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Abstract

Since its construction the IceCube Neutrino observatory ex-
perienced remarkable success. Besides the detection of the
highest energy neutrinos worldwide IceCube was the first
experiment to observe an astrophysical high-energy neutrino
flux. Although in the meantime the collaboration detected
nearly 100 high energy neutrino events, the origin of these
events is still not identified. Blazars, being a subclass of act-
ive galactic nuclei and consequently one of the most powerful
objects in the universe are supposed to be one of the most
likely sources of high energy neutrinos.
During the course of this thesis the statistical significance
of a neutrino flux coming from groups of blazars from the
1WHSPa catalog was investigated with the help of a stack-
ing maximum likelihood approach. In order to improve this
analysis process, primarily the behavior of the currently used
track reconstruction methods was studied and a new ap-
proach for the determination of the uncertainties of these
reconstruction was evolved. Afterwards the integrated sens-
itivities and discovery potentials for different subsets of the
1WHSP catalog were calculated for seven years of IceCube
data. Ultimately the differential sensitivity and the discov-
ery potential was evaluated for a subset of the 103 most
interesting blazars from the full catalog and then compared
to a predicted flux from all blazars under the assumption of
a lepto-hadronic emission model. Since the predicted flux
exceeds the discovery potential above energies of ⇠ 560TeV
the IceCube data might predict a discovery once the theor-
etical model describes the actual situation in blazars.
Since the full stacking test on unblinded IceCube data is
going to follow shortly after the completion of this thesis
we might find a signification indication for neutrino point
sources soon. Moreover a discovery of neutrinos from blazars
would confirm the lepto-hadronic emission model in blazar
jets.

a1WHSP: First Wide-field Infrared Survey Explorer (WISE) High
Synchrotron Peaked blazar catalog
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Chapter 1

Introduction

In the past century the field of physic experienced an tremendous amount of progress. After
the constitution of special relativity and the first quantum field theories at the beginning of
the 20th century, the Standard Model (SM) of particle physics was developed over the years,
yielding in a successful collocation of the zoo of elementary particles and their fundamental
interactions. Moreover, great achievements were made in the field of cosmology leading to a
progress in the understanding of the origin of our universe and high energy physics on large
scales.

However, while continuously enhancing both, physics on subatomic as well as on astronomic
scales simultaneously it emerged that treating these two fields completely separately might
not be the correct approach. Since it was pointed out that most of the largest phenomenas
in the universe can only be fully explained by having the knowledge of the undergoing phys-
ics on the smallest level, the inevitable connection between both topics, astro- and particle
physics was considered. On this account it seemed very promising to examine the field of as-
troparticle physics and in particular neutrino physics which both can be seen as cutting point
between particle physics and astrophysics. The history of astroparticle physics most prob-
ably started with the discovery of Cosmic Rays, whose existence could not be explained by
particle physicists without making making use of astrophysical phenomena. Since that time
this field of physics yielded a huge progress in the understanding of astrophysical phenomena.

Moreover in the course of time the neutrino, which was first discovered in 1956 by studying
the inverse beta decay, emerged to be one of the most important objects in order to prove
connections between astrophysical phenomena and the SM. In the field of astrophysics the
detection of neutrinos was first used in order to describe the nuclear fusion processes inside
the sun. Moreover since the neutrino is only weakly interacting with its surrounding matter it
can be perfectly used as a messenger for the original direction of their generation. Therefore
the existence of neutrino can also give insight in the underlying processes, leading to the
tremendous electromagnetic emission from one of the most powerful objects in the universe,
the active galactic nuclei. While the generation of the electromagnetic radiation caused by
these objects can currently not be confirmed to be either the result of fundamental leptonic
or hadronic processes in the vicinity of these objects, the detection of astrophysical neutrinos
coming from the direction of active galactic nuclei would confirm a lepto-hadronic scenario.

The IceCube Neutrino Observatory, currently being the largest neutrino telescope, was built
in order to get insight in this field of astrophysical neutrinos. During the first years of opera-
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Chapter 1 Introduction

tion IceCube detected several astrophysical neutrinos up to the PeV energies. Nevertheless,
up to today the origin of these high energy neutrinos is not yet understood.

The work in this thesis concentrates on the search for the origin of astrophysical neutrinos
coming from blazar candidates, which build a subclass of active galactic nuclei. Finding a
significant neutrino signal from blazars would not only yield to the discovery of an astrophys-
ical neutrino point source but would also confirm the lepto-hadronic emission model of active
galactic nuclei. The thesis starts with an introduction to high energy Cosmic Ray physics
and in particular astrophysical neutrinos. Afterwards in chapter 3 the IceCube detector is
introduced. Chapter 4 and 5 present the event reconstruction and the selection of the final
event sample, followed by the description of the analyses method used in this thesis (Chapter
6). Chapter 7 concentrates on the description of the first WISE1 High Synchrotron Peaked
(1WHSP) blazar catalog which is used in order to provide blazars as point source candidates
for neutrinos. Finally the sensitivity and the discovery potential of the analysis are presented
in chapter 8.

1WISE: Wide-field Infrared Survey Explorer [66]
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Chapter 2

The High Energy Universe

The ability to reduce everything to simple fundamental laws does not imply the
ability to start from those laws and reconstruct the universe.

(Philip W. Anderson)

The Standard Model of particle physics is a theory concerning a classification of all known
subatomic components of the universe and their possible interactions. It was developed
throughout the 20th century, as a collaborative effort of scientists around the whole world.
The Standard Model is one of the most tested theories world-wide and based on its remarkable
success in explaining the results of a wide variety of physical observations it is sometimes
even denoted as “the theory of almost everything“ [48].

Nevertheless there are still phenomena within our universe which cannot or only partially
be described by this fundamental approach. One of those poorly decoded objects can be
associated with the high energy Cosmic Rays (CRs) which bombard the atmosphere of the
earth from outer space. The study of CRs had a special role in many areas of physics and
still provides large potential for further discoveries.

The first part of this chapter briefly reviews the the composition of CR particles, their
potential sources and their interaction with matter. Afterwards, in section 2.2 the role of
high energy cosmic neutrinos is specified.

2.1 Cosmic Rays

The so-called CRs, or probably even more appropriate, cosmic particles were discovered in
1912 by Victor F. Hess, measuring the ionization rates of the air up to an altitude of around
5300 meter, using a hot air balloon. In contrast to the opinion at that time that the ionization
rate was caused by radioactive elements on the earth, V. F. Hess was the first to discover the
extraterrestrial origin of the radiation [56].

Charged cosmic particles primarily consist of ionized nuclei, composed of about 90% protons,
9% alpha particles and other nuclei from heavier elements. Being accelerated to sufficient
energies, these CRs can produce high energy photons an neutrinos near the site of accelera-
tion, in collisions with ambient baryons or photons (see subsection 2.2.1). Once the primary

3



Chapter 2 The High Energy Universe

particles hit the Earth’s atmosphere, they generate so-called secondary CRs in atmospheric
air showers (refer to subsection 2.1.4) [52].

The primary particles span an energy range over 12 orders of magnitude, stretching up to
1020 eV. Therefore CRs can be many orders of magnitude more energetic than particles
generated by current collider experiments, such as the Large Hadron Collider (LHC). The
measured energy spectrum of these CRs is displayed in figure 2.1, whereas several special
features can be observed, which might provide clues to the origin of these CRs. Starting
from a few GeV up to the knee (Eknee ⇠ 103 �104 TeV) the spectrum follows a simple power
law:

N(E)dE / E��dE
!
= E�2.7dE, for E < Eknee (2.1)

Above this energy the spectrum becomes somewhat steeper with a spectral index � of ap-
proximately 3.0, before reaching the region above the ankle (Eankle ⇠ 4 · 106 TeV), where
it hardens again. The transition of the spectrum around the ankle is believed to represent
the changeover from Galactic sources generating the measured events to even more powerful
extragalactic CR origins (see subsection 2.1.2). Finally the flux steepens again above an en-
ergy of EGZK ⇠ 4 · 107 TeV. This fall-off is expected to be associated with the GZK cut-off,
named after its discoverer K. Greisen, G. Zatsepin and W. Kuzmin, who pointed out that
the universe could become opaque at such energies due to collisions of the primary particles
with the cosmic microwave background radiation [52].

2.1.1 Acceleration of Cosmic Rays

Although the existence of CRs is verified since more than 100 years, the question of their
origination is still not clarified. Among different theories, how these particles can obtain their
enormous energies, the most accepted one is the theory of CR acceleration established by
Enrico Fermi during the 1950s.

First order of Fermi acceleration implies that the gain of momentum and energy of cosmic
particles arises from repeated reflections at astrophysical shock fronts propagating towards a
plasma carrying a magnetic field. In the simplified one dimensional picture that is illustrated
in figure 2.2, one can consider a relativistic particle, originating from a moving magnetized
plasma, traveling in the positive x-direction towards a shock front, moving with velocity �u
in the negative x-direction. The shocked gas on the opposite site flows aways from the front,
which then leads to a total velocity of ugas = �u+ v = �3

4u in the laboratory frame, where
v is the velocity of the gas relative to the shock front. Thus if one supposes the relativistic
particle to be back-scattered by the gas, it travels downstream with velocity ugas. If the
magnetic cloud deflects the particle as well, it can redo this cycle once again [52].

The fractional energy gain the relativistic particle receives, can be easily calculated in this
simplified picture, using the application of Lorentz transformations. Assuming the particle
enters the gas behind the shock front with an incoming angle of ✓in, its energy E

0
in in the

rest frame of the gas can be calculated as

E
0
in ⇡ �Ein(1 � � cos(✓in)), (2.2)

4



2.1 Cosmic Rays

Figure 2.1: Energy spectrum of Cosmic Rays. At the x-axis, respectively energy axis,
the maximum particle energies that can be generated by respective collider experiments
is illustrated for comparison. The figure was taken from [36].

where c is the velocity of light, � = ugas/c, � corresponds to the Lorentz factor 1/
p
1 � �2

and Ein is the energy of the incoming particle in the laboratory frame. After the particle
is scattered backwards it passes the shock front again with the outgoing angle ✓out, whereas
the outgoing energy E

0
out in the rest frame of the gas is the same as the incoming energy

E
0
in. Using the Lorentz back transformation into the laboratory frame one can compute the

fractional energy gain of the particle:

�E

Ein
= �2

�
1 � � cos(✓in) + � cos(✓out) � �2 cos(✓in) cos(✓out)

�
� 1 ⇠ ugas

c
. (2.3)

Now that an energy gain in every cycle is stated, one can treat this acceleration as a statistical
process. Under the assumption that the energy accretion in each cycle is �E = ↵E, the total
energy of the particle after n encounters becomes

En = E0(1 + ↵)n, (2.4)

where E0 corresponds to the starting energy of the particle. At each stage of the acceleration
there is of course a certain chance for the particle to escape further cycles. Assuming the
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Chapter 2 The High Energy Universe

Figure 2.2: Illustration of the first order Fermi acceleration method. The figure was
taken from [52].

probability to escape the acceleration loop is Pesc,

N = N0(1 � Pesc)
n (2.5)

particles, of the initially inserted N0, are expected to be left in the acceleration circuit.
Combining the two equations (2.4) and (2.5) one can derive the differential energy spectrum
resulting from the first order Fermi acceleration method

dN(E)

dE
= constant · E�� , � =

ln(1 � Pesc)

ln(1 + ↵)
(2.6)

As visible in equation (2.6) this spectrum shows a power-law dependence with spectral index
�. Hence comparing this to the measured Cosmic Ray flux, shown at the beginning of
section 2.1 and in figure 2.1, even this simplified model seems to fit very well for most
energies. Nevertheless, especially at higher energies also other acceleration mechanism must
be considered which leads to the fact that the acceleration of CRs is still an open, not fully
understood field of research in astro-particle physics [52].

2.1.2 Potential Sources of Cosmic Rays

In the previous section 2.1.1 a promising method of energizing cosmic particles was presented.
As a next step in our understanding, it is now necessary to figure out if there are objects in
the universe that can fulfill all the requirements of the acceleration theories.

The energy range of CRs being measured up until now goes up to values of 1020 eV. There are
certain limits physical objects have to satisfy in order to be able to generate such high-energy
particles. Reminding oneself of the simplified model of shock acceleration from subsection
2.1.1, one can record that the charged moving particle is performing a circular motion due
to the presence of the magnetic field B, perpendicular to the moving direction of the particle
and B. The gyroradius rg of this motion is

rg =
p

|q|B?
=

E/c

ZeB?
, (2.7)

6



2.1 Cosmic Rays

Figure 2.3: The Hillas diagram shows the magnetic field strength and the size of possible
sites of acceleration. Objects above the black line in principle do have the theoretical
potential to accelerate protons up to an energy of 1020 eV while for source below this
line this scenario is not possible. The graphic was taken from [35].

where p corresponds to the momentum of the particle, q to its electric charge and B? to
magnetic field strength perpendicular to the moving direction. In the second step the charge
q is replaced by the factor Ze, where Z corresponds to the atomic number and e to the
elementary charge. Moreover the momentum p is written in terms of the energy E. Thus,
once the gyroradius rg reaches the geometric size of the shock, the particle can no longer
be confined in the vicinity of the moving front. This leads to a limitation of the maximum
energy the particle can obtain, subject to the magnetic field and the geometric size of the
accelerating object. Also taking into account the characteristic velocity �c of the scattering
centers, the maximum energy is

Emax ⇠ 2rg�cZeB?. (2.8)

In the Hillas diagram (figure 2.3), several classes of astrophysical objects that have the
potential to generate very high energy cosmic particles are listed. The black line in this plot
shows the minimum demand on the size and the magnetic field of the objects, in order to
possess the capability to create 1020 eV protons. In the following some of the most important
Galactic and extragalactic sources of high energy CRs are mentioned and shortly explained
[35].

7



Chapter 2 The High Energy Universe

Galactic Sources

• Supernova remnants (SNR): A Supernova remnant is the resulting structure of
a Supernova, a stellar explosion that briefly outshines an entire galaxy. Hence the
remnant consists of the ejected material expanding into the space forming a shock wave.
According to the Fermi acceleration mechanism from above, these shocks generate and
accelerate cosmic particles which is why SNRs dominate the energy spectrum of CRs
below the knee. Nevertheless from the observations of the physical properties, displayed
in figure 2.3 it is recognizable that SNRs do not have the ability to generate CRs up to
highest energies [42, 53].

• Pulsar Wind Nebula (PWN): A Pulsar is a rapidly rotating, highly magnetized
neutron star. While radiating relativistic particles along its spin axis a pulsar wind
is formed around the neutron star. Once this wind expands into the surrounding
interstellar medium it creates a shock front [34].

Extragalactic Sources

• Active Galactic Nuclei (AGN): AGNs consist of supermassive black hole that at-
tracts the surrounding matter due to its gravitational potential. As a consequence an
accretion disc arises around the centered black hole and two converse radio-emitting
jets are formed perpendicular to the accretion disc. A schematic illustration of the
structure of an AGN is shown in figure 2.4. Due to this structure they are one of the
most luminous objects in the universe, being already detected in a wide range of the
electromagnetic spectrum. Moreover in some particular theoretical scenarios they are
promising candidates to be generators of high energy neutrinos. Looking at the Hillas
diagram in figure 2.3 it is moreover visible that AGNs are one of the rare objects that
are likely to fulfill the physical criteria in order to accelerate protons up to energies of
1020 eV. Additional information about AGNs are presented in more detail in section
7.1.

• Gamma-Ray Bursts: Gamma ray bursts are the most luminous objects known in
the universe which appear as intense flashes of gamma rays, lasting approximately from
milliseconds to a few minutes. The existence of a GRB is associated with extremely
energetic explosion that might be caused by massive star collapse or compact objects
collisions [28].

2.1.3 Interaction of Charged Particles with Matter

Charged high energy particles created in statistical acceleration processes may interact with
matter in their vicinity, whereas the rate of the reactions in general depends on the density
and the composition of the matter. Below the most important interaction types of CRs are
discussed shortly [52]:

• Energy loss by Ionization: Charged particles lose some of their energy due to
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Figure 2.4: Left: Picture of the Crab Nebula SNR. Right: Schematic illustration of
the structure of AGNs. This figure was taken from [64].

collisions with atomic electrons leading to the ionization of the atoms. This energy loss
can be described by the Bethe Bloch equation [52].

• Coulomb scattering: Besides atomic electrons, charged CRs can also undergo scat-
tering with the atomic nuclei of a medium. Due to the high mass of the nuclei, this
process dominates the energy loss resulting from collisions with atomic electrons.

• Energy loss by Bremsstrahlung : Charged particles produce electromagnetic radi-
ation once they are decelerated in the matter. This process is called Bremsstrahlung.
It can for instance occur if the particle gets deflected by a magnetic field, caused by
the medium. Since the radiative energy deficit depends on decreases with the square
of the mass of the particle, this interaction type mainly only has to be considered for
electrons.

• Cherenkov radiation: The Cherenkov effect will be explained in detail in section
3.1.2.1.

2.1.4 Atmospheric Air Showers

Once primary CRs enter the earth’s atmosphere, they start to interact with the ambient
matter and produce huge cascades, also called air showers of secondary particles. A schem-
atic sketch of the dispersion of an atmospheric air shower, caused by a proton is displayed
schematically in figure 2.5. In the collisions of the primary particles with molecules in the
air mainly pions and kaons are generated with their decay products forming mainly three
different subclasses of the shower cascade.

Due to their extremely short lifetime neutral pions ⇡0 decay nearly immediately into a pair of
photons, which for their part then develop electromagnetic cascades consisting of electrons,
positrons and photons. Since the absorption length of these cascades is very short, the
electrons and photons from electromagnetic cascades are easily absorbed in the atmosphere.
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Figure 2.5: Sketch indicating the progress of a particle cascade in the atmosphere,
induced by a primary CR proton. The figure was taken from [44].

Hence they constitute to the soft part of cosmic radiation [52]. Moreover hadronic cascades
are produced in interactions of hadrons through the exchange of gluons.

