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Abstract

The high-energy cosmic-ray electron spectrum has been measured by H.E.S.S.; a stereoscopic
imaging atmospheric Cherenkov telescope array situated in the Khomas highland in Namibia,
in the energy range between 360 GeV and 14 TeV. This work studies the electron reconstruction
using an advanced reconstruction technique (model analysis), that reaches a better sensitivity to
electromagnetic air showers than the standard Hillas reconstruction and provides the depth of
first interaction as additional output parameter. A clear electron/hadron separation with good
signal efficiency can be achieved using the Boosted Decision Tree method. The model analysis
allows a good electron energy reconstruction above 300 GeV, but in order to further decrease the
energy threshold for an electron analysis, the data have to meet strict quality requirements and
constraints on event selection. Although the model analysis provides, apart from the depth of
shower maximum, the depth of first interaction as sensitive parameter to differences in shower
evolution between electron and ~-ray induced air showers, an electron/v-ray separation with
good signal efficiency on an event-by-event basis with the strategy applied in this work is not
possible.

Zusammenfassung

Das Spektrum hoch-energetischer kosmischer Elektronen wurde bereits mit H.E.S.S., einem Sys-
tem aus abbildenden atmosphaerischen Cherenkov-Teleskopen, das sich im Khomas Hochland
in Namibia befindet, im Energiebereich zwischen 360 GeV und 14 TeV gemessen. Diese Ar-
beit untersucht die Elektronenrekonstruktion mit einer fortgeschrittenen Rekonstruktionstechnik
(Model-Analyse), die eine bessere Sensitivitit gegeniiber elektromagnetischen Luftschauern als
die Standard-Hillas-Rekonstruktion aufweist und aulerdem als Schauer-Parameter die Hohe der
ersten Wechselwirkung bereitstellt. Eine klare Elektron-Hadron-Trennung mit guter Signalef-
fizienz wird mittels der Boosted Decision Tree Methode erreicht. Die Model-Analyse erlaubt
eine gute Energierekonstruktion fiir Elektronen oberhalb von 300 GeV, aber um die Energi-
eschwelle weiter zu senken, miissen strikte Kriterien bei der Ereignis- und Beobachtungsauswahl
erfiillt werden. Obwohl die Model Analyse mit der Hohe der ersten Wechselwirkung neben der
Hohe der maximalen Schauerausbreitung einen zweiten Parameter bietet, der sensitiv auf Unter-
schiede in der Schauerentwicklung bei elektron- und photoninduzierten Luftschauern ist, kann
keine Elektron-Gamma-Strahlungs-Trennung mit den hier angewandten Strategien mit guter
Signaleffizienz erzielt werden.
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Chapter 1

Introduction

Cosmic rays were discovered by Victor Hess in the 1910s with balloon experiments, explaining
the rising radiation at increasing altitudes in the atmosphere. The main components of cosmic
rays are protons and heavier nuclei, but they also consist of electrons and photons. The hadronic
component is very well measured in a wide energy range between 10°eV and 10?'eV. The
cosmic-ray electrons were only measured above a few GeV up to 2 TeV by balloon and satellite-
borne experiments. In 2008 H.E.S.S. presented an energy spectrum of high-energy cosmic-ray
electrons up to 14 TeV [1], which was the first measurement of those electrons with an imaging
atmospheric Cherenkov telescope array(IACT).

Usually, IACTSs are used as observation instruments for ground based ~-ray astronomy. However,
both high-energy electrons and ~-rays initiate electromagnetic air showers, which are observable
with TACTs. H.E.S.S. has been operating with four telescopes since 2003 and the systematics
of the instrument are very well understood. Even very faint sources, such as SN1006 [2] with
a 7-ray flux about 1% of the Crab flux, are detected with an advanced ~-ray reconstruction
technique [3].

This reconstruction technique (model analysis) provides a better sensitivity to electromagnetic
air showers than the Hillas standard reconstruction and also yields the depth of first interaction
as a reconstruction output parameter. Electron and ~-ray initiated air showers are similar, but
electrons generally interact immediately entering the Earth’s atmosphere, whereas ~-rays propa-
gate on average deeper into the atmosphere. Thus, the parameter of the depth of first interaction
motivates an investigation of electron/vy-ray separation.

This work studies cosmic-ray electrons using the model analysis as well as a possible electron/~-
ray separation. It starts with an overview about high-energy electrons in Chapter 2. The
H.E.S.S. measurement of the high-energy cosmic-ray electron spectrum and other cosmic-ray
electron measurements are presented. Potential sources and acceleration processes are discussed.

Chapter 3 introduces the H.E.S.S. experiment and explains the physics of air showers, as well as
the observation principle of TACTs.

The identification of electrons is presented in Chapter 4, starting with the reconstruction and
explaining the electron/hadron separation with the method of Boosted Decision Trees. The
application to data and a successful electron/hadron separation are presented. The estimation
of remaining background is also described.
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Chapter 5 summarises steps needed to obtain a high-energy cosmic-ray electron spectrum with
emphasis on effective collection area and energy threshold.

Motivated by the reconstruction output parameter the depth of first interaction, Chapter 6
presents a study of electron/y-ray separation with the method of Boosted Decision Trees.

A conclusion of this work and an outlook are given in Chapter 7.



Chapter 2

High-energy cosmic-ray electrons

Cosmic-ray electrons have been measured with H.E.S.S. and other experiments between 1 GeV
and 14 TeV. This Chapter gives an overview about the existing measurements of the spectrum
of high-energy cosmic-ray electrons in Section 2.1, presents the most important energy loss
processes during electron propagation (Section 2.2), gives an overview of potential nearby sources
and explains how contributors to the cosmic-ray electron flux in the solar system could be
identified (Section 2.3). Also the basic principles of particle acceleration in supernovae and
pulsar magnetospheres are described in Section 2.4.

Throughout this work the term ”electron” refers to both particle and antiparticle unless specified
otherwise, because the H.E.S.S. measurement cannot determine the electric charges.

2.1 The spectrum of high-energy cosmic-ray electrons

The energy spectrum of high-energy cosmic-ray electrons has been measured between 1 GeV and
2 TeV with balloon and satellite-borne experiments, but beyond 2 TeV the flux becomes too low
for these experiments. In 2008 H.E.S.S. presented the first ground-based measurement of high-
energy cosmic-ray electrons in the energy range between 600 GeV and 14 TeV with an imaging
atmospheric Cherenkov telescope Array|[1]. Figure 2.1 shows the H.E.S.S. measurement extended
to lower energies [4] together with measurements by ATIC [5], PPB-BETS [6], Kobayashi et al.
[7] and Fermi-LAT [8]. The BETS and ATIC detectors use imaging calorimeters measuring the
longitudinal and lateral shower development. Kobayashi et al. [7] use emulsion chambers to
observe the shower and Fermi-LAT measures electrons with a siliconstrip tracker, calorimeter
and anticoincidence plastic scintillator detector. The H.E.S.S. experiment is ground based and
reconstructs the energy and direction of the primary particle from the Cherenkov light emitted
by the air shower of the secondary particles.

In the energy range between approximately 10 GeV and 1 TeV the spectrum of cosmic-ray elec-
trons can be described by a power law dN/dE o E~' with a spectral index of I' = 3.3. The
ATIC experiment stirred interest with a ”bump”, the so called ATIC-Peak, in the spectrum be-
tween 300 and 800 GeV, which led to intensified discussion of a potential dark matter signature
(see for example [9] and references therein). But neither the Fermi-LAT data nor the H.E.S.S.
low-energy measurement confirm this feature.
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Figure 2.1: The energy spectrum of high-energy cosmic-ray electrons, depicted as E®* dN/dE, as
measured by ATIC [5], PPB-BETS [6], Kobayashi et al. [7], Fermi-LAT [8] (the dark grey band indicates
the Fermi-LAT systematic uncertainty, the grey arrow a +5%/ — 10% the uncertainty of the Fermi-
LAT energy scale) and H.E.S.S. [1]. Blue points show the 2008 H.E.S.S. measurement, red points the
H.E.S.S. low-energy measurement in 2009 [4]. The shaded bands represent the systematic uncertainties
from hadronic and atmospheric models and the red arrow indicates an energy uncertainty of 15%. This
plot is taken from [4].
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The H.E.S.S. data [4] can be described by a broken power law

dN B\ p\F)
e (5" (-2

with a normalisation k& = (1.5 +0.1) - 10~* TeV 'm~2sr~!s~! and a break energy F, = 0.9 +
0.1 TeV. The spectral indices have the value I'y = 3.0£0.1 and I'y = 4.1 +0.3, respectively. The
sharpness of the transition between both power laws is given by o < 0.3.

For the H.E.S.S. measurement of the high-energy cosmic-ray electron energy spectrum data from
extragalactic observations excluding potential «-ray sources were used and the background was
estimated by models with proton Monte Carlo simulations.

The systematic uncertainties in the flux normalisation are indicated in figure 2.1 with shaded
bands and amount up to 30%. These arise from uncertainties in the modelling of hadronic
interactions and atmospheric fluctuations. The uncertainties of the hadronic interactions were
derived from comparison of spectra that were obtained using the SIBYLL and QGSGET-II
hadronic interaction models. The atmospheric modelling uncertainties were estimated by taking
two independent data sets from summer and autumn 2004. In the standard H.E.S.S. Hillas
reconstruction [10] the energy scale has an uncertainty of 15%, which is indicated by an arrow
in figure 2.1.

An advanced reconstruction technique of electromagnetic air showers [3] (see also Section 4.1)
can provide an energy resolution better than 15% with less than 10% in the central energy
range between 500 GeV and more than 10 TeV. It is also more sensitive to electromagnetic air
showers at low energies than the standard Hillas reconstruction. This could lead to a lower
energy threshold in the measurement of high-energy cosmic-ray electrons (see Section 5.3).

2.2 Propagation and energy losses of electrons

The energy losses for the cosmic-ray electron and hadron components are different. Electrons
lose much more energy during propagation through matter, radiation fields and magnetic fields.
Therefore the resulting electron spectrum is significantly steeper than the spectrum of the
hadronic cosmic-ray component which can be described by a power law with a spectral in-
dex I' = 2.7. This Section briefly summarises the main energy losses for high-energy electrons
(detailed discussion e.g. in [7] and [11]).

Cosmic-ray electrons mainly lose energy via ionisation, synchrotron radiation and inverse Comp-
ton scattering. These losses are described as:

dE
a4
dt 1n<

5+ 19.8) + AyE + A3E? (2.2)
MmeC

The term with coefficient A; describes ionisation losses and depends only weakly on energy.
These losses decrease logarithmically with energy and dominate at electron energies of a few MeV.
Bremsstrahlung and adiabatic energy losses are represented in the As term and are proportional
to the electron energy. The last term with Ag describes the energy losses due to synchrotron
radiation and inverse Compton scattering.

The resulting electron spectrum can differ from the initial electron spectrum depending on which
loss process is dominating:

e If ionisation losses dominate, the energy spectrum is flattened by one power of F,
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e if bremsstrahlung or adiabatic losses dominate, the spectrum remains unchanged,

e if inverse Compton scattering or synchrotron losses dominate, the spectrum is steepened
by one power of E.

