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Abstract

Neutrinos are elementary particles with unique properties that make them ideal probes of
new physics beyond the Standard Model. The highest-energy neutrinos known, produced in
astrophysical phenomena, offer us an opportunity to look for new fundamental particles at
energies not reached by particle accelerators on Earth. One possible new particle is the axion,
originally postulated as a solution to the strong CP problem of the Standard Model, and, also,
a dark matter candidate. We investigate the potential existence of the more general axion-
like dark matter indirectly via high-energy astrophysical neutrinos: as they travel billions of
light-years from their sources towards the Earth, they might encounter a cosmic background
of axion-like dark matter. If a neutrino-axion interaction happens in the s-channel via a
heavy neutral lepton mediator, it will leave characteristic features like bumps and dips in the
shape of the neutrino energy spectrum. We compute the flux of high-energy neutrinos that
reaches Earth varying the axion mass, mediator mass, and axion-neutrino coupling strength
over wide ranges of values. Our method allows us to look for tiny coupling strengths down
to 10−10, and axion masses down to 10−11 eV, currently not constrained in the literature. We
search for the characteristic features of the axion-neutrino interaction in astrophysical high-
energy neutrino events detected by the IceCube Neutrino Telescope, using the latest publicly
available sample of 7.5 years of High Energy Starting Events (HESE). Our computation of
event rates are based on detailed HESE Monte Carlo simulations and analysis made available
by the IceCube Collaboration. We find no statistically significant evidence for the existence
of axion-neutrino interactions in the HESE data. Thus, we place leading constraints on the
mass of the axion-like dark matter particle, the mass of the heavy neutral lepton mediator,
and the coupling strength of the axion-neutrino interaction.
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1 | Introduction

High-energy astrophysical neutrinos, discovered by the IceCube neutrino telescope in 2013 [1],
are incisive probes of physics beyond the Standard Model (BSM). Because they have the
highest neutrino energies known, from tens of TeV to a few PeV, they may reveal new particles
and interactions at energy scales otherwise unreachable. The great distances that they travel
means that even tiny BSM effects affecting them may accumulate and become detectable.
In particular, high-energy astrophysical neutrinos have great potential in the study of dark
matter.

The nature of dark matter is one of the greatest unresolved mysteries of modern physics.
Dark matter has been proven to exist via observations such as rotational velocities of galaxies
[2–4]. Despite many searches, neither its mass or interactions with other particles have
been identified. Most dark matter searches have focused on weakly interacting massive
particles (WIMPs) of GeV mass scales. If the WIMP was produced in the early Universe, it
constitutes an excellent dark matter candidate since its thermal relic density would match
the dark matter abundance. This is called the WIMP miracle [5]. However, there has been
no compelling experimental evidence of the existence of WIMPs, which motivates the search
for lighter candidates below the GeV mass range [6, 7].

One of the lighter dark matter candidates is the axion, a hypothetical particle that appears
naturally as a solution to the strong CP problem of the Standard Model; specifically, it is
the pseudo-Goldstone boson generated by breaking the Peccei-Quinn symmetry [8, 9].

In astrophysics, the existence of axions has been investigated by their mixing with pho-
tons, via the Primakoff effect [10]. We explore the less studied case of axions interacting
with neutrinos, aiming to place leading constraints on the axion mass and coupling to neu-
trinos. Our search considers the more general axion-like particles. Contrary to the axion,
the axion-like particle has no link between its mass and its coupling strength. This allows us
to broaden the search for a dark matter candidate with many possible combinations of mass
and coupling.

We probe the particle nature of axion-like dark matter via its interaction with high-energy
astrophysical neutrinos. As astrophysical neutrinos from extragalactic origin propagate on
their way to Earth, they travel through a background of dark matter. If dark matter consists
of axions, and axions couple to neutrinos, we might detect the result of their interaction in
the form of characteristic dips and bumps in the energy spectrum of high-energy neutrinos.
We use the 7.5-year public sample of IceCube High Energy Starting Events (HESE) [11] to
search for these features, with the goal of placing leading constraints on the landscape of
axion-neutrino coupling strength and axion mass.
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CHAPTER 1. INTRODUCTION 2

The structure of the thesis is as follows. In Chapter 2 we introduce the concept of dark
matter and provide an overview of the dark matter candidates. We motivate the axion and
axion-like particle as dark matter candidates, and go through the current constraints on axion
properties and the axion-photon landscape. In Chapter 3 we describe the neutrino within the
Standard Model framework, and show the production mechanism of high-energy astrophysical
neutrinos. We introduce the IceCube neutrino detector and the neutrino event topologies as
well as the current status in high-energy astrophysical neutrino observations. In addition,
we show the axion-neutrino interaction and the known constraints on the axion-neutrino
landscape. In Chapter 4 we follow high-energy neutrinos on their journey from their source to
the surface of the Earth described by the propagation equation. We explore the characteristic
features of the axion-neutrino interaction in the neutrino spectra at Earth by solving the
propagation equation numerically, choosing broad ranges of the axion mass, mediator mass,
and the axion coupling strength. In Chapter 5 we model the neutrino propagation from the
surface of the Earth to the detector surface by neutrino-nucleon interactions inside the Earth.
We investigate the HESE data detected by IceCube and the background of the observations.
Furthermore, we calculate the event rates by re-weighting of the flux. In Chapter 6 we
develop a Bayesian statistical analysis to compare the IceCube HESE data set to the event
rates including the new physics. In Chapter 7 we present the best-fit values and calculate
the Bayes factor that represents the statistical preference for explaining the HESE data with
a neutrino flux that includes axion-neutrino interactions.

Throughout this thesis, we use natural units. We thus set the speed of light, c, and the
reduced Planck constant, h̄, equal to one: c = h̄ = 1.



2 | Dark matter

2.1 Motivation for dark matter

Dark matter is the most abundant type of matter in the Universe, and yet we know very
little about it. Unlike normal matter, dark matter does not interact with photons, making it
invisible or “dark”. We know about its existence due to effects such as its gravitational pull
on other matter, but the identity of dark matter remains unknown.

The search for what makes up dark matter has been going on for many decades, and is
one of the greatest unsolved puzzles of modern physics. The first proposal of its existence was
made in 1933 by the Swiss astronomer Fritz Zwicky [2]. He studied the Coma galaxy cluster
and came to the conclusion that the mass of the cluster, as inferred from the light emitted
by visible matter, is not enough to keep the stars bound, given their high observed velocities.
As a solution, he suggested the idea of dark matter. At the time, his discoveries went
largely unnoticed. Several decades later, American astronomers Vera Rubin, Kent Ford, and
Norbert Thonnard carried out investigations of the rotation curves of spiral galaxies. They
found that the observed mass of the galaxies could not explain the rotational velocities of
their constituent stars [3,4]. The high velocities of the stars in the galaxy would simply cause
the galaxy to be ripped apart but somehow that was not the case. It showed an indication
of some invisible matter affecting their motion.

We can estimate the missing mass using Newton’s laws. If we set the gravitational force
equal to the centripetal force, we find the velocity v of a an object of mass m orbiting the
center of mass in a galaxy of mass distribution M(r) at a distance r to be

GmM(r)

r2
=
mv2

r
=⇒ v =

√
GM

r
, (2.1)

where G is Newton’s gravitational constant. Measuring the rotational velocity of different
objects in the galaxy, we can infer what the mass distribution of the galaxy is.

Figure 2.1 shows the rotation curve of the galaxy NGC6503 as a function of distance from
the galactic center. The observed data points do not fit the theoretical rotation curve based
on only the visible baryonic matter of the galaxy disk and its gas. However, including dark
matter, assumed to be distributed in a halo, in the fit, the curve agrees well with the data
points. This is used to estimate the matter contribution of the dark matter halo.

Another method used to observe the gravitational effects of dark matter is gravitational
lensing. Here the distortion of photons around heavy astrophysical objects may result in a
galaxy or galaxy cluster to appear multiple times in astronomical images. Since the deflection

3



CHAPTER 2. DARK MATTER 4

Figure 2.1: Rotation curves of the galaxy NGC6503 from contributions of the visible matter in the
disk, the gas and the dark matter halo. The solid line is the sum of the three which is fitted to the
data points. Reproduced from [13].

angle of the light depends on the mass distribution of the object of interest, it can be used
to estimate the dark matter mass [12].

One way to determine the matter contents of the Universe is by looking at the cosmic
microwave background (CMB). The early Universe was not transparent to photons since it
was too hot for atoms to form, and so the photons would consistently scatter off of other
particles, effectively being trapped. Once the Universe had expanded sufficiently to be cold
enough for atoms to form, the photons were able to stream freely through the Universe. This
is known as the period of recombination. The relic photon radiation is what we observe
today as the CMB. The CMB holds information of the matter anisotropies at the time of
recombination: tiny temperature differences of order ∼ 10−5 K as a result of tiny variations in
the density of matter in the early Universe. The anisotropies of the CMB were first discovered
by the COBE satellite in 1992 [14]. They reveal that dark matter must have decoupled
earlier than regular matter. Dark matter would gather in clumps and form gravitational
wells, creating the seed for the galaxy formation structures of the baryonic matter [15].

Today we also see the dark matter is distributed around these large formation structures.
Each galaxy is believed to be surrounded by a large halo of dark matter. The dark matter
density is concentrated towards the center of the halo, with the density decreasing as a
power law further away. Different models describe the density, the most standard including a
Navarro-Frenk-White (NFW) profile [16] or a Burkert profile [17]. On the other hand, from
the perspective of a larger extragalactic scale, the dark matter is isotropic and homogeneous.
When searching for new dark matter candidates forming a cosmological background, this is
a good assumption [15].

