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Abstract

The High Energy Stereoscopic System (H.E.S.S.) is an Imaging Air Cherenkov Telescope located in

Namibia. Since 2003 it has been taking data in its phase I configuration with four telescopes. In

2012 operation in phase II started with a much larger fifth telescope built in the centre of the array

reducing the energy threshold. One of the scientific goals of H.E.S.S. is to search for Dark Matter.

It is expected that a large amount of Dark Matter is located in a halo around the Galaxy with the

highest density close to the centre. This makes the Galactic Centre a good target region for Dark

Matter searches. If the Dark Matter particle mass is in the GeV to TeV range, H.E.S.S. might be

able to find a signal of pair annihilating Dark Matter in γ rays. In this thesis a line-like signal from

χχ → γγ was searched for. The exact shape of the Dark Matter distribution is unknown. Due to

the chosen On-Off analysis technique it is possible to probe Cored and Cusped Dark Matter density

distributions. With the chosen likelihood analysis it is possible to combine data from both phases

of H.E.S.S. In this thesis upper limits on the velocity-weighted annihilation cross section using

such a combined data set are shown for the first time. Furthermore, several systematic studies

were performed to improve the understanding of data quality and the analysis results.
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Kurzfassung

Das High Energy Stereoscopic System (H.E.S.S.) ist ein in Namibia aufgebautes System aus ab-

bildenden Cherenkov-Teleskopen. Seit 2003 werden Daten in der ersten Ausbaustufe, bestehend

aus vier Teleskopen, genommen. Im Jahr 2012 wurde der Betrieb in Phase zwei aufgenommen, in

der ein weiteres, deutlich größeres Teleskop, welches die Energieschwelle reduziert, im Zentrum

des Systems hinzugefügt wurde. Eines der wissenschaftlichen Ziele von H.E.S.S. ist es, die Natur

von Dunkler Materie zu untersuchen. Es wird erwartet, dass eine große Menge an Dunkler Materie

in einem galaktischen Halo in der Milchstraße existiert, mit besonders hoher Dichte nahe dem Zen-

trum der Galaxie. Dadurch ist es ein gutes Ziel für die Suchen nach Signalen von Dunkler Materie.

Die Suche in dieser Region muss jedoch sehr behutsam durchgeführt werden, da viel γ-Strahlung

durch astrophysikalische Quellen erzeugt wird. In dieser Arbeit wird nach einem linienartigen

Signal aus Paarvernichtung (χχ → γγ) gesucht. Wenn die Masse der Dunklen Materie-Teilchen

im GeV- bis TeV-Bereich liegt, hat H.E.S.S. eine Chance, dieses Signal zu sehen. Die genaue Form

des Dunkle-Materie-Halo ist unbekannt. Durch die in dieser Arbeit verwendete On-Off-Analyse ist

es möglich, sowohl im Zentrum steil verlaufende als auch flache Dunkle-Materie-Dichte-Profile zu

untersuchen. Mit der hier gewählten Maximum-Likelihood-Methode lässt sich, eine kombinierte

Analyse von Daten aus beiden Phasen von H.E.S.S. erstellen. Mit dieser Analyse werden zum

ersten Mal obere Limits für den geschwindigkeitsgemittelten Wirkungsquerschnitt mit einem

kombinierten Datensatz errechnet. Des Weiteren wurden systematische Studien durchgeführt,

um ein besseres Verständnis der Daten zu erhalten sowie die Ergebnisse besser verständlich zu

machen.
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Chapter 1

Introduction

Since the discovery of cosmic rays by Victor Hess (Hess, 1912) we know that the universe is not

only sending low energy photons towards the Earth but also charged particles and high energetic

photons. While cosmic rays are deflected on their way to the Earth due to their charge, photons

can be used to trace back to sources. Many experiments measured this radiation in different energy

regimes trying to reveal these sources. One of these experiments is the High Energy Stereoscopic

System (H.E.S.S.). With its approximate energy range of 0.1 – 100 TeV H.E.S.S. is able to detect

γ-ray sources. Besides astrophysical sources such as PKS 2155–304 (an active galactic nucleus,

Aharonian et al., 2005) or the Crab Nebula (a pulsar wind nebula, Aharonian et al., 2006b)

H.E.S.S. can be used to search for a signal from self-annihilating Dark Matter. Physicists have been

searching for Dark Matter for several decades to answer the question:

What is Dark Matter made of and how can we explain our observations with it?

It is predicted that two Dark Matter particles can annihilate each other. If they annihilate into a

photon pair, a unique line-like signal with an energy equal to the Dark Matter particle mass is

created. This unique signature can be distinguished from other sources of high-energy photons. It

is also possible that a continuous photon spectrum is produced in the decay process of annihilation

products. However this Dark Matter signature is not analysed within this work. Due to the rather

faint expected signal the search is done either close to the Galactic Centre or at the direction

of Dwarf galaxies. At these directions a high concentration of Dark Matter is predicted from

simulations. H.E.S.S. took over 200 h of data close to the Galactic Centre. While the data from

the first phase of H.E.S.S. was already analysed for a line-like signal (Abramowski et al., 2013)

deriving upper limits for the velocity-weighted annihilation cross section, no results for the data

from the second phase or an analysis combining data from both phases do yet exist.

Aim of this thesis

In this work I present my analysis of the Galactic Centre region using the advanced event recon-

struction technique ImPACT (Parsons & Hinton, 2014), showing the first results of a Dark Matter

line search combining data from both phases of H.E.S.S. In order to achieve this goal, an On-Off

analysis technique was developed. This method was necessary to compensate the small field of
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view of H.E.S.S. II and the resulting problem to find regions for background estimation in the

Galactic Centre region due to the high density of γ-ray sources.

Furthermore a maximum Likelihood analysis was used, which made it possible to combine data

from both phases of H.E.S.S.

Structure of the thesis

• An introduction to Dark Matter constraining observational evidence, candidates proposed by

various theories, an overview of the Galactic Centre region and flux expectation for an indirect

search.

• An introduction to Cherenkov Telescopes and a detailed description how H.E.S.S. data are

analysed.

• A chapter describing the selection of data and systematic studies preparing the used On-Off

analysis for the indirect Dark Matter search in the Galactic Centre.

• A summary of the used Likelihood analysis.

• Results of the analysis of the Galactic Centre data set.

• Followed by an outlook.
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Chapter 2

Dark Matter

For a long time in human history celestial objects have been studied. In the early days astronomical

observations were done with the naked eye, therefore limited to close and/or very bright objects.

With the development of telescopes in the 16th century astronomers were for the first time able to

study objects invisible to the human eye. The development of new techniques arose questions.

With the introduction of Newton’s laws of motion and their application to stellar motion within

galaxies, astronomers noticed for the first time that the visible mass is not sufficient to explain the

stars’ observed velocities. This was first known as the missing mass problem and lead later to the

introduction of Dark Matter.

In the following I will give a brief discussion of the history of Dark Matter physics mainly using the

work of Bertone & Hooper (2016) as reference. Afterwards I will discuss the evidence for Dark

Matter in more detail and conclude with possible explanations of their nature.

2.1 A short history of Dark Matter physics

It was in the middle of the 18th century when astronomers used Newton’s laws to predict the

position of undiscovered objects which led to the discovery of Neptune. In the following decades

many more “dark objects” were discovered in the form of planets, stars and gas clouds. In 1933

Fritz Zwicky published a work on the coma cluster and stated that the observed velocities of

galaxies within the cluster cannot be explained by the mass derived from the cluster’s luminosity

(Zwicky, 1933). He used the virial theorem as a relation between the kinetic energy and the

potential energy of the galaxy cluster. According to his calculations, the mass needed to explain the

gravitational pull was about 400 times higher than the mass estimated by the mass to luminosity

ratio. An important assumption for this approach is that the cluster is in a steady state which is

at least for the faster galaxies controversial. In that time various studies have been published by

different scientists leading to the conclusion that non-luminous matter has to be in galaxy clusters,

to be known as the missing mass problem. Later on the term Dark Matter was used to address

the issue. By that time the predominant view was that Dark Matter consists of cold stars and gas

(Zwicky, 1937).
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Later on, Finzi (1963) ruled out the above mentioned Dark Matter candidates, and to explain the

observations, proposed a modification of Newton’s Laws to explain the experimental results. This

extension of Newton’s Laws is still discussed and today known as modified Newtonian dynamics

(MOND). MOND is able to explain rotation curves of galaxies. However there are difficulties to

describe systems like the Bullet cluster and effects like micro lensing.

The idea of non-baryonic Dark Matter arose in the 1980ies when the first supersymmetric theories

predicted particles with fitting properties as Dark Matter candidates. With the first results from

cosmological simulations of structure formation, from the early universe till today, and comparison

with sky surveys (e.g. Centre for Astrophysics (CfA) Redshift Survey), it became clear that only non-

relativistic particles (from here called Cold Dark Matter) can lead to the observed structures. Today

the search for Dark Matter is mostly focussed on particles with the following properties:

• not electromagnetically interacting

• massive in order to be cold, i.e. non-relativistic

• possibly interacting with the weak force

A particle of this kind is called weakly interacting massive particle (WIMP). The standard model

of particles does not provide a fitting candidate, but various extensions provide fitting candidates

such as supersymmetry, Kaluza-Klein, sterile neutrinos and axions.

2.2 Evidence for Dark Matter

As already mentioned there is plenty of evidence for Dark Matter in our universe. They all come

down to the argument that visible matter alone is unable to explain the observed gravitational

pull.

2.2.1 Rotation curves of galaxies

With the assumption that stars are on stable orbits around the centre of their host galaxy, one can

derive the gravitational pull, because it has to be equal to the centripetal force given by:

FG = FC

G
mSmG

r2
=

mS v2

r

(2.1)

where r is the distance from the star with mass mS to the galaxy centre, mG the mass inside the

radius r, G the gravitational constant and v the velocity of the star. Solving this equation for v

gives the expression

v =

√

√GmG

r
. (2.2)

Comparing this theoretical velocity distribution to observations, V. Rubin (see Figure 2.1; Rubin

et al., 1980) noticed that for all 21 galaxies in their survey the velocity of stars is too high to keep
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Figure 2.1: Superposition of the rotation curves of 21 galaxies. Outside the innermost part of
galaxies the star velocity remains almost constant. This is in contradiction to the
expectation of a declining velocity outside the innermost part (Rubin et al., 1980).

them on stable orbits and is almost constant as a function of distance from the centre outside the

innermost part. To explain this observation the mass within a certain radius around the centre of

the galaxy has to be proportional to r, i.e. m(r)∼ r. However, the luminosity of galaxies shows a

different dependency which leads to the conclusion that the outer parts of galaxies must contain

none luminous matter.

2.2.2 Gravitation lensing

Einstein described in his work about the general theory of relativity that light can be bent by

gravity (Einstein, 1915). In a later work he calculated the order of the effect by considering two

stars aligned with an observer. Einstein predicted that the image of the distant star will form a ring

around the close star (Einstein, 1936). A sketch of the light rays can be seen in Figure 2.2.

Figure 2.2: Sketch of gravitational lensing. The apparent light path is shown in dashed lines, the
true path in continuous lines. Figure taken from Oneminuteastronomer1.

1http://oneminuteastronomer.com/9237/gravitational-lens/
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This phenomenon is known as Einstein ring. He came to the conclusion that the effect is too small

to be observed. However, if the close object is not a star, but a galaxy or galaxy cluster, this light

bending or gravitation lensing can be measured and used to determine the mass of the foreground

object. Figure 2.3 shows an image of an observed Einstein Ring. If the objects are not in one line

with the observer, the image of the background object will just be distorted. By the measurement

of many background objects and a statistical analysis, the total mass and shape of the foreground

object can be measured (Longair, 2011). Measurements of gravitational lensing provide additional

evidence that there must be much more mass in the foregroung galaxies than expected from their

luminosities.

Figure 2.3: Hubble Space Telescope image of the galaxy LRG 3-757. Observing an almost closed
Einstein Ring is very unlikely, since both galaxies and the observer have to be in one
line. Image Credit: ESA/Hubble & NASA

The most remarkable object, where the mass distribution can be traced by gravitational lensing, is

the Bullet Cluster. Clowe et al. (2006) published results of an analysis of the object 1E 0657-558,

the Bullet Cluster. In this object two galaxy clusters collide. While the stars in galaxies act as

collisionless particles and just pass by, the plasma in the clusters, however, interacts in the collision

leading to a spatial separation of the stellar objects and the gas. In the left panel of Figure 2.4

the stars and galaxies follow the gravitational potential, but the majority of the baryonic mass

in a galaxy cluster comes from gas. In the right panel of Figure 2.4 we can see that the plasma

does not follow the gravitational potential. The conclusion is that the majority of the mass in the

cluster has to be Dark Matter as the title of Clowe et al. (2006) states:

A DIRECT EMPIRICAL PROOF OF THE EXISTENCE OF DARK MATTER

This observation is not just evidence for the existence of Dark Matter, but also for its weakly

interacting nature since it is collisionless.
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Figure 2.4: Images of the Bullet Cluster. Left: Image taken with the Magellan telescopes showing
stars and galaxies. Right: Image taken with Chandra, the X-ray emission of the plasma
is proportional to its density squared. The green contours trace the gravitational
potential constrained with weak lensing. Figure taken from Clowe et al. (2006).

2.2.3 Cosmological evidence

Any cosmological model has the goal to describe the large-scale evolution (in time and space) of

the universe with the help of the laws of general relativity and the cosmological principles. The

predicted universe has to be homogeneous on large scales (no special place exists) and isotropic

(no special direction). The Lambda Cold Dark Matter cosmological model (ΛCDM), also known

as the cosmological standard model, is one way to describe the evolution. In this model the

Friedmann equation is used to describe the evolution of the universe.

Friedmann Equation

The Friedmann equation describes the evolution of a homogeneous and isotropic universe in space

time. Following the argumentation of Peacock (1999) and Schneider (2008) I will summarize the

derivation of the Friedmann equation in Newtonian approximation and give an interpretation.

In a homogeneous universe it is sufficient to consider only a small part. By doing so, we can

apply the Newton Laws instead of general relativity. In the following all parameters with index “0”

correspond to today’s values. If we now consider a homogeneous expanding sphere with density

ρ(t) and a radius r0, we can describe the mass of this sphere by

M(r0) =
4π
3
ρ0r3

0 ≡ M =
4π
3
ρ(t)r3(t). (2.3)

If space now expands, also the radius containing the mass M is expanding and we can derive

r̈(t) = −
GM
r2
= −

4πG
3
ρ(t)r(t) = −

4πG
3

ρ0r3
0

r2
(2.4)
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as the equation of motion of a test particle on the surface of the sphere. Now we can define

a(t) = r(t)
r0

as a dimensionless scaling parameter, multiply Equation 2.4 with 2da
d t and use ρ(t) = ρ0

a3 .

Solving the integral we end up with the Friedmann equation:

ȧ2 =
8πG

3
ρ0

1
a
− Kc2 =

8πG
3
ρa2 − Kc2. (2.5)

This equation can be interpreted as the conservation of energy for a test particle on the sphere.

The integration constant K can be interpreted as the curvature of our three-dimensional space,

leading to a flat (K = 0), open (K < 0) or closed (K > 0) universe. In case of an open universe

the expansion goes on forever, in a closed universe the expansion stops (a = amax =
8πGρ0
3Kc2 ) and is

reverted into contraction. In the special case of a flat universe the expansion stops for t →∞. If

the derivation of the Friedmann equation is done in the framework of the general relativity (GR),

an additional term of Λa2

3 appears on the right side of Equation 2.5 (referred to as dark energy).

For simplicity we define the Hubble parameter as:

H(t) =
ȧ
a

; H0 =
ȧ(t0)
a(t0)

= ȧ(t0). (2.6)

This parameter describes the expansion rate of the universe and can be measured. For the case of

K = 0 we can write the critical density as

ρcr =
3H2

0

8πG
= 1.88× 10− 29 g/cm3. (2.7)

This is the characteristic density of today’s universe. It is useful to define the dimensionless density

parameter Ω0 =
ρ0
ρcr
= 1. Until now we did not care where the mass in our universe comes from.

For further investigation we have to split the density parameter into

Ω0 = Ωm +Ωr +ΩΛ = 1,

Ωm∝ a−3,

Ωr ∝ a−4,

ΩΛ =
Λ

3H2
0

,

(2.8)

where Ωm is accounting for all matter that has non-relativistic velocity (baryonic and Dark Matter),

Ωr for relativistic matter and radiation. ΩΛ comes from the Λ introduced by GR and can be

expressed by Λ
3H2

0
. While the density of common matter Ωm is proportional to a−3, i.e. Ωm ∼

1
Volume .

For radiation (photons) the energy density Ωr is proportional to a−4, a factor of a−3 is equivalent

to common matter while the fourth factor a comes from the fact that the wavelength is also

scaling with a, known as redshift. These dependencies lead to the conclusion that the early

universe was dominated by radiation. At a later stage, matter is dominating until the dark energy

density (described by Λ
3H2

0
) takes over. From various measurements as well as some theoretical

considerations we expect Ω0 = 1 in today’s universe (Jungman et al., 1996). Observations are in

agreement with a flat universe, however, the other cases can not be ruled out.
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Measurements of cosmological parameters

The expansion rate of the universe (Equation 2.6) was originally measured from the radial velocity

of distant nebulae according to Hubble’s law (Hubble, 1929):

v = H0D (2.9)

with v the velocity and D the distance of a nebulae. Today various methods are used to measure

H0. Using gravitation waves is one of them (Abbott et al., 2017). A recent measurement of the

cosmic microwave background (CMB), which is a relic radiation from early stages of the universe

evolution, results in H0 = 67.8kms− 1Mpc− 1 (Planck Collaboration et al., 2016). The radiation

follows a perfect black body law with a temperature of (2.725 48± 0.000 57) K (Fixsen, 2009).

The origin of this radiation lies in the time when the universe expanded to a point at which matter

and radiation were no longer in equilibrium. At that point a freeze out happened, so electrons

were caught by nuclei and the mean free path of photons became almost infinite. Since then the

spectrum was red shifted to its today’s temperature. Figure 2.5 shows an all sky map of the CMB

after subtraction of the average temperature. Furthermore it was corrected for the doppler effect

due to the movement of the solar system and foreground emission from galaxies. From the size

and amplitude of these deviations from the mean temperature one can conclude the values of the

Ω parameters:
Ωm = 0.315± 0.013

ΩΛ = 0.685± 0.013

Ωr < 10−4

Furthermore the content of baryonic matter in today’s universe can be restricted to about Ωb =
0.049±0.001 which leaves ΩDM = 0.25 as non-baryonic matter, which is commonly referred to as

Dark Matter. This is an important result of cosmology, since it is an evidence that a large fraction

of all matter, in today’s universe, is of non-baryonic nature. Another possibility to measure Ω

comes from the observation of supernovae Type 1a. Results of such a measurement can be seen in

Figure 2.6, which shows the Ωm–ΩΛ plain. A flat universe is in agreement with the measurements.

Relic abundance

One consequence of the ΛCDM is that Dark Matter is expected to be thermally produced in the

early universe, resulting in an equilibrium between production and annihilation. With cooling of

the universe, due to its expansion, production decreases and therefore the Dark Matter density is

decreasing exponentially as well, in order to stay in equilibrium. At some point the annihilation

becomes unlikely due to the falling density resulting in a freeze out. From here on the density

remains almost constant. Figure 2.7 shows the Dark Matter density development with time.

Today’s Dark Matter density can be explained with a Dark Matter particle mass ∼ 100GeV and a

typical velocity-weighted weak interaction cross section of ∼ 10− 25 cm3/s. This is known as the

“WIMP miracle” (Lisanti, 2017).

2.2 Evidence for Dark Matter 9



Figure 2.5: All sky image of nine years of WMAP data. The colour scale shows tempera-
ture fluctuations ±200 microKelvin after subtracting the mean temperature (Credit:
NASA / WMAP Science Team).

2.3 Dark Matter candidates

In the past years different particles were discussed as candidates for Dark Matter. The most

prominent among them are axions, neutrinos and WIMPs from supersymmetric models.

2.3.1 Neutrinos

From all particles contained in the standard model of particle physics the three neutrinos are

the only particles which exclusively weakly interact and are stable, which makes them the only

candidate for Dark Matter within the standard model. Due to a rather small neutrino mass

(mtot ≤ 0.3eV; Olive et al., 2014) Dark Matter consisting of neutrinos would have relativistic

particle velocities (Hot Dark Matter). This would lead to a different structure formation than

observed in today’s universe. It is predicted that ,during the early universe, a cosmic neutrino

background was formed similar to the CMB. However this can only account for a small fraction of

the total Dark Matter mass (Schneider, 2008).

There are theoretical models predicting additional sterile neutrinos (Conrad & Shaevitz, 2016).

