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Abstract

Two analyses with the IceCube Neutrino Telescope are presented. A search
for cosmic-ray induced neutrino emission in the Galactic plane is performed.
The sensitivity of this analysis for the KRAγ model is about a factor two
better than the one of the latest published IceCube analysis. Furthermore,
a search for muon neutrinos from the direction of the extra-galactic object
1ES 1959+650 is presented. The source was very active in gamma rays in
spring 2016. No evidence for neutrino emission is found.
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Zusammenfassung

Zwei Analysen mit dem IceCube-Neutrinoteleskop werden präsentiert. Eine
Suche nach durch kosmische Strahlen induzierte Neutrinoemission in der Ga-
laktischen Ebene wurde durgeführt. Die Sensitivität dieser Analyse für das
KRAγ-Model ist ungefähr um einen Faktor zwei besser als die der neusten
veröffentlichen IceCube-Analyse. Desweiteren wird eine Suche nach Myonneu-
trinos aus der Richtung des extragalaktischen Objekts 1ES 1959+650 präsen-
tiert. Die Quelle wies eine erhöhte Aktivität in Gammastrahlung im Früh-
ling 2016 auf. Kein Hinweis auf Neutrinoemission wurde gefunden.

iv



Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 Leptons from the Atmosphere at TeV Energies . . . . . . . . 5
2.1 Cosmic Rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Production of Mesons in Cosmic-Ray Air Showers . . . . . . . . 10
2.3 Atmospheric Leptons from Meson Decays . . . . . . . . . . . . 14

3 Extra-Terrestrial Neutrinos above TeV Energies . . . . . . . . 19
3.1 Current Interpretation of the IceCube Neutrino Flux . . . . . . 19
3.2 Cosmic-Ray Induced Neutrinos from the Galaxy . . . . . . . . . 22
3.3 Extra-Galactic Source Candidate 1ES 1959+650 . . . . . . . . . 27

4 The IceCube Neutrino Observatory . . . . . . . . . . . . . . . . 31
4.1 In-Ice Neutrino Detection . . . . . . . . . . . . . . . . . . . . . 32
4.2 Event Topologies . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.3 Data Acquisition, Processing, and Filtering . . . . . . . . . . . 38
4.4 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5 Event Reconstructions . . . . . . . . . . . . . . . . . . . . . . . . 43
5.1 First-Guess Algorithms . . . . . . . . . . . . . . . . . . . . . . . 43
5.2 Directional Reconstructions . . . . . . . . . . . . . . . . . . . . 44
5.3 Energy Reconstructions . . . . . . . . . . . . . . . . . . . . . . 47
5.4 Gulliver Framework . . . . . . . . . . . . . . . . . . . . . . . . . 49

6 Event Selections . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6.1 Medium-Energy Starting Events . . . . . . . . . . . . . . . . . 51

6.1.1 Clean-Up Cuts . . . . . . . . . . . . . . . . . . . . . . . 53
6.1.2 Outer-Layer Veto . . . . . . . . . . . . . . . . . . . . . . 53

v



6.1.3 Inner Track Veto . . . . . . . . . . . . . . . . . . . . . . 54
6.1.4 Fiducial Volume Scaling . . . . . . . . . . . . . . . . . . 55
6.1.5 Event Topology Discrimination . . . . . . . . . . . . . . 56

6.2 Through-Going Muon Tracks . . . . . . . . . . . . . . . . . . . 57
6.2.1 Muon Level 3 . . . . . . . . . . . . . . . . . . . . . . . . 57
6.2.2 Neutrino Level Selection . . . . . . . . . . . . . . . . . . 59

6.3 Vetoing Atmospheric Neutrinos . . . . . . . . . . . . . . . . . . 60
6.3.1 Correlated Atmospheric Neutrino Self-Veto . . . . . . . 60
6.3.2 Uncorrelated Atmospheric Neutrino Self-Veto . . . . . . 61

7 Search for Neutrino Emission in the Galactic Plane . . . . . 63
7.1 Fit Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

7.1.1 Lepton Flux Templates . . . . . . . . . . . . . . . . . . 65
7.1.2 Re-Sampling in Right Ascension . . . . . . . . . . . . . 69
7.1.3 Fit Parameters . . . . . . . . . . . . . . . . . . . . . . . 69

7.2 Likelihood-Ratio Test . . . . . . . . . . . . . . . . . . . . . . . 73
7.3 Sensitivity and Discovery Potential . . . . . . . . . . . . . . . . 73
7.4 Additional Tests based on the Goodness-of-Fit . . . . . . . . . 80
7.5 Unblinding Status . . . . . . . . . . . . . . . . . . . . . . . . . 82

8 Search for Neutrino Emission from 1ES 1959+650 . . . . . . 87
8.1 Analysis Method . . . . . . . . . . . . . . . . . . . . . . . . . . 87
8.2 Angular Uncertainty Estimation . . . . . . . . . . . . . . . . . 89
8.3 Sensitivity and Discovery Potential . . . . . . . . . . . . . . . . 91
8.4 Unblinding Results . . . . . . . . . . . . . . . . . . . . . . . . . 94

9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

A Expected Number of Events . . . . . . . . . . . . . . . . . . . . 101

B POCAM Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . 103

Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

vi



List of Figures

2.1 Cosmic-ray proton and all-particle energy spectra . . . . . . . . 6
2.2 Cosmic-ray elemental energy spectra . . . . . . . . . . . . . . . 8
2.3 H3a and H4a models . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Cosmic-ray air shower . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 Slant depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.6 Atmospheric lepton fluxes versus energy . . . . . . . . . . . . . 16
2.7 Atmospheric neutrino fluxes versus cosine zenith angle . . . . . 17
2.8 Uncertainties in atmospheric neutrino fluxes . . . . . . . . . . . 18

3.1 Astrophysical neutrino flux measurements with IceCube . . . . 20
3.2 IceCube energy and sine declination distribution . . . . . . . . 21
3.3 Galactic neutrino flux in Galactic coordinates . . . . . . . . . . 25
3.4 Galactic neutrino flux versus energy . . . . . . . . . . . . . . . 27
3.5 Spectral energy distribution of 1ES 1959+650 . . . . . . . . . . 28
3.6 Flaring phase of 1ES 1959+650 in spring 2016 . . . . . . . . . . 29

4.1 IceCube Neutrino Observatory . . . . . . . . . . . . . . . . . . 31
4.2 Neutrino cross sections . . . . . . . . . . . . . . . . . . . . . . . 33
4.3 Cherenkov effect . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.4 Optical properties of South Pole ice . . . . . . . . . . . . . . . . 35
4.5 Event topologies . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.6 Trigger rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.1 Time residual . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2 Median angular resolution . . . . . . . . . . . . . . . . . . . . . 46
5.3 Median energy resolution . . . . . . . . . . . . . . . . . . . . . 48
5.4 Gulliver components . . . . . . . . . . . . . . . . . . . . . . . . 49

6.1 Neutrino effective area of MESE selection . . . . . . . . . . . . 52
6.2 MESE outer-layer veto . . . . . . . . . . . . . . . . . . . . . . . 54
6.3 MESE fiducial volume scaling . . . . . . . . . . . . . . . . . . . 56
6.4 Neutrino effective area of through-going muon track selection . 59
6.5 Atmospheric neutrino self-veto . . . . . . . . . . . . . . . . . . 60

vii



6.6 Passing fraction of atmospheric neutrino self-veto . . . . . . . . 62

7.1 Energy distributions of lepton flux templates . . . . . . . . . . 67
7.2 Arrival direction distributions of lepton flux templates . . . . . 68
7.3 Fit parameter primary cosmic-ray spectral index . . . . . . . . 70
7.4 Fit parameter kaon fraction . . . . . . . . . . . . . . . . . . . . 71
7.5 Fit parameter hole ice model . . . . . . . . . . . . . . . . . . . 72
7.6 Test statistic distribution . . . . . . . . . . . . . . . . . . . . . 74
7.7 Sensitivity and discovery potential . . . . . . . . . . . . . . . . 75
7.8 Effect of hole ice . . . . . . . . . . . . . . . . . . . . . . . . . . 76
7.9 Comparison to published IceCube results . . . . . . . . . . . . . 77
7.10 Test statistic distribution along analysis bins . . . . . . . . . . 78
7.11 Asimov sensitivity and discovery potential . . . . . . . . . . . . 79
7.12 Expected correlation between fit parameters . . . . . . . . . . . 81
7.13 Expected data/MC agreement under the null-hypothesis . . . . 83
7.14 Unblinding status, open questions . . . . . . . . . . . . . . . . . 85

8.1 Spatial PDF and energy weighting . . . . . . . . . . . . . . . . 88
8.2 Pull correction . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
8.3 Test statistic distribution . . . . . . . . . . . . . . . . . . . . . 92
8.4 Sensitivity and discovery potential . . . . . . . . . . . . . . . . 93
8.5 Comparison to other follow-up analyses . . . . . . . . . . . . . 95
8.6 Unblinding results . . . . . . . . . . . . . . . . . . . . . . . . . 96

B.1 POCAM light emission . . . . . . . . . . . . . . . . . . . . . . . 105

viii



List of Tables

6.1 MESE event topology discrimination efficiency . . . . . . . . . 57

7.1 Lepton flux templates . . . . . . . . . . . . . . . . . . . . . . . 64
7.2 Sensitivity and discovery potential . . . . . . . . . . . . . . . . 75

8.1 Sensitivity and discovery potential . . . . . . . . . . . . . . . . 94

A.1 Expected number of events for the H2 model . . . . . . . . . . 102
A.2 Expected number of events for the H3 model . . . . . . . . . . 102

B.1 POCAM configurations . . . . . . . . . . . . . . . . . . . . . . 104

ix





1 Introduction

With the discovery of the first high-energy neutrinos of extra-terrestrial origin
with the IceCube Neutrino Telescope, a new window to the Universe was
opened. The main questions are: at which sites in the Universe are they
produced; and do they tell us something about the origin of cosmic rays?

One would expect to measure a growing deviation from isotropy in the
arrival direction of astrophysical neutrinos with increasing statistics, before
distinct neutrino sources start to emerge. One of the most promising reasons
for such an anisotropy is the Galaxy. It is already known that cosmic rays
interact with the gas contained in the interstellar medium and produce neutral
pions that decay into gamma rays, which are subsequently detected by gamma-
ray telescopes. Consequently, there should also be charged pions that decay
into neutrinos. This diffuse neutrino flux is often referred to in the literature
as the guaranteed neutrino flux of Galactic origin [1]. On the other hand,
there was a consensus that this neutrino flux is probably too small to be
detected by existing neutrino telescopes, which are mostly sensitive above
TeV energies. However, new charged cosmic-ray and gamma-ray data and
new developments in the models of cosmic-ray propagation suggest that the
diffuse neutrino emission could be much stronger than previously expected,
especially in the inner Galaxy [2].

In this thesis, two analyses used to search for Galactic and extra-galactic
neutrino emission with the IceCube neutrino detector are presented. The first
analysis is a binned forward-folding likelihood fit using templates. It tries to
answer the question if the astrophysical neutrino flux measured by IceCube is
partly of Galactic origin. It searches for cosmic-ray induced neutrino emission
in the Galactic plane with seven years of all-sky all-favors neutrino events
that interact inside the detector. The second analysis searches for neutrino
emission from the extra-galactic neutrino source candidate 1ES 1959+650,
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while the source showed strongly increased activity in gamma rays in spring
2016, which lasted for about three months. For this analysis, neutrino-induced
muons are used, which pass the entire detector volume. In the following, the
structure of this thesis is outlined.

Chapter 2 In this chapter, the main backgrounds for the search of neutrinos
of extra-terrestrial origin are introduced. These are neutrinos and muons
produced in particle showers evolving in the Earth’s atmosphere. Such
air showers are induced by cosmic rays interacting with the nucleons of
the Earth’s atmosphere.

Chapter 3 This chapter is dedicated to neutrinos of extra-terrestrial origin
with energies above 1 TeV. The latest IceCube measurements and inter-
pretations of the astrophysical neutrino flux are presented. Moreover,
cosmic-ray propagation in the Galaxy is briefly discussed in the context
of cosmic-ray induced neutrino emission in the Galactic plane, and the
Galactic neutrino flux models are introduced that are used in this thesis.
The last part of this chapter focuses on the extra-galactic neutrino point
source candidate 1ES 1959+650.

Chapter 4 In this chapter, the IceCube Neutrino Telescope is introduced. It
is explained how neutrino detection in the deep ice at the Geographic
South Pole works; how data is acquired, processed, and transfered from
the South Pole; and how the detector is calibrated.

Chapter 5 In this chapter, it is explained how the events’ direction and en-
ergy are reconstructed. Furthermore, the software framework for re-
constructions in IceCube is presented and the author’s work inside the
software group is emphasized.

Chapter 6 In this chapter, the selections of neutrino events with interaction
vertices inside the fiducial volume of the detector and of neutrino-induced
muon events that pass the entire detector are presented, which are used
for the search for cosmic-ray induced neutrino emission in the Galactic
plane and for neutrino emission from 1ES 1959+650 during its spring
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2016 flaring phase, respectively. Close attention is given to the atmo-
spheric neutrino self-veto capabilities of the first selection, which is of
particular importance for the search of astrophysical neutrinos in the
southern sky with IceCube.

Chapter 7 This chapter is dedicated to the search for cosmic-ray induced
neutrino emission in the Galactic plane. The analysis method is dis-
cussed; sensitivities and discovery potentials for the used Galactic neu-
trino flux models are presented; and the unblinding status is outlined.

Chapter 8 This chapter focuses on the second analysis presented in this the-
sis. The search method for neutrino emission from 1ES 1959+650 is
explained; the sensitivity and discovery potential are discussed; and the
unblinding results are presented.

The thesis is concluded in Chapter 9. Supplementary information are given
in the appendix, e.g. the index of frequently used abbreviations and terms on
page 107.
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2 Leptons from the Atmosphere at TeV Energies

Before focusing on the searches for neutrinos of extra-terrestrial origin, atmo-
spheric neutrinos and muons, produced in cosmic-ray air showers, are intro-
duced, which are the dominant backgrounds in these searches.

2.1 Cosmic Rays

Cosmic rays are ionized particles that are accelerated at yet unknown sites in
and outside of the Galaxy; most cosmic rays have to be of Galactic origin [3].
Protons are the most abundant nuclei in cosmic rays, followed by helium; the
rest are heavier nuclei. Due to deflection in astrophysical magnetic fields,
cosmic rays reach Earth almost isotropically [4].
Fig. 2.1 shows the cosmic-ray proton spectrum, measured by the space-

borne experiment AMS-02 and the balloon experiment CREAM up to ener-
gies of about 100 TeV, and the cosmic-ray all-particle spectrum, measured by
surface detectors like IceTop or the Pierre Auger Observatory [5–8]. The en-
ergy spectrum spans from roughly 1 GeV to 1011 GeV. Above this energy, the
cosmic-ray flux cuts off. The energy spectrum is almost featureless and up to
PeV energies well-described by a single power law,

Φ ≡ d4N

dE dAdΩ dt
∝ E−γ , (2.1)

with a spectral index of γ = 2.7 [4]. Eq. (2.1) gives the differential cosmic-ray
flux Φ, defined as the number of particles N per energy interval dE, area dA,
solid angle dΩ, and time interval dt. There are two transition regions in
the cosmic-ray energy spectrum where the spectral slope changes: it steepens
above the knee at about 3 PeV and softens again above the ankle at about
3 EeV; see the bottom plots shown in Fig. 2.1. It is assumed that Galactic
cosmic-ray acceleration approaches its limit in the knee region, which is sup-
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Figure 2.1: Cosmic-ray proton and all-particle energy spectra. Only statistical
uncertainties are shown. Data is taken from [5–7, 9–16]. The solid
black line shows the prediction of the H4a model [17].
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ported by measurements with the KASCADE detector [12]; the data indicates
that the transition is associated to a Peter cycle,

Ec = A× EN,c = Ze× ρc, (2.2)

meaning that, if there is a characteristic rigidity ρc above which the accelera-
tion approaches its limit, the transition energy per nucleus Ec should depend
linearly on its mass number A, where EN is the energy per nucleon [18].
The magnetic rigidity ρ = pc/Ze is the ratio of total energy E = pc over
charge q = Ze; it is the relevant quantity for describing both acceleration and
propagation of charged relativistic particles in magnetic fields. The ankle is
often associated to the emergence of a cosmic-ray population of extra-galactic
origin. Recently, the Pierre Auger Collaboration reported on the discovery
of an anisotropy in the arrival direction of cosmic rays with energies above
8 EeV, which indicates that these are of extra-galactic origin [19]. The cut-
off at 1020 eV is usually either explained by the GZK effect: energy loss due
to photo-pion production in cosmic-ray proton interactions with photons of
the cosmic microwave background during propagation [20, 21]; or due to the
maximum acceleration efficiency of extra-galactic sources [22]. Measurements
of the cosmic-ray composition at these energies are needed to understand the
origin of the cutoff. In order to observe the GZK cutoff, a light composition
dominated by protons is required.

The composition of cosmic rays is measured directly up to PeV energies
with space-borne and balloon experiments; Fig. 2.2 shows the energy spec-
tra of several primary cosmic-ray elements. Primary cosmic-ray elements are
presumably produced at the acceleration site; secondary elements are created
during propagation due to spallation. The energy spectra of the heavier el-
ements C, O, Ne, Mg, Si, and Fe follow power laws with similar spectral
slopes and the flux ratios between the elements stay rather constant [32]. For
proton and helium, the PAMELA experiment observes a hardening of the
proton and helium spectra above 250 GeV per nucleon [23]; see the top plots
shown in Fig. 2.2. The CREAM experiment has also reported evidence for
a similar hardening of the heavier elements above 200 GeV per nucleon [34].
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Figure 2.3: Cosmic-ray all-particle energy spectrum predicted by the H3a
model (dashed line) and the H4a model (solid line) [17]. More
explanations can be found in the text.

