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Abstract

Dark matter is expected to self-annihilate into standard model particle pairs. The ~-
rays emitted during this process can be detected with ground-based ~-ray telescopes
like H.E.S.S. allowing an indirect dark matter search. The exact dark matter density
distribution is unknown but suggested to peak at the Galactic Centre making this
region in particular interesting for the search of the faint dark matter v-ray flux.
However, there are many v-ray emitting sources in the Galactic Centre region like
the central HESS J1745-290 and the diffuse emission. To avoid any misinterpretation
of an excess as a dark matter signal, the region along the Galactic Plane typically
is excluded from the region of interest leading to a reduced expected dark matter
~v-ray flux. With the three-dimensional analysis method used in this work, the
exclusion is avoided by accounting for the excess of the y-ray emitting sources in
the dark matter search. Hence, a good understanding and model of the Galactic
Centre region is crucial for this approach. The upper limits on the self-annihilation
cross-section presented in this work are unexpectedly low compared to results from
other H.E.S.S. publications. Insufficient descriptions of the Galactic Centre region
and not yet understood systematics are possible reasons for the deviations. The
sensitivity study of the H.E.S.S. observations of the Galactic Centre region in three
dimensions was successful and in good agreement with H.E.S.S. publications since
it is free from the systematics affecting the dark matter constraints.






Zusammenfassung

Zwei dunkle Materie Teilchen konnen in ein Teilchen-paar aus dem Standard Modell
annihilieren. Durch die dabei emittierte Gammastrahlung lasst sich die dunkle Ma-
terie indirekt mit erdgebundenen Gammastrahlungsteleskopen wie H.E.S.S. nach-
weisen. Obwohl die exakte Dichteverteilung dunkler Materie nicht bekannt ist, wird
in den gingigen Theorien davon ausgegangen, dass sie im Galaktischen Zentrum
am groften ist. Das macht das galaktische Zentrum zu einer geeigneten Region
fiir die indirekte Suche nach dunkler Materie. Allerdings befinden sich im Galakti-
schen Zentrum zahlreiche stark emittierende Gammastrahlungsquellen, wie die dif-
fuse Emissionen oder die zentral gelegene Quelle HESS J1745-290. Damit keiner
dieser Emissionen als dunkle Materie interpretiert wird, schneidet man typischer-
weise die gesamte Region entlang der Galaktischen Ebene aus der zu analysierenden
Region heraus. Das hat einen reduzierten Gammastrahlungsflufs aufgrund von dunk-
ler Materie-Annihilation zur Folge. In der dreidimensionalen Analyse-Methode, die
in der vorliegenden Master-Arbeit angewandt wird, ist keine Exklusion noétig, da
die Emissionen der Gammastrahlungsquellen beriicksichtigt werden. Das setzt aller-
dings ein gutes Verstandnis und ein sehr akkurates Modell der Region voraus. Die
berechneten oberen Limits fiir den Wirkungsquerschnitt der Annihilation sind deut-
lich niedriger als vergleichbare Werte aus anderen H.E.S.S.-Publikationen. Grund
dafiir ist eine unzureichend genaue Beschreibung der Region des Galaktischen Zen-
trums und nicht verstandene Systematiken. Die hier in drei Dimensionen berechnete
Sensitivitéit beziiglich dunkler Materie von H.E.S.S. liegt in der erwarteten Grofen-
ordnung, da diese nicht von den Systematiken verfilscht wird.
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Chapter 1

Introduction

The history, size and composition of the universe have been studied by astronomers,
cosmologists, and physicists for centuries. Within the last decades a standard model
of the big bang cosmology emerged, the A-CDM model (Lambda cold dark matter).
It is the simplest model in good agreement with the observed properties of the cos-
mos like the existence of the cosmic microwave background, the abundance of certain
elements, the large-scale structures and the accelerating expansion of the universe.
In the model, the universe consists in addition to normal matter of dark energy asso-
ciated with A, the cosmological constant, and the postulated cold (non-relativistic)
dark matter (DM). Dark energy is responsible for the observed acceleration in the
Hubble expansion against the attractive effects of gravity. Cold dark matter is used
to explain the observed gravity ordinary matter can not account for on its own. Since
it is expected to annihilate into standard model particle pairs it can be detected in-
directly through ~-rays emitted during the decay. A common region of interest for
these studies is the Galactic Centre region where the faint signal is expected to be
relatively high. Usually, the regions with strong ~-ray emitting sources along the
Galactic Plane are excluded from the field of view (FoV) such that no signal gets
mistakenly interpreted as DM. However, in this work, a different approach to the
indirect DM search was chosen for the first time. The ~-ray emitting sources were
kept in the FoV and their excess were accounted for in the fit by modelling both
their morphology and spectrum. Thereby, a significant part of the expected y-rays
due to DM annihilation is taken into account resulting in stronger constraints on
the cross-section.

Dark matter is discussed in more detail in the first part of this thesis. The focus is on
the evidence and candidates for DM, followed by the current state of the search for
one group of DM candidates, in particular, the weakly interacting massive particles
(WIMPs). The v-ray data used in this work was taken by H.E.S.S.; a system of
ground-based ~v-ray telescopes. Its working principle, technicalities and data taking
will be discussed in Chapter 3. Afterwards, the data analysis methods are explained.
This includes the three-dimensional maximum likelihood fitting and the likelihood
ratio test used to compute upper limits on the DM annihilation cross-section. Crucial
for this analysis is a good model of the Galactic Centre region to allow the search
for DM without excluding any regions from the FoV. In Chapter 5, the different
components of this model are briefly discussed followed by a fit to the H.E.S.S.
data and an evaluation of the quality of the fit. After a sufficient description of
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the Galactic Centre is ensured the DM analysis is performed. In Chapter 6, the
DM model component is explained. Afterwards, both the computed sensitivity
and the DM constraints are discussed and compared to published H.E.S.S. results.
The DM constraints computed in this work show strong deviations from both the
sensitivity and the H.E.S.S. results. Therefore, Chapter 7 focuses on the systematic
uncertainties possibly causing them. This includes an 'injection and recovery’ test,
the exclusion of the regions with strong y-ray emitting sources and an analysis with
additional data. In Chapter 8, the sensitivity and DM constraints for different
annihilation channels are presented followed by a conclusion and an outlook.



Chapter 2

Dark Matter

In the first part of the following chapter, the observations that are considered ev-
idence for DM are briefly discussed. Afterwards, three candidates for DM are in-
troduced. In this work, DM is considered to be one of these candidates, a weakly
interacting massive particle (WIMP). Hence, the search for WIMP-like DM parti-
cles is discussed in detail including the current status of detection, their annihilation
spectrum, the flux of the photons they emit and the spatial distribution.

2.1 Evidence for Dark Matter

Dark Matter got first mentioned in a paper by Fritz Zwicky published in 1933 [1].
He analyzed the movement of eight galaxies of the Coma Cluster along their grav-
itational orbits using the Viral theorem and redshift. Normal matter could not
account for the measured velocities, resulting in him proposing the existence of a
non-shining, DM.

This section gives an overview of three evidences for DM on different scales, but all
based on the same argument Zwicky used: One needs DM to explain the observed
gravitation. The chapter is based on [2].

2.1.1 Rotation Curves of Galaxies

On a galactic scale, rotation curves are considered direct evidence for DM. Rotation
curves are the measurement of the circular velocities of stars and gas as a function
of their radial distance to the Galactic Centre. For smaller distances, this is done
with optical surface photometry, while for larger distances one observes the 21 cm
hydrogen line. In Newtonian dynamics the velocity is expected to be v(r) o< 1//r.
However, at larger distances from the Galactic Centre the rotation curve was found
to be flat (Figure 2.1). This implies that the mass within a certain radius r is
proportional to this radius M (r) o r and therefore p o< 1/r2. This condition is not
fulfilled by visible matter but can be explained by the existence of DM.

By observing rotation curves one can determine the density of DM at the sun’s
distance, the local density p;. For the calculation, the density distribution of the
galactic bulge and disk is needed, since rotation curves only measure the total mass
within a certain orbit. The local density has a rather large uncertainty and different
groups found different values in the range of about 0.2 — 0.8 GeV/cm? [2]. The DM
distribution will be discussed more in detail in Section 2.3.4.
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Figure 2.1: Rotation curve fit (solid line) of the dwarf spiral galaxy NGC 6503. Also
shown are the individual components: the dashed curve is for the visible component,
the dotted curves for the gas and the dash-dot curves for the dark halo. Figure taken
from [3].

2.1.2 Gravitational Lensing

On an even larger scale, evidence for DM can be found via gravitational lensing.
Hereby, the appearance of an object like a star or a galaxy gets deformed by another
massive object within the line of sight to the observer. As predicted by Einstein’s
general theory of relativity, the light gets bent by the gravity of the object in the
foreground. This results in a distorted image. If the two objects align and the
mass of the closer object is large enough, one observes a so-called Einstein Ring
(Figure 2.2).

Weak gravitational lensing was used to prove the existence of DM in the bullet cluster
1E 0657-558, a collision of two galaxies [5]. In this cluster, the stellar components
and the plasma are spatially separated, since only the latter was affected by the
collision. They found by creating gravitational lensing maps, that the gravitational
potential approximately traces the distribution of the galaxies and not the plasma
distribution containing the dominant baryonic mass (Figure 2.3). The gravitational
force can not be explained by the plasma distribution alone but only by the existence
of an unseen matter in the system. Since this matter was not affected by the collision
it is expected to only interact weakly (apart from gravitation).

2.1.3 Cosmological Evidence

The total amount of DM in the universe can only be estimated on a cosmological
scale by an analysis of the cosmic microwave background (CMB). It is relic radiation
from the early universe when photons were no longer scattered at a plasma of pro-
tons and electrons but were able to propagate freely. This is known as decoupling.
The CMB is isotropic at the 1072 level and has a thermal black body spectrum at
temperature T' = 2.726 K. The small anisotropies in the temperature correspond to
fluctuations of the matter density in the early Universe. By analyzing the power
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Figure 2.2: Image of LRG 3-757 taken by the Hubble Space Telescope. The blue
galaxy gets gravitationally lensed by the yellow one and appears as an almost closed

Einstein Ring. Image Credit: ESA/Hubble & NASA [4]

Figure 2.3: Chandra image of the bullet cluster. In pink the X-ray emitting plasma
taken by the Chandra X-ray Observatory, in blue the gravitational potential calcu-
lated from lensing and the optical components taken by the Magellan telescope and
the Hubble space telescope. Image Credit: X-ray: NASA /CXC/CfA/M.Markevitch
et al.; Optical: NASA/STScl; Magellan/U.Arizona/D.Clowe et al.; Lensing Map:
NASA /STScl; ESO WFI; Magellan/U.Arizona/D.Clowe et al.
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spectrum of the anisotropy of the CMB, cosmological models can be tested. The
standard cosmological model is the Lambda Cold DM (ACDM) model, which de-
scribes the evolution of the universe since the big bang with a few parameters. From
these independent cosmological parameters, the DM density parameter Q2py, = 0.25
can be calculated. A quarter of the total energy density is therefore non-baryonic,
cold (non-relativistic) DM.

2.2 Dark Matter Candidates

The following section is based on [6].
Generally one expects the DM particle to have three characteristics:

e non-baryonic:
interactions with the W and Z gauge bosons, but not with gluons or photons
and thus not carrying electric or colour charges.

e stable:
or at least extremely long-lived, that means having a lifetime substantially
greater than the age of the Universe.

e non-relativistic (and therefore massive):
relativistic (massless) particles could not produce the gravitational potential
that is necessary for the observed structure formation. This rules out neutrinos
the only standard model particle candidate to have the other two characteris-
tics.

In the following, three possible candidates for DM are introduced. The first one, the
Modified Newtonian Dynamics, is not a candidate per se but instead explains the
observed rotation curves. The other two, axions and WIMPs, are well motivated by
particle physics problems and considered as possible DM candidates.

2.2.1 Modified Newtonian Dynamics

Instead of explaining discrepancies in the observed rotation curves with additional
DM, a modification of Newtonian dynamics (MOND) has been proposed in the
last decades. The known Newtonian Law does no longer apply for accelerations
below a certain threshold, the acceleration constant ay ~ 107'%m/s?, which is the
typical centripetal acceleration of a star in a galaxy. The transition from Newto-
nian Dynamics to MOND is not detectable within the solar system since even the
acceleration of Mercury on Pluto is above ag [7]. But MOND provides good fits
to the asymptotic flatness of the rotation curves of galaxies (Figure 2.1). MOND
has problems describing the dynamic of Galaxy clusters and the structure of the
CMB [8].