These sterile neutrinos do not interact with the weak force. A priori the mass of a sterile neutrino

is not given by theories. However a neutrino in the keV mass range has the expected properties

of a Dark Matter particle and can be produced in the early universe evolution with properties

accounting for the observed structure formation (Adhikari et al. (2017), Merle (2017)). For a very

detailed overview on sterile neutrinos I recommend Adhikari et al. (2017).
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Figure 2.6: Results for Ωm and ΩΛ are shown for measurement of supernovae (SNe, blue), the
cosmic microwave background (CMB, orange) and baryon acoustic oscillations (BAO,
green). Figure taken from Suzuki et al. (2012).
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Figure 2.7: Evolution of the Dark Matter density with the cooling of the universe. The abscissa is
given in

mχ
T with mχ the Dark Matter particle mass and T the temperature; it can also

be interpreted as time axis. First the density is falling exponentially according to the
Boltzmann equation. After the freeze out the density remains almost constant. Figure
adapted from Lisanti (2017).

2.3.2 Axion

The quantum chromodynamics (QCD) is a well-tested theory for the strong interaction. However,

it has the problem of predicting strong charge-parity (CP) violating effects by the Lagrangian

term:

LQC D ⊃ Θ̄
g2

32π2
GaµνG̃aµν. (2.10)

With G being the gluon field strength tensor and Θ̄ a term related to the QCD vacuum. One would

expect that Θ̄ is of the order of 1. However, such a value leads to a predicted dipole moment

of the neutron 1010 higher than experimental limits. To explain observations Θ̄ has to be of the

order of 10−10 which is theoretically not well motivated. In order to avoid this fine tuning issue

Peccei & Quinn (1977) introduced a spontaneously broken symmetry resulting in a Θ̄ close to

zero. A consequence of this symmetry is a new particle: the axion, which is electrically neutral

and stable on cosmic timescales and has a very small cross section. These properties make the

axion a reasonable Dark Matter candidate.

The Axion Dark Matter eXperiment (ADMX) is searching for axions in the µeV which might be able

to explain Dark Matter (Stern & Experiment, 2016). So far no signal was found. The existence of

an axion-like particle is still not proven, but some model realisations can be ruled out by accelerator

experiments (Olive et al., 2014).
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2.3.3 WIMP

The term WIMP, Weakly Interacting Massive Particle, does not refer to just one particle, but to

a group of theoretically proposed particles with properties which fulfil the constraints given by

Dark Matter. The WIMP term describes particles which only interact by the gravitational and weak

force and have a mass of a few GeV to a few TeV. The standard model of particle physics does not

provide a matching candidate, but many extensions of the standard model were developed over

the past years. The two most prominent extensions with suitable WIMP Dark Matter candidates

are the Kaluza-Klein theory and Supersymmetry.

Kaluza-Klein theory

In 1921, Theodor Kaluza invented a theory unifying gravity and electromagnetism by introducing

an additional space dimension (Kaluza, 1921). The problem of this theory, however, was that the

newly introduced space dimension is not observed. Later Oskar Klein extended this theory leading

to its name (Klein, 1926). He solved the issue by compactifying the fourth space dimension:

moving in this dimension is equivalent to moving on a very small circle with radius R. Due to the

fact that we cannot observe this extra dimension, a particle with an excitation would be seen in

our three observable dimensions as a new particle. The mass m of such a Kaluza-Klein (KK) state

n can be written as:

m2
χ(n)
=

n2

R2
+m2

χ(0)
(2.11)

with χ(0) being a standard model particle (Hooper & Profumo, 2007). The mode n can be

interpreted as a standing wave in the extra dimension (Corley & Lowe, 2001). The KK-parity,

defined as P = (−1)n, needs to be preserved in particle reactions; therefore the lightest Kaluza-

Klein particle (LKP; n = 1) is stable. Pair annihilation of two KK particles however is possible.

Servant & Tait (2003) discussed the n= 1 mode of the photon and neutrino as LKP candidate. At

a mass in the TeV scale both may have annihilation cross sections which are in agreement with the

Dark Matter mass density observed (ΩDM ≈ 0.25).

Supersymmetry

In supersymmetric extensions of the standard model of particle physics a symmetry between

fermions and bosons is introduced (Murayama, 2000). Due to this symmetry, for every fermion

is assigned a bosonic superpartner, and for every boson a fermionic superpartner exists. This

association of particles can be expressed by the space-time symmetry transformation QSUSY :

QSUSY|fermion> = |boson> . (2.12)

Today many different supersymmetric models exist. The Minimal Supersymmetric Standard Model

(MSSM) is the minimal supersymmetric extension of the standard model in the sense that a

minimum number of new particles is introduced. They are listed in Table 2.1.
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Table 2.1: The table shows all particles and fields contained in the MSSM. The two left columns
summarise the SM particles. The two columns in the middle show the interaction
eigenstates of the MSSM particle while the two on the right show their mass eigenstates.
After Edsjö (2014).

SM particles/fields Supersymmetric particles/fields

Interaction eigenstates Mass eigenstates

Symbol Name Symbol Name Symbol Name

u,s,t,d,c,b quark q̃L ,q̃R squark q̃1,q̃2 squark

e, µ, τ lepton l̃L ,l̃R slepton l̃1,l̃2 slepton

νe, νµ, ντ neutrino ν̃ sneutrino ν̃ sneutrino

gr,g,b gluon g̃ gluino g̃ gluino

W± W-boson W̃± Wino
χ̃±1,2 chargino

H± Higgs boson H̃± Higgsino

B B-field B̃ Bino
χ̃0

1,2,3,4 neutralinoW 3 W W̃ 3 Wino

H0
1,2,3 Higgs boson H̃0

1,2 Higgsino

In order to preserve baryon and lepton numbers in SUSY, an additional symmetry has to be

introduced in form of R-parity:

PR = (−1)3(B−L)+2s, (2.13)

where B is the baryon number, L the lepton number and s the spin. PR is +1 for SM particles

and −1 for SUSY particles (Bertone & Hooper, 2016)). Due to R-parity preservation the lightest

supersymmetric particle has to be stable. In the MSSM, this particle is the neutralino (χ̃0), which

is a linear combination of the Wino, Bino and Higgsinos. It carries no electromagnetic charge and

does not interact strong. Predicted cross sections are in the right order of magnitude to explain

the Dark Matter density. It is discussed in the literature that pair annihilation into photons is

possible (Jungman et al., 1996). All these properties make the neutralino a good Dark Matter

candidate.

2.3.4 Annihilation and decay spectrum of WIMPs

When WIMP pairs annihilate, a wide variety of particles can be created as annihilation products

from e.g. (heavy) quark-antiquark pairs, lepton-antilepton pairs to γγ pairs. In consequent decays

of unstable products further photons are produced. The resulting photon spectrum is a rather

broad distribution with its exact shape depending on the underlying model and allowed processes.

The continuous photon production can be written as (Cirelli et al., 2011):

χχ → ...→ π0→ γγ. (2.14)
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There is also a monochromatic component:

χχ → γγ or γZ . (2.15)

In Figure 2.8 exemplary photon spectra are shown. No specific model was used. Therefore all

channels have the same branching ratio. In a realistic model the γγ annihilation channel is loop

suppressed and therefore contributes only to ≤ 10−3 of the total photon flux.

DM annihilation channel

10−5 10−4 10−3 10−2 10−1 1
10−2

10−1

1

10

102

x =
Eγ
Mχ

dN
/d

lo
g

x

γ primary spectrum

Mχ = 10 TeV

γ

g
h
Z
W
t
b
c
u,d,s
τ

µ

e

Figure 2.8: Photon spectrum from pair annihilation for a Dark Matter particle with the mass of
10 TeV in different annihilation channels. Contributions from leptons are in green,
quark in red and purple, gluon in yellow, W and Z bosons in blue, Higgs in solid black
and γ in dashed black. Figure adapted from Cirelli et al. (2011).

In the case of the γγ final state the photon spectrum can be described with a delta function:

dN
dEγ

= 2δ(Eγ −mχ) (2.16)

This is the so-called “smoking gun” signal, due to the fact that it is easily distinguished from

astrophysical sources.

Some models also allow the decay of Dark Matter. In the case of decay the same products are

produced as in pair annihilation. However, one has to scale the abscissa of Figure 2.8 by a factor

of 0.5 to account for the change in the initial state from χχ to χ. Due to the fact that Dark Matter

is still within the universe and not already decayed, the livetime has to be long on cosmological

scale.
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Furthermore internal bremsstrahlung can lead to photon production in the annihilation process

(Bringmann et al., 2008), either in the form of final state radiation (FSR) or virtual internal

bremsstrahlung (VIB). This leads to distortion of the photon spectrum resulting in more photons

close to the Dark Matter particle mass. One example of a photon spectrum can be seen in Figure

2.9.

0.01
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x
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d
N

γ
,t
o
t
/
d
x

Total
Secondary gammas
Internal Bremsstrahlung

0.4 0.6 0.8 1

1

0.1

0.2

BM2

Figure 2.9: Photon spectrum from pair annihilating Dark Matter using a supersymmetric bench-
mark model with proper branching ratios. Line emission from χχ → γγ is not shown.
Figure taken from Bringmann et al. (2008)

2.4 Modified Newtonian Dynamics

An alternative approach to explain the observations of galaxy rotation curves without the need

of Dark Matter is the modification of Newton’s mechanics in the limit of very small accelerations

(with a < a0 ≈ 1.2× 10− 10 m s− 2). The role of the constant a0 within MOND is comparable to the

role of the speed of light in special relativity (Famaey & McGaugh, 2012). The well known second

law F = m× a is modified to F = ma2/a0. In the early development of this theory modification

were done to the 2. Law which does no longer preserve momentum or energy. Later theories

like AQUAdratic Lagrangian theory got rid of this issue (Bekenstein & Milgrom, 1984). With this

modification it is possible to explain rotation curves of Galaxies (see Figure 2.10). In the left

panel the rotation curve of NGC 6503 is described by standard Newtonian mechanics using three

components from gas, stars and Dark Matter. In the right panel Modified Newtonian Dynamics is

used only relying on gas and stars to explain the observation.

While MOND is successful in describing the dynamics of galaxies, it is difficult to describe the

dynamic of galaxy clusters, especially the Bullet Cluster. Furthermore it is difficult to explain

the structure of the CMB and relativistic effects. There are attempts to address these problems;

however, they all come at the expense of additional degrees of freedom in the theories and fine
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tuning. For the interested reader I recommend Famaey & McGaugh (2012), a review on Modified

Newtonian Dynamics and relativistic extensions.

Figure 2.10: Rotation curve from the galaxy NGC 6503. The abscissa shows the distance to the
centre of NGC 6503 in kpc and the ordinate shows the radial velocity of stars in km/s.
Left: Fit of the data with a Dark Matter halo model showing three components:
stellar (dashed line), gas (dotted line), and dark matter halo (dash dotted line).
Right: Fit with MOND. Figure taken from Scarpa (2006).

2.5 Searching for a WIMP-like Dark Matter particle

The search for WIMPs can be done in three different ways, production at accelerators, direct and

indirect search.

The production of WIMPs can be studied in accelerators like the LHC (Kahlhoefer, 2017). The idea

is that according to crossing symmetry of the Feynman diagram (see Fig. 2.11) the annihilation

process can be reversed into production. If the energy provided by the accelerator is sufficient,

the reaction could take place although it will be hard to detect something since the produced

WIMPs do not interact in the detectors and will only appear as missing energy. If, with the help

of an accelerator, a WIMP-like particle is found in the future, we can learn something about the

nature of the particle itself, but not about its distribution within the universe or if the particle

found contributes to the Dark Matter density in the universe at all.

If a WIMP scatters with a nucleus inside a detector, the recoil energy can be measured. This is the

idea behind direct WIMP search experiments. Inside the detector the recoil energy is converted

into ionisation (electrons), scintillation light (photons) or heat (phonons) depending on the

used detector material. Currently a large number of this type of experiments exist. They can be

separated into two groups, one with liquid novel gas as detector material (e.g. DarkSide, XENON)

and experiments using crystalline detectors (EDELWEISS, DAMA, CRESST) (Klasen et al., 2015).

The results of these direct search experiments are contradictory, since some of them claim to have

detected a signal while others exclude it (see Fig. 2.12). It is still under discussion where the

detected signal comes from.

In indirect searches, decay or annihilation products of Dark Matter particles are looked for. Due

to a very low expected rate this kind of search is carried out into the direction of an expected
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annihilation

scatter

production

DM SM

SMDM

Figure 2.11: Feynman graph of the annihilation of Dark Matter into Standard Model particles.
The graph can be read as scattering of a SM particle with a WIMP and production of
a WIMP pair from a collision of SM particles.
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Figure 2.12: Shown are scattering cross section limits for different DM masses. The signal claimed
by DAMA is excluded by EDELWEISS and XENON. Figure taken from Aprile et al.
(2011)
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high Dark Matter density. For instance, neutrino detectors like ANTARES or IceCube search for

a neutrino signal from the direction of Earth centre, where due to scattering an enhanced Dark

Matter density is expected (Albert et al., 2017b). Also searches towards the Galactic halo are

performed (Albert et al., 2017a). Photon detection experiments (like Fermi-LAT and H.E.S.S.)

search for a γ-ray signal from dwarf galaxies or the centre of the Milky Way. Photons might be

produced in the annihilation process. Two contributions to the photon spectrum after annihilation

are discussed in literature. Direct annihilation into a photon pair (or γZ0), resulting in a line-like

signal. Annihilation into charged particles (quarks, W-bosons) were photons are produced as

decay products, resulting in a broad spectrum. The advantage of a search towards dwarf galaxies

is the rather low background due to astrophysical γ-ray sources in the GeV to TeV energy range.

The disadvantage, however, is a low expected Dark Matter density in comparison with the Galactic

Centre.

The analysis presented in this work is using the Galactic Centre region for a search of a line-like

signal from Dark Matter annihilation.

2.6 Galactic Centre

The Galactic Centre (GC) is one of the most violent places in the Milky Way. H.E.S.S. detected

two very bright point sources, one located at the position of the supernova remnant / pulsar wind

nebula G 0.9+0.1. The other is coincident with the super massive black hole Sgr A∗ (see Figure

2.13 top). If these two sources are subtracted from the observation (see Figure 2.13 bottom),

a band of diffuse emission along the galactic plane becomes visible as well as the unidentified

source HESS J1745-303 (van Eldik, 2015). In Abramowski et al. (2016) it is reported that H.E.S.S.

discovered tracers for PeV particles in the inner few parsec of the galaxy. It is further argued that

Sgr A∗ might be a PeVatron. Abdalla et al. (2017a) reported the discovery of a new source close to

the Galactic Centre named HESS J1746-285. This source is located at the edge of the so-called GC

radio arc and close to the pulsar wind nebula candidate G0.13-0.11. All these sources make the

Galactic Centre a very comprehensive region in the GeV to TeV energy range.

The central region of the Galactic Centre is expected to host a large amount of Dark Matter.

Therefore some searches for Dark Matter signals in the VHE range were carried out by H.E.S.S. No

significant excess was found yet. However the latest upper limits on a line-like γ-ray signal from

Dark Matter annihilation come from Abramowski et al. (2013) and can be seen in Figure 2.14. In

the H.E.S.S. analysis data taken until 2008 was used, including only data from the first phase of

H.E.S.S.

In 2012 the hint for a line-like signal (3.2σ) with an energy of 130 GeV was reported by Weniger

(2012). The Fermi-LAT Collaboration investigated this reported line-like feature using an updated

event reconstruction and selection on a larger data set (Ackermann, Ajello, et al., 2015). The

significance of the signal went down to 0.72σ. As a follow-up the H.E.S.S. Collaboration performed

an analysis towards this region (Abdalla et al., 2016a). No signal was found and the reported

annihilation cross section was excluded with 95 % CL.
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Figure 2.13: Galactic Centre map in VHE γ ray taken by H.E.S.S.. The image is smoothed with
the H.E.S.S. PSF. Top: Significance map revealing two very bright sources G 0.9+0.1
and HESS J1745-290. Bottom: Residual significance map after subtraction of the
two bright sources. Diffuse emission along the galactic plane is visible spatially
coincident with molecular gas (cyan contours). The newly discovered source HESS
J1746-285 is indicated by a black cross. Figure taken from Abdalla et al. (2017a).
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Figure 2.14: Upper limits on the velocity-weighted annihilation cross section for χχ → γγ. Fermi-
LAT data (black) was taken from Ackermann, Ajello, et al. (2015) and the H.E.S.S.
data (red) taken from Abramowski et al. (2013). Both analyses assume a Cusped
Einasto shaped density profile.

Also searches for a broad annihilation spectrum were carried out the latest results, using data from

the first phase of H.E.S.S., can be found in Abdalla et al. (2016b), for Cusped density profiles, and

Abramowski et al. (2015), for Cored density profiles. Figure 2.15 shows a selection of different

analyses for the annihilation channel χχ → bb̄. As one can see at low Dark Matter masses

(mχ < 500GeV) satellite experiments like Fermi provide the currently best limits (in red solid

line). Above this energy H.E.S.S. provides the best cross section limits using data from the Galactic

Centre (black solid line). Furthermore results for analyses of dwarf galaxies are shown (black

dashed line and blue solid line). Due to a much lower Dark Matter density these limits are worse

compared to limits for the Galactic Centre. Also shown are limits from IceCube (green line),

however, currently the sensitivity of Cherenkov telescopes is several orders of magnitude higher.

2.7 Flux expectation

In order to calculate flux or annihilation cross section limits, we need to know the expected flux

for a given cross section and dark matter density distribution. Therefore we have to understand

how the geometry of the analysed region and particle physics of a WIMP contribute. The goal

of the following derivation is to come up with an equation which gives the expected photon flux

from self-annihilating Dark Matter. In order to accomplish this, we have to think about the Dark

Matter distribution within the Milky Way and about the particle physics of a WIMP.
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Figure 2.15: Upper limits on the velocity-weighted annihilation cross section for the annihilation
channel χχ → bb̄. H.E.S.S. GC limits are taken from Abdalla et al. (2016b). H.E.S.S.
Sgr Dwarf limits are taken from Abramowski et al. (2014). Fermi-LAT limits are from
Ackermann, Albert, et al. (2015). MAGIC limits are for the dwarf galaxy Segue 1
taken from Aleksić et al. (2014). IceCube limits are taken from Aartsen et al. (2016).
In the analyses shown different Dark Matter halo profiles were used, this makes
quantitative comparison problematic. However one can see that Galactic Centre
analyses result in better limits compared to Dwarf galaxies.
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2.7.1 Dark Matter distribution

The Dark Matter distribution inside of galaxies cannot be observed directly. To get an idea of the

distribution one has to simulate Dark Matter or model rotation curves of galaxies. This leads to

many different models and is one of the big uncertainties when calculating flux or upper limits for

Dark Matter annihilation.

One common assumption for the modelling of the Dark Matter distribution of a galaxy is that the

distribution is radial symmetric. In the following I will introduce the most commonly used models.

As a result of studying the galaxy NGC 4650A, Sackett & Sparke (1990) came up with a so-called

Isothermal model (see Fig. 2.16):

ρiso(R) =
ρ0

1+
�

R
rs

�2 . (2.17)

With ρ0 the characteristic density, rs the scaling radius and R the distance of the galaxy’s centre.

Characteristic for this profile is the extended core of constant density (see Fig. 2.16).

Two commonly used profiles are the Navarro, Frenk and White (NFW) (Navarro et al., 1996):

ρNFW(R) = ρ0

�

R
rs

�

1+
R
rs

�2
�−1

, (2.18)

and the Einasto (Einasto, 1965):

ρEinasto(R) = ρ0 exp
§

−
2
α

��

R
rs

�α

− 1
�ª

, (2.19)

with α = 0.17, rs the scaling radius, R the distance to the galaxy’s centre and ρ0 the characteristic

density. Both profiles are successful in describing the results of simulations such as Aquarius

(Springel et al., 2008) and Via Lactea II (Diemand et al., 2008). These simulations are cosmological

N-body simulations, which try to investigate the structure formation in Milky Way-like galaxies. In

these simulations only Dark Matter was simulated, leading to a rather high density at the centre

of the galaxy (referred to as Cusped profiles hereafter).

If baryonic matter is included into such a simulation, the Dark Matter distribution becomes flat

towards the centre of the galaxy (Governato et al. (2012) and Pontzen & Governato (2014)). The

result is that in the inner 500 pc, the Dark Matter density remains almost constant for a Milky

Way-like galaxy. The radial profile can still be described by a NFW or Einasto profile, but with a

constant density in the inner part (referred to as Cored profiles hereafter).

It is unknown which of these profiles is best to describe the distribution of Dark Matter within

the Milky Way. Therefore both the Einasto and the NFW profile are tested in both the Cored and

Cusped configuration. For an easier comparison of results I am using values for ρ0 and rs which

were already used by the H.E.S.S. Collaboration. The parametrisation for the Cusped profiles was

used in Abramowski et al. (2013) and that for the Cored profiles in Abramowski et al. (2015).

The parametrisation of the Isothermal profile is adapted from Kieffer (2015).
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Figure 2.16: Dark Matter density profiles NFW (red), Einasto (black) and Isothermal (blue). All
profiles are normalized to 0.39 GeV/cm3 at 8.5 kpc according to the Dark Matter
density in the solar system (Catena & Ullio, 2010).
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2.7.2 Derivation of the photon flux expectation

This section follows the argumentation of Lohse (2014).

