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ABSTRACT

The acceleration of high-energetic cosmic rays belongs to the fun-
damental open questions of modern physics. In order to study the
mechanisms behind it and the astrophysical environments which
provide the enormous power required for the acceleration, it is
crucial to use complementary measurements, i.e. to investigate the
fluxes of different messenger particles that reach the Earth. Since
their first discovery in 2013, high-energetic astrophysical neutrinos
have been established as additional messengers. In this thesis, a
measurement of the cumulative flux of these neutrinos and of their
energy spectrum is presented.

Data has been collected with the IceCube Neutrino Observa-
tory, which instruments approximately one cubic kilometer of
glacial ice deep below the South Pole. Using more than 650.000
observed muon-track events from nearly ten years of operation,
an improved measurement of the astrophysical muon-neutrino
flux has been performed: The increased statistics compared to
previous publications (~ x2 ) and an improved treatment of sys-
tematic uncertainties lead to a more precise measurement of the
astrophysical flux properties. The observed energy spectrum can be

described by a power-law with normalization d)é;‘(;;/e‘{, =1 .36f8:§‘51 .
108 GeV 'em 25 Tsr~! and spectral index yspr, = —2.37f8:8§.

Additionally, a wide range of other parameterizations for the en-
ergy spectrum of the astrophysical neutrinos have been tested,
including model-independent approaches to enable an easy com-
parison to theory predictions and other measurements. These tests
show first hints for spectral features beyond the single power-law:
The experimental data is better described by parameterizations
for the astrophysical neutrino spectrum with a changing slope, i.e.
with a steeper spectrum at highest energies.






ZUSAMMENFASSUNG

Die Beschleunigung hochenergetischer kosmischer Strahlung ge-
hort zu den wichtigsten offenen Fragen der modernen Physik.
Fiir die Untersuchung der zugrundeliegenden Prozesse und der
astrophysikalischen Objekte, die in der Lage sind zu solch enorm
hohen Energien zu beschleunigen, ist es wichtig komplementére
Messungen durchzufiihren. Dies geschieht durch die Detektion
verschiedener Botenteilchen auf der Erde. Seit ihrer Entdeckung im
Jahr 2013 gehoren hochenergetische, astrophysikalische Neutrinos
zur Familie der Botenteilchen. In der vorliegenden Dissertation
wird eine Messung des kumulativen Flusses dieser Neutrinos und
ihres Energiespektrums vorgestellt.

Die Studie basiert auf Daten des IceCube Neutrino Observa-
toriums, einem Grofiforschungsprojekt am geographischen Stid-
pol, das ca. 1km? Eis instrumentiert. Mehr als 650.000 Myonen-
Spurereignisse sind in einem Zeitraum von ca. 10 Jahren detek-
tiert worden und flieflen in die Analyse ein. Dadurch wird eine
verbesserte Messung des astrophysikalischen Neutrinoflusses mog-
lich (Statistik im Vergleich zu vorangegangenen Arbeiten ~ x2).
Aufierdem wurde die Behandlung von systematischen Unsicher-
heiten der Messung signifikant verbessert. Das gemessene Ener-
giespektrum ldsst sich als Potenzgesetz mit einer Normierung
von q;é;;;i;{, = 1.36f8:§‘51 210718 GeV 'em 25 Tsr! und einem
Spektralindex von yspr, = —2.37i8:8§ beschreiben. Dariiber hin-
ausgehend wurde eine Vielzahl von anderen Parametrisierungen
tiir das Energiespektrum astrophysikalischer Neutrinos getestet,
unter anderem modell-unabhédngige Parametrisierungen, um den
Vergleich mit theoretischen Vorhersagen und anderen Messungen
zu vereinfachen. In diesen Tests zeichnet sich ein erster Trend
tir die Existenz von Struktur im Energiespektrum ab, die nicht
durch ein einfaches Potenzgesetz beschrieben werden kann: Die
experimentellen Daten werden durch die Annahme von einem
astrophysikalischen Energiespektrum mit verdnderlicher Steigung
besser beschrieben, insbesondere ist ein steileres Spektrum bei den
hochsten Energien bevorzugt.
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Part1

THE ASTROPHYSICAL NEUTRINO
SPECTRUM






NEUTRINOS IN THE HIGH-ENERGY UNIVERSE

Cosmic rays — high-energetic particles constantly penetrating Earth’s
atmosphere — have been discovered more than 100 years ago by
Victor Hess in his famous and courageous balloon flights [1]. Since
then, we have learned a lot about the cosmic radiation itself and the
processes behind its origin and propagation. The cosmic particles,
which lead to the increase of the ionization level in the upper atmo-
sphere observed by Hess, are in fact mostly atomic nuclei of high
kinetic energy [2]. Most abundant are Hydrogen and Helium nuclei,
but there are also smaller contributions from heavier elements as
well as electrons and photons [2]. The physics of cosmic rays spans
an impressive range in energy and flux strength, see Figure 1.1,
and follows very similar laws and dependencies at different scales.
This is often seen as a hint for universal principles behind the
production and acceleration mechanisms of cosmic rays. However,
the sites and exact processes of their acceleration, especially at the
very-high energies remain a pressing question in modern physics.

1.1 HIGH-ENERGY COSMIC RAYS

The cosmic rays reaching Earth cover many orders of magnitude in
energy, see Figure 1.1. Their differential energy spectrum follows
the surprisingly simple form of a steeply falling power-law"* [2]:

dNCR
dE

x EY, (1.1)

Its spectral index YR undergoes slight changes at characteristic
energies. These features > are often assigned to different components
of the total spectrum [7] and to the transition from acceleration
sites within our Milky Way to extra-galactic sources:

¢ In the energy range from 10 GeV to 3 PeV, the spectrum is
well described with a spectral index YR =27 [2].

* Above the knee at 3PeV, the spectrum steepens to vy =
3.0 —3.1. Galactic Supernovae have been identified as cosmic-
ray accelerators and are expected to be the dominant sources
below that energy [9, 10]. In this scenario, the steepening of

! This indicates a non-thermal
origin, i.e. active acceleration
is required.

? The features in the
all-particle spectrum are a
field of active research and
debate, see e.g. References
[4-8].



4 NEUTRINOS IN THE HIGH-ENERGY UNIVERSE

JI(TeVm?ssr)~! x (E/TeV)>°

© HAWC % KASCADE-Grande
<& Tunka-133 v Telescope Array
O IceCube  © Pierre Auger

1072
Pierre Auger - 0.88
Telescope Array —e——— 094
KASCADE-Grande —e—— 0388
10_3 1 TceCube —e— 110
Tunka-133 ——e— 1.07 elements
ARGO-YBJ+LHAASO —e— 097 P
HAWC —e— 1.10 mass groups
06070809 1.0 1.1 1213 14 O*
10~ 4 EIE 8 | A\ '
10! 10? 103 10* 10° 10° 107 108

E/TeV

Figure 1.1: All-particle spectrum of cosmic rays, spanning a large range

in energy and flux. The flux | has been multiplied by

EZ.G

to stress features of the otherwise steeply falling spectrum.
Figure taken from Ref. [3]. The colored bands show a model
for the composition-dependent spectrum with multiple com-

ponents [3].

3 Rigidity R = p/q describes
the resistance of a particle to
deflection in magnetic fields.
Particles with small rigidity

orbit on smaller gyro radii.

4 Recent observations show
that a light extra-galactic
component may already on-set
at energies below the ankle.
Instead, the ankle is then

explained as dip in the s
spectrum due to
photo-disintegration of
heavier nuclei [13].

the spectrum reflects that most galactic accelerators have
reached their maximum energy for protons and helium-
nuclei [2].

A second steepening, sometimes called second knee or iron knee,
is observed between energies of ~ 2 x 10'®eV — 8 x 10'¢eV
[11]. This feature can be explained as rigidity-dependency?
(Peters-cycle [12]): The steepening corresponds to the maxi-
mum energy of heavier nuclei from galactic accelerators, that
is above these energies also heavier nuclei with smaller gyro
radii can not be confined in the magnetic fields anymore and
leave the sources before accelerated further.

At the highest energies, i.e. above 10'8¢V, a hardening of
the spectrum, called the ankle, is observed. Since particles
with such ultra-high-energies would require confinement to
regions of more than 300 pc radius exceeding the thickness
of our Galaxy, this feature is assigned to the on-set* of an
extra-galactic component [7].

Finally, a strong suppression of the flux at energies above
~ 10'7-5eV has been observed [14-16]. This can be explained
by the expected resonant interaction of the ultra-high-energy
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cosmic rays with photons of the cosmic microwave back-
ground [17] or by the maximum energy of acceleration [18].

Throughout this work, the Gaisser-Hillas model Hga is used
as baseline model> for the primary cosmic-ray flux [7]. It follows
the reasoning explained above and describes the all-particle spec-
trum by three populations of cosmic-rays, each with a rigidity-
dependent cut-off and different maximal energies; the extra-galactic
flux-component above the ankle at ultra-high-energies is assumed
to be pure protons [7].

1.1.1  Acceleration of Cosmic Rays

The energy spectrum of cosmic rays described above poses the
century-old question where and how particles are being acceler-
ated to such enormous energies. One mechanism to explain the
acceleration of particles has been proposed by Fermi [19] and has
been further discussed and developed since®: The acceleration
takes place in astrophysical plasma shocks where the particles
gain energy stochastically by crossing the boundary between shock
fronts with different relative velocities.

(a) Plasma Shock Front. (b) Rest-frame of the Shock.

¥ U % U

(c) Rest-frame of up-stream region.  (d) Rest-frame of down-stream region.

The process is called Diffusive Shock Acceleration because the
particles energy gain is not obtained in one shot, but iteratively
from the transition between magnetic environments which confine
the particles. In a simplified setup with a shock front separating
the up-stream and down-stream regions with velocities v and v,,
respectively, particles with momentum p and charge Z - e move
collision-less within one region due to magnetic turbulences [23].
As an important consequence, the velocity distribution of particles
in the rest-frame of both the down-stream and up-stream region
becomes isotropic. Thus, every time a particle eventually crosses
the shock front, it gains energy because it is hit head-on by the

5

5 See Sec. 2.2.1 for a
comparison to other
cosmic-ray flux models and a
discussion of the impact on
atmospheric neutrino fluxes.

¢ See for example Blandford
and Ostriker [20], Kirk et
al. [21] and Bell et al. [22].
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shock [24]. From the pure kinematics of this simple setup, it can
be deduced that the average relative energy gain ¢ for a particle
crossing the shock front back and forth is [24]

AE, 4 —va _ U

E > 3 Co Co (1'2)

&=
with the energy gain AE, the velocity of the shock front U and the
speed of light co. At the same time, particles are removed from
the environment with probability Pes., because they lag behind the
shock front at a certain rate. This rate is again purely determined
by the velocity of the shock [24]:

u u
Pesc. = a; Premain =1 — a (13)

After k iterations, there are N = Ng x PK . particles with energy
E = Eo x (1 + &)*. Combining this with Equations 1.2 and 1.3
yields the famous prediction of a universal power-law for the

energy spectrum:

(-
N _ I (Premain) —1+—
fTECX (E/Eq) "l = (E/E) ™) & (E/E0)

(1.4)

ACCELERATION VIA MAGNETIC RE-CONNECTION Although
Diffusive Shock Acceleration is the de-facto standard to explain
the acceleration of high-energy cosmic rays, also other acceleration
mechanisms are being discussed in this active field of research. One
example is Magnetic re-connection in conducting plasmas [25, 26]:
In the eruptive event when two magnetic flux domains of opposite
polarity encounter each other and partially annihilate, the mag-
netic fluxes re-arrange quickly and magnetic energy is converted.
Similar to the acceleration in shock fronts, particles could bounce
back and forth between the two converging magnetic fluxes of a re-
connection discontinuity and gain energy efficiently [26]. Although
the mechanism is promising and may especially explain the accel-
eration in extremely compact regions and thus on short time-scales,
open questions on the underlying magneto-hydrodynamics are
actively debated and could not yet be brought into agreement with
observations [24].

1.1.2  Modifications to the Energy Spectrum

The mechanism of diffusive shock accelerations described above is
universal, i.e. independent of the specific astrophysical object that
may accelerate cosmic rays. Still, some modifications to the energy
spectrum need to be considered. Firstly, the deduced equations
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assumed ideal shocks with very high Mach-numbers but the princi-
ples also hold for mild shocks with smaller Mach-numbers [24]: For
example the feedback of the accelerated particles itself can slow
down the shock front and lead to insufficiencies. As a result, a
softer spectral index of y = 2 + € is expected from detailed stud-
ies and numerical simulations [24]. Secondly and more strongly,
the observed spectrum of particles at Earth is influenced by their
propagation in our Milky Way”: The process can be described as
stochastic diffusion of charged particles in the magnetic fields of
the Galaxy [27, 28]. Since particles with higher rigidity R = % es-
cape the Galactic magnetic fields more easily, an energy dependent
escape length is introduced which then leads to another softening
of the observed spectral index:

dN CR
dE

xEYF Y8, (1.5)
The parameter  ~ 0.6 has been determined from the individ-
ual measurement of primary and secondary cosmic rays [27]. In
summary, the measured spectral index of galactic cosmic rays
YR =26—27[2]isin rough agreement with the prediction from
Diffusive Shock Acceleration if these these modifications are taken
into account.

1.1.3 Astrophysical Source Candidates

The existence of (strong) astrophysical plasma shocks is the most
important ingredient to the acceleration mechanism described
above. Indeed, many astrophysical objects are known today which
are able to produce these environments [24]. In this section, a few
of these object classes will be discussed briefly.

One strong criterion® that needs to be fulfilled by the potential
sources of very-high-energy cosmic rays has been formulated by
Hillas [30]: The characteristic size of the source has to be at least
equal to the gyro-radius of the particles with maximum energy;
otherwise the particles leave the environment and can not be
accelerated up to these energies [29]:

Emax. < Rsource/pc : B/UG - PeV (1-6)

In turn, since cosmic rays with maximum energies up to ~ 102%eV
have been observed, only very large objects or smaller objects with
very large magnetic fields need to be considered?, see Figure 1.2.

In the following paragraphs, candidate objects for the accelera-
tion of high-energy cosmic rays are introduced shortly.

GALACTIC SUPERNOVA REMNANTS Supernovae — the high-
energetic, luminous explosions of some stars at the end of their

7

7 Also the propagation
through the intergalactic
medium affects the spectrum,
see e.g. the GZK-cutoff [14,
17].

8 The given equation is an
adaptation of the original

formulation by Hillas, see
Ref. [29].

9 The Hillas criterion is
necessary but not sufficient to
select potential sources.
Among others, the sources
also need to provide strong
relativistic outflows and be
able to provide the power and
conditions long enough for
particles to be accelerated to
high energies [31].
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10 Ultra-sonic shocks with
B < 0.03 are ejected [33].

observa-

Overlayed
tions (blue=X-ray,
green=infrared) of the
SNR W44 by the Chandra

and Spitzer
taken from [34].

telescopes,
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Figure 1.2: Adaptation of the famous Hillas Diagram showing known
astrophysical objects as a function of their characteristic size R
and magnetic field strength B. The red and blue lines indicate
the requirements to accelerate protons and iron nuclei to an
energy of up to 102°eV under ideal conditions, respectively.
Different astrophysical source candidates are marked, the
extent indicates the range of possible parameters. Figure taken
from Ref. [31].

life — release a huge amount of energy and are among the most
violent processes known in the universe [32]. After its gravitational
collapse, the star’s shell is ejected with very high speed™ into the
interstellar medium forming a shock-front of hot gas [24]. The
remaining Supernova Remnants (SNR) are therefore potential sites
of diffusive shock acceleration. Two Supernovae Remnants (IC 443
and Wy44) have already been identified successfully as hadronic
accelerators by their specific y-ray emission [9, 10].

Another argument for Supernovae as dominant origin of Galactic
cosmic rays is their energetics: From the observed rate of Super-
novae in our Galaxy and the average energy that is released per
Supernova, it can be estimated that already ~ 10% of the provided
power would be sufficient to explain the observed energy den-
sity of Galactic cosmic rays [35, 36]. However, at the same time,
the maximal achievable energy for proton acceleration in SNRs
is estimated to be much smaller than the cosmic ray knee [36].
Strong amplification of the magnetic fields inside the SNR could
eventually relax this problem, but whether or not SNRs are capable
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of accelerating protons up to ~ PeV energies remains an open
question [36].

ACTIVE GALACTIC NUCLEI To explain the observed cosmic rays
with very high energies, i.e. beyond the second knee and the ankle,
even more powerful objects than Supernovae have to be taken into
account. One promising class of astrophysical objects are Active
Galactic Nuclei (AGN): Distant galaxies with a super-massive black
hole in the center accreting mass at a high rate [37]. AGN are the
most luminous steady sources of electromagnetic radiation in the
universe [38] and can be observed at all wavelengths from radio
to y-rays [37]. Historically, the independent observation of these

Observer sees blazar

% Observer sees
*{ radio loud quaser

1

Observer sees
radio galaxy

Gas clouds in narrow
line region

- Observer sees
Seyfert 2 galaxy
s

Broad line region

Observer sees
Seyfert 1 galaxy
"ﬁ\

xo\i‘\ -
i

.
o

-
o

Figure 1.3: Schematic drawing of an AGN. Depending on the observa-
tional angle, AGN are sub-classified and show characteristics
in radio, infrared, optical or y-ray observations. Figure taken
from [39].

objects in different wavelengths has led to multiple sub-classes and
naming-schemes of AGN, but a unified view has been established
over the last years: Driven by the strong accretion of mass by
the super-massive black hole in the center, gravitational energy if
efficiently converted into electromagnetic emission [24] and a fast-
rotating disk of hot gas and matter is created. Perpendicular to this
accretion disk, relativistic jets of hot plasma and matter evolve from
the central black hole into the intergalactic medium. Depending
on the orientation of these jets to the Earth, a strong relativistic
beaming of the radiation is observed'. A classification of AGN in
this unified view is typically based on the orientation of the jets, the

" E.g. Tiet < 50 for Blazars
where the jets point directly
towards us.
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> long GRBs with durations
up to 100 seconds.

13 short GRBs with < 2s
duration.

™ Electron synchrotron
emission during the afterglow
of the GRB as interpreted by
MAGIC.

5 This would be a smoking
gun for hadronic acceleration,
see Sec. 1.2.1.
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density and state of the surrounding host galaxy and the accretion
rate [37]. Detailed calculations and simulations of these objects
predict strong plasma shocks both in the jets with their potential
substructures [40-44] and close to the central engine [45, 46]. Some
sub-classes of AGN are thus natural candidates to explain the
acceleration of highest-energy cosmic rays. However, the detailed
description of the processes inside, especially with respect to time-
variability and maximal energy, are still under active debate.

One AGN which gained a lot of attention in recent years is TXS
0506+056: Coincident neutrino and gamma-ray emission from this
high-energy Blazar has been observed [47]. It is the first identified
source of extra-galactic high-energy neutrinos and is thus believed
to also accelerate cosmic-rays.

GAMMA-RAY-BURSTS  Another class of astrophysical events that
could accelerate high-energy cosmic rays are Gamma-Ray Bursts
(GRBs) happening in distant galaxies. These short and extremely
bright events observable in MeV — GeV y-rays can be explained as
the collapse at the end of life of a massive star'* or the merging
of two neutron stars or a neutron star with a stellar black hole
3 [48, 49]. In both cases, a huge amount of gravitational energy
is converted in a compact region on very short time-scales. This
leads to an expanding Fireball of particles and the creation of
highly relativistic jets [49]. The emission of the observed prompt,
non-thermal y-rays can be explained from synchroton radiation of
relativistic electrons inside the jets [50]. The same shocks, created
by inhomogeneities inside the jets [50] or by the collision with
external matter [51], are expected to accelerate charged cosmic rays
to very high energies. Due to the compactness of the acceleration
site, very large magnetic fields are needed for this acceleration, see
the marked position of GRBs in the Hillas Diagram shown in Fig.
1.6.

Very recently, the MAGIC collaboration observed the GRB 190114C
and detected gamma-rays up to TeV energies [52] for the first time.
Although this proves that leptonic acceleration™ to very high en-
ergies is possible in GRBs, hadronic acceleration of cosmic rays is
disfavored. In line with this interpretation, the IceCube collabora-
tion concluded from a search for neutrinos coincident'> with GRBs
that at most 1% of the observed astrophysical neutrinos originate
from this source class [53, 54].

TOP DOWN MODELS  Although the different processes and macro-
scopic astrophysical objects described above are promising candi-
dates to explain the acceleration of charged particles up to very
high energies, all require certain fine-tuning of parameters and
very specific astrophysical environments to explain the observed
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CR spectrum. Alternatively, the production of very-high-energetic
particles could be explained from the decay of heavy, hypothetical
particles or topological defects [55]; many of these exotics are well
motivated in extensions to the Standard Model of Particle Physics
and could at the same time help to understand the nature of Dark
Matter [56, 57]. However, these models generically predict high
neutrino and photon fluxes at ultra-high energies which are not ob-
served by experiments like the Pierre Auger Observatory [58]. They
can thus only contribute sub-dominantly to the observed spectrum
of high-energy cosmic rays, but are not ruled out completely.

1.2 THE NEUTRINO AS MULTIMESSENGER-PARTICLE

Neutrinos — the light, electrically neutral partners of the electron,
muon and tau leptons in the Standard Model of Particle Physics
— interact only weakly with all other known particles. Although
none of the stable matter surrounding us is made of neutrinos, they
play a crucial role in many fundamental processes of nature, e.g.
in radioactive decays and the evolution of the early universe [2].
Neutrinos and their anti-particles are fermions with spin s = %
and will be denoted as v, and V4, respectively, throughout this

work.

1.2.1  Hadronic Production of Neutrinos

The acceleration of protons (p) and other nuclei to very-high-
energies described above takes place in violent astrophysical en-
vironments with both high densities and strong electromagnetic
fields. As a result, only a fraction of the accelerated particles leaves
the source region, but many re-interact with the ambient matter
and photons (). In these re-interactions'?, dominantly Pions (7=°)
and heavier mesons are produced [2]:

P+y = AT =t +n, (1.7)
p+y—=At - 4p (1.8)
and
p+p— 4+ X, (1.9)
p+p - +Y (1.10)

where X and Y are other hadronic products of the interaction not
further specified. The pions subsequently decay, dominantly into a
muon'® ut and a muon-neutrino v,, for the case of charged pions

= ut vy, (1.11)

— e +Ve+Vu+ vy, (1.12)

11

16 Neutrinos with
lepton-flavor o« = {e, p, T}.

7 The re-interaction of
heavier nuclei can basically be
reduced to the two cases of pp
and pvy interactions as well,
because only single nucleons
take part.