The spectral hardening is not described by the standard model of cosmic-ray
acceleration and propagation in the Galaxy; see Chapter 3 for more details.
The steep-falling cosmic-ray flux and the limited detection area of space-borne
and balloon experiments prohibit direct measurements of the cosmic-ray com-
position at higher energies. Surface detectors on the other hand detect the
secondary particles produced in interactions of cosmic rays with the Earth’s
atmosphere, which carry only limited information about the primary incoming
particle. They rely on Monte Carlo (MC) simulations and composition models
to unfold the measured cosmic-ray flux.

Models of the cosmic-ray energy spectrum that are used throughout this
thesis are the H3a and H4a models [17]; see Fig. 2.3. These models follow
the assumption of Hillas that there are three cosmic-ray populations: cosmic
rays accelerated in supernova remnants, a high-energy Galactic population of
unknown origin, and a population of extra-galactic origin [35]. The cosmic-
ray energy spectrum is parameterized as the sum of three power laws with
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exponential cutoffs at characteristic rigidities. Each power law corresponds to
one of the three cosmic-ray populations. The normalizations, spectral indices,
and characteristic rigidities of the parametrization are obtained from the mea-
surements of CREAM, grouped into the five components H, He, CNO, Mg-Si,
and Mn-Fe, and extrapolated to higher energies in a way that is consistent
with the surface detector measurements of the cosmic-ray all-particle energy
spectrum. The composition of the third cosmic-ray population is assumed to
be mixed or protons only for H3a and H4a, respectively.

2.2 Production of Mesons in Cosmic-Ray Air Showers

A cosmic-ray air shower describes a cascade of secondary particles evolving in
the Earth’s atmosphere, initialized by the primary interaction of a cosmic ray
with an air nucleus. A cosmic-ray air shower consists of three components: the
hadronic component, the muonic component, and the electromagnetic compo-
nent. The primary nucleons and secondary hadrons drive the cosmic-ray air
shower. Decays of low-energy hadrons like pions and kaons feed the muonic
component. Electromagnetic sub-showers are induced by the decay of neutral
pions and eta particles into photons, followed by the alternating production of
electron-positron pairs and bremsstrahlung. A simplified view on the evolution
of a cosmic-ray air shower in the atmosphere is depicted in Fig. 2.4. Detailed
simulations of the evolution are obtained with COsmic Ray SImulations for
KAscade (CORSIKA), which tracks particles through the atmosphere until
they undergo interactions with the air nuclei, decay, or reach the ground [36].
Hadronic interactions are simulated based on phenomenological particle pro-
duction models that were fitted to accelerator data and extrapolated up to high
energy, e.g. SIBYLL 2.3c [37]. Alternatively, the evolution can be described
by coupled cascade equations. The cascade equations are of the form

dΦi(Ei, X)

dX
=− Φi(Ei, X)

λi
− Φi(Ei, X)

di

+

J∑
j=i

∞∫
E

Yji(Ei, Ej)

Ei

Φj(Ej , X)

λj
dEj ,

(2.3)
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Figure 2.4: Simplified sketch of the evolution of a cosmic-ray air shower in the
atmosphere and muon and neutrino production at TeV energies
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Figure 2.5: Definition of slant depth X and vertical slant depth Xv at an
altitude h and a distance l along the shown trajectory. The Earth’s
curvature is ignored, which is a valid approximation for ϑ < 65◦.

neglecting energy losses [4]; Φi(Ei, X) dEi is the flux of particles of type i with
energies between E and E + dE at slant depth

X =

∞∫
l

ρ
(
h
(
l′
))

dl′ . (2.4)

The slant depth depends on the density ρ of the Earth’s atmosphere, as illus-
trated in Fig. 2.5. For an isothermal atmosphere, the density is given by

ρ = −dXv

dh
=
Xv

h0
=
X cos(ϑ)

h0
, (2.5)

with a scale height of h0 ≈ 6.4 km [4]. The probabilities that a particle of
type j interacts or decays while traversing the slant depth interval dX are
given by dX/λj and dX/dj , respectively. They depend on the interaction
length

λj =
Amp

σair
j

, (2.6)

and the decay length

dj = ργcτj . (2.7)
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The interaction length depends on the mean mass number A of nuclei in the
atmosphere, the proton mass mp, and the particle-air cross section σair

j . The
decay length depends on the atmosphere’s density ρ, the Lorentz factor γ, the
vacuum speed of light c, and the particle’s rest lifetime τj . The term

Yji(Ei, Ej) ≡ Ei
1

σair
j

dσj air→i
dEi

= Ei
dni(Ei, Ej)

dEi
(2.8)

gives the dimensionless particle yield from the collision of a particle of type j
and energy Ej with an air nucleus producing a particle of type i and energy
Ei < Ej . It depends on the differential inclusive cross section dσj air→i/dEi ,
integrated over transverse momentum, which can be expressed as the number
of particles dni produced on average per collision in the energy bin of width dEi

around Ei. For a basic understanding of the production of muons and neutri-
nos in cosmic-ray air showers, which is described in Section 2.3, it is sufficient
to study the pion-nucleon and kaon-nucleon sectors, ignoring nucleon-anti-
nucleon production, pion-kaon coupling, and the coupling to other channels [4].
The solutions are of the same form for charged pions and kaons and thus only
exemplary shown for charged pions (π− + π+). At high energy, pion decay
can be neglected and Eq. (2.3) is solved by

Φπ(E,X) = Φ0(E)
ZNπ

1− ZNN
Λπ

Λπ − ΛN

(
e−X/Λπ − e−X/ΛN

)
, (2.9)

where the attenuation length

Λi ≡ λi/(1− Zii) (2.10)

and the spectrum-weighted moments

Zji ≡
1∫

0

xα−1
L Yji(xL) dxL (2.11)

are introduced [4]. The primary cosmic-ray spectrum Φ0(E) ≡ Φ(E,X = 0)

is assumed to follow a power law with a spectral index of γ = α + 1. The
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interaction length and the particle yields are approximated to be constant and
to scale, respectively. Scaling means that the particle yields depend only on
the energy ratio xL of the outgoing and incoming particle. At low energy,
where pion decay matters, the solution of Eq. (2.3) is given by

Φπ(E,X) = Φ0(E)
ZNπ
λN

EX cos(ϑ)

επ
e−X/ΛN , (2.12)

where the decay length enters as

dπ =
EX cos(ϑ)

επ
, (2.13)

which depends on the characteristic energy for charged pions επ [4]. For a fixed
zenith angle ϑ, the characteristic energy describes the energy below which
decay dominates. The values for charged pions and kaons are επ ≈ 115 GeV

and εK ≈ 850 GeV, respectively [4].

2.3 Atmospheric Leptons from Meson Decays

Atmospheric lepton fluxes are divided into a conventional and a prompt com-
ponent. The conventional component refers to the leptons from the decays of
kaons and charged pions. Prompt leptons are produced in the decays of both
mesons containing charm quarks and unflavored mesons. This component has
not been observed yet. The differential flux of atmospheric leptons at slant
depth X can be calculated from

Φi(Ei, X) =

X∫
0

Pi
(
Ei, X

′) dX ′ , (2.14)

where

Pi(E,X) =
∑
j

Emax∫
Emin

dni(E,E
′)

dE
Dj
(
E′, X

)
dE′ (2.15)
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is the production spectrum of secondaries of type i [4]. The production spec-
trum depends on the inclusive spectrum dni/dE of secondaries i from the de-
cay of particles j with energy E′ and on the decaying particles’ spectrum Dj ,
e.g., Dπ = Φπ(E,X)/dπ for charged pions. Conventional atmospheric muon
neutrinos are produced in two-body decays of charged pions and kaons with
branching ratios of BRπν ≈ 100.0 % and BRKν ≈ 64 %, respectively [38]. For
a relativistic unpolarized meson, which decays via j → νµ, follows

dnν
dEν

=
dnµ
dEµ

=
1

1− rj
1

E′
(2.16)

and

0 ≤ Eν ≤ (1− rj)E′, (2.17)

where rj is the ratio of muon mass squared over meson mass squared [4]. The
interpolation of the high and low-energy approximation of Eq. (2.14), obtained
from Eq. (2.9) and Eq. (2.12), respectively, and the corresponding equations
for charged kaons, yields the conventional muon plus anti-muon neutrino flux
at ground [4]

Φνµ+ν̄µ(Eν) ' Φ0(Eν)
∑

j∈{π,K}

Ajν
1 +Bjν cos(ϑ)Eν/εj

, (2.18)

where

Ajν ≡
ZNjBRjνZjν

1− ZNN
=
ZNjBRjν

1− ZNN
(1− rj)α+1

(1− rj)(α+ 1)
, (2.19)

and

Bjν ≡
α+ 2

α+ 1

1

1− rj
Λj − ΛN

Λj log(Λj/ΛN )
. (2.20)

The equivalent solution for the conventional atmospheric muons from the decay
j → νµ is obtained from Eq. (2.14) by using the integration limits Emin = Eµ

and Emax = Eµ/rj . The solution for conventional electron neutrinos is of the
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Figure 2.6: Atmospheric lepton fluxes versus energy for a zenith angle of 60◦.
The fluxes in the bottom plot are normalized to the muon plus
anti-muon neutrino flux.
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Figure 2.7: Atmospheric neutrino fluxes versus cosine zenith angle for two dif-
ferent neutrino energies.

same form as Eq. (2.18). Fig. 2.6 and Fig. 2.7 show the atmospheric lepton
fluxes versus energy for a zenith angle of 60◦ and versus cosine zenith angle
for two reference energies between 1 TeV and 100 TeV, respectively. Here, the
coordinate system is centered at the Geographic South Pole. The fluxes are
estimated with Matrix Cascade Equation (MCEq), which numerically solves
Eq. (2.3) in a matrix form [39]; H3a and SIBYLL 2.3c are used as the primary
cosmic-ray spectrum and the hadronic interaction model, respectively. The
Earth’s atmosphere is modeled empirically based on [40]. At TeV energies,
π±, K± and K0

L decays are the dominant sources of atmospheric muons, at-
mospheric muon neutrinos, and atmospheric electron neutrinos, respectively;
the decay channels are listed in Fig. 2.4. The energy spectra of conventional
atmospheric leptons are steeper than the primary cosmic-ray spectrum; the
decay length is proportional to E−1 while the interaction length changes only
slowly with energy. The conventional atmospheric lepton fluxes peak at the
horizon, which is reflected by the cos−1(ϑ) dependence in Eq. (2.18); hori-
zontal mesons have longer path lengths and thus more time to decay. The
conventional atmospheric electron neutrino flux is about one order of magni-
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Figure 2.8: Dependency of the all-flavor atmospheric neutrino fluxes on the pri-
mary cosmic-ray spectrum and the hadronic interaction model [17,
37, 43–46]. The fluxes are averaged over the entire sky.

tude lower than the conventional atmospheric muon neutrino flux. Prompt
leptons on the other hand have energy spectra that are closer to the primary
cosmic-ray energy spectrum and a flat cosine zenith angle distribution due to
the short lifetimes of charmed mesons; they decay quasi-instantaneous. Con-
sequently, prompt atmospheric leptons should dominate the total atmospheric
lepton fluxes at higher energies and for near-vertical directions. Moreover,
prompt atmospheric electron and muon neutrino fluxes are almost equal and
the prompt component is the only atmospheric source of tau neutrinos.
In this thesis, the conventional and prompt atmospheric neutrino flux models

HKKMS06 and ERS are used, respectively [41, 42]. The conventional neutrino
flux model is extended to higher energies based on the analytic approximation
described before. Additionally, both models are re-weighted with respect to
the primary cosmic-ray model H3a in order to account for the cosmic-ray
knee. The final energy spectrum is shown in Fig 2.8, compared to the fluxes
obtained from MCEq, using different primary cosmic-ray flux and hadronic
interaction models, which illustrates the main sources of uncertainties in the
flux determination.
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3 Extra-Terrestrial Neutrinos above TeV Energies

This chapter gives an overview of the different measurements of neutrinos of
extra-terrestrial origin with IceCube and introduces the potential astrophysical
sources of neutrino emission that motivate the analyses presented in this thesis.

3.1 Current Interpretation of the IceCube Neutrino Flux

IceCube is a deep in-ice neutrino telescope located at the Geographic South
Pole; a detailed introduction is given in Chapter 4. IceCube observes neutrinos
of both atmospheric and extra-terrestrial origin using different event topologies
in the detector. The first discovery of a diffuse astrophysical neutrino flux was
made with high-energy events whose interaction vertices are well-contained
within the detector’s fiducial volume: high-energy starting events (HESE) [47,
48]. An isotropic unbroken power-law fit to six years of data yields a differential
per-flavor neutrino plus anti-neutrino flux of

Φν+ν̄(Eν) = c0 × 10−18 GeV−1 cm−2 sr−1 s−1

(
Eν

100 TeV

)−γ
(3.1)

between 60 TeV and 10 PeV, where

c0 = 2.46± 0.08 (3.2)

and

γ = 2.92+0.29
−0.33, (3.3)

assuming a neutrino flavor ratio of 1:1:1 [49]. The discovery is confirmed by
an independent analysis that selects through-going muon tracks arriving from
the northern sky and thus observed as up-going events [50]. The analysis
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Figure 3.1: Left: confidence level contours in astrophysical per-flavor neutrino
flux normalization Φ0 and power-law index γ based on isotropic
unbroken power-law fits to six years of HESE and to eight years of
through-going muon tracks, respectively [49, 51]. Right: unfolded
astrophysical per-flavor neutrino flux based on HESE compared to
the best-fit astrophysical muon neutrino flux obtained with tracks
and to the atmospheric muon neutrino flux predictions described
in Section 2.3. The shown fluxes are neutrino plus anti-neutrino
fluxes.

is sensitive to astrophysical muon neutrinos with energies above 100 TeV. A
best-fit differential muon plus anti-muon neutrino flux normalization of

c0 = 1.01+0.26
−0.23 (3.4)

and a spectral index of

γ = 2.19± 0.10 (3.5)

are obtained between 120 TeV and 4.8 PeV, based on eight years of data [51].
Moreover, an upper limit on the not-yet observed prompt atmospheric neu-
trino flux of 1.06 times ERS is reported [50]. Fig. 3.1 shows a comparison
of the two independent astrophysical neutrino flux measurements. They are
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fit MC flux templates for atmospheric leptons and astrophysical
neutrinos (isotropic unbroken power law) of the performed binned
forward-folding likelihood fit are shown color-coded and stacked;
the prompt atmospheric neutrino flux is fitted to zero. The fit
method is described in Chapter 7.

consistent above 200 TeV; a tension is however visible if both event samples
are tried to be described with a single isotropic unbroken power law over the
entire energy range. The tension’s cause is not-yet resolved; partly because
the astrophysical neutrino flux at lower energies is difficult to measure with
through-going muon tracks due to the overwhelming atmospheric neutrino
background. Analyses based on starting events do not suffer this limitation
because of their atmospheric neutrino veto capabilities; more details are given
in Chapter 6, where the aforementioned event selections and the atmospheric
neutrino veto are introduced. Fig. 3.2 shows the energy spectrum in the south-
ern sky and the sine declination distribution above 25 TeV measured with two
years of medium-energy starting events (MESE); this sample is based on an
extension of the high-energy selection to neutrino energies between 1 TeV to
10 TeV [52]. There is an excess of experimental data observed around 30 TeV
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and a declination of 30◦ (Galactic Center region) that is not well-described by
the performed binned forward-folding likelihood fit, including only a single as-
trophysical neutrino flux template based on an isotropic unbroken power law.
The excess is still consistent with a statistical fluctuation [52], but could indi-
cate the emergence of a second astrophysical neutrino flux component, which
could help to explain the tension between the starting event and through-going
muon track results. In this thesis, neutrino emission in the Galactic plane is
discussed as a candidate for a second astrophysical neutrino flux component;
see Section 3.2. However, neither a clustering in the neutrino arrival directions
nor a correlation with the Galactic plane has been observed so far, neither with
starting events nor with through-going muon tracks [49, 53–55].

3.2 Cosmic-Ray Induced Neutrinos from the Galaxy

Gamma rays and neutrinos are produced in the Galaxy via the decay of neu-
tral and charged pions, respectively, which are created in interactions of cosmic
rays with the gas in the interstellar medium. Diffuse gamma-ray emission in
the Galactic plane accounts for instance for the majority of all gamma rays de-
tected by the Fermi Large Area Telescope (Fermi-LAT) [56, 57]. Cosmic-ray
induced gamma-ray and neutrino emission depends on the cosmic-ray trans-
port in the Galaxy, which is of the form

∂ψi(~r, p, t)

∂t
= q(~r, p, t)− 1

τf
ψi −

1

τr
ψi +∇ ·

(
Dxx∇ψi − ~Vψi

)
+

∂

∂p
p2Dpp

∂

∂p

1

p2
ψi −

∂

∂p

[
ṗψi −

p

3

(
∇ · ~V

)
ψi

]
,

(3.6)

where ψi(~r, p, t) is the density per total momentum p at position ~r of cosmic-
ray particles of type i [58]. Sources of cosmic rays are described by q(~r, p, t),
including the distribution and energy spectra of accelerators of primary cosmic
rays and the production of secondary cosmic rays due to spallation and decay;
τf and τr are the time scales for loss by fragmentation and decay, respectively.
The spallation part depends on the corresponding cross sections and the den-
sity of gas in the Galaxy. Cosmic rays diffuse in the magneto-hydrodynamic

22



fluid that is formed by the ionized gas in the Galaxy and the Galactic magnetic
field due to scattering on random magneto-hydrodynamic waves and discon-
tinuities; the diffusion is described by the spatial diffusion coefficient Dxx.
In addition, the scattering leads to stochastic re-acceleration of the cosmic-
ray particles, which is incorporated via diffusion in momentum space with a
diffusion coefficient Dpp. Besides diffusion, the transport of cosmic rays via
convection in Galactic winds with velocity ~V, which can be cosmic-ray driven,
could be important [59, 60]. The momentum loss rate is given by ṗ ≡ dp/dt

and adiabatic momentum loss via convection, as the wind velocity increases
away from the Galactic disk, is described by the term∇· ~V. In this thesis, two
different models for neutrino emission in the Galactic plane are used, which
are described in the following.

