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Abstract

The search for dark matter forms one of the key scientific goals in contemporary particle
and astroparticle physics. The distribution of dark matter in the Milky Way is thought to
be radially symmetric and to peak at the Galactic Centre, which makes the latter a very
interesting target for the search for dark matter. Models predict the annihilation or decay of
dark matter into standard model particles, among them gamma rays with potentially very
high energies (VHE, E > 100 GeV). In this energy regime the High Energy Stercoscopic
System (H.E.S.S.) operates, which is an array of four imaging atmospheric Cherenkov
telescopes (IACT) situated in the Khomas highland in Namibia. H.E.S.S. detects gamma
rays with energies between about 100 GeV and up to several tens of TeV. Furthermore
it has observed the Galactic Centre for over 100 hours. In this thesis an on-off-analysis
method based on the Model++ reconstruction, a new and very sensitive reconstruction
method, is developed. Detailed systematic studies are presented and used to quantify the
uncertainty of the developed analysis method. The on-off-analysis method is then applied
to the data taken on the Galactic Centre region and upper limits on the velocity-averaged
dark matter annihilation cross-section are derived.

Zusammenfassung

Die Suche nach Dunkler Materie ist eines der wichtigsten wissenschaftlichen Ziele der
modernen Teilchen- und Astroteilchenphysik. Die Verteilung der Dunklen Materie (DM) in
der Milchstrafle wird als radialsymmetrisch angenommen und hat den hochsten Wert im
Galaktischen Zentrum. Deshalb ist das Galaktische Zentrum eine spannende Region im
Hinblick auf die Suche nach Dunkler Materie. Modelle sagen die Annihilation bzw. den
Zerfall von DM-Partikeln in Teilchen des Standardmodells, darunter auch Photonen mit
sehr hohen Energien (E > 100 GeV), voraus. In diesem Energiebereich arbeitet das
High Energy Stereoscopic System (H.E.S.S.), das ein Teleskopsystem bestehend aus vier
abbildenden atmospharischen Cherenkovteleskopen ist und sich im Khomas Hochland
in Namibia befindet. H.E.S.S. weist Gammastrahlen mit Energien zwischen ungefahr
100 GeV und etwa 50 TeV nach. H.E.S.S. hat das Zentrum unserer Galaxie langer als
100 Stunden beobachtet. In der vorliegenden Arbeit wird eine On-Off-Analyse basierend auf
der Model++ Rekonstruktion, einer neuen und sehr sensitiven Rekonstruktionsmethode,
entwickelt. Desweiteren werden detailierte systematische Studien préasentiert und verwendet
um die Unsicherheiten der entwickelten Methode zu quantifizieren. Die On-Off-Analyse
wird dann angewandt um die Daten vom Galaktische Zentrum zu analysieren und obere
Grenzen an den Wirkungsquerschnitt der Annihilation der Dunklen Materie zu bestimmen.
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Introduction

The search for dark matter forms one of the key scientific goals in contemporary particle
and astroparticle physics. Measurements of the cosmic microwave background (CMB) with
the WMAP (Wilkinson Microwave Anisotropy Probe) satellite agree well with a cosmology
model containing ~ 5% baryonic (ordinary) matter, ~ 70% dark energy and ~ 25% dark
matter (Bennett et al.; 2012)). Common baryonic matter interacts electromagnetically and
can therefore be observed relatively easily. Dark matter, however, only interacts weakly
and through gravitation, therefore it is very difficult to obtain information about the nature
of dark matter.

Nevertheless, many experiments search for evidence of dark matter. These efforts include
direct searches for signals from collisions of dark matter particles with ordinary matter
particles as well as indirect searches for secondary particles originating from decaying or
annihilating dark matter in the Universe. Among those secondary particles are also gamma
rays. Theories predict gamma rays from dark matter annihilation up to the energy of the
dark matter particle mass, which could be as high as TeV energies.

An experiment searching for such very high energy (VHE, ' > 100 GeV) gamma rays is the
H.E.S.S. (High Energy Stereoscopic System) experiment. H.E.S.S. is the most successful
ground based VHE gamma-ray experiment. So far, it has observed many regions of interest
inside and outside our Galaxy. Furthermore it identified over 50 gamma-ray sources
consisting mostly of pulsar wind nebulae, active galactic nuclei and supernova remnants.
The H.E.S.S. experiment has also observed regions, where an enhanced dark matter density
is predicted, and set upper limits on the velocity-averaged cross section of dark matter
annihilation (e.g. Abramowski et al.|2011b)). In the last years a new reconstruction technique
(Model++, |de Naurois and Rolland|2009) has been developed, which results in higher
sensitivity and better gamma-hadron separation.

One of the most promising regions for the search for dark matter with H.E.S.S. is certainly
the dynamical centre of our Galaxy. The Galactic Centre region is expected to host the
highest dark matter density in the Milky Way. The Galactic Centre region also contains a
lot of other interesting astrophysical objects, such as the super-massive back hole Sgr A*.
Therefore H.E.S.S. obtained deep observations of the Galactic Centre region consisting of
over 100 hours of data. In this work these data are carefully analysed using the Model++
reconstruction in order to derive new upper limits on the velocity-averaged cross-section of
the dark matter particles.



Contents

This thesis is structured as follows:

The first Chapter reviews the subject of dark matter and motivates the analysis of
the Galactic Centre region carried out in this thesis.

The second Chapter briefly introduces gamma-ray astronomy and then focuses on
the H.E.S.S. experiment and the reconstruction and analysis technique used by the
H.E.S.S. collabration.

The third Chapter describes comprehensive systematic studies, which are conducted
in order to develop a so-called On-Off-analysis method, which is well suited for the
search for a signal from the dark matter halo of our Milky Way. This On-Off-analysis
method and its uncertainties are then also explained.

The fourth Chapter presents the results of applying the analysis to the dark matter
search in the H.E.S.S. observations of the Galactic Centre region.

The last Chapter summarises the results and gives a brief outlook.



1. Dark Matter Halo Signal from the
Milky Way

The aim of this work is to search for a gamma-ray signal from the dark matter halo in the
Milky Way. The following Chapter introduces dark matter and its properties and sheds
light on previous searches for dark matter. Furthermore the Galactic Centre region is
described as a target region for dark matter search.

1.1. Dark Matter

This Section provides an overview and introduction to dark matter. The name dark matter
was introduced to account for matter in the Universe that is non-luminous and therefore
not directly visible in observations. The existence of dark matter was claimed as an
explanation for observed gravitational effects, such as stellar velocities, that contradict
Newtonian dynamics. Besides resolving these contradictions dark matter also nicely fits in
the prevailing theory of the evolution of the Universe, the Big Bang theory. Measurements
agree quite well with the predictions of the Big Bang theory assuming a Lambda Cold
Dark Matter (ACDM) cosmology. These two main motivations for the existence of dark
matter are described in more detail in the following two Sections. In the third Section
the properties required for a particle to be a dark matter candidate are discussed and
candidates arising from theoretical models are introduced. Estimates for the dark matter
density distribution (halo) of the Milky Way are given in the fourth Section. Eventually in
the last two Sections the different searching techniques for dark matter are listed and the
searches performed by the H.E.S.S. experiment are described.

1.1.1. Evidence for Dark Matter through Gravitational Interaction

In the 17th century the Newton’s law of gravitation was introduced (Newton 1687)). The
law describes the attractive force that acts between any two point masses. In terms of a
vector field it can be described as follows:

ri—TIy
Foou =G - . —_—. 1.1
g my - My r—1, 3 ( )
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Here m; and mo are the two point masses, r; and ry are the coordinates of the two masses
and G is the gravitational constant. Later, in the early 20th century, Einstein found a more
general formulation in his theory of General Relativity (Einstein, |1916). He postulated a
connection between space-time and the gravitational field. This is summed up in Einstein’s

equations

1 8rG
Rul’ — 59;“/3 + gm,A = 7T/ﬂ,. (12)

R, is the Ricci curvature tensor, R the scalar curvature and g¢,, the metric tensor. A is
called cosmological constant. GG is the gravitational constant and c the speed of light in
vacuum. Lastly 7T}, is the energy-stress tensor.

In most cases the Newtonian law is a perfectly good approximation. Only if a system is very
massive or dense, moving at a speed close to the speed of light or if very precise measurements
are required, General Relativity needs to be taken into account. The Newtonian law is the
low-gravity limit of General Relativity.

Under the assumption that General Relativity and Newtonian gravity hold, the first hints
of dark matter were discovered in the early 1930s. Further evidence was then brought up
in the 1970s and even today more precise measurements of gravitational effects continue
to reveal even more evidence for dark matter. These historic steps are outlined in the
following.

Missing Mass

In astronomy it is common to estimate the mass of an object through its mass-to-luminosity
ratio M /L. The total luminosity can be estimated via the so-called apparent magnitude
and the distance of the object. The magnitude m is a measure for the brightness of a stellar
object as seen from Earth. The brighter an object appears the lower its magnitude. The
exact distance of a stellar object is difficult to determine but there are several methods
which can be used to estimate it. An example is a method which uses a relation between
the period and the absolute brightness of Cepheids. Cepheids are stars with variable
luminosities. Getting the absolute brightness from the relation and knowing the apparent
brightness one can then immediately estimate the distance. Another way to estimate the
distance is the cosmological redshift, which results from the expansion of the Universe. The
different methods of distance estimation are valid at different distance regimes, adjacent
and partly overlapping, such as to form the so-called cosmic distance ladder. Beside the
mass and the distance also velocities of stellar objects can be determined. This is done via
the Doppler effect, i.e. with the loca]ﬂ redshift or blueshift of the objects.

With these techniques in 1932 J.H. Oort determined the velocities and the masses of stars
moving near the Galactic Plane (Oort, [1932)). When inserting his results into the laws of
gravity he found a marked discrepancy between the depth of the gravitational potential
arising from the mass of the luminous objects and the proper motion of the individual
stars: their velocities were too high for the stars to actually be gravitationally bound.

1"Local“ in contrast to the global cosmological redshift.
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Hence the stars should escape the system. However, no stars escaping the Milky Way were
observed and Oort concluded that there might be more mass than that of the luminous
objects. But he also strongly attenuated this statement by suggesting alternative solutions,
namely an 85% absorption of the light from the Galactic Centre due to dust or other matter
in between or an error in the velocity measurements. In the following year, though, F.
Zwicky made similar observations on a much larger scale (Zwicky}, 1933). He was analysing
observations of extragalactic objects in order to study their redshift — not the redshift due
to the Doppler effect but the cosmological redshift which has its origin in the expansion of
space. Zwicky described different implications of the redshift in his paper (Zwicky, 1933) in
1933. In Section 5 he focuses on the Coma cluster and its velocities. In the Coma cluster he
noticed a large scatter in the values determined for the velocities of the different galaxies
in the cluster. He therefore made an Ansatz calculating the mass of the cluster with the
virial theorem assuming the system being in a stationary state. Using the mean kinetic
and the mean potential energy, (Ekin) and (E,.t) respectively, the virial theorem states the
following;:

(Biin) = 5 (Bpor) (1.3)

Zwicky assumed that the mass in the cluster is distributed homogeneously and set the
radius of the cluster to approximately R = 1.0 - 1061y = 10%* cm. Then the cluster contains
800 galaxies each with a mass of about 10° M. This yields a total mass of M = 1.6-10% g.
Inserting this into the gravitational potential Zwicky found the potential energy
3 M?

Eyt)=—G- — 1.4

(Brot) = =2 G (14)
with G being the gravitational constant. Inserting this into Eq.[I.3] and solving for the
mean velocity v he obtained

v =80kms . (1.5)

This is in contrast with the measurement, where a mean velocity of 1000 kms~! was

determined. In order to get the measured velocity the mass on the right hand side of Eq.[I.3]
has to be about 400 times larger than the total mass assumed above. Zwicky concluded
that this clearly indicates the existence of a large fraction of dark matter in the cluster.
He emphasised that even in the case of non-equilibrium dark matter is needed. Otherwise
taking the laws of gravity the galaxies in the cluster would fly apart with high velocities,
because of the missing gravitational pull to hold them together. But he dismissed this
suggestion because no single galaxy with such a high speed is observed. A few years later
in 1937 F. Zwicky published a paper dedicated to the derivation of the mass of clusters
(Zwicky, 1937b). There he demonstrated two more techniques besides the virial theorem
to determine the mass. He stated again that the mass-to-luminosity ratio can only give a
lower limit on the absolute cluster mass and only with other techniques the missing mass
due to dark matter is revealed.

Summarising, already in the early 1930s it became clear that there are large discrepancies
between the results of the different mass determination techniques of gravitationally bound
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objects. The mass derived via the luminosity is lower than the mass expected due to the
motion in gravitational potentials. A potential solution to this problem is the existence of
so-called dark matter, which is not visible in optical astronomy. During the 20th century a
lot more wavelengths became accessible to us, but dark matter is still not visible in any of
them. Hence dark matter is assumed not to interact electromagnetically but only weakly.

Rotation curves

Although the results from the 1930s indicated that dark matter might exist, it was not until
the 1970s that measurements provided new hints. It was at this time when the accuracy in
the measurement of spectra from stars and other objects increased sufficiently to be able to
derive the rotation curves of galaxies. This was shown by V. Rubin and colleagues for the
Andromeda Nebula (Rubin and Ford, |1970). Later they went on to publish results on 21
different galaxies (Rubin et al., [1980)):

They used the Doppler effect on the Ha line of the observed spectra to determine the radial
velocities of stars in the galaxies. From this they inferred, under the assumption of circular
orbits around the centre of the galaxy, the rotational velocity of the stars. Since individual
stars are indeed too faint, regions of hot gas were chosen. In Fig.[I.1] the rotation curves
for the 21 galaxies are shown (Rubin et al., [1980). Due to gravitation and the Keplerian
laws the stars and the gas in the galaxies are expected to be on Keplerian orbits around

the centre of the galaxy. The velocity of the objects should then fall off as ~ \/; with the

distance r to the centre of the galaxy. This follows directly from the assumption that the
centripetal force related to the rotational velocity equals the gravitational force related to
the masses of the objects:
GM
v(r) = . (1.6)

r

v is the rotational velocity, G the gravitational constant, M the mass within a certain
radius (< r) around the centre and r the distance to the centre. For the motion of the

planets around the Sun in our solar system this \/;—dependence of the velocity is observed.
The green dashed line A in Fig.[I.1] shows this dependence. The rotational velocities of

regions further away from the galaxy centres should decrease with \/g . But this behaviour

is not visible in the data, as shown in Fig.[I.I} This led V. Rubin to the interpretation that
the mass distribution in the galaxies must be different from the distribution of the luminous
material. The flat or even rising rotation curves can be explained by requiring more mass
also in the outer parts of the galaxies. As such masses are not seen in any observations the
rotation curves are considered a further evidence for dark matter.

Gravitational lensing

Already in Einstein’s publication on General Relativity (Einstein, 1916) a further effect,
namely the deflection of light by a gravitational potential, was predicted. The deflection
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Figure 1.1.: Rotation curves for 21 different galaxies as taken from |[Rubin et al.| (1980)). Overlaid
are the expected behaviour of a rotation curve as a green dashed line (A) and the
trend as obtained from the combined measurements as a red dashed line (B).

angle of light coming from the general direction of the Sun was measured shortly after
during a solar eclipse in 1919 (Dyson et al., |1920). The measurement agreed well with the
value that Einstein had predicted. Therefore the measurement of this deflection angle was
a first validation of General Relativity. After this the effect of the deflection of light — or
gravitational lensing, as it is also called — was further studied in theory. Many different
phenomena were predicted, among them image distortions, such as Einstein Rings, arcs or
multiple images (for an introduction to gravitational lensing the reader may consult, e.g.,
Narayan and Bartelmann (1996])). The basic principle of gravitational lensing is illustrated
in Fig.[1.2l There the deflection of light rays from a distant galaxy by a massive galaxy
cluster is shown.

Even though many theoretical predictions of gravitational lensing existed, only in 1979 a
lensed astronomical object was identified for the first time (Walsh et al.. |1979)). The object
observed was a quasar (Q09574561). It appeared as two spatially separated quasars in
the observation. But the spectra of both objects were remarkably similar. That is why
discoverer D. Walsh proposed the two quasars might just be the same object gravitationally
lensed and multiplied. Later the almost identical lightcurves (corrected for offsets in time
and magnitude) of the two quasar images showed beyond a doubt that they were the
first detected gravitationally lensed image. From then on gravitational lensing became an
observational science. One example for luminous arcs and arclets also due to gravitational
lensing is shown in Fig.[1.3] There a Hubble Space Telescope (HST) image of the Abell
cluster is visible. All the phenomena described so far are due to so called strong lensing.
Of course light is also deflected when passing through inhomogeneous mass distributions.
The effects are similar to the ones described above but are manifested on a much smaller scale.
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galaxy cluster

Figure 1.2.: Illustration of gravitational lensing. All the indicated light paths represent deflections
by the massive galaxy cluster in the centre of the image. The orange light paths are
the ones detected on Earth and lead to the observation of two images of the lensed
galaxy. Image credit: NASA, ESA, L. Calcada

Measurements are not detailed enough to see this effect in individual images. Nevertheless,
with statistical methods it is possible to determine such effects. This is called weak lensing.
In between strong and weak lensing there is also microlensing, which is mostly used to
search for localised clumps of matter, such as MACHOS (massive compact halo objects)
like faint stars or planets or dark matter clumps.

The important point in all the lensing scenarios is that from a lensed image properties of the
lens can be obtained, especially the mass distribution of the lens. Therefore lensing surveys
are used to search for non-luminous matter, like planets or dark matter. A special case that
promotes dark matter very nicely is the so-called Bullet Cluster (Clowe et al., 2006)). This
cluster actually contains two clusters which collided some time ago. With observations in
the optical, radio and X-ray band it was possible to locate the luminous parts, like gas and
molecular clouds that had interacted in the collision. At the same time lensing studies of
objects behind the cluster were able to determine the distribution of the significant amounts
of mass in the collided system. A combination of the two results is shown in Fig.[I.4] The
red regions in the image indicate the luminous material seen in X-rays and the blue regions
are the regions where according to the lensing most of the mass should be located. It is
obvious that the different coloured regions are well separated. This is attributed to the fact
that the visible matter interacts and therefore stays near the collision site, while the dark
matter only interacts weakly and therefore flies just through. Hence also for the separation
of matter in the Bullet Cluster dark matter offers a straightforward explanation.
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Figure 1.3.: Hubble Space Telescope image of the Abell 2218 cluster of galaxies. Lensing effects
such as aclets are visible. Image credit: NASA /ESA.

1.1.2. Cosmological Evidence

We have already seen that many observations of gravitational effects show that there might
be a non-luminous (not electromagnetically interacting) kind of matter, namely dark matter.
Additionally it turns out that also in cosmology dark matter fits in nicely. A promising and
simple model of cosmology is the Lambda Cold Dark Matter (ACDM) cosmology model.
The ACDM cosmology model is a parametrisation of the Big Bang model. A here stands
for a cosmological constant — frequently attributed to so-called dark energy — and cold dark
matter is dark matter with certain properties. The ACDM cosmology model describes the
evolution of the Universe from the Big Bang until today. There are several measurements
testing the parameters of cosmological models. The results of these measurements are
well described by the ACDM cosmology model where non-baryonic dark matter plays a
significant role. This is further described in the following.

Introducing Cosmological Parameters

A key element of the Big Bang theory is General Relativity, which was already mentioned
in Section The other important concept for the Big Bang theory is the Cosmological
Principle. It assumes that the Universe is homogeneous and isotropic. A homogeneous
Universe looks the same from anywhere and an isotropic Universe looks the same in any
direction. Thus, no location in the Universe is in any way special. These two assumptions
have been tested with experiments by making large surveys of the visible Universe. In
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Figure 1.4.: Optical image of the Bullet Cluster. The X-ray signal is overlaid in red and
the mass located via lensing is overlaid in blue. Image Composite Credit: X-
ray: NASA/CXC/CfA/ (Markevitch, 2006), Lensing Map: NASA/STScl; ESO
WFTI; Magellan/U.Arizona/ (Clowe et al., 2006)), Optical: NASA/STScI; Magel-
lan/U.Arizona/D.Clowe et al.;

Fig. the results of such a survey, namely the 2dF Galaxy Redshift Survey (Colless
et al., 2001)) are shown. There the positions of 62559 galaxies and their redshift are plotted.
According to these measurements the assumption of homogeneity is valid on large scales.
The best evidence for the isotropy of the Universe is probably the measurement of the
cosmic microwave background (CMB) which was first measured by the COBE (Cosmic
Background Explorer) satellite (Smoot et al., |1992)). The CMB is uniform down to a scale
of 1075 K. The CMB is also important for constraining other parameters from the Big Bang
theory as will be described later.

The Cosmological Principle and General Relativity are the pillars on which the Big Bang
theory rests. Furthermore Hubble’s discovery, dating from the late 1920s, that the Universe
is expanding (Hubble, [1929) is taken into account by the theory. A metric complying
with all these conditions is the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric,
which was described mathematically by Robertson and Walker in the 1930s (Robertson,
1935)), (Robertson, [1936al), (Robertson, [1936b) but also derived from Einstein’s equations
by Friedmann (Friedman| 1922), (Friedmann, (1924)) and independently by Lemaitre around
1927 (English translation published some years later, (Lemaitre] [1931) Pl The metric solves
Einstein’s equations [1.2| and allows for a homogeneous and isotropic expansion of the

2The metric is sometimes also called Robertson-Walker or Friedmann-Lemaitre metric, but in the following
the democratic name FLRW metric is used.

10
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Figure 1.5.: Results of the 2dF galaxy redshift survey (Colless et al., [2001). Image taken from
http://magnum.anu.edu.au/~TDFgg/.

Universe. From now on ¢ = 1 will be used. The metric reads

dr?

2 2 2 _

+ r2de)?, (1.7)
with scale factor a(t) = R(t)/Ry and k being an integer defining the curvature. The
solutions one obtains from inserting the FLRW metric into the Einstein equations (Eqn.
are called the Friedmann equations (Friedman), 1922)). One of these equations relates the

Hubble parameter H = g = % to the curvature k& (not an integer here) and the density pm

of the Universe. )
R 871G Ak
H==]| =— - - 1.
(R) 5 Mt T (18)

The parameter A can be interpreted as a vacuum energy or — as Einstein phrased it — a
cosmological constant. Now the critical density pe.i;, which is the density at which the
curvature of the Universe is zero (k = 0) when A = 0, is defined as

3H?
crit — S~ 1.9
Perit R (1.9)
With the critical density a further density parameter €2 is defined.
Q=" (1.10)

)
Perit
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where p is the total density. With these definitions it follows that for

Q>1 = k>0 (1.11)
Q=1 = k=0 (1.12)
Q<1 = k<O (1.13)

The different values of the curvature correspond to an open (k > 0), closed (k < 0) or
flat (kK = 0) Universe. Splitting €2 into individual components arising from matter (2y),
curvature (€) and vacuum energy (24) and taking Eq.[L.§ at ¢ = ¢, (today) gives

1= O+ Qy + Q. (1.14)

One of the key questions in cosmology today concerns deriving the values of these different
density parameters. The ACDM cosmology model requires non-baryonic dark matter and
the matter density €2\ can be further divided into the baryonic matter density {2 and the
dark matter density Q2py. Therefore measuring these parameters reveals information about
the composition of the Universe. In the following the results of several experiments which
help to constrain the density parameters are given.

Constraints from CMB, BAO and Type la Supernovae

The Wilkinson Microwave Anisotropy Probe (WMAP) measured the changes in the CMB
in the range of uK, see F ig.. Recently the full WMAP data set comprising 9 years of
data has been analysed and the results are summarised in Bennett et al.| (2012) and Hinshaw’
et al] (2012)). In Fig.[l.6(b)| the temperature angular power spectrum (TT) is shown. The
red curve is a fit of a ACDM cosmology model to the data. From this fit the values of the
density parameters can be determined. The results for the density parameters obtained in
Hinshaw et al| (2012) are listed in Table [I.1] The results show that the contribution of
dark matter to the total density is in the order of 24%, whereas the baryonic matter only
accounts for about 5%. [

Other constraints on the density parameters come from the measurements of type la
supernovae. The type Ia supernovae serve as “standard candles” for the determination of the
distance in astronomy. With measuring the redshift and the luminosity of the supernovae
limits on 4 and €y can be derived. In 1999 measurements of supernovae type la gave
evidence that the expansion of the Universe is accelerating (Perlmutter et al. 1999). This
corresponds to a positive A term in Eq.[I.8 or a positive Q4. This density is associated with
the so-called dark energy. In Kowalski et al.| (2008) a large set of type Ia supernovae was
analysed. The results for the limits of Q5 and €y are shown in Fig.[1.7]in blue.

3In early 2013 also the first results of the Planck satellite, which also measures the CMB, were published
(Planck Collaboration et al., [2013)). There “with respect to pre-Planck values” they “find a weaker
cosmological constant (by 2%), more baryons (by 3%) and more cold dark matter (by 5%)”.
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Figure 1.6.: @ The results of nine years of WMAP data. Image taken from http://map.gsfc.
nasa.gov/media/121238/index.html. The nine-year temperature angular
(TT) power spectrum taken from Bennett et al.| (2012).

Table 1.1.: Results from the fit of a 6 parameter ACDM cosmology model to the nine-year
WMAP angular power spectrum data. Values taken from Table3 and for € from
Section 4.5 in [Hinshaw et al.| (2012).

density parameter 9-year WMAP

O 0.0463 + 0.0024
Qpu 0.233 & 0.023
O 0.721 + 0.025
O —0.03710 545

Additionally constraints derived with other techniques are included in Fig.[I.7] In orange
the constraints from the WMAP measurements, though just for the seven year data set, are
shown, whereas in green the constraints from measurements of baryon acoustic oscillations
(BAO) are shown. BAO are periodic density variations in the baryonic matter density,
which are due to acoustic waves existing in the early Universe. The BAO can be determined
when studying large scale structures, an example is given in |[Eisenstein et al. (2005). In
[Kowalski et al| (2008) the combined constraints (visible in Fig.[1.7) show that the Universe
is probably flat (€ = 0.0107391915-50¢) with a matter density of Qy = 0.285T397010-011,

Constraints from Big Bang Nucleosynthesis
Very shortly after the Big Bang the Universe was very hot. It was too hot for atoms to form.

But as the Universe expands it also becomes cooler and protons and neutrons started to
form deuterium nuclei and after that also helium-3, helium-4, lithium, and beryllium nuclei.
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20

Figure 1.7.: Combined constraints on the density parameters 2 and Qy; from CMB, BAO and
type la supernovae measurements. Image taken from |Kowalski et a1.| (]2008[).

This process of the formation of elements, which took place in the very first minutes after
the Big Bang, is called nucleosynthesis. It was first discussed in |(Gamow (1946), |Alpher
and inAlpher et al. (1948). For a recent review of Big Bang nucleosynthesis see
Section 22 in [Beringer et al| (20122). The rate at which the elements are formed depends
on the baryon density of the Universe. With the baryon density decreasing due to the
expansion of the Universe the formation process slows down. Finally after some minutes no
more free neutrons are available for nucleosynthesis, because the lifetime of the neutron
is only about 15 minutes and the formation of the elements stops. The amount of the
light elements, which are formed in the early Universe, depends on the expansion rate of
the Universe, which depends on the overall matter density {2y, and the baryonic density
Qp of protons and neutrons. Today it is possible to measure the abundances of these
light elements. The measurements agree well with the predictions from ACDM cosmology
models, see Fig.[1.8] The ACDM cosmology model predicting the measured abundances has
a much smaller baryonic density (g than total matter density (2. This further promotes
the existence of dark matter and also that it is non baryonic.
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Figure 1.8.: The predicted and measured abundances for the light elements. The baryon density
is given on the top axis. The coloured lines are the model predictions and the
rectangular boxes are the measurements (white) with errors (yellow). Image taken
from http://pdg.1bl.gov/2012/figures/bbn_11.eps.