To derive the expected photon flux of self annihilating Dark Matter we can first consider a Volume

V containing Dark Matter particles. A single Dark Matter particle χ, with velocity v, has an

interaction volume (dV ), where the particle passes through in the time (dt):

dV = σ(v)× vdt, (2.20)

with σ(v) the velocity depending annihilation cross section. In order to obtain the annihilation

rate Γ within the volume V we have to divide by dt and V :

Γ =
dV

dt × V
=
σ(v)× v

V
(2.21)

Until now we only tracked one particle. To calculate the total annihilation rate we have to sum

over all Dark Matter particles in the volume V :

Γtot =
1
V
×

∑

targets,
projectiles

σ(v)× v =
1
V
× C〈σv〉, (2.22)

with 〈σv〉 the velocity-weighted annihilation cross section and C the number of target-projectile

pairs. We can write C as:

C =







NχNχ =
N2

4 ,χ 6= χ
N(N−1)

2 ≈ N2

2 ,χ = χ
(2.23)

with N the total number of particles in the case of a Majorana Dark Matter particle, Nχ the number

of particles and Nχ the number of its antiparticles in case of a non-Majorana Dark Matter. In the

following I will write only formulas for a Majorana Dark Matter particle (χ = χ), however the

only difference is a factor of 2−1 under the assumption Nχ = Nχ .

The number of Dark Matter particles is unknown, however we can express it with the help of

the density N = ρV
mχ

, where ρ is the Dark Matter mass density and mχ the mass of a single

particle.
dΓ
dV
=
ρ2

2m2
χ

〈σv〉. (2.24)

We are interested in the photon flux form annihilations. Therefore we have to multiply Equation

2.24 by the photon spectrum
dNγ
dE :

dΓγ
dVdE

=
ρ2

2m2
χ

dNγ
dE
〈σv〉. (2.25)

Photons produced in the annihilation process are radiated isotropically. So we need to scale with

the detector area (A) divided by the total area:

dΓdetected =
A

4πs2
dΓγ, (2.26)
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with s the distance from the annihilation to the detector. The detected photon flux can now be

written as:
dΦ
dE
=

1
A

dΓdetected

dE
=

1
4πs2

ρ2

2m2
χ

dNγ
dE
〈σv〉dV. (2.27)

The annihilation does not only take place in an isolated source ,but along the entire line of sight.

As seen in the previous section, Dark Matter is distributed in a halo within the entire galaxy.

Therefore we have to regroup Equation 2.27 and integrate the density along our line of sight (s)

and the observed field of view (Ω):

dΦ
dE
=

1
4π
〈σv〉
2m2

χ

dNγ
dE

︸ ︷︷ ︸

particle physics

×
∫

fov,

∫

los

ρ2dsdΩ

︸ ︷︷ ︸

J-Factor

. (2.28)

As we can see after the regrouping, Equation 2.28 can be separated into one term that contains all

the particle physics. This term is depending on the underlying model for the photon spectrum

from annihilations. In this work only pair annihilation into two photons (χχ → γγ) is considered.

The consequence is that
dNγ
dE can be described by a delta function with its peak at the mass of the

Dark Matter particle.

The second term contains information about the dependence of the Dark Matter distribution

known as J-Factor.

With a similar thought process one ends up with a photon flux expectation for decaying Dark

Matter with:
dΦ
dE
=

1
4π

Γ

mχ

dNγ
dE

︸ ︷︷ ︸

particle physics

×
∫

fov,

∫

los

ρdsdΩ

︸ ︷︷ ︸

J-Factor

. (2.29)

With Γ the decay width. As one can see, the J-Factor is now proportional to ρ resulting in a lower

photon flux expectation compared to pair annihilation.

2.8 Analysis requirements

In order to perform a successful line-signal search from Dark Matter annihilation in the vicinity of

the Galactic Centre, several requirements have to be fulfilled. For a WIMP search in the GeV to

TeV energy range we can formulate the requirements as:

• A good energy resolution in order to resolve a line-like signal

• High sensitivity in the GeV to TeV energy range

• Good background suppression

• Careful selection of the analysis region
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Chapter 3

H.E.S.S. and the working principle of

Cherenkov telescopes

As already mentioned it is worth searching for a Dark Matter signal in den GeV to TeV range,

since we expect particles in this mass range to be cold. Satellite experiments like Fermi-LAT are

able to detect photons up to a few hundred GeV but do not provide the necessary detection area

at higher energies. Therefore it is necessary to use a ground based technique such as Imaging

Atmospheric Cherenkov Telescopes (IACT). Since the atmosphere is not transparent to photons

at very-high energies, particles with the energy of interest can only be detected indirect with the

help of Cherenkov light produced in the atmosphere.

In this chapter I will first introduce the detection principle of Imaging Atmospheric Cherenkov

Telescopes followed by a detailed description on how the analysis of the data from the High Energy

Stereoscopic System (H.E.S.S.) is done.

3.1 Air-shower development

Cosmic rays hitting the atmosphere will interact and produce a cascade of secondary particles, also

known as a particle shower. For γ rays , e+ and e− a so-called electromagnetic shower is created,

for the shower development the dominant processes are (after Heitler (1954)):

• e+e− pair production is the dominant interaction process for high energetic photons. Because

of energy and momentum conservation this can only occur in the vicinity of another particle.

• Emission of Bremsstrahlung photons is the dominant process e+ and e− undergo in the Coulomb

field of an atomic nuclear. This process is occurring while the energy of e+ and e− is above a

critical energy (in air Ec ≈ 81MeV).

• Ionization is the dominant process once the average particle energy falls below Ec. Once this

stage is reached the shower development comes quickly to an end.

A simplified model description of an electromagnetic shower is the so-called Heitler model. In this

model only pair production and Bremsstrahlung are taken into account. Every photon undergoes
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pair production after travelling a distance of X0 producing a pair of e+e− with each half of the

energy of the initial photon. The e± radiate a photon each with half of their energy after a distance

of X0. The characteristic length X0 is the electromagnetic radiation length:

1
X0
= 4αr2

e
NA

A
Z2 ln(183Z1/3). (3.1)

In dry air the radiation length is 36.7 g cm− 2 (de Naurois, 2012). These two processes repeat

until the energy of the shower particles drops below Ec . At this point the shower contains N = 2n

particles with energy E = E0
N each. Figure 3.1 shows a sketch of such an air shower, where n is the

number of interaction steps and E0 the energy of the particle hitting the atmosphere.

Figure 3.1: Sketch of an electromagnetic air shower according to the Heitler model. At each step
of radiation length the particles undergo pair production and Bremsstrahlung. Figure
taken from Funk (2005).

In showers induced by hadrons, mainly protons, not only the above mentioned electromagnetic

processes happen, but also hadronic interactions (Funk (2005) and de Naurois (2012)). They

lead to fragmentation of the primary particle and to the production of charged mesons (π±, K±)

decaying dominantly into µ± and neutrinos. Neutral mesons (π0, K0) decay in the case of K0 into

charged and uncharged pions and in the case of π0 into γγ. The γ from π0 decay can lead to an

electromagnetic sub-shower. Figure 3.2 shows the sketch of a hadronic air shower.

3.2 Emission of Cherenkov light

In 1934 Pavel Cherenkov discovered that charged particles, travelling faster than the speed of

light in a medium, radiate light (Čerenkov, 1937). For this discovery, he was awarded the Nobel

prize in physics in 1958 together with two fellow physicists1.

1http://www.nobelprize.org/nobel_prizes/physics/laureates/1958/
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Figure 3.2: Sketch of a hadronic air shower. On the left an electromagnetic sub-shower is visible
induced by a π0. The rest of the shower is of hadronic nature. Figure taken from
Funk (2005).

Cherenkov photons are emitted in a cone around the path of their parent particle. The opening

angle can be written as:

θ = arccos
�

1
βnm

�

, (3.2)

where β is the particle speed divided by the speed of light in vacuum, and nm the refraction index

of the medium. In the case of air θ is about 1.°2 (Holler, 2014). The number of photons emitted

per unit path length and wavelength interval is given by the Franck-Tamm formula:

d2N
dxdλ

= 2πα
sin2 θ

λ2
. (3.3)

Cherenkov light is predominantly emitted in a small wavelength range in visible and UV light. In

the infrared and above the term 1
λ2 is suppressing the radiation and for a wavelength below the

UV n(ω)≈ 1 leads to suppression (Spengler, 2013).

3.3 Detection principle of air Cherenkov Telescopes

Due to the development of particle cascades and the resulting Cherenkov light, the atmosphere of

the Earth can be used as a calorimeter for the detection of γ rays. The typical Imaging Atmospheric

Cherenkov Telescope (IACT) has a mirror dish focussing the Cherenkov light onto a camera similar

to telescopes used for optical observations. Figure 3.3 (left) shows how the light cone develops in

the atmosphere and (right) the Cherenkov light distribution of a γ ray as seen on the ground. If a

IACT is within this cone, a shower image can be seen (Figure 3.4 shows a sketch of an air shower

projected into the camera plane). Since a Cherenkov light flash is very faint and only lasts for

∼10 ns, a large collection area and a short read-out window is needed, otherwise the Cherenkov
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Figure 3.3: Left: Sketch of a charged particle emitting Cherenkov light (α in the figure corresponds
to the angle θ in Equation 3.2 and 3.3). Right: Simulated Cherenkov light distribution
on ground for a primary photon with 1 TeV energy at an altitude of 1800 m. Figure
taken from Völk & Bernlöhr (2009).

light will be outshined by the night sky background (NSB). Currently the third generation of IACTs

is in operation: H.E.S.S.2, MAGIC3 and VERITAS4, with the fourth generation (CTA5) currently

in construction. While the basic detection principle is the same for all Cherenkov telescopes, the

technical implementations can be different. In the following I will discuss exclusively H.E.S.S.,

since all data used in this work have been recorded with H.E.S.S.

3.4 The High Energy Stereoscopic System

The High Energy Stereoscopic System (H.E.S.S.) is a γ-ray detection experiment located in the

Khomas Highlands close to the Gamsberg in Namibia. The exact location of the telescope array is

23.°161 S, 16.°301 E at 1800 m N.N. (Hofmann & H.E.S.S. Collaboration, 2001). In the first phase

(from here on called H.E.S.S. I) the array consisted of four Cherenkov telescopes (CT1 to CT4)

with a focal length of 15 m and 108 m2 reflective area each. These telescopes were built in 2002

and 2003. They are equipped with cameras each consisting of 960 photomultipliers (PMT) and

have a field of view (FoV) of 5°. In 2012 H.E.S.S. started its operation in phase two (H.E.S.S. II

hereafter) now extended by a fifth telescope (CT5) built in the centre of the existing array. This

newly built telescope has a focal length of 36 m, a reflective area of 614 m2, a FoV of 3.°2 and the

camera consists of 2048 PMTs (all numbers are summarized in Table 3.1). Due to the addition of

the fifth telescope the energy threshold was lowered and the effective area increased. A photo of

the array in phase two is shown in Figure 3.5.

2https://www.mpi-hd.mpg.de/hfm/HESS/
3https://wwwmagic.mpp.mpg.de/
4http://veritas.sao.arizona.edu/
5https://www.cta-observatory.org/
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Figure 3.4: Sketch of a Cherenkov telescope seeing an air shower and its projected image in the
camera plane. Figure taken from de Naurois (2012).
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Table 3.1: The table shows the technical data for the two telescope types of the H.E.S.S. array
(H.E.S.S. Collaboration, 2017). The field of view stated here is the optical field of view,
for high level analyses a smaller region is used. Values marked with a (*) are given for
events in stereoscopic reconstruction (also called hybrid mode).

H.E.S.S. I (CT1–CT4) H.E.S.S. II (CT5)
Reflector shape Davies-Cotton Parabolic
Focal length 15 m 36 m
Reflective area 108 m2 614 m2

Camera pixel 960 2048
Effective exposure time 16 ns 16 ns
Image recording rate 300 Hz 3600 Hz
Angular resolution <0.°1 0.°24–0.°28
Energy range 100 GeV – ∼100 TeV 40 GeV (*) – ∼ 100 TeV
Energy resolution 15% 15% (*)
Field of View 5° 3.°2

In 2016 the cameras of the small telescopes were replaced with new ones, with the goal of a lower

dead time, reduced system failure rate, and improved over all performance (Giavitto et al., 2015).

This upgraded phase is called H.E.S.S. IU. Data from H.E.S.S. IU is not analysed within this work.

Figure 3.5: Photograph of the H.E.S.S. telescope array (with friendly permission of K. Valerius).
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3.5 Data taking

Observations take place during moonless nights. Furthermore it is required that the atmosphere

is in a good state, which means no clouds and no distant lightning are present. In the regular

observation mode one observation takes 28 min, and is called a “run”. Most of the time a source

of interest is not observed directly but with an observation offset of 0.°5 or 0.°7 (this is the so-called

“wobble mode”) and the offset will be alternated in Right Ascension and Declination between runs.

Technically it is possible to split the array into multiple sub-arrays to observe several sources at the

same time. However this is only used to take observations with CT5 alone (called “mono mode”),

while at the same time observations with CT1 to CT4 are done (called “stereo mode”). Joined

observations with both telescope types are called hybrid mode.

The trigger system of H.E.S.S. has several stages. First within the telescope it is required that

several pixels in a group of adjoining pixels are above a given threshold. If so, the telescope will

send a trigger signal to the central array trigger. For CT5 mono events are allowed which means

the central trigger will always send a read-out signal back to CT5 after receiving a trigger from it.

For CT1-CT4 a read-out signals would only be sent, if at least two telescopes of CT1-CT5 triggered

within a coincidence window of 60 ns (Abdalla et al., in preparation).

After receiving a read-out signal the cameras are read out. The analogue signal of the photo

multiplier tubes (PMT) is converted by an analogue-to-digital converter (ADC) in the camera

electronics. This is done in two channels using different amplifications to increase the range. These

channels are called high gain (HG) and low gain (LG). The recorded camera image, containing

the ADC information of each pixel, is sent to a central computer. Events from the single telescopes

are merged according to their read-out pattern and stored to disk.

Within H.E.S.S. two independent calibration and analysis chains are available, the so-called Paris

and HAP analysis. Some parameters are defined in a slightly different way.Within this work the

HAP analysis was used. Therefore definitions and number given only apply to this chain.

3.6 Calibration

Before the recorded data can be analysed they have to be calibrated. During calibration the

following tasks have to be completed:

• Converting ADC counts into photo electrons (p.e.)

• Identification of bad pixels

• Calculation of the optical efficiency
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The ADC to p.e. conversion is done by the following equations:

AHG =
ADCHG − PHG

γADC
e

× FF,

ALG =
ADCLG − P LG

γADC
e

×
HG
LG
× FF.

(3.4)

PHG and PLG are the pedestal position. This is the signal read out, if no photons from a shower

have been seen. The pedestal position is determined during observations in small time windows

to account for changes in the position due to change of the temperature of the electronics or NSB

conditions.

γADC
e is the gain per photo electron in the high gain channel. It is determined in special calibration

runs where the camera is illuminated with a defused LED or defused laser. The light intensity is

roughly 1 p.e. per pixel.

HG
LG is the ratio of the two gains of the two channels derived from the overlapping range. The

cameras used in H.E.S.S. are read out in two channels to increase the dynamic range. The high

gain channel is used for low illumination (< 150 p.e.) and the low gain for high illumination (>
200 p.e.). In the intermediate range a weighted average is used. The amplification of the low gain

channel cannot be determined from single photon events, therefore the amplification ratio HG
LG of

both channels is used. For each event, if the charge measured is in the overlapping region, the

ratio between the measurement HG and LG is computed.

FF is the flat-field coefficient, this is needed to account for relative efficiency of each pixel. It is

determined from special flat-fielding runs, in such a run the camera is illuminated homogeneously

from the different pixel response the coefficient is calculated (Aharonian et al., 2004).

Bad pixels, more commonly known as broken pixels, have various reasons. Some are caused by

damaged or malworking hardware. Some pixels are turned off to prevent damage from intense

starlight. Independent of the individual reason they have to be identified and excluded from

further analysis.

The muon detection efficiency or optical efficiency is needed to determine the efficiency of the

cameras to record Cherenkov light. A muon event has a very typical ring-like shape (see Fig. 3.6)

and from the diameter of the ring it is possible to derive the kinetic energy of the muon. With

this information the amount of Cherenkov photons produced by the µ in the atmosphere can be

calculated. By comparing this number with the photons seen in the image, one can calculate the

muon efficiency. For a detailed documentation I recommend Mitchell (2016).

After the calibration is done, DST files are written where the calibrated data is stored with all the

additional information that is necessary for further analysis.
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Figure 3.6: Image of a muon ring seen by CT1 in the camera plane. Figure taken from Mitchell
(2016).
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3.7 Data selection

Not every run can be used for high level analysis. Sometimes the quality of data is not sufficient.

This can be due to hardware issues or an unstable atmosphere. In the following I will introduce

the various parameters of interest for monitoring the data quality and explain which part of the

system can be monitored by them.

The Duration of a run is 28 min. Reasons for shorter runs are: At the end of night one shorter run

might be scheduled to use all the available dark time. In the regular operation, runs get aborted

due to unexpected behaviour of telescopes. In the raining season observations have to be stopped

to prevent damage by rain. The Duration is an array wide parameter.

The Transparency Coefficient is a calculated value containing information about pixel gain, muon

efficiency and zenith corrected trigger rate. It characterizes the quality of the atmosphere (Hahn

et al. (2013) and Hahn et al. (2014)).

The following parameters are monitored for each telescope individually:

• The Telescope Participation fraction (Participation_frac) is the fraction of events a

telescope was triggered within an observation run. It can be used to monitor the homogeneous

distribution of events across the system. A low value indicates either hardware problems or a

lower optical efficiency of a single telescope.

• The Tracking Precision: For the tracking the mean deviation in Right Ascension (RA_Dev_mean)

and Declination (Dec_Dev_mean) is monitored as well as the RMS of the deviation in altitude

(Alt_Dev_rms) and azimuth (Az_Dev_rms). These values can be used to monitor that the

drive system of the individual telescopes is working with the intended precision.

• The number of Broken Pixels is a criterion for how well the camera was working during a run.

For the actual quality criteria it is separated into two parameters, Num_HV_Turned_Off, which

is the number of pixels with the power supply turned off, and Num_Hardware, i.e. the number

of pixels with unusual behaviour. A high number of broken pixels leads to information loss

resulting in a worse event reconstruction.

• A change in the Trigger Rate can indicate clouds passing through the FoV (see Fig. 3.7). It can

also be an indication for dust or haze. Two performance indicators are used: True_Rate_Delta_1
which is a measurement of the relative change in trigger rate and True_Rate_Delta_2. The

latter is a measurement of the fluctuation in the trigger rate (Hahn et al., 2013).

The standard cuts used in the HAP analysis are shown in Table 3.2. Currently no definition for the

transparency coefficient exists for H.E.S.S. II data. Therefore a cut on this value is only applied to

H.E.S.S. I data.
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Figure 3.7: This graphic shows the trigger rate over time for two observation runs. On the left:
The atmosphere was in a good condition, the rate is very stable. On the right: Several
drops in the rate are visible, they can be associated with clouds moving trough the
FoV (Aharonian et al., 2006b).

Table 3.2: Shown are the data quality cuts used in this work, all listed cut values are standard
at the time of writing this thesis. The first two columns give the database table and
parameter name. Column three gives the cuts applied to the four small telescopes.
Column four shows cuts applied to CT5 in the H.E.S.S. II data set.

Table name Parameter
Monitor_Run_Data Duration >600 s
Monitor_Run_Atmosphere TransparencyCoefficient_mean [0.8,1.2]

CT1-CT4 CT5
Monitor_Run_Tracking RA_Dev_mean ±1’ ±1’
Monitor_Run_Tracking Dec_Dev_mean ±1’ ±1’
Monitor_Run_Tracking Az_Dev_rms <10” <10”
Monitor_Run_Tracking Alt_Dev_rms <10” <10”
Monitor_Run_Trigger True_Rate_Delta_1 ±30% ±30%
Monitor_Run_Trigger True_Rate_Delta_2 ±10% ±10%
Monitor_Run_Trigger True_Rate_mean - > 1200 Hz
Monitor_Run_Pixel Num_HV_Turned_Off <50 <80
Monitor_Run_Pixel Num_Hardware <120 <150

3.8 Image Cleaning

Before a recorded shower image is analysed, an image cleaning is performed. The purpose of

this cleaning is to get rid of pixel noise. To remove noise one can take advantage of the fact that

shower images are a cluster of pixels with compared to the noise, high photo electron values. For

the cleaning, all recorded pixel values are set to 0 if the pixel itself is below 5 photo electrons

(p.e.) and has no neighbour with at least 10 photo electrons and vice versa. Another often used

cleaning is using the values 4 and 7 for pixel intensities. The standard cleaning is using 5 p.e. and

10 p.e. as values.
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3.9 Event reconstruction

In order to derive information about the primary particle of a shower, it is necessary to reconstruct

the shower images. Within the HAP software several methods can be selected. In this thesis

the so-called Hillas and ImPACT reconstruction were used. Both methods make use of the fact

that air-shower images from γ-ray events have a characteristic elliptical shape. In the following

subsections I will introduce the two reconstruction methods.

3.9.1 Hillas reconstruction

The Hillas reconstruction is named after Michael Hillas who published a famous paper on how to

separate γ-ray showers from hadronic background (Hillas, 1985). The shower image of a γ ray

can be approximated by an ellipse.