The muonic component of air showers, consisting of muons and neutrinos depicts the third
main part of the cascades. These muons are mainly produced in decays of charged pions ⇡±
and kaons K±

⇡+(K+) �! µ+ + ⌫µ (2.9)
⇡�(K�) �! µ� + ⌫̄µ, (2.10)

whereas the branching ratios of these decays is approximately 99.9% for pions and 67% for
kaons [51]. The resulting muons can furthermore decay into electrons according to

µ± �! e± + ⌫̄µ(⌫µ) + ⌫e(⌫̄e) (2.11)

Hence, in order to estimate the particular atmospheric flux of each particular neutrino flavour
i, it seems reasonable to regard this magnitude as a convolution of the spectrum of the
primary CRs �CR in the atmosphere and the yield of each neutrino flavour per primary
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particle YCR!⌫
i

:

�⌫
i

= �CR ⌦ YCR!⌫
i

. (2.12)

Since the production of muons and neutrinos in the muonic component of air showers relies
on the hadronic decay of pions, kaons and in case of electron neutrinos ⌫e also on the decay
of muons it is crucial that these particles can decay before they become part of different
interactions. Hence in order to evaluate the neutrino yield YCR!⌫

i

it is necessary to regard
the decay length �dec of a relativistically moving particle which can be estimated as

�dec = �c⌧ = c⌧
E

mc2
:= h0

E

✏char
, (2.13)

where ⌧ corresponds to the mean lifetime of the particle at rest and � to the Lorentz factor
which can be expressed as the ratio of the total energy E of the particle and its energy at
rest mc2. Based on the observed behavior from equation (2.13) it is visible that the mean
decay length surmounts the atmospheric scale length h0 once the energy E of the particle
exceeds its characteristic energy ✏char [30].

Consequently for low energies nearly all pions and muons decay before they can interact with
the surrounding matter yielding an observable ratio of muon and electron neutrinos at the
surface of the Earth (refer to equations (2.11) and (2.10)) of

⌫µ + ⌫̄µ
⌫e + ⌫̄e

⇠ 2. (2.14)

With increasing energy (⇠ GeV) especially muon interactions start to dominate over the
decay process (✏µ ⇡ 1GeV), resulting in a suppression of the observed electron neutrino ⌫e
flux compared to one of muon neutrinos ⌫µ. Moreover at even higher energies the decay of
pions and kaons (✏⇡ = 115GeV, ✏K = 850GeV) is suppressed and they start to lose a fraction
of their energy before decaying, yielding in a muon and neutrino spectrum following a power-
law with a spectral index � ⇡ 3.7 which is steeper than the spectral progress of the primary
CRs (� ⇡ 2.7, refer to section 2.1). Since the decay length �dec,⇡ of pions surmounts the
atmospheric scale length h0 at energies above about 100GeV, the muon and muon neutrino
generation at these energies is dominated by the decay of kaons [30, 51].

At the highest energies (⇠ 100TeV) also the decay of kaons is highly suppressed and fur-
ther processes, including the decays of heavy mesons (D±, D0, Ds, ⇤C) become important.
Since these particles do have a maximum mean lifetime of approximately 10�12 s they decay
instantaneously which is why the leptons and neutrinos directly produced in these decays
are called prompt leptons and neutrinos. Other than the spectrum of neutrinos from pions
and kaons these prompt particles, being created at an early stage of the air shower follow
approximately the same E�2.7 spectrum as the primary CRs [30, 51].

Moreover since tau neutrinos ⌫⌧ are not created in the decay of pions and kaons they can
only appear as a product of prompt decays. Nevertheless it must be noted that there has
been no direct measurement of a prompt neutrino flux so far. The relative contributions of
intermediate particles to the muon and the muon neutrino flux as functions of the particular
energy are shown in figure 2.6 [30].
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Figure 2.6: Contributions of intermediate particles to the atmospheric muon and muon
neutrino flux as functions of the particular energy. Left: Muon (µ+ + µ�) flux. Right:

Muon neutrino (⌫µ + ⌫̄µ) flux. Both figures were taken from [27].

2.2 High Energy Astrophysical Neutrinos

Although the current state of the science about CRs contains a plausible theoretical de-
scription of the measured electromagnetic energy spectrum, consisting of cosmic particles
acquiring their energy in repeated reflections from astrophysical shock waves (see subsection
2.1.1), the exact origin of these particles still remains dubious. As mentioned before in this
chapter primary CRs consist of protons and other heavier ionized nuclei, which are consider-
ably deflected in the interstellar magnetic field on their way from their source to the earth.
Therefore most of these primary cosmic particles do not contain any directional information
about their site of acceleration [52].

Thus, to maintain unambiguous evidence for the origin of CRs one has to access information
from different messengers. Luckily, protons, containing a sufficient amount of energy can
create photons and neutrinos in collisions with ambient matter close to the site of accelera-
tion. Compared to the charged primary CRs, photons and and neutrinos are not distracted
from magnetic fields, which is why they both can give perfect clue to the scene of the gener-
ation of cosmic particles. Nevertheless photons can still be absorbed by dust or softened by
electron-positron pair production, whereas the cross section for neutrinos to interact inside
the interstellar medium is relatively small. The whole situation of different particles traveling
from their source towards the earth is displayed schematically in figure 2.7. On these ground,
in the following subsection we mainly concentrate on the generation and interactions of high
energy neutrinos.

2.2.1 Generation of High Energy Neutrinos

As already mentioned above, high energy neutrinos can be created near the site of acceler-
ation, as a secondary product in the collision of primary CR protons with ambient matter.
The dominant reactions and their secondary products are generated in interactions with other
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Figure 2.7: Schematic view of different astrophysical particles traveling towards the
earth. Since the charged particles are strongly deflected by the Galactic magnetic field,
only photons and neutrinos are in principle effectively suitable messengers to give insight
to the origin of these particles. This figure was taken from [28].

protons

pp �!
(
pn⇡+ �! pnµ+⌫µ �! pne+⌫e⌫̄µ⌫µ

pp⇡0 �! pp��
(2.15)

or respectively with ambient photons

p� �! �+ �!
(
n⇡+ �! nµ+⌫µ �! ne+⌫e⌫̄µ⌫µ

p⇡0 �! p��
. (2.16)

The same processes occur if one regards incident neutrons instead of protons, leading to the
production of negatively charged pions ⇡�. Looking at both equations above, these decay
modes can be reached by replacing all particles on the right side with their antiparticles. At
higher energies also kaons can contribute to this decay spectrum [17].

Under the assumption that the produced amount of negative and positive pions is the same,
the ratio of the different neutrino flavors close to the source is

(⌫e : ⌫µ : ⌫⌧ ) = (⌫̄e : ⌫̄µ : ⌫̄⌧ ) = (1 : 2 : 0) (2.17)

Although no ⌧ -neutrinos are produced at the source, one expects to observe their signal at the
earth. Since neutrinos contain a mass different from zero, they oscillate between the different

13



Chapter 2 The High Energy Universe

Figure 2.8: Illustration of the Feynman diagram for a CC deep inelastic interaction of
a neutrino with a nucleon. The diagram was taken from [29].

flavor-eigenstates (e, µ, ⌧) on their way to the earth. Consequently, according to theory
and previous measurements, the flavor ratio of astrophysical neutrinos that is expected to be
discovered at the earth is [17]:

(⌫e : ⌫µ : ⌫⌧ ) = (⌫̄e : ⌫̄µ : ⌫̄⌧ ) = (1 : 1 : 1) (2.18)

Since tau neutrinos can only be produced in prompt decays of heavy mesons with charm
contribution, and hence their production in the atmosphere is nearly completely suppressed
(refer to subsection 2.1.4), the appearance of ⌫⌧ could be interpreted to be almost surely of
astrophysical origin.

2.2.2 Interactions of Neutrinos with Matter

Neutrinos are neutral leptons, which communicate with their environment exclusively through
weak interaction processes. Thus, the cross section for interactions of neutrinos is much
smaller than for photons or charged leptons, which also underly the electromagnetic force.
This behavior provides on the one hand a perfect chance to use neutrinos as a messenger for
searches for astrophysical sources of CRs, but on the other hand makes it also very difficult
to detect such a signal.

Up to a certain range of the neutrino energy, there are mainly only two different interac-
tion modes that have to be considered. Neutrinos can either undergo neutral current (NC)
processes, where they exchange a virtual Z0-Boson with a nucleon, depositing some fraction
of its energy and initializing a hadronic cascade, or charged current (CC) processes, where
the neutrino decays into the charged lepton l of the same generation, via the exchange of a
charged W± boson with a nucleon (inverse beta decay) also creating an additional hadronic
cascade.

14



2.2 High Energy Astrophysical Neutrinos

Neutral current: ⌫l +N �! ⌫l +N⇤ (2.19)
Charged current: ⌫l +N �! l +N⇤ (2.20)

In both equations, N corresponds to the atomic nucleus, l to the lepton flavor (e, µ, ⌧) and
N⇤ to the hadronic cascade. Moreover depending on the energy of the neutrino different
interaction subtypes dominate these two processes. At low energies the nucleus N can be
treated as a point-like object in the interaction with neutrinos, yielding a quasi-elastic scat-
tering process. Moving up in energy to approximately ⇠ 0.1GeV-20GeV, resonant baryonic
excitations of the nucleus, meaning the production of pions and kaons in the collision with
the neutrino, have to be considered. At the highest energies (E⌫ > 20GeV) the nucleus must
be treated on the parton-level since the neutrinos can resolve the structure of the individual
quarks. These processes are considered as deep inelastic scattering [29].

The Feynman diagram for CC deep inelastic scattering (DIS) of a high energy muon neutrino
⌫µ with a nucleon is visualized in figure 2.8.

The resulting charged particles in each of the CC reactions emit light along their track, excited
by the Cherenkov effect (see subsection 3.1.2.1). These light cones can then be detected by
large area neutrino telescopes, using photomultiplier tubes (PMTs) (see subsection 3.1.1).
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Chapter 3

The IceCube Neutrino Observatory

Neutrinos are fermionic, electrically neutral elementary particles in the Standard Model (SM)
of particle physics. Due to their capacity to interact exclusively through the exchange of the
Z0 and W± gauge bosons of the weak interaction, their cross sections are very small compared
to other SM particles. In order to detect high energy neutrinos at adequate statistics, it is
therefore of particular importance to know their behavior in surrounding matter.

As explained in section 2.2.2, high energy neutrinos up to certain energies mainly interact
with matter via NC or CC collisions. The cross sections for both processes increase with
the energy of the neutrino and the mass of the target particles. Thus large volume neutrino
detectors including target material with very high masses are preferable in order to increase
the probability to detect sufficient neutrino interactions. The appearance of neutrino events
is mainly represented by Cherenkov photons emitted along the path of secondary charged
leptons, created in the neutrino collisions (see subsection 2.2.2).

Although the small cross sections for neutrino interactions diminish the ability to record
high statistic neutrino samples, this behavior can also be used to encapsulate these collisions
against background reactions showing the same signature, by choosing an intelligent design
and location for the detector. Due to the small cross sections neutrinos posses a very long
mean free path in matter compared to other SM particles like photons or charged leptons.
Thus, building neutrino detectors underground or underwater is an effective method to shield
the data from a large part of background.

The IceCube Neutrino Observatory, located inside the Antarctic ice at the South Pole com-
bines all the requirements listed above. In the following section the experimental setup of
the detector (section 3.1) will be shortly explained. Afterwards, part 3.2 summarizes the
data acquisition method, followed by a short discussion about the physics discovery potential
of the IceCube experiment (section 3.3). Finally, in subsection 3.4 some typical IceCube
conventions, which will be of constant practice in the following chapters, are explained.

3.1 Experimental Setup and Detection Technique

The IceCube detector is the world largest neutrino telescope, built inside the ice at a depth of
about 1500m to 2500m. During the installation period between the years 2005 and 2011, 86
strings, each equipped with 60 light detecting digital optical modules (DOM, see subsection
3.1.1) were inserted into the Antarctic ice. Except from the 8 most inner, the strings are
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Figure 3.1: Illustration of the IceCube detector. Left: Top view of the detector. The
red dots in the center illustrate the position of the denser spaced DeepCore strings.
Right: Three dimensional model of the detector. This figure also displays the Amanda
II Array, which was the precursor experiment to IceCube. Moreover the Eiffel Tower is
illustrated to present the proportions of the whole setting. Both figures were taken from
[59].

distributed in a hexagonal structure with a horizontal spacing of 125m and a vertical distance
of 17m between each DOM, yielding a total detector volume of more than 1 km3 inside the
ice. The eight strings at the center of the detector (DeepCore [8]) are built in a denser
configuration, having an average horizontal separation of only about 70m and a DOM to
DOM distance of around 7m.

Above this hexagonal structure, further 324 DOMs are distributed in 81 detection stations
on top of the ice (IceTop [7]). A schematic overview of this detector setup is shown in figure
3.1.

The different parts of the detector are designed in order to cover a wide area of neutrino
research. The denser DeepCore strings, in addition to the surrounding detector, that can be
used as a veto region for atmospheric muons, is configured to have a high sensitivity to low
energy neutrino events (E⌫ & 10GeV), and therefore play a special role for searches in the
field of neutrino oscillations. For events with higher energies, the small spacing is not that im-
portant anymore, but in order to increase statistics and to improve the accuracy of directional
reconstructions of neutrino events, a large detector volume is preferable. Consequently the
whole in-ice part of IceCube is used in the searches for the origin of astrophysical neutrinos
[60].

Finally IceTop can be used as a cosmic ray detector or as a veto for atmospheric muons and
neutrinos for the in-ice part.
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Figure 3.2: Representation of a Digital Optical Module, used in IceCube. Left: Display
of the composition of an individual module. The picture is taken from [59]. Right:

Attachment of a DOMs to the its main cable,whereas one of these cables is located in
each drilled string hole. Both figures were taken from [61].

3.1.1 Digital Optical Module (DOM)

The centerpiece of the IceCube detector is represented by the light detecting digital optical
modules inside the Antarctic ice. As visible in figure 3.2, each module mainly consists of
a high efficiency photomultiplier tube (PMT), which is used to convert the detected light
to an electrical signal (see section 3.2). This PMT as well as the hardware components are
enclosed by a high pressure consistent glass sphere, in order to be shielded against the extreme
conditions in the depths of the Antarctic ice. In addition, inside the glass sphere a DOM
mainboard containing the analog and digital signal electronics is installed. To improve the
performance of the photomultiplier a mu-metal grid, utilized to insulate against the terrestrial
magnetic field, is placed on top of the PMT. Moreover a LED flasher-board containing 12
LEDs is used in the calibration process of the DOMs. All DOMs of a particular string
are connected to their main cable (see figure 3.2), which is directing the recorded signal
towards a data collecting point for all of the strings on top of the ice. To keep survey of the
individual DOMs in the evaluation of the data, each DOM is equipped with a code, including
a nickname, its position and further useful information [6].

3.1.2 Detection Technique

As mentioned in section 2.2.2, neutrinos interact with nucleons in neutral or charged current
processes, creating hadronic cascades and in case of a CC interaction also an additional
charged lepton, carrying the same flavor as the neutrino. According to the Cherenkov effect,
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Figure 3.3: Illustration of the Cherenkov effect. This figure was taken from [37].

which will be explained in the following subsection, these relativistic charged leptons create
photons along their path inside the detector. This light signature as well as the photons
created by the hadronic cascades can be detected by the photomultiplier tubes (PMT),
positioned in the DOMs inside the ice.

3.1.2.1 Cherenkov Effect

If a relativistic particle is traveling through a dielectric medium (refractive index n > 1) at
a velocity v faster than the speed of light cmed = cvac/n in this medium, it emits Cherenkov
radiation. This emission occurs due to the asymmetric polarization of the medium in the
front and in the rear side of the particle, giving rise to a varying electric dipole momentum.
Hence if a particle is fast enough, the polarization disturbance caused in consequence of the
particle movement can not relax elastically to the mechanical equilibrium but the energy
contained in this disturbance is emitted as light. This coherent light wave front is generated
along the track of relativistic particle at the angle ✓C , also called Cherenkov angle, which is
defined according to

cos(✓C) =
1

�n
, (3.1)

where � is the ratio of the velocity of the particle v and the speed of light in vacuum cvac.
An illustration of the Cherenkov effect is visible in figure 3.3 [21, 25].

Assuming that a particle is moving nearly at the speed of light (� ⇠ 1) inside the Antarctic
ice, having a refractive index n ⇡ 1.309, one can approximately appoint the Cherenkov angle
✓C of a muon traveling through the IceCube detector to ✓C ⇡ 41�. Moreover the light yield
of Cherenkov radiation relative to the wavelength � of the light and the distance dx along
the track can be calculated using the Frank-Tamm-Equation
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Figure 3.4: Illustration of the event signatures the different neutrino flavors produce
in CC current interaction in the ice. Electron neutrinos ⌫e appear as spherical cascades
(subsection 3.1.3.1), whereas for muon neutrinos a long bright track is visible. The ⌧ -
neutrinos show up as a double-bang event with a luminous track in between. One should
also always keep in mind that each hadronic cascade also has a small electromagnetic
component. The figure was taken from [65].

d2N

dxd�
=

2⇡↵

�2

✓
1 � 1

�2n2(�)

◆
, (3.2)

where N corresponds to the number of Cherenkov photons and ↵ = 2⇡e2/hcvac to the fine
structure constant. Since this function is proportional to 1/�2, it is dominated by shorter
wavelengths, which is why Cherenkov light appears mostly blue to our eyes [52, 25].

3.1.3 Event Topologies

Since neutrinos are only weak-interacting particles, one can not detect them directly but only
via the observation of secondary particles resulting from their interactions with matter. Nev-
ertheless in case of CC interactions of neutrinos in IceCube it is even possible to distinguish
between the different flavors. Reminding oneself of section 2.2.2, it is easily notable that for
both, neutral and charged current interactions the signal signature starts with the emission
of light close to the interaction vertex, due to the generated hadronic cascades. In case of NC
processes there are no more visible signatures inside the detector, given that the remaining
neutrino can leave the detector without any further interactions.

However in case of CC interactions, one can distinguish between three different scenarios,
according to the flavor of the primary neutrino. The three event categories are schematically
shown in figure 3.4.
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Figure 3.5: Simplified model of the energetics in an electromagnetic cascade. The
representation of photons, electrons and positrons is carried out according to the common
Feynman rules. Hence the straight lines represent electrons and positrons while the
oscillating lines illustrate photons.