The concordance model of cosmology is the ΛCDM model, which agrees very well with
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current cosmological observations [18]. The model describes the energy density of the Uni-
verse. The Λ stands for the dark energy, which is responsible for the acceleration of the
expansion of the Universe, while CDM stands for cold dark matter. Cold refers here to the
dynamics, meaning that relic dark matter is predominantly non-relativistic. Otherwise it
would not have slowed down after the freeze-out and be able to cluster and form the halos
we expect to be around galaxies.

The constituents of the Universe are dark energy, matter, and radiation. Matter is further
divided into baryonic (visible) matter and dark matter, while radiation is made of photons
and neutrinos. However, in the present epoch, the radiation content is several orders of
magnitude smaller than the other two. The Planck survey of 2018 has given us the current
best estimates of their energy densities [19]:

ΩΛ = 0.685

Ωm = 0.315; ΩDM = 0.265, Ωb = 0.0496.
(2.2)

This means that dark matter makes up 26.5% of the Universe, while the visible matter is
only about 5%.

2.2 Dark matter candidates

2.2.1 A quick view on the Standard Model

In order to describe the particle candidates of dark matter, it is necessary first to give a
brief overview of the Standard Model physics. Later, in Section 3.1, we elaborate on this,
specifically on the role of neutrinos.

The elementary particles and the interactions between them are collectively described
by the Standard Model. The particle content of the Standard Model is depicted in Figure
2.2. The particles can be divided into two categories: fermions and bosons. The fermions
have half-integer spin and include the leptons, which are either charged, like the electron, or
neutral, like the neutrinos. The other section of the fermions is the quarks, which are the
building blocks of the composite particles called hadrons. These are either baryons composed
of three quarks, such as neutrons and protons which form the nuclei of atoms, or they are
mesons which are made up of two quarks, like pions and kaons. Both quarks and leptons
have antiparticles with opposite charge.

The bosons have integer spin. The spin-1 gauge bosons describe the fundamental forces:
the electromagnetic force mediated by the photon, the strong force mediated by the gluon,
and the weak force mediated by the W and Z bosons. They are therefore also called force
carriers. The remaining boson is the scalar Higgs boson of spin 0. It gives mass to all the
other fundamental particles. The fourth of the fundamental forces is gravity. The boson
carrying the gravitational force is yet to be found, although a hypothetical particle called the
graviton has been proposed as a candidate [20].
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Figure 2.2: The Standard Model describing the elementary particles. From [21].

2.2.2 Properties of a dark matter particle

None of the particles in the Standard model are candidates for dark matter. The neutrinos
were once proposed as a candidate since they act so feebly, however, their mass is too small
to account for the whole of the dark matter energy density. The neutrino energy density
is [22]

Ων =

∑
imνi

93.14h2 eV
, (2.3)

where h is related to the Hubble constant by H0 = 100h s−1 Mpc−1 and given by h = 0.674
[19]. For a sum of neutrino masses of

∑
imνi ∼ 0.1 this leads to Ων ∼ 0.002, far from

the dark matter energy density of ΩDM = 0.265. Additionally, neutrinos are relativistic and
will free-stream instead of forming structures. Nevertheless, relic neutrinos do have a large
impact on the evolution of the Universe, even if they only make up a tiny fraction of the dark
matter energy density [22].

Based on the aforementioned cosmological observations, the properties of a cold dark
matter particle can be listed.

• Dark matter should be electrically neutral.

• Dark matter is only known to interact by gravity. Its coupling to the weak or strong
force is either very small or does not occur at all. Likewise for self-interactions.

• The dark matter particle must be stable, meaning that it does not decay (at least
not within the age of the Universe). This is implied by the fact that it exists today.
Theories do exist of unstable dark matter [23] but these are not considered here.
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Figure 2.3: Schematic of the different dark matter candidates, covering 80 orders of magnitude in
mass. As a comparison, the dark energy (DE) mass range is shown to the left. Reproduced from [26].

• It is expected to be non-relativistic or cold. Hot or warm dark matter may exist, but
their contribution to the dark-matter energy density must be sub-dominant to that of
cold dark matter [24,25], which can be explained by the lack of clumping for relativistic
particles.

Figure 2.3 lists some popular dark matter candidates. It emphasizes the great variety in
the mass among the viable dark matter particles of the different models, spanning 80 orders of
magnitude. The candidates cover masses from new elementary particles of ultra-light masses
to objects of astrophysical scales. Starting with the largest objects, primordial black holes
are hypothesized black holes formed in the early Universe, and those with mass of order of a
solar mass are dark matter candidates [27]. Composite dark matter include a theory of the
existence of dark particles and dark atoms [28] but also cover macro dark matter, potential
composite particles formed of quarks and leptons in the early Universe [29]. They could have
masses around the Planck mass at ∼ 10−5 grams.

One of the most well-known of the candidates is the weakly interacting massive particle
(WIMP). It interacts weakly and gravitationally and has a GeV-scale mass. The WIMP
is also motivated by several different theories, one of them being supersymmetry. In this
theory, the WIMP might be a neutralino, predicted to have a mass in the 100 GeV - TeV
range [30, 31]. The WIMP is an excellent dark matter candidate since if it was produced
in the early Universe, its thermal relic density would automatically match the dark matter
abundance. This is called the WIMP miracle [5].

The light dark matter category includes the sterile neutrino of ∼keV mass [32]. This is a
hypothetical massive right-handed counterpart to the neutrino. It does not interact weakly
but only gravitationally. In principle, the sterile neutrino would also be a WIMP if it had an
energy at the GeV scale, however, in that case it is no longer a dark matter candidate. The
sterile neutrino is further described in the context of neutrinos masses in Section 3.1.3.

WIMPs have been the primary dark matter candidate in the last decades, with many ex-
periments searching for them. However, there has been no compelling experimental evidence
of the existence of WIMPs, which motivates the search for lighter candidates below the GeV
mass range [6, 7]. One of the more promising ultra-light candidates is the axion. The next
section will elaborate on why it is an interesting dark matter candidate to search for.
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2.3 Axions and axion-like particles

2.3.1 The strong CP problem

The axion is a hypothetical particle, originally proposed to solve the strong CP problem of
the Standard Model. To understand its properties, we have to dive a bit deeper into this
problem.

CP stands for charge-conjugation (C) and parity (P). Charge conjugation is a transfor-
mation of the charge of a particle, both electromagnetic charge and charge from other forces.
It thus transforms the particle into its antiparticle. Parity transformation is the inversion of
the spatial coordinates of a particle. This flips the signs of the coordinates, and results in
the “mirror” image of the particle. According to the Standard Model, the conservation of CP
could be violated in the strong sector. However, no such violation has been observed. CP
conservation is violated in the electroweak theory in neutral kaon decay [33], so the question
is: why should it not be violated in the strong theory?

CP violation is included in the quantum chromodynamics (QCD) Lagrangian of the strong
sector by the so-called θ term. The Lagrangian is given by

Lθ =
g2

32π2
θG̃a

µνG
µνa, (2.4)

where g is the strong coupling, and Ga
µν is the gluon field strength tensor defined by

Ga
µ,ν = ∂µA

a
ν − ∂νAaµ + gfabcAbµA

c
ν , (2.5)

where Aaµ express the eight gluon fields for a = 1, . . . , 8, and fabc are the structure constants
of SU(3). The dual of the field strength tensor is G̃a

µν ≡ 1
2
εµνρσG

ρσa, where εµνρσ is the
Levi-Civita symbol.

The θ term has a value within −π ≤ θ ≤ π. If θ is zero, then QCD conserves CP. If θ
is non-zero, Eq. (2.4) leads to a neutron electric dipole moment, which is proportional to θ.
From observations, the current constraint on this dipole moment is |dn|� 2.9 ·10−26e cm [34],
where e is the electric charge of the electron, leading to |θ|. 10−10. There is no motivation
within the Standard Model for why the value of θ should be zero, so it is peculiar that it is
so close to zero. This is called the strong CP problem.

In 1977, Peccei and Quinn came up with a solution to the strong CP problem by intro-
ducing an extension to the Standard Model [8, 9]. Instead of being a constant, they made
θ dynamical by introducing a field a, with an associated decay constant fa. This was done
with the introduction of a global U(1) symmetry that was spontaneously broken. Thus the
system would seek the lowest energy configuration of the potential, the vacuum state, and
be naturally zero. The θ field can now be written as

θ → θ +
a

fa
(2.6)

such that Eq. (2.4) becomes

Lθ =
g2

32π2

(
θ +

a

fa

)
G̃a
µνG

µνa. (2.7)
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The excitation of a dynamic field a gives rise to a new particle, a Nambu-Goldstone boson.
These are bosons that appear necessarily in models exhibiting spontaneous breakdown of
continuous symmetries [35]. This means that initially the system is invariant under the
symmetry, but then a minimum of the potential of the system is reached, and since it could be
one of many possible minima, the symmetry is broken “spontaneously”. Since the symmetry
is also broken explicitly (there was never an exact symmetry to begin with), the particle will
be a pseudo Nambu-Goldstone boson which has a small mass.