The dominant energy loss processes for high-energy electrons above 10 GeV are inverse Compton
scattering and synchrotron radiation and hence equation 2.2 can be reduced to the quadratic
term:

dE

= A3 E? (2.3)
with )
4oc B

Az = W (87T + wph> . (2.4)

Here F is the electron energy, m, the electron mass, ¢ the speed of light, B the magnetic field
strength in the Galaxy, wyy, is the energy density of interstellar photons and o the cross section
for Thomson scattering. For very high-energy electrons the Klein-Nishina cross section has to
be used instead of the Thomson cross section. An adequate value of the local magnetic field
perpendicular to the electron velocity is By = 5 uG. The interstellar radiation field with which
electrons interact is composed of the cosmic microwave background (CMB), reemitted radiation
from dust grains and stellar radiation. Interactions with the CMB with an energy density of
0.26eVem ™2 are dominant for TeV electrons.

According to equation 2.3 electrons lose in average almost all their energy after a time T'= 1/bE
and the mean electron lifetime was calculated as T ~ 2.5 - 10° yr/(E [TeV]) by the authors of
[7]. Thus, depending on the diffusion coefficient, electrons at 1 TeV propagate only 0.6 — 0.9 kpc,
which means that any source that produces electrons detectable on Earth must be very nearby
in galactic relations.

2.3 Potential sources of cosmic-ray electrons

Depending on their origin, cosmic-ray electrons can be divided into primary and secondary elec-
trons. Primary electrons are emitted by astrophysical objects like shock fronts in supernova
remnants (SNR), pulsar magnetospheres or pulsar wind nebulae (PWN). These sources of pri-
mary electrons are indicated by radio and X-ray observations. Also some VHE v-ray observations,
for example of the PWN Vela X, indicate a more likely lepton origin (for detailed discussion of
H.E.S.S. observations of PWN see e.g. [12]). Various dark matter scenarios were also discussed
recently concerning the ATIC-Peak in the electron spectrum between 300 GeV and 800 GeV (see
[9] and references therein).

Secondary cosmic-ray electrons originate in interactions of high-energy cosmic-rays with the
interstellar medium:
p+p— X,
7t — ut oy, T = U Dy, (2.5)
pt—et v, po e Doy

For a discussion of the secondary electron contributions see for example [13].
As indicated in Section 2.2, the limited mean lifetime of high-energy electrons leads to typical

propagation distances below 1 kpc. This strongly reduces the number of potential sources within
our Galaxy.
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Table 2.1: List of SNRs and pulsars, that are younger than 5 - 10° years and within 1kpc distance to
Earth.

source | distance [kpc] | age [y1]
SNRs:
RXJ0852.0-662/Vela Jr. 0.33 660
SN 185 0.95 1.8-10°
S147 0.80 4.6-103
G114.3+0.3 0.7 7.7-103
HB 21 0.80 1.9-10%
G65.3+5.7 0.80 2.0 -10%
Cygnus Loop 0.44 2.0 -10%
Vela 0.30 1.1-10*
Monogem Ring 0.30 8.6 -10%
Loop I 0.17 2.0-10°
Geminga 0.4 3.4-10°
Pulsars:
Vela Pulsar 0.29 1.13-10*
Monogem 0.29 1.11-10°
J1825-0935 1.00 2.33-10°

Also the age of supernova remnants limits the variety of potential sources. Shock acceleration
theory suggests that electrons are released from supernova remnants in the termination of the
shock. The shock velocity drops down within a timescale of approximately 10° years. The most
promising young and nearby SNRs and pulsars that could contribute to the electron flux in the
solar system are listed in table 2.1 ([7, 14]).

Identifying nearby sources

Kobayashi et al. [7] calculated the cosmic-ray electron spectrum in the solar system separating the
contributions of distant and nearby sources to the total electron flux. They showed that nearby
sources could leave identifiable structures in the high-energy spectrum of cosmic-ray electrons.
Figure 2.2 shows an example of the calculated energy spectrum. Depending on the diffusion
coefficient, the release time from the SNR and the initial electron spectrum. Vela, Cygnus Loop
and Monogem could leave unique signatures in the spectrum above 1 TeV. However, the H.E.S.S.
measurement (see figure 2.1) shows no such feature and hence some scenarios of a strong local
source are excluded [4].

Apart from the above mentioned features in the energy spectrum of high-energy cosmic electrons,
an anisotropy of the electron flux might help to identify local sources. If there are local sources
an anisotropy in the electron flux towards and away from the sources would be expected. For
each source ¢ an anisotropy parameter A, is defined [15, 16]:

A = Imam - Imzn _ QVNz _ 37"7; (2 6)

T Iaz + Imin c N; 2ct; ’ ’
Imaz and Iy, are the minimum and maximum intensity of the flux in all directions, N; is the
contribution to the local cosmic-ray electron intensity by a source ¢ at a distance r; and an age
t;. The expected anisotropy of electrons for Vela is 13% [7]. However, the uncertainties of the
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Figure 2.2: Example for a calculated energy spectrum of electrons (taken from [7]). The shape of the
spectrum strongly depends on the diffusion coefficients Dy, release time 7 and cut-off energy E..

already measured high-energy cosmic-ray electron spectrum with H.E.S.S. above 400 GeV are
too high to observe such an anisotropy [14].

Dark Matter!

As already mentioned, the ATIC peak in the electron spectrum stirred interest, which resulted
in an intensified discussion of an potential dark matter (DM) or pulsar related origin. Various
DM scenarios are under debate (see [9], especially references within), but a large class of the an-
nihilating/decaying DM models predict an electron flux in form of an power law with a universal
index n = 2 at energies below Mpjs, the DM mass. This results from the domination of the
energy loss proportional to AsFE? below Mpay.

The predicted flux, in contrary to pulsar models, for one DM model depends only on a few
parameters:

the energy loss A3FE?, the number density of electrons produced per annihilation/decay event
dN/dE, the dark matter number density n,, the thermally averaged annihilation cross section
(ov) and the DM mass Mpyy.

Thus, if the energy loss is well understood and the DM number density is constrained by cos-
mological models and observations, the flux for one DM model providing a certain number of
produced electrons has only two free parameters: Mpys and (ov). The mass is fixed by the
cut-off energy and (ov) is determined by the flux normalisation.

With observations available at the moment, no distinction between a pulsar or DM dominated
electron flux is possible.

IThe information in this short discussion is taken from [9].
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2.4 Acceleration processes

As already mentioned SNRs, pulsars and PWNs are discussed as potential sources of high-energy
electrons and observations in different wavelengths confirm the existence of high-energy electrons
in these objects. PWNs with low magnetic fields are observable in very high-energy (VHE) ~y-ray
astronomy due to inverse Compton scattering if the electron energy is not limited by synchrotron
radiation [12]. This section gives an overview about the basic principles of different acceleration
processes, detailed descriptions are still under debate. For an in-depth discussion of these accel-
eration processes see for example [11] and [17].

Shock acceleration in supernova explosions

The stellar evolution of a high-mass star ends with a supernova explosion. The iron core of
the star collapses and the outer layers of the star are ejected. These layers expand with very
high velocities (= 1000 — 2000 km/s) into the interstellar medium (ISM) and form a shock front
because of their supersonic velocity. The expansion continues until the shock wave sweeps up
enough mass from the ISM and slows down (Sedov-Taylor phase). During these shock phases
electrons are accelerated on the shock fronts. In later stages the temperature of the shock drops
below 10% K and the free electrons recombine with heavier ions.

A first approach to explain particle acceleration to high energies was suggested by E. Fermi in
1949 [18], but he considered only stochastically moving ”magnetic mirrors”. In this approach
the energy gain is proportional to the squared ratio of the speed of these magnetic mirrors v and
the speed of light ¢. This mechanism, which is known today as Second Order Fermi Acceleration,
can not explain particle acceleration to relativistic energies, because the random velocities of
interstellar clouds in the Galaxy (which might represent such magnetic mirrors) are very small,
v/c < 1074, Furthermore due to the mean free path of cosmic rays the number of collision per
year would be very small, leading to a very slow gain of energy by the particles. There are also
some injection problems, when taking into account the energy loss processes during acceleration.

In the 1970s the process of diffusive shock acceleration was developed [19, 20, 21, 22], which
describes an energy gain proportional to v/c.

The region of interaction between the SNR and the ISM consists of a forward shock, where
ambient gas is compressed and heated, and a reverse shock, where ejecta are accelerated. Both
shocks are separated by a contact discontinuity with local instabilities. During the expansion of
the shock fronts into the interstellar medium with a shock velocity v, particles with sufficient
energy can cross the shock front and get accelerated. In front of and behind both shock fronts
particles scatter off magnetic inhomogeneities produced by shock turbulence and streaming in-
stabilities of the relativistic particles. These scatterings lead to an isotropic velocity distribution
with respect to the frame of reference where the fluid is at rest. The particles are accelerated
due to the momentum of the crossed shock front. This is a symmetric process and the particles
gain energy proportional to v/c with each forward or backward crossing of the shock front. This
acceleration process has been termed First Order Fermi Acceleration in order to distinguish it
from the afore mentioned second-order process.
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Acceleration in pulsar magnetospheres and PWNs

Particles can not only be accelerated during the shock expansion of a supernova, but also in
the magnetosphere of pulsars. Pulsars are fast-rotating neutron stars with periods P of a few
seconds to milliseconds. They are formed at the end of stellar evolution if the mass of the core of
the progenitor star is above approximately 1.4 Mg (Chandrasekhar limit) and below about 3 Mg
(Tolman—Oppenheimer—Volkoff limit). Progenitor stars with lower masses end their life as white
dwarfs, if the mass is higher than this range, a black hole is formed. Pulsars possess extremely
high magnetic fields with 10'° G to 10'® G. Strong electric fields arise from the fast rotation and
highly compressed magnetic fields of the pulsar which can accelerate particles to high energies.

A so-called magnetosphere consisting of particles pulled out of the pulsar surface by the electric
field surrounds the pulsar and corotates with it. The radius of the magnetosphere is limited
by the particles’ inertia and the speed of light ¢. The distance where the corotation speed of
the particles in the magnetosphere becomes equal to ¢ defines a so-called light cylinder with the
radius R, = ¢/Q with Q = 27/P. Within this radius the magnetic field lines are closed and the
particles that gyrate around these field lines are captured. Outside the light cylinder the magnetic
field lines are open and the accelerated particles can escape. The electric field component E)
parallel to the magnetic field lines must not vanish in order for particle acceleration to occur.
Usually, screening effects of charged particles within the magnetosphere lead to vanishing F;.

In the so-called polar cap models the acceleration takes place, as the name already implies, in
charge-free zones near the polar caps of the pulsar. The outer gap models, on the other hand,
describe vacuum gaps along null-charge surfaces, which separate regions of the opposite sign of
the corotation charge. In both models particles are accelerated and can escape along open field
lines.