Fermi-LAT Model

In [61], Fermi-LAT observations of diffuse gamma-ray emission are modeled
with GALPROP1, which numerically solves Eq. (3.6) on a spatial grid and a
grid in momentum; the equation’s time dependence is followed until a steady
state is reached. The spatial diffusion coefficient is approximated as

Dxx(ρ) = βD0

(
ρ

ρ0

)δ
, (3.7)

where β = v/c is the particle velocity v in units of vacuum speed of light c [62];
the factor results from the random walk the cosmic rays perform during prop-
agation. In case of re-acceleration, the spatial and momentum diffusion coef-
ficients are related via

DppDxx =
4p2v2

A

3δ(4− δ2)(4− δ)
, (3.8)

where vA is the Alfvén velocity magneto-hydrodynamic waves travel with [63].
For the Fermi-LAT reference model SS Z4 R20 T150 C5, a cylindrical geometry
is configured with a radius of R = 20 kpc and a height of z = ±4 kpc; the

1https://galprop.stanford.edu/
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coordinate system’s origin coincides with the Galactic Center. The diffusion
coefficient D0 at the reference rigidity ρ0 and the Alfvén velocity are con-
strained by the locally observed cosmic-ray boron-to-carbon ratio, assuming a
scaling of δ = 1/3, which refers to a so-called Kolmogorov spectrum [58, 64];
cosmic-ray transport via convection is neglected. Supernova remnants are as-
sumed to be the sources of primary cosmic rays and the source distribution S
is taken from the parametrization described in [65]. The remaining two pa-
rameters, T and C, are related to the methods for obtaining the distribution
of interstellar gas; only hydrogen and helium are taken into account and the
helium distribution is assumed to follow the hydrogen distribution [61].
For this thesis, a model for Galactic neutrino emission is constructed by the

author of this thesis by taking the neutral pion decay gamma-ray component,
based on [66], from the Fermi-LAT reference model as a tracer for charged
pion decays. Instead of estimating the neutrino flux from the given gamma-ray
flux, a more model-independent approach is chosen: the differential gamma-
ray flux is integrated over energy and normalized along solid angle in order to
obtain a spatial probability density function (PDF), which is convolved with
an unbroken power law in neutrino energy, with the neutrino plus anti-neutrino
flux normalization and the spectral index as free parameters. The expected
neutrino flux at 30 TeV in Galactic coordinates for a spectral index of 2.5 is
shown in the top plot of Fig. 3.3.

KRA Model Tuned on Gamma-Ray Data

The gamma-ray flux predictions obtained in [61] underestimate the observed
gamma-ray flux above a few GeV in the Galactic plane region, especially
towards the inner Galaxy. Motivated by this discrepancy, the assumption of
homogeneous diffusion is relaxed in [67] by introducing a phenomenological
radial dependency,

δ(R) = AR+B, (3.9)

of the scaling parameter δ in Eq. (3.7), which is implemented in the nu-
merically cosmic-ray propagation solver DRAGON [68]. The free parameter
A = 0.035 kpc−1 is obtained from fits to the Fermi-LAT data between 5 GeV
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Figure 3.3: Galactic all-flavor neutrino flux at 30 TeV in Galactic coordinates.
Shown are the Fermi-LAT model for a reference spectral index of
2.5 and the KRAγ model with a cosmic-ray cutoff at 50 PeV. The
Fermi-LAT model is normalized with respect to the KRAγ model,
integrated over energy and solid angle. More explanations can be
found in the text.
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to 50 GeV; B = 0.21 is chosen in order to reflect a so-called Kraichnan (KRA)
spectrum of δ(R�) = 0.5 at the location of the sun, R� ≈ 8.5 kpc [64, 69]. Ad-
ditionally, convection is allowed along the z-direction in the inner region of the
Galaxy, R < 6.5 kpc, vanishing at z = 0 and growing with 100 km s−1 kpc−1,
and vertical diffusion is implemented as

Dxx(z) ∝ exp

(
|z|
zt

)
, (3.10)

where zt = 4 kpc; the model is labeled as KRAγ . In [2], the gamma-ray
predictions are extended to TeV energies and the spectral hardening of the
cosmic-ray proton and helium spectra observed by PAMELA above 250 GeV

per nucleon, see Chapter 2, are taken into account via extrapolation up to an
exponential cutoff of either 5 PeV or 50 PeV. Moreover, neutrino flux predic-
tions are provided based on [66, 70], taking the effect of long-baseline neutrino
oscillations into account [71]. In this thesis, the focus is on the model repre-
sentation that assumes the spectral hardening of the cosmic-ray proton and
helium spectra to originate from a global spectral feature in the rigidity depen-
dence of the cosmic-ray source spectra, which gives a consistent interpretation
of the Fermi-LAT data and the gamma-ray flux measured by Milagro from the
inner Galactic plane at 15 TeV [2, 72]. The expected neutrino flux at 30 TeV in
Galactic coordinates for a cosmic-ray cutoff at 50 PeV is shown in the bottom
plot of Fig. 3.3. In contrast to the Fermi-LAT model, strong neutrino emission
is expected from the Galactic Center region due to the inhomogeneous spatial
diffusion coefficient. In equatorial coordinates, this region lies in the southern
sky, which makes it interesting to test this model with IceCube’s all-sky MESE
selection, which is introduced in Chapter 6. The expected neutrino spectrum
is shown in Fig. 3.4, illustrating how the modifications for KRAγ lead to a
much stronger neutrino flux prediction in comparison to a conventional KRA
model, which assumes homogeneous cosmic-ray diffusion.
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Figure 3.4: Galactic per-flavor neutrino flux versus energy. Shown are a con-
ventional KRA and the KRAγ model for two different cosmic-ray
cutoff energies, averaged over the entire sky and assuming a neu-
trino flavor ratio of 1:1:1. The black line shows the sum of the
KRAγ model with Ecut = 50 PeV and IceCube’s best-fit astro-
physical muon plus anti-muon neutrino flux obtained with tracks
in comparison to the unfolded IceCube HESE flux. The plot is
reproduced from [2].

3.3 Extra-Galactic Source Candidate 1ES 1959+650

Blazars are a class of active galactic nuclei that host a jet oriented at a small an-
gle with respect to the line of sight. Relativistic particles moving within the jet
in the presence of a magnetic field emit radiation at various frequencies. If the
blazar’s optical spectrum is lacking strong emission or absorption features it is
classified as a BL Lacertae (BL Lac) [73]. The BL Lac object 1ES 1959+650
is located at right ascension α ≈ 19h59m59.8s and declination δ ≈ +65◦8′55.0′′

in the J2000.0 epoch [74]; it has a small redshift of z = 0.047 [75]. Gamma-
ray emission at TeV energies from 1ES 1959+650 was first detected by the
Telescope Array experiment in 1999 [76]. The spectral energy distribution
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Figure 3.5: Spectral energy distribution of the BL Lac object 1ES 1959+650,
while in quiescent state. The VHE gamma-ray flux measured by
Whipple during the strong flare in 2002 is shown in black [77].

(SED) of 1ES 1959+6502, shown in Fig. 3.5, shows two characteristic humps
in the x-ray and gamma-ray frequency range, respectively. The frequency of
the first peak further classifies the object as a high-energy peaked BL Lac
(HBL) [78]. This peak is usually associated to the maximum energy electrons
in the jet can be accelerated to [79]; these electrons emit synchrotron radia-
tion. Among others, the second peak can be explained by inverse-Compton
emission, a photo-hadronic component, or the combination of both [80, 81]:
energy is transfered from the electrons to the synchrotron or external photons
via multi-scattering; high-energy photon pairs are produced in proton-proton
and proton-photon interactions via the decay of neutral pions. In the model
of synchrotron self-Compton (SSC), the synchrotron photons are the targets
for the inverse-Compton emission. A strong orphan flare from 1ES 1959+650

2Data from https://tools.asdc.asi.it/
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Figure 3.6: Excess rate measured with the FACT telescope. Several flares from
1ES 1959+650 were reported between the 29th of April and the
26th of July 2016 [82–86].

was detected in 2002 with the Whipple telescope [87]. An orphan flare is char-
acterized by an increased source activity in very high energy (VHE) gamma
rays without increased x-ray emission. A SSC model fit to the flare’s SED was
found to be in contradiction with the observed radio and optical radiation [87];
this makes 1ES 1959+650 an interesting candidate for photo-hadronic emis-
sion and thus a potential source of neutrino emission via the decay of charged
pions, also produced in proton-proton and proton-photon interactions. This
is further supported by the detection of high-energy neutrinos spatially and
temporally coincident with the flare with the AMANDA telescope [88]; the
detection’s statistical significance is not accessible because the corresponding
analysis was not blind. In this thesis, the focus is on a recent flaring phase
of 1ES 1959+650 in spring 2016; Fig. 3.6 shows the excess rate3 versus time
in Modified Julian Date (MJD) measured with the FACT telescope [89]. The
search for neutrino emission from the flaring phase is presented in Chapter 8.

3FACT quick look analysis: http://www.fact-project.org/monitoring/
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4 The IceCube Neutrino Observatory

The IceCube Neutrino Observatory is located at the Geographic South Pole; it
consists of the air shower surface array IceTop and the in-ice neutrino detector

x [km]

−0.6
−0.3

0.0
0.3

0.6
y [km]−0.6

−0.3
0.0

0.3
0.6

d
[k

m
]

2.5

2.0

1.5

1.0

0.5

0

Figure 4.1: Left: positions of the IceCube and DeepCore DOMs along the
strings, and of the IceTop surface tanks. Right: IceCube DOM [90].
More details are given in the text.
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IceCube [91, 92]. The neutrino detector is a 1 km3 hexagonal array of digital
optical modules (DOMs) in depths of about 1450 m to 2450 m; 60 DOMs
each are attached along 86 vertical strings [93]. The detector geometry is
illustrated in Fig. 4.1. The deployment of the detector is based on hot-water
drilling [93, 94]. A DOM consists of a spherical glass housing that contains
a downward-facing 25 cm diameter photomultiplier tube (PMT) and circuit
boards for data acquisition, calibration, high-voltage generation, etc. [93, 95];
see the following sections. The PMT is optically coupled to the glass sphere
via a silicone gel and shielded from the ambient South Pole magnetic field by
a mu-metal cage. The DOM is surrounded by an aluminium waistband and
attached to the string via a harness of steel rope; the electronics are connected
via a penetrator. The horizontal spacing between the primary IceCube strings
is 125 m and the vertical spacing between two neighboring DOMs along a
string is 17 m [93]. Of less interest for this thesis is the denser instrumented
central DeepCore volume [96, 97]. The detector was constructed over a period
of six Antarctic summer seasons from 2004 to 2010; data was also taken during
construction. Besides the completed IceCube detector (IC86), IceCube in its
79-string configuration (IC79) is relevant for this thesis; DOMs missing in this
configuration are shown in orange in Fig. 4.1.

4.1 In-Ice Neutrino Detection

IceCube can detect neutrinos with energies above 100 GeV that interact with
the ice molecules in or close to the instrumented volume. In this energy regime,
the underlying neutrino-nucleus scattering is deeply inelastic [98]. Neutrinos
of all flavors interact either via the exchange of a W-boson, charged current
(CC),

νl +X → l + Y, (4.1)

or via the exchange of a Z-boson, neutral current (NC),

νl +X → νl + Y. (4.2)
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Figure 4.2: Cross sections for deep-inelastic neutrino-nucleon scattering via
CC and NC interactions on an isoscalar target and for neutrino-
electron scattering via CC interactions of electron anti-neutrinos
with energies around the GR [100, 101].

In both cases, the initial ice nucleus X fragments into a hadronic cascade Y .
In case of CC interactions, the incoming neutrino νl is transformed into an
outgoing charged lepton of corresponding flavor l. For electron anti-neutrinos,
interactions with the electrons bound in the ice atoms,

ν̄e + e− →W−, (4.3)

should dominate at the Glashow resonance (GR) [99],

Eν '
m2
W

2me
≈ 6.3 PeV, (4.4)

where mW and me are the W-boson and electron mass, respectively; the W-
boson decays either into a lepton pair or into hadrons. Fig. 4.2 shows the cross
sections that correspond to the aforementioned neutrino interactions. The
deep-inelastic scattering cross sections grow linearly with neutrino energy at
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µ

ϑC

Figure 4.3: Cherenkov light emitted along the path of a charged particle trav-
eling with vacuum speed of light, β = 1, through a medium with
a refractive index of n = 6.

lower energies. Above 10 TeV, the momentum transfer starts to dominate over
the mass of the exchanged boson and thus the cross sections get suppressed by
the propagator term [98]. Above 100 TeV, neutrino scattering on sea quarks
starts to dominate and the cross sections of neutrinos and anti-neutrinos be-
come equal [101]. The interaction length of neutrinos, λint ∝ 1/σ, decreases
with neutrino energy. Above TeV energies, the Earth’s column density is large
enough that neutrinos traversing the Earth can interact before reaching the
detector [101]. They get absorbed if they undergo CC interactions. The only
exception are tau neutrinos, which are regenerated in CC interactions in the
decay of the outgoing tau lepton [102]. In case of NC interactions, a neutrino
with reduced energy (1−y)Eν is produced, where y is the energy fraction that
is transfered from the initial neutrino to the hadronic cascade.

The detection of neutrinos in IceCube is based on the Cherenkov radiation
emitted along the path of secondary relativistic particles produced in the neu-
trino interactions described before. The emitted photons are recorded with the
DOMs. Based on the amount of recorded photons and the photons’ arrival
times, the neutrino energy and direction are reconstructed; see Chapter 5. As
illustrated in Fig. 4.3, the emission wavefront forms a cone with an opening
angle

cos(ϑC) =
1

nβ
, (4.5)

34



1400 1600 1800 2000 2200 2400

d [m]

100

101

102

103

λ
a
t

4
0
0

n
m

[m
]

λe

λa

−1.0 −0.5 0.0 0.5 1.0

cos(η)

10−4

10−3

10−2

10−1

100

re
la

ti
v
e

a
cc

ep
ta

n
ce

w/o hole ice

H2

H3

Figure 4.4: Optical properties of South Pole ice. Left: effective scattering and
absorption length, λe and λa, versus depth d [105]. Right: angular
sensitivity of the IceCube DOM as measured in the lab and for the
hole ice models H2 and H3; cos(η) is the photon arrival angle with
respect to the PMT axis. More details are given in the text.

where n ≈ 1.32 is the refractive index of ice and β the particle’s velocity in
units of vacuum speed of light; ϑC ≈ 41◦ for β = 1. The number N of photons
emitted in the wavelength range dλ along the path dx of a particle with charge
Ze is given by

d2N

dλ dx
=

2παZ2

λ2
sin2(ϑC), (4.6)

where α = e2/4π is the fine-structure constant [103]. Due to the 1/λ2 depen-
dency, Cherenkov radiation in water/ice appears blue in the optical regime.
Before being recorded, the emitted photons can scatter multiple times or get
absorbed due to dust embedded in the ice. In this thesis, the South Pole ice
(SPICE) model is used [104]; absorption and effective scattering length versus
depth are shown in Fig. 4.4. Effective and mean geometrical scattering length,
λe and λs, are related via

λe =
λs

1− 〈cos(ϑ)〉
, (4.7)
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where ϑ is the deflection angle at each scatter point; its distribution is approx-
imated with a linear combination of Henyey-Greenstein and simplified Liu
scattering [104, 106, 107]. The average absorption length and the horizontal
spacing between two neighboring strings are of the same order of magnitude;
the average effective scattering length is about a factor four smaller. Hence,
scattering is much more important than absorption, except at a depth of about
2 km where both absorption and effective scattering length drop almost by an
order of magnitude due to a very high concentration of dust in this ice layer.
Moreover, the optical ice properties show an azimuthal dependency [105]. Ver-
sions of SPICE with and without this anisotropy incorporated are used in this
thesis. Less understood than the bulk ice are the optical properties of the
refrozen ice in the drill holes; an ice column filled with air bubbles, drastically
reducing the scattering length, is formed around the string during refreezing.
The effect of hole ice is modeled into the DOMs’ angular acceptance [104].
As shown in Fig. 4.4, less light is expected from up-going events while more
photons from downward and horizontal directions can scatter onto the PMT’s
photocathode. For this thesis, two different acceptance models are considered,
which are obtained from simulations. For the H2 and H3 model, a hole ice
column with an effective scattering length of 50 cm and 30 cm is assumed,
respectively.

4.2 Event Topologies

Two event topologies are used in this thesis, which result from different neu-
trino interactions.

Cascade-Like Events

Particle showers are produced in NC interactions of neutrinos of all flavors and
in CC interactions of electron and tau neutrinos. The outgoing electron or the
tau decay induce an electromagnetic cascade, which overlaps with the hadronic
cascade at the interaction vertex. The path lengths of charged particles in the
cascade are short relative to the horizontal inter-string spacing; together with
the scattering of emitted Cherenkov photons, this leads to a more spherical
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Figure 4.5: Event topologies in IceCube; shown are the paths of photons pro-
duced in a 1 TeV electromagnetic cascade (left) and along the path
of a 1 TeV muon (right). Color-coded from light to dark blue is
the time difference between photon production and absorption.

looking light emission starting from the interaction vertex; see Fig. 4.5. The
light yield of hadronic cascades is smaller than for electromagnetic cascades
because of neutral particles produced in the shower; nevertheless, it is in gen-
eral not possible to differentiate CC electron neutrino interactions from NC
interactions in IceCube [108]. For well-contained CC electron neutrino events,
the entire neutrino energy is deposited in the detector; part of the energy is
taken away by the outgoing neutrino in NC interactions. Typical median res-
olutions on deposited energy and neutrino direction are 10 % to 15 % and 10◦

to 15◦, respectively [47].

Track-Like Events

Tracks are mainly produced in CC muon neutrino interactions. Characteristic
for this event topology is the elongated light pattern along the path of the
outgoing muon, which can travel through ice for several kilometers. Above TeV

energies, the light dominantly originates from showers along the muon track,
which are produced via bremsstrahlung, electron-positron pair production, and
photo-nuclear effects; these muon energy losses are of stochastic nature [108].
Depending on if the neutrino interaction happens inside or outside of the
detector volume, one differentiates between starting and through-going track
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events, respectively. The latter is also the typical signature of atmospheric
muons that enter the detector from above. Muon tracks give a long lever arm,
which leads to a median angular resolution on the muon track of better than 1◦

at TeV energies [109]. The muon energy resolution is limited to the deposited
energy in the detector and most reconstructions are based on the differential
energy loss dE/dx [108].