8 And equally charge
conjugated.
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9 The neutrinos carry a
fraction of the primary energy
of the proton,

Ey =~ 1/20 Eproton for
photo-hadronic processes [59].

20 Rigidity is defined as the
ratio of momentum (energy)
over the particle’s charge. A
much larger deflection is
therefore expected for heavier
nuclei (with higher charge
and smaller rigidity).

21 This is the same process as
in Eq.1.8, but for target
photons with different
energies.

22 Photons are, however, used
very extensively to study a
wide range of astrophysical

objects successfully at "lower’

energies.

NEUTRINOS IN THE HIGH-ENERGY UNIVERSE

and into mono-energetic gamma-rays for the case of neutral pions
™ = y+7y. (1.13)

Thus, also a characteristic flux of photons and neutrinos™ is
expected from the sources of very-high-energy cosmic rays. In
particular, the neutrinos leave the environment without further
re-interactions. Unlike photons, which are also produced in lep-
tonic processes, e.g. from the radiation losses of relativistic elec-
trons [24], neutrinos are only produced hadronically and therefore
trace hadronic acceleration unambiguously [60]. These neutrinos
are the subject of this thesis and will be denoted as Astrophysical
Neutrinos in the following.

1.2.2  Propagation of Cosmic Rays and Photons

Once high-energy cosmic rays have been accelerated and success-
fully left the source environment, they travel over very large dis-
tances before they can be observed at Earth. This propagation can
be described as diffusion in the extra-galactic and galactic magnetic
tields where the charged cosmic rays are deflected depending on
their rigidity®° [61]. It is thus very challenging to use the observed
cosmic-ray directions to identify their sources because the direc-
tional information is often lost: Even for a proton at the highest
energies (Ecr = 102%eV), a median deflection of ~ 3° is expected
from the deviations in galactic magnetic fields [62].

Additionally, cosmic-ray protons at these very-high-energies
interact with photons from the cosmic microwave background
(CMB) [61]: Resonant production of AT -baryons®' then leads to a
rapid energy loss above the respective threshold energy of Egzx =
5 x 107 eV and make the survival of particles with higher energies
very unlikely [63]. This GZK-effect [17] is also a natural explanation
for the observed cutoff in the all-particle energy spectrum, see
Section 1.1. Intriguingly at very similar energies, strong energy
losses are expected also for heavier nuclei from the interaction with
photons from the CMB and the extra-galactic background light
(EBL): In a photo-disintegration (A, Z) +y — (A—n,Z—n’) +nN,
one or more nucleons n are stripped off and the remaining cosmic
ray looses a significant amount of energy [63].

Also high-energy photons®?, which are produced in the sources
of high-energy cosmic rays, do not propagate undisturbed from
their emission to the Earth. Although they are not deflected in
magnetic fields, they can be absorbed due to interactions with
background photons (CMB and EBL). The dominant process is pair
production with a photon from the CMB [64]:

Y+YomB — € +e . (1.14)
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As a result, the mean free path changes as a function of energy
both for high-energy cosmic rays and high-energy photons, see
Figure 1.4. The maximally observable distance decreases strongly
above the threshold energies introduced above: While photons at
lower energies can be observed up to very large distances?3, the
high-energy behavior of far distant objects can not be investigated
with photons (and cosmic rays).
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Figure 1.4: Observable distance for high-energy photons and cosmic-ray
protons as a function of energy (y-axis). The colored bars in-
dicate characteristic distances to astrophysical objects. Figure
taken from Ref. [65].

1.2.3 Propagation of Neutrinos

Neutrinos, on the other hand, do not re-interact during propaga-
tion because of their extremely small cross-sections with matter
and the lack of target material in the inter-galactic medium. Instead,
they undergo Oscillations and change their flavour®: Neutrinos
of a certain lepton flavor, i.e. Ve, vy, Ve, are created in charged-
current weak interactions along with the respective lepton, that
is they are eigenstates of the Hamiltonian of weak interactions.
On the other hand, the propagation is described as plane wave
and eigenstate to the free Hamiltonian with defined energy and

13

?3 And accordingly from
events that happened a long
time ago, see CMB.

24 The small, non-zero masses
of the neutrinos are one of the
puzzling, open questions in
modern Particle Physics and
require an extension of the
Standard Model.
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5 See Equations 1.8- 1.12.

26 In fact, low-energy
neutrinos have already been
used as messenger particles
both from the Sun [70] and

from the Supernova

SN1987 [71].
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mass. These two sets of bases are not the same but mix via the Pon-
tecorvo-Maki-Nakagawa-Sakata matrix U [2, 66]: v =3 ; U¥ vy .
This leads to a non-zero transition probability between the lep-
ton flavors during propagation. As a consequence, the initial
flavor-ratio of astrophysical neutrinos from their production, e.g.
Ve : Vi i Vo = 1:2: 0 from the pion decay chain®, is mostly
averaged out after propagation over astrophysical distances 2 kpc
[67], see Fig. 1.5.

Std. mixing 0 (fo:fy:f)s
0,0cp: BF,16,3c 0-1 all free
(1:2:0)

NH M (0:1:0)
(1:0:0)

0.6 (1:1:0)
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Figure 1.5: Expected flavor ratio of astrophysical neutrinos after prop-
agation. Figure taken from Ref. [68]. The colored contours
show the expected flavor ratio (fraction of v at each diag-
onal axis) for different production mechanisms: ve : v, :
ve = 1:2:0 for the “standard” scenario of pion decays,
Ve : Vu 1 V¢ = 0:1:0if muons are cooled via synchroton
radiation, ve : vyp : v = 1:1: 0 if decays from charmed
mesons contribute significantly and ve : v : ve =1:0:0
if neutron decay is the dominant production mechanism of
neutrinos [68, 69].

NEUTRINOS AS MESSENGER-PARTICLES In summary, neutri-
nos are often seen as ideal messenger particles®® to study the
processes and objects in the high-energy universe for two reasons.
Firstly, they are necessarily produced as a by-product in the ac-
celeration of charged cosmic rays as discussed in section 1.2.1.
Detecting neutrinos from an astrophysical object thus enables to
identify it as a source of cosmic-rays and to study the processes
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and environments of acceleration indirectly. Secondly, neutrinos
do not underlie the restrictions of cosmic rays and high-energetic
photons during the propagation from the astrophysical sources
to the Earth, see Sec. 1.2.2. A cosmic neutrino observed at Earth
thus points back to its origin and enables to look deeper into the
Universe and its physical processes.

1.3 DIFFUSE FLUX OF ASTROPHYSICAL NEUTRINOS

Besides using neutrinos to identify single*” sources of high-energy
cosmic rays, it is also possible to investigate the cumulative flux
from all sources. In this case, the directional information of neu-
trinos is not used, but the observed energy spectrum still contains
information about the acceleration of high-energy cosmic rays and
its sites. This approach will be followed in this thesis.

MODELS FOR THE DIFFUSE FLUX As an example for the ex-
pected cumulative flux of astrophysical neutrinos, Figure 1.6 shows
the predicted flux for a number of source classes from the litera-
ture. Typically, these flux-predictions are derived from the detailed
modeling of single astrophysical objects and then extrapolated to
the full population of this source class. Based on the observed
electromagnetic emission?®, the internal processes are simulated
and the respective neutrino flux is predicted. Then, the cumulative
flux from all objects of this source-class is derived assuming a
luminosity function [72, 73].

The predicted energy spectra differ both in their absolute flux
strength and their shape. Some models cut-off at a certain energy,
e.g. because the maximum energy of accelerated cosmic-rays in
star-forming galaxies® or in low-luminosity BL-Lac objects3 is
reached. Other models extend to very high energies, e.g. Murase et
al. [42] predicting neutrino fluxes up to EeV energies from radio-
loud AGNs which are assumed to accelerate UHECR in their inner
jets. A very hard spectral shape is predicted for BL-Lac blazars3*
with a peak in the predicted flux at ~ 30PeV. From other source
classes, only a small flux is expected: For example the model by
Liu et al. [77] predicts a sub-dominant flux of neutrinos from
winds inside the accretion disks of AGN and the model by Kimura
et al. [46], modeling cosmic-ray acceleration in the core of low-
luminosity AGN, predicts a flux at energies below the atmospheric
background expectation. Based on a model of choked jets in GRBs3?,
Senno et al. [72] predict a flux of neutrinos with a characteristic
shape peaking at ~ 30 TeV. A similar shape, although at higher
energies, is predicted for the energy spectrum of tidal disruption
events (TDE)33 by Winter et al. [78]. The predicted fluxes from all
models will be compared to the experimental data in Chapter 6.

15

27 The advantage is, that the
full statistical power of the
neutrino sample can be used
while analyses targeted at
single astrophysical sources
have to further limit the
number of detected
astrophysical neutrinos to a
certain region of the sky.

28 E.g. optical, X-ray and
gamma-ray observations of
the same object.

29 See Model by Senno et
al. [75].

39 See Model by Tavecci et
al. [73].

31 See model by Padovani et
al. [76].

32 Jets from the GRB that
initiate a shock-front when
hitting extended material
around the GRB.
Interestingly, this model
predicts a low gamma-ray
flux, which could explain why
no coincidences with GRBs
have been found so far.

33 In these events, a star is
torn apart by the tidal forces
when it comes too close to a
black hole. Initiated by this, a
jet can be formed.
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Figure 1.6: Model-predictions for the flux of astrophysical neutrinos. All
models have been normalized to a per-flavor prediction (as-
suming a 1 : 1 : 1 flavor ratio). The shown predictions are
valid for the sum of neutrinos and anti-neutrinos and have
been multiplied with E2 to stress the shape differences. A
prediction for the background-flux of atmospheric neutrinos,
see Chapter 2, is shown as black, dotted line. See text for
references and a short introduction of all models. The Wax-
mané&Bahcall bound (see next Section) is shown assuming
&, = 3.0, the range corresponds to the 30% uncertainty quoted
by Waxman [74].

34 Red-shift z = 0.

35 Same process as Eqs.1.10
and 1.8

36 The numerical value can
increase by = 30% if p-y
interactions are assumed [74].

WAXMAN-BAHCALL BOUND It is well possible that multiple
source classes, e.g. Blazars at highest energies and low-luminosity
AGN at lower energies, contribute to the total flux of high-energy
cosmic rays and neutrinos. The observed energy spectrum at Earth
would then be given by the sum of these contributions. However,
Waxman and Bahcall [79] derived an upper bound on the total
flux of astrophysical neutrinos that can also be interpreted as a
benchmark prediction. It is based on the observed flux of cosmic
rays at the highest energies (EX® > 1x 10172 eV): Assuming a
proton-dominated composition, a local34 generation rate of cosmic-
ray energy of E%% = 0.5 x 10" ergMpc—3yr~! is estimated to
explain the observed flux of cosmic rays above these energies [79].
Further assuming that the sources are optically thin, that is the
protons escape the acceleration site, a fraction of these protons
is expected to interact in the vicinity and produce mesons which
subsequently decay and produce neutrinos?. If all protons would
undergo this process and thus transfer their energy partly into
neutrinos, a neutrino flux of [74]

&

1

E%,d)vlau,ﬂavor =34x1078 x -GeVem 2s st (1.15)

would be expected3®. Since optimistic assumptions enter this cal-
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culation, it is seen as upper bound for the expected neutrino flux.
Expected values for the red-shift evolution of the sources &, range
from &, = 0.6 (no evolution) to &, = 3.0 (evolution similar to star
formation rate) [74]. However, there are also scenarios where the
neutrino flux can exceed this limit: The bound does for example
not apply if the proton injection spectrum is softer than v = 2.0 or
if the cosmic-rays can not leave the source.

COSMOGENIC NEUTRINOS Interactions of ultra-high energy
cosmic rays with the cosmic background radiation3” are seen as
an additional guaranteed source of high-energy neutrinos [80]:
They are produced as secondary particles, e.g. in the resonant
production of A*-baryons from ultra-high-energy protons and
photons of the cosmic microwave background. Since the frequency
of these interactions and their effects on the observed energy spec-
trum depend on the cosmic-ray composition and on the red-shift
evolution, the predicted flux of high-energy neutrinos is very uncer-
tain [80, 81]. Depending on the underlying assumptions, optimistic
fluxes?® as high as F2 x ] =3 x 1077 GeVem2s~ st~ at energies
of Ey ~ EeV are being predicted [80].
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37 See GZK-effect and
photo-disintegration for
heavier nuclei, Section 1.2.2.

38 However, strong upper
limits have been placed
already by experiments [82,
83].






ATMOSPHERIC BACKGROUND FLUXES

2.1 COSMIC-RAY INDUCED AIR-SHOWERS

High-energy cosmic rays constantly hit the Earth, to first order
isotropically from all directions. They penetrate Earth’s upper at-
mosphere and eventually interact with an air molecule. Initiated by
this disruptive nucleon-nucleon interaction, a cascade of secondary
particles is created which evolves in the atmosphere as illustrated
in Figure 2.1 [84]. Driven by re-interactions3 and decays#°, the en-
ergy of the primary cosmic ray is distributed to a large number of
secondary daughter particles [85]. In a simplified picture of this air
shower, an electromagnetic component consisting of photons and
electrons evolves alongside the remaining shower and a muonic
component driven by the decays of mesons.

e’ +
Decay M
A
e
Muonic Comp, Remaining
Air-shower
\Y
v L
2 6 =S

Hadronic Comp. 3 1% gy cyrom. Comp.

e

Figure 2.1: Schematic drawing of a cosmic-ray induced air-shower. Not
to scale.

2.1.1  Conventional Neutrinos from Pions and Kaons

In hadronic interactions of cosmic-ray induced air-showers, Pions
and Kaons are produced. If these mesons decay, a flux of atmo-
spheric muons*' and atmospheric neutrinos is generated which is
mostly decoupled from the evolution of the remaining shower.
In general, the evolution of all particle species in the shower can
be described as a coupled system of cascade equations [84, 86],
exemplarily shown for the Pion-flux @™ in Egs. 2.1-2.4. Here, the
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39 E.g. pair-production of
high-energetic photons or
collisions of mesons inside the
cascade with other
air-molecules.

49 E.g. short-lived Kaons
decaying into leptons

KT — put +vy [2]

41 Apart from high-energetic
muons and neutrinos, all
other particles are absorbed
when the shower reaches the
ground. They are thus not of
further relevance for this work
because the IceCube detector
is located approximately

1.5 km below the surface.
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42 If kinematically allowed,
e.g. K* — nt + 710,

43 The tau-lepton is heavier
than Pions and Kaons. Thus,
a decay into T + v is
forbidden by kinematics and
no tau-neutrinos are produced.

4 The physical decay length
scales with the particle’s
energy and thus introduces
the additional factor ~ 1/E.

ATMOSPHERIC BACKGROUND FLUXES

slant depth X(h) = f(}; Pair(N)dl gives the integrated target mass
that the particles could interact with along their trajectory. It is a
function of the height and direction of the incoming air-shower
and depends on the atmospheric density.

dOF, OF
dX N &
o
- (2.2)
}\gec.,Ei(X)
Ch(Ex)—m(Eq)
- Z Z%@EK (2.3)
Ex>E; h int., Ey
dn(Ey)>m(ED)
+ > Zﬁ@{gk. (2.4)

Ex>E; h dec., Ex (X)

The first two terms of the equation describe the loss of Pions due to
re-interactions (hadronic interaction length AT, ) and decays (decay
length AT, ¢ (X)). The last two terms give rise to newly created
Pions: Re-interactions of other hadrons h (transition-coefficients
Ch(E,)—n(E;)) and the decay of hadrons+* (decay-coefficients
dh(E,)—n(E,)) can produce new Pions, both only if the parent
hadron carries a larger energy per nucleon. The transition- and
decay-coefficients encode the particle physics properties of the
problem, that is they depend on a model of hadronic interactions.

The software Matrix Cascade Equation Solver (MCEq) [86] is de-
signed to solve this coupled system of differential equations. It
is used throughout this thesis to calculate the lepton-fluxes from
air-showers. The predicted fluxes of electron-neutrinos and muon-
neutrinos® at ground-level, assuming the Hga model for the pri-
mary cosmic-ray flux and the Sibyll2.3c model of hadronic interac-
tions, are shown in Figure 2.2.

Qualitatively, the shape of the energy spectra can be under-
stood from the competition between decay and re-interaction of
the parent mesons [87]: At lower energies < 100 GeV, Pions and
Kaons dominantly decay and the energy spectrum of neutrinos
follows roughly the primary cosmic-ray flux. Above the character-
istic energy e, ~ 115 GeV, determined purely by the properties of
the Pion, re-interactions start to dominate the evolution of Pions
in the air-shower. Thus, less neutrinos are produced from Pions
because they do not decay and the contribution from Kaons be-
comes increasingly important at higher energies. Finally, above
ex ~ 850 GeV, also for Kaons re-interactions dominate over de-
cays and the energy spectrum of neutrinos falls approximately one
power steeper# than the initial cosmic-ray spectrum (y =~ 3.7) [84],
see Fig. 2.2.

The expected flux of atmospheric neutrinos furthermore depends
on the zenith angle 6 of the particle-shower: In inclined showers,
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Figure 2.2: Energy spectra of atmospheric neutrinos. Flux-predictions
calculated with MCEq assuming the H4a model for the pri-
mary cosmic-ray flux and the Sibyll2.3c-model of hadronic
interactions. The fluxes have been multiplied with E?7 to
highlight features in the steeply falling spectrum. The dashed
and dashed-dotted lines show the contribution from Pions
and Kaons, respectively. The solid line is the total conventional
flux and the dotted line is the total prompt flux, see Sec. 2.1.2.

effectively less dense air is traversed and re-interactions of Pions
and Kaons become less likely. This leads to an increased production
of neutrinos from decays [87]. See Fig. 2.3 for the predicted shape
of the zenith spectrum with a clear peak at the horizon*>. The
described effect is similarly relevant for Kaons at higher energies,
see Fig. B.1 in the Appendix.

2.1.2  Prompt Neutrinos from Charmed Hadrons

Similar to Pions and Kaons, also heavier hadrons — consisting of at
least one charm- or bottom-quark — are produced in the hadronic
interactions of air-showers. These particles decay promptly due
to their larger mass, e.g. D-mesons D — v, . + X after a mean
lifetime of T ~ 10715 [2, 88]. As a consequence, the spectrum of
the produced Prompt atmospheric neutrinos follows the flux of the
primary particles with a harder spectral index (yP*™P! ~ 2.7) than
the conventional neutrinos. On the other hand, the production of
charmed hadrons is far less likely than Pions and Kaons. The flux
of prompt atmospheric neutrinos is therefore sub-dominant with
respect to the conventional component at low energies, but due to
the harder energy spectrum it becomes relevant at energies above
Ey ~ 10TeV, see Fig. 2.2. Since the charmed parent hadrons have
very short lifetimes and do not re-interact before they decay, the

21

45 cos(0) =0



22

46 see conventional
component.

47 Although the flux of
prompt neutrinos is
"quaranteed’ from a particle
physics perspective, it has not
been uniquely identified in
experiments so far.

48 Especially not in the energy
range relevant for this work.
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Figure 2.3: Zenith spectrum of atmospheric neutrinos for a fixed energy
of Ey = 1 x 103 GeV. Flux-predictions calculated with MCEq
assuming the Hga model for the primary cosmic-ray flux and
the Sibyll2.3c-model of hadronic interactions. Note that the
predicted fluxes are symmetric with respect to the horizon
(cos(8) = 0).

angular effect related to re-interactions#® is not relevant for prompt
neutrinos. Instead, a flat distribution of zenith angles is expected,
see Fig 2.3.

The predicted flux of prompt neutrinos is rather uncertain’
compared to the conventional component: The production of heav-
ier hadrons in the air-shower depends on the cross-sections of
strongly forward-boosted charm- and bottom-quark production at
very high energies (2 PeV). These cross-sections can however not
be measured in accelerator experiments [88]. Therefore, different
approaches are being followed to calculate the flux of prompt at-
mospheric neutrinos, e.g. extrapolating measured cross-sections
to higher energies within the framework of perturbative quantum-
chromo-dynamics (QCD) [88, 89] or non-perturbative QCD [9o].
However, for a given cosmic-ray flux and composition, these pre-
dictions do not significantly differd in their predicted shape, but
mostly in their normalization [91]. The normalization of this flux
component is therefore treated as free parameter in the presented
analysis to absorb this uncertainty, see Chapter 5.
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2.2 UNCERTAINTIES OF ATMOSPHERIC NEUTRINO FLUXES

2.2.1  Primary Cosmic-Ray Flux

Although much better constrained than the flux of prompt atmo-
spheric neutrinos, also the prediction for the conventional compo-
nent is uncertain to some degree. First of all, it depends on the
primary flux and composition of cosmic rays which initiate the
air-showers: If their energy spectrum differs, also the flux of atmo-
spheric neutrinos will change. Figure 2.4 shows the predicted flux
of conventional atmospheric muon-neutrinos for different mod-
els of the primary cosmic-ray flux, see References [7, 92, 93] for
details. The strongest differences*® between these predictions ap-
pear at energies above ~ 100 TeV where the atmospheric flux is
already strongly suppressed. However, also in the relevant energy
range between E, ~ 1TeV to 100 TeV differences of up to 20%
in the normalization and shape of the fluxes appear. This is for
example caused by different assumptions about the cosmic-ray
composition [94].
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Figure 2.4: Energy spectrum of conventional atmospheric muon-
neutrinos for different models of the primary cosmic-ray flux.
The predictions are calculated using MCEq, assuming the
Sibyll2.3c-model of hadronic interactions in all cases. See Ref-
erences [7, 92, 93] for details about the CR-models.
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49 One reason is, that the
transition from galactic to
extra-galactic cosmic rays is
modeled differently in these
models. Although all roughly
match the all-particle
spectrum, the exact spectral
shape per mass group differs
significantly [94].
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50 Although the variation
between the models is not a
measure of the underlying
uncertainties, it gives an
estimate for the possible range
induced by hadronic
interaction models.