2.2.2 Axions

Axions are hypothetical particles motivated by a problem called the CP-violation.
It is the breaking of the symmetry with respect to the combined charge conjugation
and parity. In the electroweak theory, the CP-violation was experimentally observed,
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however not for strong interactions. To explain the experimental results a term in
the Lagrangian of the quantum chromodynamics has to take a value which deviates
from the theoretical assumptions by a few orders of magnitudes. Since the standard
model can explain the strong CP-violation but only for a seemingly unnatural choice
of a parameter it is called a fine-tuning problem.

In the case of a spontaneous symmetry breaking, this problematic parameter would
vanish. The consequence of this new symmetry is the axion. The light, electric
neutral, and weakly interacting particle is considered as a candidate for DM.
Currently, multiple experiments aiming to set limits on the parameter space of
axions, or more generic axion-like particles, are emerging. In the case of existence,
a positive detection is expected in the near future due to sufficient sensitivity of the
future detection methods [9].

2.2.3 WIMPs

A broad class of particles considered theoretical candidates for DM are the weakly
interacting massive particles (WIMPs). Their mass is in the range between a few
GeV and some 100 TeV.

Thermal Freeze-Out

WIMPs are thought to be produced through the thermal freeze-out: In the early,
hot, and dense Universe all particles are in thermal equilibrium. But DM parti-
cles with the mass m, get Boltzmann-suppressed if the cooling Universe reaches a
Temperature 7' < m,. The number of DM particles drops exponentially as e=™=/T
and eventually reaches zero. However, the Universe is expanding which decreases
the probability of two DM particles to annihilate. Instead of dropping, their num-
ber asymptotically approaches a constant, the relic abundance. This is called the
chemical 'freeze-out’. Note that interactions mediating energy exchanges between
the DM particles and other particles still occur but the decrease in the number
of DM particles is negligible. For the WIMPs to approach the relic abundance
a certain self-annihilation cross-section is required, the thermal relic cross-section
<Uv>thermal relic — 3- 10726cm3/s‘

Candidates

Several theories provide possible WIMP candidates. The most discussed ones are
the theory of supersymmetry (predicting the neutralino) and the Kaluza-Klein (KK)
theory of an extra dimension (predicting axions). The two theories are shortly ex-
plained in the following.

Supersymmetry was introduced to solve the gauge hierarchy problem. It is the
question of why the electroweak force is 10** times stronger than gravity. Since the
Higgs mechanism describes how the exchange particles obtain their masses through
interactions with the Higgs field the gauge hierarchy problem breaks down to the
question: Why is the physical Higgs boson mass m;, ~ 125GeV so much smaller
than the Planck mass Mp; = 1.2-10Y GeV?
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Usually, all masses are affected by quantum radiative corrections. Symmetries pro-
tect both fermions and gauge bosons from these corrections but not the Higgs boson.
This is due to the Higgs field being scalar (spin = 0). The corrections come from
self-interactions, gauge boson loops, and fermion loops. The latter two have con-
tributions to the Higgs mass with opposite signs. Due to this fact, supersymmetry
can solve the gauge hierarchy problem. If the number of fermionic and bosonic
degrees of freedom were to be the same the contributions to the Higgs mass would
be cancelled. In supersymmetry that is the case since every particle in one group
has an associated partner in the other group. The spin of two superpartners differs
by a half-integer. Electrically neutral particles predicted by supersymmetry can be
considered as DM candidates. These are the Gravitino G, the Sneutrinos, /i, fi, and
i, and four neutralinos, x1, X2, x3 and x4. The latter are eigenstates mixed by four
neutral spin /2 fermions. The lightest of these, x1, is a WIMP DM candidate since
it is stable. The neutralino does not carry a colour charge and its predicted cross-
section is in the right order of magnitude. That solving the gauge hierarchy problem
with supersymmetry results in a WIMP DM candidate is called the "'WIMP miracle’.

Another extension of the standard model (SM) predicting a WIMP is the Kaluza-
Klein (KK) theory. It proposes an additional space-like dimension to the four known
dimensions of space-time. This fifth dimension is curled up and could take the form
of a very small circle with radius R. Each SM particle has a partner particle at every
one of the infinite KK levels. The mass of a partner particle at level n is oc nR™L.
The lightest KK particle is the B!, the partner of the hypercharge gauge boson at
the first level, which is stable due to the conservation of the KK-parity. For the
B! to have the correct thermal relic density, its mass must be approximately 1 TeV
making it a WIMP DM candidate.

This short introduction on WIMPs as a DM candidate is followed by a more detailed
discussion about the search for WIMP-like particles in the following section.

2.3 The Search for WIMP-like Dark Matter Parti-
cles

The first part of this section is about the current status of the search for WIMPs with
three different detection methods. Since the DM flux has to be estimated for the
detection the two necessary components for this calculation, the spatial distribution
and the spectrum, will be discussed in the following part.

2.3.1 Current Status of the Detection

The annihilation of two WIMPs X X into two other particles introduces three strate-
gies for their detection. Here it is assumed, that the produced particles are known
standard model particles.

e Particle colliders:
If DM were to be produced through SMSM — XX they would not be de-
tectable. But signatures of DM could be detected through related production
mechanisms, such as SM SM — X X + {SM}.
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e Direct detection:
The transferred energy of scattering between a normal particle off a DM par-
ticle through X SM — X SM could be observed in sensitive detectors.

e Indirect detection:
If two DM particles annihilate today through X X— SM SM the products could
be detected. The annihilation spectrum of WIMPs is discussed in detail in
Section 2.3.2.

The current status of these three detection methods of WIMPs will be discussed
briefly in the following.

Production of WIMPs with Particle Colliders

At the Large Hadron Collider (LHC), WIMPs can be produced indirectly and es-
cape the detector. The existence of undetectable particles takes place through the
signature of missing energy and momentum. But even though the missing particles
are consistent with DM it is not compelling evidence. A particle leaving the detector
implies a lifetime 7 > 10~"s, which is not even close to the required 7 > 10'"s for
DM [6]. Since colliders can determine the thermal relic density of the missing par-
ticle due to strong constraints on its properties consistency with the cosmologically
observed density would be strong evidence for the particle to be DM.

Direct Detection

Direct detection experiments aim to detect the nuclear recoil in the scattering of a
nuclear DM particle off target nuclei. The recoil energy is converted into thermal
motion (phonons), ionization, or scintillation photons depending on the detector
material. The scattering rate depends on astrophysical inputs (local density and
velocity distribution of WIMPs), the WIMP mass, and the interaction cross-section
of the target nuclei which is predicted to be in the order of 1072*cm? [10]. The
resulting extremely low signal rate requires an extraordinarily low background en-
vironment. This is obtained by passive shielding, active veto, high-purity detector
components, and a location deep underground. However, the irreducible background
coming from solar and atmospheric neutrinos limits the sensitivity of direct detec-
tion experiments. It is usually assumed that the scattering is coherent and elastic
and that the interaction does not depend on the nuclear spin to allow comparison
of the results from different experiments. The current constraints on the interaction
cross-section for different WIMP masses are shown in Figure 2.4.

Indirect Detection

Even though DM pair annihilation becomes suppressed after the chemical freeze-
out it still occurs and may be detectable indirectly via their annihilation products.
Neutrinos being one of these annihilation products makes neutrino observatories like
IceCube or ANTARES indirect DM detectors. Since the annihilation rate is very
small one focuses on regions where a higher DM density is expected. In the case of
neutrinos, this is, for instance,g the Earth’s centre where they are captured due to
scattering. Note that the indirect detection via neutrinos sets limits on the scatter-
ing cross-section and not the annihilation cross-section since only the capture rate
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Figure 2.4: Upper limits on the WIMP-nucleon scattering cross-section (spin-
independent) set by current leading experiments and the neutrino scattering back-
ground curve [10].

determines the neutrino signal rate. This makes a comparison with the results of
the direct detection methods possible.

Another way of detecting the annihilation products is with the use of v-ray satellites
or ground-based 7-ray Cherenkov telescopes. One distinguishes between 'prompt’
v-ray emission due to an annihilation of the DM into two photons (or vZ) and
secondary vy-ray emission where the y-rays are the decay product of charged parti-
cles created by the annihilation. The first results in a line-like signal in the energy
spectrum while the latter has a broad spectrum with a cutoff at the DM particle
mass mpy. One also preeminently searches in regions where the DM density is
expected to be higher. This is the case for cores of dwarf galaxies, galaxy clusters,
and the Galactic Centre and Halo. Since the flux decreases proportionally to the
squared increasing distance it is beneficial to concentrate on close-by objects. A
strong astrophysical v-ray background complicates the DM search which therefore
either has to be understood very well or cut out off the region of interest.

Note that it is in principle also possible to detect the products of DM particle decays
but the decay rate is linear to the DM density instead of proportional to the square
of the DM density like it is the case for the annihilation rate.

Figure 2.5 shows the upper limit on the annihilation cross-section of DM in the case
of prompt v-ray emission from H.E.S.S. and Fermi-Lat. The region of interest was
the Galactic Centre.

The constraints on the cross-section of the annihilation of DM particles into W W~
from different telescopes and regions of interests (Galactic Centre and dwarf galaxies)
are plotted in Figure 2.6. The constraints obtained by ground-based telescopes are
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Figure 2.5: Upper limits on the annihilation cross-section of DM into 7 (prompt
emission), from Fermi (black points) and HESS (red and purple points) [11].

stronger if the Galactic Halo is analysed compared to dwarf galaxies. The best limits
are provided by the Fermi satellite for mpy < 0.5 TeV.

2.3.2 Annihilation Spectrum of WIMPs

The energy spectrum of the y-rays depends on the channel in which the DM particles
annihilate. Several channels are possible: leptons, either left or right-handed (i.e.
e} e;), a light or a heavy quark (i.e. bb), standard model Higgs boson, neutrinos,
photons, gluons, Z and W bosons, or an annihilation into a new boson V' which
later decays into a pair of leptons.

The fluxes of these particles at the production point (‘primary fluxes’) can be ob-
tained with Monte Carlo simulation programs. In this analysis, the primary fluxes
from [13] were used. Figure 2.7 shows the primary spectrum for mpy = 10 TeV
and for all the available channels with the x-axis normalised to mpy. The prompt
annihilation into two v-ray pairs has the mentioned peak at mpy while the spectra
of the other channels have a cutoff at mpy since there can not be an annihilation
product with a higher energy than the original particle. The primary fluxes are elec-
troweak corrected and DM model-independent, meaning that channels suppressed
in many models (i.e. v7) are still included.
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by the Fermi-LAT satellite (green line), limits form 157 hours of observation of the
dwarf galaxy Segue 1 by MAGIC (red line) and combined analysis of observations
of 4 dwarf galaxies by H.E.S.S. (brown line) [12].
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Figure 2.7: ~-ray spectrum from the pair annihilation of a DM particle with mpy =

10 TeV in different channels [13]. The results are expressed in terms of the energy
fraction = K /mpwm, where K is the kinetic energy of the final-state stable particle.
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Figure 2.8: Representation of the coordinates s, r and ¢

2.3.3 Differential Flux of Emitted Photons

In order to detect DM indirectly with ~-ray telescopes the differential flux of the
photons has to be calculated. For photons produced by DM annihilation this flux
from a given angular direction df? is given by:

., 1 ANJ dJ
= < > C— 2.3.1
dQdE 47rk:m]23M; VIR A (23.1)
- ~~ g v
particle physics astrophysics

where dg is the energy spectrum of photons produced per one annihilation in the
channel with the final state f (section 2.3.2). The value of k£ depends on the type
of DM particle. For a Majorana particle it is k = 2 and for a Dirac particle k = 4.
The astrophysical differential J-Factor % is the integral along the line of sight of

the squared DM density:

Z—é = /LOS P2 (r(s,1))ds, (2.3.2)

where v is the angle between the line of sight and the direction of the observation
(Figure 2.8). The DM density p is discussed in Section 2.3.4. The integrated J-
Factor is defined as: i

J(AQ) = /A e (2.3.3)

The parameter r can be expressed in terms of 1, the line of sight s, and the distance
between the sun and the Galactic Centre rg:

r= \/7% + 52 — 2rgscos(v) (2.3.4)

2.3.4 Dark Matter Distribution

To calculate the J-Factor, the DM distribution of a galaxy needs to be known.
However, this distribution cannot be observed directly but is simulated leading to
multiple possibilities. The models have the common assumption of a radial symmet-
ric distribution. One of this models was introduced by Navarro, Frenk and White
(NFW) which is based on cosmological N-body simulations [14]. It describes the
distribution as a power law with an index of —1 at the Galactic Centre. Also mo-
tivated by more recent N-body simulations but not converging to a power law at
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Figure 2.9: DM profiles scaled to the local DM density.

the Galactic Centre is the Einasto profile [15, 16]. Moore and collaborators have
found a profile even steeper than the NFW profile [17]. All three of the profiles
are referred to as Cusped profiles due to them predicting a rather high density at
the centre. Including baryonic matter into the simulation results in so called Cored
profiles which are defined by a constant density within the inner part. Commonly
used are the isothermal profile [18] or the Burkert profile [19]. The profiles read as:

—2
Ts r
NFW : prw(T’) = pPs— <]_ + _)
r T
2 (6%
Einasto : PEin(T) = ps exp{ - — {(L) — 1] }
a |\ rs
Py 116 N
Moore : PMoo(T) = ps (—) (1 + —> (2.3.5)
r T
) _ Ps
Isothermal : pIso(T) = W
Burkert : PBur(T) = Ps

(L 4r/rs) (L + (r/rs)?)