4.3 Data Acquisition, Processing, and Filtering

Data acquisition, processing, and filtering are described in great detail in [93].
The main aspects are these here summarized. Photons induce an electric
current in the PMT. If the signal exceeds a threshold of 0.25 pe, the PMT
waveform is recorded for 6.4 µs, defining a hit ; 1 pe is a measure of collected
charge and defined as the most likely charge deposited from a single photon
at a typical PMT gain of 107 [108]. An Analog Transient Waveform Digitizer
(ATWD) on the DOM Main Bord samples the waveform for 427 ns in 128
bins at a sampling rate of 3× 108 samples per second. The ATWD has three
channels with amplifier gains of ×16, ×2, and ×0.25, respectively; if the first
channel saturates, the second one is used, and so on. Each DOM is equipped
with two ATWDs, which are operated alternately, in order to reduce dead time.
Additionally, a fast analog-to-digital converter (FADC) samples the waveform
in 256 bins at a sampling rate of 4× 107 samples per second. The threshold
condition is frequently met due to noise; a typical source of noise is Cherenkov
light from 40K decays in the glass sphere. In order to reduce the noise rate,
the DOMs are operated in coincidence to their nearest and next-to-nearest
neighbors on the same string. If two DOMs signal a launch within ±1 µs, the
hits are flagged as a hard local coincidence (HLC); hits without local coinci-
dence are called soft local coincidence (SLC) hits. All hits are transmitted to
the IceCube Laboratory at the surface; HLC hits contain the full ATWD and
FADC waveforms; for SLC hits, only three samples of the FADC waveform
centered around the peak value are transmitted. At the surface, the HLC hits
are searched for multiplicity criteria; relevant for this thesis is the simple mul-
tiplicity trigger (SMT) that requires at least eight HLC hits within a sliding
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Figure 4.6: SMT8 rate versus cosine zenith angle in detector coordinates;
events with cosine zenith angles smaller than zero originate from
the northern sky and are observed in the detector as up-going. The
event rate from atmospheric muons is several orders of magnitude
above the one from conventional atmospheric and astrophysical
neutrinos; mis-reconstructed muon events also dominate the trig-
ger rate below the horizon. The dashed line shows the true cosine
zenith angle of the simulated muon events.

time window of 5 µs (SMT8). All hits within a readout window of −4 µs to
6 µs around the trigger window form an event ; overlapping trigger windows
are merged. The event rate at trigger level caused by atmospheric muons
is several orders of magnitude above the atmospheric neutrino rate and thus
dominates. Muons cannot traverse the Earth; nevertheless, mis-reconstructed
muon events also dominate the trigger rate below the horizon; see Fig. 4.6.
Due to seasonal variations of the atmospheric muon flux, the trigger rate typ-
ically varies from 2.5 kHz to 3 kHz: during Antarctic summer, the atmosphere
is warmer and thus less dense; consequently pions more likely decay than in-
teract [4]. Before transmitting the data to the North via satellite, the data
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rate has to be drastically reduced in order to meet the satellite’s bandwidth.
The events are processed and filtered online, using fast and computationally
inexpensive reconstructions; see Chapter 5. The digitized waveforms are cali-
brated and deconvolved into series of pulses: a pulse has a charge amplitude,
pulse width, and leading edge time; its definition is more or less arbitrary and
not connected to a single photon [93, 108]. The reconstructions run on cleaned
pulses; the cleaning removes isolated pulses that are not causally connected to
others. Only three event filters are relevant for this thesis:

Muon Filter This filter divides the sky at a zenith angle of about 78.5◦ into
an up and down-going region, based on a likelihood reconstruction under
the hypothesis of an infinite muon track. In the up-going region, the
filter cuts on the reconstruction quality, which is given by the minimum
negative log-likelihood of the reconstruction scaled with a more or less
arbitrary factor that depends on the number of hit DOMs; see Chapter 6.
In the down-going region, the event rate is adjusted to the up-going
region by cutting on the total collected charge; the charge threshold
increases with cosine zenith angle as the muon background gets larger;
see Fig. 4.6. By applying this filter, the trigger rate is reduced to about
34 Hz on average.

Cascade Filter This filter discards all events with hit DOMs on less than two
strings. Passing events are further filtered by cutting on the quality of a
likelihood reconstruction under the hypothesis of a cascade-like photon
emission; different thresholds are chosen for up and down-going events,
which are classified as before. In the down-going region, additional cuts
are made on the line fit speed and the minimum tensor of inertia eigen-
value ratio; see Chapter 5. Both variables are used to separate cascade
from track-like events. By applying this filter, the trigger rate is reduced
to about 30 Hz on average.

EHE Filter This filter selects extremely high-energy events (EHE) by requir-
ing a total collected charge of more than 1000 pe. The data rate is about
1 Hz.
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All events that pass at least one filter are transfered north and further pro-
cessed and stored offline; they can be accessed by all analyzers within the
IceCube Collaboration and used as the starting point for high-level event se-
lections.

4.4 Calibration

The main in-situ calibration source in IceCube is the LED flasher board each
DOM is equipped with; 12 LEDs with wavelengths of (405± 5) nm are ar-
ranged in six pairs, evenly spaced around the board with a 60◦ separation
between adjacent pairs; one LED per pair points downward at an angle that
leads to a horizontal emission of light into the ice after refraction through the
glass of the DOM housing; the other LED emits light upward into the ice at an
angle of 48◦ after refraction, which is close to the Cherenkov angle [93]. The
DOMs can generate flashes from 106 to 1.4× 1011 photons, which correspond
to cascades with energies between 7 GeV and 1 PeV [93].

The detector calibration includes verification of the DOM timing response,
measurement of the DOM positions, verification of the performance of cascade
reconstructions, and measurement of the optical ice properties, which enters
the SPICE model [93, 104]. The uncertainties on the optical ice properties are
estimated to be less than 10 % [104]. Several dust loggers were used during
deployment to measure the structure of the horizontal ice layers, providing
a tilt map, which is also implemented in the SPICE model [104, 110]. The
energy scale of the detector is given by the optical DOM efficiency, which gives
the mean number of photoelectrons per GeV of deposited energy. The optical
DOM efficiency is an effective quantity that depends on the quantum efficiency
of the PMT and includes effects like photon absorption in the DOM glass and
gel, cable shadowing, and hole ice. It is calibrated based on minimum-ionizing
muons with energies around 100 GeV in the detector; they act as a standard
candle because their light emission is very well known [108]. The linearity
of the DOM response above PeV energies is verified with two 337 nm pulsed
nitrogen lasers in the detector [108].
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New calibration sources are currently developed for the proposed IceCube-
Gen2 detector [111]. The Precision Optical CAlibration Module (POCAM)
inverts the principle of an integrating sphere [112]: the light from a matrix
of LEDs is diffused inside the sphere after multiple reflections on a diffusing
layer, which leads to an almost homogeneous light emission. The LED output
is monitored in-situ to high precision by photosensors. The goal is to reduce
the uncertainties on the optical ice properties down to the few percent level.
The author of this thesis developed the first simulation of an early version of
the POCAM design [113]. A first prototype with a new design was successfully
tested in the Baikal-GVD neutrino detector [112]. More details can be found
in Chapter B.
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5 Event Reconstructions

In this chapter, the energy and directional reconstructions are introduced that
are used in this thesis. Because the author of this thesis notably contributed to
the work of IceCube’s software group, the core project Gulliver for likelihood-
based reconstructions within IceCube’s software framework IceTray is empha-
sized; the project is currently maintained by the author of this thesis.

5.1 First-Guess Algorithms

First-guess algorithms usually ignore scattering and absorption of photons in
the ice; hence, they are fast and computationally inexpensive to compute.
In this section, the first-guess algorithms for cascade and track-like events
are introduced that are used to seed sophisticated likelihood reconstructions.
Moreover, the reconstructions provide variables that are sensitive to the event
topology.

Line Fit

The hit pattern is treated as a plane wave moving through the detector. The
arrival time tk of the first pulse detected in DOM k is related to its position ~xk
via

~xk = ~x0 + tk~v, (5.1)

where ~x0 and ~v are some position and velocity vectors, respectively. This linear
problem is solved analytically using the least-square method. The overall re-
construction performance is improved by modifying the standard χ2-statistics
as described in [114]; the motivation is to minimize the bias due to obvious
noise hits. The line fit speed ‖~v‖ is sensitive to the event topology; it should
be close to zero for perfectly spherical cascades and close to c ≈ 0.3 m ns−1 for
minimum-ionizing muon tracks.
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Tensor of Inertia

This directional reconstruction for cascade-like events treats the hit pattern
as a rigid body respect the collected charge qk in each DOM k. The center of
gravity (COG) is defined as

~xCOG ≡

∑
k

qk~xk∑
k

qk
, (5.2)

and the tensor of inertia (TOI) as

Iij ≡

∑
k

qk

(
δij(~rk)

2 − rikr
j
k

)
∑
k

qk
, (5.3)

where ~rk is the vector from the COG to the position of DOM k. The TOI has
three eigenvalues ei, which correspond to its three main axes; the longest axis
has the smallest eigenvalue. The ratio

R ≡
min
i
ei

e1 + e2 + e3
(5.4)

quantifies how spherical the hit pattern is; perfectly spherical cascades have
ratios close to R ∼ 1/3, whereas a value close to zero indicates that all hits
fall on a single line.

5.2 Directional Reconstructions

The directional reconstruction for track-like events is based on the single-
photoelectron (SPE) likelihood model

LSPE =
∏
k

(∏
l

p
(
tlres; ξ, ~xk

))
, (5.5)

where p(tres) is the probability density to observe a pulse l in DOM k under
the hypothesis ξ of an infinite muon track (or a point-like cascade) [115]. The
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Figure 5.1: Left: sketch illustrating the time residual definition for a photon
emitted under the Cherenkov angle ϑC along an infinite muon track
with an arbitrary support vector ~x0 and a perpendicular distance d
to a DOM at position ~x; see Eq. (5.6). Right: Gauss-convoluted
analytic parametrization, based on Eq. (5.8), of the time residual
PDF for different perpendicular distances between infinite muon
track and receiving DOM; the standard deviation of the Gaussian
distribution is 15 ns.

infinite track is described by an arbitrary point ~x0 on the track the muon
passes at time t0 and the muon’s direction p̂. The PDF depends on the time
residual

tres ≡ t−
(
t0 +

p̂ · (~x− ~x0) + d tan(ϑC)

c

)
, (5.6)

which is defined as the time difference between the observed photon arrival
time t and the expected arrival time of an unscattered Cherenkov photon; ~x is
the DOM position, d is the perpendicular distance between track and DOM,
and c is the vacuum speed of light; see Fig. 5.1. The first pulse detected
in a DOM should correspond to the least scattered photon and thus carries
more directional information than latter arriving photons. This leads to the
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multi-photoelectron (MPE) likelihood [115]

LMPE =
∏
k

bqkcp
(
t0res; ξ, ~xk

)(∫ ∞
t0res

p(t; ξ, ~xk) dt

)1−bqkc

. (5.7)

For a fast likelihood evaluation, the analytic parametrization

p(tres) ∝
τ−d/λtd/λ−1

res

Γ(d/λ)
exp

(
−
(
tres

(
1

τ
+
c/n

λa

)
+

d

λa

))
(5.8)

can be used, where λa is the absorption length and n the refractive index
of ice; the free parameters τ and λ are obtained from MC simulations [115].
The parametrization is convolved with a Gaussian, which accounts for the
finite time resolution of the PMT [116]. It is shown in Fig. 5.1 for differ-
ent perpendicular distances between infinite muon track and receiving DOM.
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The best angular resolution is obtained with the spline-MPE algorithm, which
uses the MPE likelihood and so-called photon tables: spline-interpolated tab-
ulated probability densities p(tres) that are obtained from photon propagation
MC simulations, using the SPICE model introduced in Chapter 4 [117, 118].
This reconstruction is used for track-like events, both starting and through-
going, in the analyses presented in this thesis. The directional reconstruction
for cascade-like events is described in the next section. The median angular
resolution for all three event topologies is shown in Fig. 5.2.

5.3 Energy Reconstructions

The energy reconstructions applied to cascade and track-like MESE events
are based on the same likelihood model and implemented in the Millipede1

framework. For the simpler case of cascade-like events, the light yield of a
simulated 1 GeV electromagnetic cascade is taken as a template Λ . Because
of the linear scaling of the light yield with deposited energy, the template can
be scaled up and down to match the collected charge [108]. The likelihood to
observe nk photons per DOM k given the energy deposition E is given by

L =
∏
k

(ΛkE + ρk)
nk

nk!
exp(−(ΛkE + ρk)), (5.9)

where λk = ΛkE+ρk is the expected number of photons in DOM k, including
the noise contribution ρk [108]. Timing information can be incorporated in
the likelihood function by binning the photon arrival time distributions and
interpreting n and Λ as the light per time bin [108]. Note that the actual
likelihood implementation in Millipede is based on pulses instead of single
photons. For this thesis, the likelihood function is also maximized with re-
spect to vertex position and direction through the dependency of Λ on these
quantities. The deposited energy of starting track-like events is estimated by
extending Eq. (5.9) to multiple photon sources, e.g. stochastic energy losses,
placed along the segmented muon track [108]. For through-going muon tracks,
a deposited energy per DOM is computed based on the ratio of collected charge

1 http://code.icecube.wisc.edu/svn/projects/millipede/
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Figure 5.3: Left: median energy resolution relative to the primary neutrino for
simulated MESE neutrino events classified as cascade or track-like.
Right: correlation between true neutrino and reconstructed energy
for simulated muon neutrino events with reconstructed declinations
larger than 30◦, weighted to an isotropic unbroken power-law flux
with a benchmark spectral index of γ = 2, passing the through-
going muon track selection.

and expected charge from a muon template; the highest energy depositions are
truncated. The average of the remaining energy depositions is used to obtain
the muon energy from the parametrization described in [119]. Fig. 5.3 shows
the median energy resolution (logarithmic) of MESE relative to the primary
neutrino. The overall median energy resolution for events classified as cascade-
like is about 20 % and stays rather flat with increasing neutrino energy. The
median energy resolution for events classified as track-like is of the same order
of magnitude at lower energies but worsens with increasing neutrino energy
because the outgoing muon is able to leave the detector before losing all its
energy. Fig. 5.3 also shows the correlation between true neutrino and recon-
structed energy for simulated muon neutrino events with declinations larger
than 30◦ passing the through-going muon track selection; the correlation is
about 60 %.
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Figure 5.4: Overview of Gulliver components.

5.4 Gulliver Framework

The likelihood-based reconstructions introduced in the previous sections are
implemented in IceCube’s software framework IceTray2 based on the Generic
Utility for Log-Likelihood-based (Ice, ν = V, and Everything else) Recon-
structions (Gulliver)3. The I3Gulliver main class takes a likelihood function
and services for the likelihood minimization, parametrization, and seeding as
member variables; the services are derived from the abstract base classes that
are part of Gulliver; see Fig. 5.4. The likelihood function is evaluated based
on an event hypothesis object and returns a negative log-likelihood value. The
event hypothesis consists at least of an I3Particle, which represents both, sim-
ulated and reconstructed particles in the detector. At the beginning of the
likelihood minimization, a seed event hypothesis, e.g. the result of a first-

2 http://code.icecube.wisc.edu/icetray/
3 http://code.icecube.wisc.edu/svn/projects/gulliver/
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guess reconstruction, is passed from the seeding service to the minimizer via
the parametrization service. The parametrization service extracts an array of
physics parameter values (doubles) from the event hypothesis, e.g. the com-
ponents of the particle’s position vector and the azimuth and zenith angle of
the particle’s direction vector. Moreover, the parametrization service speci-
fies step sizes, bounds, and optional transformations for each parameter, e.g.
E → log10(E). In each minimization step, the likelihood function is evaluated
based on a new event hypothesis given the current set of parameter values.
The final event hypothesis is returned together with diagnostics like the min-
imum negative log-likelihood value and the degree of freedom. The Gulliver
framework also provides modules that iteratively repeat the minimization, by
seeding the next minimization with the previous result, but randomly changing
the direction of the seed hypothesis. This iterative approach can help to avoid
false reconstruction results due to local minima of the negative log-likelihood
function.
IceCube’s software group encourages IceCube analyzers to take over the

maintenance of orphaned software projects; the author of this thesis maintains
Gulliver and other related projects. The work of a project maintainer includes
improving the project’s documentation, improving the project’s code coverage
by implementing new unit tests, fixing bugs in the code, and implementing
new or improving existing features, if requested. Bugs and feature requests are
reported based on a ticket system. All unit tests are executed on several build
bots with different setups whenever a new commit is made to the software
repository. The main contributions of the author of this thesis to the Gulliver
framework are an improved documentation and structure of the code as well as
Python bindings for the standard derived minimizer classes, which are written
in C++.
In 2015, the so-called strike team was formed; the author of this thesis is a

member of this team. Every month, the strike team focuses on a specific task
for one week in the framework of so-called code sprints. Common tasks are
code reviews, which are a requirement for new software projects to be declared
as official IceCube software projects.
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6 Event Selections

In this chapter, the MESE and the through-going muon track selection are
introduced, which are used for the analyses presented in this thesis [50, 52,
120, 121]. Moreover, the atmospheric neutrino self-veto is discussed, which is
of particular importance for the search for neutrino emission in the Galactic
plane [120, 122, 123]. The following sections give only an overview. The event
selections and the atmospheric neutrino self-veto were originally developed by
other IceCube collaborators to analyze the isotropic/extra-galactic high-energy
neutrino flux. More details can be found in the corresponding references.