Structure Formation

In Fig.[I.5] the positions of many galaxies according to their redshift are shown and they
appear homogeneous on large scales. However, when taking a closer look the galaxies
are arranged in some kind of filament structure. How this structure and the structure
of the galaxies evolved from the Big Bang is studied in large N-body simulations. It is
assumed that the structure seen today is due to quantum fluctuations in the dark matter
density in the early Universe. These fluctuations are then blown up in scale by inflation
(for a review see Linde| (2008))), a rapid expansion of the Universe. The structure forms
around the gravitational potentials of the perturbations. The N-body simulations take some
simple initial conditions and evolve them to today’s complex structure. One of the largest
simulations so far is the Millennium simulation (Springel et al., 2005). There a ACDM
model is assumed and 10 billion dark matter particles, each with a mass of about 10? M,
are simulated. How well this simulation works is shown in Fig.[1.9(a)] The results of the
Millennium simulation are compared to measurements from the 2dF galaxy redshift survey
(Springel et all 2006). In Fig.[1.9(b)] a result of the Millenium simulation for the structure
of dark matter galaxies, which correspond to visible galaxies, is shown. The simulation
agrees very well with the measured structure, which further supports the ACDM model
and the existence of dark matter. Another even more recent simulation is the Aquarius
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simulation, see Springel et al.| (2008al) and |Springel et al.| (2008b). From the simulations
also information about the distribution of the dark matter today can be gained, which will
be discussed later in Section [L1.4l

Figure 1.9.: @ The results from the Millennium N-body simulation in red and measured results
in blue for the 2dF galaxy survey. Image taken from [Springel et al.| (2006). In [(b)]
the distribution of galaxies over their redshift resulting from the simulation is visi-
ble, taken from http://www.mpa-garching.mpg.de/galform/virgo/millennium/
seqD_063a_half. jpg

1.1.3. Dark Matter Candidates

The measurements and models, described in the Sections before, not only nicely motivate
the existence of a dark matter particle, they also already imply most of the properties
a dark matter particle candidate must have. Combining the different assumptions and
results from above it is clear that the following must hold for a particle to be a dark matter
candidate:

e Most essentially the particle must not interact electromagnetically or strongly but
only weakly,

e and it must be stable in order to provide the right matter density today.
Further requirements of the dark matter particle candidate are that
e it should be rather massive, otherwise it might have been discovered already,

e and it should be cold or cool, i.e. moving non-relativistically (v < ¢) in order to allow
for structure formation.
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1.1. Dark Matter

A specific kind of particles that fulfil all of the four criteria are called WIMPs (weakly
interacting massive particles) and are among the most promising candidates for dark matter.
In the following it is shortly discussed why dark matter candidates in the standard model
are not sufficient to describe all the phenomena of the previous Section. After that dark
matter candidates beyond the standard model are introduced with focus on WIMPs in
supersymmetric theories.

In the Standard Model of Particle Physics

The standard model of particle physics consists of 18 particles and their antiparticles.
These are divided into three generations or families of quarks and leptons, plus the force
carrier particles (the gauge bosons) and the Higgs particle. The names of the standard
model particles and their spin are listed in Table on the left. A short look at the
conditions above (only the first two) immediately shows that only the neutrinos are viable
dark matter candidates. They are neutral and only interact weakly with a very small
cross section. Indeed the standard model neutrinos do contribute to the non-baryonic dark
matter. Their masses are not precisely known and found to be much smaller than those
of any other standard model particle (e.g. Beringer et al.| (2012b))), and hence also their
contribution to the dark matter density Q2py is limited. Furthermore because of their low
mass neutrinos may travel relativistically, almost with the speed of light. Such fast moving
dark matter particles, so-called hot dark matter (HDM), are difficult to include into the
structure formation process because they erase structures at small scales.

Other candidates are the massive compact halo objects (MACHOS) already mentioned
before. However, they can not account for the dark matter required to coincide with the
results described above, see, e.g., Tisserand et al.| (2007)).

Nevertheless in models beyond the standard model various dark matter candidates exist.
Why such extensions of the standard model are needed in general, not only to come up
with dark matter candidates, is shortly motivated at the beginning of the next Section.
Then models beyond the standard model and the dark matter candidates arising from these
are introduced.

Beyond the Standard Model

Despite the fact that the standard model of particle physics agrees very well with the
results of many experiments, there are also problems which the standard model cannot fully
address. Next to the need for a dark matter candidate there are, e.g., also the hierarchy
problem, the strong CP problem and the unification with gravity (for a short description of
these problems the reader may consult e.g. |[Langacker| (2003))).

The hierarchy problem can be solved elegantly by introducing of a new symmetry between
fermions and bosons — the so-called ”supersymmetry”. In supersymmetry also a dark matter
candidate arises quite naturally. Therefore the next Section is devoted to the concept of
supersymmetry (the description follows the first Sections of Martin| (1998))).
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Supersymmetry and Supergravity

Supersymmetry is a theory based on a hypothetical new symmetry between fermions and
bosons. For each fermion the theory supposes the existence of a bosonic partner, and vice
versa. The so-called “superpartners” are connected via a supersymmetric transformation.
This can be expressed in terms of an operator ) acting either on a fermionic or bosonic
particle:

@|Boson) = |Fermion), Q|Fermion) = |Boson) (1.15)

Since standard model particles cannot be superpartners to any other standard model particle,
the number of particles doubles with the introduction of supersymmetry. The superpartners
of the standard model particles are listed in Table [[.2] The naming convention is the
following: bosonic partners get an additional ’s’ at the beginning of the name (e.g. electron
— selectron), fermionic partners get the suffix 'ino” appended to the name (e.g. photon —
photino).

Table 1.2.: The standard model particles and their superpartners in case of the minimal extension
of the standard model.

Standard model Name Spin  Superpartner Name Spin
Vey Vyy Vs Neutrinos % Vey Uy, Ur Sneutrinos 1
e Electron % 2 Selectron 1
I Muon % [ Smuon 1
T Tauon % T STauon 1
w,d,s,c,t,b Quarks % @,d,5,¢,6b Squarks 1
vy Photons 1 o Photino %
A Z-Boson 1 Z Zino %
W+ w- W bosons 1 W+ W- Winos :
g Gluons 1 g Gluinos %
H H{ ,HI HY Higgs 1 I H; HY.H?  Higgsinos :

Without further requirements the masses of the supersymmetric partner particles would
be degenerate with those of the standard model particles. However, such particles have
not been found experimentally and therefore the masses of the superpartners must be
different from the standard model masses, i.e. supersymmetry has to be broken. This can
be achieved by adding a soft breaking term L to the supersymmetry Lagrangian Ly
(for details the reader may consult |Martin| (1998])). The soft breaking leads to masses of
the superpartners heavier than the standard model masses.
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1.1. Dark Matter

Another problem, though, is that with supersymmetry, as defined so far, proton decay
becomes possible with a lifetime inconsistent with lower limits from experiments (e.g. Nishino
et al.[ (2009))). A solution is provided by introducing a new quantum number called R-parity
and imposing its conservation. The R-parity is defined as

R = (_1)3-(B—L)+QS (116)

where B is the baryon number, L the lepton number and S the spin of the particle. With
this definition every supersymmetric particle automatically has R = —1 and every standard
model particle R = 1. The conservation of R-parity then implies that the product of
R-parities R; at each vertex of a Feynman diagram equals 1: [[R; = +1. With this
condition the decay of the proton mediated by a supersymmetric particle is forbidden.
With this the lightest supersymmetric particle (LSP) naturally emerges as dark matter
candidate. In the following only the case where the LSP is the so-called neutralino is
considered. The term neutralino denotes a linear mixture of the eigenstates of the Bino B,
the Wino W and the neutral Higgsinos H 9 ﬁ[g. Due to R-parity and energy conservation
the neutralino is stable. Furthermore it is neutral and only weakly interacting. While
it is stable, the neutralino can annihilate, because it is a Majorana particle, i.e. its own
antiparticle. This makes the neutralino a perfect dark matter candidate and the products
of the annihilation process can be searched for in experiments.

In order to obtain predictions for the properties and signals from the annihilation of
supersymmetric dark matter one can use elaborated software (e.g. the darkSUSY package
(Gondolo et al.,2004)). The predictions are mostly obtained for the minimal supersymmetric
and the minimal supergravity model (MSSM and mSUGRA, respectivly). The MSSM is a
model where the overall number of parameters (105) in supersymmetry is reduced to seven
parameters. mSUGRA is a further extension of supersymmetry including gravity. It also
contains the neutralino as dark matter candidate. mSUGRA only takes five parameters.
Nevertheless also for mSUGRA many different potential models exist and predictions can
again be obtained with darkSUSY (Gondolo et al., 2004)). In the following Sections the focus
will lie on supersymmetric (neutralino) dark matter, but for completeness some alternative
models and dark matter candidates are listed, as well.

Other extensions to the standard model

Besides supersymmetry many other ways to extend the standard model of particle physics
exist. A lot of these extensions also contain potential dark matter candidates. In the
following two other dark matter candidates apart from the supersymmetric neutralino are
introduced.

e In the Kaluza-Klein theory (first discussed by Kaluza (Kaluza, 1921)) and Klein (Klein,
1926)) the existence of universal extra dimensions (UED) is assumed. The underlying
idea was to unify gravity with electromagnetism. Again, similar to supersymmetry,
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the lightest Kaluza-Klein particle (LKP) serves as a good dark matter candidate.
Searches for supersymmetric dark matter are often also sensitive to Kaluza-Klein
dark matter, because the products from the decay or annihilation of Kaluza-Klein
dark matter are essentially the same as from supersymmetry.

e Another dark matter candidate are axions. Axions are particles postulated by a theory
from |Peccei and Quinn| (1977) invented in order to solve the strong CP problem.
In contrast to the LSP and the LKP the axion is lighter than all standard model
particles. It is supposed to exist in a so called hidden sector of the standard model,
which only very weakly interacts with the standard model particles. The axion can
be included in the standard model and could also have a massive supersymmetric
partner. So far no signal of axions has been found.

No dark matter

A completely different approach to the problem of dark matter independent of the standard
model of particle physics is the MOND (modified Newtonian dynamics) theory (Milgrom,
1983). There Newtonian gravity is altered in such a way that it can account for the
observations of rotation curves of galaxies without the need of additional mass. Hence in
MOND theories no dark matter at all is needed.

1.1.4. Dark Matter Halo

In the previous Sections the existence of dark matter was motivated and potential dark
matter candidates were introduced. Now the question arises how the dark matter is
distributed in the Universe. In the following two formulas for the dark matter density in
galaxies are introduced.
Usually the dark matter forms a halo around the centre of a galaxy. Several observational but
also theoretical methods enable us to estimate the distribution of dark matter. Measurements
of rotation curves of galaxies can be used to infer the characteristics of the dark matter
halo. A phenomenological shape of dark matter halos that agrees with many observations is
p(r) o Po (1.17)

B=x
r\7Y r\* o
@) 1+
with 7 being the radial distance to the centre of the galaxy and a a scale parameter. py is
a normalisation and in case of the Milky Way is chosen such that the density at Earth is
p(r = 85kpc) = 0.39 €%, For a = 1.0, # = 3.0 and y = 1.0 the Navarro-Frenk-White
profile (NFW profile (Navarro et al., [1996))) is obtained. This profile has a scale factor of

20kpe < a < 30kpe for a galaxy of similar size as the Milky Way. The NFW profile was
derived from N-body simulations (Navarro et al., [1996)).
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1.1. Dark Matter

The most recent N-body simulations of structure formation are the Aquarius (Springel
et al 2008a) and the Via Lactea II project (Diemand et al., 2008). For Milky Way like
galaxies the Via Lactea project found a halo comparable with the NF'W profile, but the
results from the Aquaruis project favoured a different shape: The Einasto profile (Einastol,

1965)). It is defined as
2 r\“
= S— — ] —1]. 1.18
ot = meo | -2 ((£) 1)) (119

In the Aquarius simulation a value of & = 0.17 was found. The normalisation pq is chosen
in the same way as above.

Compared to the NFW profile the Einasto profile is less steep towards the centre of the
galaxy, see Fig.[.1I0(b)] Nevertheless the density is highest in the galaxy centre also for the
Einasto profile. In the simulations by Springel et al.| (2008a)) and |Diemand et al.| (2008])
especially the influence of subhalos, i.e. smaller local halos inside the galaxy, on the overall
halo was studied, but found to be very small (Pieri et al.. [2011). The shape of the density
distribution is determined by the main halo around the centre. An example of such a main
halo for a Milky Way like galaxy as it results from the Aquarius project (Springel et al.
2008D)) is displayed in Fig.[1.10(a)]

There are also other dark matter halo profiles, e.g. the Moore profile (Moore et al., [1998)),
which corresponds to a = 1.5, § = 3.0 and v = 1.5 in Eq.[I.17] Essentially the profiles all
agree well with the general shape of Eq.[I.17] In the following only the profiles fitting the
recent results by [Springel et al. (2008a)) and Diemand et al. (2008) are used.

1.1.5. Dark Matter Searches

So far no dark matter particle has been identified but there are many experiments searching
for dark matter. Two different approaches are used to search for hints of dark matter
particles. One way is to search for dark matter dierctly. The method is called direct
because the primary interaction between dark matter particles and other particles is studied.
In contrast to this indirect searches for dark matter focus on the detection of secondary
particles from the annihilation or decay of dark matter. These two methods are described
further in the following.

Direct Detection

In direct dark matter searches it is tried to measure the recoil energy of a target nucleus which
was hit by a dark matter particle. This is a very difficult task because of the extreme level
of background rejection typically required in such experiments. Therefore these experiments
are usually conducted deep underground and further use elaborate shielding techniques
to reduce the background. The target material of the experiments varies from crystals to
cyroliquids, common choices are Germanium and/or Silicon (EDELWEISS (EDELWEISS,
2013), CoGeNT (COGENT, 2013), CDMS (CDMS| [2013))), (thallium-doped) sodium
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Figure 1.10.: l@] The 2d main halo of a Milky Way like galaxy as it results from the Aquarius
simulation. Image taken from arxiv version of |Springel et al.| (2008b)). [(b)| Plot
of the two different density profiles described in the text, which are assumed to
describe the dark matter density in the Milky Way. The black dashed lines indicate
the dark matter density at the position of the Sun.

iodide (DAMA /Nal, DAMA /LIBRA (DAMA| 2013)), and also liquid Xenon (XENON10,
XENON100 (XENON| 2013)). In case of no signal upper limits on the nucleon-WIMP
cross section between the dark matter particle and the nuclei of the target material are
obtained. Results form the above mentioned experiments are shown in Fig.[I.11] Two of
the experiments (DAMA and CoGeNT) have already claimed detections (e.g. in |[Bernabei
et al.| (2010) and |Aalseth et al.| (2011))). These experiments search for an annual modulation
signal, which can be interpreted as dark matter. However so far their results have not been
confirmed by other experiments.

Another direct way to search for dark matter is the creation of dark matter particles at a
collider. With the start-up of the LHC, an interesting mass range addressed in many models
has become accessible. The measurement idea is the following: Dark matter particles created
in the collisions would escape the detector and the missing energy would be registered.
So far only upper limits on the supersymmetric parameter space have been determined
(for a summary the reader may consult Beringer et al.| (2012c)). Nevertheless these limits
already constrain the supersymmetric parameter space significantly and for the simplest
models to fulfil all experimental constraints the masses of the dark matter particle have
to be quite high (>500 GeV). Additionally a Higgs particle with a mass around 126 GeV
(ATLAS Collaboration Aad et al., [2012) strongly restricts the supersymmetric parameter
space, see e.g. |Arbey et al.| (2012).
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Figure 1.11.: Results (upper limits on or confidence regions for the nucleon-WIMP cross section
depending on the hypothetical WIMP mass) from different experiments searching
directly for dark matter. In the lower part also cross sections predicted by models
are indicated (grey regions). Image from |Aprile et al. (2011).

Indirect Detection

Beside the direct searches for dark matter also indirect searches exist. It was mentioned
before that dark matter candidates, e.g. neutralinos, are annihilating and the products of
this annihilation can be searched for. The main annihilation products used for indirect
detection are gamma rays and neutrinos. Additionally also electrons, positrons and other
standard model particles can be created in the annihilation process. An overview of the
particles that can be created in such a neutralino annihilation, is shown in Fig.[1.12] Many
different annihilation channels exists and the products of these channels further decay as
indicated in Fig.[I.12] A peak was found in the cosmic ray electron spectrum which could be
explained with dark matter (Chang et al. 2008). However, subsequent measurements with
smaller experimental uncertainties failed to confirm the earlier findings ((Aharonian et al.
2009a)), (Abdo et al. [2009)). Also an excess in cosmic-ray positrons (Adriani et al., 2009)
recently confirmed by the Alpha Magnetic Spectrometer (AMS) on the International Space
Station (Aguilar et all 2013) can be interpreted in terms of dark matter e.g.
(2008). Additionally neutrino telescopes (IceCube (ICECUBE] 2013), ANTATRES
(ANTARES] [2013)) search for dark matter. Finally also from gamma ray observations, by
e.g Fermi or by imaging atmospheric Cherenkov telescopes (IACTs) like MAGIC, VERITAS
and H.E.S.S., upper limits on the cross sections of WIMPs are derived (for a review see
(Bringmann and Weniger}, 2012)). More details on the upper limits derived from observations
conducted by the H.E.S.S. experiment will follow in the next Section.
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Figure 1.12.: Overview of the all the potential outcomes of a neutralino annihilation. Image
credit: Sky & Telescope / Gregg Dinderman

1.1.6. Dark Matter Searches with H.E.S.S.

H.E.S.S. (see Section 3.2.) is an experiment which detects very high energy (VHE > 100 GeV)
gamma rays. When dark matter annihilates also gamma rays are produced, see Fig.[{1.12]
For neutralinos y there are in general three annihilation channels which lead to gamma
rays:

* XX — 775
° XX — 72",
e and the continuous gamma rays, which are secondary products from other annihilation

products, mainly from neutral pions.

The first two processes can lead to a monochromatic line signal, peaked around the mass
of the neutralino. However, the number of photons from these processes is rather small
compared to the number of photons from the third process. In general the expected
integrated continuous gamma ray flux due to dark matter annihilation in the galaxy at a
detector on Earth is

/—dE < J.AQ)A0. (1.19)

astrophysms
partlcle physics

The individual contributions to Eq. will be introduced in the following:

e The first term is the integral over the energy of the differential flux due to the physics
of the dark matter particle

do 1 (ov) [ dN
—dE = —— [ —dF 1.2
/EdEd dn M2 /EdEd : (1.20)
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with (ov) being the velocity-averaged total cross section into gamma rays and M,

being the mass of the dark matter particle. % is the yield of the gamma rays

or the spectrum of gamma rays per annihilation. For neutralino dark matter two
parametrisations of the gamma ray yield are given here: The Bergstroem spectrum

(Bergstrom et al., |1998) and the Tasitsiomi spectrum (Tasitsiomi and Olinto, [2002).

dN. 0.73
< 'Y) = e—7.8:v (121)
dE’Y bergstr T2

dN, 5. 10 5 . 5 s

— = Opbgp— _Zpag 243 1.22
(dE'Y)tasitsi 4x2 " 3 Qx o 12]: 2 ( )

1\%' Both parametrisations represent featureless spectra, see Fig.|1.13(a)|

However, in Bringmann et al.| (2008) additional contributions to the spectrum (and also
to the monochromatic line) due to bremsstrahlung are discussed. These contributions
could lead to a peak feature in the spectrum and yield even higher fluxes than the
two parametrisations above. With the darkSUSY software spectra including the
internal bremsstrahlung contributions for individual models can be calculated. The
contributions from internal bremsstrahlung are strongly dependent on the choice of
the supersymmetric model and vary from almost zero to quite significant values, see

Fig. [LI3(D)
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Figure 1.13.: The different parametrisations for spectrum from dark matter annihilation @

The spectrum with internal Bremsstrahlung contributions for a benchmark model
(BM1) @ Image @ taken from Bringmann et al.| (2008)).

e The second term of Eq.[1.19| takes into account the dark matter density p(r) along
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1. Dark Matter Halo Signal from the Milky Way

the line of sight (l.o.s.) and the opening angle AQ of the detector:

J(1,AQ) = ﬁ /A e /1 P ((0))dl (1.23)

Here v is the radial distance to the Galactic Centre in radian.

From Eq.[1.19)is follows immediately that the flux is highest for the regions where the dark
matter density is highest. Therefore it is straightforward to search for a signal from dark
matter annihilation in such regions. The Milky Way and especially its centre is clearly one of
the favoured regions and it will be considered further in the next Section. Besides the Milky
Way also local dwarf galaxies are supposed to have high dark matter densities with profiles
similar to the one of the Milky Way. H.E.S.S. observed the Sgr Dwarf (Aharonian et al.,
2008), (Aharonian et al., [2010), the Canis Major (Aharonian et al., 2009¢) and the Carina
and Sculptor galaxies (H.E.S.S. Collaboration et al., [2011). Furthermore galaxy clusters,
which are also supposed to have high dark matter densities, were observed (Abramowski
et al., 2011a), (Abramowski et al., [2012b). No dark matter signal was found and upper
limits on the velocity-averaged cross section were obtained. In Fig.[I.15] recent upper limits
are shown.

In case of the above mentioned dwarf galaxies and galaxy clusters no considerable astro-
physical background (a gamma ray source) is in the field of view. This, however, is different
for the Galactic Centre, as will be discussed in the next Section.

1.2. Dark Matter and the Galactic Centre

Considering the overall dark matter density throughout our Galaxy, the highest value is
assumed to be reached at the Galactic Centre, see also Section[l.1.4 Therefore it naturally
is a very interesting target for the search for dark matter. However, the Galactic Centre
region also contains many individual astrophysical objects. In the following a short overview
of the Galactic Centre region is given with a focus on the very-high-energy observations by
H.E.S.S.

1.2.1. The Galactic Centre Region

In the following the term “Galactic Centre region” refers to the innermost region of the
Galaxy up to about 600 pc in longitude and 200 pc in latitude. This falls within a single
field of view of the H.E.S.S. T cameras. The main objects in the Galactic Centre region are

e Sgr A region
e Sgr A*

e Molecular clouds
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1.2. Dark Matter and the Galactic Centre

The Sgr A region as well as Sgr A* were originally detected as a single radio source (Balick
and Brown, |1974). But with improving resolution several other emission regions associated
with different objects became distinguishable (for an overview see |Goldwurm (2008)), among
them an SNR shell and giant molecular clouds. Sgr A* is the counterpart of a supermassive
black hole (SMBH) at the dynamical centre of our Galaxy. From the interplay of these
objects high-energy gamma radiation is expected, but because of the density of the objects
source identification is complicated. The molecular clouds offer an efficient target region
for cosmic rays accelerated at the Galactic Centre.

In the VHE regime gamma ray emission from the Galactic Centre was observed by Whipple
(Kosack et all 2004) and CANGAROO (Tsuchiya et al., [2004)) and in 2003 by 2 telescopes
of H.E.S.S. (Aharonian et al., |2004a). The location of the source was found to be consistent
with the position of the SMBH Sgr A* (Acero et al., 2010). The VHE source is called
HESSJ1745-290 from now on. Deeper observations showed that besides HESSJ1745-290
there is another point source in the Galactic Centre region: The supernova remnant
(SNR) G0.94-0.1 (Aharonian et al. 2005). Furthermore, also diffuse emission was detected
(Aharonian et al.; 2006¢), see Fig.. The diffuse emission is elongated along the
Galactic Plane around the Centre. The diffuse emission might be due to the molecular
clouds and gamma rays propagating through the interstellar medium. However no conclusive
understanding of the origin has been reached so far.

1.2.2. H.E.S.S. Dark Matter Searches at the Galactic Centre

When the source HESSJ1745-290 was discovered, it was tested, whether the source could
be due to annihilating dark matter (Aharonian et al., 2006a). However, the spectrum
extends to energies well above 5TeV and a dark matter particle with such a high mass
is not favourable. Hence the source is most probably originating from another emission
process. Therefore the source HESSJ1745-290, the source G0.94-0.1 and the region with
diffusive emission have to be excluded from an analysis which searches for a dark matter
signal. In spite of these large excluded regions in the field of view (FoV) it is still possible to
analyse the remaining region and this was done in |H.E.S.S. Collaboration et al.| (2013) and
Abramowski et al. (2011b). In both publications searches for a signal from the dark matter
halo are performed. In H.E.S.S. Collaboration et al. (2013)) a spectrum from the Galactic
Centre region, with the source at the centre and the Galactic Plane (up to a lattitude of
b = £0.3) excluded, is searched for peaks or line like signatures, which are predicted from
dark matter annihilation (annihilation into two gammas or a gamma and a Z° boson with
internal bremsstrahlung). With this upper limits are achieved, see Fig..

Furthermore since the H.E.S.S. experiment has a large FoV of 5° the dark matter density
changes significantly in a single FoV — from the highest density (100%) at the centre to
lower values (< 50%) 2.0° away from it. Therefore regions near the Galactic Centre (inside
a 1° radius) are compared to regions away from it (in a ring between the radii 1.2° and 2.0°)
but still in the same FoV - hence from the same observation. The region near the centre
serves as target region and the region away from it is used for background estimation. The
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Figure 1.14.: l@] The Galactic Centre region at radio wavelengths in RaDec coordinates. The
Galactic Plane runs from the top left to the bottom right corner. Many of the
individual objects in the crowded region are labelled. Image from |Kassim et al.
(1999). In [(b)] the same region in very high energy gamma rays in Galactic
coordinates is shown. Here the Galactic Plane runs horizontally from left to right.
In the lower image the two point sources visible above have been subtracted and
the diffuse emission becomes visible. Image from Aharonian et al.| (2006c).

selection of the regions is described in more detail in |/Abramowski et al. (2011b)). From this
analysis an upper limit can be derived, see Section[l.1.6 However, also in the region away
from the Galactic Centre a signal due to dark matter annihilation is expected, because
of the non-vanishing dark matter density, see the inlay in Fig.[I.16] This signal has to be
taken into account when deriving the upper limit.

The results of both analyses are depicted in Fig.[1.15] The question now remains how to
improve these upper limits. An idea is to compare the region at the Galactic Centre to
regions far away from it (with radii > 2.0°) with almost vanishing dark matter density.
This would reduce the expected signal in the background region and could lead to a lower
upper limit. However, then no longer the same FoV - and therefore no longer the same
observation - can be used to obtain the gamma rays in the target and the background
region. This is illustrated in Fig.[I.16l There it is also indicated that the different regions
might have been observed under different telescope positions (pointings). The efficiency
of the detector and hence the number of expected gamma rays though, depend on the
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Figure 1.15.: m Upper limits on the velocity-averaged cross section from neutralinos into
continuous gamma rays obtained in searches for a v-ray signal from the dark
matter halo of the Milky Way and from other regions with high expected dark
matter densities. The green squares are cross section values from supersymmetric
models. In @ upper limits on the velocity-averaged cross section from neutralinos
into two gamma rays (xx — 77y) from a search for peaks in the spectrum of the
Galactic Centre region are shown. Images from Abramowski et al. (2011b)) and
H.E.S.S. Collaboration et al.|(2013).

telescope position, therefore systematic effects enter the determination of the target and the
background gamma ray counts. Furthermore also a change in other observation conditions,
like e.g. the weather, implies systematic effects. All these effects need to be understood very
well in order to produce a reliable upper limit. The understanding of these systematics was
therefore one of the main aims of this work. Additionally the standard H.E.S.S. analysis so
far only uses data from a single FoV to determine the target and the background gamma
ray counts. A further aim was therefore the implementation of an analysis using regions
from different FoVs for this determination.

