenomenology will prove to be far richer than that of the other more simplistic
features. The origins of these features are twofold: kinematics and particle physics. We dis-
tinguish two main sets of signals which differ depending on the Lorentz representation of the
particles involved in the cascade steps: gamma-ray boxes if the intermediate states are scalars or
Majorana fermions and gamma-ray triangles if these states are Dirac fermions. In this chapter,
we discuss the main artefacts that give rise to these features and their phenomenology.

5.1. Kinematical considerations

We study the gamma-ray output of dark matter annihilations and decays as a result of a
stepped process. For the sake of simplicity, we discuss in detail the case of annihilating dark
matter as the conclusions vary only slightly for dark matter decays and are attainable via a
simple replacement. We consider the case where dark matter (self-)annihilates into a pair of
intermediate states 1 which decay in turn into at least one photon 7 — ~vX. These states
are supposed to be sufficiently short-lived such that their decays occur effectively in situ—in
practice, since we are interested in Galactic scales spanning hundreds of kiloparsec, decay times
smaller than 10? — 103 yr fulfil the conditions. In the rest frame of the decaying particle 7, the
spectrum of the radiated photons is monochromatic, with an energy given by

1 .
ESF =3 dxn My with 0ij =1—

u.sm ‘ @Sw

(5.1)

We introduce the mass-splitting parameter d;; which shall be used largely for the remainder of
this discussion. If we boost equation (5.1) to a frame with relative velocity 5 = v, the photon
energy reads
E, = %5)(,7 E, (148 cosORF) | (5.2)
where ORF is the angle between the photon momentum in the rest frame of 7 and the momentum
of 1 in the laboratory frame. An illustration of the emission of photons is depicted in figure
5.1. In the left part of the figure we show the decay of the intermediate particle n in the rest
frame; and in the right part, the same process in the boosted frame.
If we consider the case xx — nn followed by n — X, the energy of the intermediate states
is half of the total centre-of-mass energy E, = y/s/2. Then in the laboratory frame—where
dark matter is essentially at rest—the total energy budget is twice the dark matter mass, hence

o1
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Figure 5.1.: Tllustration of the decay of the intermediate particle 7. Left: Monochromatic emission in
the rest frame with an energy given by equation (5.1). Right: Emission in the laboratory
(boosted) frame with an energy dependent on the emission angle as described by equation
(5.2).

8= \/57771 and E, = m,. At this point and for the remaining of this chapter we introduce the
unitless quantity = E,/m, € [0,1] as a relative energy unit. From the Lorentz transformation
in equation (5.2) we read that the photon energy z is restricted to an energy range bounded
by the kinematic limits

Zy = (1 + 5nx) 5X7" , (5.3)

related to a forward (0% = 0) and backward (9% = 7) emission, respectively. We define two
new parameters, which will prove to be helpful when addressing the phenomenology, namely
the pivot z. = (x4 +x_) /2 and the width Ax = x4 — x_ of the spectrum. These quantities
can be expressed in terms of each of the mass-splitting parameters as

=2/0yy - (5.4)

We want to restate the fact that these considerations were solely kinematical and no assump-
tions or examination were done at the level of particle physics models. These results can be
applied to all cascade processes with the aforementioned characteristics, as are the scenarios
within the scope of this work.

1 Az
5(5 X7 and =

Te =

5.2. Energy spectrum

In the laboratory frame, the energy of an emitted photon depends on the angle of emission
with respect to the momentum of the decaying particle 7. Therefore, the shape of the signal
within the kinematical bounds is defined by the angular distribution of the emitted photons
that can be parametrised as [212]

df |
m = 5 (1 —+ o« cos HRF) s (55)

IDark matter could annihilate in two different states 11,2 with non-equal masses. In this case the velocity is

given by 3 = \/1 —m2, /m2 (14 (my, —my,) /4 m§)72 where the decay of 71 into photons is the one being
described. With this substitution the rest of the discussion follows analogously.
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where o € [—1, 1] measures the spin polarisation of the decaying particle n, and regulates the
steepness of the spectrum. Here, the properties of the decaying particle come into play, namely
its particular type.

Scalar

In the case of the intermediate state being a scalar the photon emission in the rest frame is
isotropic, since there is no preferential emission direction, therefore oo = 0. Every energy value
within the kinematical bounds is equally populated, which produces a flat spectrum between
the kinematical bounds.

Majorana fermion

If the intermediate state is Majorana, a preferred direction of emission can be determined, how-
ever both chiralities are simultaneously present. This means that although a preferred direction
is present, the apparent anisotropic photon emission is effectively cancelled out, therefore o = 0.

Dirac fermion

In contrast to the previous cases, if the intermediate state is a Dirac fermion, the spin defines
a preferential direction and the chirality is uniquely defined, hence o € [—1,1].

For the rest of this work, if the intermediate state is a scalar or a Majorana fermion we denote
it with the Greek letter ¢ and refer to the signals as gamma-ray boxes, due to their characteristic
rectangular shape. If it is a Dirac fermion, then we use the Greek letter v and assign the name
gamma-ray triangles to the spectral feature. To be precise, the shape is trapezoidal, but we
classify it as triangular for simplicity of language. Finally, convolving the energy and angular
emission spectrum of the photons and boosting to the laboratory frame, we get the normalised
photon spectrum

N _ N,
dx N (577)((5)(77

<@—a+m>@(x—x)@(x+—x), (5.6)

dxn

with NN, the number of photons emitted per annihilation and © the Heaviside function. This
equation describes the photon emission by a specific gamma-ray production channel. How-
ever, physical realisations may posses different cascade processes for the final-state gamma-ray
emission, depending on the annihilation and decay channels of each state and the masses of
the involved particles. Therefore, the full expression for the gamma-ray emission of cascade

processes is given by the sum
dNtot dN;
- 5.7
dx - dz (5:.7)

We would like to comment briefly on cascade scenarios with decaying dark matter. As
long as a physical realisation is provided, the previous discussion on the phenomenology of
cascade processes from dark matter annihilations holds, considering that the centre-of-mass
energy is /s = m,. Consequently the formalism above holds for the decaying dark matter
scenario x — 1nX7 followed by n — X5 with the pertinent adjustment to IV, the replacement
my — My /2, and the corresponding redefinition of  and d,),.
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Intermediate states with higher spins

Intermediate states with a spin S > 1 require a generalisation of equation (5.6). This can be
achieved using the Wigner d-functions [213], which describe rotations in the spin space with
total angular momentum S as

431, (6) = (. 5| R(B) |m. ) (5.8)

where m is the angular momentum in the rest frame of the intermediate particle n along the
boost direction, that is m = S; m/ is the total angular momentum of the decay products along
the angle of emission . The angular distribution for any given polarisation m of the decaying
particle is then obtained by the addition of the contributions of each mode m’ weighted by a
model-dependent factor C,,

dfm 25 +1
dcos ORF — " ( 2 ) Zcm’ ’dffu,m(eRF) 2, (5.9)

normalised to n photons per annihilation. We note that due to the Landau-Yang theorem
[214,215] a diphoton final state of a decaying vector does not exist. A thorough study on the
spectra emitted by particles with spin S > 1 can be found in [216].

5.3. Phenomenology

In this section we turn to the study of the phenomenology of the signals produced by the
formerly explained cascade processes. The three parameters in equation (5.6), (o, dyy, dxp)
affect the gamma-ray specrum differently. As discussed in equation (5.4), the mass-splitting
parameters d,, and dx, regulate the width and pivot of the signal, whereas the parameter o
determines the steepness of the signal, as can be directly read from equation (5.6). We now
turn to a thorough examination of these effects.

Steepness

From equation (5.6), we read that the slope of the spectrum depends on the three phenomeno-
logical parameters. However, the mass-splitting parameters have further effects on the signal,
hence their influence on the steepness ensures a constant spectrum normalisation equal to N,.
The only parameter which exclusively regulates the slope of the signal is the spin polarisation
«, which we will also refer as the steepness parameter. Here we recall that for gamma-ray
boxes—where the intermediate state is either scalar or Majorona fermion— we have a = 0,
therefore the slope remains flat for all scenarios. On the other hand, if we consider the case of
gamma-ray triangles—the intermediate state is a Dirac particle—then a € [—1,1]. We illus-
trate the effect of altering the value of a on a baseline scenario with the parameters d,, = 0.25
and dx, = 1 in the left panel of figure 5.2. It is worth noticing that o can take negative values
where the peak of the signal switches from the right x to the left end of the triangle x_. We
name these subcategories up-triangle and down-triangle for @ > 0 and « < 0, respectively.

Width

We now turn to the discussion on the effect of the mass splittings. As outlined in equations (5.2)
and (5.4), the relative width of the signal is regulated by the velocity at which 7 is produced,
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Figure 5.2.: Photon spectra as emitted by a cascade process described by equation (5.6) while varying
the three phenomenological parameters. Left: Variation of the steepness parameter c.
Centre: Variation of the width parameter d,,. Right: Variation of the pivot parameter
dxn-

Az/zc = 2,/0;y. On the one hand, if this particle is produced essentially at rest (6, — 0),
then the signal becomes sharp and the flux grows in proportion, such that the normalisation
is conserved. On the other hand, the larger the velocity of 1 (é,, — 1), the larger the gap
between the kinematical ends is and the spectrum becomes wider and fainter, conserving the
spectrum normalisation N, as well. This effect is illustrated in the centre panel of figure 5.2
for baseline parameters a = 1 and dx, = 1.

Pivot

Lastly, we address the effect of the mass splitting dx,. This parameter relates the masses
of the intermediate state and the final non-photonic state, which dictates the monochromatic
energy of the photon in the rest frame of 7. It is worth noticing that, in the case of a dipho-
ton emission, this parameter is set by dx, = 0,, = 1. However, due to Lorentz symmetry,
this is only possible if the intermediate state is a scalar ¢ — 7. Furthermore, if this chan-
nel is viable, the decay mode ¢ — ~Z is also open if kinematically allowed and in this case
dxy = 0zn < 1. We recall from equation (5.4) that the positioning of the signal is centred at
the pivot x. = dx,/2. This interesting feature enables for scenarios to emit photons with an
energy much lower than the mass scale of dark matter, provided that dx, < 1 and therefore
z. < 1. We illustrate the effect of varying the mass splitting dx,, in the right panel of figure 5.2.