3.1.3.1 Electron Neutrinos ⌫e

Next to the hadronic cascade, an electron neutrino ⌫e interacting with a nucleus of the
Antarctic ice in a CC process also generates an electron at collision vertex. Above a critical
energy Ec (in ice Ec,ice ⇡ 90MeV), radiative energy losses of the electron e dominate over
ionization processes. Since electrons posses a relatively small mass, they mostly lose their
energy due to the emission of Bremsstrahlung (see section 2.1.3),

⌧
dE

dx

�

rad

= � E

X0
/ � E · Z

A · m2
, (3.3)

where X0 is the radiation length, Z the atomic and A the mass number of the nucleus [52].
In this case, m corresponds to the electron mass. Provided the energy of a radiated photon
is bigger than two times the electron mass m, it can generate an electron-positron pair. At
TeV energies the mean track length of a photon in a medium before it decays in an e+e�

pair can be roughly approximated by the radiation length X0. Consequently the primary
electron evolves in an electromagnetic cascade, mainly consisting of electrons, positrons and
photons. Once the electrons and positrons, participating in these cascades, pass the critical
energy Ec, ionization energy losses become dominant and the evolution of the cascade breaks
off.

Assuming a simplified model, as visible in figure 3.5, one can approximately calculate the
maximum length of an electromagnetic cascade inside the IceCube detector. Assuming that,
after traveling one radiation length, the primary electron with energy E0 emits a photon car-
rying half of the primary energy. After another radiation length X0 this photon generates an
e+e� pair, where each particle is carrying the energy amount E0/4. Moreover the remaining
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primary electron emits another photon with energy E0/4. Hence after a depth of n radiation
lengths, the energy of the particles inside the cascade is

E(n) =
E0

2n
(3.4)

Consequently the maximum depth of the cascade evaluates to

nmax · X0 = ln(
E0

Ec
)/ ln(2) · X0. (3.5)

For a 10TeV electron this corresponds approximately to a maximum length of ⇠ 6.6m in
inside the antarctic ice (X0,H2O ⇡ 36 g cm�2, ⇢ice ⇡ 0.917 g cm�3) [52, 51].

Since this length is relatively small compared to the structure of the detector, the typical
signature of an electron neutrino ⌫e inside the detector is a nearly spherical shaped cascade
composed by photons coming from the hadronic and the electromagnetic cascade (see figure
3.4). As a consequence of this, the direction of incoming neutrinos ⌫e can only be identified
with an accuracy of approximately 10�. In return their energy can be reconstructed quite
good, since usually the neutrinos deposit most of their energy inside the detector [25].

3.1.3.2 Muon Neutrinos ⌫µ

For muon neutrinos the situation inside the detector is different. Since the mass of a muon
is relatively high compared to the mass of electrons (mµ/me ⇡ 200 [51]), the energy losses
caused by stochastic effects like Bremsstrahlung are negligible up to a critical energy Ec,µ

(Ec,µ,ice ⇡ 500GeV, see equation (3.3)). In this region the energy deficit is dominated
by ionization. This effect is almost independent of the muon energy, which is the reason
why muons lying in this energy sector and having a relatively long mean lifetime (⌧µ =
2.197 · 10�6 s) can travel long distances inside the ice [51].

With an energy greater than Ec,µ the stochastic effects become all-dominant and the average
energy loss can be described by

dEµ

dx
= A+B · Eµ, (3.6)

with A = 2.4 · 10�3 GeV g�1 cm2 and B = 3.2 · 10�5 g�1 cm2. Moreover dx describes the
distance along the muon track [5]. As a consequence of this equation, one can calculate the
maximum length Lµ, a muon with starting energy Eµ can travel in ice until it loses all its
energy

Lµ(Eµ) =
⇢ice
B

E
µZ

0

1
A
B + E

dE =
⇢ice
B

ln(1 +
B

A
Eµ) ⇡ 4.55mGeV�1 · Eµ. (3.7)

Taking a muon with energy Eµ = 10TeV, this results in a track length Lµ(10TeV) ⇡ 45 km.
Hence also in this very high energy regime the muon can move long distances through the
ice. Additionally in both energy regimes the muon uniformly emits Cherenkov photons
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along the path of movement (see section 3.1.2.1). This light output only plays a minor role in
consideration of energy losses, but it is the most important part of the identification inside the
detector. These photons can be detected by the optical modules of IceCube and consequently
the muon appears as a luminous track inside the detector. Summarized the signature of a CC
muon neutrino ⌫µ inside the ice consists of the light yield from the hadronic cascade at the
interaction vertex in combination with a bright shining track, resulting from the secondary
muon (see figure 3.4) [25, 5].

Since these muon show a long luminous lever arm inside the detector, usually the resolution of
the muon direction in IceCube is very good. Nevertheless the determination of the neutrino
direction is limited by the energy dependent angular difference of the neutrino and the muon,
given by

h^(⌫µ, µ)i =
1.5�p
E/TeV

. (3.8)

The direction of a high energy (> 1TeV) muon neutrino can be pointed with an accuracy
of less than 1�. Different than the directional reconstruction of muon neutrinos, the energy
determination proves less accurate than the one of the cascade-like electron neutrinos. This
is caused by the fact that muon neutrinos usually do not deposit all their energy inside the
detector volume, since the moving path of the muon can exceed the size of the detector [25,
5].

3.1.3.3 Tau Neutrinos ⌫⌧

Due to their high mass (m⌧ ⇡ 1.78GeV), tau leptons are nearly not affected by energy losses
from stochastic effects such as Bremsstrahlung, pair production and photo-nuclear processes.
Hence, their energy mainly decreases as an effect of ionization processes. Other than muons,
the tau leptons have a very short mean lifetime (⌧⌧ = 2.906 · 10�13 s), leading to a rapid
decay into mostly hadrons (⇠ 65%) [51]. Consequently the signature of tau neutrinos, as
displayed in figure 3.4, is composed of a hadronic cascade at the interaction vertex, followed
by a luminous track, created from the emitted Cherenkov light along the path of the tau
and completed by a second hadronic and electromagnetic cascade, once the tau lepton finally
decays. The appearance of a ⌫⌧ is also called double-bang event.

3.2 Triggering and Data Acquisition

So far, in this chapter, we have specified the setup of the detector and the tools it provides.
Moreover we also clarified the behavior and the type of bequeathed signal of neutrinos in the
vicinity of ice. Nevertheless it is still not clear how to filter out the important information
from the signals recorded by the detector.

First of all, one has to clarify what kind of signal is detected. Once one or more photons
reach one of the PMTs, the module internally produces a digital output, also called hit, which
basically consists of a timestamp and the digitized waveform information collected over a fixed
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Trigger Event Rate [Hz]

SMT8 2113
String 2240
Volume 3727
SLOP 13.3

Table 3.1: Common event triggers used in IceCube, in addition to their rates from Run
120029 [58].

time interval (presently ⇠ 6.4 µs, [9]). Once the pulse of a hit exceeds a threshold of 0.25pe,
where pe corresponds to a single photoelectron, the hit continues processing as a DOM launch.

Nevertheless for the search of neutrinos, single DOM launches are not very meaningful, since
they are mostly generated from noise and independent of that do neither give any insight in
the incoming direction nor in any other physical properties of the particle. Consequently at
this point it seems reasonable to regard the whole detector at once, as a composition of 5160
DOMs. As already mentioned in subsection 3.1.1, each DOM is connected to its corresponding
main cable, which is used to merge all information of the individual DOMs. Using this
connection, one can deploy criteria that select the given information for physical events,
while being resistant to noise. Due to the fact that the light emitted from particles going
through the detector, clusters in specific regions in a certain time frame, the principle of local
coincidences is introduced in the following. According to the definition, a local coincidence
(LC) exists, if within a certain time window at least two neighboring or respectively next-
to-neighboring DOMs of a string have a launch [9]. Consequently the entity of all DOM
launches can be divided in two scenarios:

• Hard Local Coincidence (HLC): A HLC exists if a LC of at least two DOMs is
observed within 2 µs. The DOM launches corresponding to the HLC are marked as
HLC hits.

• Soft Local Coincidence (SLC): Every DOM launch, not corresponding to a HLC is
regarded as a SLC hit [23].

The SLC hits are very likely to be from noise, whereas for HLC hits the probability to be
a product of noise is highly diminished. Until now only hit criteria separately concerning
the individual strings have been applied. Since one is interested in signatures of physical
particles, further trigger thresholds, combining the whole detector structure are necessary.
The most common trigger in the data acquisition (DAQ) of IceCube is the SMT8 (Simple
Multiplicity 8) trigger, which requires at least 8 HLC hits within a time window of 5 µs. Some
other common triggers, in company with the rate of events surviving the trigger cuts, are
listed in table 3.1.

Once a trigger condition is fulfilled, the detector is read out for 10 µs. For SLC hits only the
timestamp and the charge information are saved while for HLC hits the whole information
is stored. Finally the summarization of all these information composes an entire event [23].
Following this procedure, IceCube produces almost 1TB/day of raw DAQ output. Hence,
before this data output is sent north, it runs through a filtering system, which already
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Chapter 3 The IceCube Neutrino Observatory

preselects the data online at the pole, subject to the different analysis purposes. During
the filtering some fast reconstruction algorithms are already applied, which are then used to
remove parts of the background events. The starting offline data sample used in the point
source analysis in this thesis are MuonL3 data, which contain only events that already passed
the muon filter (see chapter 5) [58].

3.3 Physics Potential

In 2004 the construction of the IceCube Neutrino Observatory at the South Pole started with
the main ambition to find evidence for very high energy neutrinos reaching the Earth from
outside the Solar System. Since the completion of the whole detector in December 2010,
IceCube not only was the first experiment to observe an astrophysical high-energy neutrino
flux at significance level of 5�, but also had some further remarkable discoveries.

In 2012 the collaboration discovered the first two PeV neutrinos, expected to have a cosmo-
logical origin at a confidence level grater than 90%. However IceCube is not only interested
in the detection of astrophysical neutrinos, but also in the direction of their origin. Since
neutrinos are not affected by magnetic fields, they are perfect messengers in order to find the
position of their generation (see section 2.2). Hence several analyses such as all-sky point
source surveys, as well as stacking searches using different source catalogs are performed on
the recorded IceCube data. Up to now no evidence for the origin astrophysical neutrinos was
found.

Moreover, next to the astrophysical neutrinos, IceCube also operates in other physical fields
of interest. Since the detector consists not only of the in-ice part, but also IceTop (see section
3.1) it can also work in the field of Cosmic Rays (see subsection 2.1.4). The most inner part
of the IceCube structure, DeepCore, is used to perform precision measurements on the values
of the mixing angles, which are responsible for neutrino flavor oscillations [60].

Although the current version of the IceCube detector can be seen as a remarkable success,
its ability to be an efficient instrument in neutrino astronomy is limited by the measured
amount of cosmic neutrinos. During the previous years approximately 100 astrophysical
neutrino events were recorded. Observations on the diffuse neutrino flux seem to suggest a
much larger level of hadronic activity in the non-thermal universe than previously thought
and suggest a rich discovery potential for a larger neutrino observatory. Hence an extension
of the current detector structure, called IceCube-Gen2 is planned for the future. Figure 3.6
shows the current idea of this extension [4].

3.4 IceCube Conventions

As mentioned before, the IceCube Neutrino Telescope is located at the celestial South Pole,
which represents a very special geometrical position. Due to the rotation of the Earth the
detector twines around its vertical axis once every day. Hence in order to describe the
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3.4 IceCube Conventions

Figure 3.6: Overview of the present vision for an extension of the current IceCube
detector. Left: Illustration of the planned area (blue) with additional strings around
the current detector (red). The picture was taken from [60]. Right: Top view of the
planned extension. This figure was taken from [4].

incoming direction of particles in IceCube it seems reasonable to use a spherical coordinate
system which in principle specifies the direction of an incoming particle by two angles.

Since inside the IceCube collaboration several different fields of activities are treated there are
two diverse variants of describing the incoming directions of particles. Since both coordinate
systems are used throughout this whole thesis, it seems reasonable to shortly explain these
conventions here.

In order to determine the track of a particle passing through the IceCube detector a local
coordinate frame, being centered inside the detector at a depth of 1948m below the surface
is used. As visible in figure 3.7 the zenith angle ✓ illustrates the angular difference between
the direction of the particle and the vertical detector z-axis, where ✓ = 0� corresponds to the
South and ✓ = 180� to the North Pole. Moreover the azimuth angle � describes the angle
between the x-axis and the orthogonal projection of the particle track on the horizontal
x-y-plane, having values in a range of 0� to 360�. Hence this system can be interpreted
as a geographical coordinate frame centered inside the detector at the South Pole, with the
azimuth � as longitude and the zenith ✓ as co-latitude angle. Since these coordinates perfectly
describe the position of a particle inside the detector this convention is mainly used in the
event reconstruction and selection (see chapters 4 and 5). Moreover the definition of the terms
northern and southern sky that are commonly utilized inside the IceCube Collaboration are
based on a partition of the zenith angle ✓ (refer to section 5.1).

Nevertheless since amongst others the IceCube experiment searches for the origin of astro-
physical neutrino sources it seems furthermore reasonable to express the direction of the
measured particles in global, commonly used coordinates in order to guarantee the compar-
ability to other experiments. Consequently in addition to the local coordinates, the direction
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Chapter 3 The IceCube Neutrino Observatory

Figure 3.7: Illustration of the IceCube coordinate sytstems. Left: The local IceCube
coordinate frame centered inside the detector. Right: Simplified two dimensional sketch
of the Earth showing the relationship between the local and the global coordinate angles
✓ and �. The red rectangle illustrates the IceCube detector. By knowing the depth d
of the detector and the radius r of the Earth the local zenith angle ✓ can be converted
to the global declination angle � in this simplified model. Both figures were taken from
[38].

of the incoming events in IceCube is also expressed in equatorial coordinates with origin at
the geo-center, where the declination angle � is comparable to the latitude and the right as-
cension ↵ to the longitude in geographical coordinates. Hence � = 90� illustrates the position
of the North Pole, while � = �90� corresponds to the South. The right ascension ↵ is given
in a range between 0� and 360� (respectively 0 h to 24 hour). Since this global coordinate
convention is perfectly suitable to study the correspondence of IceCube data and certain
points in the sky, it is applied in the chapters 6 to 9 of this thesis.

Moreover at this point it should also be noted that all neutrino fluxes that are calculated
in this thesis are given in E2d�/dE in order to guarantee comparability with other IceCube
results.
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Chapter 4

Event Reconstruction

In order to obtain evidence for the origin of astrophysical neutrinos it is important to identify
the most meaningful characteristics of each event that enters the detector. Thereby the
direction and the energy can be used to distinguish between astrophysical neutrino events
and atmospheric background. A recorded event in IceCube consists of at least a few photons
reaching different DOMs (see section 3.2). Extracting the time and charge information from
these photons, a pattern of hits can be created for every event [28]. A visual representation
of an exemplary track-like muon event in the IceCube detector is displayed in figure 4.1.

Figure 4.1: Image of a muon event inside the IceCube detector. The colors of the dots
indicate the arrival time of the photons. In addition the information about the stored
charge in each DOM is illustrated by the size of the dots at each DOM position. This
figure was taken from [59].

Since for the point source search one is only interested in track-like appearances of events (see
chapter 5), one mainly concentrates on reconstruction algorithms specialized on this case.
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Chapter 4 Event Reconstruction

For both, directional and energy reconstructions, most algorithms in IceCube are applied
consecutively in a chain, starting from simple first-guess methods followed by more accurate
but also time consuming likelihood approximations, based on the results of the preceding
algorithms.

The following chapter starts with the description of the track reconstruction methods. Hence
physical results are in principle useless if one does not have any clue about their accuracy,
it is also essential to determine the uncertainty of a reconstruction. Consequently section
4.1 is completed by a discussion about the uncertainty estimation of the track reconstruction
algorithms. Finally, once the directional information can be evaluated for each event, some
energy reconstruction methods will be explained in section 4.2.

4.1 Track Reconstruction

As already mentioned above, the directional reconstruction of events in IceCube takes place
in different steps. In each step the result of the former algorithm is used as a seed, in order
to receive even more accurate information. All of these methods use the information of the
obtained photoelectrons (see section 3.2) to fit a linear track with direction (✓,�) and vertex
position x = (x, y, z) to each event.

4.1.1 LineFit

The LineFit is the first track reconstruction, which is applied to every IceCube event. It
relies on the principle of least squares. First one assumes to observe Nhit photoelectron hits,
whereas neither their positions xi nor their arrival times ti are known. Furthermore one
defines the vertex of the track to be at x0, while the event moves with velocity v. In the very
simplified picture, in which the position of all hit DOMs is projected on the line of the muon
track, one can approximate these DOM locations in terms of the variables x0, v and ti:

xi ⇡ x0 + v · ti (4.1)

Using the difference between this estimate and the real value xi one can estimate the most
probable muon track. According to the least square method, one obtains the best fit by
minimizing the sum of the squares of these differences with respect to the track variables x0

and v [2]:

min
x0,v

�2 := min
x0,v

N
hitX

i=1

[xi � (x0 + v · ti)]2 (4.2)

The main advantage of this method is that one does not need a computationally extensive
minimizer, but can solve this optimization analytically using
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4.1 Track Reconstruction

Figure 4.2: Median angular resolution of different track reconstructions as a function of
the true event energy. The errors are calculated, using the true directional information
of the Monte Carlo events.

d�2

dx0

!
= 0 ) x0 = hxii � vhtii (4.3)

d�2

dv
!
= 0 ) v =

hxi · tii � hxii · htii
ht2i i � htii2

, (4.4)

where h·i corresponds to the arithmetic mean, defined as hxii := 1
N

hit

·
PN

hit

i=1 xi. Moreover
this algorithm does not rely on a seed value, hence it represents a very good starting point
[2]. Nevertheless the LineFit also implicates a lot of disadvantages. The algorithm does
neither take care of any optical ice properties nor the Cherenkov cone, which defines the
direction of the photons compared to the track. Consequently the angular error of the
LineFit reconstruction (shown in figure 4.2), which can be evaluated from Monte Carlo data,
is much worse than the resolution of the more advanced fits, which will be explained in the
following subsections.