ATMOSPHERIC BACKGROUND FLUXES

2.2.2  Hadronic Interaction Models

The development of air-showers strongly depends on the detailed
modeling of the particles’ re-interactions and decays. Figure 2.5
shows the conventional muon-neutrino flux calculated with MCEq
using different>° models of hadronic interactions (see References
[05—98] for more details). The primary cosmic-ray flux is fixed
(Gaisser-Hga). Although all three models have been optimized
to match the experimental data from experiments at the Large-
Hadron-Collider, differences in the normalization and shape of the
predicted flux are visible. For example, the predicted flux assuming
the DPMJET-III model of hadronic interactions [98] differs at high
energies, because less Kaons are produced internally [91].
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Figure 2.5: Energy spectrum of the conventional atmospheric muon-
neutrino flux for different hadronic interaction models. The
predictions are calculated using MCEq, assuming the Gaisser-
Hga model for the primary cosmic-ray flux in all cases. See Ref-
erences [95—98] for more details on the modeling of hadronic
interactions.

In the following, all atmospheric neutrino fluxes are calculated
with MCEq. The baseline configuration is given in Tab. 2.1. The
variations discussed in the last two sections will be taken into
account as systematic uncertainty, see Chapter 5.

ATMOSPHERIC MODEL Another important ingredient for the
calculation of atmospheric fluxes is the atmospheric density: The
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CR-flux Model = Model of Hadronic Interactions
Gaisser-Hga [92] Sibyll2.3c¢ [95]

Table 2.1: Baseline configuration for the calculation of atmospheric neu-
trino fluxes with MCEq.

production of neutrinos is directly linked to the re-interactions of
particles in the air-shower and thus also to the target density, i.e.
the local density of the atmosphere. Furthermore, the atmospheric
conditions are not constant in time, but undergo seasonal effects
leading to a change in the predicted fluxes [99, 100]. For this work,
all fluxes are calculated based on the NRLMSISE-00 model of the at-
mosphere [101]: The model includes the geographic dependency>*
of atmospheric temperatures and is available in monthly bins. Since
only the time-integrated flux of neutrinos will be investigated in
this thesis, the averaged>* prediction of the total flux is used.
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3T Inclined showers enter a
different atmosphere, e.g. at
the Equator.

52 The expected rate is
calculated per month and then
averaged for the whole year.
The NRLMSISE-00 model
does however not take into
account the differences
between years.






ICECUBE AND THE START OF
NEUTRINO-ASTRONOMY

As outlined in Chapter 1, neutrinos are promising messenger-
particles to study the acceleration sites and processes of the high-
energy universe. They are, however, at the same time extremely
hard to detect because of their small cross-section for interactions
with matter. Large volumes are therefore needed to increase their
interaction probability and detect them. In this chapter, the IceCube
Neutrino Observatory, located at the geographical South Pole, is
introduced and the detection of high-energy neutrinos is explained.

In general, IceCube covers a very broad range of physics cases
besides high-energy neutrinos. For example, dedicated searches for
Dark Matter [102] and slow-moving particles like Monopoles are
performed [103]. Also, the overall trigger-rate is constantly moni-
tored to detect a potential flux of low-energy neutrinos expected
from a Galactic Supernova [104, 105].

3.1 DETECTION OF HIGH-ENERGY NEUTRINOS

At energies relevant for this work, i.e. for high-energy (E, >
100 GeV) neutrinos of astrophysical and atmospheric origin, deep-
inelastic scattering is the dominant interaction between neutrinos
and the nucleons of a target material like ice [106]. In this pro-
cess, the high-energy neutrino breaks up the bound nucleon and
transfers a large fraction of its momentum to a parton> inside
the nucleon. In charged-current interactions (CC), this transfer is
mediated by a W*-boson and the neutrino is transformed into its
corresponding charged lepton, see Figure 3.1a.

vi+N—=1+X (3.1)

In neutral-current interactions (NC), mediated by a Z%-boson, the
neutrino leaves the interaction vertex with a reduced energy (Figure
3.1b).

vi+N—= v +X (3.2)

Since the transferred momentum is much larger than the binding
energy of the nucleon, the latter is fragmented in both cases>* and
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33 A gluon or quark.

54 Denoted as X in
equations 3.1 and 3.2.
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W
—>
q/‘ 2 %
(a) Charged-Current Interactions. (b) Neutral-Current Interactions.

Figure 3.1: Sketches for the Feynman diagrams of the deep-inelastic scat-
tering between a nucleon and a high-energy neutrino. Left:
Charged-Current interactions with an outgoing lepton 1. Right:
Neutral-Current interactions, outgoing neutrino with reduced

energy.

35 At higher energies, when
the transferred momentum
exceeds the mass of the
mediator, the cross-section is
expected to fall. However, the
structure function of partons
increases at very low x and
partly compensates this.

56 Only the astrophysical flux
is modeled as initially
isotropic. The atmospheric
neutrino fluxes have a
characteristic zenith spectrum
as outlined in Section 2.1.1,
but the arqument applies
equally on top.

a cascade of hadrons is produced subsequently.

The total cross-sections for these processes are shown in Fig-
ure 3.2. They increase linearly> as a function of energy due to
Bjorken-scaling, i.e. the scattering with the point-like partons only
depends on the transferred momentum [106, 107]. Since the inter-
action of anti-neutrinos with the valence-quarks of the nucleon is
helicity-suppressed, their cross-section is approximately a factor
two smaller at lower energies. But at high energies, when the inter-
actions with sea-quarks dominate, the cross-sections for neutrinos
and anti-neutrinos become similar [108]. Another contribution to
the cross-section arises for anti electron-neutrinos at very high
energies: In the Glashow-resonance [109] a W™ -boson is created
from the interaction of an atomic electron and an anti electron-
neutrino. This leads to a strong increase of the total cross-section
at Ey = 6PeV (red line in Figure 3.2).

EARTH ABSORPTION  As a consequence of the cross-section de-
pendencies discussed above, the expected flux of neutrinos de-
pends on its direction: For a detector located at or slightly below
Earths surface, an isotropic3® flux is expected from above the hori-
zon. But absorption in the Earth decreases the flux of incoming
neutrinos from below the horizon; the more inclined they enter, the
stronger the absorption as they have to traverse more matter on
their way through the Earth. The effect strengthens as a function of
energy, because the cross-section rises and makes the Earth more
opaque to high-energy neutrinos. All calculations in this thesis are
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Figure 3.2: Cross-sections for deep-inelastic scattering of neutrinos and
anti-neutrinos with nuclei (green and blue lines). Addition-
ally, the Glashow-resonance (only relevant for anti electron-
neutrinos) is shown as red line. Figure taken from Ref. [110].

based on the CSMS cross-section model [106] and include the effect
of Earth absorption.

DETECTION-TECHNIQUES A neutrino interacts, if ever, once
inside a detection volume. The secondary particles created in the
interaction, however, re-interact and deposit their energy over a
larger volume. For example a charged muon continuously loses
energy along its trajectory in the ice. Observing and measuring the
properties of these secondary particles thus enables to indirectly
detect the primary neutrino. Two approaches for this indirect neu-
trino detection at high energies>” are most widely used: Firstly, the
optical detection of secondary particles via the Cherenkov effect,
realized for example in the IceCube Neutrino Observatory [111]
and the Antares detector [112]5. This technique will be discussed
in more detail in the next section. A second approach is the detec-
tion of radio signals induced by interactions of very high energetic
neutrinos, realized in the ARTANNA [115] and ARA [116] projects
in Antarctica or the balloon-borne ANITA-experiment [117]. These
techniques and the according projects target the detection of neu-
trinos at extremely high energies, i.e. Ey > 1 x 108 GeV. They will
be crucial to discover or exclude a potential flux of cosmogenic
neutrinos, see Section 1.3.
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57 Ey > 100 GeV.

58 The same approach will be
followed in the successor
projects IceCube-Genz [113]
and KM3-Net [114].
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59 Named after Pavel
Cherenkov who discovered it.
The effect is similar to the
sonic boom observed for fast
air-planes.

%0 Other locations on the
Antarctic Plateau would be
equally suited from their
ice-quantities and -qualities,
but the South Pole Station
provides the needed
infrastructural support.

ICECUBE AND THE START OF NEUTRINO-ASTRONOMY

3.1.1  Cherenkov Radiation

In the rare case of a neutrino interacting with a nucleus, a cascade of
secondary hadrons is created, in CC interactions alongside with a
high-energetic charged lepton. These outgoing particles are highly
relativistic and travel nearly with the speed of light in vacuum
Vsecondaries =~ Co. Light, on the other hand, travels in a medium
with the reduced speed ¢ where n is the refractive index. This
leads to the Cherenkov-effect>® [118]: A charged particle traversing a
di-electric medium, like ice or water, polarizes the molecules along
its track. They quickly de-excite by emitting spherical elementary
waves, see Figure 3.3. Below the Cherenkov threshold (v < %9),
these waves interfere de-constructively and no net effect is visible.
If, however, the velocity of the incoming particle exceeds the speed
of light in the medium (v > £2), constructive interference of the
spherical waves leads to a sharp light-front. It is visible under the
angle 0.y which only depends on the particles velocity and the
refractive index of the medium:

cos(Ocn.) = gt _ =0 (3-3)

Vsecondaries MVsecondaries

The intensity of the emitted radiation is given by the Frank-
Tamm-formula [119], including its dependency on the wavelength
of the emitted photons A and the path length x:

d?N z? 1
axan 20 =g (3-4)

Here, o is the fine-structure constant and n(A) is the wavelength-
dependent refractive index. In glacial ice, the refractive index is
n = 1.33 and Cherenkov radiation can be observed at 0.}, =~ 41°
with strongest emission at wavelengths between optical blue and
near-UV. Approximately 250 photons are emitted per centimeter
track-length of a highly relativistic particle [120].

3.2 THE ICECUBE DETECTOR

To enable the detection of high-energy neutrinos, large volumes are
needed as explained in Section 3.1. Additionally, a transparent de-
tection medium is required to facilitate the detection of secondary
particles via the Cherenkov effect. Both conditions are met by the
Antarctic glacier at the South Pole®: It provides a large, dense
volume and has very good optical properties, i.e. clear ice with
little absorption of photons in the wavelengths of interest [121].
The IceCube Neutrino Observatory [111], located right next to the
geographical South Pole and the Amundsen-Scott Station, instru-
ments a cubic kilometer of this glacial ice. More than five thousand
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charged
particle

Figure 3.3: Sketch of the Cherenkov effect: Elementary waves are emitted
along the particles track. Under the angle 0.y, constructive
interference is observed.

light detecting sensors have been deployed in 86 vertical drill-holes
deep in the ice.

The layout of the full detector is shown in Figure 3.4, including
the IceCube laboratory as central infrastructure with computing
facilities, the cosmic-ray air-shower array IceTop with 162 ice-filled
tanks and the actual in-ice detector of IceCube. The in-ice array con-
sists of 86 vertical cables, called strings, of which 78 are arranged
approximately in a triangular grid with a spacing of 125m. On
each string, 60 light-collecting Digital Optical Modules (DOMs) are
deployed between 1450 m and 2450 m below the surface of the ice
with a spacing of 17 m between two DOMs [111]. This enables the
detection of high-energy neutrinos with a typical energy threshold
of Ey 2 100 GeV [122]. In the central region of the array, eight
additional strings with improved optical sensors have been de-
ployed. This sub-array, called DeepCore, is also instrumented more
densely (average spacing of 72 m between strings). It achieves a
lower energy threshold of E, ~ 10 GeV [122] which enables the
competitive analysis of atmospheric neutrino oscillations [123]. The
construction of the full detector layout (IC86) finished in 2010, but
data was collected already with partial configurations in the years
before®?, named throughout this work according to the number
of strings which were operational at that time (2008-2009: IC59,
2009-2010: 1C79).

3.2.1  Digital Optical Modules

The fundamental building blocks of IceCube are the 5160 Digital
Optical Modules(DOMs) that are attached to the cable-strings:
light sensors which are able to detect single photons, digitize
their signals and operate reliably under the harsh environment
in the ice for a long period of time. The core of the spherical
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T I the following chapters,
the event reconstruction,
selection and analysis
techniques are explained for
data after May 2010
(IC79—IC86-2018). See
Appendix B.1 for details on
the treatment of the
IC59-season in the analysis.
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62 Photomultiplier tubes
(PMT5) enable the detection of
single photons by
amplification of the first
electron induced by the
photo-effect in a chain of
high-voltage dynodes to a
measurable signal.

%3 Two ATWD chips are
operated alternately in order
to reduce deadtime [111].
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IceTop

.

i In-Ice
l Array

Deep-
Core

Figure 3.4: Schematic of the IceCube Neutrino Observatory: The IceTop
cosmic-ray detector at the surface and IceCube with its more
densely instrumented extension DeepCore in the ice. Figure
adapted from Ref. [111].

modules is a down-facing, 10”-diameter Hamamatsu R7081 photo-
multiplier tube®® (PMT) which provides a large photo-sensitive
area to detect weak light signals [124]. The PMT is housed in a
spherical pressure vessel together with the digitization electronics,
high-voltage generation and LEDs for calibration purposes.

The detected signal waveforms are digitized and then transferred
to the IceCube laboratory at the surface for further processing: If
a photon hits the photocathode of the PMT, a photo-electron is
ejected and then amplified in the dynode chain to a pulse. This
analog signal from the PMT is compared to a discriminator thresh-
old corresponding to 0.3 photo-electrons [111]. A hit is launched if
the threshold is passed, i.e. a time-stamp is stored and a trigger is
sent to the nearest or next-to-nearest neighbor DOMs on the same
string. The digitization of the waveform is performed in Analog
Transient Waveform Digitizer(ATWD) chips®. They sample the
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Figure 3.5: Sketch of the Digital Optical Module (DOM). Figure taken
from Ref. [104].

input voltage with 300 Ms/s and three different gain channels to
cover the full dynamic range of possible waveforms from single
photons to strong illumination [111]. The waveform samples are
kept in analog storage® and then digitized by a slower 10-bit digi-
tizer [111]. The digitization is only performed if a local coincidence
(LC) is triggered, that is if a neighboring or next-to-neighboring
DOM also detected a hit within a time window of +1us®. The
maximum duration of waveforms that can be digitized by the
ATWD:s is 427 ns. To enable the recording of longer pulses®, the
waveform is additionally sampled by a 40 MHz fast-Analog-to-
Digital-Converter (fADC) in parallel with lower precision up to
a maximum length of 6.4 ps. In summary, the electronics of the
DOMs provide a highly reliable system with low power consump-
tion and very short dead-times, a wide dynamic range in detectable
charges and ns-precision timing as required for the broad spectrum
of events that can be detected by IceCube [111].

3.2.2 Event-Signatures

The digitized waveforms are sent to the surface and investigated
for temporal and spatial clustering. If such clustering is found, a
trigger is fired and the event is processed further [111]. Three main
event signatures can be induced in the detector by neutrino-nucleon
interactions at energies 2 TeV:
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%4 Switched capacitor arrays.

%5 This is expected for
Cherenkov light-fronts but
suppresses noise hits [122].

%6 Longer pulses are expected
from light-signals emitted
more than 100 m away from
the DOM: Scattering in the
ice leads to substantial delays
of some of the photons [111].
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cascADEs Cascade-like events are created in neutral-current

interactions of neutrinos of all flavors or charged-current inter-

actions of electron-neutrinos. A schematic drawing of this event

class is shown in Figure 3.6a. The secondary particles from the

hadronic cascade re-interact and scatter in the ice on the length-

67 Which is small compared to scale of meters®. Still, an anisotropy in the event geometry can
the distance of strings.  be observed because the cascade is strongly forward-boosted. Es-
pecially the timing of firstly arriving photons can be used to re-

construct the direction of the primary neutrino. In CC-interactions

of electron-neutrinos, also an electromagnetic cascade evolves be-

cause the emerging electron does not reach far but loses its energy

%8 In contrast to long rapid1y68 [110].
muon-tracks.
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(a) Cascade-like Event, CC-interaction of an (b) Track-like Event.
electron-neutrino.

Figure 3.6: Schematic drawings of the event signatures induced by high-
energy neutrinos in IceCube: Grey circles mark the DOMs,
the yellow and blue area indicate the light emission from the
electromagnetic and hadronic cascades, respectively.

TRACKS A second class of events are tracks induced by the
emerging muon from the CC-interaction of a muon-neutrino, see
Figure 3.6b. Also here, a hadronic cascade is created in the first
interaction from the debris of the hit nucleus (blue area in Fig. 3.6b).
Additionally, the high-energetic outgoing muon emits Cherenkov-
light along its path. Especially at high energies, it loses energy
stochastically in catastrophic events, i.e. small electromagnetic cas-
cades are initiated frequently along the track which themselves
generate light [125]. The muon leaves a clearly distinguishable
signature in the detector, typical tracklengths are 2 km. Even
muon-neutrinos which interact outside of the instrumented vol-
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ume of IceCube can thus be detected via their secondary muons.
This increases the effective volume of the detector. However, a
muon-track induced by a neutrino can not be distinguished from a
muon originating from a cosmic-ray air-shower above IceCube on
an individual event basis®. Details about dedicated techniques to
select only neutrino-induced events are described in Chapter 4.
Additionally, muon tracks can also be produced in the interaction
of a tau-neutrino with a nucleon: In the first CC-interaction of the
tau-neutrino, a hadronic cascade is created as in the other interac-
tions. The outgoing tauon decays however after a few meters’® and
a high-energetic muon is produced””. The resulting track is indistin-
guishable from muon-neutrino induced events. See Section 5.2.2.7
for more details on this flux contribution.

DOUBLE BANGS The third, very rare class of event-signatures
can be induced by a tau-neutrino: As described above, the emerg-
ing tauon decays after propagating a few meters in the ice. In most
decay channels, this initiates a second cascade, thus the event name
double bang. A first candidate event with an energy of E, > 1.5PeV
has been observed recently, see Reference [126]. At lower ener-
gies, the two cascades are not resolvable with current vertex-
reconstruction techniques in IceCube, but the observed shape of
the waveforms can be utilized to identify such tau events [127, 128].

3.2.3 The IceCube Coordinate System

The local coordinate system of IceCube is based in the center of
the detector and events are described by their primary interac-
tion vertex and the direction of the initial particle in spherical
coordinates. Measured to the vertical axis towards the South Pole,
the zenith-angle 0 ranges from 0 to 7 and the labels down-going
and up-going (after traversing the Earth) correspond to the two
hemispheres, respectively. Since the detector rotates around the
South Pole once per day”?, the horizontal angle ¢ is translated into
galactic coordinates as a function of time: RA = ¢ +T/d - 27

3.2.4 Optical Properties of the Ice

The described techniques for detecting and reconstructing high-
energy neutrinos rely on the optical properties of the ice that are
relevant for the propagation of Cherenkov photons. While the
description above assumed ideal conditions, the natural ice inside
IceCubes detection volume is more complicated. Dedicated studies
are being performed to model its properties [129, 130]. To first
order, the trajectory of photons is impacted by two effects”3: Firstly,
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69 The angular and energy
distributions differ though
and can be used to select
neutrino-induced events on a
statistical basis.

79 The expected decay length

of the tauon depends on the

energy: < Ly >~ 50 mPEgV.

7 The branching ratio is
~ 170/0 [2]

72 Unlike other telescopes,
IceCube has full coverage of
the accessible sky at all times.

73 Both effects can be
consistently described in the
electromagnetic

Mie-theory [131].
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scattering of the photons on impurities like dust-particles and air-

74 At the depth of IceCube, — bubbles7* and secondly, absorption of the photons in dust-particles
air-bubbles are essentially  and the ice-molecules itself [121]. The ice-sheet at the South Pole

irrelevant because the ice
forms a hydrate and the gas

has formed and is still forming from compacted snow that falls on

molecules are incorporated its surface. The optical properties are therefore depth dependent
into the crystal [132, 133]. because of the changing concentration of dust-particles that were

present in the atmosphere at the time the respective layers of snow
fell [134]. This effect is especially prominent in the dust-layer, i.e. the
ice at depths of ~ 2100 m with a higher concentration of impurities
and thus worse optical properties [135], see Figure 3.7.
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Figure 3.7: Optical properties of the ice as a function of depth, Spice

3.2.1 ice-model [136]. The left y-axis shows the scattering
and absorption coefficient, the right y-axis the corresponding
scattering and absorption length.

Furthermore, layers of the deep ice follow the profile of the
underlying bedrock. Thus, layers originating from a certain period
in time do not lie at the same depths today for all x-y-positions.
This introduces a tilt in the optical properties [132]. Even more
importantly, an azimuthal anisotropy in the ice properties has been
observed: Light preferably traverses the ice along the direction of

75 The glacier at the South the ice-flow7>. The effect has been parameterized and is modeled
Pole slides down-hill at arate a5 direction-dependent scattering coefficient [129]. Further studies

of = 10myr~! [137].

are being performed at the moment, relating the anisotropy to the
birefringence of the ice [132].

HOLE-ICE The optical properties described above are deter-
mined by the natural characteristics of the Antarctic glacier. The sit-

length [m]



3.3 KEY OBSERVATIONS OF ASTROPHYSICAL NEUTRINOS

uation becomes more complicated by the man-made drill-holes of
IceCube: The drill-holes with a diameter of ~ 60 cm were equipped
with the optical sensors and re-froze afterwards. As a result, im-
purities and air-bubbles are enclosed in the Hole-Ice and affect the
possible trajectories of photons to the DOMs. The resulting effect
can be modeled as directional-dependent angular acceptance of
the DOMs [132], i.e. the detection of photons from directly below
the DOM is suppressed because these photons are absorbed in the
Hole-Ice. The parameter pg of the unified holeice model [138], that
is used in this work to model the effect, changes the acceptance
probability of photons from below the DOM, see Fig. 3.8:
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Figure 3.8: Hole-Ice unified model: Variation of the parameter py, chang-
ing the acceptance probability of photons from below the
DOM.

In the simulation”® of photon-propagation through the ice, e.g.
used for the simulation of neutrino events in this work, all the
described optical properties of the Antarctic ice are included. Fur-
thermore, nuisance parameters are introduced to cover systematic
uncertainties on these ice properties. See Chapter 5 (Sec. 5.2.1.2-
5.2.1.3) for a detailed discussion. Among others, the depth depen-
dent scattering and absorption coefficients are scaled globally and
the angular acceptance of DOMs is varied to model the effects of
the Hole-ice.