The fact that the Peccei-Quinn (PQ) mechanism introduces a new particle — a light boson
— was shown independently by Wilczek and Weinberg: [36, 37]. They gave the particle the
name axion. It is predicted to have no charge and no spin. It should only have weak couplings
to other particles, since it would otherwise already have been discovered. The neutral pion
gets its mass from the same explicit symmetry breaking as the axion, and thus the axion and
pion mix. The axion mass ma is then related to the pion mass mπ by fama ∼ fπmπ, where
fa is the axion decay constant, and fπ is the pion decay constant. A full treatment leads to
the relation [38]

ma = 5.691(51)µeV(1012 GeV/fa). (2.8)

2.3.2 Axion-like dark matter

Axions have all the right properties to be dark matter candidates: no direct interaction
with photons (except for axion-photon conversions, which we show below), and only very
small couplings to the weak force, if any. If axions exist, they could also explain the baryon
asymmetry of the Universe. This is the fact that there must have been more baryonic matter
than antimatter in the early Universe since the Universe today is dominated by matter. The
baryon asymmetry is not explained by the Standard Model. The axion could account for the
matter-antimatter asymmetry by its proportionality to a CP-violation parameter [39,40].

The axion mass is not constrained by its origin in the strong CP problem. It is expected
to be ultra-light, which includes any energies from 1 eV and many orders of magnitude below
(see Figure 2.3). If axions are to be explain the whole dark matter density by themselves,
this imposes a trade-off between the axion mass and the axion number density. The lighter
the axion mass, the higher their number density should be higher to account for the relic
dark matter density observed.

On the other hand, the axion has a strong link between its mass and coupling to the strong
force, gaγγ. This relation is determined by the axion decay constant fa as seen in Eq. 2.8, with
also gaγγ ∝ 1/fa [41]. If a certain coupling strength is ruled out by observations, then the
corresponding axion mass is ruled out as well. However, one can generalize this by positing
the existence of a particle with properties akin to the axion, as light as the axion, but whose
mass and decay constant are not related by the PQ-mechanism. E.g., the axion-like particle
might have a very small mass but a very high coupling to another particle [42]. This defines
the general class of axion-like particles (ALPs). By construction, they have many similarities
to the axion: they are light, have no coupling the electromagnetic force, and are thus equally
good dark matter candidates. Additionally, ALPs are not associated with the strong CP
problem since they do not necessarily couple to the strong force. The particles we search for
in this project can equally well be axions and ALPs, since the theory works in both cases.
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gaγγa

γ

γ

gaγγa

γ

B⃗

Figure 2.4: Feynman diagrams of axion-photon interactions. a) Axion decay or axion-photon con-
version in vacuum. (b) Inverse Primakoff effect. It shows the conversion a → γ in the presence of
a strong magnetic field.

We will thus refer to both types of particles simply as axions.

2.3.3 Searches and constraints

Axions are most commonly searched for via their connection to photons. They could be
directly observed using a theoretical effect called the Primakoff effect, which was first dis-
cussed in the context of resonant photoproduction of neutral mesons in the presence of an
external electromagnetic field [10]. The Primakoff effect was later discussed to also work with
axion-photon interactions, where it would occur when photons encounter a strong magnetic
field and are converted into axions (or vice versa).

Figure 2.4 (a) shows a Feynman diagram of the axion-photon conversion in vacuum,
while Figure 2.4 (b) shows a Feynman diagram of the inverse Primakoff effect. When an
axion comes near an electromagnetic field, it may convert into a photon. The Lagrangian of
this process is given by

L = gaγγa ~E · ~B, (2.9)

where a is the axion field, gaγγ is the coupling between the axion and the photons, ~E is the
electric field, and ~B is the magnetic field. When searching for axions, a cavity containing a
magnetic field can be tuned to match the expected resonant frequency of the axion-photon
conversion. If axions exist, the conversion is expected to happen in the magnetic field of the
Sun and of other stars [43–45]. This would produce axions that we could later observe here
on Earth.

A peculiar way to search for axions directly by the Primakoff effect is the light-shining-
through-wall experiment [46, 47]. If photons can convert into axions then a laser pointing
towards a wall could be observed on the other side of the wall as well, provided that the
photons have converted into axions and back again as they crossed the wall. This could be
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Figure 2.5: Landscape of the axion mass and axion-photon coupling of current experimental and
observational limits. Red is haloscopes and helioscopes, green is astrophysical constraints, blue is
cosmological constraints, yellow is the QCD band. The QCD axion is a band, since the coupling
strength and mass are linked. Figure from [49]. Constraints come from haloscopes [50–76], helio-
scopes [77–86], astrophysical observations, [87–122], and cosmological observations [123, 124]. The
band for KSVZ and DFSZ are from [125–128].

obtained with very strong magnets on either side of the wall. Experiments like the OSQAR
experiment at CERN are currently trying to observe axions this way [48].

Figure 2.5 shows the parameter space of axion massma and the axion-photon coupling gaγγ
currently allowed by a large variety of experiments. The constraints are from haloscopes and
helioscopes (red), astrophysics (green), and cosmology (blue). In addition, the figure shows
the preferred parameter space of the QCD axion from theory (yellow). One of the helioscopes
is the CERN axion solar telescope (CAST), which is trying to detect axions from the Sun
using a strong magnet. No axions have been observed, but the experiment has placed some
of the strongest constraints on the axion-photon coupling [78,79]. Haloscope experiments use
resonant microwave cavities to observe axions, like HAYSTAC [67, 68] and ADMX [50–53].
They have also placed constraints on the axion properties but have been unsuccessful with
detection. The astrophysical constraints come from different astronomical observations. One
example is globular clusters where the axion production in stellar cores could affect the
number ratio of stars [87,102]. The cosmological bounds come from, e.g., the expected dark
matter decoupling time related to Big Bang nucleosynthesis [123]. The constraints on the
QCD axion come from theories of a pseudo Nambu-Goldstone boson arising from a breaking
of the Peccei-Quinn symmetry. The two models are the Dine-Fischler-Srednicki-Zhitnitsky
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(DFSZ) axion [125,126] and the Kim-Shifman-Vainshtein-Zakharov (KSVZ) axion [127,128].
Their implementation and couplings vary, which is why there is a slight difference between
the two bands on Figure 2.5.

In general, there are increasingly strong limits being put on the ma vs. gaγγ landscape,
narrowing the parameter space where the axion could exist significantly. In this thesis, we
instead search for a coupling between axions and neutrinos, since almost no experimental
limits on it are found so far in the literature (we go into detail about this in Section 3.4.1).
The next chapter introduces the phenomenology of the neutrino and its possible interaction
with the axion.



3 | Neutrinos

3.1 In the Standard Model and beyond

Neutrinos are elementary particles and thus part of the Standard Model (see Figure 2.2). The
neutrinos have spin 1

2
which makes them fermions. Specifically, they are part of the lepton

sector. As the name suggests, neutrinos are electrically neutral and have a very small mass.
Like the charged leptons – electrons e, muons µ and taus τ – the neutrinos come in three
generations or flavors, namely electron neutrinos νe, mu neutrinos νµ, and tau neutrinos
ντ . In addition, each neutrino flavor comes with an antiparticle. A neutrino of a given
flavor is associated to the charged lepton of that flavor and carries the same lepton number,
conserved per flavor. The electron neutrino is the neutrino flavor that is emitted together
with an electron in the decay of a W boson, and similarly for the muon and tau neutrino.

Neutrinos only interact gravitationally or via the weak force, which is several orders of
magnitude weaker in strength than the electromagnetic and strong forces. As a consequence,
neutrinos rarely interact and can travel long distances unaffected by their environment. They
are thus also very difficult to detect.

3.1.1 Neutrino oscillations

In the 1960s, a neutrino detection experiment was set up in the Homestake mine. The goal
was to observe solar neutrinos [129]. The experiment consisted of a large tank of chlorine,
where the neutrinos could be detected by the production of a radioactive isotope of argon.
According to the standard model of the Sun, only electron neutrinos are produced in the fusion
processes, so this was the type of neutrino that they were searching for [130]. However, only
about a third of the expected neutrino flux was detected, which was a big mystery. Other
experiments such as the Kamiokande detector and the GALLEX experiment found the same
discrepancies between prediction and observation [131, 132]. The problem became known as
the solar neutrino problem and was unsolved for many years.

The solution to the solar neutrino problem was provided by neutrino oscillations: the
change of one neutrino flavor into another as the neutrino propagates. To describe neu-
trino oscillations, we consider that each neutrino flavor is a linear superposition of the mass
eigenstates (ν1, ν2, ν3). It is only when it interacts, that it is observed as one of the flavor
states (νe, νµ, ντ ). A neutrino state can be expressed in either one of these two bases. The
mixing between the mass states and the flavor states is described by the unitary 3×3 PMNS

13
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(Pontecorvo-Maki-Nakagawa-Sakata) matrix, given by [133,134]
νe

νµ

ντ

 =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



ν1

ν2

ν3

 . (3.1)

The PMNS matrix can be parameterized by three mixing angles θ12, θ13, θ23, and a complex
phase, δCP. The mixing angles describe the rotations between the mass and flavor states,
and the phase factor can account for charge-parity violation.

The probability of transitions between the different neutrino flavors depends on the mixing
angles and the squared-mass differences of the mass states, ∆m2

ij = m2
i −m2

j , where i, j =
1, 2, 3 for i 6= j. For a two-flavor approximation, the probability of a electron neutrino
propagating into a muon neutrino is

P (νe → νµ) = sin2(2θ12) sin2

(
∆m2

21L

4Eν

)
, (3.2)

where L is the distance traveled by the neutrino and Eν is the neutrino energy. The proba-
bility of the electron neutrino to turn into a muon neutrino thus oscillates over distance with
sin2(2θ12) being the amplitude of the oscillation.

The solution to the solar neutrino problem was thus that a neutrino emitted with an
electron flavor could later be measured to have another flavor. The solar electron neutrinos
could be observed at Earth as any one of the three flavors, which is why only a third of
the expected flux was observed in the Homestake experiment. This was not confirmed until
many years later with observations by the Sudbury Neutrino Observatory [135].

