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Abstract

This thesis concentrates on one of the indirect Dark Matter (DM) detection
methods, namely through observations of Very High Energy (VHE) ~-ray sig-
nals from DM annihilation (or decay) in cosmic sources using the Imaging Atmo-
spheric Cherenkov Technique (TACT). We discuss the particle physics and astro-
physical aspects of those observations and perform several calculations which
lead to an estimation of the DM detection prospects for IACTs. Using the
DAMASCO code we calculate the photon flux from annihilating DM. We also
calculate the so called astrophysical factors for two promising sources, namely
the Galactic Center (GC) and the dwarf galaxy Segue 1. Based on those calcu-
lations we examine the prospects for DM detection with the MAGIC telescopes.
We conclude that in the best case scenario, a boost factor of ~ 240 is needed for
a bo detection of the Galactic Center by the MAGIC telescopes during 100 hours
of observation. A section is also devoted to the recent tentative measurements
of a «-ray line at ~ 130 GeV, for which we investigate the possibility that it
might originate from DM decays. We conclude that such a line can be explained
by an unstable particle with a decay time on the order of 10%® s, depending on
the decay channel, the particle mass and the density distribution of the GC.
If the decaying particle is a WIMP (Weakly Interacting Massive Particle), we
expect a cut-off in the photon spectra at EY ~ 260 GeV. Thereafter, we apply
this to a model for decaying gravitinos (supersymmetric partner of the graviton)
and calculate value for the relevant coupling. This model predicts a similar line
in the neutrino spectrum which could be measured by the IceCube neutrino
telescope.
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1 Introduction

There is much experimental evidence indicating that approximately 83% of the
total amount of matter is of a form we have not yet encountered, and it is
of high priority to unveil the nature of this important building block of the
universe. The first chapter in this thesis gives a non-technical overview of the
current status of the DM problem, including the experimental evidence for it’s
existence, the most popular DM candidates and some of the current experiments
for direct DM detection.

We thereafter present a more detailed description of indirect DM searches
with Imaging Atmospheric Cherenkov Telescopes (IACTs). First, a brief overview
over the science of IACTs are given. We then show a derivation of the expected
~-ray flux from annihilating and decaying DM which includes aspects both from
particle physics and from astrophysics. This is followed up by a discussion on the
dark matter density profiles and a description of the “cusp vs. core” problem.
The spectra one expects from DM annihilations depending on the annihilation
channel is then discussed. In particular, Chapter 4 describe the implementation
of the tf annihilation channel in the DAMASCO code, which is used to compute
the photon spectra from DM annihilations/decays. Section 2.4 is devoted to the
basics of the statistical analysis used in v-ray astronomy.

We calculate astrophysical factors (for decaying and annihilating DM) for
the Milky Way and the dwarf galaxy Segue 1. The astrophysical factors are
calculated for typical solid angle resolutions for TACTs and satellite based ~y-ray
detectors.

The prospects for DM detection with the MAGIC telescopes are then dis-
cussed in Chapter 5. Here, we calculate expected v-ray fluxes from the GC
using formulae from Chapter 2. We use the photon spectra computed with the
DAMASCO code and use the astrophysical factors for the GC that were calcu-
lated in Chapter 3. The flux for different annihilation channels are compared
to the y-ray flux from the Crab nebula and the sensitivity MAGIC achieves in
10 hours or 50 hours of observation time. We thereby calculate the required
observation time for 50 detections assuming different annihilation channels and
WIMP masses, and discuss the needed boost factors for the DM v-ray flux to
be detectable with the MAGIC telescopes.

In the last chapter of this work, we analyze the recently observed 130 GeV
line in the case it originates from decaying DM. We calculate the life times
required for producing this line for the decay channels x — v, vv, vZ and vh,
and the corresponding WIMP masses depending on the density profile applied to
the Milky Way. Thereafter, we discuss a model for R-parity violating gravitino
decays. By interpreting the 130 GeV line as coming from 3,5 — v we obtain
the coupling for the corresponding vertex.

2 Overview of the Dark Matter Problem

A variety of experiments show that the forms of matter we know and understand
can only constitute a small fraction of all the matter in the universe. From astro-
physical measurements such as orbital velocities of stars in galaxies, dynamics
of galaxies in galaxy clusters, gravitational lensing effects and anisotropies in
the cosmic microwave background (CMB), one can conclude that 83% of the



total mass in the universe (and 23% of the total energy) consists of a form of
matter hitherto unknown (see [1], [2] for recent reviews). This “missing mass”
is referred to as ’dark matter’ (DM) because of historical reasons (the term was
coined in order to distinguish the already observed luminous matter from the
additional matter that was indirectly inferred by gravitational effects; a more
appropriate name would have been ’invisible matter’). The dark matter prob-
lem is today considered one of the biggest mysteries in astronomy, cosmology
and physics in general.

Even though we do not know what the dark matter is, there exist various
observations constraining our theoretical models.

e Since the dark matter is not directly visible in our telescopes (only indi-
rectly through its gravitational effects), it is safe to assume that the dark
matter, whatever it is, must have a very tiny coupling to the electromag-
netic field, if any at all.

e Dark matter cannot be made up out of any form of baryonic (“ordinary”)
matter. Physicist can calculate the amount of baryons in the universe by
comparing measurements of the ratio between the deuterium and hydro-
gen abundances with the Big Bang model. Most of the baryons today
were created during a period, ranging from a few seconds to a few min-
utes after the Big Bang, called Big Bang Nucleosynthesis (BBN). Based
on measurements of the D/H abundance ratio and the Big Bang model,
calculations yield that the baryons only account for about 20% of the
total matter density [1]. In accordance with BBN, separate results are in-
dependently obtained by calculations based on anisotropies in the CMB.
These anisotropies correspond to acoustic oscillations in the photon-proton
plasma in the early universe. In the early universe, the temperature
was very high preventing electrons and baryons to form atoms. Instead,
the universe was a plasma where photons frequently were created and
absorbed, maintaining a thermal equilibrium. The acoustic oscillations
are the result of a struggle between gravitation, tending the plasma to
clump, and radiation pressure from the photons, preventing the clumps
from getting to dense. Since the dark matter do not couple to photons,
the amount of “clumping” clearly depends on the amount of dark matter
present. When the universe expands, the temperature decreases, allowing
for neutral atoms to form which makes the universe transparent for pho-
tons. Photons then decouple from the rest of the universe and continue to
propagate undisturbed by the atoms. These photons now constitute the
Cosmic Microwave Background and have been accurately measured most
recently by the Wilkinson Microwave Anisotropy Probe (WMAP) satel-
lite [3]. At this “freeze out” of the photons, more photons were present in
the denser regions of the photon-proton plasma. The anisotropies in the
CMB therefore directly shows the density fluctuations in the early universe
photon-proton plasma which, in turn, crucially depends on the amount of
dark matter density and baryonic matter density. The measurements of
the CMB predict that the matter in the universe today is made up of 83%
of dark matter [3], in accordance with the prediction from BBN.

e The results of rigorous cosmological simulations, in which it is assumed
that DM is a new elementary particle, favor the so called Cold Dark Matter



model (ACDM) when compared to the universe we observe. The observed
large-scale structure only appears when the dark matter is cold, meaning
that its kinetic energy is negligible compared to its energy at rest. In
most cases, this implies that the dark matter particle must be very heavy.
One exception is the so called azion which is a light (m < 1 eV) boson
which is proposed in Quantum Chromo Dynamics (QCD), the theory of
the strong force, in order to solve the strong CP problem; it would be
produced without kinetic energy meaning that the axion still satisfies this
criteria despite its low mass.