In regions with E); # 0 electromagnetic cascades are produced. y-rays emitted by synchrotron ra-
diation interact with the strong magnetic fields and produce e™e™ pairs. The secondary particles
are again accelerated, radiate synchrotron light and thereby initiate a cascade. Particles leaving
the magnetosphere and the light cylinder form a so-called pulsar wind nebula (PWN) and escap-
ing electrons have small velocities. In the outer regions the PWN interacts with the expanding
supernova shell and a termination shock is formed. Here particles can also get accelerated to
high energies like in the expanding supernova shock fronts.



Chapter 3

H.E.S.S. - an imaging atmospheric
Cherenkov telescope array

The H.E.S.S. experiment is an imaging atmospheric Cherenkov telescope (IACT) array that ob-
serves very-high energetic photons in the energy range between 100 GeV and 100 TeV' indirectly
via the Cherenkov radiation emitted by the secondary particles of the induced air shower. The
evolution and properties of air showers are described in Section 3.1. The emission of Cherenkov
light and the basic principles of IACTSs are explained in Section 3.2. An overview of the H.E.S.S.
experiment is given in Section 3.3.

3.1 Air showers

Since they are absorbed in the Earth’s atmosphere, high-energy ~-rays can not be observed
directly on the ground. To avoid this problem, X-ray astronomers use satellite-borne experiments
for direct photon detection, but the flux in the TeV energy range is too low in matter of the
limited collection areas available on spacecraft. Therefore, ground-based Very High Energy
(VHE) ~-ray astronomy uses the Earth’s atmosphere as a ”calorimeter” and observes secondary
particles produced in the interactions.

3.1.1 Heitler model of an air shower

Air showers are produced when high-energy cosmic rays hit air molecules in the atmosphere
and initiate a cascade of secondary particles. If, for example, the primary particle is a cosmic-
ray photon, it will interact with the Coulomb field of an atom high up in the atmosphere and
produce an electron-positron pair. The secondary particles generate y-rays via bremsstrahlung,
which in turn yield new electron-positron pairs: an electromagnetic cascade is initiated. With
each new generation the energy of the particles decreases and the cross sections for the different
processes change with particle energy. The emission of bremsstrahlung (and thus the subsequent
production of more electron positron pairs) is suppressed once ionisation and excitation become
the predominant energy loss mechanisms of the electrons. This occurs when the energy of the
shower particles drops below a so-called critical energy E., at which point the production of new
shower particles and hence the evolution of the cascade is stopped.

IThe upper energy limit depends on the flux of the observed source.

11
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In a very similar manner, electromagnetic air showers can also be initiated by cosmic-ray elec-
trons, with the first interaction process being the emission of a photon by bremsstrahlung instead
of the pair production in the case of the primary particle being a photon.

ks

Figure 3.1: Heitler model for the evolution of an electromagnetic air shower.

A simple description of an electromagnetic air shower was introduced by W. Heitler in 1954
[23]. This model considers only bremsstrahlung and pair production for particle creation and is
illustrated in figure 3.1. Here it is assumed that in each generation the energy of all secondary
particles is equipartioned. The shower consists of N(z) = 2(#/Xo) particles after a distance z
and n = x/X, branchings. Xy is the radiation length ? and has the value Xy = 3.72 g cm~2 in
air. Bach of the N(x) particles has on average an energy E(z) = Ey-2(=%/%X0) Here, Ey denotes

the energy of the incident primary particle.

The depth of the shower maximum in the atmosphere X,,,, can be estimated as

In(Ey/E.)

Xmax = In2

- Xo- (3.1)
E. is the critical energy (= 80MeV in air) where the shower development stops because the
ionisation of atmosphere’s molecules is dominant over the bremsstrahlung and pair creation
processes. If X4, is known the number of particles at the shower maximum N,,,, can be
calculated as

Ey
E.
This simple model predicts a proportionality between the maximal number of shower particles and
the energy Fj of the primary particle as well as an increasing depth of the shower maximum that
depends logarithmically on the primary energy Fy. Realistic shower simulations that also take
into account energy loss processes during shower formation and other higher order interaction
processes confirm these properties. For a 1 TeV v-ray the shower maximum is typically located
at a height of ~ 10 km above sea level.

Nmaz — 2X'maz/X0 — (3.2)

In the previous discussion only electron- or photon-induced air showers were considered. However,
the majority of cosmic rays consists of hadronic particles (predominantly protons or very light
atomic nuclei). These can also induce air showers, which are generally referred to as ”hadronic air

2The radiation length X is defined as the mean distance over which a high-energy electron loses all but 1/e
of its energy via bremsstrahlung and also 7/9 of the mean free path for pair production by a high energy photon
[24]. But in this simple model the assumption is made, that both lengths are equal for relativistic particles.
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showers”. An important difference between hadronic and electromagnetic cascades is the admix-
ture of hadronic interactions which characterises the former. The essential differences between
electromagnetic and hadronic air showers will be briefly reviewed in the following section.?

3.1.2 Comparison of electromagnetic and hadronic air showers

If the incoming particle is a hadron, the nucleus scatters inelastically with the nuclei of the
atmospheric molecules, interacts strongly and produces secondary particles like pions, kaons but
also nucleons. In contrast to a purely electromagnetic air shower these hadron induced showers
consist of two components, the hadronic component and many electromagnetic sub showers.
Hadronic particles form the shower core and build up the electromagnetic component via decay
products of neutral and charged mesons.

30km 30km

0km 10 km
(a) y-ray induced air shower with 300 GeV (b) hadron induced air shower with 1 TeV and
and first interaction in 23 km height first interaction in 18 km height

Figure 3.2: Simulations of v-ray and hadron induced air showers (with courtesy of K. Valerius). A
~-ray initiated air shower consists only of an electromagnetic component (illustrated in red), whereas
the hadron induced shower has apart from the hadronic component (blue) a distinct muon component
(green) and electromagnetic sub showers (red).

Figure 3.2 compares a simulated electromagnetic and hadronic shower. Their different evolution
allows a clear distinction. The mean free path for a proton with TeV energies is larger than
the electromagnetic radiation length and due to this the depth of the shower maximum is larger

3For a more detailed discussion see for example refs. [25] and [26]
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Figure 3.3: Camera images of a y-ray induced air shower and a hadron initiated one (taken from [27]).
The shape of the electromagnetic shower image shows an elliptical structure, whereas the image of the
hadronic shower is more irregular.

than that of electromagnetic air showers at comparable energies. The lateral extension of an
electromagnetic shower is smaller than for a hadronic one, because the lateral development of
electromagnetic showers is dominated by multiple Coulomb scatterings and the mean scattering
angle is smaller than for hadronic interaction and so the lateral extension is constrained. Hadronic
showers involve more complex multi-particle processes and are less regular than electromagnetic
showers because of the larger fluctuations. Figure 3.3 shows camera images of an 1TeV ~-ray
initiated air shower and of a 2.6 TeV proton initiated one. The electromagnetic shower image has
an elliptical shape and can be parametrised as an ellipse (for definition of the Hillas parameters
see Section 3.3), where as the image shape of an hadron induced air shower is more irregular
because of the different shower evolution with more sub showers.

3.1.3 Differences between electron and ~-ray induced air showers

As discussed above hadronic and electromagnetic air showers evolve differently and this permits
to separate them. However, cosmic-ray electrons and v-rays both initiate electromagnetic air
showers, which are very similar. Hence, it is difficult to distinguish electron induced from ~-ray
initiated showers.

Yet, there is a feature, at least statistically, that gives a hint. Electrons interact in average
immediately upon entering the atmosphere, whereas -rays interact deeper in the atmosphere.
As a consequence the electron induced air showers reach their maximum at smaller depth than the
~-ray initiated showers. In approximation the depth of the electromagnetic air shower maximum
can be estimated [28]:

max
C

E
X)le = 1.01X, (mg‘] - n> . (3.3)

Here Ej is the energy of the primary particle, E. the critical energy where the shower development
stops and X is the radiation length in air. The quantity n is different for electrons (n = 1) and
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~-rays (n = 0.5) and leads to a constant offset in the depth of the shower maximum,

AXpmas = AX],. — AXE,, =~ 0.505 X,. (3.4)

max

Note that this approach does not take into account the energy dependence of the shower maxi-
mum.

Sahakian et al. [29] analysed differences in shower evolution of electron and ~-ray initiated
electromagnetic air showers in the energy range between 3 GeV and 100 GeV. In this energy
region electrons can lead to an irreducible background for the observation of y-rays from extended
sources by low-energy threshold TACTSs, which can not be cut down by traditional y-ray/hadron
separation methods. These authors consider energy-dependent altitudes of the shower maxima
and use a simplified atmospheric model where the atmospheric density changes exponentially
with height. AX,,., can be written as:

AXpao(E) = hsIn <1 + , (3.5)

1 N hs
2ln £ —1) ) 2(lng - 1)
where hg is the scale height of the atmosphere (7.1km) [29]. Hence, the difference in the depth
of the shower maxima decreases with increasing energy of the primary electrons and photons.
AXnaz(10GeV) = 1.14km and falls to AX,,4,(100GeV) & 0.57 km. This offset further dimin-
ishes in the H.E.S.S. energy range, so a very sensitive reconstruction and analyses technique is
necessary to use X,,q, as separation parameter. An advanced reconstruction technique provides
also the depth of first interaction as an analysis parameter, so there are two parameters that
are sensitive to the differences of electron and ~-ray initiated air showers. This motivated an
attempt of electron/v-ray separation (see Chapter 6).

The authors of [29] also considered effects of the deflection of charged secondary particles in the
geomagnetic field which likewise affects the shower development. This increases the difference in
shower evolution and affects the electron initiated showers more, because the primary particle
is charged and the secondary charged particles are produced at higher altitudes and have more
time to be efficiently deflected. This results in different lateral distributions and pulse forms of
the Cherenkov light emitted by electron or -ray induced air showers in the energy range of the
study below 100 GeV. Above this energy no study of a possible electron/vy-ray separation for
imaging atmospheric Cherenkov telescopes is published.

3.2 Imaging atmospheric Cherenkov telescopes

The charged relativistic secondary particles of the induced air showers can emit Cherenkov light
propagating through the atmosphere. The Cherenkov light produced by an air shower in the
Earth’s atmosphere can be observed either with a single IACT or an array of such telescopes as
shown in figure 3.4(a).

If the velocity v of a charged particle in medium with refractive index n is larger than the speed
of light in this medium ¢/n, the particle produces Cherenkov light due to the polarisation of the
medium. This condition leads to an energy threshold E,,;, of

E,
Eoyin = ——2 (3.6)

with the energy Ey of the propagating particle. The charged particle polarises atoms along the
trajectory trough a dielectric medium. Coherent light superimposed in wave fronts is emitted
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during depolarising. These wave fronts form a light cone with an opening angle 6 according to
1
B-n’

with § = v/c. The atmospheric refractive index n changes with variation in the density of the
atmosphere. The opening angle for a 1 TeV ~-ray initiated air shower is approximately 1°.

cosf = (3.7

This continuous spectrum of Cherenkov light extends over the optical and ultraviolet (UV) region.
The relative intensity is approximately proportional to 1/A2. There is a cut-off wavelength where
v can not meet the condition v > ¢/n, because of the wavelength dependence of the refractive
index n(A). Cherenkovh radiation emitted by air showers has its maximum intensity typically in
the UV region.