3.1.2 Neutrino mass

From neutrino oscillations we know that neutrinos must have a mass. However, the neu-
trino masses have not been measured directly. The reason is that the oscillation probability
depends on the differences of the squared neutrino masses, ∆m2

ij, and not the individual
masses mνi of eigenstate νi for i = 1, 2, 3. The current upper bound on the sum of the
neutrino masses is

∑3
i=1 mνi < 0.12 eV [19]. Neutrinos are hence the lightest of the massive

particles of the Standard Model.
Figure 3.1 shows the two possibilities for the neutrino mass hierarchy. The mass difference

∆m2
21, also called ∆m2

sol, describing the difference between mass states ν1 and ν2, is the
smallest of the mass differences with ∆m2

21 ≈ 7·10−5 eV2 [136]. Since the value is positive, we
know that mν2 > mν1 . The other squared-mass differences are ∆m2

31 ≈ ∆m2
32 ≈ ±2.5 · 10−3.

It is unknown whether ∆m2
31 > ∆m2

32 or if ∆m2
32 > ∆m2

31. There are thus two possible
neutrino mass hierarchies: the normal hierarchy where mν3 > mν2 and the inverted hierarchy
where mν2 > mν3 .

3.1.3 Sterile neutrinos

According to the Standard Model, only the left chiral component of the neutrinos interact
weakly (and the right chiral component for antineutrinos), since they only interact by the
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Figure 3.1: The two possible neutrino mass hierarchies. From [137].

weak force, which is parity-violating. This is unlike any of the other fermions. Neutrinos
are therefore massless in the Standard Model, since both left and right chirality parts are
required for a particle to have a mass.

The non-zero mass of the neutrinos shows us that we need to modify the Standard Model.
One possible way for the neutrinos to gain mass is via the seesaw mechanism [138]. Here a
right-handed counterpart to the left-handed neutrino is introduced which does not interact
by the weak force but only by gravity. It is therefore also called a sterile neutrino, opposite to
the “normal” active neutrino. The right-handed neutrino is introduced by a Majorana mass
term. It is called a seesaw mechanism since the heavier the mass of the sterile neutrino, the
lighter the mass of the active neutrino. It explains why the neutrinos are so light compared
to the masses of the other fermions in the Standard Model. The seesaw mechanism gives it a
GUT-scale mass of ∼ 1012 eV. GUT stands for Grand Unified Theory, and the GUT-scale is
the energy scale which we believe strong and electroweak interactions are unified in a single
interaction [138].

Separately, the existence of a sterile neutrino, with a mass lower than the GUT-scale, is
motivated by anomalies found in different neutrino experiments. These experiments include
the LSND ν̄e appearance in a ν̄µ beam [139], and the MiniBooNE detector which reported
an unexplained excess of low-energy neutrinos [140]. Mixing with a fourth, sterile neutrino
would explain the discrepancies found.

The sterile neutrino could also be a dark matter candidate of mass order keV [32]. The
observation of a 3.5 keV X-ray line from galaxy clusters motivates a sterile neutrino mass of
about 7 keV [141,142].

In the context of the axion-like dark matter and neutrino interactions in this work, the
sterile neutrino is an important tool, however we denote it as a heavy neutral lepton in this
case. In Section 3.4, we consider interactions between active neutrinos and axions, mediated
by a sterile neutrino. Because its mass is unknown, we vary it over many orders of magnitude
in our analysis.
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3.2 Astrophysical neutrinos

Neutrinos exist over a broad energy range, from 10−6 eV for relic neutrinos to possibly 1018 eV
ultra-high-energy neutrinos. In our investigation of the possible interaction between neutrinos
and axion-like dark matter (see Section 3.4), the neutrinos of interest are of astrophysical
origin. The astrophysical neutrinos cover the higher-energy part of the energy spectrum.
They include:

• Solar neutrinos of keV–MeV (103–106 eV) energies

• Supernova neutrinos of MeV (106 eV) energies

• High-energy neutrinos of TeV–PeV (1012–1015 eV) energies

• Ultra-high-energy (UHE) neutrinos of EeV (1018 eV) energies

To study the axion-neutrino couplings, we focus on high-energy astrophysical neutrinos. This
is because of two reasons. First, they come from extragalactic sources, Mpc–Gpc distances
away, so during their long trip to Earth, they have a higher chance to interact with the
cosmic axion-like dark matter background. Second, their high energies allow us to probe
heavy axion-neutrino mediator masses (more on this in Section 3.4). UHE neutrinos are
predicted, but still undiscovered.

The astrophysical sources of neutrinos are also called point-sources since they are observed
coming from a specific point in the sky. Generally, point-sources are divided into two cate-
gories based on their temporal profiles: transient sources and steady-state sources. The tran-
sient sources only emit neutrinos for a limited amount of time. These include supernovae, the
more luminous hypernovae, and gamma ray bursts, which are highly energetic jets of gamma
rays.Of the transient sources, only one class has been confirmed observed in neutrinos: the
supernova SN1987A in the Large Magellanic Cloud. About 25 neutrinos was observed in to-
tal by several detectors at Earth: Kamiokande [143], Irvine-Michigan-Brookhaven [144], and
Baksan [145]. However, supernovae emit neutrinos at MeV energies [146] and not high-energy
neutrinos. The second type of neutrino source is a steady-state source, where a continuous
flow of neutrinos is emitted from the source. High-energy candidate sources include active
galactic nuclei which are the supermassive black holes in centers of a galaxies that emit neu-
trinos and other particles in jets from the center [147]. There have been no observations of
confirmed steady-state neutrino sources.

Rather than point-source neutrino fluxes, we use the diffuse high-energy neutrino flux,
which is the collected neutrino flux from all high-energy neutrino sources. This leads to
a continuous all-sky neutrino flux to observe, making it possible to look for effects of the
axion-neutrino interactions in the detected neutrino spectra.

3.2.1 High-energy astrophysical neutrino production

High-energy neutrinos are produced by UHE cosmic rays, which are protons and nuclei
with energies in excess of 100 PeV. There are two expected neutrino production chains:
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proton-proton (pp) interactions and proton-photon (pγ) interactions. The interactions pre-
dominantly produce delta baryons that decay into pions and neutrons, ultimately creating
neutrinos. The production chain for a pγ interaction looks like the following:

p+ γbg → ∆+ →


π+ + n→

 π+ → µ+ + νµ, µ+ → e+ + νe + ν̄µ

n→ p+ e− + ν̄e

π0 + p→ γ + γ + p

(3.3)

The branching ratio of the charged pion branch is 1
3
and the neutral pion branch ratio is 2

3
.

The photons produced in the neutral pion branch contribute to the gamma-ray emission from
the source. The neutrino flavor ratio from the pγ interaction is thusNνe : Nνµ : Nντ = 1 : 2 : 0.
The anti-electron neutrino produced in the neutron decay has a low energy since the proton
mass is close to the neutron mass, so it does not count in the flavor ratio. Due to neutrino
oscillations and the fact that we look at the diffuse astrophysical neutrino flux, the flavor
ratio evens out, such that at detection it will be Nνe : Nνµ : Nντ = 1 : 1 : 1. The produced
neutrinos will have about 5% of the parent proton energy.

The production of high-energy neutrinos takes places in astrophysical environments with
large magnetic fields, where the cosmic rays are magnetically confined and accelerated to
ultra-high energies. A necessary condition to accelerate of charged particles to high energies
is confinement. This is known as Hillas’ criterion [148]. For the confinement to take place, the
Larmor radius of the charged particles should not exceed the size of the accelerator region.
It is the radius of the trajectory of a charged particle in a uniform magnetic field, given by
r = mv⊥/(|q|B), where m is the mass of the particle, v⊥ is its velocity perpendicular to the
magnetic field, q its charge, and B is the strength of the magnetic field.

Cosmic rays are accelerated by first-order Fermi acceleration, also called diffuse shock
acceleration [149,150]. Charged particles will repeatedly be scattered back and forth between
magnetic turbulences and gain energy for every shock by the plasma. An analogy is a game
of ping pong, where the ball gains energy every time it is hit by the bat of one the players.
The cosmic rays eventually escape when they reach very high energies.

Fermi acceleration leads to a power-law distribution in energy of the cosmic rays: E−γ =
E−2, where γ is an adimensional constant called the spectral index. When the high-energy
neutrinos are produced in pp or pγ interactions, it will be from the tail-end of the energy of
those cosmic rays. This means the power-law energy distribution of neutrinos is expected to
be softer than the distribution of cosmic rays, so the spectral index for high-energy neutrinos
is assumed to be between 2 and 3. This power-law picture is true for the diffuse neutrino
flux. The point sources may individually have other processes, which lead to other energy
distributions.

The ultra-high-energy neutrinos can be produced in similar processes as the high-energy
neutrinos from cosmic rays of higher energies. Another production mechanism is when UHE
cosmic rays interact with background of the interstellar medium, like the CMB or the extra-
galactic background light (EBL) [151]. These are called cosmogenic neutrinos.
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Figure 3.2: Schematic of the IceCube Neutrino Observatory. From [152].

3.3 IceCube telescope and neutrino detection

The largest high-energy neutrino telescope in operation is the IceCube Neutrino Observatory.
The detector is located at the South Pole, built into the ice. It consists of 86 strings lowered
1.5–2.5 kilometers into the ice [152]. Each string is composed of 60 digital optical modules
(DOMs) where a photomultiplier tube (PMT) is placed, detecting the incoming light from
neutrino interactions. In total, the strings span a grid of approximately 1 km3.