e Another important piece of information about the dark matter can be
obtained from cosmology regarding its (thermally averaged) annihilation
cross-section (ov), assuming a thermally produced DM particle (again,
the axion is an example of a DM candidate for which the following ar-
gument does not hold, since it is not thermally produced). When the
universe was young it was both hot and dense causing frequent interac-
tions between particles. DM particles should have been frequently created
and annihilated pairwise, maintaining the right number density and tem-
perature for thermal equilibrium. When the universe expands, both the
temperature and the number density drops, having the effect that the
annihilation reaction rate also drops. The dark matter density today de-
pends on the amount of dark matter present at the time when the rate of
annihilation had fallen to a value for which thermal equilibrium could no
longer be maintained. Since the annihilation rate equals the annihilation
cross-section times the number density, one can estimate the cross-section
assuming a dark matter particle mass. It turns out that the amount of
dark matter we believe exist today is consistent with a heavy particle (a
mass in the GeV to TeV range) with (ov) ~ 3-10726cm?/s (see [4] for a
recent calculation) which is close to the electro-weak scale. Because of this
reason, a popular class of dark matter candidates are the so called Weakly
Interacting Massive Particles, WIMPs, referring to heavy non-baryonic
particles which only interacts through weak interactions. An interesting
note here is that the Fermi telescope claims to have ruled out this cross-
section for bb and 77 annihilation channels for a WIMP mass ranging from
5 GeV to about 30 GeV by using standard assumptions [5] (their results
are shown in Fig. 1).

In the particle physics community, a common belief is that the so called
Standard Model (SM) of particle physics is only a part of a more general theory,
which should be unveiled at high energies. Although the Standard Model as
a theory has offered an astonishing agreement with experiments, it possesses
quite a lot of theoretical problems (for example the hierarchy problem, neutrino
masses or the uncomfortably large number of free parameters), and attempts
have been made to solve these problems by extending the Standard Model.

A favorited category of possible extensions to the standard model are the
Super Symmetric models, or SUSY models. The ’symmetry’ in SUSY refers
to a proposed symmetry between fermions and bosons — for every SM fermion
there exists a boson with identical mass and quantum numbers (except the spin)
referred to as the ’sfermion’, and vice versa for the SM bosons for which the
supersymmetric partners are called 'gauginos’ (see Tables 1 and 2). Since we
have never seen any of these sfermions and gauginos, this symmetry cannot be an
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Figure 1: Upper limits on the WIMP annihilation cross-section from the Fermi
Large Area Telescope [5].

exact symmetry if it exists. If Nature is supersymmetric, the explanation yields
that SUSY is broken in such a way that all the superpartners of the standard
model particles have such high masses that no particle physics experiment so far
has had enough energy available to create a superpartner to any SM particle.

In SUSY, it is possible to introduce the quantum number R-parity Pg for
which all SM particles have P = 1, and P = —1 for their supersymmetric
partners. A definition of R-parity which acquires this property is

Pr = (_1)25-&-3(B—L)

where s is the spin, B the baryon number and L the lepton number. Thus,
by this definition, a violation of R-parity implies a violation of B — L which in
many cases opens up the possibility of a proton decay (see for example [7] for
a discussion on the consequences of R-parity violation). The proton decay has
not yet been observed; the experimental lower limit for the proton half life is of
order 10?3 s [8], i.e. much longer than the age of the universe which is around
10'7 s. However, in the Minimal SuperSymmetric Model, MSSM, there is no
fundamental reason why R-parity should exactly be conserved. Even though
the lightest supersymmetric particle, the LSP, would not be stable in the R-
parity violating case, the lifetime of the LSP can be extremely long provided
that the R-parity violation is small enough. For example, if the gravitino is
the LSP it has been shown that the problem of gravitino overproduction in the
early universe can be solved by introducing a small R-parity violation and still
leave the gravitino constituting the DM bulk today (see [9] for a more detailed
discussion on gravitino dark matter).

The usual LSP in SUSY models is the lightest neutralino, since it naturally
provides a good dark matter candidate (it also common to consider the case
where the gravitino is the LSP). The neutralino is a superposition of the super-
partners of the gauge bosons and higgses in the Standard Model which lacks
both electric and color charge. It is thus only interacting via the weak force, and
usually has a mass in the right range. In addition, the neutralino is a Majorana



Particle Mass(GeV)

up squark () > 379
down squark (d) > 379
selectron (¢) > 107
e neutrino (7,) > 94
charm squark (¢) > 379
strange squark (3) > 379
smuon i > 94
p sneutrino (7,,) > 94
top squark () > 95.7
bottom squark (b) > 89
stau (7) > 81.9
T sneutrino (7, ) > 94

Table 1: Sfermions and their lower mass limits last reported by the Particle
Data Group [6].

Particle Mass(GeV) Description

Neutralinos (x7_,) > 46 Linear combinations of the photino (%), the
zino (Z) and the two neutral higgsinos (H 2)

Charginos ()2%2) > 94 Linear combinations of winos(W*) and charged
higgsinos (H*)

Gluinos (g) > 308 Superpartners to the gluons

Gravitino (v¢3/2) - Superpartner to the postulated mediator of the

gravitational force, the graviton. The subscript
3/2 emphasizes the spin of the gravitino.

Table 2: Gauginos and their lower mass limits last reported by the Particle Data
Group [6].



fermion, meaning that it is its own antiparticle. This is crucial when considering
~-rays originating from annihilating dark matter since an annihilation reaction
is a reaction between a particle and its antiparticle. If the dark matter bulk
of the universe is not made out of particles with this property, and if the dark
matter possesses the same matter-antimatter asymmetry as the matter we know
of today, there is little hope of ever detecting ~-rays from DM annihilations.

Another set of models that are often discussed in the context of DM are the
Kaluza-Klein models which, in addition to our 3 spatial dimensions, postulates
extra spatial dimensions which are “curled up” and usually extremely small.
Imposing the requirement of a continuous wave function of a particle moving in
one of these dimensions leads to a discrete set of energy eigenstates, or “Kaluza-
Klein modes”. Conservation of momentum in the extra dimensions leads to a
conserved quantum number called KK-parity, which in turn leads to stable
modes which are considered as DM candidates.

Much work has been done in DM detection, and many interesting experi-
mental results are expected in the upcoming years. The different techniques for
detecting dark matter are usually divided up into two categories: direct and
indirect detection. This work focuses on indirect detection of DM via detection
of high energy ~-rays presumably produced by DM annihilation or decay, but
for the sake of completeness, other techniques will hereby briefly be mentioned.

In the Large Hadron Collider (LHC) at CERN, searches for supersymmetry
are currently conducted. No signatures have been seen yet, but lower limits for
the sparticles have been set (see Tables 1 and 2).

Another method for direct detection of is employed by experiments such as
CDMS, ZEPLIN and DAMA. The idea is to detect recoil events from elastic
scattering of WIMPs against nucleons in the detectors. Since these events would
occur very seldom due to the low cross-section and the low number density of
the WIMP, the detectors must be extremely cold (around 10 mK) in order for
the thermal motion not to overshadow the recoil event, and be placed deep
underground to avoid background in the form of cosmic radiation. So far, no
convincing claims of detecting such events have been made. A compilation of
upper limits for the WIMP-nucleon cross-section is shown in Fig. 2.