3.3 KEY OBSERVATIONS OF ASTROPHYSICAL NEUTRINOS

FLUX OF ASTROPHYSICAL NEUTRINOS The detection of a neu-
trino flux with astrophysical origin, one of the main goals of the
IceCube experiment, has been achieved in three independent analy-
ses: In 2013, 37 high-energy starting events (HESE) have been reported
and used to measure the diffuse flux of astrophysical neutrinos for
the first time, see Figure 3.9a. To select astrophysical events and
reject atmospheric backgrounds, the outer layers of DOMs in the

37

76 Spice 3.2.1 ice model [136].
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Side-view of IceCube with
HESE-veto, taken from
Ref. [139].
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ICECUBE AND THE START OF NEUTRINO-ASTRONOMY
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(a) HESE events in Galactic coordinates. Figure from

Ref. [139].
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(b) Energy spectrum of up-going muon-
neutrino events. Figure from Ref. [140].

Figure 3.9: Key observations for the discovery of astrophysical neutrinos
with IceCube.

77 With some overlap of
events, especially between the
cascade analysis and

HESE [110].

78 See Chapter 6.

79 Including the results from
this work.

IceCube detector are used as a veto to reject events accompanied
by muons from cosmic-ray induced air-showers [139]. In the fol-
lowing years, this observation was independently confirmed with
through-going tracks induced by muon-neutrinos coming from the
Northern Celestial sky [140, 141]. See Fig. 3.9b for the excess of
astrophysical events above the atmospheric expectation using six
years of data. The selection of up-going muon tracks is explained in
more detail in Chapter 4. In this work, the same analysis approach
will be followed using almost ten years of experimental data and
an improved treatment of systematic uncertainties. Thirdly and
most recently, a measurement of the astrophysical flux has been
performed using electron- and tau-neutrino induced cascades [110,
142].

The three measurements are complementary’” and the findings
about the energy spectrum of astrophysical neutrinos differ. Po-
tential explanations for these differences range from a break in
the energy spectrum to flavor-dependent spectra and physics be-
yond the Standard Model, see e.g. Refs. [143-147]. Some of these
scenarios, e.g. the prediction of multiple contributions to the as-
trophysical flux, predict a specific shape for the energy spectrum
and will be tested in this work78. In Chapter 7, the most recent
updates” from all three measurements described above will be
presented and compared.

IDENTIFICATION OF THE FIRST POINT-SOURCE CANDIDATE
Another breakthrough was achieved in 2017: IceCube detected a
high-energetic muon-neutrino and issued a realtime alert to notify
other observatories in the multi-messenger community. In their
electromagnetic followup observations spanning many orders of
magnitude from radio to y-rays, it was found that the location of
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the known y-ray blazar TXS 0506+056 is consistent with the arrival
direction of the neutrino [47]. Also, this blazar was in a flaring
state [47]. A chance correlation can be rejected at the 3o-level. This
observation is sometimes seen as the beginning of the multi-messenger
era. Further confidence was gained by investigating archival Ice-
Cube data: In a search for temporal clustering of neutrino-events
from this direction, a 158-day flare, that is increased flux above
background expectation, was identified. Also here, a chance corre-
lation can be rejected at the 3o-level [148].

MISSING SOURCES FOR THE BULK OF NEUTRINOS  Although
a first candidate astrophysical object has been identified as high-
energy neutrino source, the question remains which objects gen-
erate the much larger flux of unassigned neutrinos that has been
observed. Strong limits have been placed based on dedicated point-
source searches®®: No significant spatial clustering of events was
found [149-151]. As a consequence, steady sources with a per-
source-flux as low as (D;/S‘Ol?g/” <1x107" GeVTem 257! can
be excluded at 90%CL for all declinations [149].

In this work, no search for individual neutrino sources is per-
formed but the cumulative flux from all astrophysical sources is
investigated. The energy spectrum of all up-going muon-neutrino
events, independent of their origin on the sky, is used to infer
information about their sources indirectly.
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80 Different analyses used
both muon-neutrino induced
tracks and electron- and
tau-neutrino induced
cascades.






SELECTION OF THROUGH-GOING
MUON-NEUTRINO EVENTS

In order to measure the energy spectrum of astrophysical neu-
trinos, a large sample of well reconstructed neutrino events with
high purity is needed. Additionally, a reasonably good energy res-
olution is required. In this chapter, the selection of through-going
muon-neutrino events from the Northern Celestial Hemisphere is
introduced. The basic idea is to use the Earth as a shield against
atmospheric muons, which restricts the accessible sky but also
removes the dominating background flux. It was developed in
preceding analyses, see References [140, 152-154] and has been
updated to newer calibrations and processing-standards of IceCube
for this work, see Section 4.2.1.

IceCube triggers at a rate! of > 2kHz, i.e. with a Simple Multi-
plicity Trigger (SMT-8) requiring eight DOMs in local coincidence
within a time window of At = 5ps [111, 153]. Most of these events
are low-energetic, down-going muons produced in air-showers
above IceCube. The rate of muons induced by atmospheric and
astrophysical neutrinos, which will be investigated in this work, is
multiple orders of magnitude smaller, see Figure 4.2. For zenith-
angles O¢ye > 85°, basically all atmospheric muons are absorbed
because they have to traverse the Earth or a too thick overburden
of ice to reach the detector. Restricting the event-selection to this
part of the sky thus removes the dominating background. Unfortu-
nately, the fast reconstruction algorithms that are applied online
at the South Pole sometimes fail and thus also the rate of events
identified as up-going®* after reconstruction is still dominated by
atmospheric muons [153].

More sophisticated reconstruction algorithms, which are more
time-consuming and therefore applied offline in a larger computing
facility to a fraction of the data, are introduced in the next sections.
In Section 4.2, the various steps of the final event selection are
explained.
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Figure 4.1: Sketch of the
Event-Selection.

81 The muon-rate is
modulated by seasonal
variations of ~ £8% [100].

82 The term up-going refers to
events with © > 85° in the
following.
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8 An unfolding is applied to
the digitized waveforms and
the resulting pulses are
characterized with charge q;
and arrival time ty.

84 For example, the most
probable path length is

~ 2km for a 1 TeV muon,
and the length reaches

~ 20km for a 1PeV
muon [155].
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Figure 4.2: Trigger rates (SMT-8) of IceCube as a function of online re-
constructed zenith-direction. Shown are different flux compo-
nents (benchmark flux models) based on Monte-Carlo simula-
tions. The vast majority of triggered events are atmospheric
muons created in air-showers above IceCube. Although muons
are only expected in the down-going region(grey area), the
fraction of the events with a mis-reconstructed direction make
up the blue plateau on the left. Figure taken from Ref. [153].

4.1 RECONSTRUCTION OF MUON-TRACKS

Based on the observed pulses at each DOM®3 described in Section
3.2.1, the direction and energy of the initial particle can be inferred.
High-energetic muon-tracks used in this work often extend be-
yond the instrumented volume of IceCube® and thus deposit a
significant amount of their energy outside of the detector. The
resolution of the reconstructed energy is therefore limited. Their
directional reconstruction, on the other hand, is very good and
robust compared to other event signatures in IceCube because of
the long lever arm and the large number of hit DOMs.

4.1.1  Directional Reconstruction

Above neutrino energies of 1 TeV, the kinematic opening angle be-

tween the incoming neutrino and the outgoing muon is very small
—0.6

because of the relativistic boost: A (v, ) = 0.7° x (TEeV ) [152,

156]. The muon-direction is nearly co-linear with the initial neutrino
especially at high energies and thus provides a good directional
estimate.



4.1 RECONSTRUCTION OF MUON-TRACKS

- Xl
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Figure 4.3: Sketch of a muon-track passing in the vicinity of a DOM.
The track is parameterized by a position Xy at time tp and its
direction V. The closest distance between the trajectory and the
DOM is denoted as d, while the direct geometrical distance is
Tgeo- Figure taken from Ref. [154].

In the event selection, cuts are applied in consecutive steps in
order to decrease the event-rate®> and allow for more sophisticated
reconstruction algorithms. Typically, the higher-level reconstruction
algorithms are seeded® with the result from a preceding step to
increasingly gain reconstruction precision. A detailed description
of all intermediate reconstructions can be found in Reference [153].
The reconstruction algorithms applied to the remaining events at
final-level are described in the following paragraphs.

LIKELIHOOD RECONSTRUCTIONS The estimator for the direc-
tion of the muon-tracks is obtained from a maximum likelihood
approach: The muon is parameterized as infinite track traveling
with the speed of light in vacuum. It is fully described®” with a
position (Xp) and its direction (6, ¢ ). Since the emitted Cherenkov
photons are scattered during their propagation, their observed ar-
rival times topserved are delayed compared to the direct line of sight
tgeo from the emission point on the muon track, see Figure 4.3.
The residual time tres = tobserved — tgeo is therefore used for each
measured DOM hit. The likelihood to observe the arrival times
of N photons at a DOM k is given as [157] (Single photoelectron®®
likelihood):

N
Lpom, (H) =D pltle, %xl(%o, 0, d)). (4.1)
i
The probability density function p can be parameterized either
analytically (see e.g. Pandel-function in Refs. [157] and [158]) or
from smooth spline-functions® that interpolate between location-
dependent simulations of the arrival times [159].
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85 While keeping as much
neutrino events as possible.

86 As a start of this chain, a
first-guess algorithm called
Line-Fit is used, which
analytically matches the
best-fitting line through all hit
DOM:s based on their timing
information.

87 This set of parameters is
abbreviated as muon-track
hypothesis H in the following.

83 See Sec. 3.2.1 for a
description of the
photoelectron, i.e. of how
single photons are detected in
IceCube.

89 The more accurate
approach using spline-tables
takes depth-dependent
ice-properties into account
and is used in this work.
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99 Often called "catastrophic
energy losses”.

9% Each slice corresponds to a
single DOM along the muons
trajectory, see “DOMSs
method” in Ref [155].

92 This reduces in turn the
variance of the reconstructed

energy.
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It turns out that a better angular resolution can be achieved if
only the time of the first detected photon per DOM t/ is consid-
ered [159]. The modified per-DOM likelihood is then given as [157]
(Multi photoelectron likelihood):

t

N—1
Lpom, (H) = N - p(ths, XilH) (J ] p(trlesr%kH)dtrles> . (4.2)

res

It includes the combinatorical factor to choose the first out of N
detected photons.

The total likelihood for the hypothesis H is the product over all
per-DOM likelihoods:

L(H) =] [ £oom, (H). (4-3)
k

Numerical minimization of the logarithm of Eq. 4.3 with respect
to H then yields the best-fit direction of the muon-track. This
reconstruction is abbreviated SplineMPE in the following.

Additionally, an estimator for the reconstruction uncertainty is
calculated to identify well-reconstructed tracks later: The logarithm
of the likelihood landscape is evaluated at a few points around the
best-fit position and then approximated by a paraboloid. Based on
this parameterization, one-dimensional uncertainty estimates og
and oy, are obtained for each event [160].

4.1.2  Energy Reconstruction

High-energy muons (2 100 GeV) lose energy via ionization, pair
production, bremsstrahlung and photo-nuclear interaction [2]. The
average energy loss per track-length can be described as

_dE _
dx

The terms a(E) and b(E) give the losses due to ionization and the
radiative losses, respectively, and depend only weakly on energy [2].
Thus, measuring the energy losses along a muon-track enables to
estimate the energy of the muon.

The energy reconstruction method Truncated Energy, used in this
work, is specifically designed for the reconstruction of muons with
very high energies. There, the total energy loss is dominated by
a few stochastic®® interactions on top of the nearly continuous
losses [155]. A 60 m cylinder around the track is considered and
sliced9" along the direction of flight. In each slice, the number of
photo-electrons expected from simulations for this track direction
and energy is compared to the observed number of photo-electrons
in the DOM. To make the estimation of the mean energy loss rate
more robust??, those slices with the largest observed energy losses

a(E)+b(E) - E. (4-4)
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are discarded and the mean energy loss is calculated from the
remaining slices. By this approach, the impact of large outliers
introduced by stochastic energy losses is reduced. Lastly, a non-
linear mapping is applied to obtain an estimator for the the muon-
energy from the measured energy loss of the muon. Above 1TeV,
an energy resolution of log; Eproxy/Ey & 0.29 is achieved [155].

4.2 EVENT SELECTION

Starting from the triggered events, the goal in the first step® of
the event-selection is to reject atmospheric muons. A significant
reduction of the data rate of 2 2kHz has to be achieved, but at
the same time, as many high-energy neutrinos as possible should
remain. Cuts are applied on quantities that are fast to compute
but contain information about the reconstruction-quality and other
properties of the event. All together, the data rate is reduced to
~ 1.5Hz.

B Sum B Atms. v, Cascades
N Atms. p mm Astro. v, +++ Exp. data
10*2 1 1 Il |

1072 4 L

104 4 3

Rate per Bin / Hz

0.0 0.2 0.4 0.6 0.8 1.0
Atms. p Score

Figure 4.4: Distribution of the BDT-score for different input fluxes. A cut
at Atm. uScore > 0.9 is applied in the final selection. Figure
taken from Ref. [153].

Still, the majority of remaining events are mis-reconstructed
atmospheric muons. To identify those, a supervised machine-
learning technique is used: A boosted decision tree (BDT) has been
trained on simulated events?* to distinguish between signal, that is
neutrino induced muon-tracks, and the background of atmospheric
muons. By combining multiple input variables in the decision pro-
cess, effectively non-linear cuts in the multi-dimensional space
are performed which enables an efficient selection. Details on the
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93 The processing is called
Muon-Levels, a detailed
description can be found in
Reference [153].

94 See Section 4.4 for an
introduction to the MC
simulation.
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95 This could introduce a bias
in the energy distribution.

96 See Appendix B.1 for
details on the treatment of the
IC59-season in the analysis.

97 To estimate the purity, the
event-selection is also applied
to a large dataset of simulated

air-showers. The estimated
purity is updated and
increased slightly compared to

Ref. [153] (purity of 99.7%).

98 Typically, data-taking in
IceCube is separated in 8h
runs where the same
DAQ-software and calibration
is used.

99 Although ICs9 is still
treated separately, the
homogeneous dataset is a
large improvement and
overcomes many of the
complications of previous
iterations of the event-sample.

100 Also the season IC86-2011
had it’s own filtering and
reconstructions. These
inconsistencies were overcome
in the Pass2-campaign.
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training and performance of the method can be found in Reference
[153]. The resulting distribution of the BDT-score, i.e. the classi-
tier output of the BDT for different flux components and event
topologies, is shown in Figure 4.4.

Similarly, a second BDT is trained on simulated neutrino events
to reject cascade-like topologies, e.g. induced by neutral-current
interactions. Cascade-like events have a significantly worse angular
reconstruction quality and since the applied reconstruction tech-
niques are designed for long muon-tracks, strong fluctuations of
the reconstructed energy appear for cascade-like events?. Also
here, details can be found in Ref. [153].

Based on these two BDTs%, cuts at

Atm. pScore > 0.9 and AntiCasc.Score > 0.5 (4-5)

are finally applied and a purity%” of = 99.87% is achieved
in the remaining sample of events. See Sectlon 5.2.2.6 for a short
discussion of the remaining atmospheric muons which pass all
cuts.

DATA-TAKING QUALITY: The operation of the IceCube detector
is very successful and uptimes of 99% are achieved routinely [111].
In order to exclude data-taking periods where only parts of the
detector were operational, Runs® with less than 75 active strings
(without DeepCore) or less than 4830 active DOMs are excluded in
this analysis. See Ref. [153] for details about these criteria.

4.2.1  Pass-2 Re-Processing

It was realized that the calibrated charge-scale of IceCube, which
can be derived from single photo-electron pulses, was shifted by
~ 4% for historical data prior to 2016 [161]. To correct for this, a
large re-calibration campaign, called Pass-2, was conducted and
the experimental data from the years 2010 to 2016 have been re-
analyzed. Within this effort, the same filtering algorithms, event
selections and reconstructions have been applied consistently to all
events except for the season IC59. As a consequence, a homoge-
neous dataset spanning almost nine years of livetime is available%.
The energy and directional reconstruction of some events changed
compared to the previous publications because of the re-calibration
and re-processing. For the data taken after May 2016, the correct
calibration has been applied by default.

Events recorded in the season IC79'*°, which corresponds to data
taken between 31th of May 2010 and 13th of June 2011, have been
treated differently in previous iterations of the analysis but are
now aligned with respect to filtering and applied reconstructions.
The livetime for this season has been corrected by a re-scaling
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of tiive,effective = 0.94 - tiive to correct for the smaller expected
trigger-rate. The scaling corresponds to the ratio of the effective
areas (ICy9-season/IC86-seasons); because less strings were opera-
tional at that time, a smaller rate of triggered events is expected.

4.2.2  Summary of the Sample of Experimental Events

The resulting sample of high-energetic through-going muon tracks
has a high purity and is used in multiple analyses. Since only
well-reconstructed tracks induced by muon-neutrinos are selected,
a very good median angular resolution of AY < 0.4° for energies
above 10 TeV is achieved. This makes the sample also well suited
for point-source searches, see Reference [149] for one of the latest
applications. Also other analyses have been performed based on
the same event selection, e.g. a search for heavy (2 PeV) decaying
dark matter [162].
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Figure 4.5: Effective area of the event-selection: As a function of energy,
the ability to detect neutrinos rises due to the increasing cross-
section and longer track-lengths of produced muons. Straight
up-going events, see green line, are however absorbed at high
energies on their path through the Earth core.

Figures 4.5 and 4.6 summarize the properties of this sample of
events that are most relevant for this work: Firstly, due to the rising
cross-section and the effectively increased detection volume for
long muon tracks, a very large effective area at high energies is
achieved. Secondly, a reasonable energy resolution is achieved and
thus a measurement of the energy spectrum can be performed.

In total, more than 650.000 events enter the data sample'”, see Ta-
ble 4.1. Since data from the season IC59 has not been re-processed
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10T This increases the sample

size compared to the last
publication [140] by
approximately ~ x2 although
only 3.5 years have been
added. This is caused by the
smaller effective area of the
first seasons (partial detector
configurations); also, later
seasons achieved a better
uptime.
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Figure 4.6: Energy resolution of muon-neutrino events in the sample,
determined from MC-simulations where the true energy of
the initial muon is known. Figure taken from Ref. [154]. The
solid line shows the median of reconstructed energy as a
function of true muon energy. Note that the curvature of the
mapping between true and reconstructed energy does not
influence the analysis performed in this work, because it is
the same for simulated events and experimental data.

for Pass-2 and used different filtering and reconstruction algo-
rithms, it is treated separately in the analysis.

Data-Taking Season Zenith-range / deg Livetime / sec Number of events Pass-2
IC59 920 — 180 30079123 21411 No
IC79 — IC86-2018 85—180 274623811 631680 Yes
Total 304702934 651752

Table 4.1: Summary of the data-taking seasons entering the analysis pre-

sented in this work. See text for a description of the Pass-2
re-calibration campaign that was conducted for all data after
May 2010.

102 See results of the
likelihood-fit in Chapter 6.

4.3 HIGHEST-ENERGY EVENTS

Although the focus of this work lies on the properties of the cu-
mulative astrophysical flux, single events with the highest ob-
served energies are also of special interest. Above energies of
Ejproxy & 200 TeV (truncated energy), the probability of events be-
ing of astrophysical origin is larger than 50%°*. Thus, the direction
of these neutrinos may also hint towards potential astrophysical
sources. Five new events, which have not been reported in previous
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iterations of the analysis [140, 153, 154], are listed in Table™3 4.2.
Additionally, visualizations of the events are shown in Figures 4.7
and A.1-A.5 (Appendix).
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03 For an estimation of the
directional uncertainties, see
discussion below and
Figures 4.8 and A.6-A.9.

Event ID 67372962 17569642 44934051 32203729 60917329
Run ID 129777 130214 130588 130857 131089
MJD 57951.81  58063.77 58141.67 58205.09 58264.29
Observables used in the Analysis

Muon Energy / TeV 435 1198 287 554 386
RA. (SplineMPE) / deg 208.4 340.2 75.9 303.7 211.5
Dec. (SplineMPE) / deg 26.4 7.4 13.2 10.3 8.9
Glﬁambn]nid / deg 0.13 0.05 0.19 0.35 0.63
Millipede Sky-scans

RA. / deg 2087712 3401783 763%17 3071732 2107137
Dec. ( / deg 25.29-9 7433 8.63% 7413 8.31%
DirectFit (Bayesian)ﬁ

RA. / deg 208.671  340.0%593 735736 3077733 210213,
Dec. / deg 25.8ﬂ: 7.3i8:§ 7.1ﬂ:g 6.1i§:§ 5.7f§:‘]’

Table 4.2: Overview of observed high-energy events (E; proxy < 200 TeV
(truncated energy)) which have not been reported before. Re-
constructed direction and muon-energy as used in the analysis
are given in the first block. See Sec. 4.3.1 for details about the
more sophisticated directional reconstructions, which are given
with 90% uncertainty ranges.

T The average of the minor and major axes of the 68%
paraboloid error ellipse is used: Oparaboloid = Va2 + bZ/v/2.

T The median of sampled points is quoted as direction. The
uncertainty is taken as maximal extension of the the approxi-
mated Bayesian posterior contour.

4.3.1  Directional Reconstruction of High-Energy Events

More sophisticated reconstruction algorithms®+ have been devel-
oped and can be applied to individual events of special interest,
e.g. the realtime alert event that triggered the followup observa-
tions of the blazar TXS 0506+056 [47]. For the five observed events
reported above, two reconstruction methods are applied additional
to the SplineMPE*® reconstruction that is used for the full sample
of events.

Firstly, a Millipede sky-scan has been performed. In this likelihood-
based method, individual energy losses along the observed track
are reconstructed and then combined enabling a better description
of the stochastic energy-loss pattern of high-energy muons [125].
The blue dot in Fig. 4.8 marks the position on the sky where
this likelihood is maximized. Additionally, confidence regions are

04 These more sophisticated
algorithms can not be applied
to the full sample of
experimental events because of
limited computing resources.

105 See Sec. 4.1.1.
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106 NyGen is based on the
ANIS (All Neutrino
Interaction Simulation)
code [165].
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drawn which have been deduced from a sample of simulated
events where the same method has been applied to calibrate the
likelihood difference to the minimum [153].