Hillas Parameter

Important parameters for further analysis are:

• the Image Amplitude (A, sum over all photo electrons after image cleaning), used for energy

reconstruction of the primary particle

• width (w) and length (l) of the photo electron distribution, used for γ/hadron separation

• nominal distance (d), the distance of the image centre of gravity to the camera centre

• orientation of the major axis (α), used for direction reconstruction (Aharonian et al., 2006b).

An illustration of these parameters can be seen in Figure 3.8.

The Hillas parameter can be calculated from the first and second moment of the intensity distribu-

tion (de Naurois, 2012):

〈x〉=
∑

i x iai
∑

i ai
, 〈y〉=

∑

i yiai
∑

i ai

〈x2〉=

∑

i x2
i ai

∑

i ai
, 〈y2〉=

∑

i y2
i ai

∑

i ai
, 〈x y〉=

∑

i x i yiai
∑

i ai

(3.5)

with x i , yi the coordinates of a pixel with intensity ai . With the help of the variances and covari-

ance:

σx2 = 〈x2〉 − 〈x〉2,σy2 = 〈y2〉 − 〈y〉2,σx y = 〈x y〉 − 〈x〉〈y〉 (3.6)

and the intermediate variables:

Ξ= σx2 −σy2 , z =
q

Ξ2 + 4σx y

b =

√

√(1+Ξ/z)〈x〉2 + (1−Ξ/z)〈y〉2 − 2σx y〈x〉〈y〉
2

(3.7)
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we can now write the Hillas parameters as:

d =
Æ

〈x〉2 + 〈y〉2

l =
σx2 +σy2 + z

2

w=
σx2 +σy2 − z

2

α= arcsin
b
d

A=
∑

i

ai

(3.8)

Direction reconstruction

To reconstruct the direction of a shower one has to calculate the intersection point of the major

axis seen in different cameras (see Fig. 3.9).

miss

camera centre

distance
length

width

α

centre of gravity

Figure 3.8: Shower image of a simulated γ ray, the color scale indicates the intensity of the image
in arbitrary units. The most important shower properties after Hillas (1985) are
shown.

In reality the major axes do not intersect at the same point, when the shower is seen by more than

two telescopes. To account for that, a weighted sum is calculated according to Equation 3.9:

S =

∑

j,k,
k> j

S j,k · sinα ·
1

1
A j
+ 1

Ak

∑

j,k,
k> j

sinα ·
1

1
A j
+ 1

Ak

, (3.9)

where S j,k is the intersection point of the axis seen by telescopes j and k, α the intersection angle,

and A j , Ak are the image amplitudes. Due to the weighting by the image amplitude bright images,

the axis is well defined, are more impactful. The weighting by sinα has the result that axes with
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Figure 3.9: The left side shows images of a shower seen by four telescopes. The right side shows
the Hillas ellipses projected into a common camera plane. The intersection point
of the major axis indicates the reconstructed direction. Figure taken from Völk &
Bernlöhr (2009).

small intersection angle have a smaller impact, in this case small deviations would result in a large

shift of the intersection point.

As described in Hillas (1985) the length and width can be used to distinguish between γ and

hadrons. γ-like showers are more elliptical.

Energy reconstruction

The energy can be reconstructed using the image amplitude, the zenith angle, optical efficiency,

distance from the main shower axis to the telescope and the distance of the CoG to the camera

centre. The information of the dependency of the energy on these values is stored in a look-up

table which is produced from simulations. One example of such a table can be seen in Figure 3.10.

The energy is obtained by interpolation of several neighboured tables. It is important to apply a

correction taking the optical efficiency of the telescope into account. Otherwise the energy would

be biased due to the fact that look-ups only exist for a fixed set of optical efficiencies.

After estimating the energy for every telescope the weighted mean value is calculated over all

telescopes participating in the shower:

E =

∑

i

Ei

∑

i

δ−2
i

, (3.10)

where Ei is the energy reconstructed in telescope i and δi the RMS of the reconstructed energy

derived from simulations.
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Figure 3.10: Energy look-up table for CT1. Shown is the energy depending on impact distance
(distance of the shower axis in the atmosphere to the telescope) and image amplitude
(size).
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3.9.2 ImPACT

To improve the shower reconstruction over the Hillas reconstruction one can use more advanced

techniques such as the Image Pixel-wise fit for Atmospheric Cherenkov Telescopes (ImPACT)

(Parsons & Hinton, 2014). In this approach Monte-Carlo simulation-based shower-image templates

are compared with the photo electron distribution in the camera plane using a likelihood function

developed by de Naurois & Rolland (2009). In order to generate the image templates, a large

number of Monte-Carlo generated events is needed. The probability to see s photo electrons in a

pixel is given by:

P(s;µ,σp,σγ) =
∑

n

µne−µ

n!
×

exp
�

− (s−n)2

2(σ2
p+nσ2

γ)

�

q

2π(σ2
p + nσ2

γ)
, (3.11)

with µ being the model expectation, σp being the pedestal width and σγ the width of the single

photo electron distribution. The first term of the equation describes the Poisson probablity to detect

n photo electrons when expecting µ from the model. The second term describes the resolution of

the sensor. In the case of a large number of predicted photons the likelihood can be simplified

to:

P(s;µ� 0,σp,σγ) =
1

q

2π(σ2
p +µ(1+σ2

γ))
× exp

�

−
(s−µ)2

2(σ2
p +µ(1+σ2

γ))

�

. (3.12)

In this case the Poissonian signal term can be replaced by a Gaussian.

Using the ImPACT method energy and direction are reconstructed by finding the best fitting

template.

Advantages of the ImPACT reconstruction over the Hillas are a better angular resolution leading to

a better sensitivity and a better energy reconstruction, but it requires a very good understanding

of the Monte Carlo simulations used to generate the image templates.

3.10 Background rejection

Since most air showers seen by H.E.S.S. are of hadronic nature, it is important to suppress this

background. It is partly suppressed due to the stereoscopic trigger. Air-shower images from

γ events have a characteristic elliptical shape, while hadronic shower images often contain several

sub-showers resulting in a less regular shower shape and sometimes several isolated islands

of high intensity within an image. This can be seen in Figure 3.11. Separation can be done in

different ways. Within the HAP-software framework two methods are utilized to get rid of hadronic

events. One is a simple cut on various shower parameters, where you require that the value of

this parameter is in a typical range for γ-ray events. The most important parameters are the mean
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Figure 3.11: The shower on the left side is the image of a simulated proton with a primary energy
of 0.9 TeV. The different islands in the image belong to several sub-showers. On the
right side a simulated γ-ray image with 0.4 TeV energy can be seen. This image has
the characteristic elliptical shape. Both images are shown after image cleaning.

reduced scaled width (MRSW) and the mean reduced scaled length (MRSL). They are defined

as:

MRSW=
1

Ntel

∑

tel

w− 〈w〉
σw

,

MRSL=
1

Ntel

∑

tel

l − 〈l〉
σl

,
(3.13)

with w/l being the Hillas width/length reconstructed from the image, 〈w〉/〈l〉 the expected

width/length determined from γ-ray simulations for showers with the same image amplitude,

zenith angle and impact distance and σw/σl the scatter of the parameter (Aharonian et al., 2006b).

One example for such a distribution of MRSW can be seen in Figure 3.12.

The other method used to suppress background is based on a boosted decision tree (BDT). The

algorithm used within HAP is provided by the ROOT package Toolkit for Multivariate Data Analysis

(TMVA) (Ohm et al. (2009) & Hoecker et al. (2007)). In this method a BDT is trained with γ-ray

and hadron simulations. Training parameters are:

• Parameters derived from the Hillas length and width

• Depth of the shower maximum in the atmosphere

• The average spread for the reconstructed energy between telescopes δE
E

After the training the algorithm is able to distinguish both shower types to a certain degree. The

output of the BDT can be seen in Figure 3.13 (bottom). With a cut on the ζ parameter, a separation

can be achieved.
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Figure 3.12: The distributions for the MRSW. The range where events are treated as γ-ray like
is indicated by dotted lines. Left: Monte Carlo γ ray, MC protons and data from a
region where no γ-ray source is located. Right: Data from the direction of the Crab
nebula and Monte Carlo γ. The vertical dashed lines indicate the γ-like range used
during the analysis. Figure taken from Aharonian et al. (2006b).
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Figure 3.13: Distribution of the output parameter ζ from the BDT for a sample of signal and
background events. Figures taken from Ohm et al. (2009).
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In the analysis used here, a combination of both methods was utilized. In a first step simple cuts

on the image amplitude and position of the shower within the camera were performed, so-called

preselection cuts. This is done to remove images with insufficient quality and preselect showers.

After that the TMVA algorithm is used to remove hadrons from the data sample.

Cuts are done on the following parameters:

• Image Amplitude – to ensure that the analysed camera images are bright enough for a well

determined parametrisation

• local distance – to remove images too close to the edge of the camera, which might be partially

cut by the edge

• Multiplicity – to ensure that only stereoscopic events are analysed

• ζ BDT – for the actual γ-hadron separation

Figure 3.14 (top) shows the energy resolution for analyses based on Hillas and ImPACT recon-

struction. The resolution for the Hillas based analysis H.E.S.S. I std (black triangle) and H.E.S.S. II

hybrid (red dashed curve) are almost the same. Only at energies above ≈ 12 TeV the performance

of the five telescope array is better than using only the four small telescopes. The ImPACT-based

analysis (red dots) shows a better energy resolution in almost the entire energy range up to

≈ 60 TeV. When using the ImPACT configuration, using four and five telescope events only (green

square), the resolution becomes better compared to the regular ImPACT configuration where

events with multiplicity ≥ 2 are used. The resolution stays below 10 % in the relevant energy

range (0.1 – 30 TeV).

All energy bias curves show the typical shape. At low energies the bias is above 0. This comes from

the fact that only bright events are seen. Events with under fluctuation in the Cherenkov photon

production end up below the threshold. At medium energies all events can be seen resulting in

bias around 0 and at high energies shower images can become to large for the camera. This leads

to an underestimation of the energy, since only a fraction of the produced light is collected. The

energy bias (Fig. 3.14 bottom) is for both ImPACT based analyses almost identical. At low energies

the bias is much smaller compared to the Hillas based analysis and therefore reducing the energy

threshold.

The effective area (Fig. 3.15) above ≈ 1 TeV is for all shown configurations almost the same.

Below 1 TeV the ImPACT configuration using only high multiplicity events (green square) shows

the smallest effective area. This behaviour is expected, due to the very restrictive event selection.

3.11 Background subtraction

After the γ-hadron separation the remaining event sample still contains events not induced by

γ rays. This comes from e−, which have almost the same shower shape as γ-ray shower and from

hadronic shower, where in one of the first interactions a high energy photon was produced. The

result is a shower which is dominated by the electromagnetic component and therefore similar in
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Figure 3.14: Energy resolution (top) and energy bias (bottom) curves for different cut configu-
rations. All curves come from simulation of a point source at 10° zenith and 180°
azimuth angle observed with a 0.°5 wobble offset.

46 Chapter 3 H.E.S.S. and the working principle of Cherenkov telescopes



True Energy/TeV

-210 -110 1 10 210

2
E

ffe
ct

iv
e 

A
re

a/
m

10

210

310

410

510

610

ImPACT hybrid

ImPACT hybrid 4tel

H.E.S.S. I std

std hybrid
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its shape as a pure electromagnetic shower. In order to take this into account, several background

subtraction methods have been developed. They all have in common that an On region is defined

which contains the source region of interest. In a second step the contamination is estimated by

using Off regions considered to be free of γ-ray sources. The γ-ray excess can now be estimated

by

Nexcess = NOn −αNOff (3.14)

where α is a normalization factor and NOn/Off the number of events in the On/Off region. Depend-

ing on the background subtraction method the α factor absorbs information about the difference

in area, livetime and acceptance between the On and Off regions.

The most commonly used background subtraction methods are the so-called RingBackground

method, used to calculate sky maps, and ReflectedBackground method, used to calculate source

spectra. In the analysis presented in this thesis I am also using another method called OnOffBack-

ground, which can be used to calculate both maps and spectra.

In the following these three methods are introduced.

3.11.1 RingBackground

The RingBackground method is used to calculate excess and significance maps. For a particular

position on the sky, a circular On region is defined and a ring shaped Off region which surrounds

the On region. An example for such regions can be seen in Figure 3.16 left side.

By sliding these On and Off regions over the count map one can estimate the contamination at

Figure 3.16: This Figure shows a count map for PKS 2155–304. Left: RingBackground method.
The On-region is illustrated with a white dashed line, the corresponding Off-ring is
shown with a red ring. Right: ReflectedBackground method. Two different pointings
are shown and the corresponding reflected background regions are illustrated by
red circles. Figures taken from Berge et al. (2007).

each position. However, with this procedure the On and Off region have different sizes and are at

different angular distances from the observation position. Since the acceptance of the H.E.S.S.

array is dependent on this angle, it is necessary to correct for this effect. Therefore a look-up table

has to be filled, from source free regions, with a so-called radial acceptance curve. In Figure 3.17
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an example for radial acceptance curves for three zenith angles is shown. As is clearly seen, the

acceptance is falling steeply with increasing distance to the optical axis. From such a radial model
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Figure 3.17: Radial Acceptance curves for different zenith angles. The abscissa shows the qua-
dratic distance from the observation position. The ordinate shows the relative
acceptance for background events, it is generated from regions in the sky where no
known source is located.

we can calculate the so-called exposure map for the On and Off map (see Figure 3.18), containing

in each bin the information of the relative exposure. By dividing the On exposure map by the

Off exposure map we get the so-called alpha map (see Figure 3.19). The alpha map contains the

scaling of the Off events to account for the falling acceptance, for every pixel in the map. In this

case the α factor contains information about the area ratio corrected for the different acceptances.

One can now calculate the excess for the bin (i,j) in the map as:

Excess(i, j) = exposureOn(i, j)×NOn(i, j)−α(i, j)×NOff(i, j), (3.15)

with NOn/Off the number of On/Off counts in the bin (i,j).

With the available information one can also calculate the significance in a bin (i,j) with the

equations given in Li & Ma (1983). The significance in a bin is given by:

S =
p

−2 lnλ (3.16)

With λ being the maximum likelihood ratio:

λ=
�

α

1+α

�

NOn +NOff

NOn

��NOn

×
�

1
1+α

�

NOn +NOff

NOff

��NOff

(3.17)

The indices i, j for NOn/Off and α were left out in order to make equation 3.17 easier to read.
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The RingBackground method is used within this thesis to derive reference significance maps in the

development process of the used On-Off analysis.
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Figure 3.18: On (left) and Off (right) exposure map for an observation run taken in the vicinity
of PKS 2155–304 using the RingBackground method. The asymmetry in the Off
exposure map comes from regions in the sky containing a known γ-ray source, which
are therefore excluded in the background estimation.

3.11.2 ReflectedBackground

The ReflectedBackground method is commonly used to calculate γ-ray spectra from sources. In

this method a so-called On region is defined which contains the source to be analysed. In a second

step Off regions are determined which have the same shape and offset from the centre of the FoV as

the On region. By using Off regions with the same observation conditions many systematic effects

cancel out. In the case of the ReflectedBackground, α (see Eq. 3.18) only carries information

about the ratio of the area of the On region and the Off regions.

α=
AOn

∑

i

AOffi

(3.18)

with AOn/Off the area of the On/Off region. Figure 3.16 right side shows an example for two

observation runs taken in the vicinity of PKS 2155–304. Red circles indicate the positions of Off

regions and a dashed white circle indicates the On region. With the knowledge of α, NOn and NOff

one can calculate the detection significance of a source. From On- and Off-event lists or histograms

one can calculate a source spectrum. This will be discussed in Section 3.12.

The ReflectedBackground method is used within this thesis to derive reference source spectra in

the development process of the used On-Off analysis.
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Figure 3.19: Alpha map for the same run as shown in Figure 3.18.

3.11.3 OnOffBackground

Sometimes the physics case demands an On region in a size that no Off regions can be constructed

within the FoV of the run, or too many surrounding sources are within the FoV, so that no Off region

can be found. In this case background can be estimated using the OnOffBackground method. Here

Off regions are used from different runs than those of the actual observations of the source of

interest. Most of the time this is done by dedicated observation pairs. One run is taken with the

source of interest in the FoV. Immediately after the run has finished, another one is taken with as

far as possible the same observation conditions. To satisfy the source conditions the run is carried

out with exactly 30 min offset in Right ascension, which results in the same altitude and azimuth

coverage as in the On run. An example for this observation scheme can be seen in Figure 3.20. In

the scheme shown, two Off runs are taken, one immediately before the On run and one after.

For the analysis presented in this work no dedicated On-Off run pairs were taken, but runs with

matching observation conditions were searched within the whole H.E.S.S. data. The method used

to find matching runs will be discussed in Chapter 4.4. In order to produce maps with the On-Off

method, exposure and alpha maps are produced in the similar way as for the RingBackground

method.

For a spectral analysis the On events are derived from the analysis region within the On run. The

Off events are derived from an Off region with the same size, shape and relative orientation to the

observation position, however located in the FoV of the Off run.
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Due to the fact that no dedicated run pairs are used in the analysis presented in this work, a more

sophisticated method for Off event selection is discussed in Section 4.6.
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Figure 3.20: Skymap in Galactic coordinates showing the signal region (black) and the Off regions
(grey) for dedicated On-Off observations done in the Galactic Centre region. Figure
taken from Abramowski et al. (2015).

3.12 Spectrum reconstruction

From the event distributions as function of reconstructed energy derived with the ReflectedBack-

ground or OnOffBackground method one can calculate the source spectrum. There are several

methods to calculate a spectrum available within the HAP software framework. In this thesis

the Forward folding method is used. Using Forward folding, the spectrum is fitted in bins of

reconstructed energy, i.e. energy derived from the reconstruction (see Section 3.9). For simplicity

a power law, given by:

F(Etrue) = n×
�

Etrue

E0

�−Γ
(3.19)

with F(Etrue) the differential flux at the energy Etrue, n the flux normalization at reference energy

E0 and Γ the spectral index, is used as a model. In order to estimate for a given flux assumption

the number of counts in a given bin (with bin edges E1, E2) in reconstructed energy (Ereco) we

need to fold the model function with the energy migration (P) and multiply by the livetime (T)

and effective area (A):

N(Ereco) =

E2
∫

E1

∞
∫

0

P(Etrue, Ereco)× F(Etrue)× A(Etrue)× T (Etrue) dEtruedEreco. (3.20)
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For better readability, the dependence of P, A and T on different observation conditions (zenith

angle, wobble offset, azimuth angle), used analysis cuts and telescope state were left out in

Equation 3.20.

The livetime is the deadtime corrected observation time. An example for the effective area can be

seen in Figure 3.15. The energy resolution matrix can be seen in Figure 3.21. Furthermore only

events falling in the so-called safe energy range, the range where the energy bias is below 10 %,

are used in the analysis. An exemplary bias curve can be seen in Figure 3.22. Once the expected

counts for a bin in reconstructed energy are obtained, one can perform a χ2 or a Likelihood fit to

find the best values for n and Γ .

In the Dark Matter line search presented in this work a Likelihood fit is used which is introduced

in Section 4.8.

Figure 3.21: Livetime and effective area weighted Energy Migration Matrix. The abscissa shows
the log10 of the true event energy and the ordinate shows the log10 of the recon-
structed energy.

3.13 Analysis requirements - update

As discussed in Section 2.8 several requirements have to be fulfilled in order to perform a sensitive

analysis. They were formulated as:

• A good energy resolution in order to resolve a line-like signal

• High sensitivity in the GeV to TeV energy range

• Good background suppression

• Careful selection of the analysis region
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Figure 3.22: Energy Bias curve for the std_hybrid configuration. The abscissa is given in
log10(Etrue) and the ordinate in Ereco−Etrue

Etrue
. Error bars indicate the 68 % contain-

ment region of the energy resolution. In the analysis only the range where the bias
is below 10 % is used.

We have seen in Figure 3.14 that the ImPACT based analysis, using high multiplicity events only,

has a low energy resolution of about 10 % over almost the entire energy range. A large effective

area is provided above an energy of about 200 GeV (see Fig. 3.15) up to 100 TeV. This makes

ImPACT reconstruction based analysis a good choice to fulfil the first two requirements.

Several methods can be utilized to achieve background suppression and subtraction. TMVA based

γ-hadron separation provides the best separation power of the available analyses. In addition

background subtraction methods can be used to achieve a better result.

With H.E.S.S. a large data set of the inner Galactic region was taken over the past years. How this

data set can be used depends on the choice of an analysis region. The choice and its consequences

for the analysis will be discussed in the next chapter.
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Chapter 4

Development of an On-Off Analysis for

a search of Dark Matter in the Galactic

Centre

In this chapter I introduce the On-Off analysis developed and used in this thesis. Due to the fact

that no scheduled run pairs are available for the background estimation, it is necessary to search

for runs, for background estimation, with similar conditions as the runs taken in the vicinity of the

Galactic Centre.

First the choice of the analysis region for the Dark Matter search is discussed, followed by the J-

Factor calculation. Next I will introduce the chosen analysis configuration for event reconstruction

and selection, the available data set, followed by the run selection and its results, followed by the

introduction of the pairing method and the performance test of the analysis using the well known

source PKS 2155–304.