6.1 Medium-Energy Starting Events

The MESE selection is optimized for neutrino events of all flavors with energies
above 1 TeV and selects events from all directions with interaction vertices that
are well-contained inside the fiducial volume of the detector. It is an extension
of the HESE selection to lower energies [47, 48]. The background of atmo-
spheric muons is suppressed based on straight veto-driven cuts. Presented is
an improved version of the original MESE selection described in [120] with su-
perior efficiency, especially with respect to track-like events [124]. The author
of this thesis contributed to this selection by processing and analyzing MC
systematic datasets. This selection is applied to seven years of data, starting
from May 2010 (IC79). Its effective area is shown in Fig. 6.1; see Eq. (B.1).
Starting point for the improved MESE selection are the cascade, muon, and
EHE event streams introduced in Chapter 4. The original MESE selection
was only applied to events that passed an additional pre-selection optimized
for cascade events, because atmospheric muon simulations were not available
at previous selection levels at the time the event selection was developed [120].
This limitation has been resolved by now. Hence, only the selection steps to
reach the neutrino level are described in more detail in the following.
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Figure 6.1: Neutrino effective area of MESE selection for IC86 2013. The effec-
tive area is shown for all three neutrino flavors and separately for
up and down-going events. For muon neutrinos, the effective area
is separated into CC and NC, illustrating the different selection
efficiencies for track and cascade events.
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6.1.1 Clean-Up Cuts

The data still contains coincident events, which mostly arise from muons in-
duced by multiple independent air showers that are detected in a single detec-
tor readout. The applied reconstruction algorithms work under the hypothesis
of a single track or cascade in the detector and get easily confused by coinci-
dent events. That is why a topological splitting algorithm is applied that is
able to efficiently split coincident into single events by identifying clusters of
casually connected pulses. The selection described in [120] is more stringent
and removes all events with more than one identified cluster. Furthermore,
badly reconstructed events are removed by requiring at least four hit strings
and a homogenized total charge of more than 100 pe; the homogenized total
charge is the sum of charges of all HLC pulses detected on non-DeepCore
DOMs that do not contribute more than 50 % of the total charge.

6.1.2 Outer-Layer Veto

The outer part of IceCube is used as an active veto against atmospheric muons,
similar to the one developed for the HESE analysis [47]. The veto region is
shown in Fig. 6.2. It consists of the DOMs on the outer strings of the detector,
the top1 90 m of the detector, the bottommost active DOM on each string, and
all DOMs between vertical depths of 2050 m and 2170 m. Events that deposit
charge in the veto region before a particular start time are removed. The start
time is determined by sliding a time window of 3 µs through all time-ordered
HLC pulses detected on non-DeepCore DOMs until it contains a charge of

q =


3 pe qtot < 72 pe

qtot/24 72 pe ≤ qtot < 6000 pe

250 pe qtot ≥ 6000 pe

, (6.1)

depending on the total charge qtot contained in this pulse series [120]. For
events with a homogenized total charge of more or less than 6000 pe, the veto
charge threshold is 3 pe and 0 pe, respectively. The veto is thicker at the

1The top of the detector is measured from the first DOM on the deepest string.
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Figure 6.2: Left: top view on the IceCube geometry. Right: side view along
the filled strings shown in the left plot. DeepCore strings are shown
in turquois. Strings colored in orange were not yet deployed in the
IC79 configuration. The outer-layer veto is shown in gray. The
plot is reproduced from [47].

top than at the sides because the muon background from vertical down-going
directions is larger; see Fig. 4.6. The only background expected from below
are very inclined muons that suffer a stochastic energy loss below the detector.
One layer of DOMs is sufficient to remove this background. The veto region
between vertical depths of 2050 m and 2170 m prevents inclined muons to sneak
in through the ice layer with a high concentration of dust at a vertical depth
of 2050 m. The dust concentration leads to short scattering and absorptions
lengths, as shown in Fig. 4.4, and thus increases the effective DOM detection
threshold. Events with a homogenized total charge of more than 6000 pe that
are not vetoed are classified as HESE and kept to final level; all following cuts
are not applied.

6.1.3 Inner Track Veto

The remaining background is dominated by dim muons that pass the outer-
layer veto undetected before suffering a large stochastic energy loss. This back-
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ground is efficiently removed by the inner down-going track veto, which counts
the HLC and SLC pulses that are not consistent with cascade-like emission
at the reconstructed vertex position, but can be associated to a down-going
muon track, going through the reconstructed vertex position. The direction of
this track is determined in a scan of 104 equally spaced down-going directions,
based on a HEALPix grid [125]. The vertex position is taken from the energy
reconstructions for cascade and starting track-like events described in Chap-
ter 5. For starting track-like events, the first energy loss larger than 1 GeV

inside the detector along the track is defined as the vertex. The discrimination
of cascade and track-like events is presented in Section 6.1.5. Pulses that have
a time residual smaller than −50 ns under the cascade hypothesis and between
−15 ns and 500 ns under the track hypothesis are counted as veto pulses if their
distance to the track is smaller than 100 m. Events with a veto charge of 2 pe

or more are removed.

6.1.4 Fiducial Volume Scaling

As the total collected charge in the detector decreases, the incoming muon
has to pass more DOMs in order to be rejected by the inner track veto. An
efficient rejection is assured by requiring a minimum distance to the edges of
the fiducial volume of the detector, which scales with the homogenized total
charge. The scaling relations between the homogenized total charge q̃tot and
the distances of the vertex position to the side and top margins of the fiducial
volume, dside and dtop, are given by [120]

log10 (q̃tot/1 pe) > 3.41− (dside/1 m)1.74

17266

log10 (q̃tot/1 pe) > 3.40− (dtop/1 m− 100)1.88

23710
.

(6.2)

The fiducial volume is shown in Fig. 6.3 for four different q̃tot values. For
the dimmest events, the fiducial volume is reduced to the DeepCore volume;
the veto volume decreases as the homogenized total charge increases until it
coincides with the outer-layer veto.
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Figure 6.3: Left: top view on the IceCube geometry. Right: side view along
the filled strings shown in the left plot. The edges of the fiducial
volume for four different homogenized total charge thresholds are
shown color-coded. The plot is reproduced from [52].

6.1.5 Event Topology Discrimination

By inverting the logic of the inner track veto, a sub-sample of neutrino-induced
up-going muon tracks is defined, which is kept to final level; the fiducial volume
scaling is not applied. An event is classified as an up-going muon track if
more than 10 pe can be associated to an outgoing muon track starting at the
reconstructed vertex position and if the spline-MPE reconstruction yields an
up-going muon track. Other events at final level that have a much larger
average charge-weighted minimum distance,

d ≡

∑
k

qk‖~xk − ~p‖min∑
k

qk
, (6.3)

of all hit DOMs k to the best-fit cascade than to the best-fit track hypothesis,
each described by ~p, are classified as track-like events. The best-fit hypotheses
correspond to the directional reconstruction for cascade-like events described
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Cascades Tracks Up-going tracks

93 % 93 % 99 %
96 % 89 % 77 %

Table 6.1: Efficiency of event topology discrimination, assuming an isotropic
unbroken power-law flux with a spectral index of γ = 2.46, as re-
ported in [52]. The first and second row are with respect to the
reconstructed and true event topology, respectively. Tau neutrino
CC events and GR events are not taken into account for the effi-
ciency estimation.

in Chapter 5 and the spline-MPE reconstruction, respectively. The remaining
events are further separated into cascade and track-like events based on the
inversion of the inner track veto, but taking only HLC pulses into account. Be-
cause of their brightness, a more stringed charge threshold is used for the inner
track veto for events classified as HESE than for events with lower energies.
Additionally, all HESE events that have a track length larger than 500 m are
also classified as track-like events. The track length is defined as the distance
between the first and the last energy loss larger than 1 GeV along the track.
The efficiency of the event topology discrimination is shown in Table 6.1.

6.2 Through-Going Muon Tracks

This event selection is optimized for high-energy CC muon neutrinos, arriving
from directions with declinations larger than −5◦ and interacting outside of the
detector volume, which lead to long up-going muon tracks inside the detector.
Relevant for this thesis is the version of this selection that is applied to four
years of data, starting from May 2012 until the end of July 2016.

6.2.1 Muon Level 3

Starting point for this selection are the muon and EHE event streams intro-
duced in Chapter 4. Prior to the actual neutrino level selection, the Muon
Level 3 selection is applied. This pre-selection consists of a precut and the ac-
tual Muon Level 3 cut. The precut removes events with a total collected charge
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smaller than 100 pe and an average charge-weighted minimum distance larger
than 90 m; see Eq. (6.3). Moreover, the Muon Filter is reapplied based on the
latest successful best-track reconstruction in the seeding chain: line fit, SPE fit,
SPE fit with two iterations, and MPE fit; using the analytic parametrization
Eq. (5.8) for the likelihood reconstructions. The average charged-weighted
minimum distance is calculated with respect to the same best-track recon-
struction and all hit non-DeepCore DOMs. The precut is applied before and
after the splitting of coincident events, because all previously performed re-
constructions are repeated after the splitting. The used splitting algorithm is
an improved version of the one used for the MESE selection [126]. It takes
the hexagonal geometry of the detector into account and performs several tests
after splitting to decide if the event was falsely split and has to be recombined,
e.g. due to the ice layer with a high concentration of dust at a depth of about
2 km. The Muon Level 3 cut keeps events with a good reconstruction quality,

(− log(L))min

nch − 5
< 9 ∨

(− log(L))min

nch − 3
< 7.5, (6.4)

which is usually given by the minimum negative log-likelihood, here with re-
spect to the likelihood function L of the best-track reconstruction, scaled by
the degree of freedom nch − 5, where nch is the number of hit DOMs [121].
Empirically it was found that the scale nch − 3 can give a better identifica-
tion of well-reconstructed events. For the events failing this cut, direct pulses
due to unscattered photons are exploited as an additional measure for the
reconstruction quality:(

ldir

180 m

)2

+

(
ndir

10

)2

> 2 ∧ ndir > 6, (6.5)

where ndir is the number of hit DOMs with direct pulses and ldir the distance
along the track from the first to the last hit DOM with direct pulses [121]. The
event rate in the northern sky is reduced to below 1 Hz, but still dominated
by mis-reconstructed atmospheric muons.
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Figure 6.4: Muon neutrino effective area in the declination band used for the
search for neutrinos from the 2016 flaring phase of 1ES 1959+650
of the IC86 2012 to 2016 through-going muon track selection.

6.2.2 Neutrino Level Selection

The final neutrino level selection is based on supervised learning with boosted
decision trees (BDT) from scikit-learn [127]. The background of atmospheric
muons is modeled based on CORSIKA simulations. The signal are simulated
CC muon neutrino events with a spline-MPE reconstruction better than 5◦,
weighted to an isotropic unbroken power-law flux with a benchmark spectral
index of γ = 2. The input variables for the BDT are topological variables
like the COG and reconstruction quality parameters like the ones described
previously; a complete list of all variables can be found in [121]. A second
BDT is trained to separate NC events that would otherwise bias the final
energy spectrum; they tend to be reconstructed to very high energies due
to the wrong underlying track hypothesis. This background is modeled with
simulated electron neutrino events. With this event selection, a neutrino purity
of 99.7 % is achieved [50]. The effective area of this selection is shown in
Fig. 6.4. Relevant for this thesis is the declination band (30◦, 90◦].
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Figure 6.5: Sketch illustrating the correlated (left) and uncorrelated (right)
atmospheric neutrino self-veto. Reproduced from [120].

6.3 Vetoing Atmospheric Neutrinos

The active atmospheric muon veto described in Section 6.1 functions also as a
veto against atmospheric neutrinos if the down-going neutrino is accompanied
by a muon from the same cosmic-ray air shower, which triggers the veto.
Whether the muon originates from the same interaction vertex in the cosmic-
ray air shower as the neutrino or not, one differentiates between the correlated
and uncorrelated atmospheric neutrino self-veto, respectively. The former is
only realized for atmospheric muon neutrinos. The veto principle is illustrated
in Fig. 6.5.

6.3.1 Correlated Atmospheric Neutrino Self-Veto

The energies of a neutrino-muon pair, Eν and Eµ, produced in the two-body
decay of a meson of type j are related to the parent meson energy Ej via

Ej = Eν + Eµ = Eν

(
1 +

Eµ
Eν

)
. (6.6)
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The active atmospheric muon veto puts a threshold Eµ,min on the muon energy
at production. The differential flux of conventional atmospheric muon neutri-
nos accompanied by a muon above this threshold is obtained from Eq. (2.14)
by replacing the lower energy integration limit with

Ej,min = Eν max

{
1

1− rj
, 1 +

Eµ,min

Eν

}
, (6.7)

where rj is the ratio of muon mass squared over meson mass squared. This
yields the solution Φ̃νµ+ν̄µ(Eν , Eµ,min), which is of the same form as Eq. (2.18),
but with the modified factors Ajν(Eµ,min) and Bjν(Eµ,min) that can be found
in [122]. The passing rate of the correlated atmospheric neutrino self-veto is
given by

Pcorrelated = 1−
Φ̃νµ+ν̄µ(Eν , Eµ,min)

Φνµ+ν̄µ(Eν)
. (6.8)

The threshold muon energy Eµ,min is obtained from the parametrization de-
scribed in [120]. The parametrization is a function of ice overburden X in
meters and depends on the median energy Ēµ,veto the muon is required to
have after penetrating X in order to trigger the veto. The ice overburden in
turn depends on the zenith angle and vertical depth. In [120], it is verified that
Eq. (6.8) can also be used to describe the passing rate for prompt atmospheric
muon neutrinos, produced in the three-body decay of charmed mesons, e.g.
D+ → K̄0µ+νµ.

6.3.2 Uncorrelated Atmospheric Neutrino Self-Veto

The passing rate of the uncorrelated atmospheric neutrino self-veto is given
by

Puncorrelated =

∑
A

∫
RνP (Nµ = 0) dE∑
A

∫
Rν dE

, (6.9)

where P (Nµ = 0) = exp(−Nµ) is the Poisson probability that no muons from a
cosmic-ray air shower initiated by a primary nucleus of mass A, energy E, and
zenith angle ϑ penetrate to the depth of the detector without dropping below
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Figure 6.6: Passing fraction of atmospheric neutrino self-veto for simulated
MESE events (IC86 2013), weighted to the HKKMS06 (left) and
ERS (right) model.

the veto threshold Ēµ,veto [123]. The probability depends on the cumulative
muon yield Nµ evaluated at Eµ,min. The response function

Rl(El, A,E, ϑ) = Φ(A,E)× dNl(El, A,E, ϑ)

dEl
(6.10)

gives the energy distribution of primary nuclei that produce leptons of type l
with energies above El. The lepton yield Nl is obtained from the modified El-
bert parametrization described in [123]. The primary cosmic-ray flux Φ(A,E)

is taken from the H3a model. The total atmospheric neutrino self-veto passing
rate is given by Pcorrelated×Puncorrelated, which is a function of neutrino flavor,
energy, zenith angle, and depth. In this thesis, veto threshold energies of

Ēµ,veto =

100 GeV q̃tot ≤ 6000 pe

1250 GeV q̃tot > 6000 pe
(6.11)

are used, depending on the homogenized total charge q̃tot [120]. The passing
fraction is shown in Fig. 6.6.
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7 Search for Neutrino Emission in the Galactic
Plane

In this chapter, the search for neutrino emission in the Galactic plane is pre-
sented. The analysis method is applied to seven years of IceCube data, taken
between May 2010 and May 2017, based on the improved MESE selection
described in Chapter 6.

7.1 Fit Method

The search for neutrino emission in the Galactic plane is based on a binned
forward-folding likelihood fit using templates. A Poisson likelihood,

L =
∏
i

(µtot,i)
di

di!
exp(−µtot,i), (7.1)

is used, which describes the probability density to observe di events in bin i
given the expected number of events

µtot,i =
∑
k

µk,i(pk,nk), (7.2)

which is the sum over all lepton flux templates k that are considered to describe
the experimental data. The templates used for this analysis are listed in
Table 7.1. Each template depends on a set of parameters, pk and nk, the
likelihood function is maximized with respect to. Nuisance parameters, which
have external constrains, are contained in nk. Note that the templates can
share parameters. In this analysis, the negative log-likelihood function

− log(L) = −
∑
i

(di log(µtot,i)− µtot,i + · · ·) +
∑
j

fj (7.3)
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Lepton flux template Lepton flux model

Atm. muons µ MuonGun
Conv. atm. neutrinos νconv HKKMS06
Prompt atm. neutrinos νprompt ERS
Extra-galactic neutrinos νEG Isotropic unbroken power law
Galactic neutrinos νgal Fermi-LAT, KRAγ (Ecut = 50 PeV)

Table 7.1: Lepton flux templates. The atmospheric and Galactic neutrino flux
models are introduced in Chapter 2 and Chapter 3, respectively.

is numerically minimized with respect to global flux normalizations ck for
each lepton flux template k, the primary cosmic-ray spectral index ∆γCR,
the relative contribution RK of kaon decays to the conventional atmospheric
neutrino flux, the spectral index γEG of the extra-galactic neutrino flux, and
optionally the spectral index γgal of the Galactic neutrino flux. More details
are given in the following sub-section. The L-BFGS-B algorithm is used for
the minimization [128]. The likelihood function can be penalized with prior
functions fj , which arbitrarily increase the negative log-likelihood value. The
default choice are Gaussian prior functions,

f(n) =
(n− n̄)2

2σ2
n

, (7.4)

which penalize the likelihood function if the nuisance parameter value n the
likelihood function is evaluated for significantly differs from the expected
value n̄ given the uncertainty σn on n̄. In general, a prior function can also de-
pend on more than one nuisance parameter if they are correlated. In order to
disentangle the different lepton flux contributions, both experimental data and
templates are binned along reconstructed energy, arrival direction in equatorial
coordinates, and event topology, namely cascade or track-like; see Chapter 5
and Chapter 6 for more details. The directional binning is either rectangular
in right ascension and sine declination or based on a HEALPix grid. The
detector run seasons, 2010 to 2016, are treated separately and stacked in the
likelihood evaluation.
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7.1.1 Lepton Flux Templates

The lepton flux template construction is based on simulated neutrino and
muon events, which are processed to the final MESE selection level. Primary
neutrinos are generated with Neutrino Generator (NuGen)1, which is based
on [129]. The neutrino arrival directions and energies are drawn isotropically
and between Emin and Emax from an unbroken power law, respectively. The
neutrino flavor is pre-chosen and NuGen generates half neutrinos and half anti-
neutrinos. A cylindrical detection volume is defined that encloses the detector.
For each generated event, the cylinder is projected onto a plane whose normal
is inclined with respect to the drawn zenith angle. The neutrino is propagated
from the Earth’s surface to a random intersection point that is sampled on this
area. In each propagation step ∆x, it is decided if the neutrino interacts with
the nucleons or electrons in the Earth. The interaction probability is given by

Pint = 1− exp(−∆xσn), (7.5)

where σ is the total interaction cross section and n the number density of
targets. For electron and muon neutrinos, CC interactions are suppressed,
which would otherwise lead to absorption. A final neutrino is randomly chosen
from all candidates, including the primary and all secondary neutrinos, that
reach the detection volume. This neutrino is forced to interact inside the
detection volume. The interaction point is drawn uniformly in column depth.
A simulation weight is assigned that accounts for the described efficiency biases
and contains the inverse of the differential fluence

Φ? ≡ Φ×∆t =
d3N

dE dAdΩ
, (7.6)

which gives the number of generated particles N per energy interval dE,
area dA, and solid angle dΩ. The simulation weight times a differential neu-
trino flux weight gives the contribution of this event to the expected event
rate. For each neutrino flux template, the neutrino simulation is weighted
to the corresponding neutrino flux model, as listed in Table 7.1. The con-

1 http://code.icecube.wisc.edu/svn/projects/neutrino-generator/
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ventional and prompt atmospheric neutrino flux weights are multiplied with
the corresponding passing fraction of the atmospheric neutrino self-veto; see
Chapter 6. In [120], it is shown that the background of atmospheric muons is
dominated by single muons and that the contribution from muon bundles can
be neglected. The background of single atmospheric muons is modeled with
MuonGun2, which draws events from parametrized atmospheric muon fluxes,
as described in [120]. The parametrizations are obtained from full CORSIKA
simulations. MuonGun allows one to re-weight the simulation to different
primary cosmic-ray and hadronic interaction models. For this analysis, H4a
and SIBYLL 2.1 are used, respectively. The event generation is followed by
the lepton propagation and shower simulation, the photon propagation, the
detector response simulation, and the online processing and filtering.