There is no a priori relation between these parameters and their possible configurations are
only constrained by the details of the particular particle physics model under consideration.
However, if n is produced at low velocities with a specific chirality, a mass insertion can flip
the chiralities cancelling effectively any anisotropic decay and so setting o — 0. On the other
hand, if these velocities are relativistic, then such a mass insertion is less likely and the spin
polarisation is almost maximal, & — 1. For more details on models see chapter 6.

We showed that cascade annihilations and decays give rise to a rich and interesting phe-
nomenology, regulated by three phenomenological parameters at a scale of the dark matter
mass. In the next chapters we address several physical realisations of scenarios that feature
this kind of cascade processes and the viability of detecting such signals with state-of-the-art
telescopes.






6. Dark matter models

In this chapter, we introduce two different particle physics realisations based on the Peccei-
Quinn (PQ) mechanism [217], that produce gamma-ray boxes—labelled A and B— as well as
an asymmetric dark matter (ADM) model capable of generating gamma-ray triangles—labelled
C. In order to produce these signatures, these models need to fulfil three conditions: provide a
stable (or long lived) particle x as a dark matter candidate, which is supposed to account for
(almost) all of the observed relic abundance; include an intermediate state 7 that couples to x;
and allow 7 to decay into at least one photon with a sizeable branching ratio. Other models
that produce this kind of gamma-ray signatures have been discussed in [216,218-220].

6.1. Model A: Dark matter with generic Peccei-Quinn mechanism

We discuss the model first introduced in [221-223] and discussed in the context of gamma-ray
boxes in [7]. In this model the SSB of an explicitly broken U(1)pq symmetry generates a
massive pseudo-Goldstone boson which serves as intermediate state.

The Lagrangian

This model is characterised by the addition of a Dirac dark matter particle y and a complex
scalar S to the SM particle content, and the extension of Ggy by a global U(1)pq symmetry!.
On the one hand, the added fields are singlets under Ggy and transform under the new sym-
metry as y +— ¢75% and S — e~2S. On the other hand, all SM fields transform trivially
under U(1)pq and as usual under Ggy. The Lagrangian of model A reads

Ly = Lsm+Ly+Ls+ Ling with (6.1)

Ly = ixY"0ux, (6.2)
1

Ls = 0,80"S* —m3|S|* — \s|S|* + <2m(9252 + h.c.> , (6.3)

Line = =M (SXPLX + S*XPrx) — 2\u s|H*|S|*. (6.4)

Notice that the global U(1)pq symmetry is explicitly broken at a quantum level, and at tree
level, if the last mass term m’s2 in equation (6.3) is non-vanishing?. Lastly, we assume that
the field S acquires a non-vanishing vev (S) = vg/v/2, such that this symmetry is also sponta-
neously broken. This vev allows us to expand the complex scalar field as S = (vg + s +ia) /v/2.

We remark that s is a scalar (CP even) and a is pseudo-scalar (CP odd).

!This symmetry resembles the U(1) symmetry from the PQ mechanism, which was introduced in as a possible
resolution of the strong CP problem [217]. In this model we invoke this mechanism modifying it to our
purposes. The resulting particles are not related with the axion in any fashion.

2Such a mass term can originate from a six dimensional operator M%@”‘S2 + h.c., where ® is the Peccei-Quinn
breaking field, with (®) = f, > vg. In this case, experimental evidence could constrain the parameter space
of my.

o7
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The Lagrangian Ly gives rise to the mass and interaction terms of dark matter, as well as
to a mixing term between the scalar s and the Higgs boson h. Assuming, for simplicity, that
Ay is real, the first term leads to

1 i
LOM = =My XX — — Ay SYX + — Ay A XYX 6.5
DM XX BN 5 A XY X (6.5)

where m, = A\, vg/ V2 is the dark matter mass acquired via the Higgs mechanism using the
complex scalar field S as Higgs field instead of the usual SM scalar doublet. From the spon-
taneous breaking of the PQ symmetry a residual Z; symmetry remains—under which only y
is odd—guaranteeing the stability of dark matter. Furthermore, the field a can be identified
with the pseudo-Goldstone boson expected from the SSB. The mass of the pseudo-scalar is
given by mq ~ m/y plus additional anomaly corrections. These anomalies allow for the particle
a to decay into lighter SM particles without affecting the other terms in L4, in particular the
stability of dark matter. From here on, we will consider the case where m/y # 0.
Simultaneously, the mass operators from the scalar potential generates a mass matrix for the
CP-even scalar s and the SM Higgs boson h, which can be diagonalised by the field rotation
s=cos03+sinfh 2 g s Vs vH

- ., with tan 20 =

] _SAHSUSUH 6.6
h=—sinf5+cosfh AHU%I_)‘SU?? (6:6)

where vy =~ 246 GeV is the Higgs vev and Ay is the coupling of the quartic Higgs field in-
teraction. This diagonalisation translates into a mixing between these two scalar fields which
is particularly important at early stages of the universe for the thermalisation of dark matter
with the SM plasma, from which it freezes-out later on, as discussed below.

In this scenario, both states s and a are unstable. For our purposes, the decay of the CP-even
scalar s is not of special interest. It suffices to say that s decays into SM particles mainly due
to the mixing with the Higgs boson, and, if kinematically allowed, into a pair of dark matter
particles or CP-odd scalars a. For a full expression of these decay widths we refer to [221].
On the contrary, we study the decay channels of @ in more detail, for it decays into a pair of
electroweak gauge bosons via the anomaly loop

LD Y S a i F =5 2eyya FI Fy, (6.7)

8mv
i=1,2 s i<j

where a; = g?/47 and g1 are the coupling constants of U(1)y and SU(2)r, respectively, c;
are constant parameters that depend on the nature of the anomaly, and cy,y, are simply a

redefinition of the latter, see equations (6.8). Lastly, ij, = %GWPUFX P7 and Flf,(, are the dual
and standard field strength tensor for the group X = 1,2 or the gauge boson X = V;. The
interaction Lagrangian in equation (6.7) can be generated e.g., by extending the model with
new heavy fermions, charged under the electroweak groups, that couple to the complex scalar
S. In this case the charge assignment would dictate the value of the parameters ¢;. We write

the non-zero effective couplings cy,y; as
1

Cyy = L6708 (1o cos? Oy + ¢ ag sin® Ow) ,
1
Czy = T67 05 (co g — ¢ 1) sin(20yy) ,
1
czz = —(coan cos? By + ¢ ay sin® Ow ),
167 vg
co
vy = 202 (68)

8mvg
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Figure 6.1.: Branching fraction of the pseudo-scalar a of model A as a function of the into a pair of

electroweak gauge bosons for a several choices of the ratio ¢;/cs.

Consequently, the decay modes induced by these anomalies are a — yy,vZ,ZZ , WTW ™,
with the corresponding decay rates

La(yy) = nf‘cvfyP,
rizy = Do p(1-72)
T.(Z22) = ”f|czz|2 (1—4;:222>3/2,
2
T, (WHW~) = ;’f\cwwﬁ (1_47:’;?)3/2. (6.9)
2

Other decay modes into other SM fermions are not allowed at tree level.

We report the branching fractions of the pseudo-scalar decay as a function of m, in figure
6.1 for various choices of the ratio ¢1/co. At low energies, only the decay into photons a — 77y
is allowed leading to a 100% branching ratio. However, at larger masses the decay into a W+
pair becomes dominant suppressing the decay channels containing photons down to ~ 5%.
Nevertheless, the other channels remain relevant provided they are kinematically open.

Annihilation cross sections

At tree level, dark matter can annihilate via ¢t-channel diagrams into xx — aa, ss, sa, or via
s-channel diagrams into a pair of gauge bosons xx — V;Vj if the mediator is the CP-odd
scalar a, and into different SM fermions xx¥ — ff if the mediator is the CP-even s. The
s-channel modes are loop or mixing suppressed and therefore the annihilation is dominated by
the t-channel modes, unless the former are resonantly enhanced, i.e. mg, ms >~ 2m,,.

We derive the annihilation cross sections times velocity for the ¢-channel processes under the
assumption that the mixing between the Higgs and the s bosons is zero, 6—0. A generalisation
to a case with non-vanishing mixing angle is then easily obtained using the mass eigenvalues
corresponding to § and h from equation (6.6). The generic dark matter annihilation cross
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sections times relative velocity for all £-channel modes reads

(v, 1(1—W>l/2 (1—“’”””)/ [aoinE 610)

T 39%ks

where £ = 1(2) if ij = as(aa,ss). We note that this is not a velocity averaged quantity.
Furthermore, we will use for simplicity the Mandelstam variables

02\ ! 02
s = 4m? (1 _ f) ~ 4m? (1 + f) , (6.11)
1 1/2
t = 5 (77%2—1-771]2-—i—me< —s) + vjfl cos [(m?—m?+$)2 —43mﬂ
1
~ 3 (m? + m? - 2m§< - mi Vrer) (6.12)
1/2
+U]Zl cos 6 {(mf — m? + 4mi)2 — 16m§< mf} )
1 , 1/2
u o= (m?—i—m?—i—Qmi—S) _ Tl s [(m?—m]z+8)2—45m?}
1
~ 5 (m? + m? - 2mi - mi ’Urzel) (6.13)
Urel

7 9

2 2 22 2 o]1/?
1 cosﬁ{(mi—mj+4mx) —16mxm]

where vy is the Méller velocity as defined in [224], 6 is the angle between the momenta of the
incoming dark matter particle and the outgoing (pseudo-)scalar in the centre-of-mass frame.
The approximations are valid in a non-relativistic regime up to the order O(vfel) and are useful
for the partial wave expansion of (ov). The full squared amplitudes for these three channels
are

|)\X|4 (t+u— 2m§<)2

Mz, = x
o 8 (t—m2)%(u—m?)?
[ (m2 4 = 1) (m2 o+ md =) = m? s+ dm2m?] (6.14)
|)\X|4 1 1 2
M3, = - x
aa 8 \t—m2 u—-m2
| (m2+m2 — 1) (m2+m? —u) —mZs], (6.15)
2 |)\X|4 1 2 2 2 2 2 2
M3, = 8 (t—m2)2(u—m2)? [(U—t) <(ms—|—mx—t) (ms—l—mx—u)—mss
X X
F4m? (¢4 u—2m2) ) + 4m? (s — 4m2) (¢ + u — 2m2)%] . (6.16)

Finally, by using equation (6.10) we are able to compute the analytic expressions of the anni-
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Figure 6.2.: Ratio between the velocity averaged cross section of model A and that for the thermal
cross section (ov)y, for the mass splittings d,, = s, = 0.001,0.1,0.9 in the X\, — m,
plane.

hilation cross sections in the non-relativistic limit:

2 2 2)2 2\ 1/2
(0Vgel)., Mt (md —mZ +4m3) 1_ (ma — ms) «
re -
sa 64mm2 (m2 4+ m2 — 4m§<)2 4m?
1/2
(ma + m8)2
l—— 6.17
) (6.17
5/2
Ml my my 2
(oVrel),, = 7 1-—= Vil (6.18)
aa 967T (mg _ 2m§<) mi re.
At ™ :

(Uvrel)ss =

9 m 1/2
~ 2 (m3 — 2m} D(1-25) e (619
967 (mg _ 2m§<)4 ( (ms mx) +my m>2< Urel ( )

We can see that the annihilation modes xx — aa, ss are both p-wave and are therefore
suppressed, since vy &~ 1073, On the contrary, the process xX — as does not suffer from this
suppression and, if allowed by kinematics, dominates over the other two channels. We can
distinguish three cases depending on the mass splitting of m,, m, and m;

(1,0,0) if mg+ms < 2m,
BR(sa,aa,ss) ~ § (0,1,0) if mg, +ms > 2m, and m, < m, (6.20)
(0,0,1) if mg +ms > 2m, and mg < m,, .