4.1.2 Maximum Likelihood Reconstructions

In order to increase the accuracy of the track determination, the direction of the light emission
along the muon path, the fluctuating light absorption and scattering properties, resulting from
different features of the Antarctic ice, have to be considered. Using a maximum likelihood
approach these characteristics can be incorporated in the reconstruction. Assume one posses
a set of measured data points x and the direction of the light emitting muon path, represented
by a set of unknown parameters a. As already mentioned at the beginning of section 4.1, the
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Chapter 4 Event Reconstruction

parameter space of a muon track in IceCube can be defined by its direction in addition to
a vertex point, resulting in five different variables a = {✓,�, x, y, z}. These unknown values
can be estimated by maximizing the likelihood of x given the parameters of the muon track.
In case of statistically independent data points this likelihood function L can be written as

L(x|a) =
Y

x
i

2x
p(xi|a). (4.5)

The function p(xi|a) corresponds to the probability to measure an IceCube event xi under
the assumption of having a muon, traveling according to the parameters a inside the detector.

To describe the probability density p(xi|a) we assume the muon to travel in a straight line
while continuously emitting photons along the Cherenkov cone. Since the hit time information
of the single photoelectrons provide the most relevant knowledge, one derives a likelihood
description based on the hit timestamps. Instead of just using the total arrival time of the
photons, one concentrates on the time delay of the photons, caused by scattering inside the
detector. The variable used in this context is called time residual (tres) and is defined as
the difference between measured time of the photons at the DOMs (thit) and the time the
photons would have reached the DOM in the absence of scattering (tgeo):

tres = thit � tgeo (4.6)

The expected arrival time with influence of scattering effects can be evaluated from a geo-
metrical consideration of the process. Looking at figure 4.3 it can be written in terms of
measurable parameters in the following way

tgeo = t0 +
p̂ · (ri � r0) + d tan(✓C)

cvac
, (4.7)

where d corresponds to the minimal distance of the muon track to the hit DOM, ✓C describes
the Cherenkov angle and ri the position of the DOM. Reminding oneself of the likelihood
description from equation (4.5), one notices that all photon hits, including multiple hits at
one DOM, contribute to the likelihood. However due to the limited time resolution of the
DOMs only the arrival time of the first pulse within a certain time window can be recorded
[14].

Hence in practice simplifications of equation (4.5) are used. The Single-Photo-Electron (SPE)
algorithm only considers the first photon at each DOM, which reduces the likelihood function
to

L(x|a) =
Y

t
res,i

2{i2x|i first hit}

p
SPE

(tres,i|a). (4.8)

Nevertheless this simplification does not completely describe the real circumstances. Usually
the first photon in one DOM is expected to be less scattered than the following ones at the
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4.1 Track Reconstruction

Figure 4.3: Schematic view of a muon going through the detector. The muon track
is parametrized by the vertex position r0 and a direction p̂. Cherenkov photons are
continously emitted along the track following the Cherenkov angle ✓C . One exemplary
DOM is positioned at ri. This figure was taken from [14].

same module. Thus the first arriving photon at a DOM which detects multiple photons, is
statistically expected to arrive earlier than a photon at a DOM, seeing only this photon. To
take that aspect into account, the PDF is extended towards a cumulative function, considering
also the number of photons N, arriving at each DOM

pSPE(tres) =) pMPE(tres) = N · pSPE(tres) ·

8
<

:

1Z

t
res

pSPE(t)dt

9
=

;

N�1

. (4.9)

This method is called Multi-Photo-Electron (MPE) reconstruction. For both methods the
best fit values can be determined by maximizing the likelihood with respect to the muon
track variables. For computational reasons one rather minimizes the negative logarithm of
the likelihood, by making use of the Simplex minimization algorithm.

Of course, the accuracy of both methods strongly depends on the quality of the PDF of the
photon arrival time. In IceCube there are in principle two different ways to calculate this
PDF. One the one hand one can make use of an analytic function, called Pandel function,
which is using the scattering and the absorption length as parameters, while on the other
hand the PDF can be calculated from Monte Carlo simulations, using different spline tables
to describe the properties of the Antarctic ice inside the detector. Looking at figure 4.2, it
is easily visible that the reconstructions, considering all arriving photons, are more accurate
than the ones, just looking at the first one. Moreover the algorithms using Spline Tables
from simulations behave better than the ones using the analytic Pandel PDF [14].
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Figure 4.4: Exemplary representation of a two dimensional paraboloid fitted to the
likelihood values of multiple base points in the '-✓-plane. This picture was taken from
[47]

4.1.3 Uncertainty Calculation of Track Reconstructions

In the point source search (see chapter 6) it is not only important to know the direction of an
event, but also the knowledge about the accuracy of the directional reconstruction is a very
crucial point since this uncertainty serves as the standard deviation of the gaussian PDF in
the calculation of the signal likelihood of the events (compare to section 6.1.3). Again different
methods exist in IceCube to evaluate the uncertainty of the track reconstruction algorithms.
Both methods that are used in the point source analysis are explained subsequently.

4.1.3.1 Paraboloid Fit

The Paraboloid fit was used in former point source analysis to calculate the directional un-
certainty for all selected events. In the likelihood reconstructions the algorithms approach
the minimal value in the likelihood space step by step. The paraboloid fit uses this beha-
viour by scanning serveral likelihood points in the zenith and azimuth direction around the
absolute minimum evaluated by the reconstruction. Using these points, a two dimensional
paraboloid function is fitted to the likelihood distribution (see figure 4.4). The uncertainty
of the reconstruction can then be calculated according to

�paraboloid =

r
e2
1 + e2

2

2
, (4.10)

using the paraboloid constants e1 and e2 from the fit [47].
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4.1 Track Reconstruction

4.1.3.2 Bootstrapping

The Bootstrapping algorithm uses a different approach. It uses resamples of single event
information to make statistical statements about the original muon event. For the track
reconstruction in IceCube the idea is the following. First regard a muon event as a set of
pulses, created by photon hits at the DOMs. In order to obtain a new event, assembled from
event information of the original one, one equips every pulse i with a weight wi according to
its relative charge

wi =
qi
qtot

, (4.11)

where qi corresponds to the charge of the single pulse and ptot to the charge of all pulses. In
a next step multiple pulses are chosen randomly from a multinomial distribution, using the
weights wi and the charge of each of these selected pulses is set to qi,new = 1pe. The selection
goes on until the total charge of the resampled set of pulses is nearly the same as the charge
of the original event, qtot ⇡ qtot,new. Finally this process is repeated n times and the track
reconstruction is applied to each resampled set of pulses, resulting in n different directional
information. If one assumes, that the results { i}1in of the different resamples are gaussian
distributed around their mean µ, the reconstruction uncertainty can be evaluated according
to

�bootstrap =

r
2

⇡
· 1
n

nX

i=1

^( i, µ). (4.12)

4.1.3.3 Performance of the Track Uncertainty Calculators

The estimated uncertainties of an ideal method should be distributed close to the deviation of
the reconstruction to the true direction of the neutrino event, � . Hence it seems reasonable
to test the different error estimators by making use of simulated Monte Carlo events, including
the true directions of the moving muon in addition to information about the starting neutrino
events and the Pull correction variable, defined as

Pull =
� 

�
, (4.13)

where � corresponds to the uncertainty estimated by the fit. The closer this value is to 1,
the better the estimated uncertainty � approximates the true error � .

Before we start with the comparison of the Paraboloid and the Bootstrapping fit another
application of the Pull value will be clarified. In IceCube this variable is not only a useful
tool to compare different uncertainty fits, but it is also needed to correct the direction of
the muon data events to their true neutrino direction. As already mentioned in subsection
(3.1.2), the IceCube detector does not detect neutrinos directly, but only secondary particles
created by neutrinos in the ice or the atmosphere. In case of track-like events, the detected
particle is a muon resulting from a muon neutrino ⌫µ. Unfortunately, since we are searching
for astrophysical sources of neutrinos we are not interested in the direction of muons, but in
the direction of the neutrinos creating these muons. The Pull correction variable can be used
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Figure 4.5: Correction of the estimated event uncertainties, using a Pull correction.
Left: The Pull value for every simulated muon event is calculated and plotted in a two
dimensional histogram versus the energy, evaluated by one of the energy estimators (see
section 4.2), whereas each event is weighted with the corresponding event weight from
the simulation. The white (green) points show the median (mean) values of the Pull in
each energy bin and the grey shaded area illustrates the 80% confidence belt, meaning
the area which contains 80% of all events. A polynonmial fit of order 6 is used to fit
the median Pull values. Right: The polynomial fit is used to correct the estimated
uncertainty � towards the true deviation � . After the correction the median Pull
values are perfectly distributed nearby 1, while also the confidence belt moves towards
1. The increase in area of the confidence belt at 105 GeV is only a statistical effect that
can be explained by the much smaller number of events in this energy region.

to create a scaling factor, meaning a value to correct the uncertainty of the muon track to an
uncertainty of the neutrino path. The full method is visualized and explained in figure 4.5.

Now that we know how to estimate the uncertainty of the directional reconstruction of muon
neutrinos, we can compare the two possible algorithms explained above. Therefore one can
make use of the corrected Pull distribution. The closer the corrected median values and
the confidence belt are arranged around the unity the more accurately the fitted uncertainty
describes the true situation. The left part of figure 4.6 shows the corrected pull distributions
of the Paraboloid and the Bootstrapping fit.

Both fits seem to behave nearly similar, whereas if one examines more closely the 90% belt
one can see that for the Paraboloid method this area is slightly smaller and therefore the
calculated uncertainties for most events are closer to the real errors.

Nevertheless the Paraboloid fit also has some disadvantages compared to the Bootstrapping
method. If one tries to estimate the Paraboloid uncertainty of the SplineMPE reconstruction
for all events in the final point source sample (see chapter 5), one notices that this algorithm
fails for more than 10% of the events, meaning that the two-dimensional parabola cannot
be fitted correctly to the base points in the likelihood space. Mostly this failure happens
for corner-clipper or badly reconstructed events, but also good-looking events are affected.
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Figure 4.6: Corrected Pull distribution of the Paraboloid and the Bootstrapping un-
certainty estimators. The dots represent the median values, while the shaded areas show
the 90% confidence belt. Left: All events are used. Right: Only events with a failed
Paraboloid fit are used.

Although the paraboloid fit is not successful, it still yields a magnitude for the uncertainty. If
one then compares the corrected Pull distributions of the Paraboloid and the Bootstrapping
fit only for events, where the Paraboloid fit failed (see right part of figure 4.6) it is visible
that the Bootstrapping fit is more accurate here for most events. The advantage of the
Bootstrapping fit at this point is that the fit is successful for all events in the final analysis
sample, since it only uses the SplineMPE method, which is required to be successful (see
section 5.1).

Consequently the best method to estimate the uncertainty of the directional reconstruction
consist of a combination of both methods, the results of the Paraboloid fit for all events where
it ends successful and the results from the Bootstrapping method for the rest of the events.
The corrected Pull distribution of this combined method is displayed in figure 4.7.

4.2 Energy Reconstruction

Next to the information about the direction of incoming neutrinos, their energy deposit
inside the detector is the most interesting part. As already mentioned at the beginning of
this chapter, the energy of the events is used in the point source analysis to distinguish
between astrophysical neutrino events and atmospheric background. As well as for the track
reconstruction, different methods exist in IceCube to reconstruct the energy deposit of the
events.

4.2.1 MuEx

Since, in IceCube we do not only measure muon events whose tracks are located completely
inside the detector but also events which exist outside the detection range of the detector,
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Figure 4.7: Corrected Pull distribution of the final track uncertainty reconstruction
method, a combination of the Paraboloid and the Bootstrapping fit.

one cannot quantify the total energy of the events but just the visible energy deposit inside
the detector. The MuEx1 algorithm uses the the variable ⇤, which represent the expected
light yield per unit energy of a continuously light emitting, traveling muon to establish a
connection between the energy deposit E of the muon and the expected number of photons
� inside the detector produced by the muon:

� = ⇤ · E. (4.14)

Similar to the time residual PDFs (see section 4.1.2), ⇤ illustrates a function which is de-
pendent on the distance of the track and the DOMs as well as of properties of the Antarctic
ice. Within the MuEx algorithm this light yield is estimated by an analytic approximation
of light emitted at the Cherenkov angle from a source moving in a straight line [28].

Assuming a Poissonian distribution of the measured number of photoelectron hits ki at DOM
i, with the expected number of hits �i at that DOM as the mean, one can define an overall
likelihood function

L =
Y

i

�kii
ki

· e��
i (4.15)

Adding a noise level ⇢ to the mean values �i and inserting equation (4.14) one can rewrite
the likelihood L as

ln(L) =
MX

i=1

ki ln(⇤E + ⇢) � (⇤E + ⇢) � ln(ki!), (4.16)

1MuEx: improved muon energy estimator
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where M corresponds to the total number of IceCube DOMs. Maximizing this likelihood
with respect to the only free parameter E, one obtains an estimate for the energy deposit of
the muon [1, 46].

4.2.2 Millipede

In principle Millipede is using the same poissonian approach as MuEx (see equation (4.16)),
but instead of calculating the number of expected events �i at each DOM from an analytic
function, this method makes use of simulated data.

The basic concept of Millipede corresponds to a splitting of the muon track in a set of N
equally spaced segments, where each of these segments k is assumed to be a point-like elec-
tromagnetic cascade with energy deposit Ek. This dispartment seems reasonable since the
light output of high energy muons (Eµ > 100GeV) is dominated by stochastic energy losses,
such as direct pair production, bremsstrahlung and photo-production which appear approx-
imately as point-like particle showers along their path. The number of expected photons at
DOM i resulting from segment k can then be written as

�i = ⇤(ri) · Ek, (4.17)

or more general in case of regarding the total energy E = (E1, · · · , EN ) as

�i = ⇤(ri) · E, (4.18)

where ⇤(ri) is the light yield matrix. Inserting equation (4.18) in the likelihood function
L, one can again calculate the energy by maximizing L with respect to the energy E. Due
to the fact that the Millipede fit is fed with real physical information about scattering and
absorption of photons, as well as information about the properties of the ice it can describe
the energy deposit of muons in ice slightly better [33].
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Chapter 5

Event Selection

The quality of statistical statements in a physical analysis strongly depends on the amount
and the purity of the available data. Hence, it is beneficial to posses a large sample of events
that consists on the one hand of as many signal events as possible while containing on the
other hand as little background events as possible. In order to extract the optimal sample of
events from the whole IceCube data for the analysis of astrophysical neutrino emission from
point-like sources one only concentrates on charged current, track-like muon events because
of their high directional resolution (see subsection 2.2.2).

As visible in figure 5.1 nearly all of the events recorded by the IceCube Neutrino Telescope
are represented by atmospheric muon background while only a very small part of the sample
results from astrophysical neutrinos. Thus it is necessary to develop methods which split
our data set in a signal and a background part, without loosing too many signal events.
For the selection of the final event sample we start with IceCube data at Muon Level3 (see
section 3.2). This set is already reduced to an event rate of about 2.5Hz, whereas still most
of the events are atmospheric muons. In addition all of these events already contain the
reconstruction results mentioned in chapter 4 [22].

Track-like signal neutrino events can be distinguished from atmospheric background by using
their spatial and energy information. This behavior can be used to further remove background
events in two different steps. First some (pre-)cuts on different reconstructed variables are
applied to remove obvious background and bad reconstructed events (see section 5.1). These
cuts are then followed by a more advanced boosted decision tree based event selection (see
subsection 5.2).

5.1 Preliminary Data Reduction

Starting from Level3 muon events, the event selection continues with some global demands
on different reconstructed magnitudes. The SplineMPE directional reconstruction algorithm
(see section 4.1.2) is the main tool to determine the direction of an event in the point source
analysis. Consequently we require this fit, as well as the the energy estimator SplineM-
PEMuEXDifferential, which is a MuEx energy reconstruction (see section 4.2.1), based on
SplineMPE, to be successful for every event [22].

Apart from these global cuts the amount of the background strongly differs between the
northern and the southern hemisphere. For events coming from the northern hemisphere
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Figure 5.1: Event rate of different components inside the IceCube Neutrino Observatory
for the IC40 data set (refer to section 8.3). On the one hand the rates are displayed
on trigger level while on the other hand in addition they are illustrated for the final
event sample. As visible in this figure, atmospheric muons dominate the background in
the southern sky, while atmospheric neutrinos depict the leading part in the northern
hemisphere. The figure was taken from [10].

(also called upgoing region) the earth serves as a shield against background events from
atmospheric muons, whereas in the southern hemisphere these muons have a much bigger
chance to pass the relatively thin layer of matter until they reach the detector. Hence it
seems reasonable to apply different event selection criteria to the two different parts. The
sky is thereby split according to the following rule:

• Southern hemisphere (downgoing region): ✓  85�.

• Northern hemisphere (upgoing region): ✓ � 86�.

Here ✓ corresponds to the zenith angle.

5.1.1 Cut Variables

Before one can start to remove a certain amount of data events from the sample it is necessary
to think of appropriate cut variables. The parameters used in this event selection are listed
and explained subsequently:

• ^(SplineMPE,LineFit): Angular difference between the direction of the track estim-
ated by the SplineMPE algorithm and the one from the LineFit. Since both algorithms
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use completely different assumptions in order to reconstruct the event track, large an-
gular deviations indicate a low quality of the SplineMPE reconstruction. For instance
large angular differences might indicate that a downgoing event is mis-reconstructed as
upgoing.

• nstrings: Number of strings that have at least one DOM with a photon hit. Having
only a small number of nstrings impedes the three dimensional reconstructability of an
event track inside the detector.

• nDir: Number of DOMs with a direct photon hit. A direct photon corresponds to a hit
within a given time residual, meaning that the photon arrives at the DOM at a time
close to its expected arrival time (see section 3.2). Since direct hits are supposed to be
less scattered than other hits they contain a lot of precise directional information of the
track. Hence a large number of nDir indicates a higher precision of the used directional
reconstructions.

• rlogL: The variable rlogL is the reduced log likelihood of the track reconstruction fit.
It is defined as rlogL = lnL

d.o.f.

, where d.o.f. corresponds to the degrees of freedom in the
track fit. Since the track reconstructions use the first hit at each DOM and fits for 5
parameters (see section 4.1), this number can be written as d.o.f. = NCh � 5, where
NCh is the number of hit DOMs. Lower values of rLogL indicate a higher quality of
the reconstruction.

• lDir: Maximum distance between two direct hits along the particle track. A long
distance lDir indicates a long visible lever arm of the track inside the detector which is
favorable for a high quality of the directional reconstruction.

• lempty: Maximum distance between two direct hits, without having any other direct
hit in between. Hence high value for lempty might indicate that the measured hits are
not just a result of one particle track inside the detector but are the composed signal
of multiple particles.