The profiles are parameterised in terms of the typical scale radius 7 and the typical
scale density ps. The latter is chosen such that at the location of sun ro = 8.5 kpc the
DM density is po = 0.39 GeV/cm?. The typical scale radius for the NFW (Einasto)
profile was set to 20.0kpc (21.0kpc). The shape parameter « of the Einasto profile
is 0.17. All of these values are adapted from earlier H.E.S.S. publications to allow
an easier comparison [12|. The five profiles are plotted in Figure 2.9 as a function
of the distance to the Galactic Centre. In this plot r; and ps for the Isothermal, the
Burkert and the Moore profile are adapted from [13].



Chapter 3

Ground-based ~v-ray Telescopes and
H.E.S.S.

~-rays can be detected on the ground (ground-based telescopes) or out of the atmo-
sphere (satellites like the Fermi-Lat). The latter is only possible for ~-ray energies
up to 300 GeV since the small detector area can not compensate for the lower y-ray
flux at higher energies. Ground-based telescopes, on the other hand, are not as
limited in their detection area and therefore can detect photons with energies up to
approximately 100 TeV. Their detection method is indirect and is called Imaging
Atmospheric Cherenkov Technique, which is discussed in the following section af-
ter a short introduction of air-shower development and Cherenkov light. Since this
work’s data is taken with H.E.S.S., it will be the focus of the second part of this
chapter.

3.1 Air-shower Development

Earth’s atmosphere is not transparent for cosmic rays. They interact with nuclei
and induce air-showers, cascades of secondary particles. One differentiates between
electromagnetic (induced by a lepton or a photon) and hadronic (induced by a
hadron) air-showers. They can be distinguished due to different longitudinal and
latitudinal depth, as well as the kind and amount of secondary particles since the
two types of showers are based on different interactions.

Electromagnetic Air-showers

High energy electrons e™, positrons et, and photons ~y interact with the atmosphere
via Bremsstrahlung or pair annihilation. The annihilation of two photons into a e”e™
pair can only occur in the presence of atmospheric nuclei so that energy and momen-
tum are conserved. A Bremsstrahlung photon gets emitted due to the deceleration
of a e* in the Coulomb field of an atomic nucleus. Both these processes alternate
until the energy of the interacting particle falls below a certain threshold energy. For
the Earth’s atmosphere, this critical energy is approximately F. ~ 80MeV. Once
reached the dominant process is no longer Bremsstrahlung or pair annihilation but
an energy loss due to ionization and the shower development ends. The process is
sketched in Figure 3.1.

A commonly used model to describe electromagnetic air-showers is based on Heitler
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primary

n=1

Figure 3.1: Basic scheme of an electromagnetic air shower. Figure taken from [21].

which describes the most important characteristics very well even though it is based
on two simple assumptions [20]. Firstly, both photons and e* interact after travel-
ling a distance A and secondly, the interacting particles energy Ej gets transferred
to the two produced particles equally. After n interactions, the air-shower therefore
consists of 2" secondary particles and has a longitudinal length of

X =nAlog(2) (3.1.1)
The maximal amount of secondary particles is
Nmax = EO/Eca (312)

which gets reached after nmyax = 10g(Nmax)/log(2) interactions. This results in a
maximal longitudinal depth of

KXmax = )\log(EO/EC) (313)

Even though the model is rather simplistic two conclusions of Heitler were confirmed
by simulations and observations: the maximal amount of secondary particles Nyax
is proportional to Ejy and the maximal longitudinal depth X,,.. is proportional to
the logarithm of Ej [21].

Hadronic Air-showers

In the case of a hadronic primary particle the dominant interaction is strong. Due
to the inelastic scattering mostly pions (7, 7%) are produced (figure 3.2). Neutral
pions 7 decay into two photons resulting in an electromagnetic sub-shower, while
charged pions continue to interact with the atmosphere. Thereby, a new generation
of pions gets produced until the energy of the single pions falls below the critical

energy E7. In this case, a decay into myons and neutrinos is more likely:
=+, (3.1.4)
S O VA e

Hadronic air-showers can be divided into three components: soft, electromagnetic

component (e, ), hadronic component (7°, 7%), and a muonic component (myons
are unlikely to interact with matter).
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Figure 3.2: Basic scheme of an air shower with its three components. The grey dots
denote an radioactive decay and n,p denote neutrons and protons. Capital letters
are used in the case of high-energy particles. Figure taken from [22].

3.2 Emission of Cherenkov Light

The direction and the energy of the incoming ~ can be reproduced through the
observation of the Cherenkov radiation the electromagnetic shower emits. If particles
travel through a medium with a velocity greater than the speed of light in that
medium the radial symmetry of the matters dipoles get broken. The dipole moments
interfere constructively and emit Cherenkov light. The photons are emitted in a cone
with an opening angle of:

0 = arccos(1/Bny,), (3.2.1)

where [ is the particle’s velocity divided by the speed of light and n,,, is the refraction
index of the medium.

3.3 Imaging Atmospheric Cherenkov Technique

Ground-based ~v-ray telescopes are based on the Imaging Atmospheric Cherenkov
Technique (IACT). Currently, there are three large telescope systems in operation:
MAGIC and VERITAS in the northern hemisphere and H.E.S.S. in the southern.
These telescopes use focusing mirrors to image Cherenkov light emitted by air-
showers onto a photon detection system (Figure 3.3). For primary particles in the
TeV range, the maximum of the shower development is at approximately 10 km above
sea level and the opening angle of the Cherenkov cone is < 0.7° [23|. Depending on
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0.3 TeV 1 TeV
y-ray proton

Figure 3.3: Sketch of the Imaging Atmospheric Cherenkov Technique. The cascades
induced by a 0.3 TeV v-ray and a 1 TeV proton are shown. They differ both in lateral
and longitudinal depth. Two telescopes are within the Cherenkov light cone emitted
by the electromagnetic air-shower. The pixelated image of the shower obtained from
the two telescopes is shown. Figure taken from [23].

the height above sea level of the telescope the diameter of the cone at the ground is
approximately 250 m.

Multiple telescopes are placed within a region of that size to enable stereoscopic
measurements. This allows imaging the air-shower from different viewing angles
improving direction reconstruction and rejection of background. In addition, coin-
cidence requirements are enabled. Only about 100 Cherenkov photons emitted by
one TeV 7-ray per m? are seen on the ground. For the detection of this very faint
and short-lived (few ns) Cherenkov light, a short read-out window is necessary.

In the following, the H.E.S.S. will be the focus of discussion since all data used in
this work was obtained by this telescope system which is based on TACT.

3.4 The High Energy Stereoscopic System

The High Energy Stereoscopic System (H.E.S.S.) is a 7-ray detection experiment
named after Victor Hess, Nobel prize winner for the discovery of cosmic rays. It is
located in Namibia at a height of 1800 m a.s.l. and shown in Figure 3.4. In 2002
and 2003 the first four 12m telescopes (CT1 to CT4) were built (first phase in the
following called HESST). They are arranged in a square with a side length of 120 m
such that the base length is large enough but also allowing a stereoscopic measure-
ment. These four telescopes mirrors, segmented into 382 round mirror facets, have a
focal length of 15 m. Each telescope has a total mirror area of 108 m?. The camera
of the HESST telescopes has a 5° field of view and consists of 960 photomultipliers
(PMTs). The energy range covers 100 GeV up to approximately 100 TeV [24].
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Figure 3.4: View of the H.E.S.S. array with the four HESS I telescopes and the larger
HESSII telescope. Image credit: H.E.S.S. Collaboration, Clementina Medina [24].

Since 2012 the larger fifth telescope CT5 of the second phase (HESSII) is in op-
eration. It is in the centre of the existing array and improves the sensitivity and
coverage towards lower energies (40 GeV in hybrid mode). Consisting of 875 hexag-
onal facets the mirror has a focal length of 36 m and a total area of 614 m?2. 2048
PMTs make up the HESSII camera resulting in a field of view of 3.2°.

The camera of the original HESST array was replaced in 2016 to improve overall
performance. The phase with the upgraded telescopes is called HESSIU.

3.4.1 Observations

Observations are taken using the wobble mode. In this method, the source is not in
the centre of the FoV but is offset by a small distance of +0.5°. The offset is alter-
nated in Right Ascension and Declination between 28 minutes observations (runs).
In wobble mode, the side of the field of view without the source is used as a control
region for background estimations.

H.E.S.S. has several level trigger systems. First, there is the single-pixel threshold
of 4 photo-electrons at the PMT within 1.5 ns. Second, the camera is triggered, if
within a sector (square group of 64 pixels) 3 pixels are coincidentally triggered. If
the triggered camera is the CT5 camera and H.E.S.S. is run in 'mono mode’ (CT5
only), the signal is read out. However in ’stereo mode’, it is required that at least
two cameras of CT1- CT5 are triggered within 80 ns [25]. Observations with all five
telescopes are called 'hybrid mode’.

Air-shower information is affected by systematic uncertainties. These are mainly due
to variations of the camera response, degrades of the optical response (including the
mirrors), and interactions of particles and light in the atmosphere. To minimize
the effects of systematic uncertainties on the flux and energy spectrum certain data
quality criteria are applied. One of them is the requirement of a stable trigger rate
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close to the predicted level. If the rate is less than 70 % of the predicted one, for
example, due to clouds passing the FoV, the run is rejected. Also runs where the
tracking system malfunctioned do not pass the quality checks. Bright light sources,
such as lightning, airplanes, or satellites trigger over-current protection.
Calibrations are necessary before the data can be analysed. This involves the iden-
tification of bad pixels, the photon electrons to pixel amplitude calibration, and the
correction of the optical efficiency.

3.4.2 Analysis

The sensitivity of an IACT depends on its ability to reduce background. Hence, the
~-ray events have to get separated from the hadronic background events. Therefore,
the image has to be cleaned to assure only Cherenkov light is contained in the pixels
and reject those containing night sky background. The requirement is that pixels
above the lower threshold of 5 photoelectrons have a neighbour above 10 photoelec-
trons, and vice versa, such that only spatially correlated features are selected [25].
The ~-hardon separation is performed based on the geometric form of the events.
While hadronic background events are wide and uneven, y-ray events have the form
of a narrow ellipse. Hillas introduced parameters to quantify the width and length
of the photoelectron distribution and distance of the image centre to the camera
centre (Figure 3.5). The classical background reduction selects the 7-ray events
based on cuts on the Hillas parameters determined by MC-simulations. Depending
on the source condition, different cut configurations are used: ’standard’, ’hard’ and
loose’. In the standard Hillas analysis this includes [26]:

e Local distance (between camera centre and centre of gravity) cut to avoid
truncated images.

e Minimal size cut to avoid inaccurate reconstructions due to faint images. Note
that the higher the size cut value, the higher the energy threshold.

e 'Mean reduced scaled width’” (MRSW) and the 'mean reduced scaled length’
(MRSL) cut computed from the measured width (length) and expected width
(length) from MC simulations used for hadronic background separation.

An improved background reduction can be obtained via a multivariate, tree clas-
sification method [27]. An event is either signal-like or background-like based on
passed or failed criteria. These criteria are applied on one of the parameters of the
parameter set M; = (m;1,...,m;¢) describing the event at each node of a decision
tree sketched in Figure 3.6. The appropriate splitting criteria are obtained by train-
ing the decision tree with multiple events of known types. The output of a decision
tree is a variable ¢ describing the signal- or background-likeliness of the event. The
~v-hardon selection of the data used in this work was performed by this decision
tree-based method.

For the energy reconstruction of the primary particle the sum over all photoelec-
trons, the amplitude, is calculated.

The major axis of the image corresponds to the projected direction of the shower.
By intersecting the major axes of multiple cameras of stereo observations, the arrival
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Figure 3.5: Definition of the Hillas parameters width, length and distance for a
~v-ray image. By intersecting the major axes of the images of telescope 2 and 1 the
direction can be reconstructed. Figure taken from [25].

Event with set of parameters M; = (m; 1,. . .,M;¢)

mij < m;
My < m;

Figure 3.6: Sketch of a decision tree with a binary split criterion at each note. The
event described by M; ends up as either a signal (S) or a background (B). Figure
taken from [27].

direction of each event is reconstructed.