For the scope of this work, we focus on the case where m, < m,, m, = m,, and the mixing
between the CP-even scalars s and h is small. In this scenario, a discussion of the s-channel
annihilations is not of particular interest as they are generically suppressed and do not produce

sizeable gamma-ray fluxes®.

3The s-channel annihilation into two Higgs bosons has the correct properties to produce gamma-ray boxes as
xX — hh followed by h — 7. However, this process is heavily suppressed by the branching ratios of dark
matter annihilations into h, and of the decay of A into photons.
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Figure 6.3.: Contour plot of the present-to-thermal annihilation cross section ratio (ovre1)o/{(0Vrel)t.0.
in the dqy—dsy plane. The hatched region delimits the parameter space where the width
Az of the signal is less than 10% or less than the maximum energy of the photons z. We
show the three benchmark points with 6., = s, = 0.001 for the narrow (), 0.1 for the
intermediate (#), and 0.9 for the wide (A) box scenarios.

This model introduces dark matter as a thermal relic within the WIMP paradigm and ac-
counts for the dark matter abundance through freeze-out from the thermal bath as discussed in
section 3.2.1. The relic density is essentially determined by the velocity-averaged ¢-channel an-
nihilation processes from equations (6.17), (6.18), and (6.19). The thermal averaging is obtained
by applying a full averaging procedure e.g., equation (3.8) from [224]. We show in figure 6.2,
that for different mass splittings dq, the relic density at freeze-out temperatures Tt >~ m,/25
can be reproduced for a wide range in dark matter masses with A, ~ O(1). Three benchmark
points were chosen differing in the width of the signal: narrow (44, = 0.001), intermediate
(04y = 0.1), and wide box scenarios (04, = 0.9). These cases will be also a reference point for
later chapters. Finally, we report in figure 6.3 the ratio of the present-to-thermal total anni-
hilation cross sections, (0vrel)o/(0Vrel)fo.. We find that for finer mass splittings (d4, — 0) the
velocity-dependent contribution has a larger impact and the present-to-thermal cross-section
ratio decreases, specifically for the benchmark cases

0.170 for 44 =0.001 %
~¢0949 for 6, =01 & . (6.21)
1.019 for dqy =0.9 A

<0Urel> 0
<0Urel>f.0.

This model clearly produces gamma-ray boxes as we read from a comparison with the kine-
matics described in chapter 5. We identify the intermediate and final states ¢ = a and X =~
which implies 0,4 = 1. Furthermore, considering the discussion on the annihilation and decay
modes, the most relevant cascade annihilation in this model is xX — as followed by a — 7.
Consequently, we have for the width and pivot parameters from equation (5.4): . = 1/2 and
Azx/xc = 2/dqy, and for the steepness parameter oo = 0 since a has no spin.
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6.2. Model B: Dark matter and the axion portal

We discuss the framework discussed in references [225-227], which was established in order to
interpret the positron excesses observed by PAMELA [93,100-102] and AMS-02 [94,103-105],
and confirmed by Fermi-LAT [106]. This framework invokes the usual PQ mechanism and uses
the leptonic decay modes of the resulting axion to account for this excess, hence the label “axion
portal”. However, this pseudo-scalar produces large antiproton, neutrino, and gamma-ray (via
ICS) fluxes, and has to be modified in some manner to agree with the respective observations.

We distinguish two concrete models: a minimal axion portal construction (B1) and a leptonic
axion portal construction (B2). In both cases, a new U(1)pq symmetry is introduced as well as
a vector-like fermion WIMP dark matter field x and a complex scalar S which can be expanded
as S = (fa + s/\/i) eia/ﬁf‘l, with the vev (S) = f,. The mass terms m,, mq, and my, as well
as the dark matter couplings to s and a stem from the Yukawa interaction

L D —€£SXx+ he., (6.22)

after the breaking of the U(1)pq symmetry. Furthermore, a remaining Z, symmetry ensures the
stability of dark matter. This opens the three possible annihilation channels xx — aa, ss, sa
through which thermal freeze-out is achieved. However, only the annihilation into as has an
s-wave component making this channel dominant at the present-day annihilation rate. We
assume the mass hierarchy m, < ms < m, within both constructions. In order to account for
the positron excess, and since the scalar s dominantly decays as s — aa, the axion must decay
dominantly into a lepton pair, i.e. leptons must carry non-trivial charges under U(1)pq. Here,
the difference between the models becomes apparent as we now explain.
In the model with minimal axion portal we have

L1 D A2 Q% hyul — A Q% hgdy — A2 L& hy V2 — N2 Lo hg ek + f; Shyhg + hec., (6.23)

where h, and hg are the Higgs doublets, o = 1,2, 3 label the fermion generation, Q% = (u®, d*)y,
and L® = (v“, e”);, are the left-handed quark and lepton doublets, and ug, dg, Vg, and ef are
the right-handed quark and lepton singlets. From this term it is clear that both Higgs doublets
and therefore the leptons and quarks transform non-trivially under the PQ symmetry. This
yields to large hadronic couplings of a and constrains the model accordingly. In this realisation,
the decay mode into three pions a — 77~ 7¥ produces large gamma-ray fluxes from the pion
decay 1 — 7, setting an upper bound on the axion mass. Furthermore, collider experiments
set a lower bound on m,. For a complete summary of these constraints we refer to [225].
Within the framework B1, the preferred axion mass range is

360 MeV < my, < 800 MeV . (6.24)

Due to helicity suppression, the primary decay channel of a is into the heaviest kinematically
allowed lepton, in this case into a u* pair. This leads to some tension with the absence of
galactic neutrinos [226].

In contrast, in the model with leptonic axion portal only leptons are charged under a U(1)x
symmetry and therefore the “axion” does not couple to hadrons®. Analogously to the previous
case we introduce separate Higgs doublets

L2 D —NTOhe el — NS LT hy v + f; S he by + hic. (6.25)

4This “axion” is not related to the standard QCD axion and does not present a solution to the strong CP
problem.
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with h. and h, being the Higgs doublets. For the Higgs mechanism in the quark sector,
at least one additional Higgs field—singlet under the leptonic U(1)x symmetry—is required.
Furthermore, if the PQ mechanism in the QCD sector is still desired a new complex scalar S
and a new hadronic U(1)pg symmetry are necessary. In this realisation a decays mostly into
the heaviest leptonic channel allowed, which constrains the range for the axion mass to

2me Smg S 2my,, (6.26)

in order to avoid an overproduction of neutrinos, leading to tensions with observations. Notice
that in both cases Lg1 g2 a right-handed neutrino was also introduced, for small neutrino masses
to be obtained. Furthermore, these models can be easily embedded into a supersymmetric
framework.

Through these distinct portals the necessary leptonic decay modes are enabled for the account
of the positron excess. For the purposes of this work, the decay channel into two photons is
of particular interest. Previous works [226] found bounds on this channel at BR (a — 77v) ~
103, which we shall use as benchmark value when comparing to experimental observations.
Finally, we note that this model experiences a boost factor due to Sommerfeld enhancement
[228-230] and the formation of dark matter bound states [231], which are consequences of non-
perturbative effects from interactions with s in the range my, < m,. This boost factor is of
order Bg ~ O(10?) on the present-day annihilation rate.

Just as model A, both variants of model B produce gamma-ray boxes. The intermediate and
final states are identified as ¢ = a and X = v and therefore d,, = 1. For both realisations
we have the main cascade process xx — as followed by a — v7y. Due to the mass hierarchies,
the other mass-splitting parameter is confined to the limit 64, — 1 and we have z. = 1/2 and
Azx/x. — 2, and since a as a pseudo-scalar o = 0.

6.3. Model C: Asymmetric Dark Matter and gamma-ray triangles

In order to produce gamma-ray triangles there is still one hindrance that the model has to
overcome. As argued in section 5.2 the intermediate state has to be a Dirac fermion to allow
«a to take non-zero values. However, if we consider the case where the intermediate state is
produced as a particle-antiparticle pair, each of these particles has the same and opposite
chirality as each other. Therefore, the gamma-ray spectra emitted by each Dirac fermion
following equation (5.6) are equal up to a relative sign for . The resulting spectrum, obtained
by the addition of both emissions, is then indistinguishable from a gamma-ray box. Using
equation (5.6) we have

dN

aN N
dx

e r—x_)0O(xy —x), (6.27)

oo N g
a—r—a md)(n
which has no longer a term linear in x. This argument also holds in the case of decaying dark
matter, as the decays from particles and antiparticles produce particles with opposite chiralities.
For this reason we introduce a simplified Asymmetric Dark Matter (ADM) framework that
realises gamma-ray triangles introduced and discussed in [9]. The origins of the asymmetry are
not specified, see section 3.2.2 for details.

a—+o

The Lagrangian

In this model, we consider three additional fields with respect to the SM, two Dirac spinors
and Np, and one real scalar field S, which are singlets under Ggy. To ensure the stability of



6.3 MODEL C: ASYMMETRIC DARK MATTER AND GAMMA-RAY TRIANGLES 65

Field | L' | ek | Np | x | S
UDx [ 1] 1] 1 1| o
Zs 1 1] 1 |-1]-1

Table 6.1.: Particle content and charge assignments of the simplified ADM model C. L? and e} are the
SM lepton doublets and singlets of generation i = 1,2, 3, respectively.

dark matter we impose a Z3 symmetry to the overall Lagrangian under which only x and S are
odd. For reasons that will become apparent shortly, we introduce a global U(1)x symmetry
under which the SM right-handed (left-handed) leptons, e}, (L' = (v',€’),) for the different
fermion families ¢ = 1,2, 3, transform non-trivially. We can identify the conserved quantity
from this symmetry with the total lepton number. We summarise the particle content and
charge assignments in table 6.1.