5.1.2 PreCuts

Using the variables explained in the previous section, one can start to find selection criteria to
obtain purer data sample. As mentioned above, the topology of background events strongly
depends on the incoming direction of the events.

In the northern hemisphere the background is dominated by mis-reconstructed muons. To
reject most of these while keeping the truly upgoing muon events, the precuts listed in the
left column of table 5.1 are applied to the upgoing part of the data sample. Using these cuts,
98.75% (97.65%) of the well reconstructed (successful SplineMPE and SplineMPEMuEXDif-
ferential fit) muon neutrinos, following a E�2 (E�2.7) power law distribution, are kept while
the background is reduced by a factor of two [22].

The background in the southern part of the sky mainly consists of a large amount of muon
bundles, meaning the superposition of many atmospheric muon events to one high energy
bundle. Since most of these events are well reconstructed and due to their abundance the
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Upgoing Downgoing
cos (^(SplineMPE,LineFit)) > 0.5 Successful SplineMPE Millipede Fit

nstrings � 3 nstrings � 5
SplineMPE rlogL < 12 SplineMPE rlogL < 9
�

MPEparaboloid

� 15� �
MPEparaboloid

� 5�

SplineMPE nE
Dir � 6 SplineMPE nE

Dir � 12
SplineMPE lEDir � 75m SplineMPE lEDir � 250m

SplineMPE lempty  400m SplineMPE lempty  400m

Table 5.1: Preliminary event selection criteria for the upgoing and the downgoing region.
Data taken from [22].

cuts in the southern region require harder thresholds than in the north. The cut values are
listed in the right column of table 5.1. The cut efficiencies of some variables in the upgoing
and the downgoing region are displayed in figure , attached to the appendix.

Besides the information we can get from of the InIce detector, also the data measured by
IceTop can be used to reduce atmospheric background. Since IceTop detects atmospheric air
showers, it can be used to test the InIce events for coincidences with on of these showers. If
the criteria for coincidences are fulfilled these events will be removed from the sample [22].

5.2 Boosted Decision Tree based Event Selection

To further reduce the amount of background in the data sample a more advanced Boosted
Decision Tree (BDT) selection method is used. As the name already implies, a decision
tree consists of a series successive cuts, which divide the data sample in different classes. A
schematic view of a decision tree in IceCube is displayed in figure 5.2.

Using a set of signal events, generated in Monte Carlo simulations and some part of the
data as background, the variable cuts can be optimized in order to split background from
signal. As a result the decision tree can determine the probability of a new unknown event
to be a signal or background event. A decision tree (DT) is a highly efficient method in the
classification of data, but nevertheless the method is not stable, since small differences in the
data can produce large differences in the result [16].

This problem can be solved by Boosting the decision tree. As mentioned above a single
DT is formed by using some training data (see figure 5.2), whereas at each final node the
misclassified events are memorized. In the BDT method, these mis-classified events are
adjusted with a certain weight to increase their importance and while using the training data
with the new weights to focus on difficult event topologies the whole procedure is repeated.
Altogether this process is performed multiple times. Compared to the probability of an
unknown event to be signal or background like, that was determined by a single DT, the
new likeliness consists of a weighted sum of all the results of all trees [16, 28]. Nevertheless
the data separation method using BDTs works very accurate on the tested sample, it may
suffer from overtraining, meaning that mechanism does not only split the data according
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Bckg/Signal 
48/50 

Bckg/Signal 
11/47 

Bckg/Signal 
10/9 

Bckg/Signal 
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Bckg/Signal 
1/7 

Bckg/Signal 
37/3 

Bckg/Signal 
1/38 

DOM Hits? 
≤ 80 ≥ 81 

Track 
uncertainty? 

Energy? 

≥ 5° ≤ 5° 

≤ 100GeV ≥ 100GeV 

Figure 5.2: Overview of an exemplary decision tree. At each node the testing data
(Signal + Background) is split according to a certain cut variable in order to optimize
for the best discrimination power.

to signal and background properties but also due to statistical fluctuations in the sample.
Hence the actual performance of the BDT becomes worse on the real data than on the tested
sample. In order to avoid this behavior, the BDT is primarily trained only on some part of
the sample (training sample), consisting of data and simulated events. Afterwards the BDT
cuts are applied to the remaining part of the sample (test sample) in order to test if the BDT
separation shows the same results as for the training sample.

Due to the same arguments as listed in the previous section, the BDT event selection in
IceCube is split into two different parts, according to the declination of the events. Ultimately
the event rate of the final sample is reduced to 10mHz [22].
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Point Source Search Method

The observation of TeV neutrinos from astrophysical sources is a very hard task. The main
challenge is to separate any small astrophysical neutrino signal from the exceeding back-
ground, resulting mainly from atmospheric air showers. Therefore, in IceCube one uses
statistical methods to increase the potential of discovering evidence for such point sources.
To maximize our capability of discovery, it is essential to establish criteria which separate the
signal neutrino events from the atmospheric background. The two most important character-
istics which can be used in IceCube are the angular resolution and the energy distribution of
each event. Neutrino signals from astrophysical point sources are expected to be distributed
in a certain area around the point source whereas events resulting from atmospheric back-
ground are locally uniformly spread in space, meaning that the frequency of their appearance
is independent of their right ascension. Furthermore signal events show a different differen-
tial energy dependence. According to the theory of Fermi acceleration (see subsection 2.1.1)
they follow an energy spectrum much harder than E�2.7. At an energy range of ⇠ 1TeV,
neutrinos from atmospheric air showers follow instead a much softer E�3.7 (prompt muons
and neutrinos E�2.7) differential energy spectrum (refer to subsection 2.1.4).

These information can be included in a search method to find statistical evidence for as-
trophysical point sources. Mainly there are two different ways to perform this analysis. A
straight forward procedure could be realized by using angular bins in the size of the detector
resolution followed by calculating the significance of an excess over the background expect-
ation in each bin. Nevertheless this procedure is not using the full information. Once one
makes use of a binary classification, the events either pass a bin cut (e.g. angular or energy)
or not. Thus important event information can get lost, meaning that for instance events
which are located in the center of a bin are weighted the same as events at the edge of the
bin, resulting in a loss of information. Furthermore it is very hard to optimize the cuts, given
a specific signal hypothesis and in case the hypothesis is not in perfect agreement with the
signal the bin partition might still not be optimal [19, 54].

To avoid these handicaps the Point Source analysis in IceCube uses a different approach by
performing a maximum likelihood search method which is using the spatial and the energy
information on an event-by-event basis ("unbinned"). The general approach of this method
will be explained in more detail in the following chapter. In the first part, the principles
of the procedure of a single point source search in IceCube are explained. Section 6.2 then
extends the previous analysis method in the case of using more than one point in the sky
as signal source hypothesis. Finally the last section describes how interesting statistical
variables (p-value, sensitivity, etc.) can be determined from the final point source data set.
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6.1 Single Point Source Search

6.1.1 Maximum Likelihood Search Method

Regarding the neutrino point source search, the basic information that can be provided by
the IceCube telescope is a data set of track-like muon events including information about
the direction and the energy of each event. After having selected a final set of these muon
events, considering different selection criteria to distinguish signal like from background like
events (see chapter 5), it is desirable to discover statistical significant indications for one or
more origins of these events. In order to find a local excess over the atmospheric neutrino
and muon background an unbinned maximum likelihood test is performed, which uses the
best information of each individual event. For this statistical purpose the IceCube data can
be modeled by two different hypotheses at each specific point in the sky:

• H0: The data consist of atmospheric background only (null hypothesis).

• HS : The data consist of both, atmospheric background neutrinos and muons from air
showers as well as astrophysical signal neutrinos emitted from one or multiple point
source candidates (signal hypothesis).

The test ratio, also called test statistics, is a magnitude that tells us wether our data is better
modeled by atmospheric background only or rather by background plus astrophysical signal
events. Therefore the test statistic is defined as the ratio of the probability of obtaining our
data under the assumption of the null hypothesis on the one hand and the signal hypothesis
on the other hand. It is shown in equation (6.1):

T S = �2 log


P (Data|H0)

P (Data|HS)

�
(6.1)

Thus larger values of T S indicate that our data are less compatible with the background
hypothesis H0.

6.1.2 Unbinned Point Source Likelihood

As a next step one has to describe the probability densities P (Data|H0) and P (Data|HS)
in terms of measurable variables given by our data events. Since we are only interested in
the ratio of PDFs we do not have to take care of normalizations and therefore are allowed to
use a poissonian likelihood approach. We can derive an unbinned likelihood function L for
single source candidates starting from the case of a binned data set. Under the assumption
that the number of events ki one observes in each bin i is poissonian distributed around the
mean number of events ni that one expects to see, one can define the likelihood of a single
source candidate as:

L =

N
binsY

i

e�n
i · nk

i

i

ki!
= e�n

tot ·
N

binsY

i

nk
i

i

ki!
. (6.2)
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Taking the limit Nbins ! 1 one will either observe ki = 0 or ki = 1 events in each bin and
therefore the likelihood reduces to

L = e�n
tot ·

N
obsY

i

ni = lim
dx!0

e�n
tot ·

N
obsY

i

(ntot · dx · pi), (6.3)

where dx is the size of the bins, Nobs is the total number of observed events and pi is the
probability density function (PDF) of the events in bin i. Dividing the number of expected
events in a signal and a background part (ntot = ns + nB) and taking the approximation
that the total number of events that one expects to see from background and signal sources
is the same as the total number that is observed with the IceCube detector, one can further
simplify equation (6.3). Moreover the probability density pi can be expressed as a composite
of background and signal PDFs, Bi and Si, with relative weights that add up to one:

pi =
ns

ntot
· Si +

nB

ntot
· Bi =

ns

Nobs
· Si +

nB

Nobs
· Bi (6.4)

Finally, after dropping all constant terms (e.g. terms including dx, Nobs, etc.) in equation
(6.3), one can write the likelihood function for a point source, located at a certain position
xs = (↵, �), as

L(ns, �|xs) =
Y

i

hns

N
Si(xi,xs,�i, Ei, �) +

⇣
1 � ns

N

⌘
Bi(�, Ei)

i
, (6.5)

This function is now dependent on the number of signal events ns that we expect to see as
well as on the spectral index � of the source. The probability densities in equation (6.1) can
be interpreted by L setting ns = 0 for the background hypothesis H0 and n̂s � 0 for the
signal hypothesis HS . The test statistic then evaluates to

T S = �2 sgn(ns) log


L(ns = 0)

L(ns = n̂s)

�
= 2 sgn(n̂s)

X

i

log


n̂s

Nobs

✓
Si

Bi
� 1

◆
+ 1

�
. (6.6)

The number of expected signal events n̂s and the spectral index � are unknown parameters
and must be determined by maximizing the T S with respect to both variables (see section
6.3) [20].

6.1.3 Signal and Background PDFs

The probability densities for events to be signal or background like, used in the Point Source
likelihood (see equation (6.5)) are calculable quantities by means of using physical assump-
tions on both models (signal and background) and the data provided by the IceCube detector.

Suppose one wants to find evidence for an astrophysical source at position xs = (↵, �), that
emits signal events from an E�� spectrum. The data sets we get from the IceCube detector
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consist of track-like muon events, each equipped with a reconstructed position xi and a
reconstructed energy estimation Ei. For each of these events one can determine a probability
density to be a signal neutrino event resulting from a source at direction xs. These event
PDFs are composed of a spatial and an energy part:

Si(xi,xs,�i, Ei, �, �) = Si(xi,xs,�i) · Ei(Ei, �, �) (6.7)

For the the spatial signal probability we can assume that signal events cluster around the
source position xs. Therefore an event that is close to the direction of the source is more
likely to be signal-like than muons, detected far-off. Using the directional information of each
event (position xi and estimated uncertainty �i) that we receive from our data, we can define
the spatial signal PDF as a two dimensional gaussian distribution around the source position
xs:

Si(xi,xs,�i) =
1

2⇡�2
i

· exp
✓

kxi � xsk2

2⇡�2
i

◆
. (6.8)

The likelihood of being background-like can be calculated in a similar way, as a product of
directional and energy likeliness. As mentioned at the beginning of this section, background
events are locally uniform distributed in space, meaning that they are randomly dispersed in
right ascension. To identify the portion of background at different declination points we use
scrambles of our data in right ascension, representing sets of background events. From these
sets we can then obtain the spatial background distribution as a function of the declination.
Equation (6.9) shows this spatial part of the background PDF of event i

Bi(xi) =
1

2⇡
· P (�i), (6.9)

where the factor 1
2⇡ results from the uniform distribution in right ascension.

To calculate the test statistic T S (see equation (6.6)) one only needs to know the ratio
of signal to background probability for each event. While the spatial event probabilities
are determined independently for signal and background, we only compute the ratio of the
energy part of the PDFs. This energy likelihood proportion is evaluated from simulation,
using Monte Carlo neutrino events as signal data and scrambles of the experimental data as
background.

6.1.4 Combination of Multiple Data Sets

The IceCube detector at the South Pole developped over the years from only a few strings,
containing DOMs to a total of 86 strings with 60 DOMs each [60]. Therefore according
to different run-times, the different data sets that were recorded over the years cannot be
treated as being completely identical. Nevertheless it is necessary to combine all available
data to increase our statistics and consequently also our chance of discovering the origin of
astrophysical neutrinos.
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Luckily unbinned likelihood methods are more or less thankful tools if one wants to use
multiple different data sets. Each event carries its own signal and background probability
density function which is determined by the corresponding data set. The source likelihood
function L then becomes the product of the likelihood functions from each data set:

L(ns, �|�) =
N

sampleY

j

Lj(nj
s, �|�)

=

N
sampleY

j

Y

i2j

"
nj
s

N j
tot

S

j
i (xi,xs,�i, Ei, �, �) +

 
1 � nj

s

Ntotj

!
B

j
i (�, Ei)

#
, (6.10)

where nj
s corresponds to the mean number of signal events that we expect from sample j. The

likelihood ratio T S is maximized globally, expecting the source to originate neutrinos from
the same differential energy spectrum in all data sets. Therefore the likelihood L remains a
function of only two parameters: the global spectral index � and the total mean number of
signal events ns that we expect to see from all data sets combined [3].

In general the number of signals nj
s is not identical for all the sets, but relies on different

detector specific properties, such as the live-time and the detector acceptance. The fraction
of signal events that results from each individual sample, f j(�), can be evaluated using Monte
Carlo simulation:

nj
s = f j(�) · ns, ns =

X

j

nj
s (6.11)

Taking care of these changes, the test statistic T S from equation (6.6) expands to

T S = 2 sgn(n̂s)
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#
. (6.12)

Besides the two essential variables ns and � in this formula, also other physical parameters as
for instance the arrival time of the events might be considered in order to further separate the
signal from the background hypothesis. Nevertheless since in this thesis a time independent
point source search is performed, the number of signal events ns and the spectral index � of
the source are the only free parameters.

6.2 Stacking of Point Source Candidates

Until now we always considered the data to result from one single point source located at
position xs. Another way to regard the origin of the IceCube data is to consider M source
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candidates which can emit astrophysical neutrinos at the same time. Therefore we regard
our experimental data not only as a signal from one source plus atmospheric background,
but now as a set of data events resulting either from one of the multiple sources or from
atmospheric secondary particles.

To perform such a stacked analysis of multiple source candidates, only a few changes have to
be implemented in the search method, compared to the one used for single source candidates.
Mainly only the signal PDFs for all events have to be modified, while the background prob-
abilities and the whole likelihood formalism stay the same. The likelihood of one event to
be signal-like can now be treated as a weighted sum of all the signal PDFs, the event would
have at each of the single source positions:

Si ! S

Stack
i =

PM
k=1 W

kRk(�k, �) · Sk
i (xi,xs,k,�i) · Ei(Ei, �)PM

k=1 W
kRk(�k, �)

(6.13)

Each source candidate k is multiplied with two different kind of weights. On the one hand
we consider a weight that represents the technical properties of the detector geometry. The
efficiency of the IceCube telescope to detect neutrino events depends strongly on the direction
of the event entering the telescope. Thus each source candidate gets a detector weight
Rk(�k, �), which represents the detection efficiency of IceCube for signal events originating
from a source at position xs = (↵, �), emitting neutrinos from a differential E�� energy
spectrum. These weights can be calculated using Monte Carlo simulations. On the other
hand different properties of the individual sources (e.g. redshift, neutrino emission strength
etc.) can also result in different chances to see signal events from each of those sources.
These probabilities, mostly based on theoretical assumptions on the sources are merged in
the second weight, the theoretical weight W k, which is in particular independent of the
position and spectral index of the sources [54].

Once one is going to use multiple years of data again (compare to section 6.1.4), the effective
weight fj(�) of each individual data set j has to be reconsidered as well. According to Bayes’
theorem [43], the weight for each set extends to

fj(�) =
MX

k=1

P (j|�k, �) · P (�k|�), (6.14)

where M corresponds to the number of sources. P (�k|�) describes the relative likelihood of
seeing signal events from source k compared to the remaining M �1 candidates, on the basis
of the combination of all data sets. In case of just one point source candidate this value
automatically becomes 100% and hence the whole weight fj(�) immediately turns out to be
the same as in equation (6.11), as expected. As before P (j|�k, �) represents the feasibility of
our signal, which originate from source k, to arise from data set j compared to the others. All
PDFs appearing in equation (6.14) can be determined from Monte Carlo simulations, using
the detection efficiency parameter of IceCube.

Using the stacking signal PDF and taking care of the data set weighting, the T S can be
calculated in the exactly same way as for a single source, following the equations (6.5) -
(6.6).
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6.3 Significance, Sensitivity and Discovery Potential

In the whole previous chapter we have introduced the test statistic T S, a magnitude calcul-
able exclusively from information provided by the IceCube data and two free parameters ns

and �, which provides an indication of the likeliness of the data to be a result from one or
more declared points in the sky. Looking at equation (6.1) it is easily visible that the IceCube
data is most likely compatible with the signal hypotheses HS for large T S values. Therefore
the test statistic is maximized with respect to the number of expected signal events ns and
the spectral index �. Nevertheless the maximal test statistic value just gives an indication
wether one statistically see a point source or not. To get a significant statement of a discovery
one still has to test, wether the same outcome might also result from pure background.

In the following subsection the estimation of a p-value, as well as a sensitivity, discovery
potential and upper Limits of a source hypothesis will be explained. Due to the fact that
the calculation of the test statistic is the same also for multiple sources, these values can be
evaluated in the exactly same way for multiple stacked source candidates.