4.1 Analysis region and J-Factor calculation

In order to analyse the Galactic Centre region searching for a line-like signal from Dark Matter

annihilation it is necessary to carefully select the region to be analysed and either exclude known

sources of γ ray or provide a reliable model for them. Due to the difficulty of developing a model

precise enough for all sources in the Galactic Centre, it was decided to exclude regions with known

sources.

To be sensitive to the shape of the density profile it was furthermore decided to use several analysis

regions (On regions). Due to the radial symmetry of the tested profiles, a circular shape was

chosen with its centre at (0,0) in Galactic Coordinates. The shapes of the individual analysis

regions can be seen in Figure 4.1. The Galactic plane is excluded with a box of height 1° to account

for diffuse emission along the plane. The radius of the analysed regions is from 0.°6 to 1.°5 in steps

of 0.°1. Furthermore known sources were excluded and masked with circular regions.
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Figure 4.1: Shown is a map of the Galactic Centre in Galactic coordinates. Superimposed are the
final analysis regions used in this work. The regions are counted from small (grey,
1) to largest (black, 9). All known sources of γ ray are excluded from the analysis
regions. Figure adapted from Abdalla et al. (2017a).

To determine the J-Factor of each analysis region the squared density profile of the Dark Matter

distribution has to be integrated along the line of sight (r) and over the solid angle of the observed

region (Ω).

J =

∫

fov

∫

los

ρ2drdΩ (4.1)

The distance s of any point to the centre of the Milky Way is given by:

s =
q

r2 + s2
GC − 2r × sGC × cos(α), (4.2)

with sGC = 8.5 kpc, r being the distance of the point from the Earth and α the angle between

the considered point and the direction to the Galactic Centre. The geometry is shown in Figure

4.2. Since there is no easy analytical solution to Equation 4.1, the integration was performed

numerically. In order to find an abort criterion for the line of sight integration, different integration

depths were tested. A circular test region with radius R = 0.°5 centred at the Galactic Centre was

used. The inner part was cut out with a box of height 0.°6 to give the region a similar shape as the

regions used in the Dark Matter search. The integral along the line of sight was calculated with the

lower limit positioned at Earth and the upper limit increasing in steps of 8.5 kpc. In Table 4.1 the

results for the integration can be seen. As it turns out, the J-Factor does not change by more than

1 % after two steps. However to be conservative the integration for the analysis presented here

was done for five steps for both the NFW and the Einasto profile. In the following all integrations

will be aborted at 5×8.5 kpc.

Due to the size of the analysis region, it is not possible to find background regions within the same

H.E.S.S. FoV. This makes analysing the data using the RingBackground or ReflectedBackground
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Figure 4.2: Illustration of J-Factor integration geometry. All parameter shown correspond to
Equation 4.2.

Table 4.1: This table shows the results for different integration depths for the J-Factor. Re-
sults are given for two profiles (Einasto Cusped, NFW Cusped) and given in
1× 1020 GeV2kpc sr cm− 6. The change δJ refers to the difference to the previous
integration step.

Depth in 8.5 kpc JEinasto δJ in % JNFW δJ in %
1 0.122 455 - 0.070 858 -
2 0.243 905 99.2 0.140 999 99.0
3 0.243 933 1.1× 10− 6 0.141 029 2.1× 10− 6

4 0.243 936 1.2× 10− 7 0.141 033 2.8× 10− 7

5 0.243 937 4.1× 10− 8 0.141 034 7.1× 10− 8

6 0.243 937 <1.0× 10− 8 0.141 034 <1.0× 10− 8

method impossible. However, one can still use the OnOffBackground, where regions for background

estimation are located in special Off runs. For the analysis presented no dedicated run pairs were

taken with H.E.S.S. Therefore a procedure to find appropriate runs was developed. It was decided

to use only runs with at least 10° distance to the Galactic Centre. For the NFW and Einasto profile

this results in a J-Factor of about 10 % compared to the analysis region (see Fig 4.3) for runs with

10° distance. Due to the low Dark Matter density for distances larger than 10° the J-Factor in Off

runs can be neglected. For the isothermal profile a larger distance to the Galactic Centre is needed

in order to provide a reasonable change of the J-Factor between the On and Off region. However,

this would reduce the amount of found run pairs. Therefore only the NFW and Einasto profile are

studied. Now the J-Factor of the analysis regions (also “region of interest”, RoI) can be calculated.

The results are shown in Table 4.2.
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Figure 4.3: Dark Matter density profiles used in this work; NFW (red) and Einasto (black). As
a reference the Isothermal profile is also shown (blue). All profiles are normalized
to 0.39 GeV/cm3 at 8.5 kpc according to the Dark Matter density in the solar system
(Catena & Ullio, 2010). The gray area indicates the position of the On regions used.
The area to the right of the vertical black line, corresponding to 10° offset to the
galactic plane, shows potential Off regions.
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Table 4.2: This table shows the different On regions with their parametrization and the resulting
J-Factor in 1× 1020 GeV2kpc sr cm− 6. Only the inner ring radius is given. Each ring
has a thickness of 0.°1. The area given is corrected for excluded regions.

RoI number Ring Radius (deg) area (sr) JEinasto JNFW
Cusped Cored Cusped Cored

1 0.6 1.9039× 10− 5 1.480 0.363 0.749 0.165
2 0.7 6.5980× 10− 5 4.630 1.256 2.284 0.569
3 0.8 9.0928× 10− 5 5.754 1.727 2.775 0.782
4 0.9 1.0473× 10− 4 5.996 1.982 2.838 0.898
5 1.0 1.2014× 10− 4 6.270 2.265 2.925 1.027
6 1.1 1.3653× 10− 4 6.534 2.564 3.015 1.163
7 1.2 1.5310× 10− 4 6.753 2.862 3.089 1.298
8 1.3 1.7174× 10− 4 7.015 3.195 3.187 1.450
9 1.4 1.9200× 10− 4 7.295 3.552 3.296 1.612

4.2 Analysis software and event selection

To be able to analyse data from H.E.S.S. I and H.E.S.S. II the software version HAP-15-12-pl02 was

used. Some modifications were needed in order to perform the presented data analysis. For the

H.E.S.S. I data the cut configuration std_ImPACT_4tel_fullEnclosure version 32 was used. This

configuration takes advantage of the ImPACT event reconstruction (Parsons & Hinton, 2014) and

performs the event selection using a boosted decision tree.

For H.E.S.S. II data the configuration std_ImPACT_hybrid_4tel_fullEnclosure version 35 was used.

This configuration also takes advantage of the ImPACT event reconstruction and event selection

using a BDT.

Cuts for both configurations used in this work are summarized in Table 4.3. Cuts on the image

amplitude ensure that the analysed camera images are bright enough for a well determined

parametrisation. A cut on the local distance removes images with a centre-of-gravity position close

to the camera edge; this removes shower images that are only partly contained within the camera.

The high multiplicity cut of 4 ensures that only events with information from four telescopes at

least are reconstructed which improves the reconstruction quality. The separation of γ-like events

and background-like events is carried out by a cut on ζ BDT.

Table 4.3: Analysis cut configurations used within this work and the cuts applied to data.

H.E.S.S. I H.E.S.S. II
Configuration name std_ImPACT_4tel

_fullEnclosure
std_ImPACT_hybrid_4tel
_fullEnclosure

Configuration version 32 35
parameter cut value
Image amplitude CT1-CT4 ≥ 60 p.e. ≥ 40 p.e.
Image amplitude CT5 - ≥ 80 p.e.
Local distance ≤ 0.525 ≤ 0.525
Multiplicity = 4 ≥ 4
ζ BDT [0,0.83] [0,0.75]
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4.3 Data selection

It is important to carry out a so-called run selection to remove observations which were taken

under bad conditions (weather and/or instrument). In Section 3.7 the standard run selection of

H.E.S.S. was described. To ensure that the analysis results are as stable as possible. Additional,

more restrictive selection criteria were used within this work. These will be described in the

following.

In order to achive the best possible energy reconstruction, only events with four telescopes

participating in the data taking were analysed. This means at least four telescopes have to work

during observation. By restricting the data set to observations with low zenith angles the selected

runs have a relatively low energy threshold. The mean zenith angle of a run was restricted to be

below 40°. All runs fulfilling these requirements are considered.

Runs with their observation position within 5° around the Galactic Centre are considered as

On-Runs. All runs with a distance of at least 10° to the galactic plane are considered as Off region

candidates. This ensures that the J-Factors of the Off regions can be neglected, since they are

in the order of 1 % of the J-Factor expected in the On region. Contamination from diffuse γ-ray

emission along the galactic plane is excluded as well. The H.E.S.S. II data set was split into two

samples, one with all five telescopes participating and one with four telescopes. In the latter, CT1

was missing due to a camera upgrade taking place in 2015 and 2016. The data set for H.E.S.S. I

was taken between December 12, 2005 (run 30000) and January 2, 2013 (run 80000). The

H.E.S.S. II data set was taken from May 21, 2014 (run 94951) to March 7, 2016 (run 116872).

Table 4.4 shows the number of remaining runs after applying the standard selection criteria and

the additional cuts on number of telescopes and zenith angle.

Table 4.4: List of runs passing through standard run selection criteria and the additional cut on
zenith angle and number of telescopes.

H.E.S.S. I H.E.S.S. II 4tel H.E.S.S. II 5tel
Runs Livetime Runs Livetime Runs Livetime

On candidate 210 99.5 h 90 40.3 h 131 59.2 h
Off candidate 3147 1429.7 h 393 174.5 h 659 289.1 h

4.4 Run pairing

Due to the large size of the selected analysis region, no regions for background estimation can

be found within the FoV of the Galactic Centre observations. It is therefore necessary to find

observations (with large distance to the GC, Off run) with similar background conditions as the GC

observations (On run). In order to fulfil this requirement a procedure was developed to pair runs

from the GC region with Off run candidates. A model is developed to predict the rate of background

events depending on several observables. With the help of this model a pairing function can be

developed to find suitable Off runs for the On data set. A comparable approach was previously
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employed by Glück (2011) for a Hillas-based analysis and Jahn (2013) for a Model++ analysis1.

In both cases only H.E.S.S. I data were analysed.

4.4.1 Parameters of interest

In this section the parameters included in the pairing will be introduced. The selection of parame-

ters was influenced by the results of the previous studies.

The rate of background events depends on the observation direction, atmosphere and telescope

condition. For weather monitoring, a weather station is installed at the H.E.S.S. site, providing

measurements of temperature and relative humidity at ground. Each telescope is equipped with a

radiometer which measures the temperature of the upper atmosphere.

The state of the telescopes themselves will be characterized with the help of the muon efficiency

and broken pixel fraction. Furthermore the observation direction in zenith and azimuth and the

NSB rate is included in the study. The last parameter of this study is the event rate. This number

describes the rate of events which are read out with at least four telescopes participating. For a

study of events with high multiplicity of telescopes this number is superior to the trigger rate, due

to the intrinsic inclusion of dead time. In Table 4.5 the trigger and read-out rates for different

telescope multiplicities are shown, for a H.E.S.S. II run in which all five telescopes participated.

As one can see for stereoscopic triggers with CT1-CT5 6.5 % are read out as CT5 mono events and

0.5 % of the events are dropped. For stereoscopic triggers with CT1-CT4 about 8 % of the events

are dropped. In case of triggers with at least 4 telescopes 84.7 % are also read out in at least four

telescopes. Due to the high rate of CT5 mono events only a small fraction of events is triggered

with at least four telescopes (3.3 %). Events are read out only in not busy telescopes, resulting in

a total fraction of events with four or five telescopes of 2.8 %. For a H.E.S.S. I run this number is

17.5 % and for a H.E.S.S. II run with four active telescopes it is 1.7 % (the full tables can be found

in Appendix A).

Table 4.5: The different trigger pattern and readout pattern for all events within an observation
run with all five telescopes active (Run 95324, mean zenith angle 14°). Multi 4+
corresponds to events with at least four telescopes participating.

Trigger type Total CT5 mono CT1-5 stereo CT1-4 stereo dropped multi 4+
triggers read-outs read-outs read-outs read-outs

CT5 mono 77.7% 95.9% 0.0% 0.0% 4.1% 0.0%
CT1-CT5 stereo 18.5% 6.5% 89.3% 3.6% 0.5% 14.3%
CT1-CT4 stereo 3.7% 0.0% 0.0% 91.7% 8.3% 5.1%

Sum 100% 75.7% 16.6% 4.1% 3.6% 2.8%
Multi 4+ 3.3% 1.6% 87.4% 10.7% 0.3% 84.7%

Most of these parameters are measured or calculated continuously over the duration of a run.

However, in the study only the averaged values will be taken into account. This averaging is

done over the duration of the run and participating telescopes. The only exceptions are the muon

1In the Model++ analysis events are reconstructed by comparing the camera image with a prediction from a
semi-analytical model (de Naurois & Rolland, 2009).
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efficiency and NSB rate. Here, the averaging is only done for CT1 to CT4, and CT5 is treated

separately. These two parameters are the only ones included in the study depending on the

telescope type. In Table 4.6 all parameters included in the study are listed with their accepted

parameter range and the subsystem they are determined from.

Table 4.6: Parameters that have an expected impact on the background rate and that are studied
in this work. Also shown are the approximate value range and the origin.

Parameter Range Category

Event rate 0 Hz to 200 Hz DAQ
Zenith angle 0° to 40° Tracking
Azimuth angle 0° to 360° Tracking
Air Temperature 0 ◦C to 30 ◦C Weather station
Relative humidity 0 % to 100 % Weather station
Radiometer temperature − 60 ◦C to − 20 ◦C Radiometer
Broken pixel fraction 0 % to 10 % Calibration
Muon efficiency 0 % to 10 % Calibration
NSB 0 MHz to 300 MHz Calibration
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4.4.2 Background rate

As discussed in Section 3.11.3 the important characteristic of an On-Off run pair is that both runs

have compatible observational conditions which should lead to similar count rates for diffuse

background events. The background rate (BG rate) will be introduced in the following. Figure 4.4

shows an example of one observation and the corresponding FoV of this run. All events falling

into the FoV (for H.E.S.S. II data 1.°5 radius, H.E.S.S. I data 2° radius) and not coming from known

sources are summed. The area which is used for the calculation of the rate is the area of the FoV

corrected for excluded regions and the time used is given by the difference between the first and

the last event within a run. Since the radial dependence of the acceptance is not corrected for in

this calculation of the BG rate, it is only a reasonable value to use for runs with small excluded

regions. Therefore, all runs which exclude more than 25 % of the FoV were excluded from this

study. The BG rate is written as:

BG rate=
#events

time× area
(4.3)

The unit of the Background rate is deg− 2s− 1.

Figure 4.4: Skymap for PKS 2155–304. One exemplary pointing (red dot) is shown with the
corresponding FoV (large red circle). The excluded region extension is indicated by a
small red circle. All events falling into the FoV outside the excluded region are used
for the BG rate calculation.

Correlation between different parameters

Before the dependency of the background rate can be studied, it is important to understand whether

the parameters of interest are correlated or not. For this purpose, the correlation coefficient for

each parameter pair was calculated. For the H.E.S.S. II data set with all telescopes the results
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are summarized in Table 4.7. For the two other data sets the correlation coefficients are listed in

Appendix B.

Most correlation coefficients for this data set are reasonably low, however the correlation between

the NSB rate of CT1-CT4 and CT5 is very high with ρ = 0.85 (ρ = 0.88 for the H.E.S.S. II four

telescope data set). This is expected, since all telescopes have the same stars within the FoV. The

plot used to derive the correlation can be seen in Figure 4.5. Even though these two parameters

are so strongly correlated, they were not merged due to the fact that the NSB rate of CT5 is on

average higher than the mean rate in the small telescopes. Furthermore the correlation between

the air temperature and radiometer temperature is high ( ρ ∼ 0.6). Also the correlation of the

event rate and the mean muon efficiency in CT1-CT4 is high. This can be understood considering

that a high muon efficiency indicates that the telescopes are more sensitive and therefore able to

see more showers.
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Figure 4.5: NSB rate for different telescope types (H.E.S.S. II data). On the abscissa the rate for
CT5 is given, on the ordinate the mean rate of CT1-CT4 is drawn, both values are
from the same run. The left plot shows the data for runs with four telescopes. The
right plot shows data for runs with five telescopes. The colour scale indicates the
frequency.
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4.5 Background rate dependency study

To determine the dependency of the background rate on the different parameters, the correlation

of the rate with the parameters of interest is studied. Table 4.8 shows the correlation parameters

of all three data sets. As one can see, the correlation varies from values close to 0 to up to ρ ∼ 0.8.

However it is unclear whether the background rate only depends on the high correlation values or

the correlation is hidden for some parameters. In order to test this a function depending on the

zenith angle and event rate is fitted to the BG rate. Afterwards one can calculate the expected BG

rate from the function and draw BG ratemeasured
BG rateexpected

. This corrects the influence of the zenith angle and

event rate revealing the dependence of the remaining parameters.

Table 4.8: This table lists all studied parameters and the correlation coefficients with the Back-
ground rate. Correlation coefficients for all three data sets are listed.

H.E.S.S. I H.E.S.S. II 4tel H.E.S.S. II 5tel
event rate 0.81 0.65 0.43
Zenith angle 0.50 − 0.04 − 0.61
Air Temperature − 0.20 − 0.16 − 0.33
Relative humidity 0.10 − 0.04 0.12
Azimuth angle 0.07 0.10 0.27
Radiometer Temperature − 0.12 − 0.43 − 0.41
Broken pixel fraction − 0.20 0.15 0.02
NSB rate CT5 - − 0.30 − 0.07
NSB rate CT1-CT4 0.07 − 0.17 − 0.07
Muon efficiency CT5 - 0.10 0.26
Muon efficiency CT1-CT4 0.37 0.42 0.18

For the H.E.S.S. II set with five telescopes the dependency of the BG rate on the zenith angle and

event rate shows the existence of two regimes (see Fig. 4.6). They are indicated with ellipses. It is

unclear why the data set shows different behaviour above and below 15° zenith, however for the

study of the rate it is important to take the effect into account. In order to do so, the data set is

separated at 15° zenith. In order to model the dependence of the BG rate on the zenith angle and

event rate the data set is fitted with:

BGexp(Zenith, event Rate) =







a1 + b1 × event Rate+ c1 × Zenith if Zenith≤ 15°

a2 + b2 × event Rate+ c2 × Zenith if Zenith> 15°
(4.4)

The parameters were determined as a1 = − 4.569× 10− 2 deg− 2s− 1, b1 = 2.896× 10− 3 deg− 2,

c1 = − 5.895× 10− 4 deg− 3s− 1, a2 = − 1.375× 10− 2 deg− 2s− 1, b2 = 1.591× 10− 3 deg− 2 and c2 =
− 3.839× 10− 4 deg− 3s− 1.

To test the quality of the model the quantity BG ratemeasured
BG rateexpected

is shown as a function of the event rate

and zenith angle in Figure 4.7. As one can see in both cases the straight line fit results in a small

slope and an offset close to 1.
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Figure 4.6: Top: This figure shows the BG rate and the event rate for the H.E.S.S. II five telescope
data set. Two populations of runs are visible. Bottom: The BG rate depending on the
zenith angle is shown.
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Figure 4.7: Left: BG ratemeasured
BG rateexpected

depending on event rate of CT1-CT5 in H.E.S.S. II five telescope

data. Right: BG ratemeasured
BG rateexpected

depending on the zenith angle in H.E.S.S. II five telescope
data.

To determine the dependency of the remaining parameters, a straight line is fitted to the BG ratemeasured
BG rateexpected

as a function of the parameter. The resulting plots can be seen in Appendix C.3. One exemplary

dependency of the radiometer temperature can be seen in Figure 4.8. The slope of the line fit will

be used as a weighting for the run pairing process.

In order to describe the H.E.S.S. II data set with four telescopes, the function g (Eq. 4.5) was

used:

g(Zenith, event rate) =







a1 + b1 × event rate+ c1 × Zenith+ d1 × (event rate)2 if Zenith≤ 12°

a2 + b2 × event rate+ c2 × Zenith+ d2 × (event rate)2 if Zenith> 12°

(4.5)

The parameters were determined to a1 = − 8.125× 10− 2 deg− 2s− 1, b1 = 5.375× 10− 3 deg− 2,

c1 = − 7.107× 10− 4 deg− 3s− 1, d1 = − 3.954× 10− 5 deg− 2s1, a2 = − 2.428× 10− 2 deg− 2s− 1, b2 =
1.310× 10− 3 deg− 2, c2 = − 1.892× 10− 4 deg− 3s− 1 and d2 = 1.060× 10− 5 deg− 2s1.

The dependency plots derived with this model function can be seen in Appendix C.2. Overall the

model description is worse than in the case of the 5 telescope data set. This is probably caused

by the fact that this data set contains two different run types: one where all five telescopes were

turned on during the observation and one telescope was later discarded due to not passing quality

selection and the other one where only four telescopes were participating in the observation. This

leads to a difference in the trigger pattern and read-out pattern. Data from the first case seem to

have a larger dead time due to a telescope being removed from the data post-data taking.