In Figure 3.5 the parameter 6 as the angular offset between the reconstructed and
the true direction is shown. The distribution of #? defines the accuracy in the
reconstructed direction of ~-rays originating from a point source. It is described
by the point spread function (PSF), approximately the sum of two one-dimensional
Gaussian functions. The specified point spread function of HESST is 0.03° on-axis
and 0.06° for y-rays 2° off-axis.

3.4.3 Background Estimation

The images still contain a background signal after the y-hadron separation. This
is due to showers induced by electrons having a similar shape as the y-ray showers
and electromagnetic sub-showers from early interactions of hadronic showers. There
are several background estimation and subtraction methods all based on the same
principle. An On and Off region is defined, where the On region contains the source
and the Off region is chosen such that it does not contain 7-ray sources but is
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Figure 3.7: Illustration of the ring (left) and reflected (right) background models.
Figure taken from [28].

background only. The number of excess events in ~-rays can then be estimated by
Nexcess - NOn - aNOff; (341)

where « is the normalisation factor and No,/os the number of events in the corre-
sponding region. The significance of the source can be calculated from Ngycess using
the likelihood ratio method (section 4.3). Common methods to estimate the back-
ground are the reflected background model and the ring background model. They
will be briefly discussed in the following.

Reflected Background Model

The easiest way to estimate the background is to define the Off region in the opposite
direction of the On region relative to the centre of the FoV. However, by using
only a single reflected background, local inhomogeneities can not be taken into
account causing systematic effects. Instead, the Off region consists of numerous
background regions, all at the same distance to the observation position as the On
region (Figure 3.7). The number of background regions depends on the offset of the
On region with respect to the centre to avoid overlapping. The ratio of the solid
angles of the On and Off regions determines the normalization «. The reflected
background method is suitable for data taken in wobble mode, but can not account
for non-radial variations in the acceptance.

Ring Background Model

In the ring background model, the Off region is defined as a ring around the position
of the source (Figure 3.7). The inner and outer radius of the Off region is chosen
such that the ratio of the On and Off region is approximately 7. The value is a
compromise between the distance to the source and the area within the Off region.
The radial background acceptance is taken into account for by the normalization «
by modifying the ratio of the On and Off region with a weight factor. However, the
calculation of the energy-dependent acceptance is averaged over multiple observa-
tion resulting in possible systematics. This makes the ring background model not
suitable for spectral analysis.
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For both the reflected and the ring background model it is crucial to have a large
region within the FoV with no y-ray emitting sources to use as the Off region. Due
to the large diffuse emission and multiple y-ray emitting sources this is not the case
for the Galactic Centre region. Therefore, another background model was developed
which does not make use of Off regions. This so-called three-dimensional background
model will be discussed in Chapter 5.1.
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Chapter 4

Data Analysis

In Section 3.4.3 two standard background estimation models both relying on an Off
region within the FoV were discussed. However, for regions with a dense ~y-ray source
population or large-scale v-ray diffuse emission, the methods are not suitable. The
Galactic Centre region analysed in this work falls into this category. Therefore, an
other analysis technique is used, the three-dimensional (3D), energy-resolved likeli-
hood analysis. The field of view is described by a combination of three-dimensional
models which are fitted to the observed data via a likelihood formalism. In the
first part of this chapter, the used data is discussed followed by an introduction
of the 3D fitting method. Afterwards, it is described how one obtains upper lim-
its on a fitting parameter via the likelihood ratio test and a short introduction of
Asimov data sets is given. The methods are applied in the DM analysis (Chapter 6).

4.1 Data Sets

For the analysis, data sets from different H.E.S.S. phases are used. The HESST data
set consists of 424 runs (197 hours of live-time in total) taken between 2004 and
2013. In the HESSII phase, 96 hours of data were taken in 215 runs. The HESSTU
data set obtained after the update consists of 114 runs (51 hours of live-time in
total). To each of the data sets the HAP standard zeta cuts were applied and they
are FITS-HD production 05. This means that only 4 telescope observations are
included which does not result in a better performance at lower energies.

The distribution of the zenith angles of the runs of the different telescope phases
is plotted in Figure 4.1. The mean zenith angles and the standard deviations are
listed in Table 4.1 together with the mentioned information about the live-time,
the mean energy threshold, amount of runs, and amount of counts of the data sets.
The zenith angle determines the energy sensitivity of the observation. Since the
HESSIT data set has the lowest mean zenith angle of 19.68° + 12.50° it is expected
to have a good sensitivity towards lower energies compared to the other two data
sets. However, since currently only 4 telescope observations are included in the
data sets, the HESSII does not result in a better performance at low energies. The
exposure of the telescope in the three different phases are shown in Figure A.1 (a)
and (b), and A.2 to visualise where the pointing of the telescope within the region
of interest was.

In this work, the HESST data set is analysed individually as well as a combined
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Data set HESSI HESSIU HESSII HESSI+IU-+II

Mean zenith angle [°] 22.52 £13.66 27.29 £16.16 19.68 £12.50 21.86 +13.97

Live-time [h] 197 51 96 344

Runs 424 114 215 753
Counts [107] 6.33 1.98 1.87 10.18
Mean energy 0.41 £0.23 0.45 £0.33 0.44 £0.24 0.42 £0.25

threshold [TeV]

Table 4.1: Mean zenith angle, livetime, runs, total amount of counts, and mean
energy threshold for each of the used data sets HESSI, HESSIU, HESSII and the
combined one HESS I-++1U-+I1

analysis of the HESSI+II and HESS I+IU+II. The region of interest was analysed
within a box of size [4.3°,4.3°] with the Galactic Centre in the centre.

4.2 Three Dimensional Maximum Likelihood Fit with
Gammapy

The analysis is performed with the open-source tool Gammapy version 0.14 [29]
which has been validated in [30]. Two fitting methods are available: a ’joint’ and
a 'stacked’ fit. In the former, the final likelihood value is a product of the like-
lihood values obtained by fitting each run individually. A ’stacked’ likelihood fit
is performed on the sum of all runs resulting in only one likelihood value. Since
also the instrument response functions (IRFs) are averaged a ’stacked’ fit results in
a less accurate description of the data. However, for larger data sets, it is not as
computationally expensive as a joint fit since less fit parameters are necessary. In
this work, stacked likelihood fits are performed.

The data can be visualized in the form of sky-maps. They consist of 64 bins in
the two spatial dimensions each and 130 bins in the third dimension, the energy.
The energy bins reach from approximately 0.2 TeV to 84 TeV and are logarithmically
spaced. In each of the bins a Poisson log-likelihood function, the cash statistic, is
calculated. It is derived from the likelihood L, the product of individual Poisson
probabilities (counts are sampled from the Poisson distribution) calculated in each
bin i:

(]

MPi
L= H BT &P (= M), (4.2.1)
where M; = S; + B; is the sum of the expected counts of the source and background
model and D; is the number of observed counts in bin 4.

By taking the logarithm of equation 4.2.1, one gets:

M.
log £ = Z {—Di log (DZ') + M,] (4.2.2)

|
i
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Figure 4.1: Distribution of the zenith angles for the different data sets

Since log (1/D;!) does not depend on the models evaluated but remains constant it
can be dropped.

One obtains the Cash statistic C; in bin ¢ by changing the sign and a multiplication
by two:

—2log £ =Y 2[M, - Dilog (M,)] = Y C,, (4.2.3)

The factor of two exists so that the change in Cash statistics can be approximated
by the Chi-square distribution with one degree of freedom. If M; < 0 the Cash
statistic is set to zero.

Since the models and therefore £ are depending on the N nuisance parameters
g = (01, ..,0N) the likelihood is a N-dimensional function. The best values of the pa-

rameters 6 are obtained by maximising £ which is equivalent to minimising —2 log L.
Note that one cannot assign a goodness-of-fit measure to a given £ value since it
depends on the number of bins and the values of the data.

The likelihood profile is defined as a ’slice’ or a ’scan’ of the N-dimensional £. It
displays the —2log £ as a function of only one of the parameters 0. One can either
freeze all the other parameters to their best-fit value or re-optimise them when
computing the profile. The likelihood profile is used to calculate both the errors and
the upper limits on the fit parameters. The method is discussed in the following.

4.3 Likelihood Ratio Test

The following is based on [31]. When setting limits on a new discovery one defines
two hypotheses and tests them against each other. The first one is the null hy-
potheses Hy, which describes the signal and the background. H; is the background
only hypotheses. One defines the p-value which is the value of the probability under
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the assumption H to find data predicted by H more or equally incompatible with
H. Here the p-value for the background only hypotheses H; is calculated. If pp,
is below a certain threshold value p, H; is excluded. It is possible to convert the
p-value into a significance Z which is more commonly used in particle physics:

Z=¢ (1 -p), (4.3.1)

where ¢! is the inverse of the cumulative distribution of the standard Gaussian.
The p-value is equal to the upper tail probability of a variable found Z standard
deviations above its mean (Figure 4.2 (a)). A signal with a Significance of at least 5
(p = 2.87-1077) is considered a discovery. The threshold of the p-value for excluding
a hypothesis, in this case Hj, is usually set to 0.05 (Z = 1.64). This corresponds to
a 95 % confidence level. One way of calculating the incompatibility is to measure
the likelihood ratio between the signal and the background as a test statistic. The
background model is depending on nuisance parameters g = 0, which are fitted from
the data. The signal is described by a parameter . The fitting of the nuisance
parameters increases systematic uncertainties and therefore a loss of information.
This results in a broadening of the profile likelihood as a function of p. The profile
likelihood ratio is

L(=0,6)
Ap) = CGd) (4.3.2)

0 is the maximum likelihood estimator of @ and therefore depending on p. 0 max-
imizes the likelihood in the case of 4 = 0. As the bias of the statistical test one
uses

t, = —2log A\(p). (4.3.3)

An increasing incompatibility between the ;1 = 0 and the fi case results in a large ¢,.
This incompatibility can be quantified by calculating the p-value for the observed
test statistic ¢, o

Py = / T ) diy (43.4)

7fu,obs

where f (¢,|p) is the probability density function of ¢, under the assumption of a
signal with the strength p. It is a chi-square distribution for one degree of freedom
(Wilk’s theorem):
1 1
t = ———exp(—t,/2 4.3.5

Fltuln) = = —mexp (1,2 (4.3.5)
The relation is illustrated in Figure 4.2 (b).
The cumulative distribution function of ¢,, is therefore

Ftuln) = 6 (/i) (43.6)

When observing ¢, one gets the p-value:

Py = 1-F (tum) =1- Cb (\/E) (437)
and a significance of
Zy =0 (1=pu) = /T (4.3.8)

A signal p is considered as a discovery if its test statistic is greater or equal to 25
(Z >5). The 95% upper limit on the parameter is such that its test statistic has a
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Figure 4.2: Tllustrations of the relation between the p-value (blue area) and (a) the
significance Z and (b) the observed test statistics ¢, obs.

value of 2.71 which is equivalent to a significance of 1.64. A test statistic value of 1
corresponds to the 1o error.

In Figure 4.3, two likelihood profiles as functions of the parameter p are shown.
They can be approximated by a parabola with the minimum being the best-fit value

~

[

~

IR
where N represents the data sampling size.
The test statistics can be calculated from a given likelihood profile. Rewriting

equation 4.3.3 allows an easy visual interpretation of the connection between ¢, and
the profile:

>>

LW =00 _ g log(4,0) — 2log £(u=0.0) (43.10)

L(p,0)

Figure 4.3 (a) shows a likelihood profile with a corresponding test statistic t,, > 5 so
the signal p would be considered a discovery. The 1o error on the best-fit parameter
1 is such that:

t, = —2log A(n) = —2log

—2log L(1+ 1o) = —2log L(f1) + 1 (4.3.11)

The likelihood profile in Figure 4.3 (b) does not result in a discovery since ¢, < 5.
However, the 95 % upper limit uyp = it + 1.640 can be derived from the likelihood
profile by looking for the value of uy where:

—2log L(pyr) = —2log L(f1) + 2.71 (4.3.12)

4.4 Asimov Data Sets

Obtaining the expected experimental sensitivity of a search or an experiment usu-
ally requires Monte Carlo (MC) simulations. To obtain a representative result, a
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Figure 4.3: Hlustrations of two likelihood profiles as a function of p with a minimum
at fi. The test statistics ¢, is the difference between the value of the function at
@ = 0 and fi. Both the 1o error and the 95% UL of the parameter p are shown.
Since in (a) ¢, > 5 the signal is a discovery which is not the case in (b).

sufficient number of MC simulations is necessary, which is very computationally ex-
pensive. A simpler and faster method is provided by the use of a representative data
set, called the "Asimov’ data set [32]. It is defined such that the best-fit parameters
of the Asimov data set are the true parameter values. They are the same values
that would be obtained by a very large sample of MC simulations. In this work,
Asimov data sets are created by fitting the model to a sky map filled with the counts
predicted by the model. One can check whether the obtained values are the median
of the results obtained by MC simulations. The simulated maps are Poisson draws
from the Asimov data set sky maps.