The rest of this thesis will mainly focus on indirect DM detection with
~v-rays using Imaging Atmospheric Cherenkov Telescopes. Other experiments
attempting to detect DM annihilation products are the IceCube neutrino detec-
tor located on the South Pole, the Fermi Large Area Telescope (LAT) and the
PAMELA satelite, both located in space.



0" \\§ DAMA/Na 3 cMSSM
A mSUGRA
Q)
- DAMA/| %\\’;)
S0 ®
"E ; &\\\ 78
o
s -6
2101
:(;'i -
= - "
2 R T N N
:E
g0 F
S f
= i ZEPLIN=II
-8 \
0 R
i | AT .
10 10° 10°

WIMP mass, GeV/c’

Figure 2: Upper limits on the WIMP-nucleon cross-section from various exper-
iments dealing with direct detection of WIMPs through registration of recoil
events from WIMP-nucleon elastic scattering. Preferred cross-sections in the
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respectively. The regions DAMA /No, DAMA/I and CoGeNT show three claims
of DM detection which have not been confirmed. The figure was extracted from
[10].
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3 Indirect Dark Matter Searches in 7-ray As-
tronomy

Assuming that the dark matter constituent is a WIMP with an expected mass
of a few 100 GeV to several TeV, one expects to observe a flux of high energy
(HE) photons, with an energy in the GeV-TeV range, coming from DM rich
regions in space. Those ~’s, along with other particles, are products of DM
annihilation or decay processes. In contrast to the charged particles, photons
have the advantage that they do not bend in magnetic fields, making it easy to
trace them back to their origin.

3.1 The Imaging Atmospheric Cherenkov Technique

HE photons are only possible to directly detect with space satellites or balloons,
since the photons will be absorbed once they reach the Earth’s atmosphere.
However, once a HE v reaches the atmosphere, it will interact with air molecules
producing an eTe™-pair followed by an electromagnetic shower. Some of the
particles in such a cascade will have a velocity higher than the speed of light in
air (which is ¢/n where n is the refractive index in air). If the particle is also
charged, it will radiate Cherenkov light. The minimum energy required for a
charged particle to emit Cherenkov light is thus

m002
Eniin =

The purpose of Imaging Atmospheric Cherenkov Telescopes, or IACTs, is to
detect Cherenkov radiation from air showers induced by v-rays interacting with
air molecules in the Earth’s atmosphere (see Figure 3). The Cherenkov photons
are reflected in the mirrors, and the shower image is recorded by a camera made
by photomultipliers. Hadronic showers induced by charged cosmic rays (mainly
protons) produce similar images and constitute the main background for y-ray
detection. The shape of the shower, the arrival time of the Cherenkov photons
and the amplitude of the signal is analyzed in order to extract information about
the primary and to discriminate the photons from the background. Figure 4
shows three typical kinds of events recorded by an IACT, before and after the
the image cleaning®.

It is of great benefit to have several TACTs simultaneously active. The
cooperation of multiple IACTSs simplifies the reconstruction of the shower arrival
direction thanks to their stereoscopic perspective. The full Cherenkov light
pool illuminates a large area of the ground compared to the individual areas of
the telescopes (the Cherenkov light originating from a primary 7-ray with an
energy of ~1 TeV illuminates a circle of a radius ~100 m when it reaches the
ground). By having several telescopes in the light pool, one of course collects
more information about the primary + which gives a more accurate estimation
of its energy.

ITACTSs are mainly used to study galactic objects such as supernova remnants
(SNR) and pulsars, and extra-galactic objects such as active galactic nuclei

Tmage cleaning is a procedure which removes obsolete signals coming from the night sky
background (starlight, moonlight, light pollution etc.), electronic noise and other random
events.

11
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Figure 3: A primary HE photon enters the Earths atmosphere and produces
particle shower. The charged particles in the shower with sufficiently high energy
will emit Cherenkov radiation which is detected by an TACT. The picture is from
[11].

(AGN) and Gamma Ray Bursts (GRBs). In the last years, more and more
of the IACTSs observation time is dedicated to study exitic phenomena such as
DM and Lorentz invariance violation predicted by some theories of Quantum
Gravity (see for example [12]).

This work will mainly focus on DM detection prospects for the Major At-
mospheric Gamma Imaging Cherenkov (MAGIC) telescopes. The MAGIC tele-
scopes are two 17 m diameter IACTSs located on the Canary island La Palma
(Spain) providing a stereoscopic view on the VHE 5-ray sky of the northern
hemisphere. Among the active TACTs today, MAGIC has the lowest energy
threshold and best sensitivity below 150 GeV, which is especially important in
WIMP detection where the WIMP has a relatively low mass (100-200 GeV).

In DM searches with IACTs, several types of objects are considered promis-
ing candidates: the Galactic Center (GC), the galaxy clusters, the Dwarf Sh-
peroidal Galaxies (dShps) and the UFOs (Unassociated Fermi Objects).

The Galactic Center (GC) is comparably near the Earth (~8.5 kpc) and
is expected to have a high dark matter concentration. However, since the GC
in addition contains a lot of forms of luminous matter, there is a difficulty in
ruling out less exotic VHE gamma-ray sources of astrophysical origin. So far,
no detection with TACTs has been claimed (see for example [15]).

The dSphs are gravitationally bound systems that are present inside the dark
matter halo of the Milky Way. They have a low luminosity since they contain
very few stars, but high masses which point to high DM concentrations [13].
In addition to their high mass-to-light ratio, dSphs are usually located outside
the galactic plane which makes the background estimation less complicated. No
claim of VHE ~-ray detection with an TACT has been made (see for example

12
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[16)).

Galaxy clustes have been shown to have a high mass-to-light ratio which is
good for indirect DM searches. Their disadvantage is their large distance from
the Earth. MAGIC has attempted to detect y-rays from galaxy clusters with
TACTs, but no signal was seen (see for example [14]).

Cosmological Cold Dark Matter N-body simulations suggest that galaxies
like our own are surrounded by many subhalos of all mass scales [17]. Part of
these subhalos could be too small to have attracted enough baryonic matter to
start star formation and would therefore be invisible to traditional observations.
Those sources are expected to shine exclusively in the v-ray regime where a DM
annihilation/decay signal is expected. Not detected in any other wavelength,
they could pop-up in all-sky monitoring programs, such as the one carried out
by Fermi-LAT. The Dark Matter subhalos might therefore correspond to some
of the so called Unassociated Fermi Objects (UFOs) which have no precise asso-
ciation to any counterpart in other wavelengths. Attempts have been made to
measure a y-ray signal from UFOs with the MAGIC telescopes, but no detection
was claimed [18].

3.2 ~-ray Flux from Annihilating and Decaying Dark Mat-
ter

In order to estimate the photon flux coming from dark matter annihilation or
decay, one needs to take into account both astrophysical models for the DM
density distribution and particle physics models for the relevant cross-sections
and decay widths.

Assume that a telescope with an angular opening of 26,,,., corresponding
to a solid angle resolution of AQ = 27 (1 — cos 0,42 ), is observing an object (for
example a dSph) whose center is at a distance D from the telescope. This means
that photons can be detected, only if they were emitted in the right direction
inside a cone with opening angle 26,,,, directed along the line of sight of the
telescope.