6.3.1 P-Value

A p-value is a very common and powerful tool in the evaluation of statistical analyses. Having
obtained a certain result, it describes the probability to get at least such an extreme outcome
given the null hypothesis H0. Therefore a p-value is in principle a measure of how unexpected
a result is, under the assumption of H0. The smaller the value, the less compatible is the
null hypothesis with the result. The null hypothesis can be rejected once the p-value passes
a certain fixed threshold level (typically 1.0% or 0.1%) and the result can be regarded as
statistically significant. Nevertheless one has to keep in mind that significance cannot be
equated with the prediction that signal hypothesis HS corresponds to the truth but just that
it is very unlikely to get this result under the assumption of H0 [26].

In the case of the test statistic T S function in IceCube, the p-value is defined as

p-value( ˜T S) = P (T S � ˜T S|H0) = 1 �

˜T SZ

0

P (T S|H0) dT S. (6.15)

In order to calculate this p-value, the overall test statistic probability distribution P (T S|H0)
for background data has to be known. As already mentioned in subsection 6.1.3, background
data can be created by scrambling the data events in right ascension. Performing a test
statistic maximization for multiple background scrambles, the background probability distri-
bution can be created. The p-value can then be calculated according to equation (6.15). The
principle procedure is also presented schematically in figure 6.1 [26].
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Figure 6.1: P-value evaluation, using the background T S-distribution. The test stat-
istic PDF is created from data scrambles and fitted by a �2-function. The p-value can
then be estimated according to equation (6.15).

Decision \Truth H0 is True H0 is False

H0 is True Correct Decision Type II error
p = 1 � ↵ p = �

H0 is False Type I error Correct Decision (Power)
p = ↵ p = 1 � �

Table 6.1: Possible outcomes of a hypothesis test.

6.3.2 Sensitivity, Discovery Potential and Upper Limits

Due to the statistical nature of a hypothesis test, the resulting implication, meaning the
rejection or the acceptance of the null hypothesis, is in general not free of error. In general
there are four different possible outcomes, listed in table 6.1.

If the decision corresponds to reality, then a correct judgement was made. Alternatively the
decision was incorrect. In general one can divide the second scenario in two different ways.
The so-called type I error ↵ is the probability of rejecting the null hypothesis, although it is
true. Therefore it represents a measure of a false discovery claim of an analysis. The second
possible error that can occur, the type II error �, corresponds to the contrary setting. In
this scenario the null hypothesis is not rejected although it does not match the truth. Thus
it describes in some way the power of the test. The smaller � is, the more often you decide
correctly to accept the signal hypothesis.
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Figure 6.2: Schematic overview of the determination of a flux that is necessary to yield
a p-value smaller than 0.1 in 90% of the trials (! ↵ = 0.1, � = 0.1). Left: Estimation
of the test statistic value corresponding to the p-value of 0.1, using the T S PDF of
scrambled background samples. A �2-distribution, in combination with a �-distribution
centered at 0 is used to fit the background probability curve. Right: Signal events are
injected to the background samples in order reach a power of 90% (� = 0.1), meaning
that one reaches the given p-value in 90% of all trials. The more events one injects, the
closer one gets to the desired value of �. The desired flux corresponds in the end to the
minimal number of events that fulfills the criteria on both errors, type I and type II.

Having the theoretical knowledge, it is now interesting how these information can be used to
evaluate meaningful variables in IceCube. Three of the most common quantities that can be
computed for IceCube analyses are defined below:

• Sensitivity: Flux, which yields a p-value smaller than 0.5 (! ↵ = 0.5) in 90%
of the trials (! � = 0.1).

• Discovery Potential: Flux, which yields a p-value smaller than 5� (! ↵ ⇡
2.87 · 10�7) in 50% of the trials (! � = 0.5).

• 90%-Upper Limit: Flux, which yields a p-value smaller than the p-value from
the analysis with unscrambled data (! ↵ = p-value) in 90% of the trials
(! � = 0.1).

The sensitivity declares the threshold flux starting from which it is very likely to fit a p-value
smaller than 0.5 although the signal might be the result from background. Hence sources with
a flux higher than the sensitivity flux should at least be visible, in the sense that they obtain
a p-value smaller than 0.5. The discovery potential represents the flux that is necessary in
order to be able to discover a significant sign of a neutrino point source with a 50% chance of
not seeing this signal. Hence sources with a flux above the discovery potential threshold are
very likely to produce a statistically significant sign inside the IceCube detector. Ultimately
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in case of not measuring any significant results, the upper limit depicts the flux threshold
starting from which one would detect at least the measured signal with a chance of 90%.

Using the different specifications on the the type I and type II error, all these quantities
can be determined in a uniform manner. Starting from a fixed value for ↵, the test statistic
value corresponding to this type I error can be calculated in the same way as the p-value
(see subsection 6.3.1), using data scrambled in right ascension to calculate the background
probability distribution. To estimate the type II error we inject simulated signal events
from Monte Carlo simulations following a predefined flux. The test statistic minimization
is then repeated multiple times, with different number of injected signal events. Having
also a predefined magnitude for � one can then calculate the number of signal events, and
consequently also the flux, that are needed to reach a power of 1� �. A schematic overview
of this procedure is also represented in figure 6.2.

In order to evaluate the Upper Limit the first step can be skipped and the maximal test
statistic value from the real unscrambled data can be used directly to perform the second
step.
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1WHSP Blazar Catalog

In the previous chapter, the analysis method used for the search for the origin of astrophysical
neutrinos, was presented. As mentioned thereby, one can mainly distinguish two different
scenarios. One the one hand, one can consider all recorded data to be either from one source
point in the sky or from atmospheric background, while on the other hand it is also possible
to assume multiple source candidates at different locations in the sky to be the generators
of the neutrino signals. In the first scenario, in principle the whole sky is scanned along a
certain grid, in order to find the most significant locations, meaning the locations where it is
most probable to have neutrino generating sources. Thereby it is in principle not necessary
to have any pre-knowledge about the scanned locations.

This turns out to be a major difference to the second setting. Once one starts to assume
multiple neutrino sources, it is essential to start the analysis with a set, or catalog of source
candidates which are likely to be high energy neutrino emitters. In principle theoretically
this criteria is not mandatory, but since the amount of possible combinations of an arbitrary
number of different sources nearly goes to infinity, it is computationally not possible to
determine the significance of all these combinations. Assuming that the whole sky is split
in a grid of 100 points, and 10 of these points are neutrino emitting source locations, this
would already yield in a total of ⇠ 1.7 · 1013 possibilities to distribute the 10 sources on the
100 grid points. Consequently it seems exclusively reasonable to perform a stacking analysis
on a set of source candidates, which all indicate to be neutrino sources.

Since the analysis performed in this thesis follows the principle of the second scenario from
above, the following chapter starts with a description of Active Galactic Nuclei and in partic-
ular blazars, which are expected to contribute a major fraction to the amount of astrophysical
neutrinos reaching the earth. Afterwards in section 7.2, the composition of the first WISE1

High Synchrotron Peaked (1WHSP) blazar catalog, which is used as assemblage of neutrino
sources in this analysis will be shortly presented. Finally the last part of this chapter, sec-
tion 7.3 elaborates the differences of the 1WHSP catalog compared to other, previously used
Blazar-Source-Catalogs in IceCube. Hence this section in addition illustrates a motivation
for the point source stacking analysis, using the 1WHSP sources.

1WISE: Wide-field Infrared Survey Explorer [66]

57



Chapter 7 1WHSP Blazar Catalog

7.1 Active Galactic Nuclei and Blazars

Active Galactic Nuclei (AGNs) are one of the most luminous objects in the entire universe,
producing photons over a broad emission band, ranging from radio to TeV gamma ray en-
ergies. Consequently AGNs can be regarded as special laboratories for extreme physics,
whereas they are not only useful probes of the Universe on large scales but moreover are
promising candidates for high energy CRs [64, 54].

As already mentioned in subsection 2.1.2, the structure of an AGN consists of a rotating
supermassive black hole attracting surrounding matter due to its gravitational potential
energy. While being pulled towards the black hole, this material loses angular momentum
in turbulent processes, building and heating up the so-called accretion disc (see figure 2.4).
Clouds of gas rapidly moving in the potential of the black hole, close to the accretion disc
produce strong optical and ultraviolet emission lines, whereas along some lines of sight, this
radiation is obscured by a torus of gas and dust, which is formed far away of the accretion
disc. The light emission, caused in this region is identified as broad-line emission. Beyond
this region, and hence not being affected that strongly by the dust torus, narrow lines are
emitted from slower moving clouds of gas in the narrow-line region. Perpendicular to the
accretion disc and the dust torus, relativistic radio-emitting jets, consisting of particles at
nearly the speed of light, are formed [64].

7.1.1 Classification of Active Galactic Nuclei

Since AGNs are axis-symmetric objects, their appearance on earth strongly depends on their
observation angle. Moreover other characteristics, such as for instance the mass of the black
hole or the mass accretion influence observed properties of an AGN. Hence historically, based
on different observations, a confusing amount of different AGNs types and names were noted.
Nevertheless, by using the most important empirical information of AGNs, these different
types can be put in some order. An empirical classification of AGN, according to their radio
loudness and the characteristics of their optical and ultraviolet spectra is shown in table 7.1.
This classification scheme is explained in the following [64].

Emission Line Characteristics

Type 0 Type 1 Type 2

Radio-Quiet: Seyfert 1 Seyfert 2
NELG

Radio-Loud:
BL Lac BLRG
FSRQ SSRQ NLRG

FSRQ

Table 7.1: Empirical Classification of AGN.

AGNs can be divided into radio quiet and radio-loud objects, meaning that for the second
scenario the radiated flux is dominated by radio emission (radio flux / optical flux > 10),
whereas this effect is not regarded for the first type. Radio loudness of an object might
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be associated with the type of its host galaxy and the spin of the black hole, which might
allow the creation of large scale radio jets. Approximately 15-20% of all observed AGNs
correspond to radio-loud objects.

Next to the radio loudness, AGNs can be classified according to the characteristics of their
optical and ultraviolet spectra. Thereby AGNs can be split into three main groups [64]:

• Type 1 AGN: Objects corresponding to this group,are those with broad emission lines
resulting from hot, fast moving clouds of gas located in the vicinity of the central black
hole (refer to 2.1.2).

• Type 2 AGN: Type 2 AGNs, only show weak, narrow emission lines since emission
from the hot, high velocity gas is concealed by the dust torus surrounding the center
of the object (see section 7.1 and figure 2.4).

• Type 0 AGN: There are still AGN objects that show an unusual spectral behavior
and hence do not fit the criteria of the first two types. These objects are identified with
type 0 AGNs, whereas on assumes that the characteristics of these objects are linked
to a very small angle of the jet to the line of sight.

As already mentioned above, different known objects participating in this classification are
listed in table 7.1. Since the 1WHSP catalog only consists of blazar candidates, we mainly
only examine characteristics of blazars in the rest of this chapter.

7.1.2 Blazar

Blazars display a subclass of radio-loud Active Galactic Nuclei. They are expected to be
those types of AGN, whose relativistic jets point close to the direction of an observer on earth.
Hence the spectral energy distribution (SED) of blazars is affected by mainly three different
radiation types. In the optical band, the broadest hump (also called synchrotron peak ⌫Speak)
is caused by non-thermal radiation, which can be associated with synchrotron radiation of
relativistic electrons in the magnetic field of the jets. Moreover a thermal component, induced
by the clouds of gas in the broad-line region as well as light output from the host galaxy
can be visible in the optical energy region of the SED of a blazar. Additionally a second big
hump, induced by non thermal radiation generated in the relativistic jets appears at �-ray
energies. Since there exists no established model for the emission in this energy region, two
different scenarios, which are currently expected to be potentially responsible are introduced
in subsection 7.1.2.1 below. Moreover typical SEDs of two different blazars are shown in
figure 7.1 [32, 63].

Arising from different properties in the spectral energy distribution, blazars can be further
classified. Using the same criteria as applied for classification of general AGN objects (see
table 7.1), blazars can be split into flat-spectrum radio quasars (FSRQs) and BL Lacertae
objects (BL Lacs). FSRQs show strong broad emission lines in the optical spectrum, while
for BL Lacs mainly only weak emission lines are visible.

Moreover another partition of blazars also seams reasonable, and in case of the neutrino
point source search in this thesis even more important. Since the synchrotron peak ⌫Speak,
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Figure 7.1: Both figures show the spectral energy distribution, meaning the differential
flux as a function of the frequency of blazars. The colored lines signify the different
components contributing to the distribution. The two red humps represent the non-
thermal flux, caused by the jets, the blue line can be identified with the emission from
the broad-line region and finally the orange curve displays flux caused by photons from
the host galaxy. Left: SED of the FSRQ 3C273. The blue curve shows the strong,
broad emission lines in the optical spectrum. Right: SED of a BL Lac. Compared to
the FSRQ on the left, the flux of this blazar does not show such broad emission lines.
Both pictures were taken from [32].

reflecting the maximum energy particles can be accelerated to inside the jets, can appear at
different energies (respectively frequencies) blazars can be divided in low-frequency peaked,
intermediate-synchrotron peaked and high-synchrotron peaked objects, according to the par-
ticular position of the synchrotron peak frequency ⌫Speak [32]:

• Low-Synchrotron Peaked (LSP): ⌫Speak < 1014 Hz

• Intermediate-Synchrotron Peaked (ISP): 1014 Hz < ⌫Speak < 1015 Hz

• High-Synchrotron Peaked (HSP): ⌫Speak > 1015 Hz

7.1.2.1 Blazar Emission Models

As already mentioned above, the origin of the photon flux in the high energy region is still
an open field of study. According to the current state of knowledge, there are mainly two
possible mechanism, contributing to this spectral component.

Leptonic Model

The leptonic effect, causing the photon flux in the high energy region is the inverse-Compton
(IC) effect. Low energy photons are inverse-Compton scattered by the relativistic electron
population inside the jets, gaining a fraction of the electron’s energy each time. Hence these
photons can be scattered up to very high energies. The primary photons can either arise
locally from inside the jets, that is to say the synchrotron photons generated by relativistic
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moving electrons or they originate from external sources, such as for instance the accretion
disc, the broad-line region or the dust torus [55].

Hadronic Model

Once relativistic protons inside a jet reach the energy threshold for pion production in photon-
proton interactions, synchrotron-supported pair cascades will develop.

p� �! �+ �!
(
n⇡+ �! nµ+⌫µ �! ne+⌫e⌫̄µ⌫µ

p⇡0 �! p��
. (7.1)

Moreover, in hadronic models, the collision of protons with other ambient protons can lead
to production of pions, according to

pp �!
(
pn⇡+ �! pnµ+⌫µ �! pne+⌫e⌫̄µ⌫µ

pp⇡0 �! pp��
(7.2)

In order to accelerate protons to the required ultra-relativistic energies, very high magnetic
fields inside the jets are necessary (see section 2.1.2). Hence also the synchrotron emission
of the primary protons and the secondary leptons has to be considered in order to describe
a self-consistent synchrotron-proton blazar model (SPB) [18, 54].

7.1.2.2 Blazars as Neutrino Point Source Candidates

Next to the photons which are created in hadronic blazar models also high-energy neutrinos
remain as a final product in the decay of charged pions (see equations (7.1) and (7.2)).
Consequently, in case of hadronic emission in astrophysical objects one would expect the
appearance of neutrinos in company with photons at very high energies, whereas the energy
and the flux of the photons at the source is about a factor of two higher than for neutrinos
[49, 40].

Hence, since the IceCube collaboration detected astrophysical neutrinos in an energy region
between 30TeV and a few PeV (see section 3.3), this would also imply the existence of very
high energy (VHE) photons coming from the same direction and reaching energies in the
range of & 60TeV. Unfortunately there are mainly two reasons obscuring the verification
of this connection. One the one hand, current �-ray detectors can only detect photons up
to energies of ⇠ 40TeV and consequently do not have the ability to detect the intended
photons. On the other hand, depending on the properties of the astrophysical object and its
distance to the earth, this photon signal might also be diluted due to absorption effects [49].
Once a VHE photon travel in the vicinity of extragalactic background light it gets absorbed,
resulting in an electron-positron pair:

�V HE + �EBL �! e+ + e� (7.3)

These pairs then lose their energy in interactions with photons from cosmic microwave back-
ground, boosting them up to �-ray energies [15].
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Altogether one can note, that the direct detection of high energy photons being counterparts
of the IceCube neutrino events is a very hard attempt at the moment. Nevertheless, since
the creation of PeV neutrinos in hadronic processes, requires protons accelerated up to at
least 1016 - 1017 eV, blazars are still some of the most likely sources of astrophysical neut-
rinos. Moreover the detection of the direct photon-neutrino connection would confirm the
correctness of the hadronic emission model [49].

7.2 Composition of the Catalog

The first WISE2 High Synchrotron Peaked (1WHSP) catalog consists of 998 sources, being
either already confirmed or candidates of HSP �-ray blazars. Thus it is currently the largest
list of HSP blazars. According to current observations and the previous subsection, HSP
blazars are bright sources of high energy TeV photons. Hence all of the objects in the catalog
are expected to be origin of photons up to the highest �-ray energies [15].

In order to create such a large sample of HSP blazars, it seems reasonable to use a large
sample of multi-frequency data selected according to criteria which are specific for the SED
of HSP blazars. Hence the starting point for the composition of the 1WHSP catalog is the
AllWISE3 catalog, including 747 million objects from all over the sky. Following different
steps, these objects are selected for HSP blazars. Since the infrared spectral slope of the non-
thermal radiation, resulting from the relativistic jets in blazars, typically represents an energy
power law with index values between 0.4 and 0.8, blazars show the tendency to concentrate in
a particular region of the infrared colour-colour diagram4 (refer to figure 7.2). Hence taking
only those objects from the AllWISE catalog, which are located in this region, reduces the
size of the starting sample to approximately 4.8 million [15].

After removing further non-blazar objects, with the help of several additional constraints,
based on the well-known broad-band spectral features, the size of the sample adds up to
only 1347 objects. The spectral energy distributions of all of these objects are then analyzed
individually, whereas an object is only kept if the position of its fitted synchrotron peak is
bigger than ⌫Speak > 1015 Hz (see subsection 7.1.2). This yields a final set of 857 HSP blazar
candidates from the AllWISE catalog [15].