The method is used in Chapter 6 to perform an ’'Injection and Recovery’ test.
Thereby an artificial DM signal gets injected to the data to see whether the fit-
ting process can recover the signal. Analysing the Asimov data set with no DM
signal induced allows an estimation of the systematic effects of the fitting process
on the obtained upper limits on the DM cross-section.



Chapter 5

Three Dimensional Analysis of the
(Galactic Centre Region

For the computation of the DM upper limits within the Galactic Centre region, it
is crucial to describe all the other y-ray sources in that area as good as possible.
Otherwise, a possible photon produced by DM annihilation is not interpreted as
a DM signal. In this chapter, the region of interest is analysed without a DM
component to assure that the region is described properly with a model containing
only the established ~-ray sources. The model is grouped into three components: the
background due to cosmic rays, the large-scale diffuse emission along the Galactic
Plane, and three astrophysical y-ray emitting objects. In the first part of this
chapter, these components and how they are modelled is discussed in detail. Later
the focus is on the fit results and the quality of the fit estimated by looking at the
significance distribution of the residuals.

5.1 Model Components

In the following, the three y-ray emitting components starting with the important
description of the background, the diffuse emission, and the astrophysical sources are
discussed. The astrophysical sources are the two point sources HESS J1745-290 and
G09+4-0.1, and the extended source HESS J1745-303. Afterwards, the combination
of the components is illustrated.

5.1.1 Background Model

The following is based on [30].

In the case of the Galactic Centre, a background estimation like the reflected back-
ground or the ring background model is not suitable due to multiple vy-ray emitting
sources and a large-scale v-ray diffuse emission both described more in detail in sec-
tion 5.1.3. Instead, the three-dimensional description of the cosmic ray background
flux is constructed from archival H.E.S.S. observations which do not contain known
~v-ray diffuse emission like the Galactic Plane. Since the background rate depends
strongly on the pointing direction of the telescopes the observations were grouped
in bins of the zenith angle () and the azimuth angle (¢). There were two bins used
for the azimuth angle (—90° < ¢ < 90° and 90° < ¢ < 270°) and eight for the zenith
angle (reaching from 0° to 60°). The logarithmically spaced energy axis reaches from
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Figure 5.1: Illustration of the background model construction in the bin with 90° <
¢ < 270°, 20° < ¢ < 30° and 0.8TeV < EF < 1.1TeV. (a) Sum of all the counts
of all the observations. Events close to y-ray sources are excluded. (b) Summed
up exposure time of all observations with corrections for the excluded events. (c)
Averaged background rate, the number of events divided by the corrected exposure
time and the bin size (energy interval multiplied by solid angle). (d) Smoothed
average background rate after the application of a spline-based smoothing algorithm.
Figure taken from [30].

100 GeV to 100 TeV. In every bin, the averaged background rate is computed while
events coming from the direction of known v-ray sources are not taken into account.
The exposure is corrected accordingly. The steps of the background template con-
struction are illustrated in Figure 5.1.

The initial background model template is fitted to the data of each observation in
each energy bin. Averaging over the results of all energy bins results in a single
normalisation value for each observation. The dependency of the normalisation on
the zenith angle ¥ is corrected by an interpolation. Otherwise, the selection of the
initial model based on the zenith angle bin leads to jumps at the boundaries of the
bins.

There are two more corrections necessary: for the atmospheric transparency and the
optical phase. The former is quantified by the transparency coefficient computed
based on the trigger rate of the telescopes. The larger the value the more transparent
the atmosphere and therefore less absorption of the Cherenkov light resulting in a
larger background rate. Since the dependency of the background normalisation
to the coefficient is linear it can easily be accounted for. The optical efficiency of
the telescopes varies within specific periods, for example, due to mirror degradation,
defining optical phases. Biases in the background normalisations for some phases are
eliminated by applying the average fitted background normalisation as a correction
factor.

The background template has two fit parameters: the normalisation and the tilt 9.
The latter modifies the predicted background rate R at energy E as

R=R-(E/Ey))°, (5.1.1)

where Ey = 1TeV is the fixed reference energy.
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Figure 5.2: ~-ray significance map of the Galactic Centre region, smoothed with the
H.E.S.S. PSF. Top panel: position of the sources G09+0.1 and HESS J1745-290.
Bottom panel: residual significance map after subtracting the two point sources
G09-+0.1 and HESS J1745-290. The contours indicate the density of the molecular
clouds. Figure taken from [33].

5.1.2 Astrophysical Sources

Figure 5.2 shows the v-ray image of the inner 200 pc of the Galactic Centre region
taken by H.E.S.S. It is displayed in Galactic coordinates and smoothed with the
H.E.S.S. PSF. In the upper panel the two very significant sources HESS J1745-290
and G09+0.1 are visible. The former is very close to Srg A*, the supermassive black
hole in the centre of the Galaxy. Since it is a point source its morphology is described
by the position in Galactic longitude (/) and latitude (b) only. The spectrum is a
power law with an exponential cutoft:

O(E) = ¢y (E%) B exp(—\E), (5.1.2)

where ¢q is the amplitude in units of 1/cm?sTeV, Ey the reference energy, I' the
spectral index and A the inverse of the cutoff energy. FEj is fixed to a value of 1 TeV.
All the other parameters are obtained by a likelihood fit to the data. HESS J1745-
290 can, therefore, be described by five parameters.

The pulsar wind nebula G09+0.1 is coincident with the HESS J1747-281. The
morphology is also only described by the position since it is not extended. The
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spectrum of G09+-0.1 can be described by a simple power law:

ENT
P(E) = do (E) , (5.1.3)
0

with the same notation as in equation 5.1.2. Hence, four fit parameters correspond
to the source GO9-+0.1.

In the lower right corner of the bottom panel of Figure 5.2 an extended excess is
visible. It is the v-ray source HESS J1745-303 which is not in the Galactic Plane
but in the line of sight. In some analysis the region is excluded. Here, however, it is
included in the fit. Its complex morphology is approximated with a two-dimensional,

symmetric Gaussian:
o) = — L7 (5.1.4)
" 02 P\ T2 ) o

where 6 is the sky separation to the model centre (in [ and b) and o is the exten-

sion in degrees. The power law defined in equation 5.1.3 is used as the spectrum of
HESS J1745-303.

5.1.3 Diffuse Emission Model

After subtracting the excess due to the two point sources G09+0.1 and HESS J1745-
290 the most significant component is a large-scale y-ray emission (Figure 5.2 bottom
panel). Its origin is explained in the following.

The galaxy produces cosmic rays up to approximately 100 TeVs [34]. Since these
high-energy particles are charged, they get deflected by interstellar magnetic fields
and their original direction cannot be reproduced. However, they interact with
light and gas in the neighbourhood of their sources. A very strong proton source
was suggested to be in the Galactic Centre. The protons propagate diffusively and
interact with the Central Molecular Zone gas. Thereby, neutral pions are getting
produced which decay into y-rays or other sub-products. The spectrum of the y-rays
produced by these proton-proton interactions follows a power law.

Based on this physics, a three-dimensional emission template can be created. One
artificially injects impulsive protons (100 GeV - 100 PeV) at the Galactic Centre with

a spectrum of E~'. The protons diffuse isotropically:
on(E,,rt
% = D(E,)V2n(E,,r,1), (5.1.5)

where n(E,,r,t) is the density of the protons and D(E,) the diffusion coefficient in
cm?/s

D(E,) = Dy (10%9,\/)5 (5.1.6)

The parameters of the emission model were found by performing a three-dimensional
likelihood fit of the combined data sets HESSI+IU+II: Diffusion time ¢t = 1.4 -
10* yrs, proton index I' = 1.921, Dy = 8.72-10*" cm? /s and ¢ = 0.4. This results in
a v-ray diffusion index of 2.26.
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Figure 5.3: Model template of the diffuse emission summed up over all energies.

The diffuse emission template used in the analysis is shown in Figure 5.3 in the unit
of flux per solid angle and per energy interval 1/cm?ssr TeV [35]. The normalisation
of the template is the only fit parameter.

5.1.4 Combined Model Cube

By adding the three introduced model components, background, astrophysical sources,
and diffuse emission, the three-dimensional model cube is created. It is displayed
in Figure 5.4 together with the data cube (taken in the HESST phase). Note the
energy dependency of the morphology and amplitude of both the model and the
data cube.

5.2 Fit Results

The best-fit parameters of the astrophysical sources are shown in Table 5.1. The
results published in [33] are used as reference values. The best-fit parameters of
the two point sources HESS J1745-290 and G09+0.1 are in very good agreement
with the reference. As expected the obtained parameters for the extended source
HESS J1745-303 show deviations to the results from [33]. Also, the errors on the
position in [ and b of HESS J1745-303 are one magnitude greater compared to the two
point sources. This is due to the fact that HESS J1745-303 is hard to model and its
complexity was approximated. The extension of its Gaussian morphology was found
to be 0.44° +0.02°. The normalisation of the background model is 0.995+0.002 and
the tilt 6 = (—6.2 +0.19) - 10~*. The best-fit normalisation of the diffuse template
is 1.13 +0.03.
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Figure 5.4: Ilustration of the three-dimensional model and data cube. Sky-maps
showing the morphology of the region and the background are displayed for different
energies.

The power-law spectra of the three astrophysical sources are plotted for the obtained
parameters in Figure 5.5 within an energy range of (0.2 TeV : 84 TeV|. Also, the
flux-points calculated are shown. The flux-points deviate more for smaller energies
but overall match the spectrum. Note that for very large energies only the upper
limits on the flux were calculated due to low statistics.

The model components with the best-fit parameters can be visually compared with
the data by looking at the profiles. Thereby, the counts get summed up along either
the Galactic Longitude or Latitude within a 4° x 0.5° or 0.5° x 4° box, respectively,
with the Galactic Centre in its centre covering up the entire energy range (Fig-
ure 5.6). The single model components are shown in different colours. Overall, the
background accounts for the most events showing how important a good descrip-
tion is for the analysis. Since the very strong HESS J1745-290 is located almost
exactly at the Galactic Centre it is dominant in both profiles. Its spatial distribu-
tion is widened since the modelled point source is convoluted with the PSF. The
same holds for G09+0.1. With its longitudinal position being almost 0.9° off the
Galactic Centre it does not contribute in the profile along the Galactic Longitude
(Figure 5.6 (a)). The smaller excess of the extended HESS J1745-303 is only visible
in the profile along the Galactic Latitude. Since the diffuse emission is strongly
influenced by the gas distribution along the Galactic Centre it varies with respect
to the Galactic Longitude but is almost symmetric for the Galactic Latitude. The
combined model is shown in both plots and matches the HESST data very well. The
errors on the counts are the root-mean-square errors. To test the goodness of the
fit the reduced 2 value was calculated:

1 (counts — expected)?
dx*=— 5.2.1
reexT Ty ; expected ’ ( )

where N = 60 is the number of bins.
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this work (HESS I) J1745-290 G09+0.1 J1745-303

(reference)

Flux norm ¢, 2.81 £0.079 0.661 £0.03  6.85 £0.46

[10'2/TeV cm?s] (2.55 £0.04) (0.88 £0.04) (2.84 +£0.23)

Spectral index I 2.02 £0.04 2.389 £0.06  2.523 +0.036
(2.14 £0.02)  (2.40 £0.11)  (2.71 £0.11)

Ecutofr 9.89 +1.36

[TeV] (10.7 £2.0)

Longitude ! 359.953 £0.001 0.867 £0.003 358.686 £0.02

[°] (359.94) (0.86) (358.71)

Latitude b -0.047 £0.001  0.076 £0.003 -0.607 £0.02

[°] (- 0.05) (0.07) (-0.64)

Table 5.1: Obtained best-fit parameters for the three astrophysical sources. Refer-
ence values taken from [33].
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Figure 5.5: E®-y-ray flux of the three astrophysical sources, G09+0.1, HESS J1745-
290, and HESS J1747-281. Spectrum plotted with the best-fit parameters and error
bands and flux-points.
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For the profile along the Galactic Latitude one gets red.x? = 1.32 and for the Galac-
tic Longitude red.x? = 1.33 indicating a good agreement of the model with the data
even though not fully capturing it. Expressing the obtained x? values in a p-value
resulted in p < 0.05 for both profiles indicating a significant result.

energy bins 0:131 (0.2 TeV : 84.0 TeV) energy bins 0:131 (0.2 TeV : 84.0 TeV)
red.x?=1.33 50001 red.x?=1.32
30007 —— Background —— Background
—— HESS J1745-303 —— HESS J1745-303
HESS J1745-290 4000 4 HESS J1745-290
4000 1 — G0.9+0.1 — G0.9+0.1
—— Diffuse emission —— Diffuse emission
——— Combined models 3000 —— Combined models
3000 + { Counts { Counts

Counts
Counts

2000 4 2000 4

1000 A 1000 4
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Galactic Latitude Galactic Longitude
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Figure 5.6: Profiles of the data and model sky-map with its single components along
(a) the Galactic Longitude and (b) the Galactic Latitude within a 4° x 0.5° box and
a 0.5° x 4° box, respectively. The observed and expected counts are summed up
over all energies.