As a second reconstruction algorithm, Direct-Fit is applied. In
this method, based on an Approximate Bayesian Calculation sampling,
similar events are simulated over and over again and then com-
pared to the observed signature in the detector at charge-level [163].
The red triangle in Fig. 4.8 shows the direction with highest pos-
terior density (Bayesian). The corresponding contours show the
regions of the sky containing 50% and 90% of the posterior den-
sity, respectively [164]. The results for the other four events are
presented in the Appendix, see Figures A.6-A.9. Since these more
sophisticated reconstruction algorithms also cover systematic un-
certainties to some degree, their confidence contours are on average
larger than the SplineMPE paraboloid introduced in Section 4.1.1.

teee Event130218/17569642:0 (10 o cw e [T
Time'2017-11,06 18:39:30 UTC | 1 1L G, Ll e
Dbus 3p76Ti4ns C . ..l b

Figure 4.7: Visualization of Event 17569642: The black dots mark Ice-
Cube’s DOMs and the size of the colored bubbles indicates the
observed charge. The color additionally decodes the temporal
evolution of the event from orange(early) to purple(late). The
grey arrow shows the reconstructed direction (SplineMPE).

4.4 MONTE-CARLO SIMULATION OF EVENTS

In order to analyze the full sample of observed events, a detailed
understanding of the detector response is needed. This is achieved
by simulating a large amount of events, which are then processed
in the same manner as the experimental data: Using the neutrino-
generator software NuGen©®, neutrino events with a certain flavor,
direction and energy are diced and the propagation through the
Earth is simulated. Finally, the particle-physics processes of the first
interaction in the ice or bed-rock near the detector are modeled.
The outgoing products, i.e. the muon and the hadronic cascades
for the case of a muon-neutrino induced CC-interaction, are then
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Run.Event_130214.17569642 — - DirectFit: 50 %
DirectFit: 90 %

Millipede: 50% (Ensemble)
Millipede: 90% (Ensemble)
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Figure 4.8: Skymap of the best-fit position and estimated uncertainties
from multiple directional reconstruction algorithms: Event
17569642. The results for the other four events are presented
in the Appendix, see Figures A.6-A.9.

further propagated and energy losses are simulated'®”. According  *°7 PROPOSAL code [166].
to this energy loss pattern, photons are generated and propagated
through the ice’®®. Here, assumptions are being made about the 198 CLSim-code [167].
optical properties of the ice, i.e. depth dependent scattering and
absorption lengths have to be chosen, see Section 3.2.4 for a short
introduction of the ice model. Typically, this step is repeated for
different assumptions which enables to cover the systematic un-
certainties that arise from imperfect knowledge of these quantities.
After the photons have been propagated, the DOM response is
simulated and charges and arrival times are saved in the same
manner as for the experimental data.
The different Monte-Carlo (MC) datasets used in this work are
introduced in Section 5.2 in more detail.






ANALYSIS METHOD AND SYSTEMATIC
UNCERTAINTIES

In order to measure the properties of the high-energy flux of
muon-neutrinos, the observed events are compared to expected
distributions determined from Monte Carlo (MC) simulations. This
method - called forward-folding fit — allows to test flux parameteriza-
tions as a function of true quantities like the initial neutrino energy,
although a comparison between experimental events and simulated
events is only possible using reconstructed quantities like the energy
of the muon-track. To do this, the observed events are binned in
reconstructed quantities and the resulting histogram is then com-
pared to the expectation. The latter is obtained by re-weighting the
MC-events to a certain flux parameterization™®.

5.1 BINNED LIKELIHOOD METHOD

In this work, a two-dimensional forward-folding fit is performed:
The experimental and simulated data is binned as a function of
reconstructed muon-energy*'® Eproxy,. and reconstructed zenith
angle 0, respectively.

The likelihood to observe the experimental data D under the
hypothesis'** H, can then be calculated using Poisson statistics in
each bin:

Nbins
L(D|H) = H pPoisson(nbin/ ubin(H(er ‘E)) (51)
bin
Nbins Mpin
bin — Hbin
Zbin_ o~ Hpin (5.2)
bin nbin! ’

Here, the expected number of events p,;, is calculated depending
on the signal'** parameters 0 and the nuisance parameters & which
are introduced to cover systematic uncertainties, see Sec. 5.2.

5.1.1 Analysis Histograms

As outlined in Chapter 2, a background flux of conventional and
prompt atmospheric neutrinos is expected at the detector, falling
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199 The re-weighting is done
based on true energy.

110 See Sections 4.1.2 and
4.1.1 for the reconstruction
algorithms.

T A set of fit-parameters and
thus assumed fluxes is called
hypothesis in the following.

12 For the case of a single
power-law flux, the signal
parameters @ are the
normalization of the
astrophysical flux and its
spectral index.
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M3 Additionally, a
sub-dominant component of
cosmic-ray induced muons is
considered. See Sec. 5.2.2.6
for more details.

"4 MCEq, see Chapter 2.
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off steeply with energy**3. Only at higher energies, the signal flux of
astrophysical neutrinos exceeds this background. This is visualized
in Figure 5.1 for a benchmark astrophysical flux together with the
baseline predictions for the atmospheric fluxes™4. The total ex-
pected number of events per bin is given as sum of all components:
Hpin = Hpgn + ugirr?mpt + ugilfl_muons + pgsto- In the expected energy
distribution (right panel), the astrophysical component clearly ex-
tends to much higher energies and dominates the total number of
expected events above ~ 200 TeV. The expected zenith distribution
(left panel) on the other hand, shows the characteristic flat expecta-
tion for the prompt component (see Sec. 2.1.2) and the decrease of
expected astrophysical events at large zenith angles due to Earth
absorption (see Sec. 56).
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Figure 5.1: Expected distributions for the flux components considered
in this work: Baseline predictions from MCEq are used for
the atmospheric components (CR-Model H4a, Hadr. Model
Sibyll2.3¢) and a benchmark flux is shown for the astrophys-
ical signal component (single power-law, y = 2.0). The ex-
pected number of events is calculated for the livetime of the
full data-sample. Note that the analysis is performed on the
full two-dimensional histogram while one-dimensional pro-
jections are shown here to visualize the shape differences.

BINNING SCHEME The experimental data events, binned as a
function of reconstructed zenith and energy, are shown in Figure
5.2. This two-dimensional histogram is later compared to the ex-
pected number of events in the analysis. The binning scheme has
not been changed compared to previous iterations of the analy-
sis [154]:
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Variable Number of Bins Range Spacing
Muon Energy Proxy 50 102 —107  Equal spacing in log; ¢ (Eyproxy)
Reconstructed Zenith 33 85° — 180° Equal spacing in cos(0reco.)

Table 5.1: Binning scheme of the observables used in this analysis, IC-
2010 to IC-2018. See Appendix B.1 for details on the treatment
of the IC59-season.
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Figure 5.2: Number of observed events as a function of reconstructed
zenith and energy. The binning scheme is the same as in the
analysis. As expected, the number of events decreases strongly
as a function of energy. Two events with a reconstructed muon-
energy above 1 PeV have been observed in the full data-taking
period.

5.2 SYSTEMATIC UNCERTAINTIES AND NUISANCE PARAME-
TERS

In order to cover systematic uncertainties of the measurement,
nuisance parameters & are being introduced which parameterize
the impact on the expected energy and zenith-distributions. Un-
certainties related to the IceCube detector and to the atmospheric
neutrino flux predictions are considered.

5.2.1 Detector Systematics

As outlined in Section 4.4, assumptions related to the ice-properties
and the detector performance have to be made during the simu-
lation of Monte-Carlo events. To cover the uncertainty introduced
by this choice, additional MC-events are simulated with different
assumptions and the same event-selections and reconstructions
are applied. These systematics datasets are then used to estimate
how the expected rate of events changes if one of the systematics
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™15 The method is based on
kernel density estimators
(KDE) to enable the use of
systematics datasets with
lower statistics. See Refs.
[152, 154] for more details.
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Figure 5.3: Example for
the continuous parameter-
ization of the modified
event-weight as a function
of the Optical Efficiency.

116 Sometimes abbreviated as
DOM-Efficiency.
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parameters is modified. The per-event effect'*> of a certain detector
systematic uncertainty is then parameterized continuously based
on these variations. Finally, the expected rates are adjusted dur-
ing the likelihood fit as a function of the corresponding nuisance
parameter. In the following sections, the considered detector sys-
tematics are introduced and their effects on the energy and zenith
distributions are discussed.

5.2.1.1 Optical Efficiency

The first detector-related systematic uncertainty is called Optical
Efficiency™*®. It summarizes multiple effects that lead to a change
of the photon detection probability for a given deposited energy,
e.g. the Cherenkov light yield from muons, the photon detection
efficiency of the DOMs and shadowing effects. The nuisance pa-
rameter Optical Eff. is defined relative to the baseline simulation
(= 1.0) and its impact on the energy and zenith distributions is
shown in Figure 5.4.
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Figure 5.4: Impact of the nuisance parameter Optical Efficiency on the
observable distributions. Obtained from simulation datasets
and then parameterized for each MC-event using KDEs. Left:
Reconstructed zenith distribution for different values of the
nuisance parameter. Right: Reconstructed Muon Energy for
different values of the same nuisance parameter.

While the shape of the zenith distribution is not impacted much,
a change in the expected rate is visible. This is expected, because
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the parameter scales the detection efficiency and thus lowers or
raises the trigger thresholds. In the energy distribution (right panel
of the same figure), additionally a shape difference becomes visible.
The reconstructed energies are shifted up and down as a function
of the optical efficiency. Since also the peak position of the energy
distribution is shifted, the graphs in the ratio plot (lower right
panel of Fig. 5.4) cross each other.
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Figure 5.5: Impact of the nuisance parameter Ice-Absorption on the ob-
servable distributions. Obtained from simulation datasets and
then parameterized for each MC-event using KDEs. Left: Re-
constructed zenith distribution for different values of the
nuisance parameter. Right: Reconstructed Muon Energy for
different values of the same nuisance parameter.

5.2.1.2  Optical Properties of the Bulk Ice

The optical properties of the ice within the detection volume deter-
mine the propagation of the Cherenkov-photons until they even-
tually hit a DOM. Since the optical absorption- and scattering-
coefficients of the ice, see Section 3.2.4, have only been measured to
a precision of £10%][135], they introduce a systematic uncertainty.
Both are varied in dedicated simulation datasets and the per-event
impact is interpolated'” linearly. The impact of scaling the ice
absorption on the overall energy and zenith distributions is shown
in Figure 5.5: Increasing or decreasing the absorption coefficients'®
leads to a lower or higher count of detected photons and thus to

117 Same treatment as for the
Optical efficiency.

118 Again defined relative to
the baseline simulation with
IceAbsorp. = 1.0.
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19 This is different for other
event-signatures: E.g. the
directional reconstruction of
cascades is strongly impacted
by a change of the scattering
or absorption coefficients
[110]. This can be explained
by the long lever arm of the
observed muons which makes
the reconstruction robust
against deviated, scattered
photons.

120 See Sec. 3.2.4 for a short
introduction.

121 Left and right edge of the
zenith distribution.
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a lower or higher rate. The distribution of reconstructed zenith
angles shows only a small shape difference'?, but a change in rate
for different nuisance parameter values. The effect on the energy
distribution (right panel of the same figure) is larger and leads to a
shift of the energy scale which manifests itself as crossings in the
ratio plot below. Note that the effect of ice absorption is similar to
the optical efficiency, see Fig. 5.4 and 5.5. The smaller impact of a
modified scattering coefficient on the expected zenith- and energy
distributions is shown in Fig. B.3 in the Appendix.

5.2.1.3 Optical Properties of the Hole-Ice

Similarly, the impact of the uncertain ice properties in the refrozen
Hole-ice are considered. The parameter Hole-Ice po of the unified
Hole-ice model [138]"*° increases or decreases the acceptance prob-
ability of photons from below the DOM. It is varied in dedicated
simulation datasets and the impact is parameterized as continuous
nuisance parameter in the likelihood fit. Figure 5.6 shows the effect
on the reconstructed zenith and energy distributions: Both distri-
butions change their shape if a different value for the nuisance
parameter is assumed. Especially vertical and horizontal events'**
are affected.
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Figure 5.6: Impact of the Hole-ice properties on the observable distribu-
tions. Obtained from simulation datasets and then parame-
terized for each MC-event using KDEs. Left: Reconstructed
zenith distribution for different values of the nuisance pa-
rameter Hole-Ice py. Right: Reconstructed Muon Energy for
different values of the same nuisance parameter.

5.2.2  Atmospheric Flux Uncertainties

5.2.2.1 Normalization of the Atmospheric Fluxes

Since the absolute normalization of the primary cosmic-ray flux
and the yield of neutrinos from cosmic-ray induced air-showers
are not known precisely, an overall scaling of the expected atmo-
spheric fluxes is introduced. The two nuisance parameters ¢conv.
and Gprompt. absorb this uncertainty and scale the expected rate.
The shape of the fluxes as a function of energy and zenith is
conserved.

5.2.2.2  Barr-Scheme of Atmospheric Flux-Uncertainties

In addition to the overall scaling of the atmospheric neutrino flux
normalizations, uncertainties on the expected shape of these fluxes
arise from the hadronic interaction models that govern the de-
velopment of particle-species in air-showers, see Chapter 2. To
estimate these uncertainties, Barr et al. introduced a scheme to
quantify the impact of imperfect knowledge on the production

10° 10° 107
cos(Zenith) Muon Energy Proxy / GeV
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122 Since neutrinos and
anti-neutrinos can not be
distinguished in this analysis,
the +-parameters —
corresponding to the
modification of the production
yields for hadrons and
anti-hadrons — are
summarized into single
parameters here.
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Barr-Parameter Baseline value Prior Width (10, Gaussian)

H* 0. 0.15
wE 0. 0.40
Y+ 0. 0.30
z* 0. 0.12

Table 5.2: Relevant parameters from the Barr-scheme, implemented as nui-
sance parameters in the analysis to cover shape-uncertainties
on the atmospheric neutrino fluxes from hadronic interaction
models.

yield of certain particle species [168]. In this approach different
parts of the phase space for hadron™* production in proton-air
collisions are separated and their production yields are scaled
independently, see Fig. 5.7. Since the production of mesons and
subsequently neutrinos is fully correlated between some parts of
the phase space, they have been combined in Barr et al. following
an alphabetic naming scheme [168]. The colored areas show those
combined regions which are most relevant for the production of
high-energy neutrinos in air-showers. They correspond to the pa-
rameters Hi(pions), W= (kaons), Y*(kaons) and Z*(kaons) which
are varied as nuisance parameters in this analysis.

E, (GeV) Pions Kaons
<8 10% | 30% s
8-15[30%| 10% 30% H™ W
15-30(30100 5% 10%
30-500(30) 15% Y* 7°
>500(30 15%+Energy dep. 30%+Energy dep.
AL L o T I
0 0.5 Xap 10 0.5 X g |

Figure 5.7: Sketch of the Barr-Scheme: The phase space of proton-air inter-
actions is separated as a function of the primary energy E; and
Xlab., the fraction of transferred energy to the secondary me-
son. The numbers in the table indicate the uncertainty on the
respective production yield. Figure adapted from Ref. [168].

Since their values have been constrained from existing mea-
surements, priors on these parameters are used according to the
estimated ranges in Barr et al. [168], see Table 5.2. The effect on the
energy and zenith distributions when varying the parameters is
shown in Fig. 5.8 (parameter W) and Figs. B.4-B.6 in the appendix
for the other parameters.



5.2 SYSTEMATIC UNCERTAINTIES AND NUISANCE PARAMETERS

10°

61

3% 10% - Baseline
105 = —— Barr Wt=-0.40
1 —— Barr Wt=-0.24
k= = ] +
M a o 10% = Barr W*=-0.08
= 2% 10%- — E +
g, g, 1 —— Barr W*=0.08
‘E ‘E 10% = —— Barr WE=0.24
2 s —— Barr W£=0.40
> T 10
X g ]
E 10- E 10
Z J Z ]
1 100 E
1071 -
| | | | | | B | B |
9 12— 9 12—
s (5%
m m
S0 m—m=================——=——= - 2
S =
08— 0 0 0 0 0 0.8~y
-1.0 —0.8 —0.6 —-04 02 0.0 10? 10° 10* 10° 10° 107
cos(Zenith) Muon Energy Proxy / GeV

Figure 5.8: Effect of varying the Barr-parameter W* within its given
uncertainties on the total flux expectation. Zenith(left) and
energy(right) distributions, all other fit-parameters are fixed
to their baseline values.

5.2.2.3 Primary Cosmic-Ray Flux Uncertainties

As discussed in Section 2.2.1, the normalization of the primary
cosmic-ray flux and the exact shape of its energy spectrum are
uncertain. To cover this in the analysis, two more nuisance param-
eters are introduced: The general shape of the energy spectrum
is well parameterized as a power-law in energy. Thus changing
to a harder or softer spectrum is possible by re-weighting'*3 to a
different cosmic-ray spectral index (g = Ycr + Aycr:

/ Ey —Avycr
d)conv./prompt = d)conv./prompt X <medlam(EV)> . (53)

To account for spectral shape differences which are not cov-
ered by the overall cosmic-ray spectral index, e.g. induced by a
different composition of the primary cosmic-ray flux or different
contributing components, a second nuisance parameter Acrmodel
is introduced. It interpolates between two models of the primary
cosmic-ray flux. The models Gaisser-Hga [92] and GSTy [7] show
the strongest shape-differences in the resulting energy spectrum of
atmospheric neutrinos**+.

23 By re-weighting around
the median of all neutrino
energies, the normalization is
almost unaffected and the
correlation between nuisance
parameters can be reduced.

24 See Figure 2.4 and
Sec. 2.2.1 for details.
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Figure 5.9: Effect of varying the parameter Acrmodel ON the total flux
expectation. Zenith(left) and energy(right) distributions, all
other fit-parameters are fixed to their baseline values.

25 From a strictly statistical
point of view, the spread of
model predictions does not

represent the uncertainty on

the flux prediction. However,
it gives a reasonable range of
possible fluxes and visualizes
that the flexibility of the fit is
large enough to cover even
stronger deviations.

reweighted to CR—model
d)conv./gprompt - $eonv. /pr.Haa X (1 —AcRModel) (5-4)

+dconv. /pr.,GST4 X ACRModel

By varying this nuisance parameter, the shape of the atmo-
spheric flux prediction does change significantly at energies be-
tween 10 TeV — 100 TeV, see Figure 5.9. Its implementation hence
adds additional flexibility to the likelihood fit. A similar behavior is
also covered by the parameter Aycg, see Fig. B.7 in the Appendix.

5.2.2.4 Coverage of other Atmospheric Neutrino Flux Models

With the implementation of the numerous nuisance parameters
discussed above, uncertainties on the atmospheric neutrino flux
predictions induced by hadronic interaction models and the pri-
mary cosmic-ray flux are well covered. This is visualized'> in
Figures 5.10 and B.8 (Appendix) where all nuisance parameters are
varied within their To-ranges simultaneously (range of grey lines).
The flux-prediction for various discrete combinations of cosmic-ray
and hadronic interaction models are shown as colored lines for
comparison, see Sec. 2.2 and References [7, 92, 93] and [95-98] for
more details.



5.2 SYSTEMATIC UNCERTAINTIES AND NUISANCE PARAMETERS

1075 - -—— ~+  Baseline= Gaisser-H4a, SIBYLL23c
S— + GST-4gen, DPMJETIII20171

N 1078- - GST-4gen, QGSJETII04
T . +  GST-4gen, SIBYLL23c
E 107 = +  Gaisser-H4a, DPMJETII20171
= 10-14 4+ Gaisser-H4a, QGSJETII04
~ + Gaisser-H4a, SIBYLL23c

10717 — N~

)

wn

m 1 1 1 T rrrnng 1 1 T rrrnng 1 1 T rrrnng 1 1 T rrrnng
m

0

-

o

.“g O_IIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII
& 102 103 104 10° 106

MC Neutrino Energy / GeV

Figure 5.10: Coverage of atmospheric flux uncertainties: The colored lines
show discrete predictions for the conventional atmospheric
flux as a function of energy assuming a certain hadronic
interaction model and primary cosmic-ray flux, see Ref. [7,
92, 93] and [95—98]. The grey lines indicate the flexibility of
the likelihood fit by showing the prediction under variation
of all nuisance parameters within their 1o-ranges.

5.2.2.5 Temperature Variations

The prediction of atmospheric neutrino fluxes is calculated based
on the NRLMSISE-oo model of the atmosphere [101], see Section 2.2.
The calculation is performed in monthly bins and the average is
used as prediction in the analysis. By this approach, seasonal
variations of the atmospheric neutrino rate — which have been
observed with a significance of more than 110 recently [169] — are
taken into account®.

5.2.2.6 Muons from Cosmic-Ray Induced Air-Showers

Although cosmic-ray muons are rejected very efficiently by the cuts
introduced in Chapter 4, a small contamination of events in the
sample remains. In order to model this component, a large number
of air-showers has been simulated and the emerging muons which
reached the ground have been propagated to the IceCube detector.
Based on approximately 300 events which pass the final cuts of the
event-selection, the expected rate'?” as a function of reconstructed
energy and zenith can be estimated. Figure 5.11 shows the resulting
two-dimensional template, which has been smoothened using a
kernel density estimator with Gaussian kernels.

Most events are located close to the Horizon, i.e. these muons
are in fact down-going but have been mis-reconstructed slightly*®.

63

126 At least the
time-integrated effect over the
full live-time of the
data-taking period.

27 The events are weighted
according to the Gaisser-Hga
model of the primary
cosmic-ray flux.

128 See Figure B.g in the
Appendix for a representation
of the true directions.
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Figure 5.11: Smoothened template for the flux component of cosmic-
ray induced muons. Most of the events (grey dots) are in
fact down-going muons with a mis-reconstructed direction,
often triggered by a second coincident muon in the detector.
The majority of events is located close to the Horizon with
reconstructed energies of ~ 30 GeV —30TeV.

29 However, mostly at low
energies.

139 With a branching fraction
of T = nw+ X~ 17% at the
relevant energies.

3T This correction only
applies to the astrophysical
component, because there are
no primary tau-neutrinos in
the conventional flux. The
implicit assumption is, that
the astrophysical flux of
tau-neutrinos and
muon-neutrinos is equal.

The obtained template is used as additional flux-component in
the analysis. Its normalization is implemented as a fit-parameter
with a wide Gaussian prior of 1.0 £ 0.5 times the prediction from
simulation. Including this additional component improves the
description of the data™ by ALLH = 5.6, see Sec. 5.4 for the
best-fit muon normalization.