In the next Chapter the basics for VHE gamma ray astrophysics are described and
detailed information on the H.E.S.S. experiment is given and the calibration and analysis
techniques used are introduced.
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Figure 1.16.: Illustration of the observation principle aimed at searching for a signal from the

30

dark matter halo in the Milky Way. On top of the dark matter density profile
of the galaxy potential observation positions are drawn. It is indicated that for
the different positions different telescope configurations (pointings) are used. The
inlay on the right is a zoom inside the FoV centred on the Galactic Centre (GC)
region. It is visible that the dark matter density is highest in the potential target
region (white circle), but also in the background region up to the edge of the FoV
(black circle), as used in |Abramowski et al.| (2011b)), the density is not negligible.
Hence particular off regions (grey circles) separate from the Galactic Centre have
to be chosen in which the dark matter density is negligible.



2. Very High Energy Gamma Ray
Astronomy with H.E.S.S.

In 1912 Victor Hess discovered the first hints for the existence of cosmic rays. He measured
the ionisation of the atmosphere at high altitudes during seven balloon rides , ,
see Fig. His measurement, visible in Fig, showed an increase in the ionisation
rate with increasing altitudes. Hess emphasised that this is best explained by a radiation
coming from space to Earth and penetrating Earth’s atmosphere.
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Figure 2.1.: @ Photograph of Victor Hess surrounded by onlookers before one of his balloon
rides. Image credit: University of Innsbruck/Hess Society. In @ the ionisation
rate as measured with one of his three detectors and averaged over a total of seven
balloon flights is plotted. The data are taken from Table. 3 in .

Today it is well established that radiation from the cosmos reaches Earth. This cosmic
radiation consists of charged particles, such as electrons, protons and heavier hadrons, but
also of photons and neutrinos. The latter two are neutral and therefore travel to Earth
uninfluenced by interstellar magnetic fields. Hence they are searched for in order to locate
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2. Very High Energy Gamma Ray Astronomy with H.E.S.S.

sources of cosmic radiation. In the following the search for cosmic ray photons is described
a bit more.

Photons can be observed over a very large energy range from radio (E ~ neV) over infrared
(E ~ meV) up to very high energy (VHE) gamma rays with £ > 100 GeV. However not
for all energies the direct detection on the ground is possible. This is illustrated in Fig.[2.2|
There the opacity of the earth’s atmosphere at different energies is shown. VHE gamma
rays (as well as X-rays) do not reach the ground, because they are entirely absorbed in
the atmosphere. A solution are space based observatories, which proved very successful as
e.g. the Large Area Telescope (LAT) on board the Fermi satellite (Atwood et al., [2009).
However, due to the limited payload on a satellite also the effective area of the detector
is constrained, and as the gamma ray flux decreases with increasing energies, there is a
natural upper limit to the energies, detectable with a satellite experiment for reasonable
observation times. For Fermi, which covers the highest energy range among space-based
observatories to date, this limit is in the range of about 100 GeV. To observe also VHE
(E > 100 GeV) gamma rays a much larger effective detection area is needed, and this can
only be achieved in ground-based experiments. Indeed the observation of VHE gamma
rays on the ground is possible, because the interaction of the gamma rays in and with the
atmosphere leads to air showers, which emit Cherenkov light. The Cherenkov light can
then be measured and the properties of the particle that initiated the air shower can be
reconstructed.

100%
50% -} W/NVIJ\/_\/‘LL /
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1%&mma X-Rays Optical Infrared Microwave Radio
ays

Atmospheric
Opacity

energy

TeV GeV  keV meV neV

Figure 2.2.: Transparency of the Earth’s atmosphere at different energy ranges.

The following Sections explain in more detail how the Cherenkov light is generated in
the air shower and how the detection principle works. After that the H.E.S.S. experiment
and its reconstruction and analysis techniques are described.
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2.1. The Detection of Air Showers
2.1. The Detection of Air Showers

2.1.1. Air Showers

Whenever a VHE particle enters the atmosphere it initiates a particle cascade, in which its
energy is deposited. Usually such a cascade starts at a height of about 10 km to 20 km. In
these particle cascades or air showers various mechanisms take place. If the primary particle
is a VHE gamma ray the main processes above the critical energy are pair production and
Bremsstrahlung. The critical energy FE.. is defined as the energy at which the losses for the
charged particles (e+ and e-) due to Bremsstrahlung and to ionization become equal. Below
the critical energy the shower dies out fast because of ionization and atomic excitation. A
schematic development of an air shower above the critical energy with a gamma ray as
primary particle is depicted in F ig. There the development of the shower according
to the simple model of Bethe and Heitler (Bethe and Heitler, 1934) is shown. In this
model only Bremsstrahlung and pair production are considered. Furthermore the radiation
length X for both processes is assumed to be equal. The primary gamma converts after
one radiation length into an electron-positron pair, each carries half the energy Ej of the
primary gamma. After another radiation length the electron and the positron each emit
a photon due to Bremsstrahlung. The photon now carries half the energy of the electron
(positron). The following properties of the shower can be obtained from this model:

e After n radiation lengths the shower contains N(n) = 2" particles, each with energy
E(n) = EO <27,

e The depth d,.x of the maximum of the shower in units of radiation lengths can be
determined from the condition, that the energy at d.. is equal to the critical energy.
Then d,. is given by dpax = %

Eo
Ecrit ’

Now in Figl2.3(b)] a shower is sketched for the case where the primary particle is a hadron.
There not only electromagnetic interactions take place but also other processes, like e.g.
the generation of pions. The hadronic shower can be divided into different components, an
electromagnetic component (containing e.g. photons from decaying neutral pions as well as
muons from decaying charged pions), a strong mesonic component (containing mesons) and
a strong nucleonic component (consisting of nucleons (N, P, n, p)).

e The number of particles Ny, in the shower at the maximum depth d,ay 18 Npax =
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primary -~y

primary| hadron

Figure 2.3.: The schematic development of particle showers in the atmosphere for two different
primary particles. In @ a sketch of a shower according to the Bethe Heitler model
with a gamma as primary particle is shown. In @ a shower with a hadron as
primary particle is sketched.
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2.1. The Detection of Air Showers

2.1.2. Cherenkov Light

In the particle cascades of both air showers many charged particles are created, which have
still very high energies. Therefore these particles move faster than light in the surrounding
medium (air), which leads to the emission of Cherenkov light. The Cherenkov light is
emitted under a fixed angle O, see Fig2.4(a)] O is determined by the refractive index of
the medium (air) n,; and the speed of the particle v:

c 1

Najr =V /8 * Najr

cos O¢ = (2.1)

The largest angle O¢ max is reached for an ultrarelativistic particle (v =~ ¢) and is determined
by the refractive index n.; of the surrounding medium only:

1

oS O¢ max = (2.2)

Furthermore cos ©¢ must not be larger than 1, therefore the minimum energy E,.;, of a
charged particle, at which Cherenkov light can still be emitted, is

) moc?

= Ymin * MoC = ﬁa

where my is the mass of the charged particle. Therefore light particles, like electrons, are
responsible for most of the Cherenkov light.

The Cherenkov light from an air shower (from all the charged particles in the shower, that
have energies above the minimum energy F..,) is emitted in a light cone, in which the
light is distributed homogeneously around the shower axis (with a radius between 80m to
100m for a gamma-ray primary particle, see, e.g./Funk| (2005) Section 2.1.2). This light
cone illuminates a certain area on the ground, as illustrated in Fig.[2.4(b)] The Cherenkov
light from the air shower can then be recorded with a telescope positioned inside this light
pool. More on the detection of the Cherenkov light follows in the next Section.

Erin (2.3)

2.1.3. Detection Principle

It was mentioned in the previous Section that a telescope can be used to measure Cherenkov
light of air showers. The telescope essentially consists of a reflector, which focuses the
Cherenkov light of the air shower onto the camera. This is sketched in Fig2.5], where three
light paths from different parts of the shower are drawn. Furthermore on the right the
resulting image in the camera is indicated. There the image points corresponding to the
three light paths are again highlighted. It is important that this imaging technique is angle
preserving, and therefore the image is undistorted. However, the measurable Cherenkov light
is merely a light pulse, only in the order of 10 to 100 ns. Therefore any camera measuring
the Cherenkov light must be able to handle very short exposure times. Furthermore the

35



2. Very High Energy Gamma Ray Astronomy with H.E.S.S.

=
\\\\N\‘\\\\
A

N

(a) (b)

Figure 2.4.: In @ the development of Cherenkov light emitted from a single charged particle
is shown. In red the path of the faster-than-light charged particle is shown. The
circles indicate the waves of the Cherenkov light emitted at positions 1, 2, 3, 4 and
5. A wavefront is built under the Cherenkov angle. In @ the light cone emitted
from an air shower (many charged particles) and the area illuminated by it on the
ground are indicated for two showers under different elevation angles.

light pulses have very low intensities and are only recordable if it is very dark. As mentioned
before the Cherenkov light of the air shower is emitted in a cone around the direction of
the primary particle, but the larger the lateral extent of the shower the wider is also the
Cherenkov light cone. Therefore the light cone for a shower initiated by a hadron is wider
than the cone for a shower initiated by a gamma ray. Furthermore the intensity of the
light depends on the number of particles in the shower, which, in turn, depends on the
energy Fj of the primary particle (as visible already in the Bethe-Heitler model (Bethe and
Heitler}, [1934]), see Section . These correlations are exploited in order to reconstruct
the primary particle type and the particle properties. All this is taken into account and
used by the H.E.S.S. experiment which is described in the following Sections.

2.2. H.ES.S.

The high energy stereoscopic system (H.E.S.S.) in its first phase consists of four imaging
atmospheric Cherenkov telescopes (IACTs) and is situated in Namibia in the Khomas
highland at 1800 m above sea level (Aharonian et al.; 2006b). Namibia was chosen as
location for the experiment because of the good weather conditions with many clear nights
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Figure 2.5.: The expected image of the shower in the camera can be constructed with geometric
optics. Three light paths from the shower to the reflector and the camera are
sketched in the ground system (x, z). The resulting image is shown in the camera
system (u, v).

and little precipitation. Furthermore it lies in the southern hemisphere, which allows for
observations of the Galactic Centre and most of the Galactic Plane. Additionally light
pollution is negligible at the H.E.S.S. site since there are no big cities near by. The four
telescopes are arranged in a square of 120 m side length. This configuration was chosen
because it gives the best sensitivity, for a primary particle with an energy of 100 GeV. In
mid 2012 a fifth telescope, which is bigger than the existing ones, has started operation. It
was built in the central spot between of the first four telescopes and aims to reduce the
energy threshold even below 100 GeV. It is not yet in routine operation, though. In this
work only data from the four telescope system are used, therefore the fifth telescope is not
described in the following. Nevertheless many aspects are similar for the large telescope,
which together with the other four telescopes makes up H.E.S.S. phase 2. An image of the
H.E.S.S. array is presented in Fig)2.6]

In the next Section the setup of the H.E.S.S. telescopes is described further.

2.3. Telescope Setup

Each of the four telescopes consists of a large reflector and a camera opposite of the mirror.
They are carried by a steel construction (Bolz, 2004)), which can be seen in Fig. The
steel construction allows for tracking in altitude and azimuth. The dish of each telescope
has a Davies Cotton (Davies and Cotton, [1957) design in order to have good imaging
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Figure 2.6.: The full H.E.S.S. array in September 2012. Image Credit: Kathrin Valerius

capabilities also off-axis. It has a diameter of 13 m (flat to flat). The total effective mirror
surface area is 107 m? per telescope and is made of 382 single round mirrors each 60 cm in
diameter (Bernlohr et al.;2003). The centrepiece of the telescope is the camera. The camera
consists of 960 photomultiplier tubes (PMTs), indicated as small hexagons in Fig[2.8(a)]
each covering an area on the sky of 0.16° in diameter. For a better light capture Winston
cones are placed in front of every PMT. The Winston cones also limit the field of view of the
PMTs and therefore reduce background light from the surroundings. The PMTs are divided
into 60 drawers concerning the electronic structure. The drawers are indicated in red and
lilac in Fig.2.8(a)] Each of these drawers takes care of 16 PMT (Vincent et al. [2003).
Fig.[2.8(b)| shows such a drawer and the underlying electronic structure. The overall field of
view (FoV) of the system is 5° in diameter, which is large compared to other experiments.
The whole four telescope system was finished and started operating in December 2003.
In the following Sections the standard H.E.S.S. calibration, reconstruction and analysis
techniques are described.

2.4. Coordinate Systems

In this Section four coordinate systems, which are frequently used in the following, are
introduced.

e The ground system is a Cartesian coordinate system defined according to Fig.2.9} In
the ground system the zenith angle [3,., and the azimuth angle \,,; are defined. They
describe the telescopes pointing direction as well as the direction of air showers and
can take values between 0° and 90° and 0° and 360°, respectively.
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camera

drive system

Figure 2.7.: The steel construction of a H.E.S.S. telescope.

e The nominal or camera system is defined inside the focal plane of a perfect camera. It
is a two dimensional Cartesian system, which has its origin at the centre of the camera.
Coordinates given in the nominal system can be transformed with the knowledge of the
exact time (e.g. the modified Julian date (MJD)) in RaDec or Galactic Coordinates.

e The RaDec coordinates as well as the Galactic coordinates are used to describe
positions in the sky. They are defined according to Fig. and Fig.,
respectively. These systems are both spherical systems. Though, only the angular
parameters, right ascension (RA) and declination (dec) for the RaDec system and
longitude (1) and latitude (b) for the Galactic system, are used. For astrophysical
objects in general the distances are not exactly known, therefore under the assumption
that the distances are large the angular parameters are the same from everywhere
on Earth for a certain object. Furthermore both systems are rotating systems, the
RaDec system rotates with the Earth and the Galactic System rotates with respect
to the Galactic Centre.

2.5. Data Taking

In general for IACTs two observation strategies exist: Taking wobble runs or taking on-off
runs. First of all the term run has to be explained. Data taking with the H.E.S.S. experiment
is organised in observations with a length of about 28 minutes. Such an observation is called
a run. During a run the H.E.S.S. telescopes point to a certain position in the sky. In order
to track the position it is necessary to compensate the motion (rotation) of the Earth. This
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(a) (b)

Figure 2.8.: A schematic view of one of the H.E.S.S. cameras. The PMTs are indicated as
small hexagons and the drawers are marked alternating in red and purple. In @ a
side-view photograph of a drawer with a pen to scale is shown.

is done by adapting the zenith and the azimuth angle of the telescopes continuously during
a run.

A further important aspect considering the two observation strategies is the background
estimation. When using the wobble technique the target (a potential gamma ray source) is
not pointed at directly but with a small offset (in the order of 0.5° to 0.7°), i.e. the target
is not in the centre of the FoV but slightly offset. For this kind of runs (wobble runs) the
background can be estimated from within the same FoV, meaning the same run, see also
Section [2.9.3] This ensures the same observation and hardware conditions for target and
background data and therefore potential systematics are under control.

When using the on-off technique target (on) and background (off) data are taken from two
different FoVs, meaning two different runs (an on- and an off-run). However to ensure also
here similar or even identical observation and hardware conditions the two runs are taken
consecutively. The runs are therefore also called “dedicated” on-off-runs. The on-run points
directly at the target starting at a certain zenith and azimuth configuration (5sen,0, Aazi0)
and ending at some other configuration (S,en,1, Aazi,1), because of the tracking. The off-run
(taken after the on-run here) covers the same range in zenith and azimuth, which results
in pointing to a different position in the sky (about 7° away from the target). Of course
therefore the off-run should not contain any potential gamma ray sources.

The major difference between the two observation strategies is that the observation time
of a single potential gamma ray source is a factor of two larger for the on-off technique.
Therefore the H.E.S.S. experiment uses almost entirely wobble observations and only very
few dedicated on-off run-pairs exist.
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Figure 2.9.: Definition of the ground system in Cartesian coordinates (z, y and z) and of the
zenith B,en and the azimuth angle \,,. a is the altitude.

2.6. Calibration

The quality of the data taken with the H.E.S.S. experiment depends on ageing processes of
the system (e.g. changes in the quantum efficiencies of the PMTs or in the reflectivity of
the mirrors), and also on observation conditions (e.g. changes of the atmosphere (clouds)
or the night sky background light). In order to take the ageing of the system into account
it is regularly calibrated. Furthermore the observation conditions are well monitored. How
the calibration works and what kind of monitoring devices are on site is described in the
next Sections.

2.6.1. Calibration of the Camera

The main parameter, which is extracted from the camera, is the light intensity or amplitude of
each pixel in photoelectrons (p.e.). Therefore every pixel is equipped with two amplification
channels: A high gain (HG) and a low gain (LG) channel.

The amplitudes of each pixel obtained for the two channels have to be corrected for
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Figure 2.10.: @ Definition of the RaDec System. The ecliptic is the apparent path of the Sun as
seen from Earth’s centre. The Earth’s orbit lies in the plane given by the ecliptic.
The vernal equinox is the point where the ecliptic and the equator intersect in
spring (they also intersect in autumn). Definition of the Galactic Coordinate
System.

differences in the electronics, this is done according to the following formulae:

ADCHG _ pHG
HG _
AG — e FF (2.4)
ADCY — PLS  H@G
LG __
AV — —1g T (2.5)

e ADCHS and ADC™ are the measured charges in analogue to digital converter (ADC)
counts in the HG and the LG.

e PHG and PYC are the pedestals (the electronic baselines) for the HG and the LG.
e APC is the conversion factor (also called gain) between ADC counts and p.e.

e HG/LG is the amplification ratio between the two gains.

e ['F is the flat-field coefficient, characterising the collecting efficiency of a single PMT
relative to the average of the camera.

The determination of the gain, the pedestals and the flat-field coefficients is described
further in the following Sections.
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Flat-Field Coefficients

The flat-field coefficients are measured in special runs, which are taken roughly every two
days. In these runs a LED flasher positioned in the mirror dish in about 15 m distance from
the camera is used to illuminate the camera homogeneously. The inverse of the normalised
measured pixel intensities (relative to the mean intensity over the whole camera) is then
proportional to the flat-field coefficients.

Gain Determination

Like for the determination of the flat-field coefficients also for the determination of the gain
special calibration runs are taken. There a flashing LED (with frequency of 70 Hz) placed
in the camera shelter approximately 2m away from the camera is used. The intensity of
the LED is tunable in order to allow the measurement of the single photo-electron peak.
However, because of the high resolution needed this calibration can only be applied to
the HG. The recorded ADC counts are then filled into a histogram for each pixel and the
following function is fitted to the distribution:

Glz) = N- (&Zpem {—% (l";pp)} + (2.6)
+ ﬂziﬁexp 1 ("T_ (P+m£DC)>2 (2.7)

2 Vo,

The first term corresponds to the pedestal distribution and the second term to a signal
from n photo-electrons (for details the reader may consult Section 6.2 of Aharonian et al.
(2004b))). The Norm N is the only fixed parameter in the fit and its value is set according
to the number of events in the run. x describes how Poisson-like the distribution is, k = 1
holds if the signal is a Poisson distribution. P is the pedestal position, o, the pedestal
width and o, the width of the single photo-electron peak. p corresponds to the average
luminosity. vAPC finally is the value of the gain for the HG. An Example of a distribution
of measured ADC counts and the result of a fit with Eq.[2.7] is shown in Fig2.11] If for
some reason the fit fails a default value of 80 ADC counts for the HG is assumed for the
gain, which corresponds to the average value. The deviation from this value should then be
corrected for by the flat-field coefficient.

Pedestal Determination and Night Sky Background

Different methods exist to determine the pedestal.

Again specific pedestal runs can be taken. There the camera lid is closed and only electronic
noise is read out. With these runs the determination of the dependence of the pedestal on
instrumental effects like, e.g., the camera temperature, are possible.
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Figure 2.11.: Determination of the conversion factor from ADC counts to photo electrons. A
function, see Eq[2.7] is fitted to the distribution of the ADC counts. The image is
taken from |[Aharonian et al.| (2004b)).

However, different effects may influence the pedestal during observations, e.g. the NSB or the
air temperature. Therefore, also during observations, pixels, which are not ”contaminated”
by Cherenkov light, are selected and their pedestal values are determined.

A further result from the pedestal determination during observations is the determination
of the NSB, the NSB being responsible for a broadening of the pedestal. Additionally the
level of NSB can also be estimated via the high voltage current of the PMT. Quite recently
an other way to determine the NSB has been studied in Charbonnier| (2011). A correlation,
see Fig.[2.12] between the NSB estimated from the pedestals and the optical light coming
from stars and so on in the range from [ = —40° to [ = +40° and for —2° < b < +2° was
identified. Taking an optical image and using this correlation the NSB over the whole sky
can be estimated. However, this estimation does not take into account fluctuations due to
hardware or observation conditions.

Non Functional Channels

Sometimes it happens that no calibration coefficients are determined for a certain pixel
or channel (HG or LG). Most of the time this is due to hardware failures and the pixel
is labelled broken. Also pixels are excluded from further analysis if they fire too often
compared to their neighbours or significantly seldom.

2.6.2. Optical Response

Of course not only the electronic response of the camera but also of the whole optical system
(dish-mirror-camera) needs to be characterised. In addition to the uncertainties in the
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Figure 2.12.: The integrated NSB over the integrated optical intensity in the range from [ = —40°
to I = +40° and for —2° < b < +2°. The red line is a fit with a linear function.
Adopted from (Charbonnier| (2011)

camera electronics there are uncertainties in the mirror reflectivity, the shadowing by the
steel structure and atmospheric effects. These effects can be examined by studying muon
rings in the camera (Bolz, 2004). Via the muon efficiencies also the ageing on timescales
of years of the instrument is recordable. In the following it is shortly described how the
calibration with muon events works. More details can be found in |Bolz (2004)).

Muon Efficiencies

Muons are produced in the atmosphere by the decay of charged pions or kaons in hadronic
air showers.

™ = uF v, (7) (2.8)

E* — oy + v, (7)

The muons are more massive than electrons and lose their energy mainly via ionisation
and not via bremsstrahlung or scattering. The muons have high energies and produce
Cherenkov light. The Cherenkov light cone of a muon is narrower than that of an electron.
Hence, when a local (created some hundred meters away from the telescope) muon hits the
mirror the Cherenkov light cone is visible as a ring in the camera, see Fig.. With the
knowledge of only a few geometric parameters of the muon (see Fig.[2.13(a))) it is possible to
predict the amount of Cherenkov photons emitted by the muon. With this it is possible to
model the intensity of the detected ring image. The muon efficiency is then defined as the
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ratio between the predicted number of photons N, and the measured photo electrons /Vp :

Np.e
€ = NL (2.10)

o

Typical values for the muon efficiency ¢, lie in the range between [0.06 — 0.1]. Detailed
explanations on how the muon ring analysis works can be found in (2004) Section 3.

X
dish

Figure 2.13.: Images illustrating the parameters necessary for the muon ring analysis in the
different coordinate systems. In @ the geometric situation is sketched. The plane
of the dish is drawn and a muon p passing through it. The important geometric
parameter for the muon analysis are illustrated. In @ a cleaned camera image
with a muon ring is shown where the geometric parameters from above as well
as the Cherenkov angle ©¢ are drawn. The colour scale indicates the intensity
distribution along the ring.

2.6.3. Atmospheric Variations

It is evident that atmospheric conditions influence the data of an IACT (Bernlohr, |2000),
like the H.E.S.S. experiment. The main contributions come from Rayleigh scattering off
atmospheric molecules and Mie scattering off aerosols. It is obvious that larger absorption
in the atmosphere due to dust or smoke limits the detection efficiency, as do other weather-
related effects like (partial) cloud coverfl]

In order to gain information about the status of the atmosphere during the observations,
the H.E.S.S. experiment is equipped with several instruments (Aye et al., 2005). They are
listed and shortly described in the following.

ILightning or imminent rain will even cause operations to be stopped to protect the instrument from
damage.
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Weather Station

A fully automated weather station is positioned near the telescopes. The station measures
air temperature, relative humidity, atmospheric pressure, wind speed, wind direction and
rainfall continuously. The data taking is included in the DAQ framework and hence the
parameters measured with the weather station can be attributed to the runs.

Radiometer

Beside the weather station four identical radiometers are attached par-axially to each
telescope. These radiometers measure the radiation in the infrared between 8 and 14 pm.
By comparing the measurement to a blackbody spectrum the radiometer calculates the
radiative temperature of the sky. The resulting temperature is very sensitive to the presence
of clouds and water vapour, which in turn influence the count rate of the detector, see Aye
et al| (2005). Also at the moment studies are ongoing to identify a correlation between the
radiometer and the system trigger rate of the H.E.S.S. telescopes (Daniels, 2012]).

Ceilometer

At the start of operations of the array, H.E.S.S. was equipped with a commercial LIDARP|
system. The LIDAR was expected to serve as a very good means to measure the aerosol
layer and its structure. It detects the backscatter in a range of 905 nm up to a height of
7.5km. In 2009 the feasibility of atmospheric corrections based on LIDAR measurements
was successfully demonstrated with H.E.S.S. data (Nolan et al.| [2010)). Unfortunately the
LIDAR stopped taking data in 2007. A new LIDAR has started data taking in 2010, but
its data is not yet included in the standard data format. Therefore no correction due to the
LIDAR measurement is included in the H.E.S.S. data analysis.

2.7. Data selection

In the previous Section it was pointed out that the camera is illuminated continuously with
night sky background light (NSB). To prevent a large data load due to background events a
trigger system is installed. It is used to increase the number of potential Cherenkov events
against the background. Major backgrounds are the NSB, light from hadronic showers and
single muons. Furthermore in order to reduce systematic uncertainties only data which
fulfil certain quality conditions are used for the later analysis.

The next two Sections shortly explain the trigger system and point out the data quality
cuts.

2LIDAR - Laser Imaging Detection and Ranging
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2.7.1. Trigger system

The H.E.S.S. system trigger (Funk et al., |2004)) consists of two levels. The first level is
local at each telescope and has two requirements. The third trigger condition applies to
the whole array and forms the second level trigger. It is coordinated by the central trigger
system (CTS).

The first local trigger is a single pixel trigger. It requires a pixel to exceed a threshold of
4 p.e. The second local trigger is a coincidence trigger requiring at least 3 pixel threshold
triggers in a sector in a time interval of about 1.5ns. A sector is a square of 64 pixels
defined in a way that leaves each camera with 38 overlapping sectors. The overlap ensures
a homogeneous trigger efficiency over the whole field of view (FoV). The short time window
of about 1.5 ns reduces the NSB events. The NSB events have larger timescales compared to
the Cherekov light signal. The value of the pixel threshold (4 p.e.) as well as the value of the
sector threshold (3) was chosen as a compromise between achieving a low energy threshold
and discriminating enough background to have a stable and manageable trigger rate. If
the local trigger level is reached the camera is triggered. The third and most important
trigger for the H.E.S.S. array is requiring 2 telescopes to trigger (level two trigger) within
a time window of 80ns. This condition reduces the background, especially single muon
events, very efficiently already at the hardware level. This hardware level reduction of the
rate is necessary because of the read-out time, which could lead to large dead-time. The
dead-time for TACTSs varies between several 10 us and several 10 ms depending on the DAQ.
For H.E.S.S. the dead-time adds up to about 446 us (Borgmeier et all 2003). Important for
the read-out is also that only the cameras which triggered are read out. A more detailed
description also of technical aspects can be found in Funk et al.| (2004]).