The Lagrangian of this model reads:

1 ) — 1 _
Lc = Lsm+ ia,usa'us + ixdx + iNpJNp — §M§52 —myxx —mnNpNp
- </\iLNﬁNDHC + [NDPLRXS + h.c.) —V(H,S), (6.28)

where Lgyr is the SM Lagrangian, H is the SM Higgs doublet, and H¢ = eH* is the charge-
conjugated field. Notice that the Yukawa terms between Np, x, and S describe chiral inter-
actions, however the projector is not yet specified, this will be discussed below. Without loss
of generality we assume that the coupling constant f is real and positive. Finally, the scalar
quartic potential V (H,S) is given by

V (H,S) = s (HTH) S2 4 AgSt. (6.29)

We will assume that the vev of the field S is zero, hence the Zs symmetry is not broken. From
equation (6.28), we read that x is not connected to the Higgs sector and does not gain mass
through the Higgs mechanism as the SM fermions do. However, its transformation behaviour
under Ggy and Zz allows for an explicit mass term m,, in the Lagrangian. On the other hand,
the Dirac fermion Np does couple to the Higgs field, and therefore gets a mass correction
x ()\iLN vH)2 to the explicit mass term mpy. The mass of the scalar after the electroweak

symmetry breaking is given by
mg = N/MS‘F)\HSU%{, (6.30)
with the Higgs vev vy ~ 246 GeV.

In this model, the dark matter particle is described by the lightest matter field which is odd
under the Zs symmetry and therefore stable. This can be identified either with the scalar S or
the Dirac fermion x. In the first case, the dark matter is produced in the early universe via the
Higgs portal [232,233] and phenomenological imprints are possible in both direct and indirect
searches, as in other standard WIMP dark matter scenarios [18]. For this study however, the
case where dark matter is represented by the Dirac spinor y, which carries a non-trivial lepton
charge, is more relevant.

We assume that the dark matter has a similar origin as ordinary baryonic matter, i.e. a

particle-antiparticle asymmetry is generated at a certain time in the early universe. As dis-
cussed in section 3.2.2, there are different possible origins for this asymmetry, however we do
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not specify a mechanism and instead impose that almost all of dark matter density today con-
sists of the particle y. Therefore, the self-annihilation dominates over the particle-antiparticle
annihilation. The present-day self-annihilation cross section proceeds via s-wave and reads

_ f4 (1+5NX) V 6NX (6 31)
G4 mi (1 - 5Sx + 5Nx)2

(Uvrel)o

For a quantitative comparison with other scenarios we have

1.86 x 10724 f4cm? s~ 1 for my < m
(0Vrel)g = { X (6.32)

1.67 x 10724 f4 cm3 5! for my = 20GeV ’

for m, = 50 GeV and mg = 100 GeV. That is, if the coupling f ~ O(1), the annihilation cross
section is ~ 2 orders of magnitude larger than the expected thermal annihilation cross section
for thermal relics.

Decay of Np

Since the Dirac fermions Np are even under the Z5 symmetry, they decay into lighter SM parti-
cles after being produced. These decays occur through Higgs-mediated, charged current (CC),
and neutral current (NC) interactions. The effective Lagrangians for these three interactions
read:

92 —
LY. = ——L¢i~,0,(1—~5)NpWH* +h.c., 6.33
cc Woadl (1 —=7)Np (6.33)
LN, = —%Evu@iu—%)%zhuh.c., (6.34)
w
= —B2TNUTG (14 5)Nph + hec. (6.35)
dmyy

where W and Z denote the electroweak gauge bosons, h is the Higgs boson, gs is the weak
coupling, cy is the cosine of the Weinberg angle 0y, and ©; ~ )\3: N VE/mpy < 1 is the mixing
between SM neutrinos and Np. Indirect and direct searches for sterile neutrinos constrain the
mixing O; strongly, c.f. [234-236]. We can identify our model with a type I see-saw scenario
with two Majorana neutrinos that form a pseudo-Dirac pair—here this corresponds to Np.
In this generalisation the flavour structure of the coupling is fully determined by the neutrino
oscillation data (c.f. [237,238]). Furthermore, the total lepton charge symmetry is slightly
broken, effectively suppressed by the light neutrino mass scale [239-244].

The decay modes of Np consist of at least one lepton, due to the lepton number conservation,
and pseudo-scalar/vector mesons and further leptons in the final state. We show the branching
ratios for the different decay channels in the left panel of figure 6.4 under the assumption that
Np couples solely to the third lepton flavour 7. At low energies—when e*-pair production
is kinematically forbidden (mpy < 1MeV)—the decay channel into three neutrinos Np — 3v
clearly dominates over the second open loop-induced channel Np — v;v. The decay rate of
these channels are [236,245]

i g G 2.5
I'(Np —» v'"vvi) = M|@Z| my, (6.36)
9ozemG%J

I'(Np = vly) =
(Np = v'y) 51274

|©:2m3, (6.37)
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Figure 6.4.: Branching ratios of the (semi-)leptonic decays of the Dirac fermion Np into SM particles.
Left: Here, Np couples only to the third lepton family. P%* (V%) denote kinematically
accessible pseudo-scalar (vector) mesons (see e.g. [236]). Right: Radiative decays of Np
for a coupling to each lepton family.

where Gr = v/24¢%/ (8m%v) is the Fermi coupling constant, ey, is the fine-structure constant,
and the Dirac fermion Np couples exclusively to one lepton flavour i. We display in the right
panel of figure 6.4 the branching fraction of the radiative decay of Np for my < 50 GeV for
the three cases ¢+ = 1,2,3. The asymptotic values are

0.0039 for my <1 MeV

. (6.38)
0.0014 for m, < my < 100 GeV

BR (Np — v'y) ~ {

For my > 50GeV, the decay channels into W+, Z, and h are dominant and the channels
of interest with a final-state photon are thus suppressed. However, this mass regime opens
different indirect detection channels such as soft gamma-ray continuums, positrons, protons,
and neutrinos which can reach reasonable fluxes for the corresponding experiments. This
analysis presents a promising study and has not yet been carried out.

Spin polarisation o

The spin polarisation « has to be computed from the Lagrangian in equation (6.28) for which we
choose, for the sake of simplicity, the left-handed chiral projector Pr. Under this consideration
the dark matter annihilation produces mainly right-handed (positive helicity) Dirac fermions
Np. The cross sections in leading order in the dark matter velocity, in the case of fully polarised
fermions in the initial and final states, are

2
Uy = I G VAT VAT (6.39)
’ 64mm3 (1 —dsy +0ny)”

fA (1+\/5Nx)2v5Nx (6.40)

647””2( (1 - 55)( + 5Nx)2 7

OUx x4+ =

where the subscripts represent the helicity state of the initial and final particles, with the plus

(minus) sign referring to positive (negative) helicities and the cross representing either one.
Following the angular distribution from equation (5.9) and the photon flux from equation

(5.6), the radiative decay of a polarised Dirac fermion Np with positive (negative) helicity
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Figure 6.5.: Relation between the mass splitting dn,, or equivalently the relative width of the pho-
ton spectrum, with the spin polarisation of the decaying Dirac fermion Np. We mark
the three benchmark scenarios that were used in figure 5.2 and shall be used in the
following chapter as reference points for the comparison with model independent lim-
its. These are: (dny,a) = (0.25,0.8) (square), (dny,) = (0.99,~ 1) (circle) and
(Ony, ) = (0.001,0.06 ~ 0) (triangle). For the sake of simplicity, we assume a vanishing
« for the third benchmark.

produces a photon flux with &« = —1 (o = 1). Therefore, the probability P+ of producing a
fermion with positive or negative helicity, considering equations (6.39) and (6.40) is given by

1 SNy
= S VX
4 (O"U)() 2 1+5NX

lov__
Py = lov——++ +0v44 2+ (6.41)

Notice that this expression is independent of the parameter dg,. Consequently, the resulting
photon angular distribution as in equation (5.9) is

df 1 1
m = §P+ (1 — COS QRF) + 5737 (1 + cos QRF)
= % (1+ acos GRF) . (6.42)

This argument follows analogously had we considered the right handed chiral projector Pg in
the Lagrangian with the corresponding expressions of equations (6.39) and (6.40). Conclusively,
we can express the spin polarisation « in terms of the mass-splitting parameter as

2‘/5NX

a== ,
1+5NX

(6.43)

where the plus (minus) sign corresponds to the chiral Yukawa interaction term with the pro-
jector Pr (Pr). We illustrate in figure 6.5 the relation between |a| and dy,, shown in the
upper axis, and Ax/x., shown in the lower axis. We highlight the three benchmark points
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that used when comparing the model to the model-independent limits derived in the follow-
ing chapter. Notice that if the Dirac fermion Np is produced essentially at rest, the photon
spectrum flattens: o, ~ 0 = a ~ 0. In this regime however, the spectrum resembles a line
since Az/x. = 2,/0ny and is hardly sensitive to o. In contrast if the intermediate fermion is
emitted with relativistic velocities the spectrum spans over the full possible range and the spin
polarisation is almost maximal oy, ~ 1 = |a| ~ 1.