The rate at which WIMPs annihilate in a volume dV = [2dldSQ, where [ is
the distance from the telescope, may be estimated as follows. Let M be the
WIMP mass and p[r(l)] be the dark matter density at a distance r from the
center of the dark matter halo, meaning that » = v/D2 + [2 — 2Dl cos §, where
0 is the azimuth angle. The thermally averaged cross-section for annihilation
channel 7 is denoted by (o;v), meaning that the annihilation rate per particle is

channels
> A5l

i

where the sum is taken over all annihilation channels. The total annihilation rate
in dV is then given by the the annihilation rate per particle times the number
of pairs of particles in dV (since two particles participate in every reaction), i.e.

channels
plr(1)] plr(D]dV
( I T <"“’>> (55 )

7

Let the differential energy spectrum of ~’s from a single reaction in annihilation
channel i be denoted by dN;/dE. The differential flux coming from dV =

14



12d1dQ) at a distance [ is then
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Integrating over the whole volume in the cone in which we observe, one obtains
the differential photon-flux from annihilating dark matter that is expected to
be measurable:

e} _ / w [ a SN (o)D)
dE Jaq Los. ~  dE 8m M2

1 Channelstry
— Loy dQ dip?[r(l 1
wE L gl < [ e agpar o

Particle physics dependent Astrophysics dependent

where the second integral is performed along the line of sight (l.0.s) to the target.
The astrophysics part of Eq.(1) is commonly referred to as the “astrophysical
factor” Ja(ASQ), which is often expressed as Ja(AQ) = AQ(Ja)aq, where of
course

1 2
(Jn)an = 25 /A aa [ ag) @)

In a similar fashion, it is straight forward to derive the flux from decaying
dark matter:

d‘b% 1 channels dN—y
— = I, — dQ di l 3
dE AnM Z & /AQ /1  dielr(@)] ®)

Astrophysics dependent

Particle physics dependent

where T'; is the decay width of decay channel i. The astrophysics part of Eq.
(3) is referred to as the astrophysical factor for decaying dark matter, labeled
JD(AQ) = AQ<JD>AQ7 where

1
Ub)an =5 [ a2 [ diplr) ()

is Jp(AQ) averaged over the solid angle AQ.

3.3 Dark Matter Density Profiles

After many years of successive Monte Carlo simulations and experimental mea-
surements, the scientific community has still not reached a consensus of what
the most accurate profile is. Assuming a spherical distribution, the most com-
monly used profile is the Navarro-Frenk- White profile (hereafter referred to as
“NFW”) [19]

") = PNFW
olr) (r/rnew) (A +7/rnEw)’ ©®

where r is the distance from the center of the DM distribution, and the param-
eters pyrpw and rypw define a characteristic density and distance scale.

15



Two other frequently used profiles are the Moore profile

_ PM
P) = T S+ (rfran) ©)

with parameters py; and 7,7, and the Einasto profile

ptr) = prep {2 [(E) -1/} 7)

with parameters pg, rg and o which is usually in the range 0.1 — 0.3 [20]. Both
the Moore profile and the Einasto profile are described in [20]. According to
[20], the parameters in these three profiles are related by

rnew =18 =273y, (8)
16
PNFW = 4pE = 3P 9)

These three profiles are all obtained by parameterizing density distributions
obtained by Monte Carlo simulations within the framework of the ACDM model.
The NFW, the Einasto and the Moore profiles are classified as “cusped” profiles
due to their steep slope around r = 0.

A possible discrepancy between the ACDM model and observations should
here be pointed out. Even though ACDM can explain large-scale structure
formation, it is questionable if it describes the structure on smaller scales, such
as the dark matter halo density profiles. Simulations based on the ACDM model
seem to indicate a cusped profile [20], but some authors (see for example [21])
claim that a constant central density better fits the observed rotation curve of
the Milky Way. A density profile with a constant central density is called a cored
profile. Examples of popular cored profiles are the isothermal density profile

pr

R o

p(r)

and the Burkert profile

PB
p(r) /)t /ey (11)
which both has a constant density around r = 0. Figure 5 shows the NF'W,
Moore, Einasto and Isothermal density profiles, with parameters corresponding
to the Milky Way DM halo.

Whether or not the density profiles are cored or cusped makes a large impact
on the y-flux we hope to detect, especially in the case of annihilating dark mat-
ter. Assuming the telescope is pointing directly towards the center of the DM
distribution (which is the usual assumption when calculating the astrophysical
factors), the point » = 0 will be included in the integrals in Eqgs.(2) and (4). In
the case of a cusped profile, the region around r = 0 will be very dense, resulting
in a high flux of photons, much higher than if the profile were to be cored. The
difference is extra prominent in the case of annihilating dark matter since the
integrand in Eq.(2) is the density squared.

The cuspiness of halos seen in ACDM simulations can actually be reduced
(but not removed) taking decaying dark matter into account. In [22], a simple
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DM Density Profiles For the Milky Way
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Figure 5: Several density profiles for the DM halo in the Milky Way. The
parameters for the profiles taken from in [28].

cosmological model with decaying cold dark matter is presented, ADCDM, in
which it is shown that the central density of dark matter halos is decreased com-
pared to halos in ACDM. The cold dark matter particles decay to relativistic
particles (which therefore are able to leave the gravitational field of the halo),
causing a change in the gravitational potential which in turn results in an adia-
batic expansion of the halo. In addition, the inclusion of decaying dark matter
in ACDM offers a solution to the problem of the over-concentration of dark
matter and the over-abundance of dwarf galaxies present in ACDM simulation
[22]. This provides a strong motivation for studying decaying dark matter, even
though one should keep in mind that decaying dark matter is an exotic idea
in the context of SUSY most models. For a more detailed discussion on the
“core/cusp” problem, see [13] and [23].

3.4 Photon Spectra from DM Annihilation and DM Decay

In the usual case where the dark matter particle do not couple to photons,
annihilation channels such as xyx — <7 are loop suppressed and will there-
fore have a small branching ratio. The normal situation in WIMP models is
that two WIMPs annihilate into to a particle-antiparticle pair of SM particles
(which aren’t photons), and which in turn produce photons after decays and/or
hadronization of unstable products such as quarks and leptons. The emitted
photons will therefore constitute a continuous spectra, dN7/dFE, but with a
cut-off at m,. Take for example the reaction yy — bb. In the rest frame, the
total energy will be approximately 2m, since the dark matter particles should
be non-relativistic (due to their high mass and low temperature), so that each

17



Spectra from Cembranos et al. (PRD 83:083507)
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Figure 6: Photon spectra from WIMP annihilations generated by the DAM-
ASCO web application for a 500 GeV WIMP mass.

quark gets a total energy of m,,. Treating m, as a parameter, the photon spec-
tra of a bb-pair each with energy m, can then be obtained from Monte Carlo
simulations in the well known Pythia package [30]. In [31], such simulations has
been conducted for the W+W =, 2020 tt, r+7—, u+pu=, ui, dd, s5, c¢, bb channels
along with analytical fits for dN7/dE for each channel. Based on this work,
a code for calculating the DM spectra is publicly available as the web applica-
tion DAMASCO? (DArk Matter Analytical Spectral COde). In DAMASCO,
the photon spectra from the annihilation channels W+W =, 77, uji, bb are im-
plemented, as well as the ## channel which we implemented as a part of this
work (this is described in more detail in chapter 4). An example of a spectrum
generated by DAMASCO is shown in Fig.6.
Note that the flux in Eq.(1) depends on the sum

Z (o) dN;
AR

i

where the (o;v)’s are to be obtained from a particle physics model. The mea-
sured flux will not directly give the (o;v)’s, and it can therefore be very hard to
accurately disentangle the (o;v)’s from the experimental data in order to con-
firm or reject particular details in the WIMP model used. However, all spectra
in Fig.6 show a cut-off at an energy E, ~ m,, since photons with an energy
larger than m, cannot be produced due to conservation of energy. Such a cut-
off could be a clear experimental signature of dark matter, although less exotic

2The DAMASCO software is available as a web-application on
http://cta.gae.ucm.es/gae/damasco.
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explanations first should be ruled out (a cut-off in the photon spectra could also
be explained by an absorption process).