Another way of quantifying the goodness of the fit is to evaluate the significance of
the residual sky-maps. Based on Li & Ma the significance of the counts n,, with
respect to p is calculated with [36]:

1/2
Slima = |:2non 10g (non) — Non + lu:| (522)
7]

Figure 5.7 (a) shows the Li & Ma significance with p being the counts predicted
by the model summed up over all energies. To make the large-scale fluctuations
visible the map was smoothed with a Gaussian with a width of 0.08°. The map is
reasonably flat indicating a good fit.

A more quantified verification of the goodness of the fit can be obtained by looking
at the distribution of the unsmoothed significance over all energies (Figure B.1).
The distribution is shown in Figure 5.7 (b). Ideally, it is a Standard Gaussian
(0 =0, 0 =1). There is no excess in the data that is not or too much accounted
for indicated by the observed mean of —0.023 being very close to zero. The stan-
dard deviation was found to be 1.037. The sum of the squared systematic and the
squared statistical error of the fit is, therefore, equivalent to o2 = 1.075 ensuring a
good quality of the fit.

The distribution was also investigated for different energies individually (Figure B.2).
For smaller energies, a sufficient description of the Galactic Centre region was found.
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However, for energies greater than approximately 12 TeV the mean of the distribu-
tion shifts to greater values. When looking at the smoothed significance residuals in
these energy ranges an over-prediction of the diffuse emission is visible (Figure B.3).
The background template, on the other hand, does not seem to account for the
counts. This excess results in a shifting of the Gaussian distribution to higher val-
ues. The standard deviation dropping below the ideal value of 1 does not indicate
a good description of the data in this energy range. This is due to the decreasing
sensitivity of H.E.S.S. at these high energies resulting in low statistics making a
good description more difficult.

Enerqyrange 9.200 : 8.4'000 Te;V (Bin Q:131) Energyrange 0.200 : 84.000 TeV (Bin 0:131)
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Figure 5.7: (a) Significance of the residual smoothed with a two-dimensional Gaus-
sian with a width of 0.08° (b) Distribution of the unsmoothed significance of the
residual. A one-dimensional Gaussian was fitted to the data with its best-fit param-
eters being in the legend together with the Standard Gaussian

Since later in the analysis the combined data from the HESSI and the HESSII
(and the HESSIU) phase (in the following called HESSI+II (HESSI+IU-+II)) is
used, the same goodness of fit checks were performed for the combined data sets.
The obtained fit results (table B.1) are comparable with the results from the HESS I
data. They are within the errors of the reference values except for the hard to model
source HESS J1745-303. The reduced x? values obtained in the profile along Galac-
tic Longitude and Galactic Latitude are 1.40 (1.69) and 1.69 (2.16), respectively,
for the HESSI+II (HESS I+IU+II) data set. For all cases, the computed p-value is
< 0.05. This indicates a good description of the data by the model components.
The profiles are shown in Figure B.4 and B.7.

The smoothed residual significance maps summed over all energies (Figure B.5 (a)
and Figure B.8 (a)) are reasonably flat. The unsmoothed significance is Gaussian dis-
tributed with its mean at —0.060 (—0.063) for the HESS I+11 (HESS I+1U+1I) data.
The obtained standard deviation is 1.043 (1.039) for the HESS I+II (HESS I+IU+II)
data. The results indicate a good fit although the excess at higher energies is not
accounted for analogously to the HESST data.

In Figure B.6 and B.9 the flux-points together with the best-fit spectra of the as-
trophysical sources obtained from the HESSI+II and the HESSI+IU+II data set
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are shown. They are consistent with the HESST spectra and show a slightly bet-
ter description at higher energies due to more statistics. The improvements at low
energies are not as dominant since the additional counts are observed under the 4
telescope criteria which do not lower the energy threshold.

One can conclude that the overall description of the Galactic Centre region of the
HESSI, the HESSI+II and the HESSI+IU+II data sets in three dimensions is
good enough to perform further analysis. However, the residuals give rise to the
assumption that some of the ~-ray sources are not fully understood and have to
be investigated in future analysis of the Galactic Centre region. Additionally, one
should take the lower statistics for the very high energy range into account which
are expected to influence the computed upper limit on the DM cross-section.



Chapter 6

Results of the Dark Matter Analysis
of the Galactic Centre Region

After a good description of the Galactic Centre region was ensured in the previous
chapter the DM analysis can be performed. Therefore, a DM three-dimensional
model is added to the other model components and the fit is repeated. The three-
dimensional model components are discussed in the first part of this chapter. After-
wards, both the results of the DM constraints obtained by the log-likelihood scan
and the DM sensitivity are presented and compared to the results from a H.E.S.S.
publication. In addition, the upper limit on the annihilation cross-section obtained
by a different spatial DM component computed with the open-source tool CLUMPY
are discussed.

6.1 Three Dimensional Dark Matter Model Com-
ponent

In Chapter 2.3.3 the flux of photons produced by DM particle annihilation is di-
vided into a particle physics and an astrophysics part. The former depending on
the energy, the assumed DM particle mass mpy and the annihilation channel is
interpreted as the spectrum. In Figure 6.1 it is shown for different DM masses and
the bb channel which is always used in the following analysis unless stated otherwise.
The DM particle is assumed to be a Majorana particle (k = 2).

Since the astrophysical part of the flux, the J-Factor, only depends on the assumed
DM distribution and the region of interest it is used as the spatial component in
the three-dimensional DM model. The sky-map for the NF'W Profile obtained by
calculating the differential J-Factor (equation 2.3.2) in every spatial bin is shown
in Figure 6.2 (a). Hereby, the integral limits of the line of sight were chosen to be
[0,4 - rg]. Contributions to the differential J-Factor beyond 4 - r, are neglectable.
The DM model cube containing the counts per bin (energy bin times solid angle)
is obtained by the multiplication of the differential J-Factor with the annihilation
spectrum. This model component is parameterized by the velocity averaged annihi-
lation cross-section (o). Expressing (ov) in terms of the thermal relic cross-section
(ov) = N - (00) thermal retic = N - 3 - 107%6cm? /s makes the normalisation N the only
fitting parameter.
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Annihilation Channel: bb
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Figure 6.1: bb annihilation spectrum computed by equation 2.3.2 (particle physics
part) for different assumed DM particle masses [0.01 : 10.0] TeV.

The calculation of the J-Factor was verified by comparing the results with the
one published by the H.E.S.S. Collaboration [12]. They calculated the summed-
up integrated J-Factor in a circular region of 1° radius excluding a +0.3° band in
Galactic Longitude. The excluded region is to avoid the astrophysical emission.
For the Einasto and the NFW profile Jg = 4.92 - 102! GeVZem ™ and Jypw =
2.67 - 10*! GeV? cm~® were computed, respectively. In this work, the integrated J-
Factors in the corresponding region are Jg = 4.56 - 10> GeV?em™® and Jypw =
2.41-10%' GeVZ cm~®. They are in the same order of magnitude but slightly smaller.
This results in a lower DM induced v-ray flux and, therefore, more conservative lim-
its on the annihilation cross-section. The integrated J-Factor for the NFW profile is
shown in Figure 6.2 (b). Also the 1° circle and £0.3° band used to calculate Jypw
are sketched.

6.2 Results

The three-dimensional DM template with a certain mpy is added to the astrophysi-
cal sources, the diffuse emission and the background model and fitted to the HESSI
data. Afterwards, the likelihood profile gets scanned to obtain the upper limit on the
DM normalisation as described in Chapter 4.3. All other fit parameters are getting
re-optimised. This is repeated for different DM masses (mpy = [0.5 : 30] TeV). The
calculation was performed with the J-Factor based on the NFW and the Einasto
profile. The results are displayed in Figure 6.3 in terms of the DM annihilation cross-
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Figure 6.2: Sky-map of the (a) differential and (b) integrated J-Factors computed
for the NFW profile. In (b) the 1° circle and £0.3° band are shown.
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section. The 68 % and 95 % confinement bands shown are calculated from 100 Pois-
son draws of the real data. The mean constraints of the Poisson draws align with the
observed ones. The strongest constraints on the cross-section are 1.43 - 1072cm? /s
(8.00-1072"cm3/s) for a mass of 5 TeV (4 TeV) for the NFW (Einasto) profile. They
are below the thermal relic cross-section.

The telescopes DM sensitivity was computed with the help of the Asimov data set.
Hereby, the model (including the DM component) was fitted to the predicted counts
of the best-fit model (without a DM signal). The obtained upper limits are for both
profiles and for the majority of the masses about one magnitude of order larger
than the results from the real data. For both profiles, the strongest constraints are
at mpy = 4TeV: 1.88 - 107?°cm?®/s (NFW) and 1.34 - 107*cm?/s (Einasto) and,
therefore, above the thermal relic cross-section.

The results published in [12] for the bb channel and the Einasto profile are shown in
Figure 6.3 (b). The constraints are in the same order of magnitude like the DM sen-
sitivity but a lot weaker than the results obtained by the data. In [12] the Galactic
Plane was excluded from the field of view. Therefore, the expected DM annihilation
flux drops significantly since in the Galactic Centre the DM density is the greatest.
The analysis was not performed in three dimensions. One can therefore expect an
overall weaker constraint on the DM cross-section compared to this work. However,
the H.E.S.S. publication made use of 254 hours of live time instead of the 197 hours
of the HESST data set used here. The effect of the amount of data used to compute
the DM upper limits will be discussed in a subsequent chapter.

The unexpected strong constraints obtained from the real data are due to systemat-
ics in the fitting process. The Asimov data set is not affected by them since it was
constructed based on the fit of the Galactic Centre region without a DM component.
Therefore the DM sensitivity is comparable to the results published in [12].

For both for the DM sensitivity and the actual HESST data, the constraints com-
puted for the Einasto profile are consistently stronger than the ones for the NF'W
profile. This was expected since the summed-up Einasto-based J-Factor is greater
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than the NFW-based one (as shown in the previous section).

DM constraints are typically weaker at the smallest and highest assumed DM masses.
At small masses, this is due to the early cutoff in the v-ray spectrum. The decreas-
ing sensitivity of the telescope at high energies affects the constraints for large DM
masses. The broad distribution of the computed DM sensitivity aligns with the
reference. However, the constraints obtained with the real data have a steeper dis-
tribution. One can therefore assume that the systematics affecting the upper limit
calculation are energy-dependent. Since the spectra of the single model components
are taken into account during the fit this is very likely. It is possible that the de-
scription of the field of view is not good enough. The DM template could account
for an excess of counts which were not sufficiently described by the other model
components and vice versa.

The following analysis is an attempt to understand the origin of the systematics
and the effects it has on the upper limit calculation. This involves the exclusion of
certain areas in the sky-map like the Galactic Centre and the Galactic Plane and
the analysis of the combined data sets HESS I+11 and HESS I+1U+11. However, the
first step to ensure a correct analysis is the verification of the used DM template.
The spectrum is directly adapted from [13]. The J-Factor sky-maps for now only
validated through a comparison in the magnitude with [12] are the focus of the next
section.

® Sensitivity, this work B 68% Confinement ® Sensitivity, this work 68% Confinement
X Observed, this work 95% Confinement X Observed, this work B 95% Confinement
—— Observed, HESS 2016 68% Confinement ——~- Expected, this work
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Figure 6.3: Computed upper limits on the DM annihilation cross-section, DM sensi-
tivity of the HESS I data obtained from the Asimov data set and the results published
in [12] for the (a) Einasto and the (b) NFW profile
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6.3 Comparison with the J-Factors Computed by
CLUMPY

The J-Factors were compared with the ones obtained by the commonly used open-
source tool CLUMPY [37, 38, 39]. The sky-maps computed with the parameters
listed in Table C.1 are shown in Figure C.1 for the (a) Einasto and (b) NFW profile.
Figure 6.4 shows the differential J-Factor as a function of the angular distance in
degrees to the Galactic Centre obtained by CLUMPY and the calculation in this
work. There are deviations for very large and very small angular distances where
they differ by at least a factor of 2. They are likely due to geometrical approxi-
mations in the calculation in this work. Since the NF'W profile is steeper at small
distances (Figure 2.9) the deviations are greater compared to the Einasto profile.
For larger distances, on the other hand, the two profiles are more alike resulting
in deviations from the CLUMPY differential J-Factors in the same order of magni-
tude. Even though the deviations in the ON region are small, it results in a slightly
different amplitude and morphology in the J-Factor sky-maps. Figure C.2 shows
the relative error of the CLUMPY differential J-Factor maps and the maps com-
puted here. The relative error is maximal at the Galactic Centre with a value of
approximately 10%. The calculation of the upper limits on the DM cross-section
with the use of the HESS T data set was repeated with the CLUMPY sky-maps. The
results are shown together with the ones computed with the J-Factor maps from this
work in Figure 6.5. There is a slight shift of the constraints visible. For the NFW
(Einasto) profile, the results differ by a mean factor of 1.07 (1.01). The maximal de-
viation is for mpy = 0.5 TeV by a factor of 1.22 (1.09) for the NFW (Einasto) profile.