Finally, we discuss the kinematics of this model in the context of gamma-ray boxes and
triangles. We identify the intermediate state with the Dirac fermion ¢ = Np and the final state
fermion with the neutrinos X = v*. This model features an annihilation xY — NpNp and a
self-annihilation xyx — NpNp mode, the former emitting effectively gamma-ray boxes and the
latter triangles®. However, due to the particle-antiparticle asymmetry the self-annihilation is
dominant and, therefore, the cascade annihilation for this models proceeds as xx — NpNp =
Np — ~v. At the energies considered here (m, 2 1GeV) neutrinos are effectively massless,
therefore §, 5 = 1. Furthermore, the other mass-splitting parameter dx, remains free. In this
manner, the pivot z. = 1/2 and width parameters Axz/z. = 2 /0y, from equation (5.4) are
defined, as well as the steepness parameter « in equation (6.43).

5In the case of dark matter being mostly composed by the state X, the mirrored self-annihilation channel
XX — Np Np = Np — 7;y would be the one give rise to the photon spectrum.






7. Confronting models with gamma-ray data

After discussing the phenomenology of gamma-ray boxes and triangles and the possibility for
physical models to realise them, we turn to the discussion on the detectability of these signals in
the gamma-ray sky. We focus on the measurements performed by Fermi-LAT and H.E.S.S. and
on the projected performance of CTA. Using advanced statistical methods—that we explain
at the start of this chapter—we investigate the data within the context of boxes and triangles.
We are able to derive strong constraints on the dark matter annihilation cross section from
existing experiments. We close this chapter with the projected results on the next generation
of TACT.

7.1. Statistical methods

We confront several dark matter signal configurations, against different data sets. For this
purpose, we perform a profile likelihood analysis [195,196,246-248] for putative fluxes consisting
of a background and a dark matter signal, and derive 95%C.L. upper limits on the dark matter
annihilation cross section. This is achieved by analysing different dark matter configurations,
constructed by the three phenomenological parameters («, d,y, dxy) and the dark matter mass
m,, together with of an educated guess of the total background.

For a proper consideration of the dark matter flux at Earth as seen by a specific telescope
we have to account for three separate factors: the field of view, the injection spectrum and
the energy resolution of the instrument. From the former two we can calculate the incoming
differential gamma-ray flux from dark matter annihilations with a strength set by S = (ov)o.,
observed at a specific region of interest (ROI) observed, as introduced in section 4.2, described
by

2P, (o) dN —
E.|S . 1
dEde( 115) grrm? X dE, Ja (7.1)
_ J 1
ann amn — dQ [ dsp?.. 2
J AQ) AQ) /AQ /los * Pdm (7 )

where k = 1 for annihilations between identical particles or k = 2 for a particle-antiparticle
annihilation, dN/dE, = m ' dN/dz is the injection spectrum (c.f. equation (5.6)), Jany is the
averaged J-factor for a region with solid angle AQ). Furthermore, we parametrise the injec-
tion spectrum of the background background as a function of energy with a generic parameter
vector p, the dimension of which depends on the complexity of the background under consid-
eration. Finally, in order to account for the energy and angular reconstruction capabilities of
the instrument, discussed in section 4.3, we make a convolution between the incoming flux of
the above equation and the resolution of the instrument R(EV, E;) and multiply by AQ

d(I)tot d2&)ann

aE. (Ey|p,S) = /dE’vR(EV,E’v) AQ (dEWdQ (EL|S) +

P Oher
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where E; is the true energy of the photon, E, is the reconstructed energy, and d®p e JdE, is
the incoming background flux. We remark that if the width of the gamma-ray box or triangle
drops below the resolution of the instrument, their signals are indistinguishable from that of
gamma-ray lines; we refer to these cases as line-like boxes or triangles. We show in figure 7.1
the flux as it would be measured by Fermi-LAT with using the IRF P8R2_V6 for different
benchmarks. We consider an annihilation cross section of <Jv)g7 =3x 10726 cm®s~! and the
ROI R16 defined later on.

In the likelihood analysis, we compare the measurements of the instrument with the ex-
pected flux from equation (7.3). Therefore, we estimate the number of expected counts nexp
a telescope with an exposure £(FE) would measure for each bin i, and compare it to the num-
ber of observed counts ngns. We compute neyxp from a photon flux given by di)tot JdE, =
d&>bck/dE7 + di)ann/dEﬂf for bin ¢ using

ni(P, S) = / dE, / dE! R(E,, E.) £(E,) Aot (E|p.S) . (7.4)
AE; dE,

Therefore, we perform a profile likelihood analysis with a total of 1+dim(p) degrees of freedom:
S and p. For some analyses, we consider only a subset of all the energy bins, those lying within
a window of width € defined as

E e [B/Ve, EVe, (7.5)

where the centre E is set in a specific position relative to the scales of the dark matter signal..
This technique is called sliding energy window. The likelihood is computed as a product of
Poisson probability distributions over the bins under scrutiny

; ; (nix )ngbs exp(_nix )
L= Hp(nébs,néxr)) - H = ni | = (7.6)
7 7 obs”*
or
—2InL=-2 Z npsIn néxp — néxp . (7.7)
i

Since we are interested in maximising the likelihood, we dropped the term — In ngbsl in the last
expression, as it is not dependent on p or S. We define the best fit as the minimum over all
parameters of the likelihood —2 In £ and denote it —2 In Ly with the corresponding parameters
(Pbs, Spe). Furthermore, we also define a profile likelihood —2 In Lp0¢ (S) by minimising the
quantity —2 In £ over p for each value of S, i.e. =2 InLpyof (Sbr) = —2 In Ly is the global
minimum of this function. From this profile likelihood, we extract the one-sided 95% confidence
level (C.L.) upper limit on the signal strength Sy as —=21In Lyvor(Sw) = —21n Lpe+2.71, provided
Sl > Spe [249]. The best fit of a background-only hypothesis can be obtained straightforwardly
as —2 In ng = —2InLpof (S =0). In addition, we compute the test statistic in order to
determine the significance of a potential signal

TS =—-2(InLY—InLy) . (7.8)

In the following sections, we will use these methods in the analysis of potential gamma-ray
boxes and triangles in light of existing data or projections for future experiments. Depending
on the data under consideration, the details of this analysis may vary, however the essence
remains the same.



7.2 CURRENT CONSTRAINTS 73

7.2. Current constraints

In this section, we derive model independent limits on gamma-ray boxes and triangles by
performing a profile likelihood analysis using real data from Fermi-LAT and H.E.S.S.. First, we
derive model independent limits for a handful of benchmarks described by the phenomenological
parameters (o, dyy, 0xy) for several dark matter masses m,. Then, we study these limits within
the context of the models introduced in the previous chapter and discuss the results.

7.2.1. Measurements by Fermi-LAT and H.E.S.S.

For the dark matter profile, we restrict ourselves to an Einasto profile as defined in equa-
tion (3.17), recalling the parameters a = 0.17, 7, = 20kpc, pg = 0.4GeVem ™3, and Ry =
8.5kpc. We remark that the dark matter density distribution is a major source of uncertain-
ties for indirect detection. However, a comprehensive analysis on the impact of differing profiles
lies outside the scope of this work, instead we work with the fiducial Einasto profile for the

sake of simplicity. For our purposes, we studied the following data sets from Fermi-LAT and
H.E.S.S..

Fermi-LAT 2011 [202,246]. We investigate the ROI labelled “Center” defined in table 1 of ref-
erence [246], for which the averaged J-factor is given by Jan, = 1.11 x 102 GeV2 cm—°. We em-
ploy gamma-ray data between 1 and 300 GeV with a mean exposure of (£) = 7.9 x 10'° cm? s sr,
obtained during 2.3 yrs of data taking between the years 2008 and 2011. The resolution of the
instrument for this specific data set is modelled after the Pass7_V15 performance, as described
in reference [250], which features typical values between 6.8% and 11%.

Fermi-LAT 2015 [251,252]. Using the publicly available Fermi-LAT gamma-ray data [251],
we extract three different data sets corresponding to different ROIs. These data sets encompass
energy values between 1 and 500 GeV and were taken between Aug 4, 2008 (MET 239557414)
and Aug 5, 2014 (MET 428889603)!. The events that enter our main analysis are taken from
the PASS 8 SOURCE event class. During our data selection processes, we also employ standard
cuts for diffuse analysis including zenith angle < 90°, as well as the quality cut filter “DATA-
QUAL = 1, LATCONFIG = 1”. Then we use Fermi Science Tools (v10rOp5) [253] to calculate
the corresponding exposure maps. The three different ROIs are: a squared 2° x 2° region
centred at the GC (2x2), a circular 3° region around the GC (R3), and a circular 16° region
around the GC with with || < 5° and |I| > 6° masked out (R16). Region 2x2 will be helpful for
a comparison with the estimated prospects for CTA derived in the following section, whereas
regions R3 and R16 are inspired by analyses performed by the Fermi-LAT collaboration [254].
The averaged J-factors for the regions 2x2, R3, and R16 read Jann = 8.36 x 1024 GeVZ cm ™,
Jann = 3.51 x 1024 GeV2em ™, and Jann = 5.12 X 1022 GeVZ cm ™. The mean exposures of the
data sets are (£) = 2.94 x 10% cm?ssr, (€) = 2.18 x 10% cm? ssr and (£) = 4.69 x 10! cm? s st
for the regions 2x2, R3 and R16, respectively. The resolution of the Fermi-LAT adopted for the
study of these data sets follows the Pass8 R2_V6 performance as described in reference [250],
which features typical values between 6.2% and 27.7%.

H.E.S.S. 2013 [191,255]. For the data based on the observations performed by H.E.S.S., we
investigate the Central Galactic Halo (CGH) defined by a circular 1° region around the GC

"We thank Xiaoyuan Huang for kindly facilitating the access to this data sets using the Fermi Science Tools.
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Figure 7.1.: Photon flux from dark matter annihilations of the form yx — nn — 2v for different
benchmarks of the phenomenological parameters, a strength (av)?ﬂ =3 x 10726 cm3s7!,
and mass m, = 75GeV. Notice that some of these values are taken from figure 5.2. In
contrast, the Fermi-LAT data is shown from region R16 as described in the text. For the
correct consideration of the signal, a convolution is performed between the emitted flux
and the resolution of the instrument using the IRF P8R2_V6.

with [b] > 0.3°. The averaged J-factor for this region is Jau, = 7.78 x 10?4 GeV? cm . This
data set complements the ones from Fermi-LAT in the high energy regime, extending from
500 GeV up to 25TeV, with a mean exposure of (£) = 2.20 x 10!* cm?ssr. The resolution
of H.E.S.S. is assumed to vary log-linearly from 17% at 500 GeV down to 11% at 10 TeV, in
accordance with reference [255].