2.7.2. Quality criteria

Systematic effects might be reduced by using only data taken under optimal or good
observation conditions (Aharonian et al., |2006b)). Conditions are not optimal when there
are clouds or a lot of dust in the atmosphere. These can lead to absorption of the Cherenkov
light. These absorptions are then visible as fluctuations in the system trigger rate (clouds)
or as a significantly low trigger rate (dust). Hence it is possible to use the trigger rate to
distinguish between good and not so good data. For the analysis only runs for which the
mean trigger rate is not less than 70 % of the predicted rate (Funk et al. 2004) are used.
Furthermore the rms variation of the trigger rate must not exhibit 10 %. Not only the
quality of the trigger rate is checked, but also the accuracy of the tracking is controlled
continuously in order to ensure an accurate reconstruction of the source position. Runs
in which the DAQ reports distances larger than 10 arcseconds between the nominal and
the actual pointing position are excluded from the analysis. Furthermore the pointing is
checked by matching the known positions of stars. However, in general these position tests
only lead to a marginally low loss of data. Another aspect of data quality is the amount
of broken PMTSs in an observation. If more than 10 % of the PMTs of a telescope are not
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working at a time, the telescopes data is not used in the analysis. Reasons for missing PMTs
are overcurrents due to stars, which lead to the PMTs being turned off (also in advance if a
known stars passes through the FoV), or meteorites, lighting, air planes, satellites or other
unexpected strong light sources as well as hardware failures in a single pixel .

2.8. Reconstruction

So far the hardware and the electronics as well as their calibration have been described.
Additionally the conditions, under which data are taken, have been discussed. Now the
recorded signals have to be interpreted in terms of cosmic rays. The next Sections illuminate
how the properties of the primary particle of an air shower (event) are reconstructed from
the electronic signals.

2.8.1. Image cleaning

In Fig[2.14(a)| a raw camera image is shown. The colours correspond to different levels
of intensity measured in the pixels. The task is now to distinguish the part of the image,
which is due to an air shower from background fluctuations. The shower is expected to
appear localised in the camera (see the imaging principle in Fig.|[2.5)).

(a) (b)

Figure 2.14.: In @ an example of an uncleaned camera image is shown. In @ the image after
applying the tail cuts is shown, only the shower is left.

Therefore an image cleaning can be applied: Certain conditions on the intensities of
neighbouring pixels are implied. Two intensity thresholds are defined, a low threshold I},
and a high threshold Iy, both given in units of photoelectrons. Then only pixels which
have an amplitude above Iy, and a neighbour pixel above Iy, or vice versa are kept in
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the image. Typical values for Ipig, and [y, are 10p.e. and 5p.e. respectively. These image
cleaning cuts are also called tail cuts. In Fig. a cleaned camera image is shown.
This image is used in the Hillas analysis to determine the Hillas parameters, which are
explained in the next Section.

2.8.2. Hillas Parameters and Stereoscopy

The Hillas parameters , can be derived from the moments of the cleaned
camera image. They correspond to certain geometric parameters of the shower image in
the camera. The shower image can be approximated by an ellipse, see Fig[2.15] and the
Hillas parameters then correspond to

e the width of the ellipse w
e the length of the ellipse [
e the centre of gravity of the ellipse in camera coordinates (x,y)

e the amplitude or integrated intensity A; over the pixels inside the ellipse (also called
image size)

e and the orientation of the ellipse in the camera defined by the angle ¢.

Figure 2.15.: A cleaned camera image overlaid with an ellipse. The geometric interpretation of
the Hillas parameters is shown.

The Hillas parameters are extracted from each camera image for all of the triggered
telescopes (two to four E[) for each shower. With the Hillas parameters then the energy
(see also next Section) and the direction of the primary particle as well as the shower
impact point on the ground can be reconstructed. Moreover they can be used to distinguish
between hadrons and gamma rays. More details on the discriminating power of the Hillas

3The data quality conditions always require at least two triggered telescopes.
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parameters are given in Section [2.9.1]

For the reconstruction of the direction and the impact point a stereoscopic reconstruction
is applied. The stereoscopic reconstruction technique was first used by the HEGRA
collaboration (Daum et al. [1997). The major axis of the shower in the camera image
defines a plane in the sky, compare also Fig[2.5] Now the camera images are overlaid in the
nominal system and by intersecting the major axes from the images of the other telescopes
the direction of the primary particle is reconstructed, see Fig|2.16(a)| and [2.16(b)| In a
similar way also the impact point of the shower can be identified. For more details and also
tests of different approaches to improve the reconstruction accuracy the reader may consult
Hofmann et al. (1999). The angular resolution on the reconstructed direction lies in the
range of 0.1° to 0.2°.

(a) (b)

Figure 2.16.: @ Illustration of the stereoscopic reconstruction in the nominal system, where
the ellipses from all four telescopes are overlaid. @ Principle of the stereoscopic
reconstruction of the impact point in the ground system.
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Energy Resolution

After identifying the primary particle of shower as a gamma ray the energy of the gamma
ray is reconstructed. In the Hillas analysis look-up values are used for this. The look
up tables are functions of the image size and the impact distance (distance from the
impact point of the shower to each telescope). The energy for an event is the mean of the
energy derived for the single telescopes. This approach results in an error on the energy
AE = (Ereco — Eirue) / Firue- The mean value of AE is also called energy bias and increases
towards lower energies (the energy threshold). Usually only the energy range in which the
bias is below 10% is used. The energy resolution is the width of the distribution of AF
which may vary for different energy ranges. In general an energy resolution around 20% is
assumed for the Hillas analysis.

The Hillas reconstruction proved to be a very stable method and the Hillas analysis
uses essentially this method. However, recently a new method based on a log-likelihood
comparison of the raw (uncleaned) camera images with a model prediction was implemented.
This reconstruction technique is employed in this thesis and is described in the following.

2.8.3. Model++

The Model++ reconstruction (de Naurois and Rolland, 2009) is based on a log-likelihood
comparison between a semi-analytical model prediction and the uncleaned camera image.
The method was first introduced at the CAT experiment (Le Bohec et al., [1998). The
following steps are necessary to develop and apply the Model4++ reconstruction technique:

e Determination of a semi-analytical model predicting the lateral, longitudinal and
angular distributions of charged particles in air showers induced by gamma rays from
studies of Monte Carlo (MC) simulations of electromagnetic showers (KASCADE
(Kertzman and Sembroski, 1994)).

e Include the detector response in the model to obtain expectation values for each pixel
in each camera.

e Calculation of the model prediction for a sufficient amount of grid points of the
parameter space.

e Introduction of the pixel-likelihood function and the goodness-of-fit variable, including
influences from night sky background light (NSB).

e Application of the reconstruction (log-likelihood fitting procedure) to full detector MC
simulations to characterise the performance of the Model++ reconstruction technique.

In the following the points above are described a bit more according to |de Naurois and
Rolland| (2009).

First the distributions of the charged particles in an electromagnetic shower, which are
used to gain the distributions of Cherenkov light, are modelled. Therefore electromagnetic
showers are generated with the KASCADE shower simulation program (Kertzman and
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Sembroski, [1994)), which is comparable with other simulation programs, e.g. CORSIKA
(Knapp and Heck, 1998)). This method is numerically intensive, therefore the showers are
not simulated continuously in energy but at fixed energies between 10 GeV and 20 TeV. The
energies are chosen to cover the energy range of the H.E.S.S. experiment. Depending on the
energy different numbers of showers are needed to generate a smooth model. The model
here is an extension to the model proposed by Hillas in Hillas (1982)). The depth of the
first interaction is a new parameter and has a strong influence on the shower. Analytical
descriptions are gained for the longitudinal distribution of particles of the shower (with a
modified Greisen formula (Puppi et al., [1956))), the angular distribution of the particles in
the shower (with the help of the Moliére theory) and the lateral distribution of particles in
the shower. The deviation of the analytical description from the simulated distributions
lies in the order of 5% to 10% and is thus relatively small. With the knowledge of these
distributions the Cherenkov light distribution of the shower can be predicted. The prediction
contains the light distribution on the ground for a given primary particle depending on the
particle energy, direction, impact parameter and depth of first interaction.

Now detector specific response parameters are included in the calculation of the light
intensity /() in the camera image. This is done by an eight-fold integral

N,
Tixy) = /dz/dE X ((iiEe (t, ) x ?(y) (longitudinal distribution)
z

d
/du/2—¢ x Fy(u(E,s)) (angular distribution)
T

/er/dY x Fxy(X., Y, E,s,u) (lateral distribution)
dA d?
/ dopn / 5vl m (Cherenkov photon production)

x  exp(—7(z,\)) (atmospheric absorption)
X Qer(A)  (detector quantum and mirror efficiency)
x Col(z, X, Yr,u, ¢, ¢pn) (geometrical collection efficiency)

over

e altitude z or depth ¢ (longitudinal development of the shower/distance to depth of
first interaction),

e cnergy E of the electron/positron in the shower,
e clectron direction with respect to the telescope (u and ¢),
e clectron position with respect to its direction (X, and Y;),

e Cherenkov photon wavelengths A and
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e Cherenkov photon azimuthal angle ¢, around the electron (the angle between electron
and the Cherenkov photon being fixed for a given electron energy).

Other influences from the detector like the point spread function (psf) and the electronic
response, e.g. the trigger response, as well as the geometric light collection efficiency are
also taken into account. The telescope response is simulated in detail and is parametrised
in look-up tables, in which also the atmospheric absorption, the wavelength-dependent
quantum efficiency and the reflectivity are listed. These parameters are then used in the
calculation of the model prediction.

The model is generated for certain fixed values of the parameter space, namely for

e 40 different zenith angles (3,cp,

e 40 impact distances ranging from 0 to 400 m/cos(f,en) from the telescope,
e 65 different energies from (50 GeV)/cos(Ben) to (20 TeV)/cos(Buen) and

e 0 first interaction depths from 0 X, to 5 Xj.

Now the pixel likelihood P(s|u, 0y, 0,) for the observation of a signal of s photoelectrons
for an expectation value of u can be determined as

P(slp,0p,0,) = Y el e (—2((‘9_—71)2) . (2.11)

n nly/2m(02 + no?) o3 +no’)

There the detector electronics enter in form of the pedestal width o, (including also
broadening due to NSB) and the width of the single photo electron peak o, both determined
during calibration. The pixel log-likelihood used in the later minimisation (fit) procedure is

defined as:

InL = =2 x In(P(s|p, 0p,0)). (2.12)

Additionally a telescope log-likelihood is defined as the sum over all the individual pixel
log-likelihoods.

Next the log-likelihood fit is applied and the telescope likelihood is minimised using a
Levenberg-Marquardt fit algorithm (Levenberg, K| |1944)) and (Marquardt, |1963)). The model
prediction is therefore interpolated between the different parameters to yield the best fit
result for the parameters of the primary gamma ray. Different starting points for the
algorithm are derived by applying a standard Hillas analysis with different image cleaning
cuts. The point yielding the best value of the log-likelihood is then chosen as start value.
Finally the fit results in the 6 shower parameters (direction and impact point each with 2
parameters and depth of first interaction and energy), the correlation matrix of the best fit
parameters and the final log-likelihood value.

A further parameter is now defined: goodness-of-fit. The goodness-of-fit is defined as a
normalised sum over all pixels of the difference between the actual pixel log-likelihood and
its expectation value. The goodness-of-fit defined in this way behaves asymptotically like a
x? distribution and therefore provides a good measure of the fit quality. Furthermore the
goodness-of-fit can be calibrated to take influences from the NSB into account (resulting
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from deviations of the gaussian shape assumed for the pedestal distribution).

In order to serve as discrimination variable between gamma ray induced showers and hadronic
showers the goodness-of-fit is further divided according to two different pixel groups: Pixels
belonging to the shower core construct a variable called ShowerGoodness (SG) and the
remaining pixels, which are background pixels, construct the so called BackgroundGoodness
(BG).

Eventually the reconstruction is applied to MC simulations to characterise the performance
of the new technique. The results of these performace studies are shortly summarised in
the next Section.

Energy and Angular Resolution

The energy of the particle, which is determined via the minimisation of the telescope
log-likelihood function, has a better resolution as for the standard Hillas reconstruction.
Typically values below 15% are reached (de Naurois and Rolland, |2009). Additionally also
the energy bias for Model++ increases at energies lower than the energies for the Hillas
analysis.

The angular resolution, defined as 68% containment radius, is also better than for the Hillas
analysis. In the Model++ reconstruction the angular resolution is < 0.1° on average, see
de Naurois and Rolland, (2009).

2.9. Analysis

In this Chapter the focus lies on the analysis based on the Model++ reconstruction. For
most subjects the standard Hillas analysis does not deviate much from the Model++
analysis. Nevertheless at some points, where the differences are important, both analysis
are described.

After the reconstruction one still has to deal with the separation between the different
particle types. Signals due to gamma rays interacting in the upper atmosphere have to be
distinguished from hadronic interactions. How this is done is described in the following
Section. After the separation of the particles one needs to search or test for the existence
of a gamma ray source. This is described in Section [2.9.3] Finally this Chapter closes with
further analyses that are possible to characterise a source such as determining its spectrum
and its flux.

2.9.1. Gamma-Hadron Separation
Here the separation is described for both the standard Hillas analysis and the Model++

analysis. This is done because they use different parameters and have different separation
powers.
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Hillas Analysis

As mentioned before, the images of a gamma ray induced shower and a hadron induced
shower might have different shapes, because of the width of the showers. These different
shapes correspond to different ranges for the Hillas parameters. Also other differences
between hadron and gamma ray induced showers are visible in the Hillas parameters. These
correlations have been studied with Monte Carlo (MC) simulations and conditions for the
discrimination of hadron induced showers have been derived. The conditions are based on
the so called Scaled Cuts. The Scaled Cuts cut on the relations between the actual image
width w and length [ and their expectation values and variance, namely the Scaled Width
SW and ScaledLength SL:

swov=tw g =0 (2.13)

Ow 0]

For the H.E.S.S. array with multiple telescopes these variables are extended to the so
called mean reduced scaled width, M RSW , and mean reduced scaled length, M RSL, see
Aharonian et al.| (2006b):

, MRSL = 2o ST (2.14)

ntels

MRSW — Ztels SW

ntels
ntel = 4 for the H.E.S.S. array and the sum is over the four telescopes. Comparing the
distribution for gamma-ray induced showers with hadron induced ones (both from from

MC simulations) then yields the corresponding cut values for the parameters. In Fig.[2.17]
the distributions from data and from MC simulations are compared.
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Figure 2.17.: A comparison of the distribution of the M RSW for MC simulation and data. The
data are background data and agree well with the simulations for protons. The
vertical dashed lines indicate the cut values for the discrimination of showers due
to hadrons. Figure taken from |Aharonian et al. (2006b).
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Model++4 Analysis

For the Model++ analysis it is also necessary to find a way to distinguish between events
due to gamma rays and events due to background. In the Model4++ analysis this is
done by applying cuts on the ShowerGoodness and the BackgroundGoodness or the
MeanScaledShowerGoodness M SSG and the MeanScaledBackgroundGoodness M.SBG,
respectively. The MSSG and the MSBG are derived in a similar way as the M RSW
and M RSL in the Hillas framework. Additionally in the Model++ analysis also a NSB
likelihood value is determined and cuts are applied there as well. The values for the cuts for
different source types are listed in Tabld2.1] The Standard Cuts are most frequently used.
The Loose Cuts are optimised for strong sources as they increase the gamma-ray efficiency
but have a less powerful background suppression. Eventually the Faint Cuts are suited
for sources with flux levels below a few percent of the Crab nebula. The cut on 62, is
designed for point sources and is adapted to the source size when studying extended sources
(this cut is also used in the Hillas analysis). The power of the separation of the Model4+
analysis is stronger than for the Hillas analysis. However, the two analysis frameworks still
use different information for the rejection of events. Therefore a combination of all the cut
values might result in an even higher separation power.

Table 2.1.: Adopted from |de Naurois and Rolland| (2009)): Cuts for minimal charge, maximum
nominal distance, maximum ShowerGoodness, primary interaction depth range and
maximum squared angular distance from the reconstructed shower position to the
source. Two telescopes are required.

Name Min. Max. #Tels SGuax to (Xo) 62, (deg?)
Charge Nom.Dist.
(pe.)  (deg)
Standard (Std) 60 2 2 0.6 -1, 4] 0.01
Faint 120 2 2 04 [1,4] 0.005
Loose 60 2 2 0.9 N/A 0.0125

2.9.2. Acceptance

In order to further analyse the data it is necessary to determine the camera acceptance.
The camera acceptance is expected to degrade towards the edges of the camera because the
shower images are no longer fully contained inside the camera. The camera acceptance can
be determined by studying events which are distributed homogeneously over the camera.

There exist essentially two approaches to determine the camera acceptance. Both of these
methods can be applied for gamma like events and for background events. The first approach
relies on the assumption that the camera acceptance is radially symmetric around the
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camera centre. This is mostly true for the inner parts, but at the edges of the camera this
assumption does not hold. In order to calculate a radial acceptance the radial distribution
of events is studied. However, regions need to be excluded from this study, if a gamma ray
signal is expected there, because the events in this region are then no longer distributed
homogeneously with respect to the rest of the camera. These regions are called ezcluded
regions and are estimated with circular shapes in the H.E.S.S. analysis. For observations
taken in wobble mode the target region, which is excluded from the acceptance calculation,
is offset from the centre of the camera and the events in this region are weighted to account
for the missing events. This is illustrated in Fig.. The weight is simply defined as
the fraction of the circle which does not intersect the excluded region:

(2.15)

with
re +r? —d?

2-ror
In Figf2.18(b)| a radial profile of the acceptance over the squared offset v/? for the a single
run is shown.

cosf = (2.16)
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Figure 2.18.: Determination of the event weight used for the calculation of the radial acceptance
map @ and the radial profile @ of the acceptance for a single run.

However, the radial acceptance determination has some uncertainties. Especially at the
edges of the FoV the uncircular shape of the camera might affect the camera acceptance.
Additionally the assumption of radial symmetry might not always hold, since broken pixels
or differences between the various drawers might appear. Furthermore the variation of the
zenith angle across the FoV, especially for observations at larger zenith angles, effects the
acceptance in a non radial way. Eventually if there are several sources in the FoV or a

o8



2.9. Analysis

large extended source the acceptance determination becomes tricky. Therefore a further
approach to determine the acceptance is implemented in the Model++ analysis. This
acceptance model is called bidimensional acceptance and it does not need any symmetry
assumptions. There only the assumption that the events are homogeneously distributed
is used. Furthermore the definition of the acceptance map is exploited. The acceptance
map is defined as the ratio between the events map (a map filled with all events) and
the exposure map (determination of this map see below) in the nominal system. This is
illustrated in Fig.[2.19. There an events map and an exposure map for several runs with
different excluded regions are indicated as well as the resulting acceptance map.

Events Map Exposure Map Acceptance Map

Figure 2.19.: Determination of the bidimensional acceptance map from events and exposure
map.

It is important here that these maps result from the combination of several runs, where the
positions of the excluded regions vary in the nominal system.
The exposure map is determined by filling two maps with background like events. In one
map all events are filled (mapaievents), in the other map only the events not falling into
excluded regions are filled (mapexciuded)- This is done for all runs of a data set and finally
the bin-by-bin ratio mapexciuded/MaPanevents 1S calculated, yielding the exposure map. From
the acceptance map in the nominal system the acceptance on the sky can be derived. An
example of the bidimensional acceptance for a single run is given in Fig.. There a
hole due to an excluded region can be seen. In Fig. the radial profile derived from
the bidimensional acceptance map is shown. At this position the exposure is zero and the
ratio Mapevents/MaPexposition can not be calculated. Therefore as mentioned above for the
bidimensional acceptance determination more than one run is needed.

Concluding both methods to determine the acceptance yield comparable results and are
used in the Model++ analysis.

2.9.3. Background Determination
Now eventually with the knowledge of the camera acceptance the detected events can

be analysed further. However, in order to identify gamma ray sources the background
has to be estimated. It was mentioned before already in the data taking Section, that in
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Figure 2.20.: Example of a bidimensional acceptance map @ and the radial profile of the map
@ for a single run.

principle dedicated on-off runs could be used but that this concept was soon replaced by
the determination of the background in the same FoV, so with data from just one run.
This is important as it guarantees identical observation conditions for the on and the off
data. Several ways to find regions to determine the background are used in the H.E.S.S.
analysis. Some of them are used merely for the significance calculation or the spectrum
determination and some are used also to create sky maps. In the following some of these
methods to estimate the background are described.

Multiple Off Background

The multiple off background estimation or reflected background (Berge et al., 2007) is used
also in the Hillas analysis. It is used only for source detection and the determination of
spectra but not for the generation of sky maps. The principle of the multiple off background
is illustrated in Fig[2.21] The blue circle is the on or test region. It is positioned offset
from the camera centre as is typical for wobble runs and also essential for the multiple off
background method. The off regions, green in Fig2.21] are chosen such that they have the
same distance to the centre of the camera and a certain “safety” distance to the on region in
order to avoid source events in the off regions. Of course in case of excluded regions in the
FoV, see Fig, less off regions are used for background determination. Furthermore
the off regions also have exactly the same size as the on region. Usually about seven off
regions can be placed around an on region. The same distance to the camera centre and the
same size implies a very similar or even equal acceptance in on and off regions, which limits
the systematic uncertainties. The events falling into the on regions and the off regions
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are called on and off events, N,, and N.g, respectively. How these numbers are treated
to obtain the significance of the source is described later in Section Now follows a
further background estimation method.

. I ehal

ON FF ON

1L

(a) (b)

excluded|region

Figure 2.21.: Illustration of the on and off regions in the multiple off background estimation
method. In case without @ and with @ excluded regions.

Ring Background

The ring background estimation was introduced in Berge et al.| (2007, but in the Model++
analysis two definitions are used. The ring background estimation method is used to
determine the significance of a source, but also (as defined in Berge et al| (2007)) to create
sky maps. Figl2.22] shows the principles of both applications. In case of the significance
determination the choice of the off region is very similar to the multiple off method, see
Fig at least for wobble observations. There the target is offset from the camera
centre and a single off region in the shape of a ring is chosen, where the target region
and other regions containing potential sources are excluded. The ring is constructed as
indicated in Fig. such that the width of the ring d = router — Tinner €quals diameter
of the on region. Additionally the points on the ring with radius miq = 0.5 * (Touter + Tinner)
have the same distance to the centre of the camera as the centre of the target region. In
case the target region is not (much) offset from the centre of the FoV the ring is chosen
as described in Berge et al| (2007) and as indicated in Fig.[2.22(b)] For the creation of a
sky map the FoV is binned and every bin serves as test/target position. The background
is then estimated as illustrated in Fig A closed ring with the test position at its
centre is chosen as off region and again N,, and Nyg are determined for every bin. In the
sky map often the excess or the significance is shown. More on excess and significance
follows in the next Section.
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excluded|region
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Figure 2.22.: Illustration of the principle of the ring background estimation: @ for significance
determination and @ for sky map creation.

2.9.4. Significance Determination

In the previous Section it is described how the numbers for on events N,, and off events
Nog are obtained. Now it has to be decided whether a gamma ray source is detected in the
on region. It has to be tested whether there are more on events Ny, than off events N.g
and if the more on events are due to a source or just a background fluctuation. A straight
forward approach is therefore to subtract the numbers from each other to get the number
of excess events Nexcess = Non — Nogr. However, e.g. in case of the multiple off background
we have much more off events due to the fact that the total off-region is a factor of a =~ 7
larger than the on-region. This and also other effects which vary between the on and the off
region, like e.g. the values of the acceptance, are all included in a normalisation § between
the two event numbers.

P (2.17)
w(A, Aacca . ) : toff

ton and tog are the observation times for the on- and the off-region. The weight w(fl, flacc)
is made up from the ratios of parameters which are different for the on and the off region,
e.g. in case of the multiple off background and a radial acceptance only the areas are
different and w = A = ﬁ—‘;’:. Therefore in this case [ is reduced to the factor between the
geometrical sizes of the on and the off region, 5 = a.
The correct excess is determined with

Nexcess = Non - 5Noff- (218)
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In order to decide whether the excess is significant or just a background fluctuation it can
simply be compared to its standard deviation (Eq.8 from Li and Mal (1983)))

o (Nexcess) - \/(Non + BQNoﬁ)- (219)
The significance S is then defined as

N, excess
o (N excess )

However, it was shown by Li and Ma (Li and Ma/ |1983)) that this formula does not have
the expected normal distribution for all values of 8 # 1. Hence, in [Li and Ma/ (1983)) they
introduced a new method of estimating the significance S. They used the likelihood ratio
method and came up with the following formula (Eq.17 from Li and Maj (1983)) for the
significance:

o 1+6 Non Noff %
=[5 ()| v oo (235
(2.21

The significance S is a measure of the probability of the excess of being just a background
fluctuation. The higher the significance the smaller the probability that the excess is due
to a background fluctuation. The significance is given in units of the standard deviation o
of a normal distribution. In order to claim a gamma ray source discovery a significance
well above S = 50 is requested by the H.E.S.S. Collaboration.

S = (2.20)

2.9.5. Accumulate Runs

The determination of the regions for the background estimation and the significance
described above are valid for individual runs. A realistic measurement, however, uses
multiple observation runs targeting a specific region of interest. The accumulating data
are treated such that the significance determination with Eq.[2.21] stays valid. Therefore
the total number of on and off events, Ny total a0d Nog total, as well as the excess events,
Nexcess total are the sums of the corresponding numbers from each run i

Non,total = Z Non,ia Noﬂ,total - Z Noff,ia Nexcess,total = Z Nexcess,i (222)
i i i
In order for these relations to hold the total normalisation factor [ioia is defined in the
following way:
Zi 51Noﬁ,i

Bt tal — ~= A7 -
o ZiNoff,i

(2.23)
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The value of g; for an individual run is the ratio of the on live time t¢,, and the weighted off
live time tog of the run (see Eq.[2.17):

ton
=B = . 2.24
ﬁ ﬁ w(A,AaCC,...) ‘toﬁ‘ ( )

2.9.6. Flux and Spectrum Determination

In this Section the determination of the spectral shape of the gamma-ray flux is described.
A flux as well as a spectrum can only be given in case of a detection. If the source region
has a significance below five sigma only an upper limit on the flux can be given, which is
explained in the last paragraph of this Section.

Flux

A very important property of the source is its integrated flux, that is the number of particles
N per area dA on the ground and per time dt, so @gux = [, 2t = [ @ N/(dEdAdL).
The correlation between the number of excess events from a gamma ray source Ngycess and

the differential flux d®g,,/dF is the following

" o do ux Erue
Nexcess - / / Aeﬂ (Etrue|ﬂzen: 97 eu) . % dEtruedt (225)
to Einr true

where A.g is the effective area of the detector. To be able to use this correlation to determine

the integral flux fE ®g,x one needs to assume a shape for the spectrum d®g,y/dEie. In
2
case of a simple power-law assumption ®g, = Pg <E$E—O“) , the flux normalisation ®, at

energy Ey is determined via inverting Eq2.25 In order to be able to do this and also for
the spectrum determination it is important to know the threshold energy Ei,,. How the
energy threshold is defined for the H.E.S.S. experiment and how a spectrum is determined
is described below.

An other method to determine the integrated flux without assuming any spectral shape is
based on weighting every event with the corresponding effective area (de Naurois, [2012)).