Ultimately the 1WHSP catalog is completed by 141 additional objects, which did not fulfill
all the selection criteria from above, but still illustrate likely HSP blazar candidates. An
extract of the whole 1WHSP catalog is shown in figure 7.3 [15].

7.3 Properties of the 1WHSP Catalog

Since the composition of the 1WHSP catalog was clarified in the previous section, it is now
time to discuss the properties of this HSP blazar sample. At first it seems reasonable to

2WISE: Wide-field Infrared Survey Explorer
3AllWISE: Latest version of the all-sky WISE catalog
4Colour-colour diagram: tool to compare the brightness of astrophysical objects at different wavelengths
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Figure 7.2: Illustration of the infrared colour-colour diagram of the AllWISE catalog.
Moreover the infrared colours of several HSP blazars from the Sedentary Survey [31]
and the BZCAT [45] catalog are displayed. As visible most of these blazars accumulate
in the grey shaded area. Hence only the AllWISE objects being located inside the area
which delimited by the blue dashed lines are selected to built the 1WHSP blazar sample.
The figure was taken from [15].

Figure 7.3: Extract of the 1WHSP Blazar Catalog. This figure was taken from [15].

check the position of all of these objects. As visible in figure 7.4 the blazars are in the main
uniformly spread over the whole sky, except from a certain band (±20� in galactic latitude
b) around the position of the galactic plane.

Moreover, since only 35 of the 998 blazars have been detected in the TeV range, the WHSP
catalog provides a quantitative measure of the potential visibility in this energy range for
each object. This value is introduced as the Figure Of Merit (FOM) of each blazar candidate
i in the catalog and is defined as

FOMi :=
(⌫f⌫)peak,i
(⌫f⌫)peak,0

, (7.4)

where (⌫f⌫)peak,i corresponds to the synchrotron peak flux of each blazar i and (⌫f⌫)peak,0 to
the one of the faintest blazar candidate, which was already detected in the TeV band. Hence
an object, having a FOM � 1.0 implies that its synchrotron peak flux is at least as bright as
the flux of the faintest already known TeV blazar [15].

The reasonability of the FOM as a measure for the likeliness of a blazar to be a TeV �-ray
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Figure 7.4: WHSP sources displayed on an equatorial skymap. The red dotted line
illustrates the position of the Galactic Plane.

emitter, becomes clear if one regards the distributions of the synchrotron peak frequencies
⌫peak and fluxes (⌫f⌫)peak respectively for the WHSP candidates that are already detected
in this energy band on the one hand and the ones that are not on the other hand (refer to
figure 7.5). Since the ⌫peak distribution of the 35 blazars, detected in the TeV band spans
the entire range of the undetected distribution, in principle every blazar in the catalog has
the chance to be detected in this high energy range [15].

From the (⌫f⌫)peak distribution it is visible that so far the TeV detected sources are the
brighter objects in the catalog, but nevertheless the peak flux of the undetected blazars is
never smaller than about factor of ten than the flux of the faintest TeV detected source.
Noting that for blazars a variability of about one order of magnitude is often observed in the
X-ray and TeV band, yields the assumption that all of the WHSP blazar candidates may be
detectable in the high energy regions by present �-ray telescopes, whereas the FOM seems
to be a reasonable value for the likeliness of that to happen [15].

Next to the FOM, the WHSP also contains information about the redshift z of each source
in case it is available (see figure 7.3).

7.4 Differences to other Blazar Catalogs

In order to identify the importance of the 1WHSP catalog in different fields of high energy
astrophysics, it is important to figure out the differences and innovations compared to other
published source catalogs. Some of the most important samples of AGN-like objects are
represented by the three catalogs published by the Fermi Large Area Telescope (Fermi-LAT).
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Figure 7.5: Distributions of the synchrotron peak frequencies and fluxes of respectively
TeV undetected (upper plots) and detected (lower plots) blazars from the 1WHSP cata-
log. Left: Synchrotron peak frequency ⌫peak distributions. Right: Distribution of the
synchrotron peak fluxes (⌫f⌫)peak. Moreover for each (⌫f⌫)peak bin the percentage of
1WHSP sources that are already TeV detected is noted. Both pictures were taken from
[15].

Regarding only the first two Fermi-LAT catalogs, 1FGL5 and 2FGL, it is visible that 189
objects from the 1WHSP catalog do have a counterpart in one of these catalogs. Moreover
107 further objects from the 1WHSP catalog can be identified with entries from the third
Fermi-LAT catalog 3FGL, in the sense that their location is within a radius of 10 arc-minutes
(⇡ 0.1667�) of the position of one of the sources from the 3FGL data.

Consequently a total of 296 blazars from the 1WHSP catalog can be connected to an object of
one of the Fermi-LAT catalogs, leaving a list of still 709 previously undetected �-ray sources
in the 1WHSP data set. Hence the 1WHSP catalog might be an important resource in order
to investigate the properties of blazars, their jets and further characteristics of high energy
�-ray and neutrino physics [15, 11].

5FGL: Fermi Gamma-ray LAT
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Chapter 8

Expected Performance of the WHSP
Stacking Analysis

This chapter mainly describes the outcomes of the sensitivity studies of the point source
stacking method, presented in chapter 6, using the blazars from the 1WHSP catalog as
neutrino source hypothesis for seven years of data from the IceCube Neutrino Telescope.
Before presenting the results, section 8.1 starts with a description of several tests, performed
in order to verify the validity of the analysis method. Afterwards section 8.2 provides a short
motivation for the usage of the 1WHSP catalog. In section 8.3 some characteristics of the
final seven year point source event sample, which was generated from all IceCube data using
the selection methods explained in chapter 5, are noted. Ultimately the sensitivities and the
discovery potentials of the stacking analysis are presented in section 8.4.

8.1 Implementation of the Analysis Method

Before starting the performance of an analysis method on real data, it is necessary to verify
the correctness of the applied technique step-by-step. Since the theoretical approach of the
stacking analysis used in this thesis, is a commonly used and confirmed technique one only
has to check the performance of the software executing this method. For this purpose, the
main steps in the software, such as the minimization of the test statistic and the injection
of simulated Monte Carlo events are tested. Finally the code was used to reproduce several
results of former stacking analysis in IceCube, in order to cross-check its functionality.

8.1.1 Test Statistic Minimizer

As mentioned in section 6.1.1, the test statistic T S (refer to equation (6.1)) was introduced
as a measure for the compatibility of the IceCube data with either the null hypothesis H0,
meaning that the data events are just a result from background, or the signal hypothesis
HS , assuming an additional astrophysical neutrino component. Since, this analysis is most
interested in information, which are likely to correspond to the signal hypothesis, one is
interested in the physical parameters giving the highest T S values (see equation (6.6)).
Therefore in this analysis method, for every source position hypothesis, the test statistic
formula presented in equation (6.6) is maximized with respect to the number of expected
astrophysical neutrino events ns and the spectral index �. For computational simplification,
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Figure 8.1: Both figures show test statistic (refer to equation (6.1)) values scanned
along a certain fine grid in the ns-� plane. The yellow star displays the location of
minimum evaluated by the SciPy minimizer. Left: The left picture assumes the 6
Milagro sources as the origin for the hypothetical neutrino signal. Right: In the right
figure the neutrino signal is assumed to be a result of 233 Black Hole candidates.

this maximization process is executed as a minimization of the negative value of the T S,
using a SciPy1-minimizer, based on the L-BFGS algorithm [24].

Since this minimization is on of the central parts in the calculation of the sensitivity and the
discovery potential (see section 6.3), it is crucial that this procedure performs as accurate as
possible. In order to check the functionality of the minimizer, the test statistic is evaluated at
every point in the ns-� space, whereas this scanned minimum is then compared to the result
produced by the minimizer. A stacking point source search, as it is explained in section 6.2,
assumes multiple sources in the sky as the origin of the neutrino signal. Since the calculations
of the sensitivities and the discovery potentials, which are presented in the last section of
this chapter, are based on different numbers of neutrino sources, it is reasonable to check the
behavior of the minimization algorithm for different numbers as well. Some exemplary test
statistic scans for 6 neutrino sources on the one hand and 233 on the other are illustrated in
figure 8.1.

Looking at both figures, it is visible that the fitted minimum given by the minimizer nearly
perfectly matches the result of the whole area scan. Comparing the exact values of both, the
scan and the fit, one can see that the magnitude evaluated by the minimizer is even smaller.
Hence the difference in both values can be traced back to the spacing of the scanned grid
in the ns-� plane. The same result was observable in all other tests with different source
hypothesis.

8.1.2 Injection of Monte Carlo Events

A second very important process in the code is the injection of neutrino signal events from
Monte Carlo simulations, which is used to determine the sensitivity, the discovery potential
and the upper limit flux (refer to subsection 6.3.2). As mentioned in subsection 6.3.2, it is

1SciPy: open source python based scientific library [39]
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essential to insert signal neutrino events resulting from the position of one of the hypothetical
source objects. Since in general, one does not want to simulate neutrino events for any possible
source model weighting techniques are used to create a sample of injectable neutrino signal
events. Since for a source hypothesis located at a certain declination one wants to inject
events following a E�� flux the idea of this method is to create a set of injectable neutrino
events from the simulated signal events in a certain declination band around the source
position. Afterwards the selected simulated events are rotated towards the exact source
position and the actually injected events are randomly chosen from this sample according to
their detection probability inside the detector. The exact process is explained in the following
subsection.

In order to generate a set of signal events, resulting from a single source, all simulated
Monte Carlo neutrino events MC in a certain declination band around the source position
are rotated towards this point, in the sense that their true direction xi,true is rotated exactly
on the location of the source object xs:

x

T
s · M i

R · xi,true
!
= 1 8i 2 MC, (8.1)

where M i
R 2 SO(3)2 corresponds to the rotation matrix, which is dependent on the specific

position of each event i and can be determined according to [41]

M i
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8
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i + 1 cos(↵i) + sin(↵i)

2

4
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(n̂i ⇥ ej) · eTj

3

5

9
=

; . (8.2)

Since in this case one is only interested in the incoming direction of the events, all vectors x

can be regarded as points on the three dimensional unit-sphere S2, meaning that kxk2 = 1. In
equation (8.2), the angle ↵i corresponds to the angular difference between the true direction
xi,true of each individual event and the position of the source xs. It can be calculated as
cos(↵) = xi · xs. Moreover since the vector n̂ describes the normalized rotation axis, it can
be fixed as n̂i = xi,true ⇥ xs.

Besides, the reconstructed direction xi of each signal event is rotated in an analogous way,
using the rotation matrix created in the displacement of the true direction (equation (8.2)):

xi,new = M i
R · xi, (8.3)

Altogether this procedure yields a set of events following a distribution of neutrino events
reaching the IceCube detector and being generated at the location of the source. Moreover
each event is equipped with a declination dependent weight wi, corresponding to the detection
efficiency of the detector (see section 6.2). In case of a stacking analysis, this process is
performed for each individual source candidate. In the end, the events that are actually
injected in the data sample, are randomly chosen from the set of the rotated Monte Carlo
events, whereas the importance of each event is fixed according to a weight wi coming from

2SO(3): Special Orthogonal group in three dimensions. M 2 SO(3) illustrate orthogonal matrices with
determinant +1.
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its declination on the one hand and a weight resulting from the position of the emitting
source.

Figure 8.2: This figure describes the rotation and injection method of simulated neut-
rino events from selected sources. The red dotted line presents the location of the
Galactic Plane. Top: The left picture shows the reconstructed position of all simu-
lated MC events that are located at least in one declination band of one of the 6 Milagro
sources. In case of these two figures each declination band contains an area of 20� around
the source declination. Bottom: In the right figure the neutrino events are rotated to-
wards the source positions. Moreover the green stars in this figure illustrate 15 events
that would have actually been chosen for the injection to the data sample.

This whole rotation process is illustrated exemplary in figure 8.2, whereas in these plots
the six Milagro sources are used as signal hypothesis for the IC40 (see section 8.3) IceCube
dataset. Since the rotation M i

R of the true direction of the events matches perfectly the
source position and moreover the difference in the reconstruction error, meaning the angular
distance between the true and the reconstructed position, before and after the rotation is
equal except for machine precision errors. Consequently a sample of various source scenarios
can be created using any feasible MC simulation.
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IC40
Stacking ns � p-value Sensitivity [flux] Disc. Potential [flux]

Milagro 17 9.0 (7.6) 2.73 (2.6) 0.278 (0.32) 6.80 (6.82) 22.4 (23.9)

IC40 + IC59 + IC79 + IC86
ns � p-value Upper Limit

Black Holes 16.8 (17.1) 3.12 (3.95) 0.44 (0.43) 7.01 · 10�12 (6.88 · 10�12)
Young SNRs 0 (0) 1.17 (-) > 0.5 (> 0.5) 4.81 · 10�12 (4.83 · 10�12)
Young PWNs 0 (0) 2.15 (-) > 0.5 (> 0.5) 3.76 · 10�12 (3.12 · 10�12)

Table 8.1: Listing of the results of previously completed stacking analyses calculated by
the current analysis software. In parentheses the results evaluated the original analyses
are noted.

8.1.3 Comparison to Former Analyses Results

After checking the functionality of mostly each individual step in the software, it seems reas-
onable to verify the correctness of the overall calculations, such as for instance the calculation
of p-values and the sensitivities, by reproducing and comparing the results of former stacking
analyses [10, 3]. For this purpose the p-value and the sensitivity, respectively the 90% upper
limit are calculated for four different different source hypothesis. First the analysis results
of the "Milagro17" stacking search using the IC40 IceCube data set, and afterwards of the
outcome of a stacking analysis based on four years of IceCube data, with 233 Black Hole
Candidates, 30 Super Nova Remnants candidates and 10 Pulsar Wind Nebula candidates as
hypothetical neutrino point sources respectively, were reproduced [3, 10]. The outcomes of
these calculations are illustrated in table 8.1.

Comparing the calculated values to the results evaluated in the previous analyses, which are
shown in parentheses in table 8.1, it is visible that both outcomes seem to agree quite well.
The differences in some values might be explained by different settings, such as for instance
in the binning of the energy in the calculation of the weights, in the particular code.

8.2 Motivation for the 1WHSP catalog

In the previous chapter the composition and the most important properties of the 1WHSP
catalog were already presented. The catalog consists of 998 HSP blazar candidates (see sub-
section 7.1.2) and therefore currently constitutes the largest existing sample of HSP blazars.
As mentioned in subsection 7.1.2 the SED of blazars mainly consists of two broad humps,
whereas the low-energy one can be explained to be the result of synchrotron radiation from
relativistic electrons in the jet. In contrast the origin of the high energy hump is still an
open field of study, whereas different possible models exist that might explain this spectral
appearance (see subsection 7.1.2.1). Since the acceleration of electrons up to relativistic en-
ergies inside the jets is a generally accepted concept and moreover essential to explain the
low-energy synchrotron peak it seems reasonable to adopt the same concept for protons in-
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side the jet. Once these protons exceed the threshold for pion production in interaction with
ambient protons or photons, the high energy photon emission in blazars can be explained by
a lepto-hadronic model. The existence of such a model would also imply the generation of
high energy astrophysical neutrinos. In order the achieve the generation of the highest energy
PeV neutrinos, as measured by the IceCube detector, protons accelerated up to energies of
at least 1016 eV are required [50, 49].

8.2.1 High Synchrotron Peaked Blazars

Although the lepto-hadronic emission seems to be a promising scenario for the spectral emis-
sion in blazars, it is not a confirmed theory yet. Nevertheless, if one could discover a direct
connection between blazar sources and high energy neutrinos it would be possible to confirm
this scenario since the generation of neutrinos does not occur in the pure leptonic model.
Moreover, since the lepto-hadronic acceleration in blazars is currently one of the few scen-
arios that could explain the appearance of the highest energy neutrinos, that were detected
so far, blazars are probably one of the most promising sources of astrophysical neutrinos.

In the lepto-hadronic scenario, both photons and neutrinos are generated as secondary
products in p-p and p-� interactions. Consequently one expects the detection of astrophyis-
cal neutrinos in company with high energy photons. In case of the IceCube PeV neutrinos
the energy of the demanded twin photons would be in the range of hundreds of TeV. Un-
fortunately the detection of photons in this energy range is quite hard, since the photon flux
is attenuated due to pair production with ambient photons above 0.1TeV (see subsection
7.1.2.2). Nevertheless the TeV photon emission in blazars is expected to be correlated to �-
flux in the GeV, meaning that powerful TeV emitters are strong GeV �-ray sources as well.
Previous observations have indicated that the HSP subclass of blazars are bright emitters
in the GeV to TeV range and hence might be the dominant component of the extragalactic
TeV background [50, 49, 15].

Taking all these arguments into account it seems more than reasonable that the 1WHSP
catalog, being the largest existing sample of HSP blazars, might be used as a promising set
of neutrino sources that can be utilized as signal hypothesis in a neutrino point source search.

8.2.2 Difference to Previous Blazars Stackings

Previous to the stacking analysis which is performed in this thesis, already some stacking
searches (IC86 Blazar Stacking [54], IC86-1 Blazar Population Analysis [57]) using blazars
as source hypothesis were performed in IceCube. These two stacking analyses were all based
on information about blazars listed in the second Fermi AGN catalog (2LAC3 [13]), whereas
the first one uses only three different subsets of blazars, which were selected according to
different characteristics of blazars, while the second analysis makes use of all blazars in this
catalog. Hence at this point it seems reasonable to point out difference of these analyses,
respectively the blazar catalogs compared to the one performed with the help of the 1WHSP
catalog in this thesis. As already mentioned in section 7.4, 189 blazars from the 1WHSP

32LAC: AGN catalog based on the larger 2FGL catalog
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Figure 8.3: This figure shows the position of all WHSP blazars and the different blazar
subsets from the second Fermi AGN catalog that were used in the IC86 Blazar Stacking.
Since the FSRQ and the LSP BL Lac samples do not contain HSP blazars they do not
have any counterpart in the 1WHSP catalog. Looking at the blazars from the Hard
Spectrum BL Lacs it is visble that 10 of these overall 37 blazars do have a counterpart
in the 1WHSP within a radius of 100.

catalog do have a counterpart in the 2FGL catalog, leaving 809 new additional sources in the
1WHSP.

The correlation between the 1WHSP sources and the blazar sets used in the IC86 Blazar
Stacking analysis are displayed in figure 8.3. From this sky-map it becomes clear that only
10 of the blazars used in this whole analysis do have a counterpart in the catalog of WHSP
blazars.