~-ray induced air showers have the shower maximum approximately between 8 and 10 km height
and most of the UV Cherenkov photons are absorbed by ozone molecules before reaching the
ground. But also intensities in optical wavelength are reduced, for example by Rayleigh scattering
or Mie scattering off aerosol molecules in the atmosphere. About 100 Cherenkov photons per m?
from one air shower emitted can be observed on the ground at 2000m above sea level. Hence
very large reflector areas are needed. TACTSs observe the Cherenkov photons in the blue end of
the optical region and the reflectors are optimised for these wavelengths.

As mentioned above the opening angle of the Cherenkov light cone for an 1 TeV ~-ray induced air
shower is about 1°. Thus an air shower with a height of the shower maximum of about 8 km to
10 km illuminates an area on the ground with a radius about 130 m. The shower can be observed
with every telescope within the illuminated area and this induces large effective detector areas
compared with satellite-based astronomy.

The basic observation principle is illustrated in figure 3.4. An illuminated telescope collects the
Cherenkov photons emitted by the air shower with its large collection area and projects the
shower image onto the focal plane, where a sensitive camera is positioned and a shower image is
taken.
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(a) A ~-ray interacts with the atmosphere and
the initiated air shower emits Cherenkov light.
All telescopes within the illuminated area can
observe the shower.
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(b) Basic observation principle of an IACT. The Cherenkov
photons emitted by the air shower are collected with large
reflectors and projected onto the focal plane where a cam-
era is positioned.

Figure 3.4: Observation of Cherenkov photons emitted by the air shower with telescopes.
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3.3 The H.E.S.S. experiment

Figure 3.5: The four H.E.S.S. telescopes with the mirror dish for CT5 (in the middle) during the mirror
exchange of CT3 (second from right) in April 2010

The name H.E.S.S. stands for High Energy Stereoscopic System and also honours Victor Hess,
who discovered the cosmic rays with balloon experiments. The experiment is situated in the
Khomas Highlands of Namibia at 1800 meters above sea level. This location was chosen for its
good weather situation, many cloudless nights, almost no background light from nearby cities
and unblocked view to the Galactic Centre. The H.E.S.S. telescope array, shown in figure 3.5,
consists at the moment of four telescopes (CT1 throuh CT4) that are placed in a square forma-
tion with a side length of 120m. The extension of H.E.S.S. with a fifth larger telescope (CT5)
in the middle of the telescope array is under construction. CT5 is designed with larger mirror
dish and reflector area. The telescope positions were optimised for a maximum sensitivity at
the design energy threshold of 100 GeV for the four-telescope array. With the large reflector of
CT5 the energy threshold decreases. The H.E.S.S. experiment has been taking data with four
telescopes since 2003.

Mirror system

The telescope dishes are arranged in a hexagonal setup with a flat-to-flat diameter of 13 m. Each
dish is composed of 382 round mirror facets with a diameter of 60cm. The effective mirror
surface is 107 m? per telescope. The mirror dish is mounted in an altitude-azimuth fashion on a
rotating steel construction.

The mirror arrangement follows the Davies-Cotton layout [30], where all reflector facets have
the same focal length f equal to the focal length of the telescope as a whole and the mirrors
are mounted on a sphere with radius f. This mirror layout provides good imaging also for
showers further away from the optical axis. The mirrors consist of aluminised optical glass with
a protective quartz coating. Since the optical efficiency of the mirrors decreases with time, the
mirrors of the telescopes need to be exchanged and refurbished in regular intervals. CT3 was
the first telescope to receive new mirrors in April 2010. For a detailed description of the mirror
system and alignment see [31] and [32].
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Figure 3.6: The telescope CT3 during mirror exchange in April 2010. The round mirrors each with a
diameter of 60 cm are mounted on a steel construction. The camera is positioned on a four arm system
in the focal plane with 15 m distance to the reflector plane.

Camera

Each camera is mounted on a four arm system at the focal distance f of 15m. The cameras
consist of 960 photo-multiplier tubes (PMTs) arranged in a hexagonal array. The field of view
(FOV) of a single PMTs relates to 0.16° in diameter on the sky, this yields for the whole camera
a FOV of 5°. The single PMTs are enclosed by Winston Cones to capture the light that would
fall between the tubes. It also limits the FOV of each tube in order to minimise the background
light. The sample rate for one PMT is about 1 GHz.

The PMTs are grouped together in 60 drawers, each drawer consists of 16 PMTs. These drawers
contain the trigger and readout electronics for the tubes, as well as the high voltage supply,
control and monitoring electronics [10].

Trigger

H.E.S.S. makes use of a two-level trigger system - the first level on the camera and the second
level is a central trigger that requires at least two telescopes triggering. A detailed description
of the H.E.S.S. trigger and readout system is given in [33].

The camera trigger occurs if the sector threshold and the pixel threshold are exceeded. The
sector threshold requires a signal in 3 PMTs in a sector of the camera, each camera being
divided into overlapping sectors containing 64 pixels, and the pixel threshold requests more than
4 photoelectrons per pixel. The PMT signals are sampled with 1 GHz Analogous Ring Samplers
with ring buffers. If a camera triggers, the ring buffer is stopped and the content is read out.

The central station receives information on all telescope triggers and if a valid coincidence of two
or more telescopes occurs within 80ns. The central trigger greatly reduces the read-out rate due
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to avoiding night sky background and single muon events.

Calibration and reconstruction

H.E.S.S. observations usually are divided into single runs, each with 28 minutes of observation
time. Each run has to pass different quality checks before being used for further analysis. This
check tests, if there were any hardware problems or bad weather conditions that could affect
the data quality. Runs that pass the quality control consist of ~ 103 triggered events. For each
event two to four camera images are stored and from these images the energy and direction of
the primary particle are reconstructed.

The first step is the calibration of these camera images. For each pixel the amplitude is converted
from ADC values to photoelectrons (p.e.) and the pedestals (i.e. the null level of the PMTs) are
subtracted. (For detailed description of the calibration see [34].)

The standard analysis [10] cleans the calibrated images before parametrising the shower image
with so-called Hillas parameters [35]. During this cleaning only pixels are kept, that contain more
than mp.e. and a neighbour more than np.e. and vice versa. In the standard cleaning m and
n have values of 5p.e. and 10 p.e., but also cleanings with 5 p.e. and 7 p.e. are used. The shape
of the cleaned shower image is approximately an ellipse and the centre of gravity, image size,
orientation of the ellipse in the camera coordinate system, length and width are calculated. The
image size is defined as the number of photo electrons contained in the cleaned image. Length
is the length of the major axis of the ellipse and width refers to the length of the minor axis.
Figure 3.7 illustrates the Hillas parameters.

Telescope 1 Image
Reconstructed e
Direction S
8 SNSSSSSSSSSSS
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True \
Direction Distance Length

Figure 3.7: Schematic illustration of two shower images with the elliptic parametrisation (taken from
[10]). The width and length are the minor respectively major axis. The direction is reconstructed by
the intersection of the major axis.

H.E.S.S. is a stereoscopic telescope system and only events with more than two triggered tele-
scopes are kept. The shower direction is reconstructed by the intersection of the major axis of
superimposed shower ellipses in the camera system. If the event is observed with more than two
telescopes the intersection is made pairwise and then weighted according to the uncertainties in
the involved camera images.
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The distance to the impact point where the extrapolated trajectory of the primary particle
hits the ground, termed impact distance, is derived from intersection of the major axes in the
coordinate system of the telescope array.

The Hillas parameters contain all information for the standard Hillas analysis [10] to reconstruct
the shower direction, impact distance, the depth of shower maximum and energy of the primary
particle. The depth of shower maximum is calculated from atmospheric profiles using the height
determined from the angular distance of the centre of gravity to the reconstructed direction and
impact distance. The energy of the primary particle is determined from the image size depending
on zenith angle and impact distance from comparison with Monte Carlo simulations.

The model analysis [3] (see also section 4.1) uses these Hillas parameters as starting points for
a fit comparing the real data camera images with model images (section 4.1). The energy of
the primary particle, direction, impact and depth of first interaction are output parameters from
this fit. This reconstruction technique is detailed described in Section 4.1.

The mirror reflectivity degrades over time and this leads to a decreased image intensity compared
with Monte Carlo simulations. The optical efficiency can be monitored using single muon events
close to the telescopes. The falling optical efficiency causes a shift in the absolute energy scale
of the detector as the reconstructed energy of the events is too low. A correction factor for each
telescope and run is applied to the reconstructed energy. For detailed information on energy
correction see [36].
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Chapter 4

Electron identification

This Chapter explains how electrons are identified, starting with the principles of an advanced
air shower reconstruction technique in Section 4.1. The electron/hadron separation is performed
with the Boosted Decision Tree (BDT) algorithm as described in Section 4.2 and the application
to electron Monte Carlos and background data is described in Section 4.3. The remaining
background is estimated by a x? fit using models of the BDT response for electrons and protons
from Monte Carlo simulations (see Section 4.4).

4.1 Reconstruction

For this analysis of high-energy cosmic-ray electrons a gamma-ray likelihood reconstruction tech-
nique (Model Analysis)[3] providing better sensitivity to electromagnetic air showers than the
standard Hillas reconstruction techniques [10] was chosen. The Model Analysis also provides the
depth of first interaction ¢y as an additional analysis output parameter that could give further
information in view of a possible electron/y-ray separation (see Chapter 6). This reconstruction
technique is based on the comparison of the shower image taken by the camera with calculated
shower images that are obtained from a model of the Cherenkov light distribution in electromag-
netic air showers.

A semi-analytical shower model [3] describing the Cerenkov light distribution of charged particles
in electromagnetic showers is used in the model reconstruction technique. This distribution is
determined by the longitudinal, lateral and angular distributions of the particles in the shower
which are derived from Monte Carlo simulations. Semi-analytical shower model means, that the
distributions from the Monte Carlo simulations are parametrised to get an analytical description.
Figure 4.1 shows examples of two-dimensional shower images.

Contrary to Hillas parameter based reconstruction techniques no image cleaning is necessary to
extract the shower-related pixels, but the Hillas parameters derived from the cleaned image are
used as starting parameters. The whole camera image can be used in the fit and the night sky
background noise in the camera is also considered in the simulated camera images.