The weighted lepton simulations are binned along the observables described
before and along true lepton energy, cosine zenith angle, and enumerated lep-
ton flavor and type, following the particle numbering scheme from [38]. The
last three axes are used for re-weighting, which is explained in Section 7.1.3.
These weighted multi-dimensional histograms are referred to as lepton flux
templates. They are shown in Fig. 7.1 and Fig. 7.2. The shown binning cor-
responds to the one used in the likelihood fit. The pixel resolutions in Fig. 7.2
are about 29.3◦ and 7.3◦ for cascade and track-like events, respectively. The
binning is chosen according to the median resolutions shown in Fig. 5.2 and
Fig. 5.3. For track-like events, a coarser directional binning than the median
resolution is chosen in order to guarantee that the MC statistic in each decli-
nation band is high enough that the uncertainty on the number of MC events
per bin can be neglected. The disentanglement of the Galactic neutrino flux
component is based on the expected anisotropy in the neutrino arrival direc-
tion and the softer energy spectrum compared to the extra-galactic neutrino
flux component. This analysis is mostly sensitive to cascade-like events from
the direction of the Galactic plane in the southern sky. The strongest sensi-
tivity is expected from the bins containing the Galactic Center region. The
northern sky is mostly used to constrain the other neutrino flux components.

2 http://code.icecube.wisc.edu/svn/projects/MuonGun/
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Figure 7.1: Lepton flux templates projected along reconstructed energy in
the southern (left) and northern (right) sky, summed over recon-
structed arrival direction and detector season. Top and bottom
row show cascade and track-like events, respectively. The Galac-
tic neutrino flux template is weighted to the KRAγ model. The
extra-galactic and atmospheric prompt neutrino flux templates are
weighted to the best-fit astrophysical neutrino flux and upper limit
on ERS reported in [50, 51], respectively; see Chapter 3.
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Figure 7.2: Neutrino flux templates projected along reconstructed arrival di-
rection, summed over reconstructed energy and detector season.
Same input as for Fig. 7.1.
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7.1.2 Re-Sampling in Right Ascension

Because of the flat detector acceptance in right ascension, the simulated lep-
ton events can be re-sampled in this observable. The Galactic neutrino flux
template is averaged over 104 re-sampling trials. For each trial, the simulated
lepton events are assigned random true right ascension values, which are used
to calculate flux weights given the Galactic neutrino flux model. The position
of the detector is approximated to be exactly at the Geographic South Pole.
Under this assumption, the absolute value of the difference between true and
reconstructed azimuth angle is invariant under the transformation from lo-
cal to equatorial coordinates and used to assign reconstructed right ascension
values to the simulated lepton events given the drawn true right ascension
values. Using these reconstructed right ascension values and the flux weights,
the Galactic neutrino flux template for this particular re-sampling trial is con-
structed. The Galactic neutrino flux template is summed over all re-sampling
trials and divided by the number of trials. In case the binning in reconstructed
arrival direction is based on a HEALPix grid, the same procedure is also ap-
plied to all other lepton flux templates. Because the corresponding lepton
flux models do not depend on right ascension, the flux weights need only to
be calculated once. In case of a rectangular binning, the simulated lepton
events are not binned along reconstructed right ascension. Instead, the result-
ing histograms are copied along the bins in reconstructed right ascension and
down-scaled by the number of bins.

7.1.3 Fit Parameters

The expectations µk,i per bin i from each lepton flux template k are scaled with
a global flux normalization ck. The extra-galactic and the Fermi-LAT neutrino
flux templates depend on the spectral indices of the underlying power laws.
The conventional and prompt atmospheric neutrino flux templates depend
on the primary cosmic-ray flux and thus on the primary cosmic-ray spectral
index; compare Eq. (2.18). This nuisance parameter is implemented as a
residual ∆γCR relative to the model prediction. The expected value is ∆γCR =

0 and an uncertainty of σ∆γCR
= 0.05 is used as a prior. The conventional
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Figure 7.3: Effect of fit parameter primary cosmic-ray spectral index ∆γCR on
the conventional (left) and prompt (right) atmospheric neutrino
flux templates along reconstructed energy. The bottom plots show
the ratio with respect to the baseline ∆γCR = 0.

and prompt atmospheric neutrino flux templates are weighted to a different
primary cosmic-ray spectral index by scaling it with

wki (∆γCR) =

(
Ei
Ēk

)−∆γCR

, k ∈ {conv,prompt} (7.7)

along the true neutrino energy Ei axis, normalized at the median neutrino
energy Ēk. This way, the expected total number of events stays roughly con-
stant and artificial degeneracies with the flux normalizations are reduced. The
median neutrino energies are calculated before accounting for the atmospheric
neutrino self-veto. Fig. 7.3 shows how the primary cosmic-ray spectral index
affects the conventional and prompt atmospheric neutrino flux templates. Pos-
itive and negative ∆γCR values soften and harden the reconstructed energy
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Figure 7.4: Effect of fit parameter relative contribution RK of kaon decays to
the conventional atmospheric neutrino flux on the conventional at-
mospheric neutrino flux template along reconstructed energy (left)
and sine declination (right). The bottom plots show the ratio with
respect to the baseline RK = 1.

spectra, respectively. The implementation of the conventional atmospheric
neutrino flux model described in Chapter 2 allows to independently rescale
the pion and kaon terms; compare Eq. (2.18). As outlined, the latter domi-
nates above TeV energies. The corresponding flux template is rescaled with

wconv
ijl (RK) =

Nconv(RK = 1)

Nconv(RK)

Φconv
νl

(
Ei, cos(ϑ)j ;RK

)
Φconv
νl

(
Ei, cos(ϑ)j ;RK = 1

) (7.8)

along the true neutrino energy Ei, cosine zenith angle cos(ϑ)j , and flavor
and type l axes, where RK is the relative contribution of kaon decays. The
baseline is RK = 1 and an uncertainty of σRK = 0.1 is used as a prior. The
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Figure 7.5: Effect of hole ice model on the extra-galactic (left) and Galactic
(right) neutrino flux templates along reconstructed sine declina-
tion. The bottom plots show the ratio with respect to the baseline
model H2.

expected total number Nconv of conventional atmospheric neutrino events is
kept constant. As for the cosmic-ray spectral index, the motivation is to reduce
an artificial degeneracy with the flux normalization. Fig. 7.4 shows that a
smaller RK value leads to more expected events at lower energies, where pion
decays still contribute. In the kaon-decay-dominated energy range, a more
or less constant reduction is expected. The expected decrease along the sine
declination bins reflects the cos−1(ϑ) dependency in Eq. (2.18). The cascade
to track-like ratio is also reduced because kaon decays are the dominant source
of conventional atmospheric electron neutrinos. The hole ice model is treated
as a discrete nuisance parameter. As illustrated in Fig. 7.5, more and less
events are expected from the southern and northern sky for H3 with respect
to the baseline model H2, respectively.
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7.2 Likelihood-Ratio Test

The first goal of this analysis is to exclude the null-hypothesis of only one
isotropic astrophysical neutrino flux component, which is the special case
cgal = 0 of the alternative hypothesis, which includes the contribution from
neutrino emission in the Galactic plane. The test statistic

t ≡ 2 log

(
L(ĉgal, γ̂gal, . . .)

L(cgal = 0, . . .)

)
(7.9)

is defined, where ĉgal and γ̂gal are the Galactic flux normalization and spec-
tral index that minimize the negative log-likelihood function, respectively; not
shown are the other best-fit parameter values under each hypothesis. The
compatibility of the observed test statistic value tobs with the null-hypothesis
is quantified via the p-value

P0(tobs) ≡
∞∫

tobs

p0(t) dt , (7.10)

where p0(t) = p(t; cgal = 0, . . .) is the test statistic distribution under the null-
hypothesis. For fixed Galactic spectral indices, this distribution is expected to
be described by a mixture of half a χ2-distribution with a degree of freedom
(ndf) of one and half a delta distribution at t = 0 [130]; see Fig. 7.6.

7.3 Sensitivity and Discovery Potential

The sensitivity and discovery potential of this analysis with respect to neutrino
emission in the Galactic plane is quantified by quoting the Galactic neutrino
flux normalizations cgal that solve

∞∫
tα

p(t; cgal, . . .) dt
!

= β, (7.11)

where β values of 90 % and 50 % are chosen; the threshold test statistic
values tα correspond to P0(tα) = 0.5 and P0(tα) ≈ 1.35× 10−3 (3σ), re-
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Figure 7.6: Test statistic distribution under the null-hypothesis, fitted with a
χ2-distribution. More information can be found in the text.

spectively; see Table 7.2. The test statistic distributions are obtained from
pseudo-experiments. The pseudo-experiments are created by drawing random
bin entries from Poisson distributions with mean expected numbers µtot,i of
events per bin i. If not stated otherwise, the extra-galactic neutrino flux tem-
plate is weighted to the best-fit differential muon plus anti-muon neutrino
flux presented in Chapter 3, assuming a neutrino flavor ratio of 1:1:1. The
through-going muon track sample is restricted to the northern sky and mostly
sensitive to neutrinos of extra-terrestrial origin with energies above 100 TeV.
Thus, the measured astrophysical neutrino flux should be dominantly of extra-
galactic origin. Moreover, an atmospheric prompt neutrino flux normalization
of cprompt = 1.06 is assumed. For all other nuisance parameters, the base-
line values are used. Fig. 7.6 shows the test statistic distribution under the
null-hypothesis. As expected, the distribution of test statistic values larger
than zero is compatible with half a χ2-distribution with a ndf of one for the
KRAγ template; a fit yields a scale of 0.52± 0.02 and a ndf of 0.94± 0.03. The
Fermi-LAT template depends also on the fitted Galactic spectral index, which
is degenerated with the Galactic neutrino flux normalization. The distribution
of test statistic values larger than zero is well-described by a χ2-distribution
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Figure 7.7: Sensitivity and discovery potential of this analysis to the KRAγ
model and to the Fermi-LAT model for a benchmark Galactic
spectral index of γgal = 2.5, respectively. The interpolation be-
tween the points is based on the parametrization 1− a exp((bx)c).

with a scale of 0.63± 0.01 and a ndf of 1.87± 0.02. The threshold test statistic
values are calculated from the generated trials instead of using the fitted χ2-
distributions. For the sensitivity and discovery potential estimation, pseudo-
experiments are created for a range of Galactic neutrino flux normalizations.
For each scan point, the fractions of trials with fitted statistic values larger
than tα are determined. Scans for the KRAγ model and the Fermi-LAT model
with a reference spectral index of γgal = 2.5 are shown in Fig. 7.7. By following
the solid and dashed black lines, one can read off the sensitivity and discovery

KRAγ Fermi-LAT

(tα)sens 1.96× 10−5 0.38
(tα)disc 8.77 11.97
(cgal)sens 0.41 3.04
(cgal)disc 1.00 7.26

Table 7.2: Sensitivity and discovery potential obtained from Fig. 7.7.
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Figure 7.8: Test statistic distribution (left) and distribution of best-fit Galac-
tic flux normalizations (right) under the null-hypothesis for the
KRAγ model. The pseudo-experiments are created using the H3
MC datasets. Likelihood fits are performed with the H2 and the
H3 MC datasets, respectively.

potential Galactic neutrino flux normalizations from the x-axis, respectively.
The values are shown in Table 7.2. The power-law energy spectrum that enters
the Fermi-LAT model is normalized at 100 TeV,

Φν+ν̄(Eν) = cgal × 10−18 GeV−1 cm−2 s−1

(
Eν

100 TeV

)−γgal
, (7.12)

where Φν+ν̄ is integrated over the entire sky. The KRAγ sensitivity corre-
sponds to about 17 cascade and 4 track-like events in total; 9 out of the 17
cascade-like events are expected to arrive from the southern sky, sin(δreco) ≤
−0.2, while the track-like events are all up-going. Fig. 7.8 shows how both
the test statistic distribution and the distribution of best-fit Galactic neutrino
flux normalizations under the null-hypothesis are shifted to higher values if
pseudo-experiments that are created using the H3 MC datasets are fitted with
the H2 model. As shown in Fig. 7.5, more events are expected to arrive from
the southern sky for the H3 model with respect to the H2 model. When using
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Figure 7.9: Comparison of the sensitivity of this analysis to the published Ice-
Cube results with seven years of through-going muon tracks [55].
The plot shows the predicted differential per-flavor neutrino plus
anti-neutrino fluxes, multiplied with the sensitivity and discovery
potential Galactic neutrino flux normalizations and integrated over
the entire sky. The gray area shows the envelope between the min-
imum and maximum KRA prediction shown in Fig. 3.4.

the H2 model for the likelihood fit, the minimizer tries to compensate this
mismatch by fitting a higher Galactic neutrino flux. The expected median
test statistic value under the null-hypothesis is about 0.13. Hence, fitting the
wrong hole ice model does not mimic a signal from the Galactic plane under
the given assumptions. Similar sensitivity and discovery potential Galactic
neutrino flux normalizations are obtained to the ones shown in Table 7.2; the
deviations are within a few percent. Nevertheless, the test shows that the hole
ice has a non-negligible impact on the final p-value estimation. In Fig. 7.9,
the benchmark sensitivity of this analysis is compared to the latest published
IceCube result with seven years of trough-going muon tracks [55]. Given the
assumptions made for this sensitivity study, the results for the Fermi-LAT
model are almost the same. An improvement of about a factor of two is ex-
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Figure 7.10: Expected test statistic distribution along the analysis bins for the
KRAγ template, projected along reconstructed direction (left) in
equatorial coordinates and along reconstructed sine declination
versus reconstructed energy (right). The likelihood fit is per-
formed using an Asimov dataset with an injected Galactic neu-
trino flux normalization of cgal = 1 [130]. For bins with positive
test statistic values, the alternative hypothesis is preferred over
the null-hypothesis and vise versa. Only cascade-like events are
shown because their contribution to the significance dominates.

pected for the KRAγ model. This finding reflects the stronger neutrino flux
prediction of the KRAγ model towards the inner Galaxy with respect to the
Fermi-LAT model. This region in the sky is not covered by the through-going
muon track analysis. It also shows how important the atmospheric neutrino
self-veto is for this search and that a good understanding of the veto proba-
bilities is necessary. Fig. 7.10 shows that the analysis bins along the Galactic
plane close to the Galactic Center are expected to contribute the most to the
sensitivity of the presented analysis. Moreover, the most sensitive bins in re-
constructed energy are around 30 TeV. In conclusion, Galactic neutrino emis-
sion is expected to help explaining part of the mismatch between experimental
data and MC shown in Fig. 3.2. In Fig. 7.11, it is shown how the sensitivity
and discovery potential of this analysis change if the injected extra-galactic
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neutrino flux normalization is varied within its uncertainties, see Eq. (3.4), or
if a softer energy spectrum of γEG = 2.5 is assumed, which corresponds to the
best-fit astrophysical neutrino flux obtained in [131]. For the latter case, the
sensitivity is only shown. In the top plot, the sensitivity and discovery poten-
tial can be read off from the x-axis by following the solid and dashed lines,
respectively. The bottom plot shows the sensitivity and discovery potential
for the Fermi-LAT model as a function of the injected Galactic spectral in-
dex. For performance reasons, Asimov datasets are used for Fig. 7.11, which
give an estimate of the median test statistic value without the need to cre-
ate pseudo-experiments [130]. Hence, a different definition of sensitivity is
required: the Galactic flux normalization is quoted that solves Eq. (7.11) for
β = 0.5, using the threshold test statistic values tα = 1.57 and tα = 3.45 for
the KRAγ and Fermi-LAT model, respectively. These values correspond to
P0(tα) = 0.1 and are calculated from the trials that enter Fig. 7.6. The uncer-
tainties on the extra-galactic neutrino flux normalization result in the shaded
bands around the test statistic, sensitivity, and discovery potential lines. The
aforementioned threshold test statistic values are assumed. In general, the
sensitivity decreases if an extra-galactic neutrino flux with a softer spectrum
is assumed; more events of extra-galactic origin are expected at lower energies
and thus the signal-to-background ratio gets smaller. However, one has to
keep in mind that the uncertainties on the best-fit astrophysical neutrino flux
obtained in [131] are still very large. The sensitivity to the Fermi-LAT model
improves if the injected Galactic spectral index differs significantly from the
injected extra-galactic spectral index.