5.2.2.7 Tau-Neutrino Correction

A primary flux of muon-neutrinos is assumed in all MC-simulations
used in this analysis, see Sec. 4.4. However, also tau-neutrinos can
induce long, track-like signatures in the detector when the pro-
duced tauon decays into a muon'3°. To correct for this missing
contribution, dedicated simulations have been performed starting
with a primary flux of tau-neutrinos. As a function of reconstructed
energy and zenith, the following correction factor’3* is therefore
applied before the MC-expectation is compared to data:

d)expected (E L, Proxy s Oreco. ) = (5-5)
bo (Ep.,proxy/ ereco.) x Corre (Ep.,proxy/ ereco.) (5~6)

Figure 5.12 shows this correction factor for the relevant energy and
zenith range of the analysis.

5.2.2.8 Atmospheric Neutrino Oscillations

Similarly to the correction of tau-neutrinos for the astrophysical
component, another correction is applied to all fluxes of atmo-
spheric neutrinos: The predicted flux of muon-neutrinos is calcu-
lated at the surface of the Earth, but neutrino oscillations during
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Figure 5.12: Correction factor applied to the MC-expectation in order to
compensate for the missing simulation of tau-neutrinos in
the astrophysical signal flux.

the propagation through the Earth can modify the expected flux
at the detector, see Sec. 1.2.3. The effect is negligible for almost all
energies in this analysis, but becomes relevant below ~ 150 GeV,
see Fig. B.2 in the appendix.

5.3 MAXIMUM LIKELIHOOD METHOD

The Poisson likelihood introduced in Eq. 5.1 is extended to include
the Gaussian priors on the Barr-parameters from Section 5.2.2.2. In
the likelihood fit, it is maximized'3* with respect to the signal- and
nuisance parameters in order to obtain the best-fitting set of param-

eters (8, £). This best-fit is then quoted as result of the measurement.
Additionally, confidence intervals (Frequentist approach) for these
parameters are determined using the Profile Likelihood Method and
applying Wilk’s Theorem [170]: The likelihood space around the
best-fit is scanned by varying a set of parameters d on a fixed
grid while all other parameters are again optimized. Then, the
likelihood ratio to the best-fit is defined as test-statistic,

TS =—-2xlog =—2x Alog(L), (5.7)

and used to construct a confidence interval for the parameter. This
test-statistic follows a x?-distribution’33 with n-degrees of free-
dom if n parameters have been varied (Wilk’s Theorem) [170].
The TS-values can thus be translated into a p-value and a confi-
dence interval for the parameters can be determined at a given
threshold [2], see Table 5.3.
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32 Technically, the negative
log-likelihood —log(£(D[H))
is minimized. This is
numerically more stable.

33 Data-challenges have been
performed to justify the
application of Wilk’s Theorem.
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34 Still, they are all
optimized in parallel to the
signal parameters introduced
in the next chapter.

135 See Secs. 4.4 and 3.2.4.

ANALYSIS METHOD AND SYSTEMATIC UNCERTAINTIES

Confidence Level 1-dim. 2-dim.

68.27% (10%) 1.0 231
90% 27 46l
95.45% (20%) 4.0 6.18
99% 6.6 9.21

Table 5.3: Threshold values for the test-statistic TS to determine confi-
dence intervals based on Wilk’s theorem. The columns indicate
the threshold values for different numbers of degrees of free-
dom in the corresponding x?-distribution.

*These confidence levels would correspond to the given width
of a normal distribution.

5.4 FIT-RESULTS OF THE NUISANCE PARAMETERS

As a first cross-check for the result of the likelihood fit, the best-
fitting parameter values of the nuisance parameters are investigated
in this section. Since the sample of selected events has the largest
statistics at low energies, the best-fit values of the nuisance pa-
rameters are basically pinned down in this energy range. As a
consequence, the nuisance parameters change only marginally*34
for different hypotheses of the astrophysical signal flux that will be
introduced in the next chapter. Therefore, a benchmark astrophysi-
cal flux (single power-law) can be used and a first fit is performed.
The obtained best-fit nuisance parameters are listed in Table 5.4.
All parameter values lie roughly in the expected range. The nor-
malization of the conventional neutrino flux is increased by ~ 20%
compared to the baseline prediction from MCEq. The obtained best-
fit value for the shape parameter of the cosmic-ray flux Acrmodel
indicates that the data is better described with a conventional flux
falling off more steeply towards high energies. The parameters
related to systematic uncertainties of the IceCube detector are in
good agreement with the results from other analyses and do not
deviate significantly from the baseline simulation'3> parameters.
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Nuisance parameter Prior Fit-Result
Optical Efficiency - 0.99
Bulk Ice Absorption - 0.97
Bulk Ice Scattering - 1.03
Hole-Ice po - —0.25
Conventional Flux Normalization - 1.21
Muon Template Normalization 1.0£0.5 1.01
Cosmic-Ray Flux: Shape Acrmodel. 0+1.0 1.41
Cosmic-Ray Flux: Spectral Index ycr - —0.01
Barr H* 0.£0.15  —0.08
Barr W+ 0.4 0.40 0.02
Barr Y* 0.£0.30  —0.08
Barr Z*+ 0.£012  —0.01

Table 5.4: Best-fit values for all nuisance parameters. The nuisance pa-
rameters for the IC59-season are kept separate in the analysis,

see Sec. B.1 in the Appendix.
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THE ENERGY SPECTRUM OF ASTROPHYSICAL
NEUTRINOS

In this chapter, the result of the likelihood fit introduced in the pre-
vious sections is presented. Different hypotheses for the cumulative
diffuse signal-flux of astrophysical neutrinos are tested, ranging
from a generic single power-law in energy to specific predictions
for the energy spectrum discussed in the literature.

6.1 SINGLE POWER-LAW IN ENERGY

A generic'3 parameterization for the astrophysical neutrino flux is
a single, unbroken power-law (SPL) in energy:

v E, —YspL
D iro. " (Ev) = Pastro. X (100Te\/> . (6.1)

Two free signal parameters are optimized in the likelihood-fit'37:
The flux normalization $astro., Which is given relative to the anchor-
point at Ey, = 100TeV in units of Cynits. The constant Cynits =
10718 GeV~'em 25 Tsr~! collects the units of the differential flux
and will be used for all following parameterizations of the astro-
physical flux. The second signal parameter is the spectral index
vspL, which determines the slope of the energy spectrum?®3%.

Astrophysical Norm. dastro. /10718 GeV'em =257 Tsr—! 1367332
Spectral Index yspL 2-37t8f8§
Prompt Norm. 0*o-68

Table 6.1: Best-fit parameters for the single power-law hypothesis. The
prompt normalization is given relative to the flux prediction
from MCEq, using the Sibyll2.3c model of hadronic interactions
(see Sec. 2.1.2). The confidence intervals (68%) are constructed
from one-dimensional profile likelihood scans, see next section.

Figure 6.1 shows the result of the likelihood-fit, comparing the
experimental data to the best-fit expectation as a function of recon-
structed zenith and energy. The best-fit parameters of the signal

69

136 Power-law energy spectra
are well motivated, e.g. from
the acceleration process of CR,
see Sec. 1.1.1, or as
superposition of multiple
source classes.

137 Additionally, all nuisance
parameters introduced in Ch.
5 are optimized
simultaneously.

138 The commonly used terms

soft and hard spectrum
correspond to larger and
smaller values for the spectral
index, respectively. E.g. vy =3
is called soft and y = 2 is
called hard.
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Figure 6.1: Single power-law: Distributions of reconstructed zenith (left)
and reconstructed energy (right). The experimental data are
compared to the best-fit expectation of the single power-law
fit. The lower two panels show the ratio of experimental data
over best-fit expectation from MC. Y-errorbars show the Pois-
son uncertainty ,/Mevents per bin. The grey band around the
best-fit expectation indicates the central 68% variations if all
fit-parameters are varied according to their joint posterior
distributions. See Sec. 6.1.1 and Fig. 6.5 for more details.

39 I.e. the best-fit spectrum
falls off steeper.

149 However less strong than
expected because the updated
analysis includes the
additional component from
cosmic-ray muons, see

Sec. 5.2.2.6.

141 In contrast to this, the
flux in earlier iterations was
calculated for a power-law
flux and then re-weighted to
the approximated Hqa
cosmic-ray energy spectrum.

component are listed in Table 6.1. Compared to previous itera-
tions of the analysis, the spectral index becomes softer'3°. The
normalization increases accordingly™°. This is mostly caused by
the improved modeling of the conventional atmospheric compo-
nent, which is now based on MCEq using the primary cosmic-ray
flux as input directly'4'. Also the improved treatment of detector
systematics, namely the updated ice-models and the modeling of
the hole-ice soften the spectral index slightly. See Figure 6.2 for a
comparison to previous iterations of the analysis.

As explained in Sec. 5.3, confidence intervals for the signal
parameters are constructed from profile likelihood scans employing
Wilk’s theorem. For the single power-law hypothesis, Fig. 6.2 shows
the resulting likelihood landscape; at each scan-point, the two
signal parameters are fixed but all other parameters are optimized.
The resulting likelihood landscape is interpolated afterwards. The
apparent correlation between the astrophysical normalization and
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Figure 6.2: Single power-law: Profile likelihood scan as a function of the
two signal parameters Qasiro. and yspr. At each scan-point, all
other fit-parameters are optimized and the best-fit position
is marked with a white triangle. The likelihood landscape is
interpolated between the scan-points and confidence contours
are drawn at 68% CL and 95% CL employing Wilk’s theorem.
The colored stars indicate previous iterations of the analysis,
see text for more details.

the spectral index is a result of the total number of observed high-
energy events: The integrated flux at high energies has to match
the number of observed events and thus constrains the fit. For
example a softer spectral index like yspr, ~ 2.5 would require an
increase of the normalization relative to the best-fit.

6.1.1  Correlation with Systematic Uncertainties

Generally all nuisance parameters are only weakly correlated to
the signal parameters as can be seen from Figure 6.3: Along the
one-dimensional profile likelihood scan of the astrophysical nor-
malization, the best-fit values of the nuisance parameters (right y-
axis) do not significantly change. Apart from the afore-mentioned
correlation to the spectral index, only the normalization of the
prompt atmospheric flux component is affected. In order to com-
pensate for the forced decrease of the astrophysical flux (left of
the minimum), the prompt component fills'4* the gap and tries to
model the observed events at high energies.

Similarly, the one-dimensional profile likelihood scan of the
astrophysical spectral index reveals no strong correlation to other
fit parameters, see Figure 6.4. Only for very strong deviations from
the best-fit value, e.g. yspr, ~ 2.8, some nuisance parameters change
and try to compensate the mismatching spectral shape. In the other
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This work

(updated MC,

w. Muon-template)
This work

(w/o Hole-Ice)

ICRC 2019

(9.5y, old MC)

ICRC 2017

(8y, old MCé&analysis)

142 At dastro. = O, the prompt
normalization is fitted to ~ 5
times the baseline prediction
(MCEg, Sibyll2.3c). The
overall description of the
observed data worsens
however significantly
(2ALLH > 28) and hence the
hypothesis of no astrophysical
flux is strongly disfavored.
See also Fig C.2 in the
Appendix).
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direction, only if a hard spectral index yspr,
non-zero prompt component is found.
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Figure 6.3: Single power-law: One-dimensional profile likelihood scan of
the astrophysical normalization ®astro.. At each scan-point, all
other fit-parameters are optimized. The left y-axis shows the
likelihood difference to the best-fit and the right axis indicates
the other fitted parameters along the profile.
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Figure 6.4: Single power-law: One-dimensional profile likelihood scan of
the astrophysical spectral index yspr.. At each scan-point, all
other fit-parameters are optimized. The left y-axis shows the
likelihood difference to the best-fit and the right axis indicates
the other fitted parameters along the profile.

In order to further evaluate the impact of systematic uncertainties
on the fit-result, a Markov-chain Monte-Carlo (MCMC) is gener-
ated'3. In this approach, samples of the fit-parameters are drawn 43 Using the open-source tool
from the joint posterior distribution of all fit-parameters based on  ercee [171], which uses the
the likelihood function™#* used in the analysis. See Appendix C.3 Z{lﬁs ;Zlg;:qu?{t;n;;ﬁgle
for more details about the MCMC-chain and Figures C.4-C.6 in

invariance by Goodman and

the Appendix for a visual representation of the multi-dimensional ~ Weare [172].
posterior space. Since all correlations between the parameters are 144 And the parameter priors
taken into account during the sampling, the sampled sets of fit-  where used.

parameters can be used to estimate their pair-wise correlations.
Figure 6.5 shows the correlation-matrix.
Furthermore, the independent samples of the fit-parameters
enable to estimate the variance of the best-fit MC-expectation. In
addition to the Poisson fluctuations of the experimental data, which
are given as y-errorbar on each data-point in Figure 6.1, a band
representing the systematic uncertainty is constructed as follows:
For each sampled set of fit-parameters, the expectation is calculated
for all analysis-bins. Then, the central 68%-range around the best-
fit expectation is calculated for each bin and visualized™> as grey 45 The same approach is used

band in Fig. 6.1. for the best-fit distributions
for other parameterizations,

see next Sections.
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146 Especially in the zenith
distribution, a significant
improvement is achieved with
the updated MC and analysis
techniques compared to the

last iteration of the analysis.

See Appendix C.1 for more
details about the

one-dimensional distributions.

147 This would indicate a

mis-modeling.
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Figure 6.5: MCMC: Correlation matrix of all fit-parameters (SPL). Based
on the sampled sets of fit-parameters from the joint posterior
distribution, the pair-wise correlation between parameters is
calculated. The color indicates the Pearson correlation coeffi-

cient py; [173].

6.1.2  Fit-Quality

As can be seen from Fig. 6.1, overall both the observed zenith4® and
energy distributions are well described by the best-fit expectation.
Additionally, Figure 6.6 shows the pull for each bin of the two-
dimensional analysis histogram which is used in the likelihood
fit. No obvious structures as a function of reconstructed energy
and zenith are visible, i.e. there are no larger parts of the phase
space which over- or under-shoot significantly'47. As expected, the
distribution of pulls furthermore approximately follows a normal
distribution, see Fig. C.1 in the Appendix.
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Figure 6.6: Single power-law: Pulls between the experimental data and
the best-fit expectation. In each bin, the distance relative to
the statistical uncertainty is shown as color-code.

6.1.3 Sensitive Energy Range

Since the likelihood fit is performed as forward-folding, i.e. the
experimental data is compared to the expectation as a function
of reconstructed muon energy and zenith, it is not directly evident
which range of primary neutrino energies contributes significantly
to the measurement of the astrophysical flux parameters. In or-
der to determine this energy range#®, the following procedure is
applied (see Refs. [154] and [110]): The likelihood fit is repeated
assuming the hypothesis of no signal™?, i.e. no astrophysical and
no prompt atmospheric component. Then, the per-bin likelihood of
the repeated fit is compared to the best-fit for each analysis bin, see
Fig. 6.7. Based on this two-dimensional map, the corresponding
distribution of true neutrino energies f is constructed by adding
up the normalized true neutrino energy distribution for each bin,
weighted with its likelihood contribution:

bins

fLUHweighted (E ) — %~ 2JALLH(bin;) x pdf(E+/bin;) (6.2)
i

The sensitive energy range is finally defined as the central region
in Fig. 6.8 which contributed 90% to the total likelihood difference:
15TeV < Ey < 5PeV. It extends to significantly lower energies
than reported in previous iterations of the analysis. This is mainly
caused by the improved modeling of the conventional atmospheric
flux at ~ TeV energies and the consequently softer best-fit spec-
trum.
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148 This is especially helpful
to compare the result to other
measurements.

149 Note that this
construction shows where the
background hypothesis can be
rejected. It does not represent
the energy range where a
certain spectral index is
preferred.
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Figure 6.7: Likelihood contribution per bin to reject the background hy-
pothesis (no astrophysical and no prompt component). Blue
bins prefer the best-fit including the astrophysical flux.
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6.1.4 Prompt Atmospheric Neutrinos

Besides the component of astrophysical neutrinos, which is the
focus of this work, the flux of prompt atmospheric neutrinos is of
high interest. It has not been identified yet, but strong upper limits
have been placed on its normalization'>® in previous iterations of
the analysis described here [140, 154].
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Figure 6.9: Prompt component: One-dimensional profile likelihood scan
of the prompt normalization. At each scan-point, all other
fit-parameters are optimized. The prompt normalization is
given relative to the flux prediction from MCEq, using the
Sibyll2.3¢ model of hadronic interactions (see Sec. 2.1.2). It is
bounded to positive values.

In the updated fit-result presented in this work, the best-fit

prompt normalization is again zero'>'. The one-dimensional pro-
file likelihood scan shown in Figure 6.9 indicates that the data is
best described without a component of prompt neutrinos*>?. How-
ever, compared to the previous result, a decreased significance®3 is
obtained. This is caused by the improved description of the zenith
spectrum, which has been achieved with new Monte-Carlo data-
sets based on updated ice models. Additionally, more nuisance
parameters have been introduced to cover systematic uncertainties.
These add more freedom to the fit at energies between 10 TeV and
100 TeV and thus weaken the constraints on the prompt compo-
nent.
Figure C.3 in the Appendix furthermore shows the per-bin likeli-
hood difference between the best-fit (prompt normalization zero)
and a fit assuming a fixed nominal prompt component. No struc-
tures in the phase space are evident, i.e. the preference for a zero
prompt normalization is not driven by a mis-modeling in a certain
part of the phase space.
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150 $Gprompt. < 1.06 x ERS
prediction [174], see [140].

= Astrophysical Norm.
—— Coventional Norm.
—— Astroph. Spectral Index
----- Muon Template
=== CR-Model Interp.
Barr H*
----- Barr W=
== Barr Y~
..... Barr Z*
=== CR Spectr. Index Shift
=== Optical Eff.
Ice: Absorp.
== Ice: Hole py.

=== Jce: Scat.

151 In this section, results are
discussed assuming a SPL for
the astrophysical flux. Similar
statements hold for the other
astrophysical flux models. The
prompt component is fitted to
zero in all scenarios, see
Tables 6.2,6.3 and 6.4.

52 Note the gradient in

Fig. 6.9; even a negative
prompt normalization would
be preferred.

53 That is the 90% CL limit
would be less stringent
although the statistical
uncertainties shrink because
more experimental data is
used.
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54 See Hillas criterion Eq.
1.6.

55 Note that the cut-off
parameter refers to the
neutrino energy. The
respective cut-off in the
CR-spectrum would be
significantly higher [59].
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Yet, the flux of prompt neutrinos is guaranteed from a particle
physics point of view. A detailed investigation of this component
will therefore be performed in a followup work.

6.2 PARAMETERIZATIONS BEYOND THE SINGLE POWER-LAW

Although the single power-law parameterization is widely used
to fit and describe the energy spectrum of high-energy neutrinos,
this always comes with strong assumptions and an extrapolation
over a wide range of energies. To improve on this, more complex
parameterizations are investigated in the next sections. See Fig. 6.10
for an overview over the different spectral shapes.
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Figure 6.10: Overview of the tested parameterizations for the astrophys-
ical flux of neutrinos. The signal parameters for each flux
model are chosen according to the best-fit of this parameteri-
zation, see Sections 6.2.1-6.2.3 for details.

6.2.1 Single Power-law with Exponential Cut-off

A natural extension to the single power-law hypothesis is a cut-off
in the energy spectrum. If, for example, the maximal energy of
a cosmic-ray accelerator is reached'>4, the number of cosmic-rays
and thus neutrinos above that energy is expected to fall steeply.
See Fig. 6.10 for an example of the shape difference to the single
power-law model. The cut-off energy'>> Eof is introduced as
additional fit-parameter for the astrophysical signal flux:

—YSPLwCut—off —Ev
E > X e(EcuEtoff), (6,3)

(D;/sptlr_g.\_/u(EV) = Qastro. X (1001\26\/
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Figure 6.11: Single power-law with Cutoff: Distributions of reconstructed
zenith (left) and reconstructed energy (right). The experi-
mental data is compared to the best-fit expectation of the
likelihood fit.

Figure 6.11 shows the result of the likelihood fit using this pa-
rameterization for the astrophysical flux component. Although
the most high energetic event observed at E |, proxy 2 4.4 PeV now
exceeds the MC-expectation, overall the observed distribution is
better described with a cut-off at E o ~ 1.25fé:§2PeV. Quanti-
tatively, the likelihood improves by 2ALLH = 5.03 which results in
a p-value'™ of p(TS > TSups |SPL) = 2.48% for rejecting the single
power-law hypothesis. The rest of the astrophysical flux is well
described following a power-law with a hard spectral index of
YSPLwCut—off = 2.0. A summary of all best-fit parameters is given in
Table 6.2.

Similar to the single power-law, profile likelihood scans are
performed to estimate the uncertainty of the signal parameters.
Figures 6.12, 6.13a and 6.13b show the one-dimensional scans for
the cut-off energy, the flux normalization and the spectral index.
Based on these results, 68% CL ranges are estimated employing
Wilk’s Theorem, see Tab 6.2. As already seen by the test-statistic
value to reject the single power-law hypothesis, cut-off energies
above's” E, > 1 x 108 GeV are disfavored at the level of more than
two sigma.

156 Employing Wilk’s
Theorem with one degree of
freedom, because the
background hypothesis (SPL)
is nested to the hypothesis of a
SPL with cut-off.

157 B ut—off = 00 would
correspond to the single
power-law hypothesis.
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Astrophysical Norm. ®astro. / Cunits 1547537
Spectral Index yspLwcutoff 201833
Cut-off Energy E uioff 1251028 Pev
Prompt Norm. 0+o-6e

Significane over SPL 2ALLH = 5.03(p = 2.48%)

Table 6.2: Best-fit parameters for the single power-law model with a cut-
off in energy. Confidence intervals (68%) are constructed from
one-dimensional profile likelihood scans, see Figures 6.12, 6.13a
and 6.13b. See Tab. 6.1 for SPL-results.
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Figure 6.12: SPL with Cut-off: One-dimensional profile likelihood scan
of the cut-off energy E .yt of. The left y-axis shows the likeli-
hood difference to the best-fit and the right y-axis indicates
the other fitted parameters along the profile.

Additionally, Figure 6.14 shows two-dimensional profile likeli-
hood scans. In each sub-figure, the third (missing) signal parameter
158 As q consequence, the it iS treated as nuisance parameter and optimizeds®. The leftmost
outcome of the third  figure, showing the same likelihood landscape as Fig. 6.2 for the
Sigm,ﬁmntﬁ’;ﬁ%ﬁgg?gﬁi single power-law hypothesis, illustrates that the contours grow
best-fit point over the because of the third, additional signal parameter. On the right sub-
landscape.  figure, the correlation between the spectral index and the cut-off
energy becomes visible: If the cut-off energy is very high, a softer
spectral index is required. On the other hand, if a cut-off below
Ecut—off S PeV is assumed, the fit is pushed to very hard spectral

indices.
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6.2.2  Log-Parabola

Another parameterization, widely used to describe the observed

shape of gamma-ray energy spectra [175, 176], is called Log-parabola.