In the case of a loop suppressed annihilation into a photon and an additional
particle X, i.e. xx — 7X, the energy of the photon, E} can be calculated
by simple relativistic kinematics. Let the two DM particles in the rest frame
have four-momentum p* = (E,,p) and p* = (E,, —p). The photon has four-
momentum ¢4 = (E},¢) and the particle X has ¢ = (Ex, —¢). Conservation
of four-momentum leads to

PP - = dx.
Squaring both sides gives
2m? +2E; — E\E} =m%.

Assuming a cold dark matter particle, i.e. E, ~ m,, the above expression
simplifies to

m2
E]\:mx(1—4ni;). (12)
X

Similarly, for decaying dark matter where x decays to a photon and another
particle X, the photon energy is given by

m m2
Ef=-2X(1-—=). 13
b 2 < m2 > (13)

Although xx — X is typically loop suppressed, it may still give a detectable

signal since the shape of the spectra is that of a delta function, i.e.

dNY

’éXTﬂX = ad(E — E)) (14)
where E} is given by Eq.(12), and a = 2 for the case where X is a photon
and a = 1 otherwise. These processes, which produce monochromatic photons,
should thus give a sharp peak in the measured differential flux. Even though
the underlying process is typically loop suppressed, it may actually be easier to
observe since its signature (a peak) is much easier to identify in contrast to the
type of diffuse photon spectra that are shown in Figure 6.

The spectra resulting from decaying dark matter is calculated in DAM-
ASCO, replacing m,, by m,,/2 since the CM energy is half of the energy in the
corresponding annihilation. Hence, the spectra of a DM decay can also exhibit
the characteristic cut-off, but now at £, = m, /2.

The usual case considered is that the photons from yxy — 77 are coming
from a loop of a charged SM fermion meaning that, if one chooses such an
interpretation of a line in a measured spectra, one should also expect a reaction
such as xyx — 7Z to happen in most cases. According to Eq.(12), it should
therefore be possible to dissolve a measured line into two lines, separated by an
energy of m%/(4m,). For a deeper discussion on the number of lines expected
from DM annihilations, see [32]. However, it is typically hard to identify the
two lines due to the resolution of the telescopes.

Similarly to Eq.(14), the differential spectra for the decay xy — vX is

dN?

%ﬂ — ad(E — E}) (15)

where E7, is given by Eq.(13).
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3.5 Statistical Analysis in vy-ray Astronomy

In this section, we discuss a formula for calculating the significance of ~y-ray
observations when taking into account the background.

A typical measurement of VHE ~-rays consist of exposing an IACT to the
suspected source for a time t.s, and then pointing the telescope towards an
“empty” patch of the sky during a time t,hs/a to measure the background
radiation (« is the ratio between the time spent on the source, and the time
spent on measuring the background). In this work we only treat the simple case
where o = 1, but a comment on the general case « # 1 will be made.

Let Non be the number of photons observed when the telescope is directed
towards the source, and N,g the number of photons registered when measuring
the background. For @ = 1, we have

Non :chc+Noﬁa (16)

where Ney. is the number of photons that is attributed to the source. Often,
Nexe € Nog, meaning that the total number of photons detected to a good
approximation equals 2Nyg. The significance S is the ratio between the number
of excess photons and the standard deviation of the total photon distribution
which is estimated as v/2N,g.

Nex

S == (17)

Vv QNOff
This approach works in the special case « = 1, and is an approximation of a
more general formula derived in [29],

o 1+« Non Noﬁ 12
S\/i{Nonln{ - <NOH+NOH)}+Noffln{(1+a)(Non+Noﬂ>}} ,

which is used as a standard for evaluating the significance of a measurement in
~-ray astronomy. The expression above indeed approaches Eq.(17) in the limit
Nexc < Noff-

To obtain the observation time t4,s required for a significance S, we first
express Nexe and Nyg as

Nexc = tobsRexca (18)
Noff = tobsRoH» (19)

where Rey. and Rog are the rates at which excess photons and background
photons are detected. Solving Eq. (17) for tops gives

Roff
RZ -

exc

tobs = 252

(20)
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4 Implementation of the ¢t Annihilation Chan-
nel in DAMASCO

As previously mentioned, DAMASCO (DArk Matter Analytical Spectral COde)
is a ROOT based tool for calculating the photon spectrum dN7/dE emerging
from a SM particle-antiparticle pair that is produced with a total energy of m,,
in the rest frame. These spectra are needed in order to predict the photon flux
coming from annihilating or decaying dark matter, Eq.(1) and Eq.(3).

An introductory task for this work was to implement a new annihilation
channel in the DAMASCO application, namely the xx — tt channel. Following
[31], the differential photon spectra dN7/dE from the processes following of the
tt production, with a total center of mass energy of m,, is parameterized by

AN et e [Infp(1 -2\
1.5 — —bz™ — -  lnp
z E = aj exp [ bix 2d1 xdz} { lnp (21)
where E
LB (22)
my

The parameters

a; = 290, (23)
¢ = 161, (24)
dy = 0.19, (25)
dy = 0.845, (26)

turn out to be independent of the WIMP mass m,, whereas the other parameters
are fitted by power laws in m,,

b~ 932mS0%T 110 100m 2, 200GeV < my < 350GeV 27)

v 16.4m 0400, 350GeV < m, < 1000GeV
_f 21.4m %818 40.000867mS 7%, 200GeV < m, < 300GeV (28)

T 0.559my 0087, 300GeV < m, < 1000GeV
o = 8910my>??, (29)
p = 5.78-107°m.*, (30)
g = 0.133m{*®, (31)
= 21.9m %%, (32)

where Eqgs.(30)-(32) are valid for a WIMP mass in the range between 200 GeV
and 1000 GeV. See Figure 7 for the analytical fit compared to the Pythia sim-
ulation of yx — t¢ with m, = 500 GeV.

To add the ¢t channel in DAMASCO, we modified the publicly available
ROOT macro for DAMASCO by adding Eq. (21) to the code along with the
parameters in Eqs. (23)-(32). The modified code, and the web application itself,
is available for anyone to use at http://cta.gae.ucm.es/gae/damasco.
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Figure 7: This figure shows the analytical fit to the photon spectra from yy —
tt with m, = 500 GeV, compared to the Monte Carlo simulations done in
PYTHIA. The figure was extracted from [31].

5 Astrophysical Factors for the Milky Way and
Segue 1

The astrophysical factor for annihilating and decaying DM, given by Eq.(2) and
(4) respectively, can be interpreted as a measure of how appropriate a source is
for indirect DM searches, independent of the particle physics model one choses
to describe the DM particle with. The astophysical factor for annihilating dark
matter, Jy4, crucially depends on the behavior in the region of the dark matter
density distribution around r = 0, while the astrophysical factor for decaying
dark matter, Jp, is less sensitive.