Q;
(I)(E ~ Ethr) B Z Aeff(Eiyﬁzena 97 eu) (226)

There a; = 1 for on events and a; = —f for off events, which yields

1 1
O(E > Eyy) = ~ 3 .
’ NZOH AeH(Ei’ﬁzena 07 GM) NZOE Aeff(Ei‘ﬁzena 97 E/L)

(2.27)
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Effective Areas
The effective area A.g corresponds to the area on the ground, in which gamma rays are

seen by the detector. It is a measure for the sensitivity of the detector. The effective area

Aegr depends on the true energy Eje, the zenith angle (,.,, the off-axis angle (offset)
and the optical efficiency €,. It is determined from MC simulations. There the number of

detected gamma events Ns‘et is compared to the number off all generated gamma events

N2 and multiplied with the simulated area Ay, in which the events appeared:
(2.28)

Ndet
v
A = el Asimu
i

An example of effective areas for different parameter configurations for the Model++

analysis is given in Fig)2.23]
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Figure 2.23.: Effective areas over energy for the Model++ analysis for Std cuts (see Table
for different zenith angles @ and offsets @

Energy Threshold
Different definitions of the energy threshold exist. In general the energy threshold is the

minimum energy, at which the detector is still sensitive to gamma rays. However some
uncertainties in the reconstruction exist around the minimal sensitivity of the detector

therefore a higher, so-called “safe” energy threshold is defined.
One definition for a safe energy threshold is the lowest energy at which the bias (see Section

2.8.2)) on the reconstructed energy is below 10%, plus an additional 10% (Aharonian et al.,
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2006b)). An other way to define the energy threshold is taking the peak of the differential
rate over the energy (HEGRA Collaboration et al [1999)). In general this threshold is lower
than the before defined safe threshold. For the Model4++ analysis the safe energy threshold
is lower than for the standard Hillas analysis, because of the smaller energy bias. A further,
frequently used definition of the energy threshold relies on the effective area. The threshold
is defined as the energy at which the effective area reaches a certain amount (typically
around 50% for a safe threshold) of its maximum value.

Spectrum

The spectrum is important to determine the integrated flux but it also helps to understand
the acceleration mechanisms of the source. In the Model4++ analysis the spectrum is
determined with a log-likelihood comparison. Therefore the expected number of excess
(gamma) events n, ey, in a reconstructed energy bin [Ej, Es] is determined

Eo [e’e)
Ny exp = /E dEreco /0 dEtrue : Aeff (Etrue‘ﬁzena 97 eu) : q)ﬁux(Etruea O_Z) ’ p(Etruey Ereco) (229)

1

Here the spectral shape enters via the parameters @, e.g. the index in case of a power-law.
O(Ftrue; Ereco) 1s the probability of measuring an event with reconstructed energy Eyec, for
a given true energy Fi,.. Similar to the effective area it depends on the true energy FEi e,
the zenith angle f3,, and the off-axis angle (offset) . It is determined from MC simulations.
For the calculation the measured events are divided into four-dim. bins of given zenith
angle, offset angle, optical efficiency and reconstructed energy. If possible the energy bins
are chosen in such a way that the significance in each bin is above three o. Otherwise only
an upper limit of the flux in the bin is given, see next Section. The expected number of
gamma events 7. o, and the expected number of hadron (off) events ny, ¢y in each bin are
then used to calculate the bin-wise likelihood, which is the probability of observing N,
and Nog events when expecting 1, exp and ny, oxp events.

N Noft
n 7 + /B,n/ on B n o
P(Non, Not exp: i xy) = gy (rtiness) L& (2.30)
on- off +

By maximising the logarithm of this likelihood the best estimation for ny e, is obtained.
The final log-likelihood for the spectrum determination is then the sum of the log-likelihood
over all bins. It is maximised to obtain the spectrum parameters &. The maximisation
yields (de Naurois, [2012) the best fit parameters @ and their uncertainties as well as the
covariance matrix between the parameters, the expected number of events in each bin and
the maximum value of the log-likelihood. The uncertainty on the flux ®g,,(E) is determined
with the inverse Wj; of the covariance matrix and the partial derivatives of the flux at the
spectral parameters &

z : q)ﬂux (I)ﬂux
dcbﬁu)((E) = LLI,J% da- . (231)
ij P
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Upper Limit

In case no significant signal from the source region is detected an upper limit on the flux
can be derived. This is done with the profile likelihood method described in |Rolke et al.
(2005), which is a fully frequentist method. The advantage of this method is that it takes
uncertainties in the background determination in account. An upper limit with a certain
confidence level (typically 95% or 99%) can be determined. In order to determine the
upper limit the spectrum is assumed to have a power-law shape with an index I'. Upper
limits can be calculated for the integrated as well as for the differential flux. Important for
the upper limit calculations are the uncertainties of the measurement, which enter in the
determination of the confidence level values.
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3. Development of an On-Off Analysis
based on Model++4 Reconstruction

The development of the Model++ reconstruction and the resulting higher sensitivity of the
Model++ analysis as described in the previous Chapter are a great success. Nevertheless,
some challenges in the estimation of the background appear:

e The high sensitivity of the Model++ analysis leads to many source candidates in

previously empty FoVs. These source candidates have to be excluded in the analysis
and hence are no longer available as background (off-) regions. Using the same FoV
for target (on-) region and off-region therefore becomes difficult in some cases.
The Galactic Centre region is a good example. For the analysis with the less sensitive
Hillas analysis framework used in |Abramowski et al.| (2011b)) the excluded regions
and the on-region were chosen as shown in Fig.[3.1] on the left. The on-region is
a circle around the Galactic Centre with radius roxy = 1° (green in Fig.. The
Galactic Plane is excluded up to a Galactic latitude of b = +0.3° and the point source
G0.9+0.1 is excluded as a circle with a radius of rgeg = 0.2° (both red in Fig..
On the right in Fig.[3.1] the excluded regions (red) around the Galactic Centre in the
Model++4 analysis are shown. The excluded regions there are significantly larger due
to the higher sensitivity of the analysis.

e Furthermore for large extended sources, e.g. Vela X (Abramowski et al., 2012al),
finding off regions in the same FoV has always been challenging. The concept of
dedicated on and off runs taken in the same night with the same detector configuration
could serve as a potential solution for this problem, but with this kind of runs a lot
of observation time is needed. Hence as already mentioned in Section in the past
this observation strategy has been used only in a few cases.

e The larger fifth telescope of the H.E.S.S. array has a smaller FoV (~ 3.5°) and offers
therefore even less potential off-regions inside a single FoV.

These points show the need for an on-off-analysis. The basic principle of an on-off-analysis
is, to take the on-region from one run (on-run) and the off-region from another run (off-run).
This implies that the data in the on- and in the off-region were most probably taken under
different observation conditions and detector configurations. These differences have an
impact on the data and this impact needs to be taken into account when analysing the on-
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and the off-data.

For the study of Vela X such an on-off-analysis has been developed in the Hillas analysis
framework by Bernhard (2011)). However, the Model++ analysis takes into account
the full camera information (raw data) and it will be shown, that the Model4+ analysis
depends more strongly on the observation conditions than the Hillas analysis.
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Figure 3.1.: Comparison of excluded regions around the Galactic Centre from different analysis.
On the left the excluded regions and the on-region from Abramowski et al.| (2011b))
are shown. The excluded regions are red and the on-region is green. On the right
the excluded regions as listed for the Model++ analysis are shown in red. In green
the on-region from Abramowski et al. (2011b) is drawn for comparison.

In the following the systematic studies which were conducted in order to determine the
influences of different parameters are described. First some prerequisites and definitions,
like, e.g., the parameters which were included in the study, are introduced. Then the
method used to determine the parameter dependencies is explained and the results for the
different parameters are shown. Finally with the knowledge of the dependencies of the
parameters two ways to implement an on-off-analysis are introduced and their performances
are tested.

3.1. Prerequisites for Systematic Studies of Parameter
Influences

This Section provides the basics needed to start the study of the parameter dependencies.
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3.1.1. Parameters of Interest

First the parameters used in the systematic studies are introduced. The parameters are
listed in Table[3.1] as well as their origin. Most of them are determined or monitored
continuously during a run. However, for the later studies only the mean values of them
over both — the run duration and the four telescopes — are used. This simple approach is
sufficient for most of the parameters, as they do not change greatly during a run. However,
this is not true for the zenith angle and the azimuth angle which constantly change because
of the tracking of the target. Therefore for these two parameters also their value for each
event (as obtained from the reconstruction) will be taken into account. Additionally, the
ratio of actual and estimated trigger rate (see next Section) can be utilised as a means
to evaluate atmospheric conditions (Gliickl 2011). This parameter will be used in the
following.

In order to study the parameters it is assumed that no strong correlation should exist

Table 3.1.: The mean parameters for each run. The mean corresponds here to both, the mean
over the four telescopes as well as the mean over the whole run.

Parameter Unit max. Range Determination
Zenith Degree 0-90 from tracking
Azimuth Degree 0 — 360 from tracking
Muon efficiency - 0.0-0.1 from calibration
NSB MHz 0 — 300 from calibration
Camera temperature Degree Celsius 0—-60 from cameras
Number of broken pixels - 0 - 100 from calibration
Radiometer temperature Degree Celsius —80 — 0 from radiometers
Relative humidity - 0-100 from weather station
Air temperature Degree Celsius —50 — 50 from weather station
Trigger rate Hz 0 — 300 from daq

between them. To test this assumption the correlation coefficients peor as well as the
corresponding plots have been determined for all parameters. The resulting coefficients
are listed in Table[3.2] The corresponding plots can be found in Appendix A. Only two
correlation coefficients show values above 0.5, which could indicate a linear correlation. A
potential correlation is seen between the camera temperature and the air temperature. This
correlation is easy to interpret since the camera temperature indeed cannot be lower than
the air temperature, which implies a connection between the two variables. Nevertheless,
the two parameters will be studied individually in the following. Additionally also between
the NSB and the muon efficiency a correlation coefficient in the order of 0.5 was found. A
potential correlation between these two parameters may be understood because a lower
muon efficiency could lead also to a lower NSB. However, other effects should have a stronger
influence on the NSB. Therefore also these parameters are studied individually.
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In the following the selection of the H.E.S.S. data, which are used for the systematic studies,
is described.

Table 3.2.: The correlation coefficients between the different parameters of interest.

2 3 4 5 6 7 8 9 10

Zenith (1) 0.10 0.16 0.24 -0.14 0.03 0.13 0.07 0.05 0.06
Azimuth (2) 1.00 -0.02 0.08 -0.06 -0.07 -0.04 0.02 -0.07 0.01
Muon eff. (3) 1.00 0.51 -0.13 0.00 0.09 0.03 0.07 0.31
NSB (4) 1.00 0.16 0.02 0.03 0.04 -0.00 0.19
Broken pixels (5) 1.00 0.36 0.17 -0.05 0.33 0.06
Camera temp. (6) 1.00 0.27 -0.15 0.54 -0.10
Radiom. temp. (7) 1.00 0.10 0.38 -0.03
Relative hum. (8) 1.00 -0.15 0.21
Air temp. (9) 1.00 -0.03
Trigger ratio (10) 1.00

3.1.2. Data Selection

In order to understand the systematic influences on the background estimation, data from
H.E.S.S. are studied. For the study only data passing similar quality criteria as described in
the previous Chapter in Section and as the ones chosen in |Glick| (2011) are used. Only
good, high quality data, which is uncorrupted by bad observation or hardware conditions,
is used. Eventually the following set of conditions, which have to be fulfilled by the data,
are obtained:
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Duration of the run has to be between 1600s and 1750s (run not at the end of the
night, no interruptions).

All four telescopes have to be operational and at least two out of the four telescopes
have to have been triggered (reducing background events, allowing for stereoscopy).

The root mean square (rms) of the system trigger rate has to be smaller than 5 %
(indication for no clouds).

No less than 10 % of the PMTs are allowed to be broken (hardware problems).

The observation position has to be at least 8° away from the Galactic Centre (I = 0.0°,
b = 0.0°), because there only vanishing contributions due to the annihilation of dark
matter in the halo are expected.

Some runs are excluded due to a very hazy atmosphere during observation, see (Gliick
(2011)).
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e Runs, which were taken after March 2010 (exceeding run number 55500) are excluded,
because from then on the mirrors on individual telescopes were refurbished (exchanged)
successively and therefore the mean muon efficiency is no longer a good measure for
the overall muon efficiency.

e The system trigger rate Ry, has to be higher than 60 % of its estimate Riyigest-

An estimate Rygest for the system trigger rate is obtained in a way similar to the one
described in |Gliick (2011). The system trigger rate of the runs fulfilling all imposed
requirements is plotted against the zenith angle and the muon efficiency in Fig.[3.2] These
two parameters have major influence on the trigger rate. In Fig. the dependence of
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Figure 3.2.: Two different dependencies of the system trigger rate. In l@] the system trigger
rate over the mean zenith angle is drawn. The red line is a fit with a cosine. In @]
the system trigger rate over the mean muon efficiency is shown with the red line
being a linear fit.

the trigger rate on the mean zenith is indicated with a cosine function (red). This behaviour
is expected from Monte Carlo simulations (Bernlohr] [2000) and was also seen in (Gliick
(2011). In Fig.[3.2(b) a linear rise (red) of the trigger rate with the muon efficiency can be
assumed. If these two plots are combined to a two dimensional plot, shown in Fig.[3.3] a
clear correlation is visible. The trigger rate estimate is given by the two dimensional fit of
Fig.[3.3 with the formula:

Rtrigest (O‘zen, €u> = Rnorm - €y - COS (azen) ) (31)

where a,e, is the mean zenith angle and ¢, is the mean muon efficiency of the run. The fit
results in Ryorm = 3.15785 - 103Hz. Now with this estimate for the trigger rate the quality
cuts are applied.

In the next Section the background rate is introduced.
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Figure 3.3.: The system trigger rate over the mean zenith angle and the mean muon efficiency.

3.1.3. Introduction of the Background Rate

In order to study the systematic effects of various detector and observation parameters
on the background, a quantitative parameter has to be defined. A natural parameter to
use is the background rate, with the assumption that the background rate is homogeneous
over the whole sky (beside Poisson fluctuations). This assumption is justified since the
background for H.E.S.S. are mostly hadronic cosmic rays, which appear gamma-like in
the detector. The background rate R depends on all the parameters listed in Table[3.1]
which vary because of different observation conditions and detector effects. In the following
Section the rate is defined and its uncertainties are discussed.

Definition of the Background Rate

The background rate is defined as the number of gamma-like events N in a source-free area

A on the sky in a certain time t.
N

Rbg = ﬂ

(3.2)

The unit of Ry, is therefore s~ deg™2.

The background rate for a single run consists of all the events passing gamma selection
cuts (the results shown in the following are for Std cuts, see Table, that do not fall
into excluded regions and lie within a certain radius r from the observation position. The
corresponding area is then the area of the circle on the sky with radius r without the areas
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that are excluded. The corresponding time is the live time of the run. Calculating the
background rate in this way takes into account that both the different excluded regions
and observation times may vary from run to run.

In order to obtain better statistics the background rate is accumulated over several runs.
The summation can be done in several ways, on the one hand by simply calculating the mean
Rypean of the background rate over several runs n, and on the other hand by determining an
accumulated rate R,.., which differs slightly from Rc.,. The mean and the accumulated
rates are acceptable measures for the distribution, as the distribution of the individual/
runwise rates is sufficiently symmetric. For the mean rate Ryan the following holds:

1
Rmean = ﬁ : Z Ri- (33)

Here the summation index ¢ denotes the number of runs, therefore R; is the rate of an
individual run. The error of Rean is calculated taken the uncertainties on the area AA,
the event count AN and the live time At into account as follows:

AR = %-,/ (ZAR?), (3.4)

N, N, 2 N, 2
AR, = ! L LAA; LA . 3.5
\/(Ai'fi)2 " {A?'ti } " {Ai‘t? } (3:5)

While for the uncertainty on the event count AN a Poissonian error is assumed, AN = /N,
the error estimate on the time At and on the area AA are given in the next Section.

For the accumulated rate R,.. the summation is a bit different. The result is quite similar
to the mean rate, but the calculation of this overall rate is more intuitive when summing
over several runs with different areas and times (see example for two runs in Appendix
A.2)). Hence the accumulated rate R, is used in the parameter studies:

N
Race = 17 N=) N, V=A-t=) T, (3.6)

The number of events N and the parameter V' are simply summed up over all runs i. V;
corresponds to the exposure of the observation of each run that is equal to the product of
the area and the time: Vi = A; - t;. The propagated error for the accumulated rate is

1 SN2
ARpee = \/W ) ANZ+ S D (2 AAZ 4 A2 AR). (3.7)

Here the same uncertainties as above for AN, AA and At are used (see next Section).
In addition to the uncertainties discussed above also a statistical uncertainty will be given
in the following. This statistical uncertainty is determined as the error ARg,; on the
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determination of the mean or accumulated rate. ARy, is estimated in the following way:

_ S _ 1 . Zz (Racc - Ri)2
ARstat - \/ﬁ - \/m \/ m—1 . (38)

Here m is the number of all runs ¢ used for the calculation of R,... S is the standard
deviation.
Eventually R,.. is determined to R..c + ARucc £ ARgiar-

Estimating Uncertainties on the Background Rate

The uncertainties for AN, AA and At are discussed now. As already mentioned AN is
assumed to be the Poisson error AN = v/N. Another potential source of uncertainty lies in
the reconstruction of the position of the event, which is only exact up to 0.1° (de Naurois
and Rolland| 2009). This might lead to more or less events in the fixed regions on the
sky. However this effect is not taken into account here, because the reconstruction error
is assumed to appear uniformly over the whole FoV. Therefore the mean expected event
count in a fixed region is assumed to be not affected by the reconstruction error.

The area was calculated numerically with a binwise integration in order to be able to

Figure 3.4.: A grid on a shpere is shown. It nicely illustrates the different binsizes and areas on
the sphere which have to be taken into account when numerically calculating areas
on it.

handle arbitrary shaped excluded regions in a simple manner. A lower limit of the error on
the area calculation was estimated by comparing the result of the numerical calculation to
the analytical result for ring regions (which can be derived from the analytical expression
for a circle E[) Due to the fact that the areas on the sky are areas on a sphere different bin
sizes or bin areas have to be taken into account when integrating. In Fig.[3.4] a sphere with
a grid is shown to illustrate this binning effect. The comparison between the analytical and
the numerical calculation revealed only very small deviations (below 1% ). Nevertheless, a
conservative error estimate (also with regard to the neglect of the direction error) on the

1Acircle (9) =27 - (1 — COS 9) .
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area of AA = 5%A = 0.05A4 was chosen.
Now the uncertainty in the determination of the live time At has to be estimated. For this
variable two cases are considered.

e A fixed live time.
e A variable live time chosen according to some constraints.

The first case is straight forward. There the live time is simply fixed to 1560s, choosing
only events that have arrived after the first minute (> 60s) and before the last minute
(< 16205s). With this fixed choice the error At vanishes and At = 0 holds.

In the second case a time window is chosen with respect to the dependence of other
parameters on the time. These other parameters are the zenith and the azimuth angle.
Both angles change during an observation in order to track a target on the sky and therefore
compensate the Earth’s rotation. To be able to determine the accumulated rate dependence
on a certain parameter it is necessary to restrict the other parameter ranges. In case of the
zenith and azimuth angle this is done with a cut on the time. Therefore the behaviour of
the zenith and the azimuth angle with time must be known for each run. The change in
azimuth over time can be described by a parabola whereas in case of the zenith a linear fit
is sufficient:

)\azi (t) = Q) 't2—|—b)\'t+C)\, (39)
Buen (t) = ag-t+bs. (3.10)

In Fig.[3.5] the nominal position of the zenith and the azimuth angle is fitted with the
corresponding functions (red) and the zenith and azimuth values of the measured events
scatter around these nominal values inside the FoV. Now in order to get a cut condition on

the time Eqns.[3.9 and have to be inverted:

_ —b)\ + \/bi - 4(I>\ (C)\ — Aazi) (3 11)

2@)\
zen b
p o= Denzbs (3.12)

ag

If, e.g., the zenith angle range has to be restricted between Syen jow and Byen,up a corresponding
time interval between fi4y and ¢, is chosen. This choice then contains the uncertainty of
the time At. In case of the zenith angle the restriction yields an estimate of At of

2
At~ = ABen, (3.13)
ag

where for ApS,., the deviation between the fit and the actual nominal position is used
(uncertainties on the fit parameters ag and bg have been neglected here). This deviation

7
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Figure 3.5.: On the left: Zenith angle over time for a run. The red line corresponds to a linear
fit to the nominal position of the zenith. On the right: Azimuth angle over time
for a run. The red line corresponds to a parabola fit to the nominal position of the
azimuth angle.

lies in the order of one percent. Hence

2 _
At~ =001 B,on, (3.14)
ag

with fB,en being the mean value of the zenith angle between B,eniow and Brenup, is used.
Similarly the resulting uncertainty of the live time for a mean azimuth angle A, is
determined to

2
b?\ - 4(1)\ (C,\ - )\azi)

In the following two Sections the energy threshold and the acceptance used in the systematic
studies are introduced.

At ~

-0.01 - Ay (3.15)

3.1.4. Energy Threshold

In this Section the energy threshold for the on-off analysis and the systematic studies
is determined. The energy threshold depends on the zenith angle and potentially the
muon efficiency and the offset. Therefore the dependence of the background rate on these
parameters could be shadowed by the energy threshold of the detector. In order to use a
safe energy threshold a slightly different definition than the one described in Section[2.9.6]is
introduced in the following.
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At first the background rate is plotted over the energy. The zenith angle, the offset and the
muon efficiency are restricted to fixed values here, in order to test their influences. The
zenith angle is fixed in a range [,, £ 1.5° via the time condition described in Section(3.1.3]
Furthermore the runs have been split into intervals according to their muon efficiencies.
Every interval contains approximately the same amount of runs, therefore the intervals — or
bin sizes — are not equidistant. The intervals and the number of runs inside each interval
as well as the mean muon efficiency and the first and last run in the interval are listed
in Table[3.3] Muon efficiencies below 0.06 are very rare and indicate bad observation or
hardware conditions. Therefore runs with such low muon efficiencies are not included in the
analysis. The offset is restricted to ranges between [0.0°,0.25°], [0.25°,0.75°],[0.75°, 1.25°],

Table 3.3.: The runs are split up into intervals of similar size according to their muon efficiencies.

Limits # Runs mean ¢, first run last run

[0.000, 0.060] 104 0.0490 20936 55315
[0.060, 0.0642] 600 0.0627 40946 60266
[0.0642, 0.0659] 600 0.0651 40217 60265
[0.0659, 0.0679] 600 0.0669 19270 65430
[0.0679,0.0697] 600 0.0690 29384 65431
[0.0697,0.0711] 600 0.0704 28828 65434
[0.0711,0.0729] 600 0.0719 27608 65376
[ ]
[ ]
[ ]

0.0729,0.0769 600 0.0749 24472 64961
0.0769, 0.0862 600 0.0809 21010 30892
0.0862,0.1000 423 0.0894 18491 21550

[1.25°,1.75°] and [1.75°,2.25°]. For the offset and the muon efficiency the step size is given
by the intervals whereas for the zenith angle a step size of 2° is chosen. For all the different
configurations of zenith angle, offset, and muon efficiency the background rate divided
by the bin width in energy is plotted over the energy. Figure [3.6[is an example of such
a plot for the configuration with zenith angle (,., = 10° 4= 1.5°, muon efficiency between
€, € [0.06,0.0642] and offset 6 € [0.25°,0.75°]. There the background rate drops towards
lower energies. This is attributed to the efficiency of the detector. Only above a certain
energy threshold the effective areas become large enough to enable the reconstruction of all
events, see Section [2.9.6) For this thesis the energy threshold is therefore defined as the
position of the peak of the differential background rate over the energy (the background rate
in a certain energy bin divided by the bin width). This choice was suggested by the HEGRA!
Collaboration et al. (1999) and is also discussed in (Gliick| (2011). The energy threshold has
been determined for different zenith angles, muon efficiencies and offset angles. While the
energy threshold rises with increasing zenith angle and slightly drops with increasing muon
efficiency, it appears to be independent of the offset. In Fig. the resulting energy
threshold is plotted as a function of zenith angle for the lowest muon efficiency interval,
[0.06,0.0642], and an offset between [0.25°,0.75°]. In Fig.[3.7(b)| the peak positions are
drawn over the different muon efficiency intervals for a fixed zenith angle of 10° and the
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Figure 3.6.: The background rate is plotted over the energy in TeV for a zenith angle of
10° £ 1.5°, a muon efficiency €, € [0.06,0.0642] and an offset § € [0.25°,0.75°]. As
the background rate per energy over energy follows a power-law, like a - E~F, or the
sum of two power-laws, a - E~11 +b- E~12 the axes are logarithmic. As an example
a power-law (green line) with index I' = 2.0 and a = 90.5 s 'deg™2TeV~! is shown.
The errors in this plot are the propagated errors.

same offset range as before. It becomes clear that the dependence on the zenith angle is very
strong, whereas considering the muon efficiency the energy threshold can conservatively be
set to a constant which agrees with the value found for the lowest muon efficiency. The
overall energy threshold is parametrised as

B (BZGH) =a: gen +b- ZQen tc (316)

with @ = 7.263 - 1078 TeVdeg ™, b = 4.785 - 107° TeVdeg 2 and ¢ = 0.2TeV. This
corresponds to the red line in Fig.[3.7(a)] and is a conservative estimate of the energy
threshold for the on-off-analysis with Model++ std cuts. This estimate is independent of
the offset and the muon efficiency.

From now on a cut on the event energy requiring an energy above Fiy,, is applied on the
data. Furthermore, for energies above 10 TeV not much data is left, as is visible also in
Fig.[3.6] that is why in the following the events are restricted to energies < 10 TeV. The
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Figure 3.7.: In @ the energy threshold over the zenith angle for the lowest muon efficiency
interval [0.06,0.0642] and an offset around 0.5° is shown. The errors on the energy
threshold are the binwidths of the bins corresponding to the peak position. The
error on the zenith angle is set to +1.5° The red line shows a conservative choice of
the energy threshold following a 4th order polynomial Eiy,, = a - 3%, +b- 82, + c.
In [(b)] the energy threshold over the muon efficiency for a fixed zenith angle at
10° £ 1.5° and offset around 0.5° is drawn. The errors are the width of the energy
bin and the width of the muon interval, respectively. The red line corresponds to a
fit with a linear function.

influence of the energy threshold on the background rate makes it worthwhile to study not
only the full energy range from 0.1 to 10 TeV, but also an energy range well above the
threshold from 1.5 to 10 TeV.

In the next Section follows the determination of the acceptance used for the on-off-analysis
and the systematic studies.