Figure 3.2 illustrates the setup of the IceCube experiment. The spacing of the DOMs in
the In-Ice Array is optimized for the detection of high-energy astrophysical neutrinos, and
is thus the array relevant for this thesis. IceTop is an air shower array, detecting secondary
particles from cosmic-ray showers in the atmosphere. In the lower middle part of the detector,
the strings are placed closer together to optimize the detection of atmospheric neutrinos. This
sub-array is called DeepCore.

3.3.1 Neutrino-nucleon interactions

Neutrinos are detected indirectly by their interactions with nucleons in the ice. At high
neutrino energies, above about 20 GeV, the dominant neutrino-nucleon interaction is deep
inelastic scattering [153]. There are two main processes: charged-current (CC) interactions
and neutral-current (NC) interactions. In a CC interaction, the incoming neutrino interacts
with a nucleon to create a charged lepton of the same flavor. The nucleon breaks apart and
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Figure 3.3: Feynman diagrams of the deep inelastic scattering interactions happening when neutrinos
interact with the ice of IceCube. (a) Charged current interaction. A neutrino of flavor l = e, µ, τ
interacts with an ice nucleus, producing a charged lepton of the same flavor by exchange of a W
boson. A hadronic shower is also emitted. (b) Neutral current interaction. A neutrino interacts with
the ice and exchanges a Z boson, producing a neutrino of the same flavor and a hadronic shower.

produces a hadronic shower. The mediator of this interaction is the W boson. In a NC
interaction, the neutrino also interacts with a nucleon, but this time by exchange of a Z
boson, producing a neutrino of the same flavor. Again a hadronic shower occurs. Figure 3.3
illustrates the CC and NC interactions.

When charged particles move through a dielectric medium with a speed faster than the
speed of light in the medium, they emit Cherenkov radiation of optical and ultraviolet fre-
quencies [154,155]. The effect occurs since the particles excite the surrounding atoms, causing
them to consequently emit photons which interfere constructively, creating radiation in a cone
shape. If a neutrino interacts in the ice inside the IceCube detector volume, the Cherenkov
radiation emitted by the final-state charged particles is detected by the PMTs, which trans-
forms the photon signal into an electric signal that is transferred to the rest of the DOM.

The Cherenkov radiation from a neutrino-nucleon interaction has different topologies
inside the detector depending on the final-state particles. In both CC and NC interactions,
the hadronic shower leads to a signal that can be seen as a spherical shape across the DOMs
called a cascade. A neutrino produced in a NC interaction leaves no additional signal, and
so the NC interaction is recognized on this cascade. In νe and ντ CC, the outgoing electron
or tauon scatters quickly in an electromagnetic shower which also leads to a cascade. In νµ
CC, the final-state particle is a muon which has a long lifetime of τµ ' 2µ s. This is enough
time for it to propagate through the detector and make an event type called a track, created
by the molecules it excites while traveling by. In rare cases, the CC final-state tauon might
instead of an electromagnetic shower produce a so-called double bang [156], where two small
showers can be seen. It can also decay into an electron or a muon.

Tracks are distinguishable, and thus the muon neutrino is often clearly identified. In
addition, the track direction is nearly the same as the incoming neutrino direction. Since the
track direction can be reconstructed to within less than 1◦ [157], tracks are ideal to search
for point sources of high-energy neutrinos. However, since the muon often exists the detector
before it has deposited all its energy, it is difficult to reconstruct the original energy of the
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neutrino. On the other hand, the cascades from the νe and ντ CC events and from the
NC interaction are contained in IceCube, which makes us able to reconstruct the neutrino
energies. However, the angular resolution is bad, so the neutrino event does not point back
to the source. Furthermore, it is difficult to tell the incoming neutrino flavors apart. The
tauon neutrino can though be identified by the occasional double bang.

This thesis will use data of high-energy neutrinos observed by IceCube. As explained,
this data will include information about the energy spectrum, the arrival direction, timing,
and flavor composition.

3.3.2 Status in IceCube high-energy astrophysical neutrino obser-
vations

IceCube discovered the existence of a diffuse flux of high-energy astrophysical neutrinos in
2013 [1]. The diffuse high-energy neutrino spectrum is well-described by a power law in
energy, independent of neutrino flavor. This distribution is as expected from the predicted
acceleration processes of cosmic rays in the astrophysical sources. Currently, no neutrinos
above 10 PeV have been observed, which means that UHE neutrinos are yet to be confirmed
[158]. The diffuse flux that IceCube detects is compatible with being isotropic, since it does
not have an excess of neutrinos in any specific direction. Therefore, the diffuse flux is likely
predominantly of extragalactic origin.

Figure 3.4 shows a contour plot of the fit of the spectral index from the High Energy
Starting Events (HESE) analysis [11]. The best-fit value yields of γ = 2.87+0.20

−0.19.
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Figure 3.5: Feynman diagram of the s-channel interaction between high-energy (anti)neutrinos
(−)
ν

and axion dark matter a, mediated by a heavy neutral lepton N . The strength of the interaction is
g.

As explained in Section 3.2, different sources of high-energy astrophysical neutrinos have
been proposed. However, except the SN1987A, none of them have been fully confirmed in
observations. One event to notice is the detection of a neutrino signal in the direction of the
blazar TXS 0506+056 made in 2015 by IceCube, which was coincident with a gamma-ray
flare [159]. A blazar is a sub-class of active galactic nuclei, which has the jet pointed towards
the Earth. Later investigation of archival data also showed an excess of neutrinos in that
direction with a 3.5σ significance.

The high-energy neutrinos observed by IceCube are not only important to explain the
processes behind the production of the high-energy particles in the sources and identify them,
but they are also ideal probes of new physics, since they reach higher energies than particles
in any man-made accelerators. This includes secret neutrino interactions with the cosmic
neutrino background [160], sterile/active neutrino oscillations [161], and interactions with
dark matter, the latter which is investigated in this thesis.

3.4 Neutrinos interacting with axion-like dark matter

The fundamental particle nature of dark matter can be probed with different particle inter-
actions that have Standard Model particles in their final state. Axion-neutrino interactions
could thus be proved, in principle, via neutrino production from pair annihilation, neutrino
production from axion decay, and elastic scattering between neutrinos and axions. We will
focus on the latter. The axion-neutrino scattering could happen as high-energy neutrinos
propagate from their astrophysical sources towards the Earth. On their way, they might
interact with a cosmic background of axion-like dark matter.

Figure 3.5 shows the Feynman diagram of the axion-neutrino elastic scattering. The

interaction happens between active (anti)neutrinos denoted by
(−)
ν , and axion-like particles

denoted by a. The strength of the interaction is given by the adimensional coupling strength
g. We assume that the coupling strength is flavor-diagonal and universal, such that gll ≡ g
for l = e, µ, τ . Consequently, we investigate the propagation of only one species of neutrinos.
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The mediator of the axion-neutrino interaction is a heavy neutral lepton N (also called a
sterile neutrino, see Section 3.1.3). We assume that the axion dark matter is a boson of
spin 0, and since the neutrino is a fermion of spin 1

2
, the heavy neutral lepton is a scalar to

conserve the spin of the interaction.
Since the mediator is on-shell, the axion-neutrino scattering is resonant in the s-channel

depicted. In this case the t-channel contribution is sub-dominant [162]. The interaction being
resonant makes it possible to see a significant effect of an elastic scattering in the neutrino
spectra observed by IceCube. That the interaction is resonant means that the probability
of axion-neutrino interaction is enhanced. This results in an attenuation of neutrinos with
energies near the resonance energy, leading to a dip at resonance energy in the neutrino
spectra. The scattering also leads to a regeneration of the outgoing neutrino, which means
it will have a lower energy than originally. This is observable as a bump in the neutrino
spectra. The dip and the bump are hence characteristic features that we can search for in
the IceCube high-energy neutrino data.

Since the cross section of the axion-neutrino interaction is resonant, we have to regularize
it to avoid it being divergent. On that account, we use a Breit-Wigner cross section [163],
since it models resonances without any divergence. The cross section is given by

σaνN = σ (a+ ν → N → a+ ν) =
1

16π

g4s

(s−m2
N)

2
+m2

NΓ2
, (3.4)

where
√
s =

√
2EaEν +m2

a is the center-of-mass energy (CoM-energy), mN is the mass of
the mediator, and Γ is the heavy neutral lepton decay width. The axion energy is denoted
Ea and is given by Ea = (1− β2)−1/2ma, where βa = va/c = 7 · 10−4 is the average axion-like
dark matter velocity [164,165]. The decay width Γ can be expressed by [162]

Γ =
g2mN

4π
. (3.5)

The cross section is resonant when s = m2
N , corresponding to a neutrino energy of

Eres =
m2
N −m2

a

2Ea
, (3.6)

Interactions between axions and neutrinos are more probable to happen when the neutrino
energy is close to the resonance energy. The cross section does not depend on the neutrino
mass; instead, it depends on the coupling strength, the axion mass, and the heavy neutral
lepton mass. The values of these parameters are largely unknown. Hence they are not fixed
a priori but are inferred from data. They will be varied over many orders of magnitude when
modeling the flux in Chapter 4.

3.4.1 Current axion-neutrino landscape

To the best of our knowledge, the only existing constraint on the axion-neutrino coupling is
from Ref. [166]. This work constrains the coupling gaνN of a scattering between neutrinos
and dark-matter axions using a heavy neutrino mediator, equal to the interaction we use.
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Figure 3.6: Constraints on the axion-neutrino coupling as a function of the mass of the heavy neutral
lepton mediator for three different choices of axion mass: 10−1 eV, 10−4 eV, and 10−7 eV. The best
fit value for each axion mass is the line at the center of each region, while the darker region shows ±1σ
and the lighter colored region outside this shows ±2σ. The constraints are based on neutrino events
from the blazar TXS 0506+056. The dashed lines represent typical neutron star merger neutrinos
with a constant mean free path of 600 Mpc and energies of 1 PeV. Figure from [166].