7.4 Additional Tests based on the Goodness-of-Fit

In order to quantify how well the experimental data is described by the best-
fit alternative hypothesis, which includes the contribution from cosmic-ray
induced neutrino emission in the Galactic plane, the p-value

PGOF ≡
∞∫

t̃obs

p(t; ĉgal, . . .) dt (7.13)
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Figure 7.12: Expected correlation coefficient ρ between fit parameters under
the alternative hypothesis for the KRAγ model. An Asimov
dataset is fitted with an injected Galactic neutrino flux normal-
ization of cgal = 1.

will be reported after unblinding, which is referred to as the goodness-of-fit.
The test statistic t̃ corresponds to two times the negative log-likelihood ratio
with respect to the saturated Poisson model L

∣∣
µtot,i=di,∀i; see Eq. (7.1). The

test statistic distribution p
(
t̃; ĉgal, . . .

)
under the best-fit alternative hypoth-

esis ĉgal is expected to follow a χ2-distribution with a ndf of number of bins
minus number of fitted parameters [38]. Thus, a good description of the ex-
perimental data should yield a p-value of PGOF = 0.5. As shown in Fig. 7.12,
the fitted Galactic and extra-galactic neutrino flux normalizations are still ex-
pected to be quite strongly degenerated; a correlation factor of ρ ≈ −0.4 is
obtained when fitting a KRAγ Asimov dataset. Therefore, it is also planned
to compute a goodness-of-fit p-value with a prior on the extra-galactic neu-
trino flux included. The result of the profile likelihood scan in astrophysical
neutrino flux normalization versus astrophysical spectral index of the through-
going muon track analysis with eight years of data will be taken as the prior
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function [51]. This p-value will be compared to the standard null-hypothesis,
cgal = 0, which does not include a prior on the extra-galactic neutrino flux.
A more qualitative approach to the expected outcome of this comparison is
shown in Fig. 7.13. An Asimov dataset that includes the KRAγ prediction
for a Galactic neutrino flux normalization of cgal = 1 is fitted under the null-
hypothesis and the agreement of the fit result with the Asimov dataset along
the fit observables is illustrated. The minimizer tries to account for the addi-
tional Galactic events at medium energies by preferring a softer extra-galactic
neutrino flux than injected; an extra-galactic spectral index of γ̂gal ≈ 2.30 is
fitted, while the injected one is γgal = 2.19. This leads to a disagreement be-
tween experimental data and expectation at higher energies. Unfortunately,
this is the energy range where the least events are expected to be measured.
The mismatch between the experimental data and the best-fit null-hypothesis
along reconstructed sine declination is also expected to be not pronounced
enough. The strongest mismatch is expected to arise along reconstructed
right ascension. In conclusion, the goodness-of-fit p-values for the best-fit null
and alternative hypotheses are not expected to differ significantly.

7.5 Unblinding Status

In December 2017, the IceCube Collaboration granted the unblinding of the
presented analysis. Preliminary results were obtained based on the KRAγ
model: a mild over-fluctuation of the experimental data with respect to the
expectation is observed. The interpretation of this over-fluctuation is non-
trivial and requires more detailed studies on systematic uncertainties. These
studies are still on-going. A publication of the final results is planned in the
near future together with other analyses that are based on the MESE sample
that is presented in this thesis.
Depending on the outcome of the on-going studies on systematic uncertain-

ties, different conclusions could be drawn: either the over-fluctuation is caused
by these systematic uncertainties; or the over-fluctuation persists and grows
adding more statistics; then it can be interpreted as a deviation of the exper-
imental data from the null-hypothesis, which includes only a single isotropic

82



103 104 105 106 107

Ereco [GeV]

10−1

100

101

102

103

N
c
a
sc
/
b
in

in
2
4
2
8

d
a
y
s

Asimov data

−1.0 −0.5 0.0 0.5 1.0

sin(δreco)

0

100

200

300

400

Asimov data

0h 8h 16h 24h

αreco

70

80

90

100

110

120

130

140

N
c
a
sc
/
b
in

in
2
4
2
8

d
a
y
s

Asimov data

νconv µ νprompt νEG νgal

Figure 7.13: Expected agreement between experimental data and the best-fit
null-hypothesis projected along reconstructed energy, sine decli-
nation, and right ascension, respectively. An Asimov dataset is
fitted with an injected Galactic neutrino flux normalization of
cgal = 1. For the shown uncertainties, the Neyman construction
is used, assuming a Poisson distribution with a mean that corre-
sponds to the expected number of bin entries [38]. The best-fit
MC lepton flux templates are stacked. Only cascade-like events
are exemplary shown.
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neutrino flux component of astrophysical origin. In the former scenario, a 90 %

Neyman limit will be calculated for the KRAγ model [38]. This limit corre-
sponds to the flux normalization cgal that solves Eq. (7.11) for tα = tobs and
β = 90 %. If a value smaller than one is obtained, this analysis will constrain
the KRAγ model. This constraint can be translated into limits on the physics
parameters that enter the KRAγ model, but requires full access to the un-
derlying simulation of cosmic-ray propagation with the DRAGON solver. In
the latter scenario, the next step will be to quantify how well the alternative
hypothesis, which contains the contribution from cosmic-ray induced neutrino
emission in the Galactic plane, describes the experimental data based on the
goodness-of-fit as outlined in Section 7.4.
In Fig. 7.14, some of the open questions are emphasized that are still under

investigation. First, most searches for point-like neutrino sources in the sky
with IceCube create pseudo-experiments under the null-hypothesis by scram-
bling the experimental data in right ascension; see Chapter 8. For this analysis,
this procedure is not fully applicable, because it does not reproduce the ex-
pected energy and declination distributions under the null-hypothesis. How-
ever, it is still a useful crosscheck for the robustness of the p-value that is
obtained from the standard MC-based approach, which is described in Sec-
tion 7.3. As shown in Fig. 7.14, the test statistic distribution under the null-
hypothesis, which is obtained from the scrambles, strongly deviates from the
expected χ2-distribution if the H2 model is used for the likelihood fit. In case
of the H3 model, the deviation is less pronounced and can be further decreased
if the fit is performed with a KRAγ-like template with an unbroken power-law
energy spectrum that is assigned the same spectral index as the extra-galactic
neutrino flux template. This effectively removes the energy information from
the test statistic. For the H2 model, a significant deviation remains. Secondly,
the baseline photon tables used for the directional and energy reconstruc-
tions do not account for the observed anisotropy of the South Pole ice; see
Chapter 4. After the sensitivity study for this analysis was completed and
unblinding was granted, the author’s attention was directed to reprocessed
experimental data and MC simulations with fairly new photon tables for the
cascade reconstructions that have the anisotropy incorporated. As shown in
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Figure 7.14: Left: sine declination distribution of the measured cascade-like
events. The baseline photon tables for the directional and energy
reconstructions do not account for the observed anisotropy of the
South Pole ice discussed in Chapter 4. Here, it is compared to
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null-hypothesis for the hole ice models H2 and H3, compared
to half a χ2-distribution with a ndf of one. The test statistic
distributions are obtained by scrambling the experimental data
in right ascension. The KRAγ template is used.

Fig. 7.14, cascade-like events move from the southern to the northern sky if
the new tables are used. Other than the hole ice model, both measured and
simulated events are affected. This leads to a non-negligible decrease in the
significance for excluding the null-hypothesis.

These findings show that this analysis is highly affected by the systematic
uncertainties in the description of the ice. It should be pointed out that this is
one of the first IceCube analyses at TeV energies and above that includes the
hole ice model as a fit parameter. Uncertainties on the description of the hole
ice are mostly considered in low-energy analyses with DeepCore, e.g. for the
measurement of atmospheric neutrino oscillations [97]. The before-mentioned
open issues will be addressed by replacing the MC datasets with new sim-
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ulations that are created using the newest version 3.2 of the SPICE model
and a better parametrization of the DOMs’ angular sensitivity. Moreover, the
optical properties of the bulk ice, namely effective scattering and absorption
length, and the optical DOM efficiency will be incorporated into the likelihood
fit as nuisance parameters. This is work is still on-going and beyond the scope
of this thesis.
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8 Search for Neutrino Emission from 1ES 1959+650

In this chapter, the search for neutrino emission from 1ES 1959+650 during
its flaring phase in spring 2016 is presented. This analysis is part of a broader
IceCube follow-up campaign: it is performed together with a search for event
clusters in time and a neutrino-gamma-ray correlation analysis, using gamma-
ray light curves provided by FACT and MAGIC [132]. All three analyses are
applied to the through-going muon track sample described in Chapter 6.

8.1 Analysis Method

The through-going muon track sample is split into an on and off-time sub-
sample. The on-time window of 89 days is given by the duration of the flaring
phase and shown in Fig. 3.6. The probability density to observe N events in
the on-time window is given by

p(N ;ns, nb) =
(ns + nb)

N

N !
exp(−(ns + nb)), (8.1)

where ns and nb are the number of signal and background events, respectively.
The expected number 〈nb〉 of background events is estimated from the event
rate in the off-time window. The signal refers to the potential neutrino emis-
sion from 1ES 1959+650 during the flaring phase. The probability density is
combined with the per-event likelihood

Li =
nsSi + 〈nb〉Bi
ns + 〈nb〉

(8.2)

to the likelihood function

L(ns) = p(N ;ns)

N∏
i

Li(ns) (8.3)
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Figure 8.1: Spatial PDF (left) and example energy weighting function for a
spectral index of γ = 2 (right).

where Si and Bi are the per-event signal and background spatial probability
densities, respectively [133]. The signal spatial PDF is approximated with a
Gaussian distribution

S(p̂, σ) =
1

2πσ2
exp

(
−ψ(p̂, p̂s)

2

2σ2

)
, (8.4)

which depends on the angular distance ψi between neutrino and source loca-
tion, p̂i and p̂s, in equatorial coordinates. The event’s angular uncertainty is
given by a single number σi; see Section 8.2. The background spatial PDF is
obtained from the experimental data in the off-time window:

B(δ) =
1

2π
× pexp(δ), (8.5)

where pexp(δ) is the measured sine declination distribution. The factor 2π

accounts for the flat detector acceptance in right ascension. The spatial back-
ground distribution is shown in Fig. 8.1. The test statistic

t ≡ 2 log(Λ) ≡ 2 log

(
L(n̂s)

L(ns = 0)

)
(8.6)
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is defined, where n̂s is the signal strength that maximizes the likelihood func-
tion. The log-likelihood ratio is given by

log(Λ) = −n̂s +
N∑
i

log

(
n̂s
〈nb〉

Si
Bi
Wi + 1

)
. (8.7)

A signal over background weighting factor Wi is introduced, which allows to
include energy information: high-energy neutrinos are more likely of extra-
terrestrial origin and thus their contribution to the likelihood is weighted
stronger. The signal energy distribution for the energy weighting is obtained
from MC simulations, weighted to an isotropic unbroken power-law flux. As
for the spatial PDF, the background energy distribution is obtained from the
experimental data in the off-time window. The weighting function depends
on the spectral index γ. It is shown in Fig. 8.1 for a spectral index of γ = 2.
The weighting function is pre-evaluated for a range of spectral indices and
interpolated.

The likelihood function has been implemented into the SkyLab1 frame-
work for likelihood-based point source searches with neutrino telescopes by
the author of this thesis [134]. SkyLab numerically minimizes the negative
log-likelihood function − log(Λ) at a source location p̂s with respect to ns and
γ, using the L-BFGS-B algorithm. Moreover, methods are provided for scan-
ning the likelihood function over the entire sky or around a potential source
location, and to compute sensitivities, discovery potentials, and upper limits.
For the implementation of Eq. (8.7) into SkyLab, the author of this thesis
introduced a new abstract base class, both the existing and all future likeli-
hood functions are derived from, and performed an extensive code cleanup.
All changes were merged into the official SkyLab repository.

8.2 Angular Uncertainty Estimation

For the angular uncertainty estimation, the negative log-likelihood function
of the directional reconstruction is evaluated on a grid of zenith and azimuth

1https://github.com/coenders/skylab

89

https://github.com/coenders/skylab


angles around the minimum [135]. In each grid point, it is minimized with
respect to the coordinates of the track’s support vector. A paraboloid is
fitted to the obtained negative log-likelihood values based on an analytical
χ2-minimization. The angular uncertainty is extracted from the covariance
matrix. It can be represented as the lengths of the minor and major axes,
σminor and σmajor, of the paraboloid’s 1σ error ellipse, and a rotation angle
with respect to the azimuth angle axis. The quadratic mean

σ ≡

√
σ2

minor + σ2
major

2
(8.8)

is used for neutrino point source searches with IceCube. About 4 % of the
measured events have a failed paraboloid fit. They are assigned a fixed an-
gular uncertainty of 1.54◦, which is obtained from simulated events with a
failed paraboloid fit, weighted to an isotropic unbroken power-law flux with a
spectral index of γ = 2. The directional reconstruction does not account for
various systematic uncertainties, e.g. the optical properties of the ice. This
leads to an energy-dependent bias in the estimated angular uncertainties,
as shown in Fig. 8.2. A pull correction is applied: the angular uncertainty
pulls pi ≡ log(ψi/σi) are defined as the logarithm of the ratio of the opening
angle ψi between true and reconstructed neutrino direction over the recon-
structed angular uncertainty σi. The bias in the median pull distribution
along reconstructed energy E is parametrized with the polynomial

p̄(E) = 5.67× 10−4 log6(E)− 1.22× 10−2 log5(E) + 9.19× 10−2 log4(E)

− 0.24 log3(E)− 0.19 log2(E) + 1.85 log(E)− 1.98.

(8.9)

The quadratic mean σ is expected to follow a bivariate distribution with a
median of about 1.177. Hence, the pull-corrected angular uncertainties are
given by

σ̃i = σi ×
exp(p̄(Ei))

1.177
. (8.10)
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Figure 8.2: Angular uncertainty pull distribution along reconstructed energy
with (left) and without (right) pull correction. The sold line shows
the median pulls and the shaded area shows the 1σ range around
the median. Only events with reconstructed declinations larger
than 30◦ are taken into account. The MC simulation is weighted
to an isotropic unbroken power-law flux with a spectral index of
γ = 2.

All events with a pull-corrected angular uncertainty of larger than 5◦ are re-
moved, because the approximated signal spatial PDF is only valid for small
angular uncertainties. Less than 0.8 % of the measured events are lost due to
this restriction.

8.3 Sensitivity and Discovery Potential

The negative log-likelihood function given by Eq. (8.7) is numerically mini-
mized with respect to the signal strength ns and the spectral index γ. Only
positive ns values are allowed and the spectral index is varied between one
and four. The test statistic distributions are obtained by drawing nb events
with declinations larger than 30◦ from the experimental data in the off-time
window, where nb is Poisson-distributed with a mean of 〈nb〉 ≈ 6803. The
drawn events are scrambled in right ascension. Signal is injected by drawing
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of injected signal events. The injected source spectrum is γs =
2. Left: the test statistic values larger than zero under the null-
hypothesis are fitted with a χ2-distribution.

µ simulated events with true sine declinations between ±0.01 around the sine
declination of 1ES 1959+650 and rotating their true direction onto the source
location. The number µ of injected signal events is Poisson-distributed. The
signal events are drawn based on the effective area in this declination band,
convolved with an unbroken power-law energy spectrum with a spectral in-
dex of γs. Fig. 8.3 shows the test statistic distribution p(t; 〈µ〉, γs) for differ-
ent mean numbers 〈µ〉 of injected signal events. Under the null-hypothesis,
p0(t) = p(t, µ = 0), the distribution of test statistic values larger than zero is
well-described by a χ2-distribution with a scale of 0.4789± 0.0005 and a ndf
of 1.107± 0.001. With increasing source strength, the test statistic distribu-
tion gets shifted to higher test statistic values. The sensitivity and discovery
potential are quantified as explained in Chapter 7. The threshold test statistic
values tα = 0 and tα ≈ 25.7 are directly extracted from the test statistic dis-
tribution under the null-hypothesis instead of using the fitted χ2-distribution.
The latter value corresponds to a p-value of about 2.87× 10−7 (5σ). The ob-
tained 〈µ〉 values are converted into fluences based on the effective area in the
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Figure 8.4: Sensitivity and discovery potential neutrino plus anti-neutrino flu-
ence for the spring 2016 flaring phase of 1ES 1959+650; top: for
various injected source spectral indices and compared to the steady
point source search with seven years of IceCube data [54]; and bot-
tom: differential in true neutrino energy.
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γs 〈µ〉sens 〈µ〉disc EγΦ?
sens EγΦ?

disc

1 2.4 4.3 1.5× 10−6 2.7× 10−6

2 3.2 8.4 1.0× 10−4 2.7× 10−4

3 5.5 18.5 6.6× 10−4 2.2× 10−3

unit: TeVγ−1 cm−2

Table 8.1: Sensitivity and discovery potential.

sine declination band with a width of 0.02 centered around the sine declina-
tion of 1ES 1959+650. The sensitivity and discovery potential neutrino plus
anti-neutrino fluences are shown in Fig. 8.4 and Table 8.1. The improvement
with respect to the steady point search with seven years of IceCube data varies
between factors of about 1.2 and 4 and increases for softer injection spectra.
The differential fluences are obtained by injecting only signal events with true
neutrino energies from a certain energy range, given by the bin edges shown
in Fig. 8.4. As pointed out before, this analysis is part of a broader IceCube
campaign: a model-independent search for event clusters in time and a model-
dependent neutrino-gamma-ray correlation analysis were performed by other
IceCube collaborators. For the latter, gamma-ray light curves are provided by
FACT and MAGIC, which are used as the neutrino arrival time PDF in the
corresponding likelihood fit [132]. As presented in [132] and shown in Fig. 8.5,
this analysis starts to be more sensitive than the search for event clusters in
time once the time window for this search is larger than 30 days. As expected,
the model-independent analyses are less sensitive than the neutrino-gamma-
ray correlation analysis, as long as the same light curve is used for the signal
injection and the likelihood model. Hence, all three follow-up analyses are
complementary.