3.1.5. Acceptance

In the previous Section it was mentioned that the energy threshold is independent of the
offset. Nevertheless the dependence of the background rate on the offset might depend
on the energy. The offset 1 dependence is the same as the H.E.S.S. camera acceptance,
which needs to be determined for the analysis. The acceptance for the on-off-analysis is
determined in a way similar to the radial acceptance, see Chapter[2] Section[2.9.2] The
background rate is drawn over the offset squared 12, because equidistant bins on the
axis correspond to rings with similar areas on the sky. The potential influence of the zenith
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angle on the rate is taken into account by setting the zenith angle to fixed values like for
the determination of the energy threshold (£1.5°). The muon efficiency is not fixed here,
since each offset bin contains the same runs and therefore the same distribution of muon
efficiencies. Furthermore the influence of the muon efficiency is assumed to be independent
of the influence of the offset and not restricting the muon efficiency yields more data in the
bins. In Fig. the background rate is plotted over the offset squared v? for five different
zenith angles from 10° to 50° and muon efficiencies between 0.06 and 0.1. In Fig. the
energy range is set to 0.1 TeV < E < 10.0 TeV and in Fig.to 1.0TeV < E <10.0TeV.
It can be seen that the background rate behaves similarly for the different zenith angles.
Though in Fig.|3.8(a)| additionally an effect of the energy threshold (or zenith angle) is
visible. For lower zenith angles up to about 30° the energy threshold is lower than for the
higher zenith angles. Therefore events at low energies are missing for high zenith angles
and the rates at high zenith angles are lower. For energies well above the energy threshold
in Fig. this is not the case. There the rates are highest for highest zenith angles. In
order to obtain the acceptance for the analysis for a certain energy range a two dimensional
map of the background rate over the zenith and the squared offset 12 is used. The two maps
used for the full energy range and the high energies are shown in Fig.[3.8(b)| and Fig.[3.8(d)]
The values have been determined in steps of 5.0° for the zenith and 0.4 deg?® for ¥. In
between bilinear interpolation (Wikipedial 2013) is used. When applying an acceptance
correction an event with squared offset 12, . and zenith angle Ben event i Weighted relative
to the value of the background rate at 1? = 0 and B,en = Bren,event- With this varying
shapes of the acceptance due to the zenith angle are taken into account, but the overall
normalisation, which contains the main zenith dependence, stays unchanged. The zenith
dependence, which is also influenced by the energy threshold, is studied in detail in the
next Section. In the following the acceptance correction described above will be applied.
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Figure 3.8.: @ an The background rate over the square of the offset for five different
zenith angles and two energy ranges is shown. The colors correspond to the zenith
angles (10° = black, 20° = red, 30° = green, 40° = blue, 50° = yellow, 60° =
pink). The errors on the x-axis are the bin widths. In @ the energy range from
0.2TeV < E < 10.0 TeV is shown and in [(¢)] from 1.5 TeV < E < 10.0 TeV. In [(b)]
and @ the corresponding two dimensional plots over offset and zenith angle are
shown. The offset squared is binned like in an whereas the zenith is binned
in steps of 5° here. Between the points bilinear interpolation has been used. From
these two dimensional images the acceptance correction is determined for the two
energy ranges (0.2TeV < F < 10.0 TeVl@l and 1.5 TeV < F <10.0 TeV @l)
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3.2. Systematic Studies to determine Parameter
Influences

The necessary basics for the study of the parameter influences have been described in the
previous Sections. In the following first the methods used to determine the dependence of
the background rate on the various parameters are described. Afterwards the results are
presented.

3.2.1. Two Ways to determine Parameter Influences

The aim of this Section is to familiarise the reader with the used methods of determining
the parameter dependencies. The subsequent Sections about the individual parameters will
focus on the results.

Method A

In order to determine the influences of the various parameters on the background rate a
straight forward approach would be to just study the background rate over the parameter
of interest, sort the runs according to the parameter of interest and draw the accumulated
background rate for the runs in a certain bin of the parameter of interest. This simple
approach, though, contains many potential sources of errors, because dependencies on other
parameters might shadow the influence of the parameter of interest. To use this method it is
necessary to take some precautions. It is again easy to anticipate that all other parameters
apart from the parameter of interest have to be set to fixed values or at least fixed ranges
to reduce their influence on the background rate or better to keep their influence constant.
Considering the data given here (see distributions of the runs over the different parameters
in Appendix , this is not possible for all parameters, because not enough data is left if
split up according to all parameters. Nevertheless, the method could still be used to unveil
(the strongest) dependencies. If the influences of the various parameters are independent of
each other and the remaining parameters are distributed homogeneously over the bins of
the parameter of interest, all data can be used. Another important aspect is the trade-off
between the amount of data needed for good statistics and the restriction of the parameter
space. This method of plotting the background rate over the parameter of interest with
certain other parameters fixed is called “method A” in the following and has already been
used for the determination of the energy threshold and the acceptance. However, results
obtained with method A are only shown for the zenith angle in the following, because of the
before mentioned difficulties with the selection and the statistics of the data. Nevertheless,
more results obtained with method A are given in Appendix [A.4]
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Method B

Another way to determine the dependence of the background rate on the parameters, which
is called “method B” from now on, is to sort the runs again in bins according to the
parameter of interest. Then the bin containing the largest number of runs is chosen as
reference bin. Afterwards a kind of on-off-analysis is done for each bin. For each bin the
runs are paired with runs from the reference bin. The pairing is done by selecting runs that
agree very well in all parameters beside the parameter of interest. This is done similar to
the procedure utilised in (Gluck| (2011)). A weight W is determined for every run pair (ref,
bin). The weight W is defined as follows:

W (ref, bin) = (wpar - Xpar)?. (3.17)

par

There X,a = pares — paryy is the difference between the value of the parameter par in
the reference run (ref) and the run from the bin (bin). wp,, is a weighting coefficient,
which accounts for the different sizes of X, = paryer — paryin for the various parameters
(€.8. Xmuon = €pref — €ubin < 0.04 while Xenith = Brenret — Bren,bin < 60°) and also for their
respective impact on the background rate. For the study of the parameter dependencies
the weighting coefficients have been set to the a priori values listed in Table[3.4] normalised
to the impact of the zenith angle. Furthermore the difference in the mean zenith angle
is restricted to 3°, because of the presumably strong zenith dependence. In order to find
the runs with the best matching parameters W (ref, bin) is minimised. The reference run,
which yields the lowest W (ref, bin), is then paired with the run from the bin. This chosen
reference run (ref) is no longer available for other pairs from this bin, in order to avoid a
bias due to using a potentially corrupted/special run more than once. Then a matching
reference run for the next run from the bin is searched for. In case no satisfactory match
for the run from the bin is found in the reference interval a high value for W (ref, bin) is
obtained. Therefore, in order to only use sufficiently well matching run pairs, W (ref, bin)
is required to be below a certain limit (W (ref, bin) < 10). The runs for which no such
weight is found are not used in the following analysis. The a priori weight coefficients were
chosen in a way such that enough pairs are found and the allowed maximum deviation

of a parameter (Apar = /W (ref, bin) /wZ, ) does not lead to large deviations in the

background rate. The expected deviations on the background rate Agai. due to the studies
performed in (Gluck (2011) are given in Table as well as the deviations corresponding to
the results found for the Model++ analysis. For the resulting pairs the background rates are
accumulated for all runs in the reference bin and for all runs in the other bin. The obtained
accumulated rate from the bin is then divided by the accumulated rate from the reference.
The ratio of the two is drawn over the value of the bin. The exact agreement in all other
parameters should now reduce effects due to these other parameters and only the effect of
the parameter of interest should be visible in the resulting plot. Here also problems can oc-
cur if only very few run pairs are found, because then statistical fluctuations might dominate.
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The results in the following are obtained with method B. However, in case of enough
data the two methods are of course expected to yield comparable (within statistical errors
the same) results.

Table 3.4.: The a priori weighting coefficients chosen for the studies of the parameter influences
and the allowed maximal deviations of the rates resulting from applying a limit of
W (on, off ) max = 10.0 (derived from (Gliick| (2011) for the Hillas analysis and from the
later results for the Model4++ analysis).

Parameter Weight wpar  Agate Hillas  Agrate Model++
Zenith 1.0 15% 10%
Azimuth 0.1 5% 10%
Muon efficiency 1000.0 < 5% 15%
NSB 0.1 < 10% 10%
Camera temperature 0.1 12% 30%
Number of broken pixel 0.01 10% 15%
Radiometer temperature 0.1 - 10%
Relative humidity 0.1 - 15%
Air temperature 0.1 - 20%
Rrigger rate ratio 10.0 30% 30%

3.2.2. Zenith Angle

In Section it was pointed out that the dependence of the energy threshold on the
zenith angle has to be taken into account when studying the dependence of the background
rate on this parameter. Lower zenith angles have lower energy thresholds and therefore
higher event counts and rates. In the following it is studied whether the dependence of the
background rate on the zenith angle at low energies is merely a product of the dependence
at high energies and the energy threshold or whether the dependence is energy dependent.
In order to get a better understanding of the influence of the energy threshold a simulation
was done, where zenith angle and energy were assigned to events according to certain
expected distributions. For simplicity the energy dependence is modelled by a power-law
with R(E) = Ruorm - E77 and T’ = 2.0. As a first test the effect of applying a cut on the
energy of the events is studied for a uniform input distribution of zenith angles and an
energy threshold depending linearly on the zenith angle.

Ethr (ﬂzen) =0.1TeV + b- ﬂzen (318)

With b = 0.015 TeV deg ™! a strong influence is attributed to the zenith angle. In Fig.[3.9
the results of a simultation with 100,000 events are shown. The input distributions are
shown in the top panel. In the lower panel the same distributions are plotted but this time
after applying an energy cut: The event energy has to be higher than the energy threshold
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defined in Eq.[3.18] The green lines in Fig.[3.9] are fits to the input distributions, the red
lines are fits to the distributions after applying the energy cut. It is clearly visible that
the loss of events due to this cut has a significant effect on the distribution for the zenith
angle when plotted over the full energy range, from 0.1 TeV to 10 TeV. However, if the
energy range is restricted to energies above the highest threshold, which is 1 TeV here, the
resulting distributions will have the same shape as the input distributions. Assuming that
the dependence of the background rate on the zenith angle stays the same for all energy
ranges, this dependence can be derived by looking at the background rate over the zenith
angle for energies higher than the energy threshold. The energy threshold Eiy, from Eq.[3.16]
is used in the simulation. In this case it only depends on the zenith angle. The dependence
of the background rate on the zenith angle for energies well above the energy threshold of
Eine (Bgen = 60°) = 1.24 TeV is derived. In Fig. the background rate is plotted over the
zenith angle Fig.[3.11] for energies between 1.5 and 10.0 TeV for method A (Fig.[3.11(a)) and
method B (Fig.[3.11(b))). For method A the muon efficiencies have again been restricted
and the distribution for muon efficiencies between [0.06,0.065] is shown.

The dependence of the background rate on the zenith angle for high energies (> 1.5 TeV),
see Fig.[3.11] is well described for both methods (A and B) by the following function:

Racc (Bzenv E > 15T6V) =a- ﬁ4 +0b- ﬁzQen +c, (319)

zen

where a = —2.95- 107, b =4.06 - 107% and ¢ = 4.95 - 1073. A potential explanation for
this kind of dependence could be that for larger zenith angles the volume of the atmosphere
seen by the detector is larger. Therefore more events are detected. That this is not the
case for particles with lower energies is due to absorption in the atmosphere and the energy
threshold of the detector.

Looking again at the simulation, the input distribution of events over the zenith angle is
now set to Eq.[3.19/and the energy threshold as defined in Eq.[3.16]is used. The distribution
of the simulated events over the zenith angle after applying the energy cut is compared
to the distribution of the actual data (obtained with method A) in Fig.[3.10(a)| There
the distribution of the simulated events over the zenith angle for energies between 0.1 TeV
and 10 TeV is plotted as a black line. The index in the energy dependence has been set to
I' = 2.0. The distribution is scaled to be in the same range as the actual data which are
the red points. A gaussian (dashed line) nicely fits the simulated distribution. The data
and the simulated curve show a similar behaviour. However, the result of the simulation
varies strongly for different spectral indices. The correct index is not known. Therefore
three different indices have been tested in the simulation: 2.0, 2.7 and 3.2 (with an index of
2.7 expected for cosmic ray hadrons). In Fig. fits with gaussians of the results of
repeated simulations for three indices are shown in shades of green. It can be seen, that the
simulation and the data agree quite well for the higher indices. This leads to the conclusion
that the zenith angle dependence of the background rate seen at low energies is an effect of
the energy threshold only and that the dependence seen at high energies can be assumed to
be valid over the full energy range. The distribution of the background rate over the zenith
angle for the full energy range is again shown in Fig.[3.12] for both methods. A fit with a
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3. Development of an On-Off Analysis based on Model++ Reconstruction

gaussian

2

Riace (Bren, > 0.1TeV) = a - exp [—0.5 . (%) ] (3.20)
results in @ = 0.0582, b = 10.60° and ¢ = 27.79°. Considering again the full (Fig. and
the high energy case (Fig. the largest deviations from the fit are seen in both cases for
zenith angles above 50°; therefore in the following only data with zenith angles (3,., < 54°
are used. For the observations of the Galactic Centre also only very few runs exceed this
limit.
Note: If the dependence of the background rate on the zenith angle is corrected for the
full energy range, the number of events is corrected, but this most probably distorts the
spectrum. Therefore this correction can only be applied when determining the significance
of a source but must not be applied when determining the spectrum.
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Figure 3.9.: Results of a simulation to understand the influence of the energy threshold on the
zenith angle. @ The simulated input distributions for the energy (~ E~2) and the
zenith angle (a constant) for a total of 100,000 events. In @ the corresponding
distributions after applying an energy cut as described in Eq.[3.18 The green lines
are fits to the input distributions and the red lines are fits with an exponential
function and a gaussian to the distributions with the energy cut for energy and

zenith, respectively.
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Figure 3.10.: The scaled distribution of the simulated events over the zenith angle is shown as
a black line. 100,000 events have been distributed in zenith angle according to
Eq. and in energy following a power-law with E~T. The full energy range
from 0.1 to 10 TeV has been used and an energy threshold cut following Eq[3.16|
has been applied. The resulting distribution has then been scaled to the third
of the red points from the left. The red points are the actual distribution of
the backrgound rate over the zenith angle for the same energy range. In[(a)] the
simulated distribution (black line), for which a spectral index of I' = 2.0 was
chosen, is fitted well by a gaussian (black dashed line). In [(b)] three different
indices were chosen for the simulation, namely I' = 2.0, I' = 2.7 and I" = 3.2 from
dark to lighter green. Then the simulation was repeated 100 times for each index
and the resulting gaussian fits are overlaid in different shades of green. Again the
results are scaled (according to the value of the third bin) to be comparable to the
data (red points).
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Figure 3.11.: The background rate over the zenith angle for energies between 1.5 TeV and
10.0 TeV obtained eventwise with method A @ and runwise with method B @
The blue line shows a fit with a symmetric polynomial of fourth order.
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10.0 TeV for method A l@] and method B The blue line is a fit with a

gaussian.
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3.2.3. Muon Efficiency

After the study of the zenith angle now a closer look at the dependence on the muon
efficiency is taken. Naturally the H.E.S.S. array (mainly the mirrors but also the electronics)
degrades with time, which translates into a decrease in the muon efficiencies and potentially
also in the background rate. In order to study the dependence of the background rate
on the muon efficiency the mean muon efficiency over all telescopes is used. Again the
two energy ranges, 0.1 TeV to 10 TeV and 1.5 TeV to 10 TeV, are studied. The resulting
plots obtained with method B are shown in Fig.[3.13(a)| and Fig.[3.13(b)] respectively. The
acceptance correction derived above was applied. Furthermore also a correction due to the
zenith angle dependence is used. The rates are scaled to the value at a zenith angle of 10°
(more on the corrections in Section [3.3.2)). For the full energy range (Fig.[3.13(a)) as well as
for the high energies (Fig.[3.13(b)|) a strong influence is seen. A fit with a piecewise defined
linear function (blue curve)

Rb' a—+ b- e,uu E,u S Tbreakl

in

R ; (6/1) = f (E,u) = f(xbreakl) +c- €us Threakl < €u S Lbreak2 (321)
e f(xbreak2) + d- €us €u > Tbreak2

in the range from 0.06 to 0.1 results in a = 0.769, b = 3.312, ¢ = 24.896 and d = —2.019 for
fixed values of Zprear1 = 0.0725 and xpreae = 0.0825 for the full energy range and a = 1.054,
b= —0.861, c = 17.001 and d = —10.637 for the high energy range. For both energy ranges
an influence of the muon efficiency on the background rate is clearly visible. The influence
follows the expected trend that the background rate rises with increasing muon efficiencies.
However, this strong dependence on the muon efficiency is in contrast to the results found
for the Hillas analysis in |Gluck (2011). There only an influence in the order of 5% — 10%
has been found. A potential explanation is that the muon efficiencies in the Model++
analysis enter directly into the fitting procedure. Therefore the analysis might be more
sensitive to uncertainties in this parameter.

3.2.4. Atmospheric Variations

A further potentially strong influence of the background rate are atmospheric variations. It
was pointed out before in Section that corrections on the trigger rate derived with
LIDAR measurements are feasible (Nolan et al., 2010). However, not for all measurements
LIDAR data are available. Therefore in |Glickl (2011) another parameter to quantify
atmospheric changes was introduced, namely the ratio between the actual trigger rate Riyg
of the run and the estimated trigger rate Riyigest (S€€ Eq.. In case this ratio is above 1
the atmospheric conditions have been good, smaller values indicate less optimal conditions.
Again the background rate might follow this behaviour and be higher for higher ratios. In
Fig.[3.14] the corresponding plots for method B are shown. The two energy ranges show
a similar behaviour. The dependence on the trigger rate is fitted by a piecewise linear
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Figure 3.13.: The accumulated background rate Ry, of the bin divided by the accumulated
background rate Ry from the reference bin (green) over the muon efficiency for
energies between 0.1 TeV and 10.0 TeV @ and between 1.5 TeV and 10.0 TeV
@ The black error bars correspond to the uncertainties AR, and the red error
bars include the statistical errors (ARacc + ARgtat). The blue line is a fit with a
piecewise defined linear function with fixed breaks at 0.0725 and 0.0825. (Obtained
with Method B)

function (blue curve) with one fixed break at 1.1, where the dependence seems to change.

Rtrig
Ryin Rtrig o f( Rtrig ) . a+b- €ps Ririgost < Tpreakl (3 22)
Rt \ R R B flerig '
ref trigest trigest f(xbreakl) +c- €ps m > Threakl

The following values are obtained: For the full energy range a = 0.133, b = 0.846 and
¢ = —1.356 and for the high energy range a = 0.320, b = 0.662 and ¢ = —0.867. The
dependence is also very prominent and shows the expected trend. Similar results have been
found for the Hillas analysis in \Gluck (2011)).
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Figure 3.14.: The background rate ratio over the trigger rate ratio for energies between 0.1 TeV
and 10 TeV and for energies between 1.5 TeV and 10 TeV [(b)l The blue curve
is a fit with a piecewise linear function with one break at 1.1. (Obtained with
Method B)
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3.2.5. Azimuth angle

Together with the zenith angle [3,., the azimuth angle \,;; defines the pointing direction of
the telescope. Monte Carlo studies (Bernlohr] 2005) indicate that the trigger rate might
show a sinusoidal dependence on the azimuth due to the Earth’s magnetic field. This
dependence might survive the gamma cuts and might be transferred also to the background
rate. The distributions of the background rate ratios over the azimuth angle for the two
energy ranges are shown in Fig.[3.15] The behaviour in the two energy ranges is again
similar. However, the expected sinusoidal shape is not clearly recognizable. Nevertheless, a
sinusoidal fit (blue) is included in the plots.

RMn
lﬁ&

(Mazi) = a - sin(Aay + 0) + ¢, (3.23)

with @ = —0.097, b = —0.952, and ¢ = 1.061 for the full energy range and a = —0.088,
b = —1.006, and ¢ = 1.058 for the high energy range. The overall influence (~ 15%) is in
the same range as for the Hillas analysis, see |Gliick (2011).
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Figure 3.15.: The background rate ratios over the mean azimuth angle for energies between
0.1 TeV and 10 TeV [@] and for energies between 1.5TeV and 10 TeV . The
blue curves correspond to a sinusoidal fit. (Obtained with Method B)
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3.2.6. Night Sky Background

The NSB can be estimated in three different ways as described in Section [2.6.1] For the
following analysis the value gained from the pedestal width will be used, because this
method is stable and does not require an exact calibration of the high voltage, see Section
7.4.1 in | de Naurois (2012). The estimation due to the optical correlation is also stable, but
does not include local effects, like, e.g., broken pixels or random light sources. The NSB
gained from the pedestal width is averaged over the whole FoV and over all four telescopes.
This averaged value is then used for the study. This is in contrast to |[de Naurois| (2012)),
where a map of the NSB at each pixel position (accumulated over several runs) is used
for testing the correlation with the gamma like event rate. However, the reconstructed
direction of an event in the sky never falls within the shower image in the camera, therefore
no correlation between the event rate at the exact position of the high NSB values is
expected and no dependence on the NSB was found in de Naurois (2012). The effect of
pixels with high NSB is expected to affect events reconstructed at positions on a circle
around the pixels, see Fig.[3.16] for an illustration. In Fig.[3.17] the background rate ratio

FoV Camera

Shower positions for an

event reconstructed at
star position

RaDec system Camera/Nominal system

Figure 3.16.: Illustration of the influence of high NSB values in a pixel/ at a certain sky position.

over the NSB is plotted for the two energy ranges with method B. An influence in the order
of +£10% is seen. This is larger than the influence determined for the Hillas analysis in
. A potential explanation is the inclusion of the NSB (via the pedestal width
and the goodness-of-fit calibration) into the fitting procedure. The blue curve in Fig.[3.17
corresponds to a fit with the following function

Rbin
Rref

a+b-NSB, NSB < Tpreaxt
f(l'breakl) +c- NSBa NSB > Threakl

(NSB) = f(NSB) = { (3.24)
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with Tprean = 90 MHz and a = 0.768, b = 0.004 and ¢ = 0.000 for the full energy range and
a = 0.660, b = 0.005 and ¢ = —0.001

Additionally in Fig.[3.17] one point at NSB ~ 115 MHz is far offset from the other points.
Remarkably also the error (red) including the statistical uncertainty is quite large. It will
become clear later that the large offset of this point is due to the uncertainties left over in
the selection of the runs.
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Figure 3.17.: The background rate ratio over the NSB. For the full energy range (0.1 TeV -
10 TeV) [(a)] and the high energy range (1.5 TeV - 10 TeV) [(b)} The blue curve is a
fit with a piecewise defined linear function with a break at 90 MHz. (Obtained
with Method B)
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3.2.7. Camera Temperature

Now a potential dependence of the background rate on the camera temperature is investi-
gated. The camera temperature is mostly connected to changes in the noise level of the
electronics. In Fig.[3.18| the results obtained with method B for the two energy ranges are
shown. A fit with a piecewise defined linear function with two breaks

Rb' a+b- Tcamera7 Tcamera < Threakl

in

R (Tcamera) = f(Tcamera) = f(xbreakl) +c- Tcamerau Threakl < Tcamera S Tbreak2
f

re f(l‘breakQ) + d ) Tcamera7 Tcamera < Tbreak?2

(3.25)
results for breaks at zpreai = 20.0°C and Zpreae = 27.5°C in @ = 1.501, b = —0.023,
¢ = —0.003 and d = —0.017 for the full energy range and a = 1.268, b = —0.013, ¢ = 0.001
and d = —0.013 for the high energy range. The general trend of the influence, yielding
lower background rates for higher camera temperatures, has also been observed for the
Hillas analysis (Glick, 2011). However, for the Model4++ analysis again the influence seems
to be stronger (in the order of £20% in contrast to £10% for the Hillas analysis). This
might again be due to the calibration of the electronics, which enters directly in the fitting
procedure for the Model++ analysis.

5 1.4r < 1.4r
'3 C o C
£ 1.3 £ 131
o r o r
1.2 1.2
N [
1.1 115
1= ; 1=
0.9 0.9
0.8 0.8
0.7 0.7

:‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\ :‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
0615~ ~"20 25 30 35 40 0.645

camera temperature [° C] camera temperature [° C]

(a) (b)

Figure 3.18.: The Camera dependence of the background rate ratio for the full (0.1 TeV - 10 TeV)
@ and the high (1.5 TeV - 10 TeV) @ energy range. The blue curve corresponds

to a fit with a piecewise defined linear function with two breaks: one break at
20.0°C and the other at 27.5°C. (Obtained with Method B)
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3.2.8. Broken Pixels

The dependence on the amount of broken pixels (PMTs not working) is difficult to estimate.
This dependence might strongly depend on the distribution of the broken pixels in the
cameras. If many neighbouring pixels are effected a stronger influence than in the case of
many single pixels is expected. The amount of broken pixels in a telescope is restricted to
be less than 10% by the quality cuts. Therefore only up to about 100 broken pixels are
considered. In Fig.[3.19 the background rate ratios over the mean number of broken pixels
of the full array are shown. A tendency to lower rates for a higher number of broken pixels
is seen and is indicated by a fit with a linear function (blue)

Rbin
Rref

(Nbp) =a++ b- Nbp7 (326)

with @ = 1.069 and b = —0.001 for the full energy range and a = 1.085 and b = —0.002
for high energies. This was also seen for the Hillas analysis (Gliick, |2011). An explanation
for this kind of dependence is that for higher numbers of broken pixels the images of some
events in the camera have holes, which might prevent the fit from converging.

The parameters described in the following Sections have not been studied in |Gluck (2011)).
Nevertheless, they indicate further changes of the observation conditions and are therefore
also important to study.
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Figure 3.19.: Background rate ratios over the amount of broken pixels in all four telescopes.
In @ the full energy range (0.1 TeV - 10 TeV) and in @ the high energy range
(1.5TeV - 10TeV) is drawn. The blue line corresponds to a fit with a linear
function. (Obtained with Method B)
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3.2.9. Radiometer temperature

The temperature measured by the radiometer might be a further indication for atmospheric
variations. Therefore also the dependence on the radiometer temperature is studied. It
was pointed out before, that work is ongoing to determine the influence of the radiometer
temperature on the trigger rate (Daniels|, 2012). For lower radiometer temperatures the
atmosphere is expected to be in general cleaner and therefore a higher background rate is
expected as well. This trend is also seen in Fig.[3.20f However, for the lowest and especially
for the highest radiometer temperature deviations from this trend are observed. Similar to
the NSB, these deviations can be explained by influences from other parameters included
in the selection uncertainties. There the results obtained with method B for the two energy
ranges are shown. The blue curve corresponds to a fit with

Rb' a+ b- ﬂadim Tradio S Tbreakl

in

R (Tradio) = f(Tradio) = f(xbreak1> +c- Tradim Threakl < Tradio S Threak2 (327)
ref f(zbreak2> + d- T‘radioa Tradio < Zbreak2

The result of the fit for the energy range between 0.1 TeV and 10 TeV is a = 1.660, b = 0.013,
¢ = —0.008 and d = 0.026 and for the energy range between 1.5 TeV and 10 TeV a = 1.251,
b= 0.005, c = —0.005 and d = 0.018.
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Figure 3.20.: The background rate ratio over the radiometer temperature for both energy ranges

(0.1 TeV - 10TeV) ((a)] and (1.5 TeV - 10 TeV)(b)). The blue curve corresponds to
a fit with a piecewise defined linear function. (Obtained with Method B)
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3.2.10. Air temperature

The weather station at the H.E.S.S. measures the air temperature regularly. A potential
dependence of the background rate on the mean air temperature of each run is therefore in-
vestigated. It was pointed out already that the air temperature and the camera temperature
are related. Therefore a similar dependence as for the camera is expected. Nevertheless, the
air temperature also indicates changes in the weather, which might influence the detector
performance. The results of method B are shown in Fig.[3.21] Indeed for higher temperature
lower rate ratios are found. For low temperatures, however, deviations from the expected
trend are observed. Whether they are due to the uncertainties in the selection or whether
the detector response really changes for lower air temperatures has to be further investigated

(see Section [3.3.2). For now in Fig. a piecewise defined linear function

Rbin
Rref

a—+ b- Tair7
f(xbreald) +c- Taira

Tair S Tpreakl
Tair > Threakl

(Tur) = F(Ts) = { (3.28)

with a break at zpea1 = 7.5°C is used to describe the behaviour and results in a = 0.945,
b = 0.007 and ¢ = —0.013 for energies € [0.1,10.0] TeV and a = 0.945, b = 0.007 and
¢ = —0.008 for energies € [1.5,10.0] TeV.
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Figure 3.21.: The background rate ratios over the air temperature for both energy ranges
(0.1 TeV - 10 TeV) and (1.5 TeV - 10 TeV). (Obtained with Method B)
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3. Development of an On-Off Analysis based on Model++ Reconstruction

3.2.11. Relative Humidity

The relative humidity might be a hint of atmospheric variations, which might in turn
influence the electronics. The change in the background rate ratios with respect to the
relative humidity is studied in Fig.[3.22]for the two energy ranges. There a rather unexpected
influence is seen. The background rate seems to increase toward higher humidities. However,
the overall change is no larger than 15%. A fit with the following function is included in

Fig.[3.22}

a+b-hum, hum < Tpreakl
f(xbreakl) +c- hum, hum > Lpreakl

(hum) = f(hum) = { (3.29)
Rref
with Zprear1 = 40% and a = 0.825, b = 0.006 and ¢ = —0.005 for energies € [0.1,10.0] TeV

and a = 0.875, b = 0.004 and ¢ = —0.004 for energies € [1.5,10.0] TeV
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Figure 3.22.: The background rate ratio over the mean relative humidity for both energy ranges
(0.1TeV - 10TeV) and (1.5TeV - 10TeV). The blue curve corresponds to a fit
with a piecewise defined linear function. (Obtained with Method B)
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3.2. Systematic Studies to determine Parameter Influences

3.2.12. Other parameters

The above studied parameters certainly contain many aspects of the detector and the
observation conditions which are influencing the background rate. Nevertheless one might
also think of further parameters. Another parameter which might also help to indicate
weather (especially season) dependent changes of the observation conditions, is the date
(e.g. the month), at which a run was taken. In the plots shown above this parameter has
not been taken into account for the selection and it is assumed that a good agreement in
the other parameters (especially air temperature and humidity) already lead to a certain
matching of the seasons, in which the runs were taken. Nevertheless, in Fig.[3.23] the results
of applying method B to the parameter month of data taking are shown. It is clearly visible
that the first few months of the year correspond to the rainy season. Because of the smaller
number of available runs in the rainy season there the statistics are not so good and large
error bars (red) appear. Also over the following months a change in the background rate
ratio is observed. This influence might already be taken care of by the other parameters.
Nevertheless, adding the parameter month to the list of selection parameters for the pairing
of on- and off-runs is recommended. In the following therefore run pairs are only used if
they were taken in the same (£1) month (not the same year though).
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Figure 3.23.: The background rate ratio over the month, in which the runs were taken, for both

energy ranges (0.1 TeV - 10TeV) and (1.5 TeV - 10 TeV). (Obtained with Method
B)
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3.2.13. Summary

It was shown that in general the Model4++ analysis is more sensitive to the studied
parameters than the Hillas analysis. This can be understood because of the large influence
of the calibration in the Model++ event reconstruction. Besides the fact that the background
rate ratios show different dependencies on the parameters, this also stresses again how
important a stable and reliable calibration is for the Model4++ reconstruction. Certainly
future studies will need to determine the exact influence of miscalibrations on the Model++
reconstruction.