To obtain the most likely parameters of the incoming particle a minimisation procedure is used,
that compares the intensity in each camera pixel with the predicted one from the model. Equa-
tion 4.1 [3] describes the probability density (likelihood) to observe a signal s in a pixel for an
expectation value u from the model prediction. It is given by a convolution of the photo-electron

23
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Figure 4.1: Model of a 1 TeV shower started at one radiation length and hitting the ground 20 m (left)
and 100 m (right) and away from the telescope. X and Y axes are in units of degrees in the camera frame
and the Z axis is the image amplitude (taken from [3]).

number n with the photomultiplier resolution. ¢, is the width of the pedestal and o, the width
of the single photo-electron peak that determines the photomultiplier resolution:

P(slpt,o0po) = 3 1" exp(—p) ) exp (_2((3_”)> ) (4.1)

2 2
w nly/2m(02 + no? oy +nol)

For each pixel the log-likelihood is defined as:
InL =—-2-1InP(s|p,0p,0,). (4.2)

The Poisson distribution in equation 4.1 can be replaced at high p by a Gaussian distribution with
width /i and the likelihood can be simplified to a convolution of two Gaussian distributions:

1
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Starting from the pixel log-likelihood one can define a telescope log-likelihood as the sum over
the log-likelihood of all pixels [3]:

Npim Npim
Ly =Y InLi=-2> InP(siu,o0p,0,). (4.4)

This telescope log-likelihood is used in the minimisation procedure to derive the best parameters
for direction, impact parameter, depth of first interaction and energy of the primary particle.
Good starting points are important for the fit procedure and are derived from estimates of the
standard Hillas reconstruction technique.

The optical efficiency of each telescope is measured from ring-shaped images of muons passing
through the telescope and is taken into account on reconstruction level, so there are no further
energy corrections needed in the standard ~v-ray analysis.
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Figure 4.2: Energy resolution of the model reconstruction (red) compared with standard Hillas recon-
struction (blue) (taken from [3]). Throughout the whole energy range the energy resolution of the model
analysis is better than 15% and in a wide range better than 10%.

Figure 4.2 shows the energy resolution of the model analysis reconstruction (coloured in red)
compared with standard Hillas reconstruction (see graphs in blue). In the whole energy range
the energy resolution of the model analysis is better than 15% and in the core energy range
between 500 GeV and 10 TeV below 10%. The energy resolution is defined as the root mean
square of the E,cco — Etrue/Errue distribution. The energy bias is log(Ereco/ Etrue)-

For «-ray analysis it is important to discriminate the +-induced air showers from the hadron
induced ones. For this purpose a variable called Goodness of Fit, G, is introduced and is defined
as a normalised sum over all pixels of the difference between the actual pixel log-likelihood and
its expectation value:

SN (I L(s,|p) — (In L)
V2 - NdF

G= ‘“]. (4.5)

NdF is the number of degrees of freedom. The Goodness of fit can be used to check the com-
patibility of the reconstructed shower with a pure y-ray shower and hence for the discrimination
between ~-ray and hadron-like events.

Similar to the Goodness of fit G a variable Shower Goodness (SG) is defined that takes into
account only pixels belonging to the shower core.

For the y/hadron separation several cuts are used and this separation is mainly based on the
Shower Goodness and depth of first interaction. Table 4.1 summarises the cuts for standard
analysis, the analysis of sources that are fainter than a few percent of the Crab flux and a config-
uration that maximises the y-ray efficiency of strong sources, but with a diminished background
rejection [3].
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Table 4.1: Cuts for v/hadron separation for standard analysis, analysis of faint sources and loose cuts
for maximising the y-ray efficiency of strong sources [3]. There are cuts applied to the minimal number
of photo electrons (min. charge), the maximum distance from the camera centre (max. nom. dist.), the
number of triggered telescopes (tels), the shower goodness (SG), the depth of first interaction (¢o) and
the squared distance to the target position (62,,,).

name min. charge | max. nom. dist. | tels | SGax to 02,0z
[p-e] [deg] [Xo] | [deg?]

standard 60 2 2 0.6 -1,4 0.01
faint Source 120 2 2 0.4 -1,4] | 0.005
loose Cuts 40 2 2 0.9 NA | 0.0125

4.2 Electron/hadron separation with Boosted Decision Trees

In the last years multivariate classification methods, that are based on machine learning have
been successfully used in VHE astronomy for «/hadron separation (see [37] and [38]).

A multivariate classification method was used in this work because it very often provides a
higher ~-ray efficiency than simple cuts and it also offers a possibility to estimate the remaining
background for generating a electron spectrum. Usual background subtraction methods [39] can
not be applied to the cosmic-ray electron analysis, because in this case due to the isotropically
distribution on the sky no separation between on and off-data is possible.
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Figure 4.3: Schematic figure of one decision tree (taken from [40]). At each node there is a decision
whether the value of the variable classifies the event as signal- (S) or background-like (B).

This work makes use of the Boosted Decision Tree (BDT) methods from the ROOT TMVA
Toolkit [40] for the classification of signal- or background-like events. This method was chosen
because it can take into account nonlinear correlations between input parameters and is not
sensitive to parameters without separation power.

A schematic view of a decision tree using discriminating variables z; is shown in figure 4.3. At
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each node there is a binary decision whether the event is signal- or background-like. At the end
one output parameter is obtained, that describes the signal- or background-likeness of one event.

Such decision trees, however, are unstable with respect to statistical fluctuations, so a forest of
decision trees is constructed by a process called boosting in order to increase the stability of the
algorithm. The most widely used boosting algorithm, which is also employed in this work, is the
adaptive boost (AdaBoost). In this algorithm events, misclassified during the training phase, are
given a weight « in the training of the next tree. This weight is determined from the fraction of
misclassified events err as described in equation 4.6 and is renormalised after the application to
all events of the training sample so that the sum of all weights remains constant:

1—err

(4.6)

o=
err

4.3 Application to electron/hadron separation

4.3.1 Monte Carlo simulations and data used for BDT training

Before using the Boosted Decision Tree algorithm for electron/hadron separation the BDT has
to be trained with events that are known to be either signal or background.

For this training purpose diffuse electron Monte Carlo simulations were used as signal. The
electron induced air showers were generated with KASKADE [41] and to these showers a specific
detector simulation was applied to get generated shower images that are reconstructed similarly
to shower images from real data (the employed reconstruction technique is described in Chapter
4.1).

The electron Monte Carlo simulations cover an energy range from 50 GeV to 100 TeV and the
energy distribution follows a power law with an index of 2. This low power law index was chosen
to get enough events for the training at higher energies. The BDT Output distributions are
later weighted (see Section 4.4) to better match the expected spectrum. The simulations are
generated at fixed zenith angles of 0°, 18°, 26° and 32° with an offset angle from the camera
axis between 0° and 1.5°.

Data from observations targeting extragalactic fields with possible y-ray sources excluded within
a radius of 0.4° to the source position were used as background events. Extragalactic observations
were chosen to avoid the diffuse galactic y-ray background.

4.3.2 Energy and zenith angle bins

The BDT method uses different properties of the induced air showers to discriminate between
signal- and background-like events. But most of the used parameters of air showers like depth of
first interaction, depth of the shower maximum and also some of the Hillas parameters depend
on energy and zenith angle, thus it is necessary to train in different energy and zenith angle
bands.

The H.E.S.S. energy range from 100 GeV to 100 TeV was divided into six energy bins (same
energy bins as in [37] and [38]) and the zenith angle range for this electron analysis from 0° to
30° was divided into three bins. Those were adjusted to the fixed zenith angles of the electron
Monte Carlo simulations. The energy and zenith angle bins are summarised in table 4.2.
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Table 4.2: Energy and zenith angle bins for Boosted Decision Tree training

Energy [TeV] [ 0.1-0.3 | 0.3-0.5 [ 0.5-1.0 | 1.0-2.0 [ 2.0-5.0 | 5.0-100.0

Zenith angle data | 0° —14° | 14° —22° | 22° — 30°
Zenith angle MC 0° 18° 26°

4.3.3 Training parameters and BDT settings

For a good electron/hadron separation it is necessary to train the BDT with shower variables
that show a good discrimination power. For the H.E.S.S. measurement of the energy spectrum
of high-energy electrons [1, 4] primarily the Hillas parameters were input variables for the BDT
training. Additionally the depth of shower maximum and energy resolution were chosen.

In this work instead of the standard Hillas reconstruction the reconstruction technique described
in Section 4.1 was used. One motivation for using this model reconstruction is that it provides the
depth of first interaction as additional reconstruction output parameter. The following variables
were chosen as BDT input parameters:

e the depth of first interaction (to),

e the Mean Scaled Shower Goodness (MSSG),

e and Mean Scaled Background Goodness (MSBG)
from the model analysis, as well as

e the depth of the shower maximum (t,,qz),
e the Mean Scaled Width (MSW),
o the Mean Scaled Length (MSL)

from the Hillas reconstruction.

Figure 4.4 shows the distributions of the selected variables for the energy range between 0.5 TeV
and 1.0 TeV and for zenith angles between 14° and 22°.

The depth of first interaction

The depth of first interaction tg of the primary particle with the atmosphere is a direct output
parameter of the model reconstruction (see Chapter 4.1). Electrons interact very soon after
they enter the Earth’s atmosphere, mostly between 0 and 1 radiation lengths X, whereas the
distribution of the first interaction point of hadrons is much broader. The spike at 5 X in the
background events is a reconstruction artefact [3]. Shower models are only generated for depths of
0,1, 2,3,4and 5 Xy. Between this values there will be interpolated and extrapolated above 5 Xj.

Mean Scaled Shower Goodness and Mean Scaled Background Goodness

The shower goodness was already mentioned in Chapter 4.1. It describes the goodness of fit only
for pixels belonging to the shower. The Mean Scaled Shower Goodness (MSSG) is calculated
from the individual telescope Shower Goodness. The average value (SGi (g, p)) and variance of
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Figure 4.4: Distribution of input parameters for the Boosted Decision Tree Training for energies
between 0.5 TeV and 1.0 TeV and zenith angles between 14° and 22°. In blue the distributions of the
electrons as signal and in red the off-data events as background are shown.
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the telescope Shower Goodness o4e(q, p) as a function of image size ¢ and impact distance p are
compared to the actual Shower Goodness SG(q, p) [42]:

1 Niel SGtel(qvp) — <SGtel(Qa p)>
\/m A O'tel(Q7 p)

MSSG = . (4.7)

The Mean Scaled Background Goodness (MSBG) is defined analogously to the Mean Scaled
Shower Goodness.

The depth of shower maximum

Due to the different interaction cross sections for electrons and hadrons the distribution of the
depth of first interaction between electron and hadron induced air showers differs and likewise
the distributions of the depth of the shower maximum t.,,., differ for electrons and hadrons.
Again the distribution for hadrons is broader than the one for electrons and the position of the
maximum is also at lower values for electrons. The peak at 0 X in the background distribution
is again a reconstruction artefact with no physical meaning.