8.4 Unblinding Results

No deviation from the null-hypothesis is observed; the fitted test statistic
value is tobs = 0. As shown in Fig. 8.6, only three events are compatible
with the location of 1ES 1959+650 within 1σ. Their angular uncertainties
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Figure 8.5: Comparison of the discovery potential of this analysis to the other
two analyses of the IceCube follow-up campaign, which were per-
formed by other IceCube collaborators [132]. Here, a source spec-
tral index of γs = 2 is assumed. The time t gives the length of
the on-time windows in days that are used for injection of signal
events. The discovery potential of the neutrino-gamma-ray corre-
lation analysis is determined by using the same time PDF for both
the signal injection and the likelihood fit.

are larger than 2◦ and their reconstructed energies are rather low. Moreover,
their arrival times do not seem to coincide with stronger gamma-ray flares
from 1ES 1959+650. Because of the null-observation, the 90 % upper limit
on the neutrino plus anti-neutrino fluence corresponds to the sensitivity curve
shown in Fig. 8.4; see Eq. (7.11). As presented in [132], the neutrino-gamma-
ray correlation analysis yields also a test statistic value of tobs = 0. The most
significant cluster of events in time is 3.3 hours long around the most-energetic
event in the on-time window. The cluster consists of two events and a p-value
of 37 % is obtained, which is still compatible with the null-hypothesis. In
conclusion, no evidence for neutrino emission from 1ES 1959+650 during its
flaring phase in spring 2016 is found.
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Figure 8.6: Top: test statistic scan around the location of 1ES 1959+650
(right). Overlaid are the locations of all measured events that
are compatible with the source location within 1σ (left). Bottom:
arrival times of all measured events that are compatible with the
source location within 3σ, overlaid with the excess rate measured
with the FACT telescope. The events’ reconstructed energies are
color-coded.
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9 Conclusion

The search for a deviation from isotropy in the arrival direction of astrophysical
neutrinos measured with the IceCube neutrino detector is one of the most
fascinating challenges in the next couple of years in the very active field of
neutrino astronomy. In this thesis, two analyses are presented to search for
Galactic and extra-galactic neutrino emission with IceCube.

For the first analysis, templates for cosmic-ray induced neutrino emission in
the Galactic plane are used. Neutrino emission in the Galactic plane is one of
the most promising candidates for an anisotropic diffuse astrophysical neutrino
flux. The null-hypothesis of a single isotropic unbroken power-law neutrino
flux of extra-terrestrial origin is tested against the two-component hypothesis,
which includes the contribution from Galactic neutrinos. A forward-folding
likelihood fit using templates is applied to seven years of MESE data. Sensi-
tivities and discovery potentials are presented for two different Galactic neu-
trino flux models. The benchmark model is based on the π0-component of
the Fermi-LAT diffuse gamma-ray model. In comparison, the KRAγ model
is tested, which includes anisotropic diffusion of cosmic rays in the Galaxy.
Stronger neutrino emission is predicted in the inner Galaxy than for the Fermi-
LAT model. A comparison of this analysis to the published IceCube sensitivity
for the KRAγ model with a high-energy cutoff at 50 PeV shows an expected im-
provement of about a factor two, if an isotropic neutrino flux of extra-galactic
origin with a hard spectral index of γEG = 2.19 and a prompt atmospheric
neutrino flux of 1.06 times ERS are assumed. The region of strong neutrino
emission in the inner Galaxy predicted by the KRAγ model lies in the southern
sky and is not accessible by the through-going muon track sample the pub-
lished IceCube result is based on. The high-energy cutoff at 50 PeV is very op-
timistic and most likely already excluded by indirect cosmic-ray experiments.
Although not explicitly used, this analysis is also expected to constrain the
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KRAγ model with a more realistic high-energy cutoff of 5 PeV. This is not the
case for the Galactic plane analysis based on through-going muon tracks at the
current state. A further increase in sensitivity could be achieved when comb-
ing this analysis with the results from the ANTARES neutrino telescope [136].
The analysis presented in this thesis has been unblinded in December 2017; a
publication of the results is planned in the near future. Moreover, a combi-
nation of this analysis with the through-going muon track analysis is consid-
ered. The latter better constrains the conventional and prompt atmospheric
neutrino fluxes and is very sensitive to the extra-galactic neutrino flux. The
expected degeneracy between the Galactic and extra-galactic neutrino flux for
MESE-alone will be decreased and the sensitivity to Galactic diffuse neutrino
emission should increase.
The second analysis that is presented in the thesis is dedicated to extra-

galactic neutrino emission. The HBL 1ES 1959+650 showed a very strong
activity in high-energy gamma rays in spring 2016, which lasted for about
three months. This source is very prominent in the neutrino astronomy com-
munity because of an orphan gamma-ray flare observed in 2002. Three neutri-
nos were detected with the AMANDA neutrino telescope in coincidence with
this flare. Because the experimental data was already unblinded, no p-value
was reported. The source was in quiescent state until the flaring phase in
2016. Hence, a new chance was given to search for neutrino emission from
1ES 1959+650 while the source is in an active state. No evidence for neutrino
emission is found, neither with the presented time-integrated search method
nor with the other two analyses that are part of the IceCube follow-up cam-
paign. The non-observation of neutrino emission from 1ES 1959+650 allows to
constrain the lepto-hadronic models that predict a correlation between high-
energy gamma-ray and neutrino emission, e.g. [137]. This work is still ongoing.
Furthermore, a more automated approach of such follow-up analyses in the
context of IceCube’s realtime alert program will help to create larger datasets
of multi-messenger observations in the future [138].
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A Expected Number of Events

In the following tables, the expected numbers of cascade and track-like events
in seven years of MESE data are listed for all lepton flux models introduced
in Chapter 7; see Table 7.1. The event numbers are separately given for the
northern and the southern sky. Table A.1 and Table A.2 show the expectations
for the H2 and H3 hole ice neutrino MC datasets, respectively. The extra-
galactic neutrino flux is weighted to the best-fit differential muon plus anti-
muon neutrino flux presented in Chapter 3, assuming a neutrino flavor ratio
of 1:1:1. A global flux normalization of cprompt = 1.06 is used for the prompt
atmospheric neutrino flux model. The Galactic neutrino flux corresponds to
the KRAγ model with a high-energy cutoff at 50 PeV.
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Nevents Cascade-like Track-like

down-going, sin(δreco) ≤ −0.2

µ 67 16
νconv 296 67
νprompt 19 1
νEG 60 4
νgal 28 2

up-going, sin(δreco) > −0.2

µ 8 29
νconv 925 7689
νprompt 51 54
νEG 67 40
νgal 15 11

Table A.1: Expected number of events for the H2 model.

Nevents Cascade-like Track-like

down-going, sin(δreco) ≤ −0.2

µ 67 16
νconv 383 79
νprompt 22 1
νEG 64 4
νgal 30 2

up-going, sin(δreco) > −0.2

µ 8 29
νconv 854 7910
νprompt 49 55
νEG 63 40
νgal 14 11

Table A.2: Expected number of events for the H3 model.
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B POCAM Simulation

As described in Chapter 4, the author of this thesis developed the first simu-
lation of an early version of the POCAM design, based on Geant4 [113, 139]:
A light-diffusing sphere is placed inside the spherical borosilicate glass hous-

ing of a standard IceCube DOM; see Fig. 4.1. Both volumes are filled with
air. The spherical glass housing is simulated with an outer radius of 16.5 cm

and a thickness of 1.25 cm [93]. The radius of the light-diffusing sphere is
adjustable and its thickness is idealized to be 1 mm; the baseline radius is
12 cm. IceCube’s standard 405 nm LED is attached to the inner layer of the
light-diffusing sphere and facing the opposite direction. The LED output is
simulated with a Gaussian wavelength, a uniform cosine-law angular, and a
rectangular timing distribution; wavelength standard deviation, opening an-
gle, and pulse width are adjusted to 10 nm, 10◦, and 10 ns, respectively. The
focused light output of the LED is diffused after several reflections on the
inner layer of the light-diffusing sphere and released into the surrounding ice
after passing the outer glass housing. Absorption in both the light-diffusing
sphere and the glass housing as well as shadowing by the waistband/harness
and the penetrator are taken into account; see Chapter 4. All photon quan-
tities are stored with respect to a reference detection sphere with a radius of
20 cm. Polytetrafluoroethylene (PTFE) with a reflectivity of about 99 %1 is
used as the material for the light-diffusing sphere. Values for the glass hous-
ing’s absorption length are taken from IceCube laboratory measurements; its
refractive index is adjusted to 1.48.
With this simulation, two different methods for releasing the photons out

of the light-diffusing sphere were studied: a multi-port setup and a semi-
transparent setup. The goal was to optimize the homogeneity and the timing
of the POCAM light emission. For the multi-port setup, several equidistantly

1Value is provided by manufactures: SphereOptics Zenith PolymerR©.
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Configuration

C1 R = 12 cm α = 1◦, n = 768
C2 R = 3 cm α = 1◦, n = 768
C3 R = 12 cm Pr = 0.96, Pt = 0.025

Table B.1: Different POCAM configurations; multi-port setups with port
opening angle α and number of ports n. Semi-transparent setup
with reflection and transmission probabilities Pr and Pt, respec-
tively.

distributed ports (holes), photons can escape through, are placed on the light-
diffusing sphere, based on a HEALPix grid. Each port is shaped as a spherical
sector with an opening angle α. For the second method, the light-diffusing
sphere is made semi-transparent by defining probabilities for a photon to be
either diffusely reflected, diffusely transmitted, or absorbed every time its path
coincides with the sphere: Pr, Pt, and Pa = 1 − Pr − Pt, respectively2. The
version of Geant4 used for this study does not support diffuse transmission
natively; it has been established by the author of this thesis by slightly mod-
ifying the method for diffuse reflection: the direction of the outgoing photon
is inverted after it is reflected on the inner layer of the light-diffusing sphere.

Three different POCAM configurations are presented in this thesis, which
are listed in Table B.1. Fig. B.1 shows the directional and time distributions of
photons emitted from the POCAM into the surrounding ice. The directional
distributions are shown in spherical coordinates. Exponential distributions
are fitted to the shown emission time profiles for t > 20 ns. The best-fit decay
times are 26.4 ns, 8.1 ns, and 13.1 ns for the POCAM configurations C1, C2,
and C3, respectively; statistical uncertainties are on the order of 10−7 ns. A
comparison of the three presented POCAM configurations shows that a smaller
light-diffusing sphere performs better in terms of homogeneous and fast light
emission with respect to the baseline radius of 12 cm. The semi-transparent
configuration C3 shows a similar homogeneity than the baseline multi-port
configuration C1, but the light emission is faster.

2Values are provided by manufactures: SphereOptics Zenith PolymerR©.
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Figure B.1: Directional (top) and time (bottom) distributions of photons emit-
ted from the POCAM. The LED and penetrator positions are at
φ = 0◦, θ = 90◦ and φ = 180◦, θ = 30◦, respectively. The harness
is between θ = 79◦ and θ = 101◦. The gray-shaded area refers to
the rectangular LED time profile. Exponential distributions are
fitted for t > 20 ns and shown as solid lines.
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Based on the findings of this simulation study, a smaller semi-transparent
PTFE sphere with a radius of 2.5 cm has been chosen for the first prototype
POCAM, which has been tested in the Baikal-GVD neutrino detector [112].
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Glossary

1ES 1959+650 HBL at a declination of δ ≈ +65◦8′55.0′′ and a right ascen-
sion of α ≈ 19h59m59.8s in the J2000.0 epoch 1–3, 27–29, 59, 87, 92–96,
98

Asimov dataset An Asimov dataset allows to estimate expected median test
statistic values without the need to create pseudo-experiments. It is
created by not applying Poisson fluctuations to the expected numbers of
neutrino events per bin. 78–83

ATWD Analog Transient Waveform Digitizer 38

BDT boosted decision trees 59

BL Lac BL Lacertae 27, 28, 108

CC charged current 32–34, 36, 37, 52, 57, 59, 65

COG center of gravity; charge-weighted average position of hit DOMs 44, 59

CORSIKA COsmic Ray SImulations for KAscade 10, 59, 66

DeepCore denser instrumented sub-array in the center of IceCube 31, 32,
53–55, 58, 109

DOM digital optical module 31, 32, 34–36, 38, 40, 41, 43–47, 53–56, 58, 86,
103, 107, 109–111

effective area Given a differential neutrino flux model Φν+ν̄ and the effec-
tive area Aeff , the expected number nν+ν̄ of neutrino plus anti-neutrino
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events can be calculated as

nν+ν̄ = tlive

ϕmax∫
ϕmin

ϑmax∫
ϑmin

Emax∫
Emin

AeffΦν+ν̄ dE dϑ dϕ , (B.1)

where tlive is the time span the detector took data. The effective area
contains effects like neutrino absorption in the Earth, the neutrino cross
sections with ice, the selection efficiency, and so on. 51, 52, 59, 92

EHE extremely high-energy events 40, 51, 57

ERS prompt atmospheric neutrino flux model 18, 20, 62, 64, 67, 97

FADC fast analog-to-digital converter 38

Fermi-LAT Fermi Large Area Telescope 22–26, 64, 69, 74–80, 97

Geant4 toolkit for the simulation of the passage of particles through matter
103, 104

GR Glashow resonance 33, 57

Gulliver software project for likelihood-based reconstructions within IceTray
43, 49, 50

H2 hole ice model with an effective scattering length of 50 cm 35, 36, 72, 76,
77, 84, 85, 101, 102

H3 hole ice model with an effective scattering length of 30 cm 35, 36, 72, 76,
84, 85, 101, 102

H3a three-population primary cosmic-ray model; a mixed composition is as-
sumed for the third population 9, 10, 17, 18, 62

H4a three-population primary cosmic-ray model; a protons-only composition
is assumed for the third population 6, 9, 10, 66

HBL high-energy peaked BL Lac 28, 98, 107
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HEALPix algorithm do divide a sphere into equally sized pixels that are
arranged along equidistant rings in colatitude 55, 64, 69, 104

HESE high-energy starting events 19, 20, 27, 51, 53, 54, 57

HKKMS06 conventional atmospheric neutrino flux model 18, 62, 64

HLC hard local coincidence 38, 53, 55, 57, 109, 111

hole ice refrozen ice column around the string 35, 36, 41, 72, 77, 85, 101, 108

homogenized total charge sum of charges of all HLC pulses detected on
non-DeepCore DOMs that do not contribute more than 50 % of the total
charge 53–56, 62

IC79 IceCube in its 79-string configuration 32, 51, 54

IC86 completed IceCube detector; if followed by a year, it specifies a detector
run season, e.g. IC86 2011 32, 52, 59, 62, 109

IceTray IceCube software framework 43, 49, 108

KRA conventional cosmic-ray propagation model with a diffusion coefficient
that follows a Kraichnan spectrum 26, 27, 77, 109

KRAγ KRA model tuned on gamma-ray data 25–27, 64, 67, 74–76, 78–82,
84, 85, 97, 98, 101

L-BFGS-B numerical minimization algorithm with gradient support 64, 89

line fit first-guess directional reconstruction for track-like events 40, 43, 58

MC Monte Carlo 9, 21, 46, 47, 51, 66, 76, 78, 83–85, 89, 91, 101, 110, 111

MCEq Matrix Cascade Equation; numerical solver of the cascade equation
for atmospheric leptons 17, 18

MESE medium-energy starting events 21, 26, 46–48, 51, 52, 58, 62, 63, 65,
82, 97, 98, 101
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Millipede software toolkit for energy reconstructions in IceCube 47

MJD Modified Julian Date 29

MPE multi-photoelectron 46, 47, 58, 111

Muon Filter online filtering optimized for muon tracks 40, 58

Muon Level 3 pre-selection optimized for muon tracks 57, 58

MuonGun software toolkit for efficiently simulating atmospheric muons in
IceCube 64, 66

NC neutral current 32–34, 36, 37, 52, 59

ndf degree of freedom 73–75, 81, 85, 92

NuGen Neutrino Generator 65

optical DOM efficiency effective detection efficiency of the DOM 41, 86

PDF probability density function 24, 45, 88, 89, 91, 94, 95

photon tables spline-interpolated tabulated time residual probability densi-
ties, which are obtained from photon propagation MC simulations 47,
84, 85

PMT photomultiplier tube 32, 35, 36, 38, 41, 46

POCAM Precision Optical CAlibration Module; proposed calibration source
for IceCube-Gen2 42, 103–106

PTFE polytetrafluoroethylene 103, 106

p-value quantifies how compatible an observed test statistic value is with a
hypothesis 73, 77, 80–82, 84, 92, 95, 98

SED spectral energy distribution 27–29
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SIBYLL hadronic event generator; the newer versions 2.3 and 2.3c include
the production of charmed hadrons, which is missing in previous versions
10, 17, 66

SkyLab software framework for likelihood-based point source searches with
neutrino telescopes 89

SLC soft local coincidence 38, 55

SMT simple multiplicity trigger 38, 111

SMT8 SMT requiring at least eight HLC hits within a sliding time window
of 5 µs 39

SPE single-photoelectron 44, 58

SPICE South Pole ice 35, 36, 41, 47, 86

spline-MPE directional reconstruction for track-like events, based on the
MPE likelihood, using spline-interpolated tabulated time residual prob-
ability densities that are obtained from photon propagation MC 47, 56,
57, 59

SSC synchrotron self-Compton 28, 29

string cables the DOMs are attached to; the completed IceCube detector
consists of 86 strings with 60 DOMs each 31, 32, 36, 38, 40, 53, 54, 56,
109, 111

time residual time difference between observed and expected photon arrival
time in the DOM; the expectation refers to an unscattered Cherenkov
photon 45, 55, 110, 111

TOI tensor of inertia; first-guess directional reconstruction for cascade-like
events 40, 44

VHE very high energy 28, 29
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