159 [n this case typically It is motivated for relativistic cosmic rays'>®® whose probability
electrons, since it is used to of acceleration depends on energy [176]. The parameterization

described gamma-ray spectrd. oy tonds the single power-law® and has three signal parameters:
160 While a single power-law

; ioht line i vtV
results in a straight line in OV (Ey) = (bastro.,LogParab.
log-energy vs. log-flux -
representation, the E. — Ot ogParab. — BLogParab. 108 (750 ¥ev ) (6.4)
log-parabola adds curvature X W .

and can thus be understood as

tensi the SPL. . . . .
extension of the The first parameter beyond the overall normalization'®* is XLogParab.,

which corresponds to the standard spectral index of power-law
spectra. Additionally, the parameter rogparab. Scales how strong
the deviation from the single power-law is, that is how much curva-
ture is added. See Fig. 6.10 for an example of the spectral shape and
its deviations from the single power-law model. For Brogparab. = O,
the parameterization is equivalent to the single power-law.

The result of the likelihood fit under the hypothesis of a log-
parabolic spectrum for the astrophysical neutrino flux is shown
in Fig. 6.15. The description of the experimental data is improved
at medium and high energies compared to the single power-law
tit. Quantitatively, the likelihood improves by 2ALLH = 6.82. This

162 Employing Wilk’s corresponds to a p-value'®? of p(TS > TSyps |SPL) = 0.89% to reject
Theorem with one degree of  the single power-law hypothesis. The improvement is slightly better
freedom, because the - than for the model of a SPL with cut-off. The best-fit parameters of

background hypothesis (SPL) . .
is nested to the Log-Parabola the Log-Parabola model are summarized in Table 6.3.

161 Denoted here as

Cbastro.,LogParab. .

hypothesis.
Log-parabola Norm. §stro, LogParab. / Cunits 1.68i8§é
Spectral Index & ogParab. 2.03792]
Curvature parameter Byogparab. 0.45f8§3
Prompt Norm. 01054

Significance over SPL 2ALLH = 6.82(p = 0.9%)

Table 6.3: Best-fit parameters for the log-Parabola model. Confidence
intervals (68%) are constructed from one-dimensional profile
likelihood scans, see Figures 6.16, 6.17b and 6.17a.

In order to estimate the confidence intervals for the parameters of
the Log-Parabola model, one-dimensional profile likelihood scans
are performed and Wilk’s Theorem is employed. See Figure 6.16
and Figures 6.17b-6.17a.
Additionally, two-dimensional profile likelihood scans are per-
163 Same treatment as for the formed to visualize correlations®3 between the parameters. The
SPL with cut-off.  results are shown in Figure 6.18: Each sub-figure shows the two-
dimensional likelihood landscape for a pair of signal parame-
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Figure 6.15: Log-Parabola: Distributions of reconstructed zenith (left) and
reconstructed energy (right). The experimental data is com-
pared to the best-fit expectation of the log parabola fit. The
lower two panels show the ratio of experimental data over
best-fit expectation from MC. Systematic uncertainty bands
are constructed in the same manner as for the single power-
law, see Sec. 6.1.1.

ters, i.e. the third signal parameter is profiled over. Most no-
tably, the spectral index opogparab. and the curvature parameter
PLogParab. are correlated. For softer spectral indices, Brogparab. de-
creases and no curvature is needed; if a hard spectral index is
assumed, Brogparab. > 0.5 and thus strong curvature in the spec-
trum is preferred.

6.2.3 Broken Power-law

If two different components contribute to the observed astrophysi-
cal spectrum, e.g. one source-class dominates the astrophysical flux
of neutrinos at medium energies and a second source-class domi-
nates at high energies, the result would be a break in the energy
spectrum (Broken power-law, BPL). See Fig. 6.10 for an example of
the different shape compared to the single power-law model. The
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model can be parameterized as two power-laws in different energy
regimes. The normalization is adjusted to avoid dis-continuities:

Vu+Vv
(DasFtLro. u(EV) = d)astro.,BPL

+v1 —Y1
Ebreal E :
(1oor1e‘aev) x (100 'FeV) if By < Bpreak
+v2 —Y2
Epreat E
(mor?aev) x <1oo¥ev> else.

(6.5)

EN
1
I
)

~-175

=150

I
=

-125

T T T S T T L T L Ly rrrrr B Iy N

arameter Outcome

2 x ALLH

=075 &

2x ALLH
T

P:

|
" o "
Nuisance Parameter Outcome

- 050

isance

Nui

=025

~0.00

T | U
14 1.6 18 20 22 24 26 28
Log-Parabola Norm. Log-Parabola a

(a) Astrophysical normalization ¢astro, LogParab.- (b) Spectral index &y ogparab.-

Figure 6.17: Log-Parabola: One-dimensional profile likelihood scans of
the two other signal parameters. Same legend as Fig. 6.16.
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Figure 6.18: Log-Parabola model: Two-dimensional profile likelihood
scans. Note that all other parameters, including the third
signal parameter, are profiled over. The best-fit position is
marked as white triangle and the likelihood landscape is
interpolated between the scan-points. Confidence contours
are drawn at 68% CL and 95% CL employing Wilk’s theorem.

In this effective parameterization, four signal parameters are
introduced: The normalization, the break energy and two spec-
tral indices for the different energy regimes. However, in order
to simplify the problem and to take the limited statistics of ob-
served events into account, the break energy will be fixed during
the fit. This still allows to test different discrete break energies,
all other parameters are optimized simultaneously. Figure 6.19
shows the outcome of this test: Assuming a fixed break energy
as indicated on the x-axis, the best-fit spectral indices above and
below the break energy and their respective 68% confidence ranges
are shown. For all tested break energies up to Epreax = 100 TeV,
hard spectral indices are preferred (y; < 1) below the break and
the spectral indices above the break are accordingly softer'®4. How-
ever, the uncertainty on the two separate spectral indices is much
larger compared to the single power-law result. The likelihood
difference to the single power-law hypothesis, i.e. the quantita-
tive improvement for the description of the experimental data, is
given in Fig. 6.19 for each tested break energy. For a benchmark
case with Epreax = 200 TeV, the improvement is comparable to

64 On average, this fits well
with the single power-law
result.
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165 Especially if the limited
energy resolution is taken into
account.

166 Or even a cut-off.

:lll 1 1 111111|
10* 10°

(a) Best-fit results of the broken power-law parameter-
izations. Different break energies have been tested
(colored lines). The single power-law result is shown
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the Log-Parabola model. This is expected because both best-fit
parameterizations are very similar®.

The general trend of a hard spectral shape at medium energies
and a rather soft spectrum at high energies is seen in all tested
parameterizations beyond the single power-law: Both the result of
the log-parabolic spectrum and the single power-law with cut-off
hint towards a similar spectral shape like the broken power-laws,
see Figure 6.10 summarizing the different results.
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(b) BPL: Best-fit values and one-dimensional con-
fidence intervals of the two spectral indices as
a function of the break energy Ep eak-

as dashed line for comparison.

Figure 6.19: Broken power-law: Test of different (fixed) break energies.
The best-fit parameterizations are depicted (a) and the
corresponding spectral indices are shown with their one-
dimensional uncertainties (b).

167 This is again an
assumption, but it is very
generic and only valid for a
comparably narrow energy
range.

63 PIECE-WISE NORMALIZATIONS — UNFOLDING

Although the parameterizations introduced in the last sections
cover a wide range of spectral shapes already, they still rely on
assumptions about the general shape of the energy spectrum and
on extrapolations to higher or lower energies. In order to overcome
this, a piece-wise flux parameterization is introduced:

e pieces E ~20
Vu+v i v
(Daspttro. u(EV) = Z X(EV) ) q)lgiece ’ (100T€V> (66)
i
1 ifEl < E, <EL
X(Ev) = low = 7Y 7 Thigh 6.7)
0 else.

Here, a generic power-law flux (y = 2.0) 17 is assumed within
bins of true neutrino energy E, and zero outside of the consid-

ered energy range. The free normalizations in each bin, P piecer
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are independent fit-parameters and provide a model-independent
measurement of the spectrum.

Energy Range (Ey) Normalization d);iece / Cunits

Piece-wise Flux 1 100 GeV —15TeV 0.01376
Piece-wise Flux 2~ 15TeV —104TeV 2.08'9 .
Piece-wise Flux 3 104 TeV —721TeV 1147938
Piece-wise Flux 4~ 721TeV —5PeV 0317533
Piece-wise Flux 5 5PeV — 100 PeV 0.010:53
Prompt Norm. - 0.07045

Table 6.4: Piece-wise parameterization: Energy ranges and results of the
likelihood fit. The first and last bins have been added to cover
the full energy range, but only upper limits (90%CL) are com-
puted there. See Fig. 6.20 for a visual representation of the
energy ranges.

Due to the small number of events at high energies and the
limited energy resolution, a rather coarse binning in energy is
chosen, see Tab. 6.4. The three®® central bins correspond to an
equal spacing in the logarithm of neutrino energy over the sensitive
energy range of the astrophysical flux measurement*®. In a finer
binning, statistical uncertainties would increase and no significant
detection of the flux would be possible anymore'7°. Additionally,
one bin above and below this energy range have been added,
respectively, to cover the full energy range. However, in the first
bin, the number of expected events is dominated by the background
flux of atmospheric neutrinos and in the last bin, the experimental
dataset runs out of statistics. Thus, no significant flux detection can
be expected in these two bins.

The result of the likelihood fit using this parameterization for
the astrophysical flux is shown in Figure 6.21. Compared to the
single power-law fit, the experimental data is described better at
medium and high energies, see lower right panel of the same figure.
Quantitatively, the likelihood is improved by 2ALLHspy, = 3.48. The
prompt normalization is again fitted to zero'7*, see Tab. 6.4.

Figure 6.20 shows the best-fit piece-wise flux as a function of
neutrino energy. Confidence intervals have been computed for each
piece-wise normalization based on the profile likelihood method'7>:
For each piece-wise normalization, a one-dimensional profile like-
lihood scan is performed and Wilk’s Theorem is employed. If
the best-fit normalization is non-zero, the central 68% interval is
drawn as vertical error-bar and a 90% upper limit is computed
otherwise. During the one-dimensional likelihood scans, all other
fit-parameters including the other piece-wise normalizations are
free. Hence, (anti-)correlations'’3 between the different piece-wise
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168 T.e. the number of signal
parameters is comparable to
the Log-Parabola and Cut-off
models.

169 See Sec. 6.1.3.
170 This has been evaluated

based on Asimov data-sets
prior to unblinding the data.

171 As in all other scenarios.

172 See Fig. 6.20D.

73 If the other piece-wise
normalizations are fixed to
their best-fit value (treatment
in the HESE analysis), the
confidence intervals shrink.
See Fig. C.7 in the Appendix.
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Figure 6.20: Piece-wise parameterization: The normalization of the power-
law flux is measured in three independent bins of energy
(green), vertical error-bars show 68% CL intervals. In the
grey energy ranges above and below, no significant detection
is possible and 90% CL upper limits are drawn.

normalizations are taken into account and the obtained uncertain-
ties are conservative.
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Figure 6.21: Piece-wise parameterization: Distributions of reconstructed
zenith (left) and reconstructed energy (right). The experi-
mental data is compared to the best-fit expectation of the
likelihood fit. Systematic uncertainty bands are constructed
in the same manner as for the single power-law, see Sec. 6.1.1.

64 TEST OF SPECIFIC MODEL PREDICTIONS

In addition to the generic flux parameterizations'74 and the piece-
wise unfolding '75, models for the energy spectrum of the astro-
physical neutrino flux predicted in the literature are tested. The
predicted spectra have been extracted from publications and, if
necessary, re-normalized to a per-flavor flux assuming a 1:1:1
flavor-ratio. See Fig. 1.6 in Chapter 1 for a short introduction and
summary of the models. A complete list'7® of the tested models is
given in Table 6.5. It is important to note that some of the models
are given in multiple variations, e.g. using different assumptions
about the magnet field strength in a source. If available, a few of
these variations have been picked covering the range of different
predicted shapes'77.

Some of the authors aim to explain the total neutrino flux with
their model, others point out that the predicted energy spectrum is
one contribution to the total flux. In order to take these different
cases into account, the total astrophysical neutrino flux comprises
two sub-components in the following;:
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Conventional Atm.
Muon-Template
Prompt Atm.
Astroph. (Piecewise)

Sum
Exp. Data
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174 Sec. 6.1 and Sec. 6.2.
175 Sec. 6.3).

176 Additionally, all models
are shown in Appendix C.5.

177 Taking the predicted
energy spectra at face value
may seem a bit unfair, because
basically all models have free,
tunable parameters internally.
However, it is not feasible to
implement these internal
parameters into the fit since
only a few benchmark cases
are discussed in the papers.
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178 In units of Cunits-

179 It is expected that the two
free parameters of the single
power-law model differ from

the results obtained before.

180 Tts normalization
decreases as expected, because
a second component is added.

181 T e, the single power-law
result is recovered.

82 Employing Wilk's
Theorem.
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CD:SL’:;.\_/“(EV) :d)model X MOdel(Ev) (68)
Ev —YspPL
+ dspL X <1OOTeV> . (6.9)

The first component follows the predicted energy spectrum
Model(E+ ). Its normalization'7® ¢p0qe1 is added as additional sig-
nal parameter in the likelihood fit. Further, a single power-law
component'”? is added to model the “remaining” contributions to
the flux, e.g. other source classes which emit neutrinos.

6.4.1 Model Predictions: Nominal

As a first test, the model predictions are used at nominal value,
that is ¢moeder = 1.0 is fixed during the likelihood fit. The obtained
likelihood value is then compared to the result of the single power-
law fit, i.e. it is tested whether the nominal model prediction
describes the data better than the single power-law hypothesis:

L(Dldmodel = 1.0, dspr, VspL, &)

L(DIdmodel = 0.0, dspr, VspL, &)
(6.10)

The result of this test is shown in Table 6.5: Negative test-static
values indicate that the model is preferred by the data over the
single power-law and vice versa. Additionally, the fitted parameters
of the single power-law model are reported'®. Only the models by
Liu et al., assuming neutrino production in winds driven by active
galactic nuclei, and Senno et al., assuming neutrino production
in choked jets of GRB, describe the observed data better than the
single power-law.

| P

TSnominalmodel =-2x lOg

6.4.2 Model Predictions: Free Normalization

As a second test, the likelihood fit is repeated with the model
normalization ¢podel as a free fit-parameter. Again, the likelihood
is compared to the single power-law hypothesis:

A

£(D|¢ bspr, spL, &,
TSeemodel = —2 x log (DIdmodet, Pspr, ¥spL, &) | 61

L(D|dmodel = 0.0, dspr, Yspr, &)

Here, the likelihood difference to the single power-law model
can only be zero or negative: Either the data is better described by
a combination of the model prediction and the single power-law
or the model-normalization is fitted to zero™®!.
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Model Variation TSnominalmodel  Pastro.  YSPL
Biehl et al. (GRB) [177] Sum model A 20.57 0.90 256
Sum model B 0.52 134 238
Senno et al. (SFG w. HNe) [75] Diffusion o E2 48.19 0.00 271
Diffusion o E3 31.36 0.00  2.68
Murase et al. (AGN inner Jets) [42] I'=2.0, Blazar 6.96 113 247
I'= 2.0, Torus 5.40 1.24 2.44
I' = 2.3, Blazar 6.96 113 247
I' = 2.3, Torus 14.77 0.93 2.55
Liu et al. (AGN winds) [77] CR(I'=2.1) —0.88 0.22 251
CR(I'=23) —0.46 126 237
Padovani et al. (BL-Lac) [76] % =03 13.44 117 248
=08 46.22 048 258
Kimura et al. (lowL-AGN) [46] Model B1 11.48 0.00 237
Model B4 38.31 037 198
Winter et al. (TDE) [78] No variations 4.99 120 245
Tavecci et al. (lowL-BLLac) [73] No variations 19.78 0.00 278
Senno et al. (GRB w. choked Jets) [72] No variations —2.65 082 241

Table 6.5: Results of the likelihood fits with an additional astrophysi-
cal component following a spectral shape from the literature.
The normalization is fixed to ¢mogel = 1.0. A negative log-
likelihood difference indicates that the nominal model predic-
tion describes the data better than the single power-law model.

Table 6.6 summarizes the outcome of this test. If the model nor-
malization is fitted to zero, a 90% CL upper limit'®? is calculated
from a profile likelihood scan, see last column of the table. For
those models with a best-fit normalization greater than zero, the
central 68% uncertainty on the model normalization is calculated
from profile likelihood scans. In those cases, the best-fit parameters
of the single power-law component change accordingly. In line
with the results obtained with the cut-off and log-parabola param-
eterizations, those models are preferred over the single power-law
hypothesis which incorporate a change of the spectral slope from
hard to soft. For example the models?83 by Kimura et al. [46] or 183 See Figures C.14 and C.17
Senno et al. [72] substantially improve the description of the ex- in the Appendix.
perimental data due to their curved spectral shape. Other models
are strongly disfavored because they predict a different spectral
shape or a flux at very high energies. For example the model
by Padovani et al. [76] is constrained to at most 9% — 24% of its
nominal prediction depending on the underlying assumptions.
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Model

Variation

Tsfree model

(bmodel

d)SPL

UL d)‘?O%

astro. YSPL model
Biehl et al. [177] Sum model A 0.00 0.00 136 237 0.20
Sum model B 0.00 0.00 136 237 4.63
Senno et al. [75] Diffusion o E2 —0.14 0117339 1.05 240 -
Diffusion 3 —041 0227927 082 242 -
Murase et al. [42] I' = 2.0, Blazar 0.00 0.00 136 237 0.45
I'=2.0, Torus 0.00 0.00 136 237 0.54
I'=23, Blazar 0.00 0.00 136 237 0.45
I' = 2.3, Torus 0.00 0.00 1.36 2.37 0.25
Liu et al. [77] CR('=2.1) —0.98 0817949 044 247 -
CR (I'=23) —4.10 13457130 011 2.04 -
Padovani et al. [76] % =03 0.00 0.00 136 2.37 0.24
% =0.8 0.00 0.00 136 237 0.09
Kimura et al. [46] Model B1 —1.70 0327937 084 246 -
Model B4 0.00 0.00 136 237 0.25
Winter et al. [78] No variations 0.00 0.00 136 237 0.59
Tavecci et al. [73] No variations —1.74 0.30f8:§8 0.78 247 -
Senno et al. [72] No variations —4.34 2.36f?:;; 0.06 255 -

Table 6.6: Results of the likelihood fits with an additional astrophysical
component following a spectral shape from the literature. The
normalization is added as additional fit-parameter. A negative
log-likelihood difference indicates that the data is better de-
scribed with the additional component compared to the single
power-law model. The last column shows the 90% CL (Wilk’s
Theorem) upper limit if the model normalization is fitted to

Zero.



SUMMARY AND OUTLOOK: THE GLOBAL
PICTURE OF HIGH-ENERGY NEUTRINO FLUXES

In the presented dissertation, a measurement of the energy spec-

trum of astrophysical muon-neutrinos has been performed. The

study is based on more than 650.000 muon-neutrino events, de-

tected with the IceCube Neutrino observatory in the years 2009-

2018. Compared to the last published iteration of this analysis [178],

3.5 additional years of experimental data have been added*®+ and 84 Number of events ~ x2.
the whole dataset has been re-processed using latest filtering, pro-

cessing and reconstruction standards*®. Additionally, the analysis 185 Consistent Pass-2 dataset
techniques have been improved, especially with respect to the treat-  spanning a livetime of 9.5
ment of systematic uncertainties related to the IceCube detector Y™

and related to the atmospheric fluxes of neutrinos'®®. Also, a model 186 Hadronic interaction and
for the background flux of atmospheric muons has been developed  primary cosmic-ray flux

and added to the likelihood fit. models.
The observed energy spectrum of astrophysical muon-neutrinos™®” 187 p ynits of
can be described as a power-law of the form 10718 GeV Tem 2 Tsr 1.

, E —2.3720¢5

O () = 136783 * ({07ey

In addition, more complex parameterizations for the energy spec-
trum have been tested and first hints for a preference of structures
beyond the single power-law have been found: A transition from
a hard to soft spectral shape is preferred in the log-parabola and
power-law with cut-off models. Both improve the description of the
data at the two-sigma confidence level. Furthermore, a comparison
to source-class specific energy spectra predicted in the literature
has been performed. This allows to draw direct conclusions about
the contribution of certain astrophysical source classes to the total
high-energy neutrino flux: While for example a model of neutri-
nos from GRBs by Senno et al. [72] describes the data better than
the single power-law, other models like Padovani et al. (BL-Lac
Blazars) [76] are considerably constrained.

Lastly, a more model-independent approach has been devel-
oped to extract the differential spectrum of astrophysical neutrinos
by a piece-wise unfolding. Figure 7.1 summarizes the obtained
results. The trend of a hard spectral shape at medium energies

93
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Figure 7.1: Summary of the best-fit parameterizations for the energy
spectrum of astrophysical neutrinos: The piece-wise result
is drawn together with the single power-law, the power-law
with cut-off and the log-parabola model.

188 See also Sec. 3.3.

(tens to hundreds of TeV) and a softening above is visible in all
parameterizations beyond the single power-law.

7.1 COMPARISON WITH OTHER MEASUREMENTS OF THE AS-
TROPHYSICAL FLUX

The presented work is based on neutrino-induced muon-tracks
detected by IceCube, using a selection which is restricted to the
Northern Celestial sky. The astrophysical neutrino-flux has, how-
ever, also been measured by other experiments and employing
other event-selections*®:

ICECUBE, HIGH-ENERGY STARTING EVENTS (HESE) In the
HESE analysis, events are selected if no charge is observed in the
outer veto layer of the IceCube detector to suppress atmospheric
backgrounds. The selection covers the whole sky and the all-flavor
astrophysical spectrum is measured in the energy range from
70TeV —2PeV [179]. Since the detection volume of IceCube is
decreased by the veto layer, the sample of selected events is smaller
but achieves a better energy resolution due to the containment of
the interaction vertex. The latest update of the measured energy
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spectrum, assuming a single power-law parameterization, yields
a softer spectral index of yHgsg = 2.89f82%9 and a larger all-flavor
normalization (orange line in Fig. 7.2) [178].