However, it employs a slightly different s-channel cross section. The constraints are based on
the observations of a total of 13 neutrinos coming from the blazar TXS 0506+056 (described
in Section 3.3.2).

Figure 3.6 shows the results of the analysis in Ref. [166]. They place constraints on gaνN
as a function of mediator massmN , using three different axion masses. To make a comparison
to other searches for point-sources of high-energy astrophysical neutrinos, the dashed lines
correspond to the typical energy and mean free path of neutrinos expected from neutron star
mergers.

With our analysis we aim to explore larger ranges of the coupling strength gaνN and the
mass of the heavy neutral lepton mediating the axion-neutrino interaction. Additionally, we
will place constraints on the axion mass in relation to the coupling strength.



4 | The high-energy neutrino flux at Earth

4.1 Derivation of the propagation equation

The high-energy astrophysical neutrino flux can be modeled by the propagation equation. It
describes the propagation of high-energy astrophysical neutrinos from their sources towards
the Earth, including the possible coupling between high-energy neutrinos and a cosmic back-
ground of axion-like particles. To compute it, we use a diffuse isotropic neutrino flux, i.e., the
accumulated emission of the entire population of extragalactic high-energy neutrino sources,
integrated across all redshifts.

The time evolution of the neutrino propagation is as follows: neutrinos are emitted at
a time t < 0 and reach the Earth when t = 0. The neutrino energy at time t is Eν . The
comoving number density of the neutrinos is denoted by ni(t). As the neutrinos propagate,
we follow the evolution of ñ, defined by ñ(t, Eν) ≡ dn(t, Eν)/dEν . When reaching the Earth,
the isotropic diffuse high-energy neutrino flux is

Φ⊕(Eν) ≡
dNν

dEνdAdtdΩ
=

c

4π
ñ(0, Eν), (4.1)

where Nν is the number of neutrinos, A is the area, Ω is the solid angle, and c is the speed of
light and also approximately that of the neutrinos. To compute the evolution of the comoving
number density and thereby the diffuse flux, we solve the propagation equation. It is given
by

∂ñ(t, Eν)

∂t
=

∂

∂Eν
[H(z)Eνñ(t, Eν)] +W(z)L0(Eν)− Σ(t, Eν)ñ(t, Eν) +R(t, Eν), (4.2)

inspired by Eq. (2) in Ref. [160]. The propagation equation is recast in terms of redshift
instead of time by using the relation dz/dt = −[(1 + z)H(z)]−1 [167], where H(z) is the
Hubble parameter, given by H(z) ≈ H0

√
ΩΛ + Ωm(1 + z)3. Here the Hubble constant is

H0 = 100h s−1 Mpc−1, the vacuum energy density is ΩΛ = 0.685, the matter density is
Ωm = 0.315, and h = 0.674 [19]. This yields

(4.3)

∂ñ(z, Eν)

∂z
= − 1

(1 + z)H(z)

{
∂

∂Eν
[H(z)Eνñ(z, Eν)]

+W(z)L0(Eν)− Σ(z, Eν)ñ(z, Eν) +R(z, Eν)

}
.

24
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The first two terms on the right-hand side of Eq. (4.3) describe the standard picture
of neutrino propagation, where the neutrinos do not interact with any particles, i.e., they
free-stream from the sources to the Earth. The first term is the adiabatic cosmological
expansion of the Universe, which causes the neutrinos to experience an energy loss at the
rate of H(z)Eν as they propagate. The second term accounts for the injection of neutrinos
by the astrophysical sources. W describes the redshift evolution of the number density of the
neutrino sources. It follows the star formation rate [168], such that most sources will be at
a redshift of z ≈ 1. The diffuse flux of the injected neutrinos given by L0(Eν) is expected to
follow a power law: L0(Eν) ∝ Eγ

ν , where γ is the spectral index.
The last two terms of Eq. (4.3) account for the axion-neutrino interactions. In the third

term, the interaction rate is Σ = na(z)σaνN(Eν), where na(z) is the number density of axions,
and σaνN(Eν) is the axion-neutrino cross section (see Eq. (3.4)). Since we assume that dark
matter is made up of axions, we assume the axion density is equal to the canonical local dark
matter density: na(z = 0) = ρDM/ma = 0.3(GeV/ma) cm−3 [169]. At higher redshifts this is
na(z) = na(z = 0)(1 + z)3.

The fourth term on the right-hand side of Eq. (4.3) accounts for the regeneration of
the neutrinos after the interaction. The incoming neutrino has the energy E ′ν and will be
regenerated at an energy Eν . The regeneration is expressed by

R(z, Eν) = na(z)

∫ ∞
Eν

dE ′νñ(z, E ′ν)
dσaνN(E ′ν)

dEν
, (4.4)

inspired by Eq. (7) of Ref. [170]. Since the axion-neutrino interaction is assumed to happen
via the s-channel, we can divide the differential cross section into the total cross section and
an energy distribution function: dσaνN(E ′ν)/dEν = σaνN(E ′ν)f(E ′ν , Eν). If N is Majorana,
the angular distribution of the daughter particles in the decay N → ν + a is isotropic [171],
causing the energy distribution f(E ′ν , Eν) to be flat and we end up with

R(z, Eν) = na(z)

∫ ∞
Eν

dE ′νñ(z, E ′ν)σaνN(E ′ν)
3

E ′ν

(
Eν
E ′ν

)2

, (4.5)

where the factor 3 accounts for the normalization of the energy distribution function:∫ E′
ν

0

dEνf(E ′ν , Eν) = 1. (4.6)

4.2 Solution of the propagation equation

The propagation equation of Eq. (4.3) is solved numerically. The equation is evolved in
redshift by integrating over the interval zmax = 4 to zmin = 0. The choice of zmax is generous,
based on the star formation rate. There may be neutrino sources beyond z = 4, but they are
so far away that their contribution to the flux that reaches Earth is insignificant. The initial
condition is thus ñ(zmax, Eν) = 0.

Our goal is to compare the event rate at IceCube expected from a given neutrino flux,
computed under axion-neutrino interactions, with the real experimental data of IceCube and
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look for effects of the axion-neutrino interaction in the data. We thus need to ensure that the
solution of the propagation equation results in a flux with characteristic features inside of the
IceCube observational energy range. The high-energy neutrino range that IceCube observes
is about 10 TeV to 10 PeV. The lower limit arises due to the background from atmospheric
muons and atmospheric neutrinos: below 1 TeV the astrophysical neutrino events become
indistinguishable from the atmospheric neutrino events and there is a large background of
atmospheric muons. The background will be explained in further detail in Section 5.2. The
upper limit is a result of the fact that there have been no observations of neutrinos of higher
energies as explained in Section 3.3.2. Sources might accelerate neutrinos to higher energies,
but this flux is not observed yet.

We solve the propagation equation over a generous energy range of 103 – 1012 GeV, since
the resonance of the axion-neutrino interaction might introduce effects that cover a broader
range in energy of the neutrino spectra than the IceCube range. For example, the resonance
energy might be at an energy higher than the maximum energy to which IceCube is sensitive,
but broad features may be visible far from the resonance and inside the IceCube energy range.
If the higher neutrino energy was not included in the simulation, these features would not be
taken into account in the analysis. We do not include energies below 1 TeV, even though the
features could be observable in IceCube from a resonance energy lower than 1 TeV, simply
because the background is too high.

To account for a decrease in neutrinos of higher energies, we introduce an exponen-
tial cut-off in energy to the neutrino spectra, Ecut, which will be a free parameter of our
analysis. Adding this to the neutrino injection term of the propagation equation, we get
W(z)L0(Eν) =W(z)E−γν exp(−Eν/Ecut). Presently, with 7.5 years of IceCube astrophysical
neutrino data [11], there is no evidence for a cut-off yet. Regardless, we include the cut-off in
our analysis because the spectral feature that it introduces on the diffuse flux may mimic the
features introduced by axion-neutrino interactions. Hence, not including the cut-off could
over-represent the sensitivity to axion-neutrino interactions.

We solve Eq. (4.3) numerically for varying values of the following free model parameters:
the mass of the axion, ma, the mass of the heavy neutral lepton mediator, mN , the coupling
strength of the axion-neutrino interaction, g, the spectral index of the neutrino production, γ,
the cut-off energy, Ecut, and the all-flavor normalization of the flux at 100 TeV, Φ0. The latter
is not varied in the numerical solution but rather fitted for later, since the normalization is
just a re-scaling parameter.

Figure 4.1 shows an example of the neutrino spectrum for a solution to the propaga-
tion equation with different terms of the propagation equation turned on. The flux of free-
streaming neutrinos is a flat line, except for the cut-off at the end. The axion-neutrino leaves
an attenuation dip in the neutrino spectrum, which is the third term of the right-hand side
of Eq. (4.3). The characteristic feature to notice is a depletion of neutrinos at the resonance
energy. The solid curve includes the regeneration of the neutrinos as well, which results in a
small bump just below resonance energy.