Mean Scaled Width and Mean Scaled Length

The width w and length [ of the actual shower image are taken, as is the depth of shower maxi-
mum, from the Hillas reconstruction. Similar to the definition of Mean Scaled Shower Goodness
the width and length are compared with expectation values and variance obtained from simula-
tion as a function of the image charge ¢ and impact distance p. The Mean Scaled Width (MSW)
and Mean Scaled Length (MSL) are defined as [42]:

Nte.
1 . Wtel (q7 p) B <wtel (q7 p)>
\Y Ntel tel—1 aw,tel(qa p)

Nte
1 . ltel(Qv p) B <lt6l (qv p)>
VNter 5=, o1,tet(q; p)

MSW = (4.8)

MSL =

. (4.9)

BDT settings

As mentioned in Chapter 4.2 the BDT method provided by the TMVA package was used for
training and classification. The advantage of the BDT method is that it allows to consider
also non-linear correlations between the input parameters, but the drawback of this method is
a possible overtraining that can lead to bias effects. Thus it is very important to control the
classification with an independent test sample and carefully study the different BDT settings.
The number of trees for the forest was set to 200. The adaptive boost method (AdaBoost)
was chosen for boosting. The training of a decision tree is determined by the definition of the
splitting criterion for each node. It starts at the root where an initial splitting criterion is chosen
and the splitting into subsets is continued until the number of events in a node falls below
Npin = max(20, Nypgin/(N2,,. - 10)) with the number of training events Ny.qi, and number
of training variables N,q,. The Gini Index' was chosen as splitting criterion. The splitting
criterion is a cut on a single variable and the training determines the variable and the cut value
that increases the separation index between the actual node and the sum over the indices of the

IThe Gini Index is defined as p(1 — p)[40], where p is the ”purity” of the signal sample that is derived with a
cut on the variable in this node. The purity can be described as p = Ng/(Ng+ Np) with Ng the number of signal
events and Np the number of background events remaining in the sample. The Gini index has its maximum at
a purity of 0.5.



4.3. APPLICATION TO ELECTRON/HADRON SEPARATION 31

two daughter nodes. The best cut value is derived by a scan over the variable with 200 steps.
After growing the tree a process called pruning is applied which removes statistically insignificant
nodes and reduces a possible overtraining of the tree. The pruning algorithm Cost Complexity
was chosen. This algorithm compares the fraction of misclassified events of this node with and
without further splitting in the sub tree. The prune strength was set to 20.

4.3.4 Correlation matrices and the importance of the
training parameters

As already mentioned above it is important to choose suitable parameters for a successful sig-
nal/background separation. There are some possibilities to determine whether the parameter
selection is useful or not. The TMVA-Toolkit gives an overview about the correlations between
the used parameters in correlation matrices for signal and background. Figure 4.5 shows an
example for the training bin with energies between 0.5 TeV and 1TeV and zenith angles between
14° and 22°.

Most of the used input parameters show no or only weak correlations to other parameters. This
is favourable for the separation because the separation power of the method can be enhanced
by adding more parameters. If only strongly correlated parameters are used then there is no
additional gain in using more parameters during the training and classification.

The example given in figure 4.5 also shows a few stronger correlations between some input
parameters. For the signal events the depth of first interaction (to) and Mean Scaled Length
(MSL) and also depth of first interaction and depth of shower maximum (t,,q,) exhibit a relatively
high degree of correlation. These correlations are not surprising because both the depth of shower
maximum and the Mean Scaled Length depend on shower evolution and hence on the depth of
first interaction. The later the first interaction of the primary particle takes place the later the
shower can reach its maximum extension. The width of the shower ellipse also depends on the
point of first interaction, but not as strong as like the distribution of the length. Although,
there is a strong correlation between the shower maximum and the depth of first interaction,
both parameters were kept for testing, if these parameters provide additional information for a
possible electron/~-ray separation (see Chapter 6).

The background correlation matrix shows the largest coefficients between the Mean Scaled Length
(MSL) and the Mean Scaled Shower Goodness (MSSG) and similarly with the Mean Scaled
Background Goodness (MSBG). There is also a strong correlation between the depth of first
interaction and the depth of shower maximum.

In conclusion there are different correlations between the input parameters for signal and back-
ground except the correlation between the depth of shower maximum and depth of first inter-
action, which is strong in both cases. These different correlations of the signal and background
input parameters also show a choice of sensitive training parameters.

A possibility to rank the separation power of the various used training parameters is their impor-
tance during the training. This importance is composed of the rate of occurrence of a splitting
variable during the training, weighted by a squared separation-gain and the number of events
in the corresponding node ([37] and references therein). The importance of the different input
parameters for zenith angles between 26° and 30° is shown in figure 4.6, which also illustrates the
energy dependence of the importance. Notably the importance ranking changes at almost each
transition between adjacent energy bins and all input parameters have an importance > 10% in
at one energy bin. This also shows, the parameter choice is suitable.
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Figure 4.5: Correlation matrices for signal and background for energies between 0.5 TeV and 1 TeV
and zenith angles between 14° and 22°. There are different correlations between the input parameters
for signal and background.
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Figure 4.6: Importance of the training parameters as a function of energy at zenith angles between
26° and 30°.

4.3.5 BDT response and electron/hadron separation

The BDT method takes the above mentioned input parameters and determines for each event
one output parameter, the BDT response, that describes the signal- or background-likeness of
the event. The training of the Boosted Decision Trees was applied to an independent test sample
and an example for the output distribution of signal and background events for energies between
0.5 TeV and 1TeV and zenith angles between 14° and 22° is shown in figure 4.7. In this figure
the BDT output distributions of the training and test sample are superimposed which allows to
check the BDT classification for overtraining. If some overtraining occurs, the BDT response
of training and test sample are expected to differ strongly. Here both the training and test
distributions match very well, so there is no overtraining. The BDT output distributions for all
training bins of energy and zenith angle are shown in Appendix A.

The electron/hadron separation is carried out by one cut on the BDT output parameter instead
of cuts to each parameter. As shown in figure 4.7 above a clear electron/hadron separation is
possible. For the electron analysis a cut value of the BDT output of 0.0 was chosen. This value
was determined by evaluating the BDT response at which a maximum quality factor? occurs for
the different energy and zenith angle bins (see figure 4.8(a)).

4.3.6 Performance

As already shown with the BDT output distributions of the signal and background events, this
BDT analysis can clearly separate between signal and background on an event-by-event basis.
One possibility to compare the performance of different cuts is the quality factor @, which is

2The quality factor Q is defined as ratio of the signal efficiency and square root of the background efficiency,
see equation 4.10.
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Figure 4.7: Distributions of the Boosted Decision Tree response for an independent test sample for
energies between 0.5 TeV and 1.0 TeV and zenith angles between 14° and 22°.

defined as the ratio of the signal efficiency? €5;, and the square root of the remaining background
efficiency epg:
€sig
Q=—=. 4.10
Verg (4.10)

To get an estimate of the performance of this analysis the signal efficiencies for the maximum
quality factor are presented in figure 4.9(a). The signal efficiency ranges from 43% to 69%. In all
energy and zenith angle bins the remaining background is between 0.1% and 1.8%. This leads
to high quality factors (values between 4.2 for energies 0.1 — 0.3 TeV and zenith angles between
14° and 22° and 9.02 for the energy range between 2.0 TeV and 5.0 TeV and zenith angles below
14°). The corresponding distribution is shown in figure 4.8(b).

Figure 4.9(b) compares the quality factor Qpgpr of this BDT analysis with that of the model
analysis Qarss¢ with the standard cuts that are summarised in table 4.1 (Chapter 4.1). Those
standard cuts are mainly based on the shower parameter Mean Scaled Shower Goodness and
the charge, but there are also additional cuts regarding the depth of first interaction and the
distance to the camera centre.

It stands out that the BDT cut provides a better quality at the low energies (0.1 — 0.3 TeV) and
at very high energies (5.0 — 100.0 TeV) than the model analysis standard method. In the energy
training bins between 0.3 TeV and 0.5 TeV and between 2.0 TeV and 5.0 TeV both quality factors
are comparable, but only in the energies between 0.5 TeV and 1.0 TeV and between 1.0 TeV and
2.0 TeV the BDT cut is worse than the model standard cut. But this does not surprise because
the model standard cuts were optimised at these energies and for the BDT analysis used in
this work almost no emphasis was placed on optimisation. This also shows that multivariate
classification methods could give comparable or in some bins also better quality results than
simple cuts even without any particular optimisation work.

3The efficiency is defined as the fraction of events from the signal or background sample which pass the BDT
cut.
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Figure 4.8: Figure 4.8(a) shows the distribution of BDT response with maximum quality factor for
each energy an zenith angle bin. The average is at a value of 0.03 BDT response. The distribution of
the maximum quality factor is presented in figure 4.8(b), where the BDT analysis has an average quality
factor of 6.6.

4.4 Background determination

In the previous sections of this Chapter the reconstruction of events and the electron/hadron
separation are described, but with just the cut on the BDT response not all remaining background
can be rejected. Thus it is necessary to estimate the remaining background after the BDT cut.
In analyses of y-ray sources usually sky regions without known ~-ray sources are taken as off-
regions and the background is subtracted (for a detailed description of ring background and
on-off background models see [39]). It is not possible to apply the same strategy to a cosmic-ray
electron analysis, since electrons are isotropically distributed and due to this no electron-free
region of the sky can be used for background subtraction.

Instead, the background estimation is carried out with the help of Monte Carlo simulations.
The BDT classification is applied to electron and proton simulations. The BDT output distri-
butions are energy dependent and because of this, a correction due to the spectral shape has
to be applied. This is a correction to the spectral index of the simulated proton and electron
events, because they are simulated with a spectral index of 2 in contrast to the expected index
to get also enough statistics at high energies. Each BDT response distribution is weighted with
(E/Epin)~Tsim=Texp) " E is the reconstructed energy with the optical efficiency correction ap-
plied already on reconstruction level, F,,;, should be a value below the energy threshold, which
ensures that the weighting factor is smaller than one. I'y;,, denotes the spectral index of the
simulations and I'c;, an expected value. For protons I'c;, would be 2.7 and for electrons about
3.3 or lager. This weighting procedure is described in [14].

The remaining background is now estimated by a fit using the weighted proton and electron
distributions to match the BDT distribution of the remaining events. This fit is applied in the
energy and zenith angle bins from the BDT training. A simple possibility to fit the distribution
is to use a y2-minimisation. The value x? is defined as

Npin

2
2 (di —m;)

= — 4.11

X 21: oy (4.11)

The number of events in bin ¢ of the data is given by d;, the number of events in this bin of

the model distribution consisting of protons and electrons is denoted by m;, o4, and oy, are
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Figure 4.9: Signal efficiencies at the maximum quality factor of the BDT analysis and comparison of
the quality factor with that of the model analysis with standard cuts.
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the corresponding standard deviations. m; consists of n.; electrons and n,; protons from the
bin ¢ of the simulated BDT response distributions. These distributions are normalised and the
multiplying factor is varied step by step. The minimum of x? yields the most likely composition
of the data.

A more sophisticated approach contains a likelihood fit to estimate the remaining background
(see [14]).
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Chapter 5

Spectrum determination

The previous Chapters gave an introduction to high-energy cosmic-ray electrons, presented the
H.E.S.S. experiment and described the necessary steps to separate electrons from background
events. One important component to get the energy spectrum of a source is the effective collection
area. Thus this Chapter gives an overview of the differential energy spectrum in Section 5.1, data
selection in Section5.2 and effective collection area (Section 5.3) with emphasis on the different
dependencies of the collection area and energy threshold.