Tables 3-6 show the astrophysical factors we calculated for the Galaxy Center
and the dwarf galaxy Segue 1. The parameters for the Einasto density profile
for Segue 1 are D = 23 kpc (heliocentric distance), rg = 0.15 kpc, pp = 4.18
GeV/em? and a = 0.303 which were found in [27]. The parameters for the
NFW profile and Moore profile were then calculated using Egs. (8) and (9).
For the case of the Milky Way, in [28] one finds rxypw = 75 = 20 kpe, 17 = 5
kpe, pyrw = 0.345 GeV/ecm?, pp = 0.0814 GeV/cm3, p; = 1.56 GeV/cm3
and a = 0.17 for the Einasto profile (given rypw g, 1 and «, pyrw, pr and
pr where determined by the requirement p(re = 8.5kpc) = 0.4 GeV/cm? [24]).
The parameters for the Moore profile were be calculated by Eqgs. (8) and (9).
The astrophysical factors were then obtained using D = rg = 8.5 kpc.

From Tables 3-4, the uncertainties (in the photon flux) from the lack of
knowledge of the DM density distributions is evident. With the Milky Way and
AQ = 1073, J4 for the Moore profile is roughly a factor of 10# larger than for the
Isothermal profile, and the difference increases with a smaller AQ. A small AQ)
is good since it gives a lower background, but in turn magnifies the importance
of the details of density profiles. For decaying DM however, the astophysical
factors are less dependent on the density profiles, but still, the Moore profile
gives significantly larger value than the rest. However, the Moore profile is not
as widely used as the NFW or the Einasto profile.

A way to circumvent this problem might be to point the telescope not directly
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Milky Way

Profile AQ=10"% AQ=10"%* AQ=10""°
NFW 58 189 604
Moore 4 960 44 600 396 000
Einasto 91 191 317
Isothermal 0.57 0.57 0.57

Table 3: Values of (Ja)Aq for the center of our Galaxy in units of 10?3 GeV?
-5
cm™°.

Segue 1
Profile AQ=10"2 AQ=10"% AQ=10"°
NFW 0.22 2.0 13.7
Moore 0.46 4.1 38.6
Einasto 0.18 1.6 9.37

Table 4: Values of (Ja) 5, for Segue 1 in units of 10%* GeV? cm™°.

Milky Way
Profile AQ=10"% AQ=10"% AQ=10"°
NFW 20 25 30
Moore 60 109 198
Einasto 27 31 34
Isothermal 5.8 5.8 5.8

Table 5: Values of (Jp),q for the center of our galaxy in units of 10** GeV
-2
cm™?.

Segue 1
Profile AQ=10"% AQ=10"%* AQ=10"°
NFW 0.32 1.1 2.4
Moore 0.32 1.1 2.8
Einasto 0.29 1.0 2.3

Table 6: Values of (Jp),q for Segue 1 in units of 10?? GeV cm™2.
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towards the center of the DM distribution. If the telescope instead is pointed
towards a region adjacent to the center (without including » = 0) where the
different density profiles show a similar behavior, the dependence on the choice
of density profile is reduced (but so will be the chances to detect any signal at
all).
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6 Prospects for DM Detection with the MAGIC
Telescopes

In this chapter, we investigate the possibilities of DM detection with the MAGIC
telescopes. We have chosen the center of the Milky Wasy as our model DM
source. Figures 8 - 11 show some examples of the differential flux from various
decay channels and WIMP masses in the GeV-TeV range. For the astrophysical
factor, we used the Einasto profile, since it is currently the most popular profile
in the community, and an angular resolution AQ = 10~°, corresponding to the
resolution of the MAGIC telescopes. The fluxes were computed with Eq.(1)
assuming the thermal annihilation cross-section (ov) = 3-1072% ¢cm3/s. The
same plots also contain the high-energy photon spectrum from the Crab nebula
which is used as a “standard candle” for the TACTs. Below the Crab spectrum,
there are two lines corresponding to the MAGIC 50 sensitivity curves for 10
hours and 50 hours of observation [25]. These lines indicate the minimal flux re-
quired for a 50 measurement assuming a Crab-like spectrum (meaning the same
shape but different intensity). Since the ~-ray spectra from DM annihilations
are not necessarily Crab-like, Figures 8 - 11 are good for order of magnitude
estimations, but not for detailed calculations. In most cases in these plots, the
DM annihilation photon flux is at least 3 orders of magnitude lower than the
50 hour sensitivity curve. Eq.(20) shows that the required observation time is
inversely proportional to the square of the flux, meaning that these fluxes at
first glance should require at least 50 - 10° hours (~ 5700 years!) of observation.

In order to obtain more accurate estimations of the time MAGIC needs to
detect a DM signal of a 50 level, we performed more detailed calculations. The
observation times where calculated using Eq.(20) for S = 5. For Rog and Rexc
we can write

Bmax dRog
Rog (Fuin, Eviax) = dE—>, 33
B, B = [ S (3)
Evtax d®r
Rexc(EMinaEMax) - / dEAeff( )dE (34)
EMin

where Fznin and Fyrax denote the lower and upper limit on the energy interval
under consideration. Aeg is the effective area which in general depends on the
photon energy and d®7/dFE is the expected y-ray flux and is given by Egs.(1)
and (3) in the case of indirect DM searches. This gives

EMax dR¢s
dE off
tobs = 50 Bnin & . (35)
i B e (B) 257 |

The effective area Aog and the off-event rate dRyg/dE are those of the MAGIC
telescopes which were taken from [25]. The upper limit for the energy interval
is chosen as Enax = my since this is where the characteristic cut-off occurs.
The lower limit is Fyin = 100 GeV which is the standard analysis threshold for
MAGIC.

Our results are shown in Table 7. This table contains the required obser-
vation times for measuring a photon excess from DM annihilations depending
on the WIMP mass and annihilation channel. Table 7 shows that for a light
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Figure 8: The colored lines show the photon differential flux for yx — W~-WT
from the GC when applying the Einasto profile and AQ = 10~5 (corresponding
to the MAGIC angular resolution). The black line shows the Crab Nebula flux.
The red lines show the MAGIC 50 sensitivity lines for 10 hours and 50 hours of
observation time respectively. A thermal annihilation cross-section is assumed.
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v-ray flux for mx=4 TeV
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Figure 9: The colored lines show the photon differential flux for four different
annihilation channels with a fixed WIMP mass of 4 TeV. The rest as in Fig. 8.
These spectra could also be interpreted as decaying DM with a decay time of
order 107 s which is realized by equating Eq.(1) and Eq.(3).
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Figure 10: The colored lines show the photon differential flux for xyx — W~-WT
for different m, . The rest as in Fig. 8.

WIMP (m, = a few 100 GeV), the annihilation channel xx — 777~ is easiest
to detect, while yxy — W¥W ™ is most promising for WIMPs with a mass higher
than 5 TeV.

However, despite the discouraging results in Figures 8 - 11 and Table 7, the
hope of detecting photons from DM annihilations is not at all lost. There exist
several effects one can take into account which dramatically boost the photon
flux.

e One effect is the Sommerfeld enhancement which concerns the DM anni-
hilation cross-section. According to some authors [33], for a WIMP mass
in the range of 100 GeV — 1 TeV, the annihilation cross-section (and thus
the photon flux) may be boosted by a factor of 7-90.

e It has been argued ([34],[35]) that central DM density in the GC can
be dramatically increased when baryonic gas is taken into account. For
example for the NFW profile, the flux from DM annihilations, coming
from the GC, is boosted by a factor ~ 103 [35].

e It has been claimed that an additional boost factor can come from sub-
structures in the DM halos [36], [37]. In this work, we have assumed
smooth density profiles, but the actual halos may contain dense “clumps”
of DM which can be shown to increase the astrophysical factors for anni-
hilating DM. Though, these boost factors are usually O(1).