The three parameters describing the axion-neutrino interaction are the two masses, ma

and mN , and the coupling strength g. Their values will determine the placement of the
attenuation dip, its width, and its depth. It can be seen from Eq. (3.6) how the resonance
energy is determined by the two masses; a large mediator mass leads to a high resonance
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Figure 4.1: Example of the characteristic features from the axion-neutrino interaction on the neutrino
flux at Earth. The dashed curve is the free-streaming case of the propagation equation; the dotted
curve includes the attenuation of neutrinos from the axion-neutrino interaction; and the solid curve
includes both the attenuation and the regeneration from the axion-neutrino interaction. All fluxes
are normalized to 10−8 GeV cm−2 s−1 sr−1 at 1 TeV. In this plot, the high-energy neutrino flux was
computed using mN = 10−3 GeV, ma = 10−11 GeV, g = 10−4.125, γ = 2, Ecut = 1010 GeV.

energy, while a large axion mass leads to a low resonance energy. The depth and the width
of the dip follow the cross section, which is highly dependent on g by σaνN ∝ g4. The cross
section also depends on ma and mN (see Eq. 3.4).

Figure 4.2 shows how each of the parameters impacts the flux, except for the flux nor-
malization which we keep fixed for illustration. Figure 4.2 (a) sketches how the shape of
the flux is affected by each parameter. The remaining five plots show the impact of each
parameter individually. The figures with red fluxes describe the parameters of the axion-
neutrino interaction, and the purple fluxes describe the parameters related to the production
of neutrinos.

As explained above, the parameters of the axion-neutrino interaction affect the dip in
three different ways. The three figures, 4.2 (b), (c), and (d) describe this relation. Firstly
in figure (b), five fluxes are shown for five different values of the mediator mass. As the
mediator mass increases, it causes a shallower and narrower dip, while the dip occurs at
increasingly higher energies. In figure (c), we see that the axion mass has the same impact
as the mediator mass, except the dip moves to lower energies as ma increases. In figure (d),
the dip increases both in depth and width as the coupling strength increases.

In practice, since we solve the propagation equation for a fixed grid of values of neutrino
energy (Section 4.3), the solver rarely calculates the flux at the resonance energy exactly.
Instead, the distance between the resonance energy and the nearest energy point will differ
depending on the free parameters. Consequently, the depth of the dip depends not only on
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(a) (b)

(c) (d)

Figure 4.2: Impact of each of the free parameters on the neutrino spectra. (a) This figure shows how
each parameter affects the neutrino spectrum. (b) Impact of the mediator mass on the flux. The dip
decreases and moves to higher energies with increasing mN . (c) Impact of the axion mass on the
flux. The dip increases and moves to higher energies with increasing ma. (d) Impact of the coupling
strength on the flux. The dip becomes deeper and wider with increasing g. (Continues on next page.)

the parameters but also on how close the resonance energy is to the nearest node of the
neutrino-energy grid. Regardless, Figure 4.2 is an accurate representation of the effect of the
parameters on the flux.
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(e) (f)

Figure 4.2: (Continued from previous page.) (e) Impact of the spectral index on the flux. The
slope increases while the visibility of the dip decreases with increasing γ. (f) Impact of the cut-off
energy on the flux. If the cut-off energy is close to the resonance energy, the bump and the dip
becomes distorted. In figures (b)-(e), one of the free parameters is varied while the values of the
other parameters are kept constant: mN = 10−2.24 GeV, ma = 10−10.59 GeV, g = 103.75, γ = 2,
Ecut = 1010 GeV. The fluxes are normalized to 10−8 GeV cm−2 s−1 sr−1 at 1 TeV.

The spectral index, γ, and the cut-off energy, Ecut, which are related to the production
of neutrinos, are varied in figure (e) and (f). In figure (e) it can be seen that as the spectral
index increases, the slope of the flux becomes steeper. As a consequence, the bump becomes
smaller, since there are fewer neutrinos at higher energies to take from. Figure (f) shows how
the energy cut-off affects the flux. The cut-off will distort the spectral features on the flux
from the axion-neutrino interactions if its value is lower or close to the resonance energy.

4.3 Numerical implementation

To explore the parameter space of axion-neutrino interactions for a wide range and finely
spaced grid of model parameter values, we favored to compute the numerical solution of
the propagation equation in C++, where implementation is fast. Our solver is an implicit
Gaussian second order Runge-Kutta, as implemented in the GNU Scientific Library (GSL)
[172]. (A higher-order Runge-Kutta would give a higher precision in the solution, however
testing the solution with different orders showed negligible differences in the flux. Since the
second order Runge-Kutta provides a good balance between precision and time, we chose
this).

We vary the values of the five model parameters mN , ma, g, γ, and Ecut over wide
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ranges, since their values are largely unknown, and solve the propagation equation for each
value assignment. To compute the neutrino flux for a large number of points in this five-
dimensional parameter space, we run our solver in parallel on a large number of computer
cores on our local high-performance computing cluster.

We solve the propagation equation in redshift steps of ∆z = 10−3. This was tested to be
the sweet spot between precision and time. In reality, the step size is only an upper limit,
since the GSL solver will vary the step size according to the slope of the flux. To reduce
the run time, we computed the integral in the regeneration term of the propagation equation
with a Riemann sum instead of using GSL for integration.

Figure 4.3: Fluxes computed for a different number of energy points. The fluxes converge as the
number of energy points increases. We choose 400 energy points for the simulations since this flux
is almost the same flux as for 500 energy points, but the computation is a lot faster. The flux is
normalized to 10−8 GeV cm−2 s−1 sr−1 at 1 TeV for the flux with 200 energy points. The fluxes have
the parameter values mN = 10−3 GeV, ma = 10−11 GeV, g = 10−3.5, γ = 2, Ecut = 1010 GeV. In
the plot below, we calculate the ratios of the fluxes with different number of energy points compared
to the flux with 500 energy points. The fluxes are interpolated to span over 500 energy points in the
energy range. The ratio with 400 energy points shows no significant differences over most energies,
except at the dip and the end of the spectrum. However, it can be seen on the figure above that these
differences are insignificant visually.

Figure 4.3 shows how the resolution of localized features in the neutrino energy spectra
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changes as the number of energy points increases for a given set of parameter values. The
energy points are spaced logarithmically over the 103 – 1012 GeV energy range. We find that
the flux converges as the number of energy points increases; the flux of 200 energy points
differs a lot more from a flux with 300 energy points than a flux of 300 energy points differs
from a flux of 400 energy points. Since 400 and 500 energy points result in almost the same
flux, as it can be seen in the bottom plot, we choose to solve the propagation equation for
400 energy points to save run time.

4.3.1 Constraining the parameter space

The model parameters mN , ma, g, γ, and Ecut of the solution to the propagation equation
span a five-dimensional parameter space. The parameters of special interest are mN , ma,
and g, since they describe the properties of the axion-neutrino interaction, which we want
to place constraints on. We want to cover as broad a range as possible of different values of
the three parameters, since the order of magnitude of the values are unknown, as explained
in previous sections.

In order to be able to place constraints on the values of the model parameters, the
characteristic features in the flux should be observable. In other words, the ranges of the
parameters will contain, but not be limited to, regions where the features from the axion-
neutrino coupling appear within the chosen energy range. The goal is to avoid computing the
fluxes outside of these regions to save run time. One way to quantify whether the features
will be observable is via the axion-neutrino interaction length. The interaction length is
the mean distance traveled by a particle before it undergoes an interaction. For the axion-
neutrino interaction it is given by

`int(g,ma,mN , Eν , z) =
1

na(ma, z)σaνN(g,ma,mN , Eν)
=

1

Σ(g,ma,mN , Eν , z)
. (4.7)

If the interaction length is long, few axion-neutrino interactions will occur, and the dip will
not be prominent. On the other hand, if the interaction length is short, many interactions
will happen and we will see a prominent dip. For a neutrino flux with a very short interaction
length, the numerical solution of the propagation equation can have a very long run time. The
reason is that when the solver approaches the energy where the dip is, it takes increasingly
small steps in redshift to find the solution. As the dip gets deeper and deeper, the run time
will increase exponentially. Hence, it is not a problem to compute a solution with a small
dip, but it is extremely slow when the dip is wide and deep.

With this in mind, we set up a number of criteria for determining the regions of the
parameter space where we should explicitly solve the propagation equation. The criteria are:

1. The features of the axion-neutrino interaction should be within the ob-
servable energy range of IceCube. The resonance energy of the axion-neutrino
interaction or the spectral features of the interaction should be within the energy range
observable by IceCube. As determined in Section 4.2, this leads to an energy range of
1 TeV ≤ Eres ≤ 10 EeV.
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2. The axion-neutrino interaction should be probable. In some regions of the
parameter space, the interaction length is too large for the interaction ever to occur
across the chosen redshift range. To avoid computing the fluxes in this region, we place
an upper limit on the interaction length: `int ≤ 10 Gpc, corresponding to approximately
the size of the observable Universe [167,173].

3. The propagation equation should be solvable within reasonable run time. In
cases where the interaction length is very small, the resonant dip is very steep. As a
result, the run time increases exponentially, to a point where the numerical solution of
the propagation equation ends up with an unreasonably long run time. The run time
optimization implementations described in Section 4.3 are not enough to reduce the
run time significantly in the most extreme cases. We therefore place a lower limit on
the interaction length: `int ≥ 50 pc, corresponding to a run time of approximately one
hour for one flux, which is fast enough to compute the large number of fluxes of the
analysis.

The computed fluxes which do not fulfill the first two criteria will be computed as power-law
fluxes, with a high-energy cut-off, corresponding to the case of free-streaming neutrinos in
Eq. 4.3. The power-law fluxes are computed for different ranges of the γ and Ecut. The fluxes
not meeting the third criteria but the first one are extrapolated from the computed solutions
that meet all criteria. The lower limit on the interaction length is tested to produce enough
fluxes needed for the extrapolation. The extrapolation method is elaborated on in Section
4.3.2.