For the H.E.S.S. I data set the function given in Equation 4.4 was used again. However the defini-

tion range for the two ranges is from 0° to 35° and 35° to 40°. The separation into different regimes

is less prominent than in the H.E.S.S. II data set (see Fig 4.9). However, splitting the sample im-

proved the model description. The parameters were determined as a1 = − 1.579× 10− 2 deg− 2s− 1,
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Figure 4.8: This figure shows the BG ratemeasured
BG rateexpected

dependency of the mean radiometer temperature,
for the H.E.S.S. II five telescope data set.
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Figure 4.9: Left: This figure shows the BG rate and the zenith angle for the H.E.S.S. I data set.
The value were the data set is separated is indicated by a line. Right: The BG rate
depending on the event rate is shown.
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b1 = 1.051× 10− 3 deg− 2, c1 = 1.932× 10− 5 deg− 3s− 1, a2 = − 4.083× 10− 3 deg− 2s− 1,

b2 = 1.171× 10− 3 deg− 2 and c2 = − 1.501× 10− 4 deg− 3s− 1.

4.5.1 Run pairing function

In order to pair runs from the On and Off data set one has to develop a function to describe how

well two runs match. As mentioned we are interested in run pairs with similar BG rates. With this

in mind we can construct a function comparable to a χ2-test:

S =
∑

P

w2 × (pOn − pOff)
2. (4.6)

The sum is over all parameters of interest (P) with pOn the corresponding value of an On run (pOff

for Off candidates) and S the score. In order to account for different impact of parameters and

different values a weighting w is introduced. This weighting is calculated from the slope of line

fits to the BG ratemeasured
BG rateexpected

distributions, and rescaled so that the weighting of the zenith angle is 1.

The weightings w can be found in Table 4.9. The large difference in weightings come from the

different parameter ranges (the zenith angle is in the range 0° to 40° while the Muon efficiency is

<0.1).

Table 4.9: Weighting parameters used for the run pairing. Parameters are scaled so that the
weighting for the zenith angle is 1. The unit of the weighting parameters is given in
the second column.

Unit H.E.S.S. I H.E.S.S. II 4tel H.E.S.S. II 5tel
Zenith angle deg− 1 1 1 1
Air Temperature ◦C− 1 1.5 0.17 6.4
Relative humidity - 7 0.92 1.7
Azimuth angle deg− 1 0.14 0.22 9.1× 10− 2

Radiometer Temperature ◦C− 1 3 5.65 3.4
Broken pixel fraction - 9.5× 103 1× 103 2.4× 103

event rate s 7 0.71 1
NSB rate CT5 MHz− 1 - 1.71 3.6
NSB rate CT1-CT4 MHz− 1 7 1.37 4
Muon efficiency CT5 - - 1.51× 103 6.0× 103

Muon efficiency CT1-CT4 - 6.9× 103 4.3× 103 1.4× 104

For each pair of On run and Off-run candidate the score S is calculated and the Off candidates

ordered according to score. Small values of S indicate a good agreement of the parameters of

interest. For the pairing only scores below a threshold (80 for H.E.S.S. I and 200 for H.E.S.S. II

data) are used. This is done to ensure that only runs pairs with sufficient agreement in the studied

parameters are used. Furthermore run pairs with a separation of more than 3° in zenith angle are

discarded. This ensures that the energy threshold does not change significantly between the On

and Off run. Now all On runs with only one matching Off candidate are grouped into a pair until

only On runs with several matched Off candidates remain. For On runs with several matching

Off runs the match with the lowest score is selected. After every assignment of a pair it will be
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checked if an On run which had multiple matches has only one remaining match. This procedure

maximises the amount of pairs found and at the same time minimizes the overall scores. Off runs

are only used once to prevent correlated background.

4.6 Coordinate transformation for Off events to On run coordinates

In order to be able to analyse the Off data, one has to transform the coordinates of every Off event

to corresponding coordinates within the FoV of the On run. The coordinate transformation used

in this work is given by:







x

y

z







new

=







cos(λOn) sin(λOn) 0

− sin(λOn) cos(λOn) 0

0 0 1










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cos(−βOn) 0 − sin(−βOn)
0 1 0

sin(−βOn) 0 cos(−βOn)












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0 1 0

sin(βOff) 0 cos(βOff)






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


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− sin(−λOff) cos(−λOff) 0
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








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y

z







old

(4.7)

with x , y, z the direction of an event from the Off run and λOn the Right ascension of the observation

direction from the On run and βOn the Declination. λOff and βOff are the respective coordinates of

the observation direction of the Off run. The used transformation will not lead to field rotation or

distortion of the FoV from the Off run. The disadvantage of this method is that the non-uniform

camera properties (e.g. zenith angle dependence across the FoV) are not reproduced correctly.

However, due to the pairing of runs with similar zenith angle, this effect is rather small.

4.7 Performance of the On-Off Analysis

In order to verify that the run pairing is working as intended, a test field was analysed. The chosen

source for this test is PKS 2155–304. It is a reasonable choice due to a large number of available

observations and a similar distribution in zenith angle as for the Galactic Centre. In H.E.S.S. II

data, 26 run pairs were found with 7 taken with 5 telescopes. In H.E.S.S. I 60 pairs were found.

The two important aspects of the performance test are:

• How well is the background normalised in the FoV?

• How well is the spectrum reconstructed using the On-Off technique?

In order to answer the first question excluded significance maps are produced, using the On-Off

analysis, and compared to results from the standard method (RingBackground). The second

question will be investigated by comparing the source spectrum with the result of a standard

analysis (ReflectedBackground).
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4.7.1 Low level checks

Before the high level analysis results like sky maps and spectra are produced a series of low level

checks were performed to test whether or not the run pairing works as intended. As already

mentioned the goal is to find run pairs with similar background contamination and similar energy

threshold since these are the most important characteristics in order to reconstruct a spectrum.

In Figure 4.10 the background rates of the found pairs are shown. As one can see for both H.E.S.S. I

and H.E.S.S. II the agreement in the rates is very good. In order to take differences in the energy
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Figure 4.10: BG rate for PKS 2155–304 On-Off pairs. The abscissa shows the BG rate from On
runs and the ordinate from Off runs. A straight line with BG rate (On) = BG rate
(Off) was drawn to guide the eye. Left: H.E.S.S. II data set, combining four and five
telescope runs. Right: H.E.S.S. I data set.

threshold into account, the maximum value of the threshold from an On-Off run pair is used within

the analysis. Figure 4.11 shows the energy threshold of the found run pairs. For the H.E.S.S. II data

set the agreement is very good. For the H.E.S.S. I data set the difference in the energy threshold

within run pairs is slightly higher resulting in a higher loss of statistics.

4.7.2 Skymap

The quality of significance maps can be quantified by the so-called entry distribution where all

pixel entries of a map are written into a histogram counting the frequency of significance values.

If this is done for a source-free region, within each pixel of the map the background is Poisson

distributed. If no systematic effects occur, the entry distribution has a Gaussian shape with mean

0 and width 1. However, such an entry distribution is not able to resolve gradients or clusters of

excess or deficit within a map. Therefore the actual map has to be examined as well.
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Figure 4.11: Energy threshold for PKS 2155–304 On-Off pairs. The abscissa shows the energy
threshold from On runs and the ordinate from Off runs. A straight line with Energy
threshold (On)= Energy threshold (Off) was drawn to guide the eye. Left: H.E.S.S. II
data set, combining four and five telescope runs. Right: H.E.S.S. I data set.

H.E.S.S. II

Figure 4.12 shows the significance map of the PKS 2155–304 FoV using the 26 On runs from

the found pairs of the H.E.S.S. II data set. In this case the RingBackground method was used.

As one can see, the source is detected with about 16σ. Due to the highly significant detection

fluctuations of the background are barely visible. Therefore in the following, maps with the

source excluded are shown. Figure 4.13 (left) shows the same FoV as Figure 4.12 with the source

excluded, now revealing fluctuations in the background. The map has no cluster of positive or

negative significances and does not show any unusual characteristics. The entry distribution (Fig.

4.13, right) is also featureless and a Gaussian fitted to the data is close to the expectation with a

width of 0.98 and a mean of − 0.03. Overall this map produced with the standard tools is of good

quality.

Using the On data and Off data from the runs found with the run pairing described above, we

get the map shown in Figure 4.14. This map shows a gradient along the Right Ascension axis.

The width of the entry distribution increased to 1.08 and the mean is almost unchanged with

− 0.04. By looking at a slice along the RA axis with a width of 1° centred around the source

(white borders in Fig 4.14), we can understand where this gradient comes from. Figure 4.15

shows the slice through the On map and the On exposure maps for both the RingBackground and

OnOffBackground method. The slight difference in the normalization of the exposures comes from

a difference in the normalization calculation between the different methods. Both models describe

the data well. The two bins with high deviation of the exposure model at a distance of zero from

the expected source position correspond to γ rays from PKS 2155–304. There are two more bins

visible with large deviation to the expectation curves, one left of the source corresponding to the

island of positive significance at 22h2m and − 30°30’ and the other one on the right corresponding

to the island at 21h55m and − 30°15’ For the Off map and Off exposure maps the slice can be seen

in Figure 4.16. The data points from the RingBackground method (black) are well described by
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Figure 4.12: Significance map of PKS 2155–304 produced with the RingBackground method.
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Figure 4.13: Left: Excluded significance map of the PKS 2155–304 field of view in RA-Dec
coordinates. The data used is the H.E.S.S. II data set and the map was produced by
using the RingBackground method. Right: Entry distribution of the map shown on
the left. The dashed line is a Gaussian fitted to the distribution.
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the exposure model (black line). However, the OnOffBackground data show a large deviation

from the model. Especially at negative distance values the exposure overestimates the data. This

leads to the observed gradient within the significance map.

When analysing the runs with all five telescopes and runs with one of the small telescopes missing

(four telescope data set) separately, one can see a different behaviour. Figure 4.17 on the left side

(the excluded significance map for the four telescope data set) clearly showing a gradient across the

FoV. On the right side (five telescope data set) no gradient is visible. This can be understood due

to the fact that the γ-ray acceptance for an asymmetric array is not radially symmetric; however,

this is assumed in the HAP analysis. If the telescope missing is different from run to run the effect

gets averaged out and the resulting map appears flat. In the case of the analysed data in 17 out

of the 19 four-telescope runs CT1 was missing resulting in the observed gradient. This is also

visible in the slice shown in Figure 4.18, where the data from five telescope runs (red) is well

described by the exposure model. But the data from four telescope runs shows that the exposure

is overestimating the data at negative distances from the source position. As a consequence for

the Galactic Centre analysis one has to take care that in the case of four telescope runs no array

configuration is dominant in the run pairing.
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Figure 4.14: Left: Excluded significance map of the PKS 2155–304 field of view in RA-Dec
coordinates. The data used is the H.E.S.S. II data set and the map was produced by
using the OnOffBackground method. Right: Entry distribution of the map shown on
the left. The dashed line is a Gauss fitted to the distribution.
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Figure 4.15: Slice along the RA axis of the On map (data points, see Fig 4.14) and the On exposure
maps (solid line) for both the RingBackground (black) and OnOffBackground (red)
method. All data shown here are from the H.E.S.S. II data set, including four and
five telescope runs.
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Figure 4.16: Slice along the RA axis of the Off map (data points) and the Off exposure maps (solid
line) for both the RingBackground (black) and OnOffBackground (red) method. The
maximum of the models was rescaled to 1 for better visualisation (the data were
scaled accordingly). All data shown here are from the H.E.S.S. II data set, including
four and five telescope runs.
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Figure 4.17: Excluded significance map of the PKS 2155–304 field of view in RA-Dec coordinates.
The data used is the H.E.S.S. II data set and the map was produced by using the
OnOffBackground method. Left: Runs with four telescopes only. Right: Runs with
all five telescopes.
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Figure 4.18: Slice through the off maps corresponding to the maps shown in Figure 4.17. In red
shown the data for the five telescope runs and in black for the four telescope data
set. Solid lines show the exposure prediction and points the measured number of
counts.
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H.E.S.S. I

All H.E.S.S. I tests were carried out in the same way as the H.E.S.S. II case. Figure 4.19 (left)

shows an excluded significance map for the PKS 2155–304 FoV using the RingBackground method.

The map shows no unusual features and the entry distribution (Fig. 4.19, right) is overall in good

agreement with the expectation of Poisson-fluctuated background. The mean of − 0.05 indicates

only a slight overestimation of the background.
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Figure 4.19: Left: Excluded significance map of the PKS 2155–304 field of view in RA-Dec
coordinates. The data used is the H.E.S.S. I data set and the map was produced by
using the RingBackground method. Right: Entry distribution of the map shown on
the left. The dashed line is a Gaussian fitted to the distribution.

The significance map using the On-Off technique (Fig. 4.20, left) does not show any unusual

features and is compatible with the result obtained using only five telescopes in the H.E.S.S. II data

set. The entry distribution (Fig. 4.20, right) of the excluded significance map shown in Figure

4.20 is in good agreement with the expectation.

The slice through the On map and On exposure maps can be seen in Figure 4.21. Again the

exposure curves describe the data points well. Only two points, where the counts of the source

fall in, are significantly above the curve which is expected. The Off data from the RingBackground

(Fig. 4.22, black points) are well described by the exposure curve (black line). The Off data

from the OnOffBackground (red points) show some deviation from the exposure curve, especially

close to the source position. However this deviation is still in good agreement with statistical

fluctuations.

In the cases of H.E.S.S. I the On-Off analysis gives results of comparable quality to the standard

RingBackground method, leading to the conclusion that the developed run pairing is able to find

runs with good agreement in background level.

For H.E.S.S. II data with five telescopes also a good agreement was found, however, for data with

only four telescopes it is important to have a mix of array configurations, otherwise a gradient is

observed. For the Galactic Centre analysis this has to be kept in mind.
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Figure 4.20: Left: Excluded significance map of the PKS 2155–304 field of view in RA-Dec
coordinates. The data used is the H.E.S.S. I data set and the map was produced by
using the OnOffBackground method. Right: Entry distribution of the map shown on
the left. The dashed line is a Gauss fitted to the distribution.
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Figure 4.21: Slice along the RA axis of the On map (data points) and the On exposure maps (solid
line) for both the RingBackground (black) and OnOffBackground (red) method. All
data shown here are from the H.E.S.S. I data set.
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Figure 4.22: Slice along the RA axis of the Off map (data points) and the Off exposure maps (solid
line) for both the RingBackground (black) and OnOffBackground (red) method. The
maximum of the models was rescaled to 1 for better visualisation (the data were
scaled accordingly). All data shown here are from the H.E.S.S. I data set.

4.7.3 Spectrum reconstruction

The standard spectrum fitting tool included in the HAP software is not able to perform multiple fits

simultaneously. Furthermore there are problems with the handling of the instrument response when

analysing On-Off run pairs, which were not taken dedicatedly. However both these characteristics

are needed in order to perform the Dark Matter search in the Galactic Centre presented in this

work. For this reason a tool that is able to accomplish this task was developed.

In order to perform multiple fits at once the likelihood function of each RoI is added up and

maximized (for details on the used Likelihood method see Section 4.8). The instrument response

is treated in the following way: First the energy migration matrix for the On run is calculated and

weighted with the livetime and effective area.

The counts of the Off run are scaled in each bin (i) of reconstructed energy by the ratio of livetime

and effective area from the On-Off pair:

Ni = Ni(measured)×
TOn;i × AOn;i

TOff;i × AOff;i
(4.8)

This procedure is similar to the way background counts are scaled with the help of α when using

the ReflectedBackground method.

As a last step the measured On/Off counts and weighted energy migration matrix are summed

from different runs to be able to analyse the entire data set.
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To verify that the developed fitting tool produces results compatible to the standard tool provided

by HAP, FitSpectrum, several tests were performed. For both data sets (H.E.S.S. I and H.E.S.S. II)

the same tests were performed,. Therefore they are only described with the help of the H.E.S.S. II

data set, while results for both are given at the end of this section. Only statistical errors will be

taken into account.

Some of the functions used in the developed tool are adapted from HAP. For the different tests the

source PKS 2155–304 and the above mentioned data set were used. The On data set was analysed

using the ReflectedBackground method and the spectrum was reconstructed using FitSpectrum

(this is the standard procedure and is used as a reference). Figure 4.23 shows the unfolded

spectrum points and the best fit using FitSpectrum. The spectrum was fitted with a power law

in the energy range 0.15 – 10 TeV and the best fit values were determined to be 3.160± 0.145

for the spectral index and a differential flux of (1.120± 0.175)× 10− 12 TeV− 1cm− 2s− 1 at 1 TeV

(data point “FS” in Figure 4.24). When using the developed tool, the fit is converging to the same

numbers within numerical precision (data point “M” in Figure 4.24).
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Figure 4.23: Spectrum of PKS 2155–304 using the H.E.S.S. II data set. The spectrum was fitted
with a power law using forward folding.

To test the impact of fitting multiple spectra at once, the data set was split into three zenith

bands (0 – 20°, 20 – 30° and 30 – 40°) which will later also be used for the line search. Fitting

these zenith bands simultaneously gives the result 3.200± 0.149 for the spectral index and a

flux of (1.090± 0.179)× 10− 12 TeV− 1cm− 2s− 1 at 1 TeV (data point “refZ” in Figure 4.24). Both

results are well in agreement within their statistical errors. Typical systematic errors for spectral

reconstruction are of the order of 30 % for the spectral index and 0.2 for the spectral index of a

power law (Aharonian et al., 2006c). However, it has to be noted that these errors are for less

advanced reconstruction techniques and might overestimate the expected systematics within this

analysis. With a difference of 0.04 for the spectral index and ≈ 3 % for the flux normalisation the

results are in good agreement.

The HAP code responsible for the calculation of the energy migration matrix is not able to calcu-

late the matrix for several regions in the FoV in an efficient way. Therefore an implementation
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within the developed tool was made which is able to perform this task. Using this code for the

generation of instrument responses and the On and Off counts provided by the ReflectedBack-

ground method, gives the fit result 3.110± 0.140 for the spectral index and a differential flux

of (1.130± 0.178)× 10− 12 TeV− 1cm− 2s− 1 at 1 TeV (data point “refZmyIR” in Figure 4.24). This

result is also in agreement with the previous fits. The difference comes from slight differences in

the parametrisation of the analysis region and differences in the binning used.

As the next step the On and Off counts from the ReflectedBackground method were replaced by

the output from the OnOffBackground method. The fit was performed in the three zenith bands

mentioned above and using the developed implementation of the instrument response extraction.

The fit result for the differential flux is (1.160± 0.173)× 10− 12 TeV− 1cm− 2s− 1 at 1 TeV and for

the spectral index 3.140± 0.134 (data point ”OnOff" in Figure 4.24). Compared to the standard

result this is a difference of ≈ 4 % for the flux normalisation and 0.02 for the spectral index again

in good agreement.

All fit results for the H.E.S.S. II data set are shown in Figure 4.24. As one can see, all fits are in good

agreement. The results for the H.E.S.S. I data set can be seen in Figure 4.25, all fits were performed

in the energy range 0.3 – 10 TeV. It is unclear where the difference in spectral parameters between

the H.E.S.S. I and H.E.S.S. II data set comes from. It could be that the source was in a different

state at the times of observation or some unknown systematic effect within the look-up tables is

causing the difference. Unfortunately it is currently not possible to analyse H.E.S.S. II data using

the H.E.S.S. I look-up tables. More studies are needed to answer this question.

As already seen with significance maps in the previous sections the On-Off technique and analyse

tools developed in this thesis are able to reproduce the results from H.E.S.S. standard analyses.

They will be used in the following analysis of Galactic Centre data.
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Figure 4.24: Fit results for the different fits of the H.E.S.S. II PKS 2155–304 data set. The data
point with the label “FS” is the result of the HAP software. The data point labelled
“M” is the result of my code using the instrument response and counts from the
ReflectedBackground method. The data point with the label “refZ” corresponds to the
fit performed in three zenith bands. The point with the label “refZmyIR” is the result
of a fit performed in three zenith bands using my tool for the extraction of instrument
responses. The point labelled “OnOff” is the fit result of the OnOffBackground
method. All errors shown are statistical errors only.
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Figure 4.25: Fit results for the different fits of the H.E.S.S. I PKS 2155–304 data set. The data
point with the label “FS” is the result of the HAP software. The data point labelled
“M” is the result of my code using the instrument response and counts from the
ReflectedBackground method. The data point with the label “refZ” corresponds to the
fit performed in three zenith bands. The point with the label “refZmyIR” is the result
of a fit performed in three zenith bands using my tool for the extraction of instrument
responses. The point labelled “OnOff” is the fit result of the OnOffBackground
method. All errors shown are statistical errors only.
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4.8 Development of a maximum likelihood method

In order to find the model which describes the data best, a maximum likelihood method will be

used. The basic idea behind this method is that the likelihoods to measure a set of values are

given by the product of the likelihood of measuring each individual value, assuming the measured

events are independent.

To get a rough idea: consider tossing a coin N times, where each outcome is independent of the

previous one. If it is a regular coin, we expect to see both sides N/2 times. The likelihood of a

certain outcome after N coin toss is given by the product of the likelihood of each individual toss.

Now consider tossing different coins which are marked such that the sides do not show up equally

often. Solving this problem becomes significantly harder. If we know how the coins are marked,

we can use this information again to describe the observations.