7.2.2. Upper limits

After introducing the details on the experimental part, we set out to derive upper limits on the
velocity averaged annihilation cross section using the profile likelihood method. Concretely, we
analyse the process xx — nn followed by n — X, the latter with a branching fraction of 100%.
The total amount of photons per annihilation is then N, = 2, we denote the cross section in the
present day universe for this particular process as <0v>(2)7. For illustration purposes, we plot in
figure 7.1 the flux as measured by Fermi-LAT for the region R16 and box and triangle signals,
properly convolved, for several dark matter benchmarks, with a nominal cross-section. Here, it
is evident that gamma-ray boxes and triangles differ starkly from the standard measurements
usually approximated as power laws. Even the less evident falling down-triangle, which is much
softer than its counterparts, displays a harder spectrum than the measured one. Furthermore,
we see the cross section used for these signals is clearly excluded, which is of particular interest
for particle physics models where dark matter is described as a thermal relic.

For the likelihood analysis with the Fermi-LAT data, we assume a simple power-law back-
ground with normalisation A and power index ~y

doLAT E, \7
—bck _ 4 i ) .
dE, 1GeV (7.9)

Furthermore, we make use of the sliding window technique and position the windows at the
right end of the unresolved signal £ = ET = m, 2", with a width given by ¢ = 1.5,2.0,2.3
which correspond to 20 intervals for instruments with energy resolution between 10% up to
20%. We make use of this technique because the complete energy range of Fermi-LAT is
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Figure 7.2.: One-sided 95% CL upper limits on the dark matter annihilation cross section into two pho-
tons against the dark matter mass. We use the same benchmark parameters («, dyy, dxy)
as in figure 7.1. The blue and red lines correspond to limits derived using Fermi-LAT and
H.E.S.S. data, respectively. The style of the lines as described in the legend applies for
both sets.

not well fitted by a single power law, however smaller fractions are well described by such a
parametrisation.

The likelihood analysis for the H.E.S.S. data is performed using a seven-parameter modulated
power law background adapted from reference [191], given by

WIS BT
—h = P 1
dE, TTev) L@+BGE] (7.10)
with
P(z) = exp (a1 +aza® +aza’), (7.11)

IRV
G(z) = a\l/ﬂ exp (—W) , (7.12)

and z = log; (F,/1TeV). This parametrisation models the background as observed by the
instrument, therefore the convolution with the response of the instrument from equation 7.3 is
only needed for the dark matter signal. For this analysis we use the full energy range without
energy windows. We remark that performing the sliding energy window method using a simple
power-law background on the H.E.S.S. data yields results very similar (within a factor ~ 2) to
those obtained by the more complex modulated power law.

Model independent limits

We present in figure 7.2 the 95%C.L. upper limits on the annihilation cross section <ov>g'y

for the benchmarks presented in figure 7.1. These are gamma-ray boxes and triangles with
varying width and slope. The limits depicted here were done using the Fermi-LAT R16, and the
H.E.S.S. data sets as introduced previously. The robustness of these results for differing window
widths and positionings was tested showing that no strong dependence on this parameters
is present. Therefore, we restrict ourselves to a window width ¢ = 2.0 and a centre the
windows at £ = ET. We also derived limits for the other data sets, R3, 2x2, and Fermi 2011,
however these results were weaker up to a factor ~ 50 To avoid cluttering, we present only the
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Figure 7.3.: One-sided 95% CL upper limits on the coupling f of model C, for the same phenomeno-
logical parameters (o, d,y,0xy) as in the left panel of figure 7.2. The left axis shows limits
for a generic value of dg,. Furthermore, the annihilation cross section is proportional to
this full expression, c.f. equation (6.31). The right axis shows the scale for the particular
case mg = 5m,. In this case, the coupling f becomes non-perturbative for m, 2 1.3 TeV.

(strongest) results, from the analysis of R16. The complementarity between both Fermi-LAT
and H.E.S.S. is remarkable covering almost five orders of magnitude of the dark matter mass
range, from a few times 1 GeV up to several tens of TeV, without gaps. Due to usual statistical
fluctuations, the limits derived with the profile likelihood analysis present jagged features.

The values for the phenomenological parameters are inspired in the ADM model C as in-
troduced in the previous chapter, where a relation between « and 9, is established by equa-
tion (6.43). For the sake of simplicity, we consider a constant value for the the mass splitting
parameter dx, = 1. In the left panel, we show limits on signals with different width, and
the corresponding steepness. In the right panel, we present limits with varying steepness and
a constant width. We see that the strongest constraints are derived from the configuration
(e, 6y, 6xyy) = (0,0.001,1), that is a line-like gamma-ray box/triangle. This is an intuitive
result, since sharp features are also the most prominent ones, as shown in figure 7.1. Notice
that in practice, line-like boxes or triangles are indistinguishable from another, since the slope
is washed out by the resolution of the instrument. However, the limits for wider signals do
not worsen significantly, despite their dimmer flux. This is due to the fact that wider sig-
nals extend to higher energies, where the expected background flux is far fainter. Therefore,
the resulting limits are also rather strong. In the right panel of figure 7.2, we recognise that
up-triangles lead to the strongest results. Again, this is an intuitive result, since up-triangles
predict a larger flux at higher energies, an effect clearly visible in figure 7.1. Although the
signals of the down-triangle and box scenarios are not as hard as in the up-triangle case, the
limits obtained from these set-ups are still quite strong. These results are remarkable, ranging
from (ovrer)y’ =~ 10722 cm®s™! for low dark matter masses up to (ov)5’ ~ 107> cm3s~! at
several tens of TeV masses. Finally, we remark that an active search of gamma-ray boxes and
triangles was performed, by computing the TS value. Some configurations with small dark
matter masses m, < 10GeV yielded a TS value larger 23.7, which corresponds to a local sig-
nificance > 5o [246]. Still, considering the large amount of trials, the global significance of
these occurrences is small. Furthermore, the effect smeared for narrower energy windows.
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Limits on specific models

We show in figure 7.3 the upper bound on the coupling f of model C from equation (6.31),
described in the previous chapter. These constraints are obtained using our analysis on the
Fermi-LAT and H.E.S.S. observations, under the assumption that the Dirac fermion Np couples
with the same strength to all neutrino flavours. In the left vertical axis we report a quantity
which depends on the parameters f, dny, and dg,, to which the cross section is proportional.
In the right vertical axis, we assume mg = 5m, (ds, = —24) and present the limits on the
coupling f. The limits shown in the right panel of figure 7.2 are well suited for the analysis
of model C as the parameters « and &), fulfil equation (6.43). Let us notice that the limits in
this figure also consider a branching fraction into photons, i.e. in the current notation

(avrel)g'y = (0Vrel) ZBR(ND = V) . (7.13)

2

The decay modes of Np into photons is strongly dependent on its mass as observed in fig-
ure 6.4, therefore we impose my < 50GeV in order to close kinematically the decay modes
into electroweak gauge bosons. Since we consider cases with constant dy,, this has immediate
repercussions on the range of the dark matter mass m,. Therefore, we have m, < 50(58) GeV
for dn, =~ 0(0.25), the limits of which are shown as a dashed(solid) line in figure 7.3. Conversely,
for the wide case (6, =~ 1) the full mass range is allowed since the the Dirac neutrino remains
effectively massless. In contrast to the model independent limits, the strongest limits for the
coupling f come from the cases where oy, ~ 1. This can be explained by the dependence of
the cross section on this mass-splitting parameter as (avre])g7 X (OUrel)g X /0Ny O |af. Fi-
nally, we remark that in the case mg = 5m, shown in the right axis of the figure the coupling
becomes non-perturbative, f 2 4m, for m, 2 1.3TeV.

7.3. Prospects for future experiments

As introduced in chapter 4, the upcoming CTA [206,207]—a next-generation IACT—promises
a major improvement on the very high energy gamma-ray astronomy. Using existing designs
and projections for the performance of the instrument (for details see section 4.3.3) and sensible
modelling of the background, we derive a realistic sensitivity reach and upper limits as expected
for the CTA instrument on the dark matter annihilation cross section into photons. In par-
ticular, we focus on the production of gamma-ray boxes via the process xx — ¢¢ followed by
¢ — 77, i.e. a total of N, = 4 photons per annihilation and a fixed parameter dx, = d,4 = 1.
We denote the cross section for this particular scenario as (ovrel)éy. For this study, we use the
2x2 region defined in the previous section, i.e. |[| < 1° and |b| < 1°. Furthermore, we assume
an observation time of At = 100 h—a sensible amount of time given the general interest on
this region—, and an effective area and resolution, both depicted in figure 4.5. We adopt
the Einasto, NFW, cuspy, and cored profiles as defined in equations (3.16) and (3.17), with
J-factors Jann = 1.02 x 1022, 6.34 x 10%4,3.63 x 10%2,1.60 x 10%° GeV? st cm >, respectively. In
the following sections, we discuss in detail the background we modelled for this study and the
results of the analysis.

7.3.1. Background modelling

Indirect searches performed with IACTs are hindered by three kinds of backgrounds: gamma-
rays of astrophysical origin, electrons and misidentified hadronic cosmic rays. We estimate, in



78 7. CONFRONTING MODELS WITH GAMMA-RAY DATA

a conservative manner, the fluxes of these particles as expected to be observed by CTA, based
on measurements carried out by other experiments.

Hadronic cosmic rays Showers triggered by cosmic nuclei—most of them protons—emit
Cherenkov light which can be misread as if it were originated by an inbound photon (or elec-
tron). Although it is possible to discriminate between hadronic and electromagnetic showers—
for a 70% gamma-ray acceptance typical hadron acceptances lie between 1% and 20% [256]—the
proton flux largely outnumbers that of photons, contributing considerably to the background.
We parametrise the proton flux as a power law, following reference [257], as

d’®,
dE, dQ

o Bp \ 7 -1 -2 -1 -1
=8.73 x 10 <TeV> TeV ™ cm™ “s™ st (7.14)
which provides a well suited description to a wide set of data prior to 2002 for a wide energy
range starting at 10 GeV up to 1EeV. Considerations on the latest proton data [258] show
that this parametrisation remains valid, differing minimally from a best-fit for these data. The
reconstructed photon energy from a misread proton does not correspond to the true energy
of the proton, giving way to a disagreement of a factor p ~ 2 — 3 at a primary energies of
Ey = 100GeV. This is due to the Cherenkov yield of the different showers, both of which are
proportional to Ey [259]. In other words, a shower initiated by a proton with an energy E, can
be accidentally interpreted as a photon with a primary energy E., ~ E,/p. Although possible,
a strict discrimination between these showers is far more complex and requires the analysis of
a larger set of parameters [259]. Bearing this in mind, we use a constant factor p = 3 for the
rest of this work.