The origin of the deviations of the J-Factor sky-maps computed here from the
CLUMPY results could not be determined in the scope of this work. This requires
further investigation. As expected, they do not account for the deviations of about
one magnitude of order from the results published in [12]. Otherwise, this would
also be observable in the DM sensitivity. The systematic effects affecting the results
obtained by the real data are the focus of the next chapter. The features appear
independent of the used J-Factor and it is, therefore, irrelevant which one is used for
the evaluation of the systematic effects. Here it was chosen to perform the studies
with the J-Factor computed in this work. However, in the final upper limits for
other annihilation channels the CLUMPY map is used as the spatial component.
This allows a better comparison to the published results.
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Figure 6.4: Angular differential J-Factor as a function of the angular distance to
the Galactic Centre in degrees calculated in this work and obtained by CLUMPY
for the NFW and the Einasto profile. The ON region shows the angular distances

evaluated to obtain the sky-map of the J-Factor in the analysed field of view.
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Figure 6.5: Upper limits on the DM annihilation cross-section with the J-Factor
computed in this work and by CLUMPY with the (a) Einasto and the (b) NFW
profile.



Chapter 7

Evaluation of the Systematic
Uncertainties in the DM Limits

This chapter focuses on different analysis tests in order to gain information about
the systematics affecting the upper limit computation as mentioned in the previous
chapter. First, an 'injection and recovery’ test is performed with the Asimov data
set to ensure that a DM signal would be detected if present in the data. Afterwards,
certain critical regions are excluded from the region of interest like in the classical
DM studies of the Galactic Centre region. The effect on the upper limit in compar-
ison to the effects on the sensitivity are discussed. In the last part of this chapter,
the analysis is performed with additional data from the HESS IT and HESS IU phase
to investigate the statistical behaviour of the upper limits.

7.1 Injection and Recovery Test with the Asimov
Data Set

To check whether a DM signal would be detected as such and not be absorbed by
any of the other model components an injection and recovery test was performed.
Hereby artificial DM signals with different normalisations (N = [0 : 100]) are added.
To minimise computational effort this was performed with an Asimov data set in-
stead of with multiple MC simulation-based data sets. The Asimov data sets consist
of the astrophysical components, the background, the diffuse emission, and the ar-
tificial DM components. The established -ray sources models are chosen such that
the best-fit parameters are the ones obtained in Chapter 5.2. The latter is a cube
filled with the predicted counts of the artificial DM signal. The test was only per-
formed exemplary for the bb channel and the J-Factor calculated in this work with
the NFW profile.

The results are plotted in Figure 7.1 and 7.2. Since the best-fit DM normalisation
is equivalent to the induced one the injection and recovery test is successful. The
upper limits on the DM normalisation computed from the likelihood profile of the
Asimov data set fit are, as expected, above the best-fit values. Note that the upper
limits for N = 1 and N = 0 are in the same order of magnitude indicating how
faint a DM signal is even if (0v) = (00)thermal relic- L0 verify that the Asimov results
are representable, the fitting process was repeated with 100 MC simulations. The
obtained mean best-fit cross-section and the 68% and the 95% confinement bands

o1
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are shown. The Asimov best-fit parameters being within the error bands indicates
that they are the median and that therefore also the upper limits are representable.
As expected the upper limits are higher and the confinement bands are wider at
the very low and very high DM masses. At the larger masses, this is due to lower
statistics at high energies. For small masses, the DM induced ~v-ray flux is lower due
to the early cutoff in the spectrum resulting in larger uncertainties. For the same
reason, the deviations are greater for induced DM signals with a smaller normalisa-
tion.

<ov> [cm3/s]

® Asimov UL
—— Asimov Expectation
-=-- Mean
[ 68% Confinement
I 95% Confinement

0.5 1 2 3 10 20 30
Mpm [TEV]

Figure 7.1: Results of the injection and recovery test. Each colour represents a
injected normalisation (blue: N = 100, green: N = 10, red: N = 1). The solid black
lines are the Asimov best-fit results which are equivalent to the injected signal. The
dashed coloured lines correspond to the mean of all the best-fit parameters of the
MC simulations. In addition, the 68% and the 95% confinement bands are shown.
The dots are the upper limits on the annihilation cross-section computed from the
Asimov data set likelihood profile with the other fit parameters re-optimised. The
DM annihilation cross-section is shown on a logarithmic scale.

Figure 7.3 shows the different induced DM fluxes fit with the 95% upper limits on
the flux obtained from the Asimov data set. The majority of the upper limits is
above the artificial signal again indicating a successful recovery.
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Figure 7.2: Results of the injection and recovery test. Each colour represents a
injected normalisation (green: N = 10, red: N = 1 and orange: N = 0). The solid
black lines, coloured dashed lines and coloured dots are the injected signal, the best-
fit parameters of the MC simulations and the upper limits on the annihilation cross-
section computed from the Asimov data set, respectively. The DM normalisation
on a linear scale as a function of the DM mass.
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It can be concluded that if there were to be a DM signal in the real data the
fitting procedure would recognise it as such. However, one should consider different
behaviours of the simulated Asimov data set and the real one. Possible systematic
effects in the fitting of the astrophysical, the background and the diffuse emission
components are not taken into account in the Asimov data set. For the same reason,
the obtained upper limits from the Asimov data set are not necessarily comparable
to the one from the real data.

One can conclude that the faint DM signal could be identified as such in the case of
a data set free of systematic effects like the Asimov data set.

7.2 Upper Limits Obtained in a Masked Field of
View

Commonly in DM constraints studies, regions in the FoV with a large v-ray emission
are excluded (i.e. in [12]). In the case of the Galactic Centre region, this is the
Galactic Plane. In this work, on the other hand, the y-ray emitting sources are
modelled and included in the DM fit. This gives rise to systematic uncertainties
in the fitting process. In this section, it is discussed whether these are the same
uncertainties that cause the upper limits in this study to be so low. Therefore, the
fitting process is repeated for masked FoVs. The most significant y-ray source is the
HESS J1745-290 positioned almost at the Galactic Centre with its spectrum being
an exponential cut-off power law. Since the DM density peaks at this point, the
signals may be too similar to be distinguished. This region is excluded from the
FoV by the application of a mask in the form of a circle with a radius of 0.5° located
at the Galactic Centre. The significance sky-map with this mask applied is shown
in Figure C.3 (a). Most significant in the remaining FoV is the source G09+0.1 and
the diffuse emission along the Galactic Plane. Since especially the latter is hard
to model it is excluded by a rectangle mask along the Galactic Plane. The mask
has a height of 1° in the complete FoV. It is shown in Figure C.3 (b). The sizes
of the masks were chosen such that the excess of the sources is almost completely
excluded.

In the first part of this chapter the injection and recovery test is repeated analogously
to the previous section but with the two masks applied. It is investigated whether
the fitting process can still recover the artificial DM signal even if a large part of
the induced flux is excluded. Afterwards, the effects on the upper limits of both the
Asimov data set with no induced DM signal and the real data are discussed and
compared.

7.2.1 Injection and Recovery Test

In this section, an artificial DM signal with different normalisations (N = [0 :
100]) was added to the counts cube of the Asimov data set. Afterwards, the model
components were fitted to the cube masked with either the 0.5° circle mask or the 1°
band mask. The best-fit DM normalisation and the upper limit on the normalisation
are compared with the ones where no mask was applied in Figure 7.4. The DM signal
is always recovered. The other fitting parameters are not affected by the exclusion of
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Figure 7.3: Comparison between the artificial injected DM flux and the bin wise
recovered flux points. Each panel corresponds to a DM normalisation and mass.
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the two regions. Both the background and the diffuse emission normalisation were
recovered up to the order of 107°. As expected, the upper limits shift to greater
values according to the excluded regions.
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Figure 7.4: Results of the injection and recovery test with masked FoVs. FEach
colour represents a injected normalisation (blue: N = 100, green: N = 10, red:
N = 1 and orange: N = 0). The dots, crosses and stars denote the recovered best-
fit DM normalisation with no mask, the 0.5° circle mask and the 1° band mask
applied. Note that they all are referring to the same mpy; value, respectively. The
dashed, dotted and dash-dotted line are the obtained upper limits with the according
excluded region. (a) shows the DM annihilation cross-section on a logarithmic scale
and (b) the DM normalisation on a linear scale as a function of the DM mass.

7.2.2 Real Data and Sensitivity

The constraints on the DM cross-section were computed from the HESST data set
with the two exclusion masks applied. The results are shown in Figure 7.5. Also
plotted is the sensitivity (Asimov data set with NV = 0) with no mask, the 0.5° circle
mask and the 1° band mask applied. The sensitivity decreases very consistently
for all masses with respect to the one computed with the complete FoV. The same
behaviour is expected from the constraints on the real data (dotted lines). However,
the observed upper limits do not align with the expectation. They show a different
distribution and especially at small masses the deviations are in the order of one
magnitude.

One can conclude that the region around the Galactic Centre and along the Galactic
Plane have a very strong influence on the DM constraints. Especially the source
HESS J1745-290 and the diffuse emission could account for a hypothetical DM signal
and vice versa. The three-dimensional description does not seem to be adequate
enough for an accurate DM constraint computation. How the single components
affect the upper limits needs to be investigated in more detail. By excluding the
wrongly described regions, the constraints ought to approximate the magnitude and
distribution of the sensitivity. Since this is not the case but the distribution gets
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Figure 7.5: Upper limits on the DM annihilation cross - obtained from the data and
the sensitivity with no mask, the 0.5° circle mask and the 1° band mask applied.
The dashed lines represent the expected improvement with respect to the upper
limits with no mask applied based on the improvement observed in the sensitivity.

even narrower there might be another underlying problem. Further evaluations
including testing the effect of different diffuse emission and background templates
are necessary.

In the following, the basic statistical behaviour of the constraints for additional data
is investigated.

7.3 Analysis with Additional Data Sets

The use of more data results in better statistics and therefore a stronger constrain
on the DM cross-section. If n times more data is taken into account one expects an
improvement of y/n. To test whether the upper limits obtained in this work show
the same behaviour, the calculation was repeated with additional data sets included.
They were taken during the HESSII and HESSIU phase and were discussed in
Section 4.1. As shown in Chapter 5.2, the data is sufficiently described by the
different model components to make a further DM analysis reasonable. The upper
limit computation was performed with the HESST and HESSII data set (HESS I+11)
and all three data sets (HESS I4+I1U-I1).

The constraints and the sensitivity are plotted for the NFW profile and the bb chan-
nel in Figure 7.6. The HESSI+II data set consists of 1.3 times more counts than
the HESST data set. The data taken in all three H.E.S.S. phases is 1.6 times larger.
One therefore expects an improvement on the constraints by a factor of v/1.3 (\/ﬁ)
for the HESSI+II (HESSI+IU-+II) data set. The expected improved constraints are
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Figure 7.6: Upper limits on the DM annihilation cross-section obtained from the
HESST data only, the HESS 1411 and the HESS I4+TU-+II data set.

plotted (dashed lines). The improved sensitivity aligns very well with the prediction.
The constraints computed with the real data also improved for the majority of the
masses. However, the magnitude of the improvement deviates from the expectation.
The results from HESSI+II and HESSI+IU+II are not as distinguishable as for
the sensitivity. Reasons for that may be an insufficient description of the HESS IU
data. For very large DM masses, the upper limits increase with additional data.
As already mentioned, in this energy range, the data is difficult to describe by the
model components due to low statistics affecting the upper limit calculation.

The analysis with additional data has shown that the sensitivity behaves exactly as
expected. The DM constraints improved, however, not for all masses by the pre-
dicted factor.

The unexpected strong constraints obtained from the data are most likely due to
systematic uncertainties. This chapter tried to evaluate these uncertainties. The
first step was to ensure that the fitting process can reproduce a DM signal if there
were to be one present. Here this was only tested for the Asimov data set where
the test was positive. However, since the systematic uncertainties only affect the
analysis with the real data the next step would be an injection and recovery test of
MCs of the real data.