In the next Section the observed parameter dependencies are used in two different ways to
implement an on-off-analysis in order to determine the significance of a source.

3.3. On-Off-Analysis

In previous Section certain parameter dependencies have been observed. In this Section it
is described, how these observations can be used in an on-off-analysis. The later analysis
will focus on the determination of the significance, therefore in the following always the
energy range from 0.1 TeV to 10 TeV is studied. No spectrum will be determined here.
Like for the determination of the parameter dependencies also for the on-off-analysis several
approaches exist.

e The first method relies on the possibility to correct for the various parameter influences.
How such corrections can be included in an analysis and how they are determined
will be explained in Section [3.3.2] The advantage of this method is that almost all of
the existing data can serve as off-data (at least all data falling into parameter ranges
which are well understood).

e The second method does not require any corrections. There the on-runs are simply
paired with off-runs according to their parameters, similar to method B from Section
3.2l Now, though, the size of the influence of the different parameters is estimated
with the help of the studies described in the previous Chapter and the weights wpq,
in Eq.[3.17 are set accordingly. This is described further in Section [3.3.1] With this
selection the uncertainty of the analysis is reduced. On the downside, however, since for
the Model++ analysis strict selections are necessary, not for every on-run a matching
off-run can be found and the amount of usable data might shrink significantly.

e A third method, which can be applied for sources smaller than the extent of the FoV,
does not need to know anything about the systematics affecting the background rate,
but simply scales the background rate of the off-run according to the squared offset
distribution of the events in the on-run. For both runs histograms are filled with
the gamma-like events over the squared offset to the target. Then the histogram for
the off run at large offsets is scaled to the histogram of the on-run at large offsets.
However, since for the dark matter halo in the Galactic Centre region the extent of
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the signal region is expected to be comparable to the whole FoV, this approach can
not be used here and is therefore not discussed further in the following.

Additionally, of course, the first two described approaches can be combined and certain
parameters can be corrected, while other parameters must match between on- and off-run.
In the following it will be shown that such a combined approach is needed for the Model++
analysis. This combined approach will be called On-Off-Selection method and is described
in more detail in the next Section. Then afterwards the first method (Correction method)
and especially the determination and inclusion of the corrections is described further.

3.3.1. On-Off-Selection Method

For the On-Off-Selection method new weights wp,, are determined according to the parameter
influences derived in Section [3.2] Therefore for each parameter the gradient for the
background rate ratio is determined from the fitted functions (blue curves in Figures [3.12]
- . These gradients can then be used as new weighting coefficients. However, to be
comparable to the a priori coefficients chosen before in Section they are scaled to the
weighting coefficient of the zenith. Both, the gradients and the scaled weighting coefficients,
are given in Table[3.5] Now again a limit on the weight W (on,off) (see Eq.[3.17, where
now on corresponds to an on-run and off corresponds to a potential off-run) to reduce the
allowed deviations has to be chosen. A value of W (on, off),.x = 10.0 now corresponds to
allowed deviations in the range of 10% for all parameters. Additionally the runs have to be
taken in the same time of the year (month £ 1). However these criteria are so restrictive,
that no off-runs are found for the Galactic Centre region.

A potential solution is to dismiss the limit on the weight W (on, off) and instead minimise
the sum of individual weights > W (on,off) to get a homogeneous sample. However,
then, also larger deviations for individual pairs might be included and only if the statistics
are large enough and deviations in both directions (more off-events and less off-events) exist
in the sample a null result (statistically the same amount of on- and off-events) is obtained.
This method then of course has a larger uncertainty, which has to be taken into account
when studying the results. It is therefore not further discussed in this thesis.

A different approach is to correct dependencies of single parameters and therefore set their
weighting coefficients to zero. These parameters are then not used in the selection of pairs
of runs. This approach was used in (Gliick| (2011), there the trigger rate ratio was corrected
and not included in the run selection. The parameters for which corrections are applied
should then be well understood. In the following for the On-Off-Selection method the
weighting coefficients for the muon efficiency, the radiometer and the camera temperature
as well as for the NSB will be set to zero and the dependencies on these parameters are
corrected instead. The correction of so many parameters is necessary for Model++, because
otherwise not enough off-runs are found. How the corrections are determined and how they
are included in the analysis is presented in the next Section together with the Correction
method.

105
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Table 3.5.: The new weighting coefficients chosen form the studies of the parameter influences and
the allowed deviations of the rates resulting from applying a limit of W (on, off )ymax =
10.0. Additionally in the last column the reference points for the different parameters

are listed.
Parameter Gradient [[par]™'] scaled wy,, reference value
Zenith -0.0240 1.0 24
Azimuth 0.00169 0.0704 190
Muon efficiency 24.9 1037.5 0.0675
NSB 0.00356 0.148 65
Camera temperature -0.0226 0.942 28.75
Number of broken pixel -0.00117 0.0488 52.5
Radiometer temperature -0.00791 0.330 -42.5
Relative humidity 0.00586 0.244 27.5
Air temperature -0.0135 0.563 7.5
Trigger rate ratio 0.846 35.25 1.025

3.3.2. Correction Method

The correction method uses the dependencies of the background rate on the parameters
derived in Section and corrects them. This is done by scaling the rates from the on
and the off run to a certain reference configuration (given by the reference points listed
in the third column of Table. Therefore it is assumed that the corrections for the
different parameters can be treated multiplicatively, i.e. the parameters are independent of
each other. In order to scale the rates to a reference value the events are weighted with a
correction factor ¢;. This correction factor can be determined eventwise (if the parameter
whose influence is corrected is determined for every event, so for the zenith, the azimuth
and the offset) or runwise (for parameters that are fixed for each run, like, e.g., for the
muon efficiency). Applying such a correction on the accumulated rate Eq. changes to

Racc - % : Z Z Gi (Bzeny M, w; toe ) (330)

runs events

with the correction factor for each event ¢ being

G (6zen7/*bku ] ) = Czen * Cu ) Cd, .. (331)

In order to take the uncertainty resulting from the correction into account and also to
include the corrections later in the analysis a global correction factor C.,, is defined

C _ Zruns Zevents Gi
corr

= S (3.32)
runs events
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and the corrected/scaled rate can be written as

Ceorr * N N
Racc = == = ) (3 : 33)
V CZ)[T

where N is the number of total events. With this the uncertainty on the event count
AN = /N changes to AN = Ciopr - V'N. In the analysis the corrections enter in form of
the global correction factor Ce,,, and are simply included into the exposure for the on- and
the off-runs and the events are summed up just like in the standard analysis. With this
the factor feo from before (see Section can be used for the determination of the
significance and also the formula from Eq.[2.21] still holds. Though Se now is

Aon Ton Coff

ﬁcorr - AoffToﬂ Con

(3.34)

with A being the area on the sky, T" the live time and C' the correction factor for the on- as
well as the off-runs.

How the correction factors ¢; are determined and how good the corrections work is discussed
in the following.

Determination of Correction Factors

In a first attempt the corrections are simply chosen according to the fits f(par) (blue curves
in Figures - from the previous Sections. Furthermore the parameter ranges are
reduced to those visible in the plots shown in these Figures —[3:22] because only for
those regions enough run pairs were found to predict the dependence. In Appendix the
limits of the parameter ranges are indicated in the run distribution plots for each parameter.
These limits reduce the set of potential off runs to about 3000. The correction factors for
each event are given by the inverse value of the fitted function 1/f(par). These corrections
are now applied and the background rate ratios for the different parameters are determined
again. The a priori weighting coefficients from Table[3.4] are still used. This time, though,
no limit on the weight W (ref, bin) is requested. Therefore now all runs in a bin can be
paired with a reference run and larger statistics are gained. The corrections should scale
the background rates relative to the background rate in the reference bin. Therefore, in
case the corrections work perfect, all background rate ratios are expected to be equal to
one. In the following the results for the radiometer temperature are shown and discussed
as an example. The plots for all other parameters can be found in the Appendix [A.5]

In Fig.[3.24(a)| again the plot from which the function f(Tiaq0) (see Eq. for the
correction of the radiometer temperature dependence was derived is shown. In Fig.[3.24(b)|
the corrections for all parameters have been applied. There a blue line at a background rate
ratio of 1 is drawn in order to see how well the corrections work. However, in case of the
radiometer temperature the deviations from a background rate ratio of one are still as large
as before. Only for points close to the reference bin (green point) the deviations are small.
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In general for some parameters the deviations from the blue line at one are very small
and the corrections seem to work very well already (e.g. Fig.[A.4(b)]), but for others large
deviations (~ 20%) from a background rate ratio of 1.0 are still found (e.g. Fig.|A.5(b)).
Therefore, in order to further improve the corrections, the background rate ratios are plotted
over each parameter of interest with all corrections applied except the correction of the
parameter under study. The aim is here to reduce the uncertainties in the selection, see
Table [3.4] The uncertainties of the corrections have on average been smaller than the
uncertainties in the selection, which can be seen in the plots in Appendix labelled
b). The application of the derived corrections also leads to larger statistics because like
before the weight W is not required to be below a certain value. The resulting plot for the
radiometer temperature is shown in Fig.. There the background rate ratio shows a
linear dependence with the radiometer temperature. The first and the last point, which are
offset from this linear dependence in Fig., lie now nicely on the blue curve, a linear
fit with

R in
Rif (Tradio) = f(Tradio) =a+ b- Tradio, (335)
where a = 1.073 and b = —0.010. For the radiometer temperature this linear behaviour

was expected (Daniels, |2012). Therefore the usage of the corrections helped to unveil the
actual dependence, which was distorted by uncertainties in the selection before. Also for
the other parameters new functions are fitted, which are given in Appendix [A.5 These
functions are implemented as new corrections (iterated corrections) and the new corrections
are again tested like before. The resulting plot for the radiometer temperature is shown
in Fig.. There again a blue line at a background rate ratio of one is drawn. For
the radiometer temperature the background rate ratios are now much closer to the blue
line and even the last point deviates only by about 3%. However this is not the case for all
parameters. In order to determine whether the iterated corrections are really better than
the first attempt the quadratic deviation from the background rate ratio of one is calculated

= Z Z (yi,p-;;- — 1.0) . (3.36)

p.oi. i L,p-O.1.

Here i ;.4 is the value of the background rate ratio in bin ¢ for a certain parameter
of interest (p.o.d.) and o; is the corresponding error (red in the following plots). The
summation runs over all the bins and over all the parameters of interest. For the first set of
corrections a value of x? = 277.5 and for the new corrections a value of x? = 146.1 is found.
The lower value for the new corrections indicates that the overall deviation is smaller and
therefore the new corrections are used in the following. A further iteration was tested, but
did not yield a lower x? value.

In general the corrections seem to work very well for most parameters, however for some
parameters the corrected rate is always too low (e.g. for the muon efficiency) and for
others always to high (e.g. for the NSB). Nevertheless, in the overall sample these effects
(partially) annihilate each other. Therefore always the complete set of corrections (or at
least corrections counteracting on each others biases) should be used. Now with the new
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corrections the largest remaining deviation from the blue line at Ryef/Rpin = 1.0 is found
for the NSB and lies in the range of 0.2, which corresponds to a deviation of 20%. For the
other parameters the deviation is < 10%.

Apart from the selection of the on- and off-runs the analysis is very similar for both methods.
The only difference is the determination of the normalisation 3 for the Correction method,
which was described at the beginning of this Section. In the following Sections now other
aspects of the analysis, which are identical for both methods, are discussed.
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3. Development of an On-Off Analysis based on Model++ Reconstruction

Rbin / Rref

8

Rbin / Rref

Figure 3.24.: In l@] the background rate ratio over the radiometer temperature for energies
between 0.1 TeV and 10 TeV is plotted. The blue line is a fit with the function
given in Eq.[3.27 In (D) the corrections for all parameters have been applied and
the corrected background rate ratio over the radiometer temperature is plotted.
The blue line is drawn at a background rate ratio of 1.0. The deviations of the
points from this line indicate how well the corrections worked. In all corrections
have been applied except the correction for the radiometer temperature. The
background rate ratio over the radiometer temperature shows a linear dependence
here. The blue line is a fit with a linear function. In @ the new corrections have
been applied on the background rates and the deviations from the blue line at 1.0
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3.3. On-Off-Analysis

3.3.3. Selection of Regions

The on-off-analysis, despite the afore mentioned selections and corrections, in general follows
the standard analysis procedure described in Chapter 2] However, a further difference has
to be mentioned, which is the selection of the off region suitable to the on region. This is
described shortly in the following.

In order to reduce the influence of the acceptance, if possible the same regions in the FoV
are chosen in on- and off-run. In Fig.[3.25] the matching of the on and off position for a run
pair is illustrated. The FoV of the on-run overlaps with the target region. The resulting on
region (green) is matched by the red region in the corresponding off-run. This is achieved by
determining the transformation (rotation) between the observation position of the on-run
and the observation position of the off-run and applying it also to the target position. The
distance of the off region from the centre of the FoV of the off-run is then the same as for
the on region in the on-run. Additionally, the regions which are excluded in the on-run are
also excluded in the off-run, as are the excluded regions of the off-run. With the assumption
of a radially symmetric acceptance the two regions therefore have a very similar acceptance
distribution. The two regions only differ slightly in the size of the area, because of the
different positions on the sky and potentially more excluded regions in the off-run.

ON run OFF run

Transformation

Target region Rotated target region

Figure 3.25.: Illustration of the matching of an on region in the on run with an off region in an
off run.
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3.3.4. Summary

Two methods of dealing with the on-off-analysis have been described, the Correction method
and the On-Off-Selection method. While for the Correction method for all runs that lie
inside the parameter ranges, in which corrections are determined, off runs are found, for the
On-Off-Selection method only for a subset of runs off runs can be determined. Nevertheless,
both methods are studied in the following in order to determine the uncertainties of the
analysis, especially in the determination of the source significance.

3.4. Performance of the On-Off-Analysis

The methods described in the previous Section are now tested for their accuracy.

3.4.1. Determination of the Uncertainty of the Significance
Determination

In order to study the uncertainty in the significance determination with the two different
analysis methods and the potential background runs selected here (about 3000), different
studies are performed.

First in order to study the systematic uncertainties, studies with a zero significance expec-
tation value are carried out. Afterwards in order to show that also sources are detectable
with the on-off-analysis a known gamma-ray source is analysed.

Expecting 0 =0

For the Correction method random samples (pairs of on- and off-runs) are chosen from the
selected runs (> 3000). Additionally different sample sizes/number of run pairs (10 run
pairs, 50 run pairs, 100 run pairs and 150 run pairs) are chosen. For each sample size then
1000 random pairs are selected and an on-off-analysis including the corrections is performed.
No particular on region is chosen, but instead for each run simply the complete FoV up to 2°
and the corresponding excluded regions are used. The analysis is done as described before
and the accumulated significances for each sample are filled into a histogram. A normal
distribution around zero is expected. The width of the distribution indicates systematic
uncertainties in the sample. In Fig.[3.26(a)] an example for the distribution of significances
for a sample size of 150 run pairs is shown. The distribution is symmetric around zero
and the fit with a gaussian (red curve) results in a mean value of —0.075 and a width of
o =4.06. In Fig. the width of the gaussian fitted to the corresponding distributions
is plotted over the various sample sizes. The width of the gaussian seems to shrink slightly
for larger sample sizes. However, it does not decrease below a value of 4.0, thus indicating
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3.4. Performance of the On-Off-Analysis

that the sample still contains systematics, which are not accounted for by the corrections.
Otherwise the width is expected to be in the order of 1. Nevertheless, the distribution is
symmetric around zero, therefore the systematics do not bias the analysis.

For the Selection method a similar approach is used, though here of course the weighting
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(a) (b)

Figure 3.26.: l@] The distribution of accumulated significances for 1000 test samples with a
sample size of 150 run pairs. The width of the gaussian fit to the significance
distribution over the corresponding sample size.

is applied and therefore not for every random on-run a matching off-run is found. Therefore
only a sample size around 100 (+20 depending on how many pairs are found) is studied.
The value of 100 is chosen because for the Galactic Centre region in particular 108 run
pairs are found. Again 1000 different samples are used. The distribution of accumulated
significances is shown in Fig.[3.27] Like before a normal distribution is obtained and the fit
with a gaussian results in a mean of 0.61 and a width of o = 2.93. The mean is slightly
shifted to positive values, which might indicate a selection bias. However, this bias is small
compared to the width of the distribution and will be neglected in the following. The width
of the distribution is smaller than for the Correction method. This shows that the exact
weighting reduces the systematic effects, as expected.
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Figure 3.27.: The distribution of accumulated significances for 1000 test samples with a sample
size of about 100 run pairs for the On-Off-Selection method. The red curve
corresponds to a gaussian fit.

Expecting 0 > 5

For the studies with a non-zero significance expectation value the Crab Nebula is chosen.
However due to the high zenith angle under which the Crab Nebula is observed and due
to the other parameter ranges only a short runlist with 11 runs is used. For those runs
the zenith angles are below 50° and also the other parameters lie in the required ranges
(see Appendix . For the On-Off-Selection method no suitable off-runs are found for
the 11 on-runs, which again shows that the method is not very promising considering the
Model++ analysis. Now for the Correction method the on-region is chosen as a circle with
a radius of 0.1°, which is very small compared to the whole FoV. As off-regions the full
FoV up to a radius of 2.0° of the off-runs minus their corresponding excluded regions is
used. 1000 random samples of off-runs are chosen and the distribution of the accumulated
significances is studied, Fig.[3.28] The distribution is again fitted with a gaussian. The
mean value of the gaussian is found to be 79.2 with a width of 0.9. The small width can be
understood considering the relative fluctuations of the events with respect to the size of the
regions. The obtained value for the significance is compatible with values obtained with
other background estimation methods and the Model++ analysis.
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Figure 3.28.: The significance distribution of 1000 analyses of the Crab region with the Correction
method and 11 on-runs and 11 random off-runs. The red line is a fit with a gaussian.

Up to now the systematic uncertainties of the analyses have been studied and the detection
of a source has been tested. In the next Chapter the results for the Galactic Centre region
are discussed.
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4. Analysis of the Galactic Centre
Region and Search for a Dark Matter
Signal

The Galactic Centre region has already been described in Section [[.2.1} The focus of this
Chapter therefore lies on the application of the on-off-analysis and the discussion of the
results as well as a short introduction on how the upper limit on the velocity-weighted cross
section is determined.

4.1. Upper Limit Calculation

In this Section the formulas needed to determine the upper limit on the velocity-averaged
cross section of dark matter are given and the expected improvement of the upper limit
resulting from the choice of the regions used in this thesis is determined.

The expected gamma-ray flux of continuous gamma-rays due to dark matter annihilation is
given by Eq.[I.19] which states

/—dE < J.AQ)A0. (4.1)

astrophysms
partlcle physics

Taking into account the effective area A.g of the detector and the observation time Ty,
the number of expected gamma rays N., (the excess due to dark matter annihilation) can
be determined:

do
N, = Tos- / ,aleﬁ(Jzy)d—E”dEV (4.2)
E<M
_ 1 {ov) AN
= Tos /E SMXAeff(E) ir M2 dF, J(,AQ)AQAE, (4.3)
o Tobs <UU> dN
o A7 M)% J(¢7AQ)AQ <M, Aeff(E'y)dEA/dEy- (44)

Now from the measurement an upper limit on the excess of gamma rays Ngf’%C'L' is

determined (Rolke et al., 2005) and inverting Eq. gives the upper limit on (gv)?%CL:
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depending on the mass of the dark matter particle M,:

2 95%C.L.
47 M N

<UU>95%C'L' _ . . .
Tops J(WAQAQ - [ Aw(E,) $HdE,

(4.5)

However, Eq.[£.4] is only valid if no gamma rays from dark matter annihilation are expected
in the off region. In case of the observation of the extended dark matter halo of the Milky
Way the off regions are chosen to be well separated from the Galactic Centre. However,
the dark matter density there is still not negligible and gamma rays from dark matter
annihilation are expected. This has to be taken into account when calculating the expected
number of gamma rays N, due to dark matter:

N, = N2 —pN*
= G- [‘](wOn)AQOn)AQOn - BJ(@Z}OH,AQOH)AQ()&]
: Tobs <UU> / dN
tha = v Aet(Ey)=—dE,. 18
e dm M3 Je<n, il v)dEV ! (48)

Here N$n corresponds to the expected number of gamma-rays in the on region (the
Galactic Centre region) and NSE corresponds to the expected number of gamma-rays away
from the Galactic Centre due to dark matter annihilation. The different astrophysical
factors J(¢on,AQon)AQon and J(Yor,AQo) AQog correspond to the different dark matter
densities in the regions, while [ is the normalisation according to the different area sizes:

Aog
— . 4.9
5= (19)
Accordingly also the formula for the upper limit changes to

<0’U>95%C'L' _ Am . M)% .

Tobs  [J(Yon,AQon) AQon — BJ (Yor,AQor ) AQog]
NI5%C.L. (4.10)

. ’y .

ngMX Aeff(Ev)%dEv

This theoretical view raises the question how much the upper limit obtained from the Galactic
Centre region in |Abramowski et al.| (2011b) can be improved (lowered) by reducing Ngﬂ.
Therefore the values of the astrophysical factor J = J(¢,AQ)AQ have been calculated
(as described in Section for different on and off regions (for the ones chosen in
Abramowski et al.| (2011b) and for regions similar to the ones chosen in this thesis). A
sketch of the different regions is shown in Fig.[d.1} For consistency in the determination
method the values of Jo, and Jog from Abramowski et al.| (2011b]) are recalculated. The
results for all regions from Fig.[.1] are given in Tabled.I, The improvement of the upper
limit can be up to a factor of ~ 3.2 for the NFW profile and up to ~ 3.9 for the Einasto
profile in case of no signal in the background region, N, = 0. For a distance of the off
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4.1. Upper Limit Calculation

region from the Galactic Centre of about 8° still an improvement of a factor of ~ 2.9 for
the NFW and ~ 3.6 for the Einasto profile can be achieved.
In the following now the results of the on-off-analysis are presented.

A Galactic Centre

A
9° 1° On Region 58"
Off Region
Excluded Region
\J

Figure 4.1.: Sketch illustrating the different on and off regions. Case A corresponds to the
regions chosen in |Abramowski et al.| (2011b) and case B to the regions chosen in
this thesis.

Table 4.1.: The astrophysical factor J in units of 102! GeVZem ™ for different on and off regions.

NFW NFW Einasto Einasto
‘]on ﬂ ‘]off Jon 6 Joff

A in Fig.4.1| 1.7 0.7 4.4 2.1
B in Fig. 4.1 3.2 0.3 8.9 0.7
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4. Analysis of the Galactic Centre Region and Search for a Dark Matter Signal

4.2. On-Off Analysis and results

4.2.1. Run Selection

The analysis starts with the run selection. Therefore again the quality criteria introduced
in Section are applied and runs are selected as target (on-) runs, if their observation
position lies within a 2° radius around the Galactic Centre (I = 0.0°, b = 0.0°). 222
runs are selected. However, corrections only exist for certain parameter ranges, in which
enough statistics were collected. Therefore the runs are further restricted according to their
parameters. The distributions of the runs over the different parameters of interest and
the corresponding parameter ranges are shown in Fig.[£.2l The blue shaded regions are
the parameter ranges, in which corrections are determined. Unfortunately not all of the
on-runs are covered by these regions (especially for the NSB and the humidity) and therefore
only 166 runs remain usable for the analysis. Also for the On-Off-Selection analysis some
parameter ranges are restricted (muon efficiency, NSB, camera temperature and radiometer
temperature), leaving 178 on-runs for the On-Off-Selection method. However, after the
matching of the runs with the limit on W = 10 only for 108 of them suitable off-runs are
found.
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Figure 4.2.: See next page. Figure continues there.
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Figure 4.2.: The distribution of the Galactic Centre region runs with regard to the parameters
of interest. For the blue shaded regions corrections were derived.

4.2.2. Significance Determination

After the run selection the significance is determined with both methods. First the ap-
proach and the results for the On-Off-Selection method then for the Correction method are
described.

On-Off-Selection Method

For the On-Off-Selection method a single sample of off-runs with the matching weight is
chosen. The uncertainty on the result is assumed as +30 from the systematic studies shown
in the previous Chapter. The accumulated values of the analysis for the 108 run pairs are
Non = 32631, Nog = 27381, with § = 1.18. This results in a significance of 1.20 with an
uncertainty of +30.