5.1 Differential energy spectrum

The differential energy spectrum is defined as the number of electrons N(F) per energy bin AFE
and solid angle ©, livetime of the observation 7" and effective collection area A g(E):

aF___ NE) )
dE A.g-AE-T-Q

The number of electrons N (FE) is obtained through a separate BDT analysis for each energy bin
AFE. The remaining hadronic background is subtracted using models of the electron and hadron
BDT response distributions as described in Sections 4.3.5 and 4.4.

The effective collection area Ay is derived from Monte Carlo simulations and depends on energy,
zenith angle, offset from the camera centre, optical efficiency and used cuts of the event selection.
For a more detailed discussion of the effective collection area see Section 5.3.

5.2 Data selection

The data selection implies constraints both on the run selection and on the event selection. The
run selection assures a good quality of the observations and does not influence the effective area
directly. The event selection is a preselection before the electron/hadron separation of the BDT
response cut, which directly influence the effective area. The effects of the run selection are
indirect, for example via the optical efficiency of the chosen run or via the range of zenith angles
(see Section 5.3).

For a run to pass the selection the following criteria have to be fulfilled:

39
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e The mean zenith angle is between 0° and 30°. This constraint is due to the proton Monte
Carlo simulations used in the H.E.S.S. measurement [1, 4], that were only produced for a
zenith angle of 20°.

e The observation target is extragalactic to avoid the diffuse galactic «-ray emission as ad-
ditional y-ray background.

e Variations in the trigger rate are less than 10% during the run to exclude cloudy observa-
tions. The trigger rate is larger than 1.2 times the expected trigger rate to exclude runs
with dusty, hazy atmosphere, that can not be spotted in fluctuations in the trigger rate.

e Observations with all four telescopes working without technical problems to match the
later event criterion of four triggered telescopes see below.

Each event of the selected runs has to pass the following criterions:

e The number of photoelectrons in the shower image is larger than 60, respectively 120, this
is also called charge cut.
o All four telescopes triggered.
e The centre of gravity of the shower ellipse is within a distance of 2° from the camera centre,
e Any known or potential y-ray sources are excluded within 0.4° from the source position.
These selection cuts only lead to a good event selection, not to a hadron/electron separation,

but they also effect the effective collection area. The electron/hadron separation is carried out
with a cut on the BDT response, which also effects the effective areas.

5.3 Effective collection area

The effective collection area is determined with Monte Carlo simulations and is defined as the
ratio of the number of selected events N, and simulated events Nj;c multiplied with the
simulated effective area Apsc:

Nsel(Ea 2 67 ¢7 O)

A.q(E = <A E 2,0 . 2
eﬁ'( az707¢a0) NA[C(E,Z79,¢,O) MC( X2 7¢7O) (5 )

It is a function of the true energy E, the zenith angle z, the offset from the camera centre 6, the
azimuth angle of the telescope ¢ and the optical efficiency 0. N is the number of events that
passes the trigger, data selection (see Section 5.2) and cut to the BDT response.

A set of tables with effective areas is calculated for fixed energy values, zenith angles 0°, 18°
and 26°, offset from the camera axis between 0° and 2° with steps of 0.5°, azimuth angle 0° and
180°, optical efficiencies 50%, 60%, 70%, 80%, 90% and 100%. Between these fixed values the
effective areas are interpolated.

Figure 5.1 summarises different dependencies of the effective areas. The step-like features in the
effective areas are a result of the bin-wise application of the BDT classification.

The influence of the offset from the camera axis is shown for a zenith angle of 26° and optical
efficiency 70% in figures 5.1(a) and 5.1(b). The effective collection area decreases with increasing
distance to the camera axis. Also a different charge cut of 60 p.e. and 120 p.e. effects the effective
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Figure 5.1: The effective collection area depends on energy, zenith angle, offset from the camera axis
and optical efficiency. Figure 5.1(a) and 5.1(b) show the dependency on offset to the camera axis for
charge cuts of 60 and 120 p.e., respectively. A lager charge cut results in smaller effective areas at low
energies. For better comparison the effective areas derived for model standard cuts with 4 telescope
events are applied.

In figure 5.1(c) the effective areas derived from electron and +-ray simulations are compared and this
shows that ~-ray effective areas are systematically smaller than the ones derived from electron simula-
tions.

deteriorated optical efficiency of the telescopes results in decreasing effective areas, as shown in figure
5.1(d).
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area, resulting in smaller effective areas at low energies with a higher charge cut. In both figures
the effective area for y-rays with model standard cuts and restriction to only 4-telescope events is
included as a reference. Above 300 GeV the effective areas for data selection and BDT response
cut (BDT response > 0.0) are of the same order or larger than the one for the model standard
cuts. Below 300 GeV the effective areas are smaller due to the fact that the BDT cut is fixed to a
single value for all energies, while the maximum quality factor for energies between 100 GeV and
300 GeV is achieved at a BDT response below 0.0, which was chosen as cut value. That leads to
the reduced effective areas at low energies and can be avoided by introducing a low energy BDT
response cut.

Both electrons and ~-rays initiate electromagnetic air showers, but there are differences in the
shower evolution, which also effect the effective collection areas. Figure 5.1(c) compares the
effective collection areas at a zenith angle of 26° and an optical efficiency of 70% for three
different offsets from the camera centre. In all three offsets the effective collection areas derived
from ~-ray simulations are smaller than the ones for electrons. This would result in systematically
higher fluxes for electrons if the flux would be derived using collection areas determined from ~-
rays. Thus it is necessary for electron spectrum determination to use effective areas for electrons
and they can not be replaced by effective areas for v-rays.

In figure 5.1(d) the influence of the optical efficiency on the effective collection area is illustrated.
Reduced optical efficiency leads to decreased effective areas because the intensity of the shower
image is reduced and less events pass the charge cuts. This leads to an increased energy thresh-
old. These effective areas are derived from ~-ray simulations, because electron simulations were
not available for all optical efficiencies, but this trend is the same for effective areas for electrons.

Taking the optical efficiencies and source extension into account

The effective collection area, needed to calculate the differential energy spectrum as defined in
equation 5.1, is a mean effective collection area in different ways. Two aspects have to be taken
into account. First, almost each run has a different optical efficiency and, second, the effective
area has to be calculated in the same way as for extended sources, because of the dependency of
the distance to the camera axis as shown in figure 5.1(a) and 5.1(b).

To handle the different optical efficiencies, for each run an averaged collection area AT%" is
determined. The resulting effective collection area for the energy bin is derived from all used
runs,

Agr= > wrn ALY}, (5.3)

all runs

weighted with w,.,,, due to the varying run livetime.

The run effective collection area Ag’léf” takes the extension of the source region (here the inner 4°
of the field of view) into account. The energy bin of the spectrum is divided into sub energy bins.
The offset distribution of each sub energy bin is divided into offset bins. The optical efficiency
0run and the zenith angle z,.,, remain almost constant during one run. Thus the effective areas
for all offset bins of the sub energy bins are weighted with the offset distribution to get an average
effective area for the energy sub bin. The effective areas for the energy sub bins are then weighted

with the energy distribution to get the effective collection area Agéf” of one run:

élffb = Z wE(Z weAQﬁ(E7 Zrun, 0, O'r‘un)) (54)
E ¢ AE 4

with the weights wg and wy derived from the offset and energy distribution in the sub-energy
or energy bin, respectively.
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It has to be kept in mind that this approach ignores the fact, that the effective areas are deter-
mined usually with simulations with power law index of 2 whereas the electron spectrum is known
to be considerably steeper and this results in slightly different effective areas. This correction is
rather be complicated, but has to be included in future.

5.4 Energy threshold

The energy threshold for spectral analysis depends both on the energy resolution and the effective
area.

In [10] a ”safe energy threshold” is determined by requiring, the relative energy bias (Ereco —
Eirue)/Etrue below 10%. An other way to describe the energy bias is

bias = log <Ereco) . (5.5)

true

Per definition the energy bias is equal to 0, if E,cco = Eirye, analogously to the relative energy.
10% relative energy bias corresponds to a bias of 0.04 in the logarithmic definition. A negative
bias stands for a too low reconstructed energy, whereas a positive value results from overestimated
energies.
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Figure 5.2: Energy bias, defined as log(Erecco/Etrue), for optical efficiencies of 70% and 100% at zenith
angle 26° and at camera centre. A lower optical efficiency moves the secure energy threshold to larger
energies.

Figure 5.2 shows the energy bias for the BDT analysis presented in this work with charge cuts
of 60 p.e. and 120 p.e and the model standard cuts at a zenith angle of 26° at camera centre for
two different optical efficiencies. The energy bias of BDT cuts and model standard cuts of the
corresponding optical efficiency is almost equal above 300 GeV for 100% and respectively above
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1TeV for 70% optical efficiency, below this energy value of 300 GeV the model cuts provide a
better energy reconstruction. The charge cut influences the energy bias only at low energies,
above 300 GeV there are no differences between the BDT cut with a charge cut of 60 p.e. or 120
p-e. A reduced optical efficiency degrades the energy bias and shifts the secure energy threshold
to higher energies. Again the BDT application in energy bins results in step-like features also in
the energy bias.

6
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Figure 5.3: Differential y-ray detection flux for optical efficiencies of 70% and 100% at a zenith angle of
26° and at camera centre. The flux dependent energy thresholds are indicated with grey dotted vertical
lines.

An alternative definition of the energy threshold is based on the effective collection area and the
expected flux of the observed source. It is defined as the peak in the differential v-ray detection
rate, that is derived by multiplication of the source’s expected differential energy flux and the
effective collection area [43]. The differential cosmic-ray electron flux measured by H.E.S.S. [4]
was used for this estimation. The differential rate is illustrated in figure 5.3 for different cuts
and optical efficiencies. The flux-dependent energy thresholds are indicated with grey dotted
vertical lines. As expected the energy threshold moves to higher energies with worse optical
efficiency. This results from the optical efficiency dependence of the effective areas. The lower
energy thresholds of the model standard cuts are caused by the better effective areas below
300 GeV. The charge cut effects are stronger at lower optical efficiencies than at a perfect one.

In comparison the flux-dependent energy thresholds are lower than the secure energy threshold.
There are no restrictions to a low-energy electron spectrum below 300 GeV from the effective
areas, but the lower energy limit is strongly constrained by the energy bias. Thus for a electron
analysis at low energies it is necessary to advance the energy bias of the BDT cuts and datase-
lection. But the energy bias with model standard cuts depends on the optical efficiency of the
telescopes and at 70% optical efficiency the energy threshold is increased to almost 450 GeV.
Hence, it is not only possible to derive an low energy threshold with better cuts and event selec-
tion, but also with strict constraints on the optical efficiency of the for analysis used observations.