It was assumed that the fitting of the other ~-ray emitting sources cause systematic
uncertainties. A faint DM signal could be mistaken for diffuse emission, background
or even the source in the Galactic Centre. This was investigated by the application
of masks in the critical regions. The sensitivity shifted consistently for all masses
according to available counts in the FoV. The constraints computed with the HESS T
data, on the other hand, did not. The distribution changed and the magnitude of
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the increased constraints was very large compared to the changes in the sensitivity.
One can conclude that the ~-ray emitting sources are sufficiently described by the
model for a sensitivity study. However, the sensitivity computation is not affected
by the same systematic uncertainties as to the constraints. The main causes of these
systematic uncertainties were not found. It is thought to be due to an insufficient
description of the data for all energies. The effect of the different model components
on the upper limit has to be investigated further. This would include testing of
different background and diffuse emission models or the exclusion of the hard to
model source HESS J1745-303.

It was tested whether the upper limits behave as statistically expected by including
more data. This was the case for the sensitivity study improving the confidence in
the results. The DM constraints also got improved by the additional data. However,
the improvement was not as consistently in the distribution and magnitude as for
the sensitivity.

There are more tests and investigations necessary for the systematic uncertainties to
be understood. Otherwise, they could be included in the log-likelihood function as
an additional parameter resulting in weaker constraints. This was out of the scope
of this work.
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Chapter 8

Dark Matter Limits for Other
Annihilation Channels

For now, the upper limits were only computed for an annihilation into a bb pair. In
this chapter, the results for other channels are presented. The assumed branching
ratio was always 100%. The results for the t¢, WrW =, utu~, and 77~ are shown
in Figure 8.1 for the Einasto profile based on CLUMPY. The confinement bands are
computed from 100 Poisson draws of the data. The corresponding constraints and
confinements bands based on CLUMPY’s NFW profile are plotted in Figure D.1.
For both profiles, the constraints for the leptonic channels, u*p~, and 7777, have
an unexpected distribution. Towards higher masses, the constraints are relatively
large which results in the distribution to be not parabolic. The reason for this could
not be determined within the scope of this work and has to be investigated further.
It may be caused by errors in the upper limit computation due to a not fine enough
binning of the log-likelihood profile or the annihilation spectrum. The same prob-
lems may account for the unexpected behaviour of the constraints for the W+~
channel within the mass-range [3 : 10] TeV.

The upper limits of all annihilation channels are assumed to be affected by the
systematic uncertainties. This is confirmed by a comparison with the sensitivity
computed for the corresponding channels. The sensitivity is shown in Figure 8.2
(D.2) for the Einasto (NFW) profile and the tt, W*W~, u*p~, and 777~ channel.
The DM constraints are consistently about one magnitude of order too weak and
differ in their distribution from the sensitivity. However, the sensitivity based on the
Einasto profile for the ¢f and the W+W ™~ channel is comparable both in magnitude
and distribution to the results published in [12] also included in Figure 8.2. The
two leptonic channels differ from the expectation. The results for the 777~ channel
are within the error-bands for the smaller masses but are about one magnitude of
order to strong in the higher energy range. The same behaviour is observable for the
wp~ channel expect for the deviations to be slightly larger for the smaller masses.
The same distribution is observable for the NFW-based J-factor. It is probably due
to the same reason causing the leptonic constraints to have a non-parabolic distri-
bution and has to be investigated further.
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One can conclude that the computed sensitivity for the different channels is in good
agreement with the results from the H.E.S.S. collaboration except for the higher
masses for the leptonic channels where the constaints also show an unexpected dis-
tribution. The reason for that has to be investigated in future analysis. However, the
systematic uncertainties resulting in deviations between the computed constraints
and the sensitivity are consistent for all annihilation channels. Therefore, the ex-
emplary evaluation of the systematic uncertainties of the constraints with the bb
channel was legitimate.
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Figure 8.1: DM constraints for an annihilation into the (a) ¢, (b) WTW~, (c)
ptp~, and (d) 77~ channel computed with the Einasto profile. The 68% and the
95% confinement computed from 100 MC simulations are shown. The data of the
combined data set HESS [4+TU-+1I was used.
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Figure 8.2: DM sensitivity of H.E.S.S. for an annihilation into the (a) ¢¢, (b) WtW~,
(¢) ptp~, and (d) 777~ channel computed with the Einasto profile. The observed
and expected results together with the 68% and the 95% confinement bands pub-
lished in [12] are shown.



Chapter 9

Summary and Outlook

In this work, the DM annihilation constraints in the Galactic Centre region were
computed. Instead of excluding regions that contain strong ~-ray emission, the
sources were modelled and included in the three-dimensional maximum likelihood
fit. Thereby, the expected DM flux is larger since the DM density peaks in the
usually excluded Galactic Centre. However, this makes a good description of the
region of interest crucial for the DM analysis. It was found that the developed
background and diffuse emission templates in addition to the astrophysical source
models meet the requirements for a sensitivity study. The results computed with an
Asimov data set are in very good agreement with the published DM constraints for
H.E.S.S. However, the large number of fitting parameters and complex region give
rise to systematic uncertainties affecting the upper limits on the DM normalisation.
This results in the constraints to be about one order of magnitude too strong. Dif-
ferent analysis tests were performed in an attempt to understand the origin of these
systematic uncertainties. The constraints get stronger when more data is taken into
account, although there are deviations from the expected shifts for some of the DM
masses. Excluding the critical regions of the Galactic Centre and the Galactic Plane
changed the distribution and the magnitude of the constraints. The latter was ex-
pected and also observed in the sensitivity when the masks were applied. The energy
dependence of the shift of the constraints indicates an insufficient description of the
data by the models at some energies.

The complex region of the Galactic Centre has to be understood and modelled more
accurately, especially in the high energy range. The effect of different background
and diffuse models on the upper limits has to be investigated.

Otherwise, the uncertainties have to be included in the upper limit computation.
By including the uncertainty of the diffuse emission or background normalisation in
the likelihood, the profile would widen resulting in larger upper limits.

One can expect a more detailed description of the Galactic Centre in the future since
the interesting region is in the focus of many studies, e.g. the diffuse emission along
the Galactic Plane. Hence a three-dimensional study would be improved by the new
information. This may also reduce the systematic uncertainties affecting the results
of this work. Since the regions where the most y-rays due to DM annihilation are
emitted do not have to be excluded, an improvement of the cross-section constraints
can be expected compared to the classical approaches.
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The deviations between the J-Factor computed here and the ones obtained from
CLUMPY have to be investigated further. Since the effects on the upper limits are
neglectable compared to the systematic uncertainties, this was not the focus of this
work.

Future generations of telescopes will have improved sensitivity, energy and angular
resolution in comparison to H.E.S.S.) e.g. the Cherenkov Telescope Array (CTA).
This will improve the upper limits on the DM annihilation cross-section and will,
hopefully, result in a better understanding of the DM and the composition of the
Universe.
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Figure A.1: Exposure map of the Galactic Centre region in the (a) HESST and the
(b) HESSIU phase
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APPENDIX B. FIT RESULTS OF THE GALACTIC CENTRE REGION
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Figure B.1: Unsmoothed significance of the residual of the Galactic Centre fit based

on 5.2.2 (HESSI data).
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Figure B.4: Profiles of the combined HESSI+II data and model sky-map with its
single components along (a) the Galactic Longitude and (b) the Galactic Latitude
within a 4° x 0.5° box and a 0.5° x 4° box, respectively. The observed and expected
counts are summed up over all energies.
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Figure B.5: (a) Significance of the residual of the combined data HESSI-+II
smoothed with a two-dimensional Gaussian with width 0.08° (b) Distribution of
the unsmoothed significance of the residual. A one-dimensional Gaussian was fit-
ted to the data, with its best-fit parameters being in the legend, together with the
Standard Gaussian (HESSI+II data)
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Figure B.6: E?-y-ray flux of the three astrophysical sources, G09-+0.1, HESS J1745-
290, and HESS J1747-281. Spectrum plotted with the best-fit parameters and error
bands and flux-points ( HESSI+II data)
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Figure B.7: Profiles of the combined HESS I4+IU-+II data and model sky-map with
its single components along (a) the Galactic Longitude and (b) the Galactic Latitude
within a 4° x 0.5° box and a 0.5° x 4° box, respectively. The observed and expected
counts are summed up over all energies.
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Figure B.8: (a) Significance of the residual of the combined data HESSI+IU+II
smoothed with a two-dimensional Gaussian with width 0.08° (b) Distribution of the
unsmoothed significance of the residual. A one-dimensional Gaussian was fitted to
the data, with its best-fit parameters being in the legend, together with the Standard
Gaussian (HESSI+IU+II data)
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Figure B.9: E?y-ray flux of the three astrophysical sources, G09-+0.1, HESS J1745-
290, and HESS J1747-281. Spectrum plotted with the best-fit parameters and error
bands and flux-points ( HESS I+IU+II data)



this work (HESS I-+II)
this work (HESS I+IU-+II)

(reference)

Flux norm ¢,
[10'2/TeV cm? s

Spectral index I"

ECutoﬁ'
[TeV]

Longitude [

[°]

Latitude b

[°]

J1745-290

2.694 £0.058
2.73 £0.0615
(2.55 40.04)

2.01 +0.03
1.99 £0.03
(2.14 £0.02)

9.67 £0.93
8.78 40.86
(10.7 £2.0)

359.95 +0.001
359.95 40.01
(359.94)

-0.06 £0.001
-0.06 +£0.01
(- 0.05)

G09-+0.1

0.657 +0.03
0.669 +0.03
(0.88 £0.04)

2.374 +0.04
2.388 +0.04
(2.40 +£0.11)

0.86 +0.003
0.87 +0.002
(0.86)

0.08 +0.003
0.08 +£0.003

(0.07)
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J1745-303

5.373 £0.299
4.923 +0.262
(2.84 40.23)

2.502 +0.032
2.523 +0.031
(2.71 £0.11)

358.711 +0.0160
358.692 +0.0197
(358.71)

-0.593 £0.021
-0.611 +0.017
(-0.64)

Table B.1: Best-fit parameters for the three astrophysical sources obtained from the
combined HESSI+1I and HESSI+IU+1I data. Reference values taken from [33].
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Appendix C
CLUMPY J-Factor Sky-maps
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Figure C.1: CLUMPY differential J-Factor maps (a) for the Einasto and (b) for the

NFW profile
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Figure C.2: Relative error of the Clumpy differential J-Factor maps and the maps
calculated in this work (a) for the Einasto and (b) for the NFW profile
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APPENDIX C. CLUMPY J-FACTOR SKY-MAPS

Density profile

kEINASTO kZHAO

Shape parameter
scale radius [kpc]
Outer bound [kpc]
Sun’s distance [kpc]
p. [GeV /cm?]

0.17 (1,3.1)
20 21

260 260
8.5 8.5
0.39 0.39

Table C.1: CLUMPY parameters used to compute the J-Factor sky-maps
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Figure C.3: Li & Ma significance of the HESST data with masks applied: (a) 0.5°
circle with the Galactic Centre at the centre and (b) 1° band along the Galactic

Plane.
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Dark Matter Limits for Other
Annihilation Channels

83



84 APPENDIX D. DM CONSTRAINTS FOR OTHER CHANNELS

1 1
X Observed, this work I 68% Confinement 10-2 X Observed, this work I 68% Confinement
—-=—- Expected, this work 71 95% Confinement —-=-- Expected, this work 1 95% Confinement
10724 4 ‘
0 @ 107
~ ~
m m
IS IS
= S
-25 |
g% 8
10-25 4 |
\? = thermalrelic \b/
1+ <OV>thermalrelic
107%¢ 4 10-26 4
DM DM - tt DM DM -W*W~
NFEW profile NFW profile
0.3 0.5 1 2 3 10 20 30 60 0.3 0.5 1 2 3 10 20 30 60
Mpm [TeV] Mpm [TeV]
(a) (b)
1 1
X Observed, this work I 68% Confinement 10-23 4 X Observed, this work I 68% Confinement
—-=-- Expected, this work 71 95% Confinement —-=-- Expected, this work 71 95% Confinement
10-23 4
10724 4
w w
m - 107244 m
€ €
2 2
-25 |
> >
\? 10725 4 \b/ 1+ <OV>thermalrelic
1+ <OV>thermalrelic
10726 4
10726 4 X
DMDM >utu~ DMDM »t*t~
NEW profile 10-77 NFW profile
0.3 0.5 1 2 3 10 20 30 60 0.3 0.5 1 2 3 10 20 30 60
Mpm [TeV] Mpm [TeV]

(c) ()

Figure D.1: DM constraints for an annihilation into the (a) ¢, (b) WTW~, (c)
ptp~, and (d) 777~ channel computed with the NFW profile. The confinement
bands are computed from 100 MC simulations.
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Figure D.2: DM sensitivity for an annihilation into the (a) t¢, (b) WTW =, (¢) p*u~,
and (d) 777~ channel computed with the NFW profile.
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