Correction Method
For the Correction method, similar to the previous studies of the analyses (see Section

3.4.1)), all potential off-runs are used. In order to include the systematics of the potential
off-runs, again 1000 random (no weight applied) samples of off-runs are chosen. Each
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4. Analysis of the Galactic Centre Region and Search for a Dark Matter Signal

sample contains 166 runs and for each sample an on-off-analysis is performed. In Fig.[4.3]
the resulting distribution of the accumulated significances is shown. A large shift of the
mean value to 7.60 is found and the width of the distribution is relatively small (2.20). The
shift indicates that there are more gamma rays in the Galactic Centre region than in the
chosen off-runs. However, this is not necessarily due to dark matter annihilation, as will be
shown in the following. The assumption is that the shift in the significance is due to higher

Mean 7.61
RMS 2.248

90

80
70
60
50
40
30
20
10

e b A NI ey L

-10 0 10
Significance

o

Figure 4.3.: The distribution of the accumulated significances for 1000 analysis of the Galactic
Centre region with random samples of off-runs. The red line is a fit with a gaussian.

gamma-ray rates inside the Galactic Plane than outside. In the analysis the on-runs are
positioned inside the Galactic Plane (b < 2°), the off-runs, however, are positioned inside
as well as outside the Galactic Plane. In order to test the assumption two further checks
are performed. For the first test all off-runs are required to lie inside (b < 2°) the Galactic
Plane. This reduces the amount of available off-runs to about 1000. From those 1000
runs then 100 different samples are chosen and the accumulated significances are shown in
Fig.. For the second test the off-runs are required to lie outside the galactic plane
(b > 4°), which allows for about 2000 runs. Here again 100 samples are chosen and the
significance distribution is shown in Fig.. The result is quite convincing, for the first
test the mean of the distribution is at 1.40, whereas for the second test an even larger shift
to 11.20 is found. This strongly points to higher gamma-ray emission from the Galactic
Plane. In order to further confirm this effect also the background runs (8° away from the
Galactic Centre region) have been tested for this behaviour. Runs inside the Galactic plane
(b < 2°) are chosen as on-runs and outside the plane (b > 4°) as off-runs. A sample size
of 150 run pairs is used and 100 random samples are generated. There also a shift in the
mean significance to ~ 11.20 is seen. For completeness the two other cases (on-runs and
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4.2. On-Off Analysis and results

off-runs inside the plane and on-runs and off-runs outside the plane) have also been tested.
The resulting distributions for the tests with the background runs are given in Appendix
[A.6] The larger amount of emission inside the Galactic Plane may have various reasons.

r Mean 1.437 i Mean 11.15

F RMS  1.69 L RMS  2.493
14— 10—
12} r
r 8-
10— L
8- 6
6 r
r a-
4} i
L ol
2 L

) T A | Lo 1 P I Ll N

-20 -10 0 10 20 -10 0 10 20 30
Significance Significance
(a) (b)

Figure 4.4.: l@] The distribution of accumulated significances for the Galactic Centre region
with 100 off-run samples from all off-runs inside the Galactic plane (b < 2°). [(b)]
The distribution of accumulated significances for the Galactic Centre region with
100 off-run samples from all off-runs outside the Galactic plane (b > 4°). The red
curves correspond to fits with a gaussian.

Potential explanations are uncertainties in the excluded regions, an effect of the corrections
or physical reasons, like, e.g., diffuse emission inside the plane. This is certainly a very
interesting question and was also discussed in |de Naurois (2012]), however it will not be
studied further in this thesis.

For the analysis of the Galactic Centre region now the result obtained with off-runs inside
the Galactic plane is used. The distributions of the events (N, and 5 - Nog) and again the
accumulated significance are shown in Fig.[4.5] The distribution of on-events is of course a
simple peak at the number of on-events, since always the same on-runs are used. For (- Nyg
a broader distribution is found. The final results and the uncertainties are then extracted
from those distributions yielding Ny, = 50138, 3 - Nog = 49684 and a mean significance of
1.40 £+ 2.00.
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4. Analysis of the Galactic Centre Region and Search for a Dark Matter Signal

Figure 4.5.: The distribution of accumulated significances for the Galactic Centre region
with 100 off-run samples with all off-runs inside the Galactic plane (b < 2°). The
red curve correspond to a fit with a gaussian. @ The distribution of accumulated
on events Noy for the Galactic Centre region. The distribution of accumulated
off events times the normalisation factor 5 - Nog for the 100 off-run samples with

124

B Mean 1.437
L RMS 1.69
14—~
12—
10j
8-
6
ar-
2~
07\ | I | | ‘ | L | | ‘ | | ‘ | | I |
-20 -10 0 10 20
Significance
(a)
100— — L Mean 4.961e+04
: 12} RMS 621
80— L
- 10?
60— 8}
i 6l
a0 [
L 4}
20— [
. 2?
71\\\‘\\\\‘\\‘\\\\‘\\\\‘\\\\‘\ T\\\\‘\\\\‘\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
50000 50050 50100 50150 50200 50250 50300 48000 47000 48000 49000 50000 51000 5zoooﬁﬁsooo
'on Off
(b) (c)

all off-runs inside the Galactic plane (b < 2°).




4.2. On-Off Analysis and results

4.2.3. Upper Limit

Now the upper limit on the velocity-averaged cross section is determined, since with both
methods no signal has been found. As shown in the first Section of this Chapter, the values
which enter are

e the total live time T},

e the dark matter properties (AN/dE and J)

e the detector effective area A.g and

e the upper limit (95% confidence level) on the number of excess gamma rays.

For the total live time simply the total observation time of all used runs is taken. Hence
for the Correction method Ty, =~ 72h and for the On-Off-Selection method Ty, ~ 47 h.
For the dark matter spectrum the parametrisations of Bergstroem and Tasitsiomi as given
in BEq.[1.21] and Eq.[1.22] are used. The astrophysical factor in units of 10*' GeVZem™ is
JEinasto = Jon — Jof = 8.2 for the Einasto profile and Jypw = 2.9 for the NFW profile, see
Table[d.1l

The effective area is determined from look-ups in the following way: A skymap of the
target region with a small binning (0.02°) is chosen. For each run the effective area in each
bin depending on the mean zenith of the run and the offset of the bin (position from the
observation position of the run) is summed up and normalised to the number of bins

Aeff<E) - Z Z Aeff(E7 ¢bina ﬁzen,run> (411)

runs bins

Additionally in the summation the effective area is set to zero if the energy is below the
energy threshold Ei(fzenrun) for the mean zenith of the run. In Fig. the effective
area obtained for the Galactic Centre analysis is shown. The differences in the effective
areas for the two analysis methods (Correction/On-Off-Selection) are negligible. The
energy threshold (or starting point of the effective area) of the analysis is determined to be
FEi = 201 GeV. The limit on the number of excess gamma rays was determined according
to Rolke et al|(2005) with the assumption of Poissonian background. The 95% confidence
level is NY°* = 1073 for the Correction method and N2°“* = 843 for the On-Off-Selection
method. The lowest limits are obtained with the Correction method. These resulting upper
limits are shown in Fig.[4.7] together with the limits obtained in |[Abramowski et al| (2011D)).
The shaded bands around the limits correspond to the uncertainty resulting from the
uncertainty on the number of off-events, AN, = £600. The upper limits are compatible
with the previously published ones and lie in the expected range. The observation times and
the effective areas are smaller than the ones used in |Abramowski et al.| (2011b)) (obtained
in Nekrassov| (2010)), however, due to the higher sensitivity of the Model++ analysis,
the slightly lower energy threshold of 201 GeV (compared to 230 GeV) and the larger
astrophysical factor J overall an improvement of a factor of about 3 is gained. Therefore at
the moment these are the most sensitive limits on the velocity-averaged cross-section for
dark matter annihilation into continuous gamma rays.
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Figure 4.6.: The effective areas determined from look-ups for the Galactic Centre analysis.
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Figure 4.7.: @ The upper limits obtained with the Correction method are shown for the Einasto
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(red line) and the NFW profile (dashed blue line), respectively. The black lines are
the corresponding limits derived from |Abramowski et al.| (2011b). For all limits the
Tasitsiomi parametrisation was used. In @ the black lines are the same, but for
the other lines the Bergstroem parametrisation was used.




5. Conclusion and QOutlook

The aim of this thesis was the development and quantification of an on-off-analysis for the
H.E.S.S. experiment in order to search for a gamma-ray signal from the annihilation of
dark matter in the halo of the Milky Way.

The H.E.S.S. experiment (High Energy Stereoscopic System) is an array of four Imaging
Atmospheric Cherenkov Telecopes (IACTs) situated in the Khomas Highland in Namibia.
They are able to detect gamma rays with energies between about 0.1 and 50 TeV.
Simulations of structure formation (e.g. [Springel et al. (2005) or [Springel et al. (2008a)))
suggest that the dark matter distribution in the Milky Way exhibits radial symmetry with
respect to the Galactic Centre and that the highest dark matter density is reached there.
Accordingly, the largest gamma-ray signal due to dark matter annihilation is expected at
the Galactic Centre region]l] making it an interesting target for the search for dark matter.
H.E.S.S. has observed the Galactic Centre region for over 100 hours and an upper limit
on the velocity-averaged dark matter annihilation cross-section into continuous gamma
rays has been derived (Abramowski et al., |2011b). However, so far the estimation of the
excess gamma rays due to dark matter annihilation was based on the comparison of the
gamma-rays from different regions (on- and off region) within a single field of view (FoV)
of the H.E.S.S. experiment, which is 5° in diameter. The comparison is necessary in order
to estimate the gamma-ray- and residual cosmic-ray background (from the off region).
The dark matter density, however, may decrease by only about 50% in a single FoV, and
therefore also in the off region gamma rays due to dark matter annihilation are expected.
This significantly reduces the overall expected signal when choosing the target (on-) and
the off region from within a single FoV.

Therefore an on-off-analysis was proposed using H.E.S.S. observations taken further away
from the Galactic Centre region as off regions, which should contain much less gamma
rays from dark matter annihilation. However, such an on-off-analysis encounters many
systematic effects because the observations are made under different conditions, which
might affect the data differently. These dependencies on the detector configuration and
on the observation conditions have to be taken into account when comparing gamma rays
from on and off regions from different observations.

Recently systematic studies quantifying these influences based on the very robust Hillas
reconstruction have been conducted (Gliick, |2011). However, a more sensitive reconstruction
technique, the so-called Model++ reconstruction (de Naurois and Rolland}, 2009), has been
developed in the mean time. The Model++ reconstruction takes into account the full
camera information and performs a likelihood-fit in order to determine the parameters of

IThe region contained within a radius of  ~ 2.5° around the dynamical centre of the Galaxy at b = = 0°.
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the primary gamma ray.

In the thesis presented here the dependencies on various parameters for the Model++
analysis have been studied and quantified for the first time. Summarising, the effects were
found to be relatively large compared to ones found for the Hillas analysis (Glickl 2011]).
This is attributed to the usage of the full camera data in the Model++ reconstruction
and especially the inclusion of calibration parameters in the fitting procedure. It has
to be pointed out that the exact influence of potential miscalibrations on the Model++
reconstruction has to be the subject of future studies.

Once identified and quantified, the systematic effects can be dealt with in an on-off-analysis
in different ways. Two possibilities were described and tested here.

e The first way is called On-Off-Selection method. Each on-run (observation made at
the Galactic Centre) is paired with a suitable off-run (observation made far from
the Galactic Centre). The conditions (determined via various parameters) under
which the off-run was taken have to match those of the on-run within fixed limits.
The allowed mismatch is determined for each parameter according to the derived
dependencies and the required accuracy of the analysis.

e The second way is called Correction method. For each parameter a correction is
included in the analysis according to the derived dependency. The corrections,
however, still contain systematic uncertainties. Therefore not only one sample of
off-runs is analysed but a lot of random samples of off-runs chosen from the list of all
available off-runs are used. The result (the mean) and the uncertainty (the width) of
the analysis are then extracted from the distribution of results of the analyses for all
samples.

When testing the two methods the On-Off-Selection method was found to have disadvan-
tages, because of the strict selection criteria necessary for the Model4++ analysis. The
dependencies are so strong that for remaining uncertainties to be in the range of 10% several
parameters have to match very well in the on- and the off-run. Then, however, only a few
off-runs fulfil these matching criteria and not for all on-runs corresponding off-runs can be
found. This then leads to the dismissal of many on-runs and therefore also reduces the
usable observation time.

The Correction method worked quite well concerning the uncertainties of the corrections.
The uncertainty of the final analysis was not much larger compared to the On-Off-Selection
method. Nevertheless, also there on-runs had to be dismissed due to the restriction of the
parameter ranges. Not for all ranges of the parameter space enough statistics existed to be
able to determine the influences.

Concluding, both implementations work and yield satisfying results. The main result of the
analyses was the determination of the source significance S in terms of Li and Ma/ (1983)).
The significance S is used to decide whether a real source was found (typically, S > 50) or
just a fluctuation of the background (S < 50). In case of the search for a signal due to dark
matter annihilation from the Galactic Centre, if present at all, the significance is expected
to be very small (S < 30). The uncertainties on the determination of the significance of
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the two methods lie in the range of 3 — 50. Therefore the analyses are better suited for
regions containing a strong gamma-ray source with a high significance (S > 50).

For the Galactic Centre region both analyses resulted in significances around 1o, which
are compatible with no gamma-ray excess. However, for the Correction method first a
shift to larger significances around 7o was observed. This shift could be explained by
larger gamma-ray emission from the Galactic Plane, which was proven by further checks
comparing observations inside the Plane with observations outside the Plane. There the
shift was even more prominent with S ~ 110. This certainly will need to be studied further
in order to determine the origin of these shifts to higher significances and whether it has
anything to do with diffuse emission inside the Galactic Plane, which was also mentioned
by |de Naurois| (2012)). For the analysis of the Galactic Centre region off-runs from inside
the Plane were chosen assuming a similar size of the emission along the Plane and the
previously mentioned 1o result was found.

For both methods then upper limits on the velocity-averaged cross-section were determined.
The uncertainty on the upper limits is larger than for other analyses. Nevertheless, the
upper limits show a slight improvement compared to the previous upper limits (Abramowski
et al., 2011b)) determined from regions within a single FoV.

The Galactic Centre remains a very interesting region, not only for dark matter searches.
Future experiments like the Cherenkov Telescope Array (CTA) are also going to put new
limits on the dark matter cross section as they will also extend the energy range towards
lower energies. The prospects for dark matter searches, also at the Galactic Centre, with
CTA are discussed in |Doro et al.| (2013), a study which also comprises results obtained in
the course of this thesis. Furthermore, already in the near future further improvements on
the upper limit can be expected from H.E.S.S. II, which will be able to detect gamma rays
at energies down to 50 GeV.

The on-off-analyses presented here can still be improved. First of all since, the start of
this thesis project additional observational data have been collected. These data should
help to determine the influences also in parameter ranges where so far not enough statis-
tics existed. This might include looking at parameters of single telescopes, since some
parameters might change drastically from one telescope to the other. An example are
the mirror reflectivities, for some periods the mirrors on some, but not all telescopes had
been exchanged. Furthermore, the calibration, the Model++ reconstruction and analysis
are improved continuously and the existing data are reprocessed and reanalysed with
the improved methods. Additionally, the determination of spectra can be added to the
developed on-off-analysis.

The results presented here show that the on-off-analysis of H.E.S.S. data with Model++ is
possible. The systematics entering the analysis have been studied in detail and the resulting
uncertainties have been quantified.

Also in the future the on-off-analysis will certainly be needed. It serves as one of the few
methods to study very extended sources and provides background estimations to FoVs with
many excluded regions (source candidates). Additionally, it will be important for H.E.S.S.
IT observations since the FoV of H.E.S.S. II is only about 3.2° in diameter and therefore
smaller than the FoV of H.E.S.S. T (5°).
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A. Auxiliary Information

A.1. Correlations between the Parameters of Interest

The parameters of interest are introduced in Section and listed in Table [3.1] Their
correlations with each other are studied and in Table 3.2] the correlation coefficients are
given. Here the corresponding correlation plots for all parameters of interest with each
other are shown. The correlation coefficient is also given.
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A.2. Example motivating the use of the Accumulated
Rate

The difference between the mean rate Rye., and the accumulated rate R,. is nicely
illustrated when studying the case for just two runs. In Fig.[A.T on the left the definition of
the rate is illustrated symbolising the exposure as a 3 dimensional box. The rate is defined
as R = %. Now we assume that the rate is split up into two runs, which have the same
observation time t, but the observed areas on the sky are different, A; and A, respectively.
Now we calculate both the mean rate and the accumulated rate for those two runs, with
N7 and N, being the events in each run and N = Ny + Ny and A = A, + A,

B 1 B 1 N1 NQ . N1A2 —I—NQAl
Rmean - §<R1 +R2) - 5 (Alt + Agt) - (Al)

2 (A1 Ayt
B Ny + N, _ N _ N
ace (At) + (Agt) (A +A)t At

(A.2)

We see that only for the accumulated rate the desired definition of the rate is obtained,
whereas for the mean rate the result is different.

Figure A.1l.: Illustration of the definition of the rate and the splitting of the rate into two runs.
The black points are events.
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A.3. Distribution of the Runs over the Parameters of

Interest

In Section [3.1.2| runs are selected according to certain quality criteria. The distribution of

these runs over the different parameters of interest (listed in Table [3.1)) is shown here.
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A.4. Plots obtained with Method A

A.4. Plots obtained with Method A

In Section the dependence of the background rate on different parameters is studied.
Therefore two methods are introduced in Section [3.2.1) method A and B. The results for
method B are shown in the main text (Sections [3.2.243.2.12)) Here plots obtained with
method A in the energy range between 0.1 TeV and 10 TeV are shown. In order to use most
of the data the corrections derived with method B were applied. However, the correction
for the parameter of interest was not included. The behaviour seen here is similar to the
one observed with the corrections and method B.
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A.5. Determination of the correction factors
A.5. Determination of the correction factors

In the following the plots, which were used to determine the corrections, for all the
parameters are shown (except for the plot of the radiometer temperature, which is shown
in the main text already in Section . In Section is also described how these plots
were obtained. Additionally, here the functions, which were fitted to the various plots are
given as well as the fit results. For the zenith angle the function

F (Bun) = - exp [—0.5 - (ﬁ - b)] (A3)

C

was used and the fit (Fig. results in @ = 1.234, b = 4.645 and ¢ = 31.892.

For the azimuth angle the function given in Eq was used and the fit (Fig.|A.3(c)|) results
ina=-0.114, b = —1.333 and ¢ = 1.107.

The NSB plot (Fig.|A.4(c)|) was fitted with the following function:

a—i—bNSB, NSBbereakl

f(NSB) - { f(xbreakl) +c- NSB: NSB > Lpreakl (A4)

The result of the fit for a fixed break at xpeaci = 959 MHz is @ = 0.733, b = 0.004 and
c = —0.002.
For the air temperature in Fig. simply a linear function

f(Tair> =a+ b- Tair (A5)

was used. The result is a = 1.073 and b = —0.010.
The camera temperature (Fig.|A.6(c)|) was fitted with

a+b-T T. < Threakl
T mera) = camera camera rea. ) A 6
f( e a) { f(xbreald) +c- Tcamera; Threakl < Tcamera ( )

The fit for the fixed break at xy ea1 = 32.5°C results in a = 0.985, b = 0.000 and ¢ = —0.020.
For the trigger rate ratio (Fig.[A.7(c)) the following function was used:

Rtrig
Rbin ( Rtrig ) _ f( Rtrig ) _ { a+b- €us m < Tbreakl (A 7)

i
Rref Rtrigest Rtrigest f(xbreakl) +c- €us Rtrirglegst > Threakl

The fit results for a fixed break at xpeaq = 1.1 in @ = 0.228, b = 0.765 and ¢ = —0.739.
For the muon efficiency in Fig.|A.8(c)| no fit was used, but instead linear interpolation

between the points.
The relative humidity in Fig.|A.9(c)|is described with

a+b-hum+c-hum?, hum < Threaki
f(xbreakl) + d- hum7 hum > Tpreakl

faam) = {
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and the fit for zpeaaq = 25.0 results in @ = 1.338, b = —0.048, ¢ = 0.001 and d = 0.001.
The number of broken pixels in Fig. is fitted with

a + b- Nb Nb S Tbreakl
N ) = b p A9
f( bp) { f(xbreakl) +c- Nbpa Nbp > Threakl 7 ( )

where Zprea1 = 42.5 and a = 0.591, b = 0.010 and ¢ = —0.003.
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Figure A.2.:

In l@] the background rate ratio over the zenith angle for energies between 0.1 TeV
and 10 TeV is plotted. The blue line is a fit with the function given in Eq. In@
the corrections for all parameters have been applied and the corrected background
rate ratio over the zenith angle is plotted. The blue line is drawn at a background
rate ratio of 1.0. The deviations of the points from this line indicate how well the
corrections worked. In all corrections have been applied except the correction
for the zenith angle. The background rate ratio over the zenith angle is very similar
to[(a)l The blue line is a fit with the function given in Eq.[A.3] In[(d)] the new
corrections have been applied on the background rates and the deviations from the
blue line at 1.0 are also very similr to those in [(b)} (All plots are obtained with
Method B)
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Figure A.3.:
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In l@]the background rate ratio over the azimuth angle for energies between 0.1 TeV
and 10 TeV is shown. The blue line is a fit with the function given in Eq. In @
the corrections for all parameters have been applied and the corrected background
rate ratio over the azimuth angle is plotted. The blue line is drawn at a background
rate ratio of 1.0. The deviations of the points from this line indicate how well the
corrections worked. In all corrections have been applied except the correction
for the azimuth angle. The background rate ratio over the azimuth angle shows
a similar dependence as in @ The blue line is a fit with the function given in
Eq. In @ the new corrections have been applied on the background rates and
the deviations from the blue line at 1.0 are on average smaller than in[(b)l (All
plots are obtained with Method B)
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Figure A.4.:

In l@] the background rate ratio over the NSB for energies between 0.1 TeV and
10 TeV is shown. The blue line is a fit with the function given in Eq. In @
the corrections for all parameters have been applied and the corrected background
rate ratio over the NSB is plotted. The blue line is drawn at a background rate
ratio of 1.0. The deviations of the points from this line indicate how well the
corrections worked. In all corrections have been applied except the correction
for the NSB. The background rate ratio over the NSB shows a similar behaviour as
in[(a)l However, the third point from the right is now not as far away from the
other points as before. This can be attributed to the missing uncertainties of the
selections. Now only the uncertainties of the corrections enter the plot. The blue
line is a fit with the function given in Eq.. In @ new corrections have been
applied on the background rates. However, the deviations from the blue line at 1.0
are larger than in (All plots are obtained with Method B)
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In l@] the background rate ratio over the air temperature for energies between
0.1 TeV and 10TeV. The blue line is a fit with the function given in Eq.[3.2§]
In @ the corrections for all parameters have been applied and the corrected
background rate ratio over the air temperature is plotted. The blue line is drawn at
a background rate ratio of 1.0. The deviations of the points from this line indicate
how well the corrections worked. In all corrections have been applied except
the correction for the air temperature. The background rate ratio over the air
temperature shows a linear dependence here. The blue line is a fit with a linear
function. In @ the new corrections have been applied on the background rates
and the deviations from the blue line at 1.0 are smaller than in|[(b)] (All plots are

obtained with Method B)
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Figure A.6.:

In l@] the background rate ratio over the camera temperature for energies between
0.1 TeV and 10 TeV. The blue line is a fit with the function given in Eq. In @
the corrections for all parameters have been applied and the corrected background
rate ratio over the camera temperature is plotted. The blue line is drawn at a
background rate ratio of 1.0. The deviations of the points from this line indicate
how well the corrections worked. In all corrections have been applied except
the correction for the camera temperature. The background rate ratio over the
camera temperature shows a less strong dependence here. The blue line is a fit
with the function given in Eq. In @ the new corrections have been applied
on the background rates. The deviations from the blue line at 1.0 are about the
same as in @ (All plots are obtained with Method B)

147



A. Auxiliary Information

1.2

Rbin / F{ref

11

Y

T o T TN T T [T T[T T

0.9

0.8

0.7

0.6

0.5

.9 1 11 1.2 13
R, /R

trig' " “trigest

1.2

Rbin / Rref

11

=y

0.9

0.8

0.7

0.6

0.5

o
PR RERERRRN

Figure A.7.:

148

0.7 0.8 0.9 1 1.1 1.2
F‘trig/RCTS

()

Hbin / Rre|

Hbin / Rre|

1.2

1.

v

+
?:
F

0.9

0.8

0.7

0.6

0.5

AREEREREEEEEE AR RERRRRERE

AT

o
o

11 .
R,i/R

trig’ " 'CTS

(b)

1.2

1.

py

is

=y

L T
I I I I I I I

0.9

0.8

0.7

0.6

0.5

1]

-
+
TF
1

+

o
)

1.1 1.
Rtrig/RCTS

(d)

In l@] the background rate ratio over the trigger rate ratio for energies between
0.1 TeV and 10TeV is plotted. The blue line is a fit with the function given in
Eq.3.22l In[(b)| the corrections for all parameters have been applied and the
corrected background rate ratio over the trigger rate ratio is plotted. The blue
line is drawn at a background rate ratio of 1.0. The deviations of the points from
this line indicate how well the corrections worked. In all corrections have been
applied except the correction for the trigger rate ratio. The background rate ratio
over the trigger rate ratio shown only minor changes compared to @ The blue
line is a fit with the function given in Eq. In @ the new corrections have been
applied on the background rates and the deviations from the blue line at 1.0 are
on average smaller than in (All plots are obtained with Method B)
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Figure A.8.: In l@] the background rate ratio over the muon efficiency for energies between
0.1 TeV and 10TeV is shown. The blue line is a fit with the function given in
Eq.3.21] In[(b)| the corrections for all parameters have been applied and the
corrected background rate ratio over the muon efficiency is plotted. The blue line is
drawn at a background rate ratio of 1.0. The deviations of the points from this line
indicate how well the corrections worked. In all corrections have been applied
except the correction for the muon efficiency. The background rate ratio over the
muon efficiency shows no clear behaviour. Therefore the blue line is simply a linear
interpolation between the points. In @ the new corrections have been applied on
the background rates and the deviations from the blue line at 1.0 are smaller than
in (All plots are obtained with Method B)
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Figure A.9.: In l@] the background rate ratio over the relative humidity for energies between
0.1 TeV and 10TeV is plotted. The blue line is a fit with the function given in
Eq.3.290 In[(b)| the corrections for all parameters have been applied and the
corrected background rate ratio over the relative humidity is plotted. The blue
line is drawn at a background rate ratio of 1.0. The deviations of the points from
this line indicate how well the corrections worked. In all corrections have been
applied except the correction for the relative humidity. The dependence of the
background rate ratio over the relative humidity has changed compared to @ The
blue line is a fit with the function given in Eq. In @ the new corrections have
been applied on the background rates and the deviations from the blue line at 1.0
are smaller than in @ (All plots are obtained with Method B)
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Figure A.10.: In l@] the background rate ratio over the number of broken pixels for energies

between 0.1 TeV and 10TeV is plotted. The blue line is a fit with the function
given in Eq.[3.26] In [(b)| the corrections for all parameters have been applied and
the corrected background rate ratio over the number of broken pixels is plotted.
The blue line is drawn at a background rate ratio of 1.0. The deviations of the
points from this line indicate how well the corrections worked. In all corrections
have been applied except the correction for the number of broken pixels. The
background rate ratio over the number of broken pixels shows a mostly linear
dependence here. The blue line is a fit with the function given in Eq. In @
the new corrections have been applied on the background rates and the deviations
from the blue line at 1.0 are smaller than in [(b)} (All plots are obtained with
Method B)
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A. Auxiliary Information

A.6. On-Off-Analysis of Background Data Inside and
Outside the Galactic Plane

This Section contains a further check of the assumption made in Section that more
emission is found inside the Galactic Plane. The plots in Fig.[A.11] show the on-off-analysis
with the Correction method for on- and off-runs from inside (b < 2°) the Galactic Plane,
outside (b > 2°) the Galactic Plane and on-runs inside and off-runs outside the Plane. For
the first two cases the mean is not far away from zero, considering the root mean square
of the distributions. For the third case, however, a shift to a mean value of about 11o is
found. This strongly indicates a higher emission from inside the Galactic Plane.
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Figure A.11.: On-Off Analyses of background runs (runs more than 8° away from the Galactic
Centre). [(a)] Distribution of the significances of 100 analyses where the on-regions
and the off-regions are both inside (b < 2°) the Galactic Plane. [(b)] Distribution
of the significances of 100 analyses where the on-regions and the off-regions are
both outside (b > 4°) the Galactic Plane. Distribution of the significances
of 100 analyses where the on-regions are inside (b < 2°) and the off-regions are
outside (b > 4°) the Galactic Plane.
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