Taking into account the small duty cycle of IACTs (normally ~ 1000 hours
of observation is available per year), and the high number if interesting targets,
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Figure 11: The colored lines show the photon differential flux for four different
annihilation channels with a fixed WIMP mass of 500 GeV. The rest as in Fig.
8. These spectra could also be interpreted as decaying DM with a decay time
of order 10%¢ s which is realized by equating Eq.(1) and Eq.(3).

my (GeV): 260 500 1000 5000 10000 15000
utp~ 48-107 83-107 3.2-10° 1.3-1010 9.8.100 3.4-101
- 45-108 33-10% 7.7-109 3.5-108 2.7-10° 1.0-10%
WHw- 5.6-10% 9.2-10" 4.9-107 1.9-10® 6.9-10% 1.7-10°
bb 3.3-10° 5.0-10° 83-107 1.6-108 - -

Table 7: The observation times in hours required for a 50 measurement of a
photon flux excess in the energy range between 100 GeV and m, for different
annihilation channels and WIMP masses. The source is assumed to be the Milky
Way with an Einasto profile without any boost factor. A thermal annihilation
cross-section is assumed. The telescope dependent parameters (AQ, Agg(FE)
and dR,g/dF) are those of MAGIC. See text for details.
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rarely more than 100 hours are consented for observations of one object. The
boost factor needed in order to achieve a 50 detection in 100 hours are e.g.
~ 180 for xx — 777~ and m, = 500 GeV, and ~ 2600 for xx — WTW~ with
m,, = 10 TeV. Such a high boost factor is difficult to accomplish, and this shows
the difficulty of proving the existence of DM with this technique.
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Figure 12: Estimated y-ray flux for the region in Figure 13 with the 95% con-
fidence level (CL) error band. The black solid line shows the estimated back-
ground, which fluctuates around a simple power-law spectrum with power 2.6
(dotted line). The blue dashed lines are the 95% CL limits for statistical fluc-
tuations of the background. This figure was extracted from [39].

7 130 GeV ~-ray Line From Decaying Dark Mat-
ter

Recently, an analysis of public data of gamma-rays from the Milky Way mea-
sured by the Fermi Large Area Telescope (LAT) showed an indication of a
gamma-ray line at E, =~ 130 GeV with a statistical significance of 3.3¢ [38].
A similar signal was later confirmed in [39] (see Figure 12.). In [38], the
flux was interpreted as a result of xxy — 77 with a dark matter particle
mass of 129.8 + 2.477, GeV and a partial annihilation cross-section of (ov) =
(1.274£0.3270:58) - 10727 em3s ™ (i.e. a tenth of the expected total annihilation
cross-section) when using the Einasto density profile, Eq.(7), for the Milky Way
dark matter halo.

Other interpretations, such as xx — vX, have also been studied [39], as well
as the possibility that the line comes from decaying DM [40]. It has also been
discussed that the line may be a feature of the diffuse background with either
astrophysical or instrumental origin [41]. Attempts have been made to see this
line in dShps, but no such line was observed [42].

In this section, we further investigate the possibility that the 130 GeV line
originates from decaying dark matter. The first section takes on a model-
independent approach, in which the DM decay times required to produce the
line are calculated, depending on the decay mode and density profile for the
Milky Way. The second section deals with a particular model, namely decaying
gravitinos.
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Figure 13: The region enclosed within the black line is the region used in the
original article [38] (and which was chosen since it maximizes the signal to noise
ratio). The region within the red circle is the region used in this work.

7.1 A Model-independent Approach

Figure 13 shows one of the four regions which were analyzed in [38], and for
which the Einasto density profile was applied. The region was chosen in order
to maximize the signal to background ratio, hence its complicated shape. In
this work, the same region will be approximated by a circular region centered
on the GC with 074, = 15° (meaning that AQ = 0.214). Applying the Einasto
profile, the astrophysical factor for annihilating dark matter in this region is
calculated with Eq.(2).

(Ja)aq = 4.972 - 10*3GeVZiem™® (36)

The astrophysical factors for the same region, but for decaying dark matter were
calculated using Eq.(4). Applying various density profiles, the astrophysical
factors are

(Jp.Binasto)an = 1.085-10%GeVem 2, (37)
(Jonrw)aa = 9.206-10*2GeVem ™2, (38)
(Jp.Moore)aa = 1.236-10%3GeVem ™2, (39)

<JD Isothermal>AQ = 5476 1022Gevcm_2 (40)

Let M, = 129.8:|:2.4f13 GeV denote the dark matter particle mass for xyx — 77,
and My the corresponding dark matter particle mass for y — vX. In order for
the line to appear at the same energy, the relation between M; and M is fixed
by Ef = EJ = E7 in Eq.(12) and Eq.(13)

m2
M2=M1<1+ 1+M2> (41)

The dark matter decay width can be determined by requiring that d®} /dE =
d®}/dE. Equating Eq.(1) and Eq.(3) for xx — vy and x — X yields

m(av)&(E - E’Y)AQ<JA>AQ =
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Profile X — vy X = YV X = vZ X — vh

Einasto 2237090 LA1Tpy) 1.0055% 09337000
NFW 1.83+1089 0.91670935  0.82470572 076770522
Moore 2.54%250  1o7tlal 1142l 1061003

Isothermal 113i})'}£ 0563t8~3§$ 050710308 0.5071059%
M, (GeV) 259.6'%5 .  259.61%5, 288.47.77  310.07.03

Table 8: Decay lifetimes in units of 10%® s obtained when interpreting the results
presented in [38] as originating from decaying dark matter for different density
profiles for the Milky Way. The Higgs mass is assumed to be 125 GeV.

1
MFXH'YXG(;(E — EIY)AQ<JD>AQ,
or 5
14 4/1 M3
P i + mX/ AQ (42)

ClMl <JD>

As before, a = 2 when X is a photon, and a = 1 otherwise. Since the lifetime 7
is the inverse of the decay width I', the lifetime depending on the density profile
can be calculated through Eq.(42) using the different values of (Jp)agq for the
corresponding profiles, Eq.(37)-(40). One thereby obtains the lifetimes shown
in Table 8. Here, the assumed Higgs mass is 125 GeV, which is the value in
between the ATLAS prediction [43], 126 GeV, and the CMS prediction [44], 124
GeV. From this table, one concludes that if the 130 GeV line is to be explained
by a dark matter decay of the type x — X, the lifetime should be in the range
of 3-10%7 s (lower limit for x — vH with the isothermal profile) to 5 - 10?8 s
(upper limit for x — ~~ with the Moore profile), i.e. much longer than the age
of the universe which is ~ 107 s. With such a long lifetime, the dark matter
decay would not have a significant impact on standard cosmology. The lifetime
is well above the lower limit one can obtain from the CMB [45]. These lifetimes
are also not ruled out by the more stringent constraints that has been derived
from several gamma ray measurements [46].

7.2 A 130 GeV Line from Gravitino Decays

In [47], a model for R-parity violating gravitino decay is discussed as an expla-
nation of the positron excess measured by PAMELA [48]. This model contains
several gravitino decay channels, but only one where the photon is among the
decay products. In this section, the same model is applied to the 130 GeV line.
The gravitino would decay to a photon and a neutrino, thus produce a line at
~130 GeV in the photon spectra if the gravitino mass is ~260 GeV.