ICECUBE, CASCADES (Cascade-like events are typically induced
by electron- and tau-neutrinos interacting within IceCube. In a
dedicated analysis of these events [142], an all-sky flux of neu-
trinos with the according flavor has been measured with high
precision. The sensitive energy range for the measurement of the
astrophysical flux is 16 TeV — 2.6 PeV [142]. The obtained best-fit
parameterization for the astrophysical flux (Ycascades = 2.53 £ 0.07)
is indicated as green line in Fig. 7.2.

ANTARES, CASCADES+TRACKS The ANTARES detector in the
Mediterranean Sea has also observed an excess of neutrino events
above the atmospheric expectation [180], despite instrumenting a
smaller detection volume than IceCube. In the study of track-like
and cascade-like events, an astrophysical flux has been measured at
the 1.80 significance level. The best-fit parameters'® of the single
power-law parameterization are marked by a red asterisk in Fig. 7.2:
A spectral index of yanTARES = 2.3 + 0.4 is found, similar to the
result from this work.

189 Confidence contours are
not yet closed due to the
limited statistics. See

Ref. [180].
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Figure 7.2: Comparison of the best-fit parameters for the single power-
law model and their uncertainty contours: IceCube (HESE,
Cascades and this work) and ANTARES (Tracks+Cascades,

best-fit only).

Figure 7.2 shows the current status of different measurements of

the diffuse astrophysical neutrino-flux. The obtained parameteriza-
tions agree within uncertainties. The rather soft best-fit spectrum
of the HESE analysis, however, remains in slight tension to the
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190 Yet, the tension is reduced
compared to earlier iterations
of both analyses because the
best-fit reported in this work
is significantly softer. See

Sec. 6.1.

191 E.q. the cut-off and
log-parabola models.

192 Although numerous tests
have been performed and all
known potential sources of
systematic uncertainties have
been investigated. See this
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result from this work™°. If the more complex parameterizations
for the energy spectrum from this work™" are considered, the
high-energy part of the spectrum further aligns between the analy-
ses. At medium energies'®?, i.e. in the energy range increasingly
dominated by atmospheric backgrounds, a rather hard spectrum is
found in this work but a softening over the same energy range is
observed in HESE [178]. The reason for this discrepancy is not yet
understood. It will be crucial for the next generation of analyses
to achieve a detailed and consistent modeling of the atmospheric
fluxes and their uncertainties in this energy range.

= =« Conv. Atm. Backgr. (v)
, HESE (7.5y, Full-sky)
\ PoS(ICRC2019)1004
S This work:Up-going Muon-Neutrinos
(9.5y, Northern-hemisphere)

Cascades (6y, Full-sky))
PRL (7/2020), arXiv:2001.09520

+

| ! |
10° 100 107
E, / GeV

Figure 7.3: Comparison of the best-fit single power-law and piece-wise
parameterizations.

193 In the ANTARES
analysis, no such unfolding
has been performed.

194 The difference between the
Cascade analysis and this

work is, however, negligible.

Fig. 7.3 further summarizes the current knowledge about the
astrophysical flux of high-energy neutrinos: For each of the anal-
yses described above, the single power-law result with its uncer-
tainty band and the obtained piece-wise parameterizations are
depicted'?3. Since the single power-law fits are driven by the larger
number of observed events at medium energies, the observed dif-
ferences propagate to higher energies and different™* trends at
very high energies become visible. The assumption of a single
power-law extrapolating over a wide range in energy is overcome
with the piece-wise parameterizations. Then, taking the large un-
certainties on the piece-wise normalizations into account, all three
results agree reasonably well at energies above 200 TeV.



7.2 OUTLOOK: TOWARDS A GLOBAL PICTURE OF HIGH-ENERGY NEUTRINOS 97

7.2 OUTLOOK: TOWARDS A GLOBAL PICTURE OF HIGH-ENERGY
NEUTRINOS

Although the understanding of the energy spectrum has improved
a lot over the recent years, its exact shape and contributing com-
ponents need further investigation. For example, an improved
modeling of the atmospheric fluxes at medium energies together
with an estimation of their systematic uncertainties will be crucial
to understand the different observed spectra in this energy range.
Another important step’> will be the joint analysis of all high-
energy events observed in IceCube. Such a Global fit can utilize the
full statistics of all detection channels and their complementarities
with respect to systematic uncertainties. It will allow to test a possi-
ble tension between the reported results and improve the precision
of the spectral measurement.

107° =
E HH  Diffuse Gamma-rays (Fermi-LAT)
~ i —4=— Neutrinos (Y. v + 7) (This work)
v 106 = A UHE Cosmic-rays (Pierre Auger)
| 3
7 b
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) T
§ 107 = H
SO Ui
(o) 3
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Z i
S 1078 =
~ E
it -
1079_| 1 [ | I 1 [ I 1 [ I 1 [
10t 10 10° 107
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Figure 7.4: Global picture of high-energy particle fluxes: The isotropic
diffuse gamma-ray flux (Fermi-LAT [181]) is shown together
with the results on the neutrino flux from this work and
the measured flux of ultra-high-energy cosmic-rays (Pierre-
Auger [182]).

At highest energies, ultimatively more statistics will be needed
to measure the detailed spectral shape and reveal potential features.
Although the IceCube detector runs smoothly and acquires more
data every year, the next big steps in neutrino astronomy are

195 Already in preparation.
The most important step is a
joint MC simulation of all
event types with the same
systematic variations.
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196 In preparation as a

large-scale extension of the
existing IceCube detector for
the next decade

197 Both currently under
construction.

198 See Fig. C.18 in the
appendix for an overview
including the other IceCube
results.

199 Scaled to an all-flavor flux.

200 See e.g. Ref. [186].
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already planned for this goal: The IceCube-Upgrade will be built in
2022/23 to improve the calibration of the existing IceCube detector,
develop and test new optical sensor-units and perform competitive
measurements of neutrino oscillation parameters [183]. Finally, the
IceCube-Genz2 facility'% will combine optical detection of neutrinos
and via radio signals in order to increase the rate of observed events
at very high energies [113]. On a shorter time-scale, the KM3-
Net [184] and Baikal-GVD [185] detectors in the Mediterranean Sea
and Lake Baikal'” will provide independent measurements of the
astrophysical neutrino flux.

Concerning the global picture of the high-energy universe, it
remains to be seen whether and how the observed fluxes of gamma-
rays, neutrinos and ultra-high-energy cosmic rays will fit into a
common model of cosmic-ray acceleration and re-interaction. Fig-
ure 7.4 shows an overview of the observed fluxes'9?, including the
isotropic diffuse gamma-ray flux measured with Fermi-LAT [181],
the measured astrophysical neutrino flux from this work® and
the flux of ultra-high-energy cosmic-rays measured with the Pierre-
Auger observatory [182]. Interestingly, the observed energy gen-
eration rate roughly aligns and first models spanning the whole
energy range are being proposed*®. The quest to understand the
century old question of cosmic-ray acceleration and the physics at
the frontier of highest energies continues.
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APPENDIX: OBSERVED HIGH-ENERGY EVENTS

A.1 EVENT-VIEWS AND DIRECTIONAL RECONSTRUCTION OF HIGH-ENERGY EVENTS

Figure A.1: Visualization of Event 67372962: The black dots mark IceCube’s DOMs and the size
of the colored bubbles indicates the observed charge. The color additionally decodes
the temporal evolution of the event from orange(early) to purple(late). The red arrow
shows the reconstructed direction (SplineMPE).
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Figure A.2: Visualization of Event 17569642: The black dots mark IceCube’s DOMs and the size of
the colored bubbles indicates the observed charge. The color additionally decodes the
temporal evolution of the event from orange(early) to purple(late). The grey arrow
shows the reconstructed direction (SplineMPE).
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Figure A.3: Visualization of Event 44934051: The black dots mark IceCube’s DOMs and the size of
the colored bubbles indicates the observed charge. The color additionally decodes the
temporal evolution of the event from orange(early) to purple(late). The grey arrow
shows the reconstructed direction (SplineMPE).

103



104 APPENDIX: OBSERVED HIGH-ENERGY EVENTS

P
. °
.

Figure A.4: Visualization of Event 32203729: The black dots mark IceCube’s DOMs and the size of
the colored bubbles indicates the observed charge. The color additionally decodes the
temporal evolution of the event from orange(early) to purple(late). The grey arrow
shows the reconstructed direction (SplineMPE).
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Figure A.5: Visualization of Event 60917329: The black dots mark IceCube’s DOMs and the size of
the colored bubbles indicates the observed charge. The color additionally decodes the
temporal evolution of the event from orange(early) to purple(late). The grey arrow
shows the reconstructed direction (SplineMPE).
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Figure A.6: Skymap of the best-fit position and estimated uncertainties from different directional
reconstruction algorithms: Event 67372962.
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Figure A.7: Skymap of the best-fit position and estimated uncertainties from different directional
reconstruction algorithms: Event 44934051.



A.1 EVENT-VIEWS AND DIRECTIONAL RECONSTRUCTION OF HIGH-ENERGY EVENTS

Run.Event_130857.32203729

P DL r’/
e Il v
& . 9.58°
= # \ —— d
< 4 P T —\_‘ -~
2 P 2T e 1 I
/ { = (loat® ) %
5! L St | 4
o =
T -tk 8 _\L-ﬂ"’:" g
] f = ' 6.06° @
IRERBEIE ;
1 v i 4
1 i !
1 N k4 J‘ —-- DirectFit: 50 %
3 £y A 7 L y
2 s 7 ==~ DirectFit: 90 %
\ ' ’ll —-- Millipede: 50% (Ensemble)
\\ === Millipede: 90% (Ensemble)
BN i —-- SplineMPE-IC: 50% Paraboloid
b = P ——- SplineMPE-IC: 90% Paraboloid
el @ DirectFit; Median sampled points
R R . A DirectFit; Max posterior density
311.26 307.74 304. +  SplineMPE-IC
Right-Ascension ® Millipede Best-Fit
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reconstruction algorithms: Event 32203729.
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APPENDIX: ANALYSIS DETAILS

B.1 IC59-SEASON

Data taken with the partial detector configuration IC59 (May 2009— May 2010) have
to be treated separately in the analysis, because a different triggering and filtering has
been applied online. Also the reconstruction algorithms (energy and directional) differ
compared to the data after May 2010. Thus, the data is compared in a seperate histogram
to its own dedicated MC-expectation. Still, a combined, simultaneous fit on all data
is performed to use all available events for the measurement of the astrophysical flux.
Nuisance parameters to cover systematic uncertainties are implemented accordingly for
IC59, but their fit-values are aligned before combination. For a detailed description of
this method, see References [153, 154].

Since different reconstructions are used for the muon-energy and -direction of events
detected in the IC59-season, a different binning is used for this histogram:

Variable Number of Bins Range Spacing
Muon Energy Proxy (dE/dx) 45 1071 —103  Equal spacing in log;, (Ey,dE/dx)
Reconstructed Zenith 30 90° — 180° Equal spacing in cos(6reco.)

Table B.1: Binning scheme of the observables used in this analysis, IC-59.

B.2 CONVENTIONAL ATMOSPHERIC NEUTRINOS
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Figure B.1: Zenith spectrum of conventional atmospheric neutrinos for a fixed energy of E, =
1 x 10 GeV. Flux-predictions calculated with MCEq assuming the H4a model for the
primary cosmic-ray flux and the Sibyll2.3c model of hadronic interactions. The fluxes
have been multiplied with E3 to highlight features in the steeply falling spectrum.
Note that the predicted fluxes are symmetric with respect to the horizon (cos(6) = 0).
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Figure B.3: Impact of the nuisance parameter Ice-Scattering on the observable distributions. Ob-
tained from dedicated simulation datasets and then parameterized for each MC-event
using KDEs. Left: Reconstructed zenith distribution for different values of the nui-
sance parameter. Right: Reconstructed Muon Energy for different values of the same
nuisance parameter.
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Figure B.4: Effect of varying the Barr-parameter H* within its given uncertainties on the total
flux expectation. Zenith(left) and energy(right) distributions, all other fit-parameters

are fixed to their baseline values.

3 x10*-

2 x 10% -

Number of Events per Bin

1.2 -

| | | |
-1.0 —0.8 —0.6 —0.4 —0.2 0.0

cos(Zenith)

10° =
. ——— Baseline
105 = —— Barr Y*=-0.30
. ] —— Barr Y*=-0.18
Bo10 = ——— Barr Y*=-0.06
a 1 —— Barr Y*=0.06
dg 10% = —— Barr Y*=0.18
E ] —— Barr Y*=0.30
B 10—
§ -
E 10
Z ]
100 e
12
1014 _'IIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII

Ratio to Base
—
o

1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

0.8 =
107 10° 10* 10° 10° 107
Muon Energy Proxy / GeV

Figure B.5: Effect of varying the Barr-parameter Y* within its given uncertainties on the total flux
expectation. Zenith(left) and energy(right) distributions, all other fit-parameters are
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Figure B.6: Effect of varying the Barr-parameter Z* within its given uncertainties on the total
flux expectation. Zenith(left) and energy(right) distributions, all other fit-parameters
are fixed to their baseline values.
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Figure B.7: Effect of varying the parameter Aycr within its uncertainty range on the total flux
expectation. Zenith(left) and energy(right) distributions, all other fit-parameters are
fixed to their baseline values.
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Fig. 5.10 in the text shows that a reasonable coverage of atmospheric uncertainties is
given as a function of energy. Figure B.8 indicates the same for the zenith spectrum:

10-5 _ _+  Baseline= Gaisser-Hda, SIBYLL23c
GST-4gen, DPMJETII2017%

GST-4gen, QGSJETII04

GST-4gen, SIBYLL23c

Gaisser-H4a, DPMJETIII20171T

Gaisser-H4a, QGSJETII04
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cos(MC Neutrino Zenith)

Figure B.8: Coverage of atmospheric flux uncertainties: The colored lines show discrete predic-
tions of the conventional atmospheric flux as a function zenith angle assuming a
certain hadronic interaction model and primary cosmic-ray flux, see legend. The grey
lines indicate the flexibility of the likelihood fit by showing the prediction under
variation of all nuisance parameters within their 1o-ranges.

B.4 MUONS FROM AIR-SHOWERS AT FINALLEVEL

cos(Zenith)
(e»)
o
|

2 3 4 5 6 7 8 9
Log1o(True Primary Energy / GeV)

Figure B.g: Simulated air-shower events, weighted to the Gaisser-Hga flux model. As a function of
(true) primary energy and zenith, the color code shows the expected rate at finallevel
of the event-selection used in this work.

Only a tiny fraction of cosmic-ray induced muons passes the cuts of the event-selection
used in this work. Figure B.g shows those simulated events as a function of true energy
and zenith. Compare to Fig. 5.11 in the text, where these events are shown as a function
of reconstructed zenith and energy. The arrows indicate to which energy and zenith the
muons have been (mis-)reconstructed, which explains why the events pass the selection.



APPENDIX: ADDITIONAL FIGURES, THE ASTROPHYSICAL
ENERGY SPECTRUM

C.1 FIT-QUALITY AND BEST-FIT DISTRIBUTIONS

04—

0.3 —
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—4 -2 0 2 4

Pullpe; pin = (Data — MC)//(Data)

Figure C.1: Single power-law fit: Pull distribution based on the best-fit MC expectation vs. experi-
mental data for all bins of the analysis. The distribution is approximately described
by a normal distribution with standard deviation o = 1.15, i.e. it is slightly wider
than expected.

Although the likelihood fit is performed on the full two-dimensional histogram, the
tit-quality can also be estimated based on the one-dimensional distributions shown in
Fig. 6.1. Overall, the zenith and energy distributions are well described.

. _ i 2 . . C . .
A x2-test with x? = Y, (Daa=bestiMCN ™ £4r each one-dimensional distribution
yields:

Including systematic uncertainties, see Sec. 6.1.1 for the construction of the uncertainty
band, the obtained p-values indicate a decent description of the distributions. Note
also, that the calculation of the p-values for the energy distribution are dominated by
the high-statistics bins at low-energies. Potential mis-matches in this energy range, do
however not strongly influence the obtained results for the astrophysical flux at high
energies.
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x2 x%/NDoF p-value

Zenith distribution
38.7 1.17 0.23 0 = Ostat
31.8 0.97 052  0=1/02 4+ 02y

Energy distribution
979 1.95 be-5 0 = Ostat

72.6 1.46 002  0=4/02 4+ 0%y

Table C.1: Chiz-test for the one-dimensional distributions of zenith and energy, see Fig. 6.1. The
number of degrees of freedom (NDOF) is estimated as Ny — 1.

C.2 LIKELIHOOD PER BIN

In order to estimate which parts of the phase space pull the likelihood fit, the likelihood
per bin can be investigated. The fit is repeated twice using different hypotheses, e.g.
fixing one parameter value or leaving it free. Then, the per-bin difference of the minmized
likelihood is calculated.

l— 1.5
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[% -00
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S ——05 3
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0.07 =, | | | |
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log,,(Muon Energy Proxy / GeV)

Figure C.2: Per-bin contribution to the likelihood difference: The single powerlaw fit has been
repeated with the astrophysical normalization fixed to zero. The likelihood difference
per bin is shown. Blue bins prefer the best-fit (non-zero astro component).
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Figure C.3: Per-bin contribution to the likelihood difference: The single powerlaw fit has
been repeated with a fixed normalization of the prompt component (= 1.0 x
MCEq — prediction(Sibyll2.3¢)) and the likelihood difference per bin is shown. Blue
bins prefer the best-fit (prompt component fitted to zero), red bins are better described
with the nominal prompt component.

C.3 MCMC: SAMPLES FROM THE JOINT POSTERIOR DISTRIBUTION

In order to estimate the uncertainties and correlations of all fit-parameters, the joint
posterior distribution of all parameters is investigated. The study is based on a Markov-
Chain Monte Carlo, which is produced running a parallel-tempering algorithm, i.e.
600 walkers explore the joint posterior of the 13 fit-parameters in parallel. See the
documentation of the emcee package [171] and Reference [172] for more details. Heuristics
to check the convergence of the sampling have been run.

Figures C.4-C.6 visualize the multi-dimensional joint posterior distribution of all fit-
parameters. Each sub-plot shows the two-dimensional projection onto the two parameters
indicated on the x- and y-axes. The three figures summarize all pair-wise combinations
of parameters. In the outer region of each sub-plot, the sampled pairs of parameters
are indicated as scatter points. In the central region, the number of sampled points get
too high and a density histogram is shown instead. Additionally, contours are drawn
indicating where 68% and 90% of the sampled points are enclosed. The other parameters
are marginalized, i.e. the sampled points in the remaining dimension are ignored and
thus the posterior distribution is integrated over.
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Figure C.4: MCMC, SPL 1/3: Visualization of the multi-dimensional joint posterior distribution
of all fit-parameters.
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Figure C.5: MCMC, SPL 2/3: Visualization of the multi-dimensional joint posterior distribution

of all fit-parameters.
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Figure C.6: MCMC, SPL 3/3: Visualization of the multi-dimensional joint posterior distribution
of all fit-parameters.
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C.4 ADDITIONAL RESULTS, PIECE-WISE PARAMETERIZATION

As a comparison for the uncertainties on the piece-wise normalizations, the likelihood
scans have been repeated with all other piece-wise normalizations fixed to their best-fit
value. This procedure is employed in the HESE analysis. Since (anti-)correlations between
the pieces are ignored, the y-errorbars decrease:

1
.
-

------- Conventional Atm.

Lm 10 6_§ = Piece-wise (7 = 2.0)
[‘u*; — = Log Parabola
) L 1077 e — = SPLw. Cutoff
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O 108 =r :_;;LTiE%:
~ - R SRS
N%z f,’/ o —
N 0-9 _E IceCube Preliminary \\\\
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Figure C.7: Piece-wise parameterization: The normalization of the power-law flux is measured in
three independent bins of energy (green), vertical error-bars show 68% CL intervals.
During the profile likelihood scans to obtain the uncertainties, all other piece-wise
normalizations have been fixed to their best-fit value.
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The idea behind the piece-wise parameterization is to be less model dependent than
the other parameterizations of the astrophysical neutrino flux. However, a power-law
flux with a fixed spectral index y = 2.0 is again an assumption, although over a much
narrower range in energy compared to the other parameterizations. Figure C.8 shows the
result of the likelihood fit for a different benchmark case: In each energy bin, a spectral
index y = 2.5 is assumed. The two results are compatible within their uncertainties, that
is the choice of vy = 2.0 is well justified.
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Figure C.8: Piece-wise parameterization: The normalization of the power-law flux is measured in
three independent bins of energy (green), vertical error-bars show 68% CL intervals.
In each bin, y = 2.5 is assumed.

C.5 MODEL PREDICTIONS FOR THE ASTROPHYSICAL FLUX
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Figure C.9: Model prediction for the energy spectrum of astrophysical neutrinos. Extracted from
Biehl et al. [177].
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Figure C.10: Model prediction for the energy spectrum of astrophysical neutrinos. Extracted from
Senno et al. [75].
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Figure C.11: Model prediction for the energy spectrum of astrophysical neutrinos. Extracted from
Murase et al. [42].
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Figure C.12: Model prediction for the energy spectrum of astrophysical neutrinos. Extracted from
Liu et al. [77] .
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Figure C.13: Model prediction for the energy spectrum of astrophysical neutrinos. Extracted from
Padovani et al. [76].
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C.6. GLOBAL PICTURE OF HIGH-ENERGY FLUXES

—_
<
a1

HH Diffuse Gamma-rays (Fermi-LAT)

Tm =4=Neutrinos (}_v + 7) (This work)
i 107° = A UHE Cosmic-rays (Pierre Auger)

B 2,
q 1 My +

é 1077 = H

> - |

Q N

Q ]

™~ 10-8 =

g 10773
o 3

SN N

10_9_I 1 [N I 1 1 I 1 I 1 [N I 1 [N AI
10! 103 10° 107 10° 101

E / GeV

Figure C.18: Global picture of high-energy particle fluxes: The isotropic diffuse gamma-ray flux
(Fermi-LAT [181]) is shown together with all IceCube results on the neutrino flux
and the measured flux of ultra-high-energy cosmic-rays (Pierre-Auger [182]).
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