For an experiment like H.E.S.S. the coin toss represents the individual events recorded during data

taking and the marked coins represent the instrument response function which is changing with

the observation conditions.

In the following I will derive the used likelihood function and further statistical methods used in

this work. The content of this section follows mostly Metzger (2010) and Olive et al. (2014).

4.8.1 Principle of the maximum likelihood method

The idea behind the maximum likelihood method is that the likelihood to observe a set of events −→x
is given by the product of the likelihoods for each single event (x i). If all events are independent,

the unbinned likelihood function can be written as:

LD(
−→x ; M) =

N
∏

i=1

PDF(x i; M(
−→
θ )), (4.9)

where the probability to measure x i is given by the probability density function (PDF), which

depends on the model M(
−→
θ ). N denotes the number of events. By varying the model parameters

−→
θ one can find the most likely model, i.e. the one that yields the maximum likelihood. In a

counting experiment like H.E.S.S. the number of events is not a fixed value, but it is a Poisson

distributed number. Therefore the likelihood function has to be extended:

LD(
−→x ; M) =

AN × e−A

N !
×

N
∏

i=1

PDF(x i; M(
−→
θ )). (4.10)

Here A is the expected number of observed events, which is derived from the model M(
−→
θ ).

4.8.2 The likelihood function

The previously introduced likelihood function is valid for unbinned data. If the number of events

is very large, it can be advantageous to bin the data and use a likelihood function formulated in
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terms of the binned data. The likelihood to measure N events in the bin (i, j, k) can be written

as:

L (i, j, k) =
(µi, j,k)

Ni, j,k × e−µi, j,k

Ni, j,k!
, (4.11)

with µi, j,k being a prediction of the model M(
−→
θ ) in the bin (i, j, k), with i the index for bins in

reconstructed energy, j for zenith bands and k for region of interest. The likelihood function for

the entire event sample is given by the sum over the likelihoods from all bins:

LD(
−→x ; M) =

∏

i, j,k

(µi, j,k)
Ni, j,k × e−µi, j,k

Ni, j,k!
. (4.12)

In the application of this method to search for a Dark Matter signal the model M(
−→
θ ) contains two

components: one describing the background measured in the region of interest and one describing

the actual Dark Matter line signal. In the following both components are discussed.

Signal Model

As discussed in Chapter 2 a search for a line-like signal from Dark Matter annihilation was

performed. The expected photon flux in true energy is given by (see Section 2.7 for the derivation

of Equation 4.13):
dΦ
dE
=

1
4π
〈σv〉
2M2

χ

dNγ
dE

∫

fov,

∫

los

ρ2dsdΩ

︸ ︷︷ ︸

J-Factor

(4.13)

However the fit is performed in reconstructed energy. Therefore the expected photon flux has to

be forward folded. The number of expected signal counts in reconstructed energy in the bin (i,j,k)

is given by the integral:

µsignal(i, j, k) =
1

4π
〈σv〉
2M2

χ

×

E2
∫

E1

∞
∫

0

M (Etrue, Ereco)×
dNγ

dEtrue
dEtruedEreco

︸ ︷︷ ︸

i,j

×
∫

fov,

∫

los

ρ2dsdΩ

︸ ︷︷ ︸

J-Factor (k)

,

(4.14)

with E1, E2 the edges of the reconstructed energy bin (i) andM (Etrue, Ereco) the energy migration

matrix weighted by livetime and effective area. The calculation of the J-Factor was already

introduced in Section 2.7.1.
dNγ
dE is given by a delta function which is located at the Dark Matter

particle mass.
dNγ
dE
= 2δ(Eγ −mχ) (4.15)

The factor 2 comes from the fact that a pair of photons is produced in every annihilation. Therefore

the only free parameters in our model are the Dark Matter particle mass and the velocity-weighted
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annihilation cross section. In the method presented here the particle mass will be scanned in

equidistant steps leaving only the cross section as a free parameter of the signal model.

Background Model

Due to the selection of the analysis regions used within this work and the exclusion of known

sources, only background from diffuse cosmic rays is expected. Therefore it is sufficient to use

the number of measured events in the background regions from the Off runs as an estimate for

the number of background events in the On region. This means that the background model

µbackground(i, j, k) is a histogram binned in energy, zenith and RoI. The measured event distribution

has to be scaled by the difference in livetime (T) between On and Off runs and the ratio of the area

(A) of the analysis region in order to take exclusion regions into account. The expected number of

background events can then be written as:

µbackground,expected(i, j, k) = µbackground,measured(i, j, k)×
TOn

TOff
×

AOn

AOff
(4.16)

From the excluded significance maps shown in Chapter 4 we know that the background is overes-

timated and carries some additional systematic uncertainties. In order to take this into account,

the normalization of the background is taken as a free parameter in the fit, which is expected to

remain close to 1. As we have seen, the width of the entry distribution of the excluded significance

maps was not the value of 1, expected for the case of purely statistical uncertainties. Assuming a

systematic error of size σs yst to be present, the total width of the significance distribution can be

written as

σ =
Ç

σ2
stat +σ

2
syst =

Ç

1+σ2
syst, (4.17)

with the statistical error σstat set to 1. The value of σsyst will be derived from the Galactic Centre

maps before the likelihood fit is performed. In order to take this into account we can extend the

likelihood function with a nuisance term (Rolke et al., 2005). Under the assumption that the

systematic error is Gaussian-distributed, the term

LS =
1

p
2πσα

× e
− (1−α)

2

2σ2
α (4.18)

is multiplied to the likelihood, where α is the normalisation of the background and σα = σsyst the

error derived from the maps.

Construction of the likelihood function

Putting all the pieces together, we obtain the likelihood function:

L =
∏

i, j,k

(µi, j,k)
NOn;i, j,k × e−(µi, j,k)

NOn;i, j,k!
︸ ︷︷ ︸

LD(On)

×
(µb;i, j,k)NOff;i, j,k × e−(µb;i, j,k)

NOff;i, j,k!
︸ ︷︷ ︸

LD(Off)

×
1

p
2πσα

× e
− (1−α)

2

2σ2
α

︸ ︷︷ ︸

LS

, (4.19)
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where LD(On/Off) describes the measurement in the On/Off region and LS the background sys-

tematics. The model µi, j,k is the sum of the signal prediction and the background prediction:

µi, j,k = µsignal(i, j, k) +αµbackground,expected(i, j, k). (4.20)

Minimizing − ln(L ) is equivalent to maximizing the likelihood function L , but has the benefit

that the product is converted into a sum and that from a computing point of view minimizing is

easier than maximizing:

− ln(L ) =
∑

i, j,k

− NOn;i, j,k ln(µi, j,k) +µi, j,k + ln(NOn;i, j,k!)

− NOff;i, j,k ln(µb;i, j,k) +µb;i, j,k + ln(NOff;i, j,k!)

+ ln(
p

2πσα) +
(1−α)2

2σ2
α

.

(4.21)

The constant terms ln(NOn;i, j,k!), ln(NOff;i, j,k!) and ln(
p

2πσα) can be dropped since they do not

influence the position of extrema, simplifying the equation to

− ln(L ) =
∑

i, j,k

− NOn;i, j,k ln(µi, j,k) +µi, j,k

− NOff;i, j,k ln(µb;i, j,k) +µb;i, j,k

+
(1−α)2

2σ2
α

.

(4.22)

At this point the Likelihood function has three free parameters, the Dark Matter mass, the velocity-

weighted annihilation cross section and the background normalization α. The Dark Matter mass

will be scanned in range 0.178 – 23.71 TeV in 18 logarithmically spaced steps. This leaving two fit

parameters 〈σv〉 and α. To find the minimum of this equation the minimizer Minuit was used

within ROOT.

4.8.3 Test statistic and significance estimation

The question we wish to answer is: do we detect a Dark Matter signal and if yes, how significant?

This question can be answered with the help of the test statistic, which is defined as:

TS = −2 ln
supL (H1)
supL (H0)

= −2(ln supL (H1)− ln supL (H0)), (4.23)

where supL (H0) is the independently maximized likelihood of the null hypothesis (all events

are considered background) and supL (H1) the maximized likelihood of the hypothesis that the

observation is not compatible with pure background. According to Wilk’s theorem (Wilks, 1938)

the TS value is distributed like a χ2 distribution for the limit of large statistics with degrees of

freedom n = d(H1)− d(H0) = 2− 1, where d(H) is the number of degrees of freedom of the used

model. The significance of H1 is then given by Nσ '
p

TS.

At a given test mass, a value of TS ≥ 25 is taken as a discovery threshold for a putative Dark
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Matter signal. In case of TS < 25, the null hypothesis H0 is accepted, and an upper limit on the

velocity-weighted annihilation cross section is calculated.

4.8.4 Limit calculation

In order to derive upper limits for the velocity-weighted annihilation cross section the confidence

interval has to be calculated. The upper bound of a 90 % confidence interval is equal to the upper

limit at 95 %. This corresponds to ∆TS = 2.71 for the test statistic defined in Equation 4.23

with one degree of freedom. It can be calculated by scanning the equation varying the likelihood

function of H1 starting from 〈σv〉= 0 until the desired TS value is reached.

Expected limits are calculated from 1000 Monte Carlo samples generated from the measured

On and Off count distribution. For each simulated sample upper limits are derived. The median

limit is used as expected limit and from the distribution of limits 68 % and 95 % containment

intervals are calculated. In order to reduce the impact of fluctuations at high energies, where only

few events are measured, a template distribution was generated and used in the Monte Carlo

simulation. The template is the scaled mean count distribution from the measured distributions of

the nine RoI from one zenith band. Figure 4.26 shows this distribution for the H.E.S.S. II data set

in the zenith band from 0° to 20°. As one can see, the distributions have the same shape for each

RoI. Furthermore the impact of the increased statistics can be seen above 1 TeV where the shape

of the distribution is dominated by Poisson fluctuations.

Reconstructed Energy (TeV)
-110 1 10

-310

-210

-110

Figure 4.26: Measured Off-count distributions from the H.E.S.S. II data set in the first zenith band
(0° to 20°). The blue lines show the distributions from the 9 regions of interest (scaled
in order to take different exposures and areas into account). The data points are
connected by a line to guide the eye. The red points show the template distribution
with errors.
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4.8.5 Combined likelihood for H.E.S.S. I and H.E.S.S. II data

Combining measurements of different experiments is a common strategy in particle physics. It helps

to increase the statistics of a search and therefore the sensitivity. An example for the application of

such a combined analysis is the measurement of the Higgs boson at the LHC where the data taken

by ATLAS and CMS were combined (Aad et al., 2016). The two phases of the H.E.S.S. experiment

behave too differently for simple stacking of the data, however in a maximum likelihood analysis

the data sets can be combined by multiplying the individual likelihoods.

4.9 Analysis requirements - update

As discussed in Section 2.8, several requirements have to be fulfilled in order to perform a sensitive

analysis. They were formulated as:

• A good energy resolution in order to resolve a line-like signal

• High sensitivity in the GeV to TeV energy range

• Good background suppression

• Careful selection of the analysis region

As we have seen in the previous chapter the first three requirements can be fulfilled by using an

ImPACT based event reconstruction with TMVA for γ/hadron separation.

As shown in this chapter a large analysis region round the Galactic Centre can be analysed by

using the introduced On-Off technique for background estimation. With the help of a test analysis

it was shown that the developed run pairing is able to find suitable Off runs.

Due to the used likelihood method it is possible to combine data from both phases of the H.E.S.S.

experiment increasing the total livetime.

In the following chapter the results of the Dark Matter line-signal search will be shown.
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Chapter 5

Results of the Galactic Centre

analysis

5.1 Run pairing statistics

The run pairing for the H.E.S.S. I data set resulted in 98 run pairs which means that a suitable Off

run could be found for 45 % of all On runs. This results in a decrease of a factor 3 in observation

time compared to previous publications (Abramowski et al., 2013). The use of the On-Off analysis

improves the effective J-Factor (JOn − JOff) by a factor of 2-3 and further; due to the improved

high-level analysis the limits are expected to be in the same range or better. For the H.E.S.S. II

data set 77 pairs were found (34 % of all On runs have a fitting Off run). The lower fraction of run

pairs found for the H.E.S.S. II data set is due to the much smaller Off run sample. The mean zenith

angle of the runs in both data sets is ≈17°. The energy threshold is 150 GeV for the H.E.S.S. II

data set and 200 GeV in the case of the H.E.S.S. I data set. All numbers are summarized in Table

5.1. The run lists can be found in Appendix D.1.

Table 5.1: Statistics of the run pairing result for both Galactic Centre data sets.

H.E.S.S. I H.E.S.S. II
Run pairs 98 77
Observation time On 40.8 h 30.2 h
Observation time Off 43.7 h 31.4 h
Energy threshold 200 GeV 150 GeV
Mean zenith angle 16.°4 17.°4

5.2 Results of the OnOffBackground analysis

The analysis of the H.E.S.S. data was carried out as described previously. For both data sets

excluded significance maps were produced.

The H.E.S.S. I map can be seen in Figure 5.1 (left). No unexpected features are observed and
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the entry distribution (Figure 5.1, right) is well normalized with a width of 1.00 and a mean of

− 0.03. The width of 1.00 leads to a σα = 0. However using 0 in the likelihood function would

lead to a freeze of α= 1. In order to prevent this, σα is set to 0.2. This is a rather conservative

assumption.
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Figure 5.1: Left: Excluded significance map of the GC region from H.E.S.S. I data set. Right:
Entry distribution of the map shown on the left. The dashed line is a Gauss fitted to
the distribution.

The H.E.S.S. II data show a similar behaviour, the map (Figure 5.2, left) is without significant

hotspots or deficits, no gradient is observed. The entry distribution (Figure 5.2, right) has a mean

of − 0.08 and a width of 1.06. This leads to a σα = 0.35. As already seen in the test analysis of

PKS 2155–304, the used On-Off method is capable of producing maps of good quality. With these

results both data sets can be analysed without further concern.
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Figure 5.2: Left: Excluded significance map of the GC region from H.E.S.S. II data set. Right:
Entry distribution of the map shown on the left. The dashed line is a Gauss fitted to
the distribution.
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Table 5.2 shows the measured On and Off counts in every RoI for the H.E.S.S. I data set. The

fact that in every RoI more events were measured in the Off regions is partially due to the longer

observation times in these regions. This however will not lead to any problems in the likelihood fit,

since the difference in livetime is taken into account. Furthermore the background normalization

is a free parameter to account for possible differences in the background rate. The H.E.S.S. II data

set shows a similar behaviour (see Table 5.3). To ensure that the likelihood fit performs in a stable

way the data are re-binned to 8 bins per decade in energy in the spectral fit. This ensured that

even in RoIs with low statistic, every bin in the analysed energy range should have ≥5 counts.

Table 5.2: H.E.S.S. I event statistics for the different RoI. The number of Off counts is not weighted
with the livetime or effective area.

RoI number number On counts number Off counts
1 137 175
2 460 575
3 554 665
4 634 716
5 675 765
6 695 832
7 701 938
8 735 914
9 775 900

Total 5366 6480

Table 5.3: H.E.S.S. II event statistic for the different RoI. The number of Off counts is not weighted
with the livetime or effective area.

RoI number number On counts number Off counts
1 229 276
2 775 886
3 921 1178
4 1016 1198
5 1061 1281
6 1156 1414
7 1156 1342
8 1087 1427
9 1157 1419

Total 7497 10 421

5.3 Limits

For each test energy (0.178, 0.237, 0.316, 0.422, 0.562, 0.75, 1, 1.334, 1.778, 2.371, 3.162, 4.217,

5.62, 7.499, 10, 13.335, 17.783, 23.714 TeV) the velocity-weighted annihilation cross section was

fitted for both data sets individually as well as for the combined data set. The fit was repeated
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for all four considered Dark Matter profiles. No significant Dark Matter signal was found in the

analysed energy range for both H.E.S.S. I and H.E.S.S. II as well as for the combined data set.

Therefore upper limits for the velocity-weighted annihilation cross section (〈σv〉) were calculated.

Figure 5.3 shows the measured On count distribution and the expected counts (µbackground+µsignal)

for a 5-sigma line at 1 TeV.
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Figure 5.3: Count distribution for the H.E.S.S. II data set, all RoI and zenith bands are stacked.
The expected counts from background are shown in red. In blue: counts from a Dark
Matter Line with particle mass of 1 TeV with a detection significance of 5 sigma. In
black: the measured On counts.

Figure 5.4 shows the limits for all three data sets for the Cored (left) and the Cusped (right) Einasto

Dark Matter Halo profiles (see Fig. 2.16). Results for the NFW profiles are shown in Appendix

D.6. The limits at 0.178 TeV and 0.237 TeV are very close to the energy threshold (or even below

for the H.E.S.S. I data set) and are therefore subject to a large systematic uncertainty. However,

they are in agreement with previous publications. Overall the limits behave as expected. With

rising energy they improve due to the increasing effective area and livetime. Figure 5.5 shows

the effective area × livetime for two regions of interest. At the lowest energies only a fraction of

runs contributes due to their energy threshold, while at approximately 1 TeV all runs reach the

peak in effective area. At the highest energies the limits worsen again. This is due to the factor

of 1
M2
χ

in the expected γ-ray flux from annihilating Dark Matter (see Eq. 4.13). The rather large

fluctuations between neighbouring limits are due to the overall low number of counts per bin.

This can be seen when comparing the H.E.S.S. I and H.E.S.S. II limits. The fluctuations in the

H.E.S.S. II data set are much smaller due to a higher number of total counts. Most limits from the
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Figure 5.4: Upper limits on the velocity-weighted annihilation cross section assuming an Einasto
shaped Dark Matter halo profile for all three data sets. The result for the Cored profile
is shown at the top and for the Cusped at the bottom.
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Figure 5.5: Effective area times livetime of the Galcatic Centre data sets. Shown are the curves
for RoI 1 and 9. Left: H.E.S.S. I data set. Right: H.E.S.S. II data set.

H.E.S.S. II data set are less strict than the H.E.S.S. I limits. This has two reasons: a lower exposure

and a difference in how the exposure is distributed within the Galactic Centre. Due to the larger

FoV the coverage of the region of interest is better for the H.E.S.S. I data set (see Fig. 5.6). As

shown by the map for H.E.S.S. II most observations were taken above the Galactic plane resulting

in a comparably low exposure below the plane. For the H.E.S.S. I data the exposure is more evenly

distributed resulting in a better over all coverage.
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Figure 5.6: Exposure for the Galactic Centre for the H.E.S.S. I (left) and H.E.S.S. II (right) data
set. Both maps are normalized to a maximum of 1.

When combining both data sets (see Figure 5.4, red data points), the limits become more restrictive.

However, some of the limits for the combined data set are worse than the limits of the individual

analyses. This behaviour can be understood, when considering how the two individual log-

likelihood functions add up. Figure 5.7 shows examples of log-likelihood profiles for two different

Dark Matter particle masses. The top figure (mχ =3.162 TeV) shows the log-likelihood profiles for

the H.E.S.S. I and H.E.S.S. II analyses with a large offset along the abscissa. The log-likelihood

profile of the combined analysis (red) is resulting in a better limit compared to only one of the
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individual sets. In the bottom figure (mχ =13.335 TeV) the combined log-likelihood results in a

narrower profile, and, correspondingly smaller uncertainties on 〈σv〉 and therefore better limits.

This comes from the fact that the log-likelihood profile of the H.E.S.S. I and H.E.S.S. II data set

show only a relatively small offset along the abscissa.
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Figure 5.7: Log-likelihood profiles of the Galactic Centre for the H.E.S.S. I, the H.E.S.S. II and
the Combined data set are shown. The minimum of the curves was set to 0 for better
visualisation. Top: A Dark Matter mass of 3.162 TeV with the Cusped Einasto profile is
assumed. Bottom: A Dark Matter mass of 13.335 TeV with the Cusped Einasto profile
is assumed.

For all analyses expected limits were derived from simulations. For the combined data set using

the Cored and Cusped Einasto DM halo profiles they can be seen in Figure 5.8. Shown are the

expected limits and their 68 % and 95 % containment intervals. For the individual data sets as well

as for the NFW profiles the limits and expectations can be found in Appendix D.2. As expected,

the measured limits fluctuate around the mean expected limits.
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Figure 5.8: Upper limits on the velocity-weighted annihilation cross section assuming an Einasto
shaped Dark Matter halo profile for the Combined data set. Shown are measured
limits (black arrows), expected limits (black line), 68% containment interval (green)
and 95 % containment interval (yellow). The result for the Cored profile is shown at
the top and for the Cusped at the bottom.
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The fit results for the background normalisation α for both the H.E.S.S. I and the H.E.S.S. II data

sets using the Cusped Einasto profile can be seen in Figure 5.9. Only results for one Dark Matter

profile are shown due to the fact that the difference for the fitted background normalisations

between different profiles is of the order of 10−3 for both data sets. With a mean value α= 1.03

the background in the H.E.S.S. I data set is slightly underestimated. Two values at 0.42 TeV and

0.75 TeV show large deviation from the mean value. This is coincidental with up fluctuations of

the observed limits at the same energies.