Chapter 6

Study of an electron/v-ray
separation

There are several motivations for an attempt of a electron/v-ray separation. Analysis of elec-
tron and v-ray simulations shows at low energies differences between the shower evolution of
electron and ~-ray initiated air showers [29], as already mentioned in Section 3.1. An advanced
reconstruction technique [3], described in Section 4.1, provides the depth of first interaction as
additional parameter to the depth of shower maximum. This parameter is sensitive to electron
or y-ray initiated air showers.

In Chapter 4 it was demonstrated that a satisfactory electron/hadron separation can be achieved.
By using data from extragalactic fields one could avoid the galactic diffuse y-ray background.
However, an electron spectrum obtained from these selected data will still contain a certain
contamination from the extragalactic diffuse y-ray background which has not yet been measured
in the H.E.S.S. energy range.

Section 6.1 gives an overview of existing measurements of the extragalactic y-ray background in
other energy regimes, while Section 6.2 shows the attempt of an electron/~-ray separation with
the BDT method.

6.1 Extragalactic diffuse y-ray background

The high-energy diffuse -ray emission is composed of a galactic component, and a so-called
extragalactic component, the extragalactic y-ray background (EGRB). The galactic background
is dominated by 7-rays produced by cosmic-ray interactions with interstellar gas and radiation
fields. The much fainter extragalactic component was detected by the SAS-2 satellite [45] and
later confirmed by the EGRET data [46]. The components that may make a contribution to the
EGRB are unknown, but it is considered that the EGRB consists of a superposition of unresolved
extragalactic sources including active galactic nuclei, starburst galaxies and ~-ray bursts as well
as diffuse emitted radiation. These diffuse-emission processes could be potential signatures of
large-scale structure formation, emission produced by the interaction of very high-energy cosmic
rays with relic photons, annihilation and decay processes of dark matter and many more (see
[47] and references therein).

The TeV flux of the EGRB is not known, only fluxes up to 10 GeV from the EGRET Analysis
[46, 48] were measured in the last years. Recently the Fermi-LAT collaboration published the flux
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Figure 6.1: extragalactic diffuse high-energy background (taken from [44]). The measuremnts were
recently extended by Fermi-LAT up to 100 GeV and the Fermi-LAT spectrum is significantly softer than
the EGRET measurement.
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Figure 6.2: Comparison of the Fermi-LAT EGRB flux with H.E.S.S. electron flux, Fermi-LAT data
taken from [47], H.E.S.S. from [4]. The extrapolated EGRB flux is more than one and a half orders of
magnitude lower than the H.E.S.S. measured flux of high-energy cosmic-ray electrons.
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of the EGRB above 200 MeV up to 100 GeV [47]. Figure 6.1 shows the extragalactic diffuse high-
energy background with the new Fermi-LAT data. The Fermi-LAT spectrum can be described
by a power law with index I' = 2.41 + 0.05. It is significantly softer than the EGRET spectrum
with a photon index I' = 2.13 4+ 0.03. The authors of [47] argue, that this difference cannot be
caused only by Fermi-LAT’s better point source resolution as compared to EGRET.

Figure 6.2 shows the Fermi-LAT EGRB spectrum and the H.E.S.S. high-energy cosmic-ray elec-
tron spectrum. There is no measurement of the EGRB in the H.E.S.S. energy range available,
but an extrapolation of the Fermi-LAT flux yields a flux almost two orders of magnitude less
than the cosmic-ray electron flux measured by H.E.S.S. However an successful electron/~-ray
separation could quantify this.

6.2 BDT application to electrons and v-rays

The used reconstruction technique (see Section 4.1) provides as shower parameter the depth of
first interaction. Statistically electrons start to shower immediately when entering the atmo-
sphere whereas photons start their air showers on average at a depth of 1Xy. This was the
motivation for testing the BDT method that was described in Chapter 4.2 on electron and ~y-ray
Monte Carlo simulations.

6.2.1 Training parameters and BDT settings

For the electron/+y separation the same training variables as for the electron/hadron separa-
tion were used (see section 4.3.3) also with the same bins in energy and zenith angle. Variations
of the BDT settings did not improve the separation power, therefore the same settings were used.

Figure 6.3 shows the training input variables for energies between 5TeV and 100 TeV and for
zenith angle of 26°. The signal events are electron Monte Carlo simulations that were also used
for electron/hadron separation. The background consists of events of v Monte Carlo simulations
with a power law spectrum with a photon index 2. Just like the electrons the 7-rays were
simulated at fixed zenith angles 0°, 18° and 26°. The energy range is from 50 GeV to 100 TeV.

Obviously the training parameters for electrons and ~-rays are very similar, because both elec-
trons and ~-rays induce electromagnetic air showers entering the Earth’s atmosphere. Just a few
parameters show slightly different distributions like for example the depth of first interaction and
the depth of shower maximum.

6.2.2 Correlations and importance of the training parameters

Most training parameters are not or only slightly correlated, but the distributions of these vari-
ables are almost equal for electron- and ~y-ray-induced air showers. Many correlations depend
only marginally on the energy or zenith angles and remain almost constant, but a few show
interesting trends. Figure 6.4 illustrates the energy dependence of the correlation coefficients
between depth of first interaction and depth of shower maximum, depth of first interaction and
Mean Scaled Length and also between depth of shower maximum and Mean Scaled Length for
zenith. Their correlation coefficients and trends at 18° and 26° are very similar to the presented
ones.
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Figure 6.3: Training variables for electron/v separation for energies between 5TeV and 100 TeV and
zenith angles between 22° and 30°.
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Figure 6.4: Various correlation coefficients for electron and photon showers as a function of shower
energy at zenith angle 0°.

As expected, the depth of first interaction and depth of shower maximum have the largest
correlation, but their correlation coefficient depends strongly on energy. At low energies they are
correlated to 72 % for electrons and to 80 % for y-rays. The correlations decrease with increasing
energy and at high energies the correlations drop to 32 % and 52 %, respectively. The difference
in the parameter correlations between electrons and 7y-rays increases for higher energies.

The correlation coefficients of electron and -ray induced air showers do not differ this much for
all other correlations between the training parameters. Figure 6.4 also shows the trend of the
correlation coefficients between the depth of first interaction and the Mean Scaled Length. Here
both correlation coefficients have the same trend and the differences are very small. There is no
plausible explanation at the moment and these correlations should be checked with a different
BDT implementation and another multivariate algorithm to exclude dependencies to the BDT
implementation of the TMVA toolkit and test if this is really a hint at the different shower
evolution.

The importance ranking of the training parameters is shown in figure 6.5. For definition of
importance see Section 4.3.4. The most important parameter is the depth of first interaction
followed by the depth of shower maximum. The remaining parameters have an importance less
than 10% and do not contribute much for a possible electron/v separation.

6.2.3 BDT response for electrons and ~-rays

An example of a BDT output distribution for energies between 5.0 TeV and 100 TeV and zenith
angles between 22° and 30° is shown in figure 6.6 (for the BDT response of all energy and zenith
angle bins see Appendix B). In contrast to the BDT output distribution for electron/hadron
separation (see figure 4.7 Section 4.3.5) no clear separation between signal and background with
a simple cut on the BDT response is possible for the electron/v discrimination. There is only
a small difference in the position of the response maximum for signal and background, so there
is no basis for an event classification of electron and v-ray events which could provide a good
background rejection.
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This result is also clearly illustrated in figure 6.7, where the signal efficiency versus the background
rejection for energies between 5 TeV and 100 TeV and zenith angles between 22° and 30° is shown.
The signal versus background rejection curve for the attempt of electron/y-ray separation is
illustrated in blue, where as this curve for the hadron/electron separation is coloured in green.
The separation between electrons and hadrons can be achieved with good signal efficiencies,
where as a a electron/~-ray separation with good signal efficiency and background rejection is
with the strategy here applied not feasible.

Even using another multivariate algorithm seems not promising, because the signal and back-
ground distributions of the shower variables are too small in the analysed energy and zenith
angle bin. This study was limited to small zenith angles between 0° and 30°, thus not the whole
zenith range was studied. H.E.S.S. is going to be extended with an fifth telescope, that provides
a larger reflector area than the four other telescopes and decreases the energy threshold. Thus,
an examination at lower energies is possible.
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Chapter 7

Conclusion and outlook

This work started with an overview of high-energy cosmic-ray electrons and the H.E.S.S. experi-
ment. The energy spectrum of cosmic-ray electrons has already been measured with the H.E.S.S.
experiment, using the standard Hillas reconstruction technique. An advanced ~-ray reconstruc-
tion method (model analysis), developed as alternative reconstruction technique to the standard
Hillas reconstruction technique, is more sensitive to electromagnetic air showers.

The aim of this work was to study the electron reconstruction with the model analysis. Although
it was not possible to present a differential energy spectrum of high-energy cosmic-ray electrons
in this work, the basic steps necessary to obtain the spectrum are described in detail.

The electron identification is carried out with electron/hadron separation using the Boosted
Decision Tree method from the TMVA-Toolkit. This separation can be easily achieved with the
selected shower parameters and it shows good signal efficiencies.

One important part in the determination of the differential energy spectrum is the effective
collection area, that is directly affected by data selection and electron/hadron separation cuts.
Various dependencies of the effective areas are discussed. In most parts of the energy range
the effective area, using the BDT response cut, is comparable or larger than the effective area
determined with model standard cuts. A flux-dependent energy threshold of below 100 GeV also
for optical efficiencies smaller than 100% was determined for a charge cut of 60p.e. But the
energy threshold also depends on the energy resolution and energy bias. Here the event selection
and BDT cut lead to a higher energy bias than with model standard cuts.

The determination of the differential energy spectrum of high-energy cosmic-ray electrons, using
the model analysis as reconstruction technique and the BDT method for electron/hadron sepa-
ration, works very well for energies above 500 GeV also with optical efficiencies less than 100%,
but for a low-energy analysis, where a better energy bias is needed, the data selection and BDT
cut have to be improved.

The use of the model analysis for reconstruction instead of the Hillas standard reconstruction
provides the depth of first interaction as additional shower parameter besides the depth of shower
maximum; both parameters that are sensitive to the differences between electron and ~y-ray
initiated air showers. This motivated a study of electron/y-ray separation with the BDT method.
But a electron/~-ray discrimination on a event-by-event basis with good signal efficiencies is not
possible to achieve with the strategy applied here.

The electron/~-ray separation was only analysed in the zenith angle range between 0° and 30°,
but there are only small chances to get at higher zenith angles better results with the BDT
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method. Other multivariate methods do also not seem promising because the shower parameters
provided by the Hillas standard reconstruction and model analysis are too similar for electron and
~-ray induced air showers. Thus, a possible approach could be to find other shower parameters,
that differ more for electron and ~v-ray initiated air showers. The H.E.S.S. extension with an
fifth telescope decreases the energy threshold, which allows an analysis below 100 GeV.
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BDT response for
electron/hadron separation
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Figure A.1: BDT response for electron/hadron separation for all energy bins at zenith.
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Figure A.3: BDT response for electron/hadron separation for all energy bins at a zenith angle of 26°.
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BDT response for electron/~-ray
separation
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Figure B.1: BDT response for electron/v-ray separation for all energy bins at zenith.
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