Electrons and positrons Electrons and positrons induce showers which are nearly indistin-
guishable from those initiated by photons with the same energy. Only a tiny displacement
of the shower maxima can discriminate one case from the other [260]. Therefore, the large
electron-positron flux contributes substantially to the gamma-ray background as observed by
TACTs. We parametrise this background based on precision measurements carried out by
AMS-02 [261] and by H.E.S.S. [260], the former for energies below several hundred GeV and
the latter at TeV energies. Both parametrisations are described by power laws with different
norms and power indices; we have for the energies above 30.2 GeV

d2 (I)le
dE. dQ)

E.
TeV

—3.17
=9.93x107° ( ) TeV lem 25 tsr! (7.15)

in agreement with AMS-02 data. For higher energies we use

d2 q)he
dE, df2

E —-3.9
=1.17x 1078 (T V) TeV tem 25 tsr?, (7.16)
(§

in agreement with H.E.S.S. data. The full-range description is obtained using the generalised
mean with exponent p = —2 of both parametrisations

d29le *2+ d2phe \ 7
dE, dQ dE, d

ensuring a smooth transition between the two regimes.

1
2

d’®,
, (7.17)
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Astrophysical gamma rays Lastly, we address the gamma-ray flux of astrophysical origin
CTA is expected to observe, which limits the capability to pinpoint gamma-rays originated
from dark matter processes. This contribution is highly dependent on the election of the ROI,
and can only be reduced by a wise choice of the target field of view and analysis technique.
As stated previously, this work studies the gamma-ray emission of a 2° x 2° region centred at
the GC, a ROI where the two main gamma-ray sources are the Galactic Ridge (GR) emission
concealed in the region defined by |I| < 0.8° and |b| < 0.3° and a point source coincident with
the GC. The former has been measured by H.E.S.S. [262] to which the parametrisation

2. B\ 229
g = Lx1078 (T(/) TeV 'em s tsr ! (7.18)
o (§

provides a good description. The latter is a point source that within the resolution of the
instruments is coincidental to the GC, which has been observed by H.E.S.S. and Fermi-LAT.
In the range 5 — 100 GeV, the energy spectrum is well fitted by [263]

d(I)le E —2.68
ﬁ =1.11 x 10712 (Te’{/) TeVtem 257! (7.19)
Y

and in the range 160 GeV — 30 TeV by [264]

d(phe B —2.25
R S Ul (Té(/) TeV'em 257, (7.20)
Y

Similar to the case of electrons, we use a generalised mean, with exponent p = 5 to describe
the spectrum over full energy range as

1
1 5 h 515
d(I)%gC — dq)’igc 4 d(I)%egC (7 21)
dE, dE, dE, ‘ ‘

Lastly, the resulting total background from the different sources as discussed above, is de-
scribed by

APpg d’®, d?®, d?®., g
E,) = AQ E E . E — 08 (g
dE, (B5) 2x2 <6p( ”)pdEde (PEy) + eeqpaa ¢ 7)+€7dE7dQ( 7
do
+ e —1E(E,), (7.22)
Y dE’Y il

where AQyy o = 1.22 x 1073 sr is the solid angle of the 2x2 region. We remark that equation
(7.22) is a conservative up-scale of the modelled flux for the Galactic ridge to our target field
of view, assuming the same output per unit solid angle. The cosmic-ray background rate
described by the equation above is in agreement with the one reported in figure 16 of reference
[208] within a factor 1.5 — 3 if we take an energy dependent proton acceptance described by
e (B,) = 0.01+0.02 (E, /20 TeV)"*—i.e. a proton acceptance ¢, (1 TeV) =~ 0.01 that scales up
to €, (100 TeV) ~ 0.20. Considering an updated performance [209], the same result is obtained
with a proton acceptance of €, (£,) = 0.001 + 0.002 (£, /20 TeV)'*. Finally, we note that this
modelled background is also in agreement with that of reference [265], performed by a full
CTA simulation. We show in the left panel of figure 7.4 the background as modelled in the
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Figure 7.4.: Modelled background as it would be observed by CTA within the 2x2 region as described
by equation (7.22). Left: Breakdown of the total background into protons, electrons,
and gamma rays, for details see text. Right: Total background and gamma-ray boxes as
produced by dark matter models with m, = 20TeV, d4, = 0.002,0.19,0.99, and o = 0,
assuming an annihilation cross section (ov)s’ = 1072*cm®s~! and an Einasto density
distribution. Both signals are depicted under the consideration of the energy resolution of
the instrument from the Monte Carlo design study [208]. Figures taken from [8].

previous paragraphs and summarised in equation (7.22). The contributions of each separate
source as well as the total sum are depicted. At lower energies the background is dominated by
the contribution from electrons and positrons. This holds up to a few TeV where the diffuse
emission from the galactic ridge and eventually cosmic protons overshadow the other sources.
For comparison with the signals produced by gamma-ray boxes—that shall be studied further
down—, we present in the right panel of figure 7.4 this background with the flux predicted by
a cascade scenario producing boxes with the parameters m, = 20 TeV, <av)37 =10"2*cm3s!
and mass splittings of 44, = 0.002,0.19,0.99.

7.3.2. Upper limits and sensitivity

From the considerations above and using the profile likelihood method, we can infer the
prospects for CTA in the search for gamma-ray boxes. In the case of a non-observation,
we estimate the upper limits on the annihilation cross section and the sensitivity reach oth-
erwise. For the estimation of the upper limits, we generate 300 sets of mock data based on
the background-only hypothesis—drawn from a Poisson distribution with a mean neyp, given
by equation (7.4). Using the profile likelihood method, we draw one-sided 95%C.L. limits on
benchmark scenarios described by the parameters (my, d¢y). For the estimation of the sensitiv-
ity reach, we generate 300 sets of mock data, calculated assuming non-zero signal (with fixed
parameters (m.y, 64y )) and background. Starting with a very small signal strength, we increase
its normalisation repeatedly, calculating each time the TS value from equation (7.8), over all
300 realisations. Then, we obtain the 5o sensitivity reach given by the smallest annihilation
cross section for which the averaged TS value is larger than 23.7, (see e.g. [246]).

Considering the energy regime of CTA, we simulate mock data for energies within the range
E, = 40GeV — 110TeV. Then, we bin the resulting data into N, = 200 energy bins per
decade. This simulation is performed using the effective area A.g and energy resolution op as
presented in figure 4.5. Further details on the particular CTA set-up considered are presented
in section 4.3.3.

In order to distinguish a putative signal from the background, it is crucial to ensure a proper
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Figure 7.5.: Upper limits and sensitivity reach for gamma-ray boxes expected from At = 100h of
observations performed by CTA of region 2x2, assuming an Einasto dark matter profile,
a vanishing gamma-ray optical depth and a window width e; The different panels refer to
narrow, intermediate, and wide cases from left to right. The violet solid lines depict the
average 95% CL upper limits on the annihilation cross section over 300 mock data sets,
and the band the corresponding standard deviation. The 5o sensitivities are indicated
by the dashed lines. These results were obtained using the performance from the design
study [208]. The 95% CL upper limits using the updated CTA performance [209] is depicted
as dotted lines. The thick solid lines represent the target cross sections for thermal relics
in models A; 23 and B.

model for the simulated mock data. Since, a simple power-law parametrisation provides no
good fit throughout the full energy range, we make use of the sliding window energy technique
on the binned data. The windows are centred at the right end of the unconvolved dark matter
signal £ = ET, as were the limits drawn using Fermi-LAT data. For the estimation of proper
window sizes, we examine widths within the range ¢ = 1.2 — 10 centred over the complete
CTA energy range. We compute the x? values of all 300 sets of background-only mock-data
sets—derived using the background as modelled in equation (7.22)—for the best-fit power laws.
Then, we test whether this distribution could be drawn by a x? distribution, and reject widths
for which the p-value of this distribution test is less than 0.01. We choose as our default window
width eg = 2, being the largest one which fulfils this criterion and, for completeness, we also
study €10 = 1.2 and €75 = 1.5.

The effects of the non-transparency of the universe to high-energy gamma rays are also
examined by including in the analysis an energy dependent J-factor as well. For this we re-
call the discussion on the optical depth from section 4.2.1 and cast the energy dependent
J-factor J7,, from equation (4.13). We invoke the ISF as found in [266, 267] at Galacto-
centrc radii R = 0,4,12,16kpc. The considerations of this effect—in this study—Ilead to
ratios between the modified and usual J-factors of J7,/Jann =~ 1,0.99,0.75,0.35 for E, =
10GeV,1TeV,100 TeV, 1000 TeV. Lastly, we restrict our study to three dark matter bench-
mark scenarios, given by dg, = 0.002,0.19,0.99, labelled narrow, intermediate, and wide,
respectively. These box cases are the ones depicted in the right panel of figure 7.4.
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Figure 7.6.: Effects of the variation of the window width on the upper limits from the profile likelihood
analysis. The panels, read from left to right, correspond to narrow, intermediate, and
wide boxes. Each panel shows the results for the window widths €; 2, €1 5, and e5. Further
details mimic the ones adopted in figure 7.5 for the CTA performance from [208].

Results

We start our discussion on the results with the limits for each scenario and the 50 sensitivity
reach expected for CTA, shown in figure 7.5. The default energy window width e and the
Einasto profile are used. The curves represent the logarithmic mean of the results obtained
from the 300 mock-data sets on the one-sided 95%C.L. upper limits, and the band the standard
deviation—which turned out to be within a factor of 2 — 3 above or below the mean—based on
the performance of reference [208] for a vanishing gamma-ray optical depth. The limits are the
strongest for dark matter masses between 100 GeV and 10—20 TeV, excluding annihilation cross
sections above a few times 10727 cm®s~!. For most of the remaining mass range, the upper
limits cover values for (avrel)é7 smaller than a few times 10726 cm?®s~! for the narrow case, and
a few times 1072° cm3s™! for the intermediate and wide cases. The dashed lines represent the
50 sensitivity reach, which lay a factor 3 — 5 above the 95%C.L. upper limits for the full mass
range. At face value, the three benchmarks are very similar, as argued when discussing the
results derived from data drawn by Fermi-LAT and H.E.S.S.. The reason remains the same,
being the interplay and compensation between the sharpness of the narrow boxes against the
extension of the dimmer intermediate and wide boxes. We confront these results with the ones
obtained by considering an updated performance as introduced in reference [209] depicted in
all three panels as a dotted line. These limits are an improvement on the former by a factor of
~ 8 (5.6) at low masses for narrow (wide) boxes and up to a maximum of ~ 1.6 above 4 TeV
for all box sizes. We leave the discussion on the solid black lines, related to the models, for the
following section.