Consequently the 1WHSP catalog definitely extends the list of previously used blazars in the
search for neutrino point sources in IceCube and therefore opens a chance of discovering new
physics.

8.3 Final Event Sample

For the stacking analysis performed in this thesis 7 years of IceCube data are available. The
final sample that is used in order to calculate the p-values, the sensitivities and the discovery
potentials is chosen from all measured IceCube events according to the selection method
presented in chapter 5. Some important information about each subset of data that compose
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Data Set Livetime [d] # Data Events # MC Events
IC40 375.54 36900 621908
IC59 348.14 107011 1617012
IC79b 315.51 93133 1998573
IC86-I 332.61 136245 1242934

IC86-II,III,IV 1058.34 348786 6998483
MESE 1715.32 975 226625

Table 8.2: Information about the final event sample that is used in the WHSP Blazar
Stacking analysis.

the final sample are listed in table 8.2. The name of each data subsample, respectively year in
this table includes the number of strings that were installed inside the ice during the particular
lifetime of the measurement. The supplement "b" in the IC79b dataset corresponds to the
fact that for these events the improved SplineMPE muon track reconstruction was applied
belated. Hence the resulting final sample of the seven years contains a total number of 722075
data events that were measured over a lifetime of ⇠ 2430.13 d.

In order to increase the chance of discovering statistical evidence for neutrino point sources,
the final data set is completed by 975 MESE4 events.

8.4 Sensitivity and Discovery Potential of the WHSP Stacking
Analysis

In order to calculate the sensitivity and the discovery potential of a stacking analysis, the
method specified in subsection 6.3.2 is operated on the final event sample. Therefore in the
following section, first the partition of the 1WHSP catalog in different subsets, in order to
find most likely set of neutrino point source candidates is explained. Ultimately the results
of the sensitivity and discovery potential calculation of each of these blazar subsamples are
presented in subsection 8.4.2.

8.4.1 Partitioning of the 1WHSP catalog

In section 8.2.1 the connection between the photon flux and the radiation of high energy
energy neutrinos from blazars was emphasized. In lepto-hadronic emission scenarios the
existence of very high energy neutrinos (⇠ PeV) is linked to the detection of a �-ray flux
in the TeV range. Since the 1WHSP catalog only consists of HSP blazars candidates, all of
its sources are already very likely to be TeV photon emitters. However unfortunately only
a few of these blazars in fact have been detected in this energy sector. Luckily the 1WHSP
catalog provides a measure for the probability to be a potential TeV �-ray emitter for each
individual source. This value is called Figure Of Merit (see section 7.3 and equation (7.4))

4Medium Energy Starting Events
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Subsample FOM # Blazars
1 � 1.00 103
2 � 0.50 207
3 � 0.25 376
4 � 0.10 737
5 � 0.00 998

Table 8.3: Partitioning of the 1WHSP catalog according to the FOM of each individual
blazar.

FOM # Sources Sensitivity [flux] Discovery Potential [flux]
Total per Source Total per Source

� 1.00 103 2.70 (2.78) 0.026 (0.027) 7.27 (7.98) 0.071 (0.078)
� 0.50 207 2.78 (2.91) 0.013 (0.014) 9.36 (10.10) 0.045 (0.049)
� 0.25 376 3.31 (3.56) 0.008 (0.009) 11.64 (12.73) 0.031 (0.034)
� 0.10 737 4.57 (4.93) 0.006 (0.007) 15.98 (17.12) 0.022 (0.023)
� 0.00 998 5.11 (5.61) 0.005 (0.006) 16.40 (17.84) 0.016 (0.018)

Table 8.4: This table shows the sensitivities and the discovery potentials for each subset
of the 1WHSP catalog. The results are based on the the final data sample generated
from seven years of IceCube data, whereas in parentheses the results for the first six
years are presented. All fluxes in this table are in given in units of

⇥
E2d�/dE

⇤
=

10�12 TeV cm�2 s�1.

and is defined as the ratio between the synchrotron peak flux of a blazar and the synchrotron
peak flux of the faintest blazar that was already discovered in the TeV range.

Taking this into account it seems reasonable to split the blazars in multiple subsets according
to their figure of merit in order to find the most promising set of neutrino generators. Since
blazars with a high FOM are most likely to be also generators of high energy astrophysical
neutrinos it does not make sense to observe subsets with only those blazars with a low FOM
while ignoring the higher weighted sources. Consequently the partition of the 998 blazars of
the 1WHSP catalog occurs in a cumulative manner, meaning that in each step the sample
of high FOM blazars is extended by some blazars with a slightly lower FOM. The exact
partition of the catalog is illustrated in table 8.3.

8.4.2 Sensitivity and Discovery Potential

In order to estimate the expected performance of the 1WHSP blazar stacking analysis on
seven years of IceCube data, finally the sensitivity and the discovery potential are calculated
for each of the selected subsamples listed in table 8.3. Therefore the simulated neutrino events
that are injected to the scrambled data are assumed to be radiated from sources following an
emission according to an E�2 energy power law (see subsection 6.3.2). The results of these
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Figure 8.4: Illustration of the sensitivity and the discovery potential per source as
a function of the number of sources included in the respective blazar subsample. The
results are shown respectively for 6 years and 7 years of IceCube data plus MESE events.

estimations are listed in table 8.4, whereas next to results of the seven years of data also the
previous results from the calculation for six years of IceCube data are noted.

While looking at these values, it is visible that all total sensitivity and the discovery potential
fluxes increase as expected with the number of sources that are included in the particular
subsample. Nevertheless the relative flux of each individual source that is necessary to fulfill
the criteria of the sensitivity and the discovery potential definitions (see subsection 6.3.2)
decreases with the total number of sources of the particular WHSP subsample. In addition
this behavior is also illustrated in figure 8.4.

Moreover the differential sensitivity and discovery potential fluxes as a function of the energy
are plotted in figure 8.5 for the first two blazar subsamples. These fluxes can be compared
to neutrino background flux that is expected to be emitted from all existing blazars in the
universe [50]. This comparison in particular as well as the interpretations of all further
outcomes calculated in this section are discussed in chapter 9.
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Figure 8.5: Representation of the differential sensitivity and discovery potential of
different subsets of the 1WHSP catalog as a function of the neutrino energy. All fluxes
illustrated in this figure are based on seven years of IceCube data.
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Chapter 9

Conclusion and Outlook

So far in this thesis the sensitivities and the discovery potentials of several subsets of the
1WHSP catalog were calculated with the help of a stacking analysis approach (see section
6.2). In order to discuss the expected performances of this analysis, in this chapter my
outcomes will be compared to the sensitivities and discovery potentials of the single all-
sky point source search. Moreover, in section 9.2 my differential discovery potentials and
sensitivities are compared to the predicted neutrino flux from all blazars [50]. Finally in
section 9.3 an outlook is given, including the proximate procedure of this analysis as well as
an improved version of the WHSP catalog.

9.1 Comparison to Single Point Source Analysis

In order to verify the additional chances that a stacking analysis can provide compared to the
search for single point sources one can compare the sensitivity and the discovery potential
of both analyses. The calculated values of the single point source search using six years of
IceCube data are displayed in figure 9.1.

From this figure it is visible that the lowest sensitivity for the single point source search is
reached for sources around the horizon, whereas the best sensitivity flux is approximately
4 · 10�13 TeV cm�2 s�1. Since the stacking analysis in this thesis was evaluated on five sub-
sets of the 1WHSP blazar catalog (refer to subsection 8.4.1), all of these outcomes can be
compared individually to the single search performance.

Looking at the measures evaluated for first subsample (listed in table 8.4), including only
WHSP sources having a FOM � 1 for six years of IceCube data, it is observable that the
required total flux of this subsample is approximately about a factor of 7 higher than the
sensitivity flux at the optimal position of a single source. Since the total sensitivity flux of
the stacking search increases once more sources are added to the observed blazar samples,
this factor gets even higher for the other subsamples of the 1WHSP catalog. However once
regarding the required flux that each individual source has to provide in the stacking search
in order to fulfill the sensitivity criteria it is visible that for the first subset of the 1WHSP
this value only amounts to approximately 6.7% of the lowest flux value from the single point
source search. Hence the required amount of neutrinos that each source has to provide is
much less in this stacking approach. Since the flux per source decreases with the number
of blazars in the observed subsample the difference to the single search increases even more
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Figure 9.1: Sensitivity and discovery potential of the single Point Source search. The
solid curves represent the discovery potential flux, while the dashed lines illustrate the
sensitivity. The figure was taken from [62].

for the other subsamples. The sensitivity flux per source that was evaluated for the fifth
subsample, meaning the whole 1WHSP blazar set as source hypothesis, amounts only 1.5%
of the best sensitivity from the single all-sky search.

Nevertheless this conclusion has to be handled with care, since a stacking analysis strongly
depends on the input quality of neutrino sources, in the sense that the analysis can only be
successful if the assumed sources are actually neutrino emitters. In the single point source
search instead the whole sky can be scanned for the most significant source position. Hence
it is not dependent on the quality of a certain neutrino source catalog.

In summary it can be recorded that the required sensitivity flux per source in the stacking
approach, is approximately about a factor of 15 to 67 lower than in the single point source
search, whereas the success of this analysis strongly depends on the predicted neutrino output
of the selected blazars. Ultimately it can be noted that the exactly same behavior as for the
sensitivity is also observable for the discovery potential.

9.2 Neutrino Background From Blazars

As mentioned in subsection 8.2.1 blazars have been suggested to be one of the most likely
sources of high energy astrophysical neutrinos. Assuming proton acceleration to very high
energies (⇠ 1016 eV), yields to the production of charged and neutral pions inside the jets.
As a result of the pion decays a flux of high energy photons in the TeV range in addition
to a flux of high energy neutrinos (⇠ PeV) is predicted. Since in this model the neutrino
generation is directly connected to the emission rate of TeV photons, the expected neutrino
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flux can be theoretically estimated by Monte Carlo simulations based on information about
the SED [50].

The theoretical modeling of the neutrino output from blazars was performed in [50], whereas
the principle idea of the Monte Carlo simulation is shortly explained in the following. The
Monte Carlo simulations in this paper characterize the entire �-ray spectrum generated from
BL Lacs, based on a number of specifications including for instance the distribution of the
Doppler factor, a synchrotron model and an accretion disk component. In order to get inform-
ation about the neutrino output an additional hadronic component based on the knowledge
of the SED and the presumed neutrino spectra of a preselected sample of BL Lac blazars is
added to this model. Based on these assumptions the expected observed neutrino flux per
⌫-flavour of a BL Lac object can be derived to be

E⌫ · F⌫(E⌫) =
1

3
· Y⌫�F�(> 10GeV)R1

x
min

x�se�xdx

✓
E⌫

E⌫,p

◆�s+1

exp

✓
� E⌫

E⌫,p

◆
, (9.1)

where F⌫ corresponds to the differential neutrino flux of all flavours and E⌫ to the neutrino
energy. The energy E⌫,p represents the peak energy of the neutrino spectrum which can
be approximated from the values of the observed synchrotron peak frequency, the Doppler
factor and the redshift of the source. Moreover the variable x is defined as x := E⌫/E⌫,p,
whereas xmin can be interpreted as the minimum normalized neutrino energy. The value s
illustrates the power law index of the neutrino spectra which was shown to be approximately
hsi ⇡ �0.35 [50].

The variable Y⌫� is defined as

Y⌫� :=
F⌫

F�(> 10GeV)
, (9.2)

where F⌫,tot corresponds to the total neutrino flux and F�(> 10GeV) to the integrated photon
flux above 10GeV. Hence by construction Y⌫� includes all the information on existence and
strength of the putative photo-pion interactions inside the jets of a BL Lac blazar, meaning
that very small values of Y⌫� (⌧ 1) would indicate the purely leptonic origin for the photon
emission at �-ray energies while values between 0.1-2 would allow the existence of semi-
hadronic emission models in blazars. Finally the factor 1/3 in equation (9.1) arises due to
the fact that the proportion of the three different neutrino flavours reaching the earth is
expected to be uniform due to neutrino oscillations (see subsection 2.2.1) [50].

Looking again at equation (9.1) it is visible that except from the parameter Y⌫� all values are
determined from observations. Hence this variable can be used to test different assumptions
on the model. In case of a semi-hadronic emission model from blazars this value is specified
to Y⌫� = 0.8 as a benchmark. Finally the total neutrino background from all blazars can be
estimated by integrating over these fluxes from all existing blazars [50].

The expected differential neutrino background flux under the assumption of a semi-hadronic
emission model (Y⌫� = 0.8) is displayed in figure 9.2. In order to testify the expected
performance of the 1WHSP stacking analysis the neutrino background flux can be compared
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Figure 9.2: Representation of the differential sensitivity and discovery potential as a
function of the neutrino energy. The fluxes for the blazar subset having a FOM � 1.0
is calculated directly. The differential sensitivity and discovery potential for the whole
1WHSP catalog is estimated by scaling these fluxes with the ratio of the of the particular
total fluxes respectively for the sensitivity and the discovery potential. Moreover the
expected neutrino background from all presumably existing blazars is displayed for Y⌫� =
0.8 and Y⌫� = 0.3 [50].

to the differential discovery potential and sensitivity flux. Both curves are also illustrated in
figure 9.2.

Before trying to interpret this outcome, the meaning and characteristics of the discovery
potential flux should be clarified first. In order to calculate the differential discovery potential
in this stacking analysis the neutrino energy is split into different bins. For each individual
bin separately simulated neutrino events having a true energy in the range of the particular
bin are injected from an E�2 spectrum to the scrambled data sample until the criteria of the
discovery potential are fulfilled (see subsection 6.3.2). From the required number of injected
signal events N one can then calculate the discovery potential flux according to

E2 d3�

dEd⌦dt
=

N

⌧
R
⌦

R E
max

E
min

E�2Aeff (E,⌦)dEd⌦
, (9.3)

where Aeff corresponds to the effective area which represents an energy and zenith depend-
ent measure for the neutrino detection efficiency of the IceCube detector. In case of the
differential flux Emin and Emax illustrate the lower and the upper bound of the energy bin.
According to these observations the differential discovery potential flux in each individual
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bin can be interpreted as the neutrino flux that is required in this energy range in order to
fulfill the discovery potential criteria without the necessity of the existence of any neutrino
flux outside the bin range. Nevertheless this differential flux has to be handled with care
since it is strongly dependent on the size of the binning. Assuming that the number of signal
events N is nearly independent of the bin size it is visible from equation (9.3) that the flux
E2d�/dE decreases once the bin size increases.

Now that the meaning of the calculated differential flux is clarified it can be compared to
the expected neutrino background flux from all blazars. As visible in figure 9.2 the discovery
potential for the blazar subset of the 1WHSP catalog, including only sources with a FOM � 1
is below the neutrino background flux above an neutrino energy of approximately 560TeV.
This observation leads to promising presumption that the WHSP stacking analysis might be
able to discover a statistically significant indication for astrophysical point sources under the
assumption that the theoretically estimated blazar model describes the actual situation.

Nevertheless it must be considered that the neutrino background flux is calculated as the
combined output of all presumable existing blazars. Since the 1WHSP catalog is currently
the largest existing catalog of HSP blazars it can be approached as the entity of all HSP
blazars. However the comparison of the neutrino background flux to the discovery potential
of the first subset of the 1WHSP, only including 103 sources, seems only reasonable if this
subsets contributes the bulk of the neutrino emission of all 1WHSP blazars. Hence it might be
more appropriate to regard the differential discovery potential of the whole 1WHSP catalog.
Since the calculation of this flux was not finished until the end of this thesis, it can only
estimated here by scaling the differential flux of the first subset of the 1WHSP catalog with
the ratio of the particular total fluxes (refer to table 8.4). This result is also illustrated in
figure 9.2. Since this flux is still in the range of the expected neutrino background flux also
in this scenario a neutrino point source discovery might be possible.

Ultimately it can be noted that the detection of neutrinos from blazars would also be a con-
firmation of the semi-hadronic emission model, since no high energy neutrinos are produced
in purely leptonic models.

9.3 Outlook

Until now in this thesis we examined the stacking analysis with the 1WHSP catalog on
blinded IceCube data, meaning that the right ascension value of all events were randomly
chosen from the range between 0 and 2⇡. The sensitivity and the discovery potential of
different subsets of the catalog were determined and ultimately compared to the expected
neutrino background from all blazars, assuming proton acceleration to at least 1016 eV inside
their jets. As mentioned to the previous section this modeled neutrino flux, provided that it
is correct, predicts the discovery of a significant astrophysical neutrino signal resulting from
the WHSP blazars.

Nevertheless so far only predictions about the expected performance of this stacking could
have been made. Consequently the next step will be the inspection of the analysis on the
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real unblinded IceCube data. Not before the evaluation of the stacking on the real data it is
possible to establish any conclusions.

Moreover even in case of not detecting any significant neutrino signal from the 1WHSP
catalog, there are still several scenarios how to go on. Briefly a new, second version of the
WHSP catalog including even more blazar, especially in the region around the galactic plane
will be submitted. Furthermore besides the WHSP blazar samples, another catalog namely
the 2FHL1 exists that can also be tested for the seven years of IceCube data [12].

In addition also a theoretical weighting scheme of all sources in the catalog according to phys-
ical properties of the individual blazars, as mentioned in section 6.2 might be a conceivable
facility in order to improve the behavior of the analysis. Assuming that the neutrino output
of the individual WHSP blazars varies from source to source, the performance of a stacking
analysis could be enhanced by providing each blazar k with a relative theoretical weight W k

according to the amount of its neutrino emission that we expect to see. Since the radiation
of neutrinos in blazars is directly connected to the high energy TeV photon emission (refer to
subsection 7.1.2.1) a plausible weighting scheme could for instance be realized by the use of
the integrated �-ray flux of the blazars. Hence high values of W k, respectively the �-ray flux,
preferentially weight some sources over others, yielding a more realistic physical description
of the neutrino source hypotheses that are used in the stacking analyses. Including these
weights in the calculation of the stacking signal likelihood function (see equation (6.13))
might improve the performance of the analyses.

In summary one can say that the work in this thesis might represent a realistic chance of
discovering neutrino point sources and consequently also confirm the correctness of a lepto-
hadronic emission model in blazars, but for sure provides at least a promising starting point
for further stacking searches.

12FHL: second catalog of hard Fermi Large Area Telescope (Fermi-LAT) sources
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