In [47], the R-parity violating couplings of the gravitino ¢ to SM particles
are described by

Lo = {I’YA'YVDVQI)w)\ + 71’7 (519 YBMV + 629W;W)UH ¢¢)\} +h.c,

(43)

\[MPI
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where the parameters k, £ and & have suppressed flavor indices (this of course
also the case for the lepton doublets {). The Higgs and the lepton doublets read

b = (“*05?), (14)

L - (’; ) (45)

where ¢ indicates flavour. The covariant derivative D,, contains the U(1) and
SU(2) SM gauge fields,

1
D,=0+1ig'YB, + zgaIWlf (46)

where o! are the Pauli matrices and Y is the weak hypercharge which equals

—1/2 for the gravitino. The corresponding field strengths are
B, = 0.B,—0,By, (47)
VV/LV = aqu - avW/L + i[W/La Wl/] (48)

The different possibilities for R-parity violating couplings for the gravitino are
constrained by

(i Ou — m3)2)y = 0, (49)

which is the Dirac equation, and
Y =0, (50)
"1, = 0. (51)

A derivation of these constraints can for example be found in the PhD thesis of
T. Moroi [49], chapter 4, and it is via these constraints that the form of Eq.(43)
is obtained in [47].

On writing out all the terms in Eq.(43), one obtains terms for the decays
Y30 = hvy, Zvg, WiefF and 3,5 — ~yv;, where the last one would produce a
line in the photon spectra. The corresponding term in the Lagrangian for this
decay is

K
—_ D, AT Ty, 52
\@Mplngv( Aoy oty (52)

with
&y = sin Oy cos Ow (&2 — &1) (53)

where O is the Weinberg angle. The Lagrangian Eq.(43) also contains the
Hermitian conjugate of the term (52) which corresponds to 3/ — 7;. From
Eq.(52) it follows (see [47]) that the decay width for ¢3/5 — yv; is

2ng/z

—, 54
6471'MP2,1 (54)

I‘(?/13/2 — ;) = /‘éi|f»yi|2

Since half of the photons in the 130 GeV line should come from 3,5 — v7;, the
total decay width contributing to the y-ray line is

_ 3/2
L(3/9 — yr1-3,771-3) ZQMKMQ oA Mé . (55)
Pl
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For example, if one uses the Einasto profile for the Milky Way DM halo, one
can according to table 8 interpret the 130 GeV ~-ray line as originating from
P32 — v with 71 = 1117515 - 1028 s and mg o = 259.6'%8  GeV. This fixes

3
D kil&yil? = 61159 107 GeV 2. (56)
i=1

Another decay channel present in Eq. (43) is 13,5 — W*eF. Both the
lepton and the W boson will produce a continuous photon spectrum similar to
those that are computed in DAMASCO. Let Fy and E; denote the energies
of the W and the lepton in rest frame after the decay of ¢3/5. Neglecting the
lepton masses, it is straight forward to show that

m2 +m2

By = —2 W (57)
277’13/2
m2,, —m?

B = 22 W (58)
2m3/2

The photon spectrum from /5 — Wief will thus be the sum of two spectra
with cut-offs at Eyw ~ 142 GeV and E; ~ 117 GeV respectively, assuming
mg/y = 259.6 GeV. Following the same line of thought, the decay 13,5 — Zv;
will produce a spectra with a cut-off at ~ 146 GeV.

7.3 Conclusions

In this section we have analyzed the recently claimed 130 GeV ~v-ray line in the
case it comes from a decaying dark matter particle. The region of the GC used
in [38] is relatively large, the computed astrophysical factors for decaying dark
matter for this region are all roughly within a factor of two. Interpreting the
flux from this region as coming from decaying dark matter gives decay times of
order 10?® s, depending on the decay channel and density profile. The decay
times and the corresponding DM particle mass for the different density profiles
are shown in Table 8.

If the 130 GeV line comes from a decaying WIMP, it may be a good idea
to look for a cut-off in the ~-ray spectra at E7 =~ 260 GeV. The gravitinos
would be thermally produced, and should therefore have a thermal annihilation
cross-section. The first column in table 7 shows the observation times (without
a boost factor) required to observe the ~-ray flux below 260 GeV that would
be produced depending on the annihilation channel. For this to be detectable
by the MAGIC telescopes during 100 hours, one needs to assume a boost factor
between ~ 200 (xx — 7t77) and ~ 5700 (xx — bb). This is realized by
considering that the observation time is inversely proportional to the square of
the y-ray flux, see Eq.(20).

We have also discussed a model for decaying gravitinos. On interpreting
the 130 GeV line as coming from 13/5 — yv;, 77; we calculated a value for the
coupling of the (anti-)neutrino-photon-gravitino vertex.

A ~-ray line can have many different interpretations, and additional pieces of
information are needed in order to establish that the line for example originates
from gravitino decays. Since every photon from a gravitino decay must be
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accompanied by a neutrino, the hypothesis that the 130 GeV line originates
from gravitino decays can be falsified by the non-observation of a line in the
neutrino spectrum at 130 GeV with a similar intensity.
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8 Summary

This work has treated the method of indirect DM detection using IACTs, which
in the upcoming years may provide important information about the nature of
DM. In Chapter 2, we gave a non-technical general overview of the DM problem
today, while in Chapter 3 we described in more detail the different issues that are
connected to detection of y-rays from DM annihilations/decays using IACTs.

In Chapter 4, we calculated astrophysical factors (for decaying and annihi-
lating DM) for the Milky Way and the dwarf galaxy Segue 1. The astrophysical
factors were calculated using the typical angular resolution of IACTs and satel-
lite based ~-ray detectors (AQ = 1073, 10~* and 10~°). Our results are shown
in Tables 3-6. We showed that when A decreases, the difference in the as-
trophysical factors for different DM density profiles increases dramatically in
the case of annihilating DM. Today, this constitutes the major uncertainty in
indirect DM searches with IACTs and thus calls for more accurate descriptions
of DM halos.

The prospects for DM detection with the MAGIC telescopes were then dis-
cussed in Chapter 5. Here, we calculated ~-ray fluxes from the GC using the
formulae from Chapter 2. We computed the photon spectra with the DAM-
ASCO code and used astrophysical factors for the GC that were calculated
in Chapter 3. The flux for different annihilation channels were compared to
the 7-ray flux from the Crab nebula and the 50 hours and 10 hours MAGIC
sensitivity curves. We thereby calculated the required observation time for 50
detections, assuming different annihilation channels and WIMP masses, and
without assuming a boost factor. Throughout chapter, we assumed the thermal
annihilation cross-section (ov) = 3-10725cm? /s, and the Einasto profile for the
Milky Way. The results are shown in table 7. For the different cases we treated,
the best case scenario (xx — 777~ with m, = 500 GeV) required a boost
factor of ~ 180 for a 50 detection with an observation time of 100 hours.

In Chapter 6 we analyzed the recently observed 130 GeV line in the case it
originates from decaying DM. We calculated the life times for the decay channels
X — v, YV, ¥4 and ~vh, and the corresponding WIMP masses depending on the
density profile applied to the Milky Way. The results are in Table 8. Thereafter,
we discussed a model for R-parity violating gravitino decays. By interpreting
the 130 GeV line as coming from 3,5 — v we obtained the coupling for the
corresponding vertex. Another signature this model predict is a similar line
in the neutrino spectrum which could be measured by the IceCube neutrino
telescope. If the line comes from a decaying WIMP, one should look for a cut-
off in the photon spectra at E7 =~ 260 GeV. From the results in Chapter 5, we
conclude that for this cut-off to be measurable with the MAGIC telescopes, a
boost factor in the range of 200 - 5700 (depending on the annihilation channel)
is needed.
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