In the H.E.S.S. II data set the mean background normalisation is α = 0.99. The fluctuations of the

fitted α values are smaller compared to the H.E.S.S. I data set, due to the larger statistics. Below

an energy of 2 TeV fluctuations are visible and again coincidental with fluctuations of the fitted

cross section limits.
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Figure 5.9: Background normalisation for the H.E.S.S. I and H.E.S.S. II data set assuming a Cusped
Einasto shaped Dark Matter halo profile. Shown are measured normalisation (black
dots), expected normalisation (black line), 68% containment interval (green) and
95 % containment interval (yellow). The result for the H.E.S.S. I data set is shown on
the left and for the H.E.S.S. II data set on the right.

Figure 5.10 shows the limits using the combined data set and the Cusped Einasto profile in

comparison with other analyses carried out in the past. Due to the small overlap in energy the

comparison between the Fermi-LAT limits (black points) and the limits derived in this work (red)

does not yield a lot of information. Limits above that energy are of the same order as the limits

shown by Fermi-LAT.

The limits shown by Abramowski et al. (2013) (green) are difficult to compare due to the fact that

an entirely different analysis approach was used. However, one can see that the limits derived in

this work are lower for energies above ∼1 TeV. This is probably due to the increased sensitivity by

using a larger On region which is split into sub-regions to be sensitive to the actual Dark Matter

halo profile.

A better comparison is available looking at the expected limits derived in Rinchiuso et al. (2017).

In this analysis also a likelihood approach with similar sub-RoI was used. Based on a livetime

of about 254 h, the limits are expected to be a factor of
p

3 better. For two identical analyses

the limits scale with the squared root ratio of the livetimes. However, due to the fact that a
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ReflectedBackground method was used, the Off regions contain a rather large fraction of Dark

Matter, which has to be corrected in the 〈σv〉 calculation. This can result in an increase of the

expected limits by a factor 2 – 3 depending on the exact Off region choice. There are further

differences in Further differences analysis region, and in Rinchiuso et al. (2017) the events were

analysed using Model++ and the analyses presented here are using the true energy resolution

instead of a Gaussian function (as used in Rinchiuso et al. (2017)). The observed limits are a

factor of 2 – 3 better above 8 TeV compared to the expectation of Rinchiuso et al. (2017). In the

energy range of 2 – 8 TeV the limits are of the same order. Below this energy the faster falling

effective area (due to only analysing events with four telescopes) results in worse limits. It is not

fully understood why the observed limits behave in this way.
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Figure 5.10: Upper limits on the velocity-weighted annihilation cross section assuming a Cusped
Einasto shaped Dark Matter halo profile. Fermi-LAT (black points) data are taken
from Ackermann, Ajello, et al. (2015), H.E.S.S. (green points) data are taken from
Abramowski et al. (2013), expected limits for H.E.S.S. (black line) are taken from
Rinchiuso et al. (2017). Limits for the combined data set from this work are shown
in red.

For the H.E.S.S. II data set a study was performed to investigate how a different choice of RoI

impacts the resulting cross section. For this 1000 Monte Carlo realisations of the data set were

simulated and limits were derived just using the innermost RoI, then taking the first two and so

on until all regions were analysed. This is equivalent to increasing the analysed region in steps

of 0.°1, until the region reached the size shown in Figure 4.1. This was done for the Cored and

Cusped Einasto profile. The result can be seen in Figure 5.11. The data points show the median

upper limit and the error bars indicate the 68 % containment interval for the cross section of a
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Dark Matter particle mass of 1 TeV. For the Cored profile (red) the limits decrease proportionally

to 1
r . This is expected for a constant profile due to expected limits scaling with

p
counts, which is

comparable with the dependence on livetime. The function

〈σv〉= a+
b
r

(5.1)

was fitted to the data to illustrate this behaviour. Not taken into account by this model is the

inhomogeneous exposure. However, the decrease from the innermost RoI to the outermost is

about 50 %. This should lead only to a small deviation compared to the simple model, especially

as the decrease is also smooth.
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Figure 5.11: Expected limits depending on the analysed RoI size. The data points show the
median upper limit and the error bars give the 68 % containment interval for the
cross section of a Dark Matter particle with 1 TeV mass depending on the outer radius
of the analysed region. The data points of the Cored DM profile (red) were fitted
with a function∝ 1

r (solid black line). The data points of the Cusped DM profile
(black) were fitted with a constant (grey dashed line).

For the data points corresponding to the Cusped profile (black) no simple physically motivated

model was found. To guide the eye, a constant value was fitted to the data. For this profile shape

two effects work against each other. With the increase of the RoI one would expect the limits to

improve as in the case of a Cored profile. However, due to the decreasing Dark Matter density,

the impact of regions with larger distance to the Galactic Centre is declining, until no further

improvement can be seen. This second effect is amplified due to the decreasing exposure with

increasing distance to the Galactic Centre. Taking a close look at the data one could see a hint for
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improving limits at the first four data points, however this is far from significant.

A similar study was performed in a Monte Carlo study for CTA using the ReflectedBackground

method (Römmelt, 2015), where a growing RoI was considered. Three problems arise when

comparing the results:

• Due to the different background method the effective J-Factor behaves differently.

• Only a growing (instead of multiple) RoI was considered, therefore only the average J-Factor

contributes.

• The study was performed for continuous γ-ray emission instead of line emission.

The result of this study can be seen, in Figure 5.12. As one can clearly see the shape of the limits
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Figure 5.12: Upper limits on 〈σv〉 depending on the radius of the RoI. Limits for Cusped Einasto
and NFW profiles are shown. Figure modified from Römmelt (2015).

derived in Römmelt (2015) is similar to the shape of the results for the Cored profile derived in

this work (see Fig. 5.11 red data points). This might seem odd, since different profile shapes are

used. However due to the fact that in Römmelt (2015) a growing RoI was used. The J-Factor is

with every step averaged over a larger region. Therefore it is behaving like a constant density

profile, where between the individual RoI sizes the normalization slightly changes. Which leads to

a similar behaviour as the results shown for a Cored profile in this work.
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Chapter 6

Summary

There are several ways to improve the analysis presented in this thesis. The most obvious is to

enlarge the used data set by adding newly taken data and by trying to improve the run pairing to

find more Off runs. The limit for the velocity-weighted annihilation cross section is proportional to
1p
t
. Due to the already performed optimization for the run pairing, it is not expected to gain more

than a factor of
p

2 with this improvement. The impact of additional data is hard to estimate,

since it is unknown, whether in the pairing process the new data behaves in the same way or if

additional corrections have to be applied. Due to a larger period of time from which the data

are taken, differences in the telescope behaviour because of ageing become larger. This might

introduce additional systematics.

Another possibility to improve the analysis is to combine the H.E.S.S. results with data from other

experiments. Within the maxumum likelihood analysis presented here this is possible. Fermi-LAT

as well as other Cherenkov telescopes would be good candidates for this, because they overlap in

the analysed energy range. Using Fermi-LAT data would especially improve the limits at lower

energies.

Furthermore it might be possible to create an all sky background model which can be used as a

template making the run pairing unnecessary. This would allow to use all the available data from

the Galactic Centre. However, this method would be limited by the accuracy of the background

template. The background systematics in H.E.S.S. is of the order of 1 – 2 % for the Ring- and

ReflectedBackground method. From the various skymaps shown one can assume that the systematic

of the used On-Off method is in the same order. Figure 6.1 shows the accumulated number of

counts per square degree. For H.E.S.S. II the systematic error would exceed the statistical error of

1 % after about 35 h. If in the H.E.S.S. II analysis runs with four telescopes are allowed as well,

the time will increase up to a factor of 2, due to the lower count rate with one missing telescope.

For H.E.S.S. I this limit would only be reached only after 200 h because of the even lower event

rate. This is a rather rough estimation and can easily change by a factor of two or more due to

changes in the RoI. Extending the analysis in this way would lead to an improvement of the limits

by a factor of about
p

5.

With the next generation of Cherenkov telescopes coming, namely the Cherenkov Telescope Array

(CTA), new possibilities for the search of Dark Matter arise. CTA is currently in the pre-construction
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Figure 6.1: Accumulated number of counts per square degree. The data used are the observations
included in the background study. The H.E.S.S. I data shown (red) include only
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participating. Two horizontal lines give the number of counts needed to have the
statistical error as small as a systematic error of 1 % or 2 %.
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phase with prototype telescopes being tested (CTA Consortium, 2017). It is planned to build two

arrays, one on La Palma (CTA North) and one in Chile (CTA South). The array will consist of

three different telescope types optimised for different energy ranges. This will lead to improved

sensitivity, energy and angular resolution in a range of 20 GeV to 300 TeV.

One of the major scientific topics of CTA will be the search for Dark Matter (CTA Consortium et al.,

2017). Due to a large FoV (≈ 8°) more extended RoI can be analysed using the ReflectedBackground

method with a larger effective J-Factor at the same time. It is expected that the sensitivity improves

by one order of magnitude compared to current Cherenkov telescopes like H.E.S.S. This will

improve limits by a factor of
p

10≈ 3, not taking the larger FoV into account. Further improvement

from better background rejection and more advanced analysis techniques are expected. According

to the search strategy proposed in CTA Consortium et al. (2017) it is not planned to take On-Off

run pairs with CTA. However, as shown in this work, it is possible to find run pairs for a mixed

telescope array. This leads to the conclusion that the method used in this work can also be used for

CTA data. Furthermore the science program of CTA is proposing to use a very similar Likelihood

method as used here.

In new analysis tools developed for CTA (e.g. ctools Knödlseder et al. (2016)) a full modelling of

the data is done. With the help of accurate background models such an analysis does not need

control regions for background estimation and therefore opens up new perspectives for Dark

Matter searches in the Galactic Centre allowing more possibilities for the selection of the analysis

region.
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Appendix A

Trigger

Table A.1: The different trigger pattern and read-out pattern for all events within an observation
run of the H.E.S.S. II phase with four telescopes active (Run 95625, mean zenith
angle 32°). The missing telescope is CT4. Multi 4 corresponds to events with all four
telescopes participating.

trigger type total CT5 mono CT1-5 stereo CT1-4 stereo dropped multi 4
triggers read-outs read-outs read-outs read-outs

CT5 mono 81.4% 95.6% 0.0% 0.0% 4.4% 0.0%
CT1-CT5 stereo 14.7% 7.0% 88.6% 3.8% 0.6% 11.6%
CT1-CT4 stereo 3.9% 0.0% 0.0% 52.0% 48.0% 0.0%

Sum 100% 78.9% 13.1% 2.6% 5.5% 1.7%
Multi 4 2.2% 2.4% 93.2% 4.2% 0.2% 77.2%

Table A.2: The different trigger pattern and read-out pattern for all events within an observation
run with all four telescopes active (Run 67311, mean zenith angle 18°). Multi 4
corresponds to events with all four telescopes participating.

trigger type total CT1-CT4 stereo dropped multi 4
triggers read-outs read-outs

CT1-CT4 stereo 100.0% 94.9% 5.1% 17.5%
Multi 4 19.6% 99.1% 0.9% 89.6%
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Appendix B

Parameter Correlations

Tables can be found on the following pages. Table B.1 for the H.E.S.S. II data set with four

telescopes and Table B.2 for the H.E.S.S. I data set.
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Appendix C

BG rate dependence

C.1 H.E.S.S. I data set

Plots for the H.E.S.S. I data set. All plots show one of the studied parameters on the abscissa and
BG ratemeasured
BG rateexpected

on the ordinate.

Figure C.1: Left: BG ratemeasured
BG rateexpected

depending on event rate in H.E.S.S. I data. Right: BG ratemeasured
BG rateexpected

depending on zenith angle in H.E.S.S. I data.
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Figure C.2: Left: BG ratemeasured
BG rateexpected

depending azimuth angle in H.E.S.S. I data. Right: BG ratemeasured
BG rateexpected

depending on the averaged broken pixel fraction in CT1-CT4 in H.E.S.S. I data.

Figure C.3: Left: BG ratemeasured
BG rateexpected

depending on the averaged muon efficiency factor of CT1-CT4 in

H.E.S.S. I data. Right: BG ratemeasured
BG rateexpected

depending on the averaged NSB rate in CT1-CT4
in H.E.S.S. I data.
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Figure C.4: Left: BG ratemeasured
BG rateexpected

depending on the averaged radiometer temperature in CT1-CT4 in

H.E.S.S. I data. Right: BG ratemeasured
BG rateexpected

depending on the air temperature at ground in
H.E.S.S. I data.

Figure C.5: BG ratemeasured
BG rateexpected

depending on the relative humidity at ground in H.E.S.S. I data.
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C.2 H.E.S.S. II four telescope data set

Plots for the H.E.S.S. II four telescope data set. All plots show one of the studied parameters on

the abscissa and BG ratemeasured
BG rateexpected

on the ordinate.

Figure C.6: Left: BG ratemeasured
BG rateexpected

depending on the zenith angle in H.E.S.S. II four telescope data.

Right: BG ratemeasured
BG rateexpected

depending on the air temperature at ground in H.E.S.S. II four
telescope data.

Figure C.7: Left: BG ratemeasured
BG rateexpected

depending on the azimuth angle in H.E.S.S. II four telescope data.

Right: BG ratemeasured
BG rateexpected

depending on the averaged broken pixel fraction in CT1-CT5 in
H.E.S.S. II four telescope data.

116 Appendix C BG rate dependence



Figure C.8: Left: BG ratemeasured
BG rateexpected

depending on the relative humidity in H.E.S.S. II four telescope

data. Right: BG ratemeasured
BG rateexpected

depending on the average broken pixel fraction in CT1-CT5
in H.E.S.S. II data.

Figure C.9: Left: BG ratemeasured
BG rateexpected

depending on the muon efficiency factor in CT5 for H.E.S.S. II four

telescope data. Right: BG ratemeasured
BG rateexpected

depending on the averaged muon efficiency factor
CT1-CT4 for H.E.S.S. II four telescope data.
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Figure C.10: Left: BG ratemeasured
BG rateexpected

depending on the averaged NSB rate in CT1-CT4 in H.E.S.S. II four

telescope data. Right: BG ratemeasured
BG rateexpected

depending on the NSB rate in CT5 in H.E.S.S. II
four telescope data.

Figure C.11: BG ratemeasured
BG rateexpected

depending on the averaged radiometer temperature in CT1-CT5 for
H.E.S.S. II four telescope data.
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C.3 H.E.S.S. II five telescope data set

Plots for the H.E.S.S. II five telescope data set. The slope of the line fit is the weighting coefficient

for the pairing function used to find On-Off run pairs.

Figure C.12: Left: BG ratemeasured
BG rateexpected

depending on the air temperature at ground in H.E.S.S. II five

telescope data. Right: BG ratemeasured
BG rateexpected

depending on azimuth angle in H.E.S.S. II five
telescope data.

Figure C.13: Left: BG ratemeasured
BG rateexpected

depending on the averaged broken pixel fraction in CT1-CT5

in H.E.S.S. II five telescope data. Right: BG ratemeasured
BG rateexpected

depending on the average
radiometer temperature in CT1-CT5 in H.E.S.S. II five telescope data.
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Figure C.14: Left: BG ratemeasured
BG rateexpected

depending on the average muon efficiency in CT1-CT4 in H.E.S.S. II

five telescope data. Right: BG ratemeasured
BG rateexpected

depending on the muon efficiency in CT5 in
H.E.S.S. II five telescope data.

Figure C.15: Left: BG ratemeasured
BG rateexpected

depending on the averaged NSB rate in CT1-CT4 in H.E.S.S. II five

telescope data. Right: BG ratemeasured
BG rateexpected

depending on the NSB rate in CT5 in H.E.S.S. II
five telescope data.
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Figure C.16: BG ratemeasured
BG rateexpected

depending on the relative humidity at ground in H.E.S.S. II five telescope
data.
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Appendix D

Results

D.1 Galactic Centre run lists

123



Table D.1: Galactic Centre run lists H.E.S.S. I. All runs have the telescope pattern 30.

On Off On Off On Off

32666 43372 33458 33003 31579 38277
33467 35942 34949 32493 34951 32466
38863 38480 38865 32978 38932 32459
45472 56670 45491 32463 45493 32486
32695 32517 45378 44505 47030 45977
47031 45928 47064 32465 47066 32458
50653 48333 50682 45953 50683 45998
50654 51317 58887 33006 34310 33005
33137 32979 57804 32519 58751 32980
41036 32343 34209 68518 40801 32368
63745 30906 63755 63711 74253 35935
74371 68855 74377 68484 31106 38259
31383 38169 31425 58200 32586 42817
33135 36067 33136 36068 33138 36017
33536 33004 58860 32977 38960 32959
34187 38675 34188 58424 34313 32976
34314 32405 34950 32440 34976 33114
34977 32515 35001 32973 38832 38225
38959 32464 74384 35932 67161 33002
40743 49033 40744 49031 40745 40254
40759 35556 40826 32399 40827 32438
57805 32518 58829 32488 40851 45054
40878 49009 40881 45464 40909 45247
40940 49762 40942 48204 40972 45056
41004 52025 41073 42918 41074 48352
45381 70445 47027 46158 47033 45246
50680 46454 50681 44755 58728 33008
58802 32925 58805 33172 58911 33009
58912 32492 58913 58226 58933 35933
74247 68486 74382 68485 58934 35894
58935 68517 66784 68487 67094 35892
66785 31753 66786 31760 67114 35940
67162 32974 67215 32975
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Table D.2: Galactic Centre run lists H.E.S.S. II. For all runs the analysed telescope pattern is given
in the list.

On Off On Off

95357 62 95743 62 95401 62 95147 62
96359 62 96229 62 96486 60 95776 46
96494 62 95145 62 95399 62 95193 62
96395 62 95239 62 96598 62 95194 62
96357 62 96228 62 96529 62 105860 62
96599 62 98636 62 97200 62 109205 62
97201 62 109206 62 97202 62 109208 62
96597 62 109152 62 97341 62 95745 62
96490 62 95744 62 97166 62 95496 62

106181 58 95625 46 106183 58 95627 46
106184 58 95777 46 106359 62 109204 62
97199 62 108965 62 107641 62 95294 62

109700 60 101452 58 109758 60 101453 58
109759 60 105818 58 109435 60 107531 46
109761 60 108737 58 109861 60 101481 58
106413 54 97351 58 106412 54 95774 46
110973 60 101296 58 111077 60 95631 46
95356 62 95148 62 95994 62 95293 62
96150 46 95630 46 97065 58 95779 46
96487 60 95551 46 110974 60 97131 54
96151 62 95832 62 96152 62 95833 62
96392 62 98216 62 96390 62 95324 62
96391 62 95197 62 97165 62 95150 62
97476 62 108891 62 97477 62 109151 62
97498 62 108650 62 97501 62 109036 62

106182 58 95547 46 106353 62 107488 62
106356 62 95149 62 106358 62 95198 62
106414 54 95626 46 109461 60 109670 60
109462 60 113245 60 109464 60 108738 58
109465 60 108708 54 109466 60 110243 60
109619 60 95624 46 109620 60 96687 60
109621 60 109668 60 109622 60 105855 58
109623 60 111085 60 111026 60 101073 58
109624 60 109671 60 109625 60 109672 60
109628 60 109217 58 110519 60 109669 60
110521 60 110997 60 110654 60 101323 58
110656 60 111086 60 111196 60 109770 60
111199 60 108739 58 111200 60 109828 60
111201 60 107480 60 111204 60 108712 54
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Figure D.1: Upper limits on the velocity-weighted annihilation cross section assuming a NFW
shaped Dark Matter halo profile for the Combined data set. Shown are measured
limits (black arrows), expected limits (black line), 68 % containment interval (green)
and 95 % containment interval (yellow). The result for the Cored profile is shown on
the left and for the Cusped on the right.
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Figure D.2: Upper limits on the velocity-weighted annihilation cross section assuming an Einasto
shaped Dark Matter halo profile for H.E.S.S. I data. Shown are measured limits (black
arrows), expected limits (black line), 68 % containment interval (green) and 95 %
containment interval (yellow). The result for the Cored profile is shown on the left
and for the Cusped on the right.
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Figure D.3: Upper limits on the velocity-weighted annihilation cross section assuming a NFW
shaped Dark Matter halo profile for H.E.S.S. I data. Shown are measured limits (black
arrows), expected limits (black line), 68 % containment interval (green) and 95 %
containment interval (yellow). The result for the Cored profile is shown on the left
and for the Cusped on the right.
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Figure D.4: Upper limits on the velocity-weighted annihilation cross section assuming an Einasto
shaped Dark Matter halo profile for H.E.S.S. II data. Shown are measured limits
(black arrows), expected limits (black line), 68 % containment interval (green) and
95 % containment interval (yellow). The result for the Cored profile is shown on the
left and for the Cusped on the right.
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Figure D.5: Upper limits on the velocity-weighted annihilation cross section assuming a NFW
shaped Dark Matter halo profile for H.E.S.S. II data. Shown are measured limits
(black arrows), expected limits (black line), 68 % containment interval (green) and
95 % containment interval (yellow). The result for the Cored profile is shown on the
left and for the Cusped on the right.
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Figure D.6: Upper limits on the velocity-weighted annihilation cross section assuming a NFW
shaped Dark Matter halo profile for all three data sets. The result for the Cored profile
is shown at the top and for the Cusped at the bottom.
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