We now proceed to verify the robustness of these results. We start by analysing the effect of
the specific choice of the window, depicted in figure 7.6. At first glance, the effect of varying
the width of the sliding window has sizeable repercussions and is crucial to benefit most by the
available gamma-ray data. Smaller windows fail to capture a significant part of the intermediate
and wide boxes, softening the contribution from the dark matter signal. Although this is less
evident for the narrow boxes, the energy resolution smears the signal to a wider shape leading
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Figure 7.7.: Effects of the variation of the assumed dark matter density distribution profile on the upper
limits from the profile likelihood analysis. The panels, read from left to right, correspond
to narrow, intermediate, and wide boxes. Each panel shows the results for the different
profiles as explained in the legend. Further details mimic the ones adopted in figure 7.5
for the CTA performance from [208].

to a similar effect as in the former cases. From these results, we see that a wise choice of the
window can improve the limits as much as a factor 25. Furthermore, limits can improve up to
a factor 1.5 — 2 by positioning the window centre at a different energy FE.

The importance of the density distribution profile has already been addressed. In figure 7.7
we show the average limits obtained with the same method for different dark matter profiles.
Starting from the benchmark profile (Einasto), the upper limits improve by a factor ~ 4 if we
consider the generalised cuspy profile with slope v = 1.2 defined in table 3.1. On the contrary,
considering the generalised cored profile, defined in the same table, weakens the results by
almost two orders of magnitude. We also display the effect of the gamma-ray optical depth,
which translates into an energy-dependent J-factor (c.f. equation (4.13). The impact of this
consideration is a weakening of the 95%C.L. upper limits by around 20%.

We close this section with a brief discussion on the impact of the variation of other, less
significant, assumptions. The calculations were repeated for other binnings (N, = 100 and
Ny = 50), where we found no significant deviation from the baseline results. As our results on
the 95%C.L. upper limits on the annihilation cross section were derived under a background-
only hypothesis, we expect the constraints to scale as 1/ V/At. Indeed, with an additional
run with an observation time of At = 50h, this behaviour was verified within the expected
margins. The effect of systematic uncertainties was also studied following the method described
in [265,268]. Bearing in mind that these estimates are still subject to change—depending on
the final design of CTA—, we found that at low masses, where the uncertainties are dominated
by systematics, the impact on the results are sizeable, whereas at high masses practically
negligible. Furthermore, the prospects can be improved by a more complex analysis e.g., an
optimised morphological analysis [265, 268, 269].
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Figure 7.8.: Comparison of the expected 95% CL upper limits from CTA for narrow boxes with current
Fermi-LAT [254] and H.E.S.S. [191] line searches, rescaled to be compared with narrow
boxes. Left: upper limits on the cross section into four photons. Right: displays the flux
upper limits for a monochromatic signal generated at a given energy. The colour and line
coding is adopted from figure 7.5, the violet solid lines and bands correspond to the average
upper limits obtained with the CTA performance of Ref. [208], while the dotted lines are
for the updated performance [209)].

Comparison with existing telescopes

It is an illustrative exercise to compare the prospects from CTA to the limits obtained by
Fermi-LAT and H.E.S.S.. We consider the results on gamma-ray lines from references [191,254],
properly scaled for narrow boxes, with the results of our analysis on CTA in figure 7.8. On the
left panel, we show the 95%C.L. upper limits on the dark matter annihilation cross section,
and on the right panel on the integrated gamma-ray flux. Since H.E.S.S. is also an IACT and
shares a similar energy range, we performed a new calculation on the upper limits adopting
the same set-ups of that analysis: An observation time of At = 112h, an Einasto dark matter
profile and the CGH field of view (c.f. section 7.2). We recall the corresponding J-factor
Jann = 7.78 x 1024 GeV2 cm~®. The limits derived by the Fermi collaboration were calculated
based on At = 3.7 yr of observation on the R3 region assuming an NFW contracted profile, and
a J-factor Jonn = 1.39x 1023 GeV?2srem ™. The prospects on CTA for the 95%C.L. upper limits
for both performances are presented figure 7.5. For this comparison, a new set of limits for
CTA was derived assuming the same observation time, profile, region of interest and J-factor
the observation time and region from H.E.S.S.. Our results suggests that at GeV energies,
the limits derived by CTA will not be able to compete with those derived using Fermi-LAT
data. However, at TeV energies CTA may supersede the H.E.S.S. performance, being able
to constrain values for the cross section up to an order of magnitude smaller. We close this
paragraph by stating that CTA shows a promising future for the search of gamma-ray boxes
and triangles. No existing instrument is able to encompass such a huge span of energy values.
Furthermore, the performance of the final design could present major improvements on the
analysis.

Limits on models A and B

In this last section, we address the physical models capable of producing dark matter boxes. In
chapter 6 we introduced some independent physical models that are able of producing gamma-
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Figure 7.9.: The ration between average 95% CL upper limit expected for CTA and the target cross
section of a thermal dark matter candidate in models A;,2,3 and B against the dark
matter mass. Further details mimic the ones adopted in figure 7.5 for the CTA performance
from [208].

ray boxes and triangles. We discuss models A and B, since the constraints were derived for
cases where the steepness and one of the two mass-splitting parameters were fixed, o = 0 and
dxn = 044 = 1. Furthermore, we refer to both models B1 and B2 simultaneously as B, since
for our purposes they are equivalent and we consider only the wide benchmark, due to the
limits on the mass of the intermediate state. On the contrary, we analyse three benchmark
scenarios for model A, namely for narrow, intermediate, and wide boxes, for the parameters
dgy = 0.002,0.19,0.99, labeled Ay, Ag, and Ag, respectively. In these two models, dark matter
is interpreted as a WIMP, this means that the cross section at thermal freeze-out is fixed.
However, we need to adjust it to the temperature of the present-day universe. For model A
we use the ratios (ovgel)o/{(0Vrel)t.0. from equation (6.21), and for model B we have this ratio
equal to unity. In both cases, the cascade process is described by xXx — as followed by a — 7.
We also take into account the branching fraction BR(a — ) and the boost factor present for
model B, Bg ~ 103. Then, considering the nature of these models, the target cross sections for
experiments is calculated by

W;M’ BR(a — 77) . (7.23)
These values are depicted as solid black lines in figure 7.5 for the four benchmarks (A, Ag, As,
and B). The step-wise behaviour of models A; 23 is due to the decreasing branching fraction
into photons of the pseudo scalar BR(a — ) due to the decay mode a — WTW ™, which
opens at masses m, 2 2myp. In all cases, it is possible to exclude a large fraction of the
parameter space. For the A; and As scenarios, dark matter masses below 10 TeV are excluded,
whereas for models A3 and B it is possible to surpass this value up to a few times 10TeV.
We provide an alternative illustration for this results in figure 7.9. Here, we simply present
the ratio of the 95%C.L. upper limits to the target annihilation cross section expected from
thermal relics as realised in the concrete scenarios A1 23 and B.

<O'U1rel>é’y = Bg
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8. Conclusion

In the first part, we reviewed the most important evidences which that point to the existence of
dark matter. Not only is this compelling evidence present at different scales, but the simplicity
of the concept of dark matter, addressing successfully the issues raised, is remarkable . Still, no
details on the particle nature of dark matter have been unambiguously determined, which mo-
tivates further experimental efforts in their pursuit. We presented different detection methods
and focussed on dark matter indirect detection, a search strategy that relies on the production
of SM particles from annihilating or decaying dark matter. We also argued in favour of using
gamma-rays as messengers for the possible observation of a positive signal.

In the second part of this work, we presented two new kinds of gamma-ray spectral features,
which rise as a natural results of dark matter 1-step cascade processes. In the case of the
intermediate state being a scalar or a Majorana fermion, gamma-ray boxes are produced;
extended features of varying width and positioning which depend on the mass ratios of the
involved particles. Gamma-ray triangles arise in the case of Dirac fermion intermediate states,
and are have an extra phenomenological parameter which dictates the steepness of the signal.
This property of the signal depends on the exact details of the particle physics model under
consideration and the helicity of the intermediate state. However, for this signal not to be
compensated by mirrored emissions of the same process, an underlying asymmetry in the dark
sector is required. These two signatures are described by a set of three parameters, the dark
matter mass, and the strength of the signal, allowing for a rich phenomenology. Moreover, they
display, in all possible scenarios, a sharp cut-off, strikingly different from all known sources of
background. A possible detection of such signals could be considered as a clean evidence of
dark matter. Furthermore, in the case of the detection of a gamma-ray triangle this would
additionally point towards a scenario where dark matter is also subject to an asymmetry, as
ordinary matter is. As we showed, it is possible to construct a model that displays either
a gamma-ray box or a triangle. These models can be successfully tested using current data
drawn from gamma-ray telescopes such as Fermi-LAT and H.E.S.S., allowing for the derivation
of strong upper limits. Furthermore, the annihilation cross section in WIMP scenarios can be
tested below the thermal target using gamma-ray boxes, provided they are able to produce
such a signature. Finally, we studied the prospects of the sensitivity of CTA towards gamma-
ray boxes. Although CTA presents a major improvement extending the possibility of box
and triangle searches to a larger energy regime, the sensitivity analysed in this work is not
significantly better than the one provided by existing experiments. However, we remark that
CTA is still prone to modifications in design and analysis algorithms enhancing the performance
CTA will provide.

By introducing gamma-ray boxes and triangles we opened new possibilities of studies of
dark matter. Although we performed detailed analyses using existing and simulated gamma-
ray data, there are still other investigation strategies to be exploited. We hope that future
studies address different facets of this particular class of dark matter scenarios.
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