Figure 4.4 shows how the criteria divide up the parameter space for (a) the first criterion
on the energy and (b) the second and third criteria on the interaction length. The resonance
energy is determined by the axion mass and the mediator mass, see Eq. (3.6). The values
of these parameters that result in the features on the neutrino spectra being within the
IceCube range are contained in the blue region in Figure 4.4 (a). The gray region to the left
yields fluxes with resonance energy below 1 TeV, while the gray region to the right yields
the fluxes with resonance energy above 10 EeV. The white region includes the combination
of parameters for which the axion mass is larger than the mediator mass, which will result
in a negative resonance energy. Even though a negative energy is unphysical, in this case it
just means that the resonant features never appear, so the flux is a power law. Figure 4.4 (b)
shows the interaction length criteria based on values of the mediator mass and the coupling
strength. The gray region to the left of the band contains fluxes with interaction length less
than 50 pc, while the gray region to the right of the band contains fluxes with interaction
length greater than 10 Gpc.

Figure 4.5 illustrates all three criteria of the parameter space as a function of the mediator
mass and the coupling strength for four different values of the axion mass. The blue lines
surround the band where the resonant features on the neutrino spectra fulfill the first criterion
from Figure 4.4 (a), and the orange lines surround the band in Figure 4.4 (b) containing the
fluxes satisfying the second and third criteria on the interaction length. At the overlap
between the blue band and the orange band, all criteria are satisfied and we compute the full
solution of the propagation equation. This is marked by the green hatched region. Above
this region, where the first criterion is satisfied but the interaction length is below 50 pc, we
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(a) (b)

Figure 4.4: (a) Contour plot of the values of the axion mass ma and heavy neutral lepton mass mN

which will allow for the resonant features of the axion-neutrino interaction to be observable within
the IceCube range (in blue). The white region is where the resonance energy is negative, which occurs
when mN < ma. (b) Contour plot of the values of the mediator mass and coupling strength which
fulfill the criteria set for the interaction length for a fixed axion mass.

extrapolate the fluxes. This is marked by dark green. Since the light green region constitutes
such a small part of the parameter space, it underlines the need for extrapolating the fluxes
where possible.

In principle, the interaction length should be calculated at an energy equal to the res-
onance energy, since here its value will be minimal. However, when the cross section is
evaluated at resonance energy, it becomes independent of the coupling strength and the
axion mass (see Eq. 3.4):

σaνN(s = m2
N) =

1

16π

g4s

m2
NΓ2

=
1

16π

g4

Γ2
=

1

16π

g4

(g2mN/4π)2 =
π

m2
N

. (4.8)

Calculating the interaction length at resonance would thus not make us able to set any
constraints on the free parameters. Instead, on Figure 4.5 we set the limits on the interaction
length at 99% of the resonance energy, since this gives a good indication of what happens
near resonance, and it is nice for illustrative purposes. In reality, the energy grid of the
numerical solution does not necessarily include the resonance energy or its value at 99%, so
the interaction length is computed at the energy point closest to resonance. In addition, we
also calculate it at z = 4, corresponding to the neutrino sources furthest away, since this
favors the upper limit and we want to solve the propagation equation for as many fluxes as
possible.

We now have all the tools for choosing the ranges of the free parameters resulting in
the most fluxes being within the region where all criteria are satisfied and we can solve the



CHAPTER 4. THE HIGH-ENERGY NEUTRINO FLUX AT EARTH 34

Figure 4.5: Contour plots of the interaction length evaluated at 99% of the resonance energy, based
on the ranges of the mediator mass mN and the coupling strength g for four different values of the
axion mass ma. The orange lines surround the region which is within the criteria for the interaction
length: the interaction length should not exceed 10 Gpc, since then the interaction does not occur
within the observable Universe; and the interaction length should not be lower than 50 pc, since then
the computation time is too large. The blue lines surround the region where the resonant features are
observable within IceCube (IC) range. In the green region where the orange and the blue overlap we
can solve the propagation equation, since all criteria are met. The region within resonance energy
and at an interaction length below 50 pc will be extrapolated. All gray regions have power laws as
solutions.
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propagation equation. At the same time, we want to cover broad ranges of the mediator
mass, the axion mass, and the coupling strength, to be able to place leading constraints on
their values. We therefore choose to vary them in a log scale. The axis ranges in Figure 4.5
match the parameter ranges that we choose for these three parameters. The reasoning of
each range is elaborated in the following.

First of all, we see that as the axion mass increases, the green regions move to the right in
the parameter space. At some point no part of the parameter space will satisfy the criteria.
For a value of ma = 1 GeV in the last plot, there will be no fluxes with characteristic features.
We use this fact to determine the value of the axion mass to vary in the analysis. To be
generous, we include ma = 1 GeV in the axion mass range. The lower limit on the axion
mass is partly determined by the contour plots; we see that for ma = 10−20 GeV, the green
regions are still present on the plot, if the mediator mass is below 10−5 GeV. We could go
lower in axion mass still, but we have to stop as some point. Since ma = 10−20 GeV is already
an axion mass a lot lower than the present literature has investigated for the axion-neutrino
coupling (as explained in Section 3.4.1), we choose to stop there.

Regarding the coupling strength, its value should not exceed 1, since this would make the
computation of the cross section non-perturbative. In principle there is no lower limit on its
value, since the interaction can be very feeble, so this choice depends on the other parameter
ranges. On the other hand, we expect it to be many orders of magnitude below the upper
limit, since this would be in nice correlation to the fact the the axion-neutrino interation has
not been observed before. Based on Figure 4.5, we choose a lower value of g = 10−9, which is
plenty to include the green regions fully in the parameter space for almost all values within
the chosen axion mass range.

The range of the mediator mass should complement the choice for the two other param-
eters, such that it comfortably contains the sub-range where the axion-neutrino features are
observable within the IceCube energy range. As it can be seen in Figure 4.5, the lower limit
should follow from the first plot with ma = 10−20 GeV. We choose mN = 10−9 GeV. The
upper limit is based on the highest value of ma chosen where the green region is still visible.
This corresponds to mN = 105 GeV.

The choice of the ranges for the remaining two parameters — the spectral index and the
energy cut-off — is based on the discussion in the previous sections. The spectral index is
expected to be γ = 2–3 (see Section 3.2), which is the interval we vary it in. Because the
value of the cut-off energy is unknown, we vary it in the range Ecut = 106 GeV–1010 GeV.

Table 4.1 is an overview of the parameter ranges and number of points chosen for each of
the five parameters of the analysis. The parameters of the axion-neutrino interaction, mN ,
ma, and g, are varied on a fine grid since we aim to place constraints on them. The coupling
strength, g, is varied on an even finer grid than the other parameters, since its value has the
largest effect on the neutrino spectra. Here we choose 73 points, such that each step in the
log space between each value of g is 0.125. The spectral index and the cut-off in energy both
relate to the neutrino production, and although these are unknown to a certain extent, they
are not of specific interest in this work. They are therefore only varied with five values each.

Based on all parameter ranges chosen, the total number of fluxes to compute is

nma · nmN · ng · nEcut · nγ· = 30 · 30 · 73 · 5 · 5 = 1, 642, 500 fluxes. (4.9)
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Parameter Range Points

Mediator mass, log10(mN/GeV) [−9, 5] 30

Axion mass, log10(ma/GeV) [−20, 1] 30

Coupling strength, log10 g [−9, 0] 73

Spectral index, γ [2, 3] 5

Energy cut-off, log10(Eν,cut/GeV) [6, 10] 5

Table 4.1: Table of the parameter ranges and number of points of the free parameters of the propa-
gation equation.

4.3.2 Extrapolation

In the region of the five-dimensional parameter space where the features of the axion-neutrino
interaction are observable by IceCube but the interaction length is shorter than 50 pc, we
extrapolate the neutrino fluxes. This corresponds to the dark green region of Figure 4.5.
The extrapolation is based on the already computed fluxes which satisfy criteria 1–3 from
Section 4.3.1. The extrapolation is necessary when the run time has increased notably due
to a large dip in the neutrino spectrum. This is largely determined by the coupling strength,
since the cross section varies as g4 (see Eq. (3.4)). Consequently, we choose to extrapolate
fluxes to large values of g, for which our solver is too slow, based on fluxes computed with
our solver for smaller values of g; we set up a space of fluxes sorted into bundles of different
coupling strengths but with the same mediator mass, axion mass, spectral index, and energy
cut-off. This space consists of the fluxes for which we could solve the propagation equation.
The existing fluxes are used as basis to extrapolate the fluxes with the remaining coupling
strength values. As an example, if the last flux to satisfy the computation criteria for a
specific set of parameter values has the coupling strength g = 10−3, then we extrapolate the
fluxes with 10−3 < g ≤ 1, which is the upper limit of the coupling strength range.

To extrapolate, we use a one-dimensional linear interpolator. To employ the one-dimensional
extrapolation in the two-dimensional space of the neutrino spectra, we make a linear extrap-
olation in one direction before combining all of the extrapolated points. This means that
for each energy point, the flux with a higher g is extrapolated. We use a toy model to com-
pare the extrapolated fluxes to the “true” flux to see which extrapolation method would fit
it the best. A comparison of different one-dimensional interpolators tested can be found in
Appendix A.1.

Figure 4.6 illustrates the extrapolation method. In figure (a), the fluxes all have the same
values of the free parameters except of the coupling strength which increases with increasing
depth and width of the dip. The gray and the dark green fluxes are the fluxes that fulfill all
computation criteria. The two dark green fluxes are used to extrapolate the next flux which
will have a coupling strength of the next point in the coupling strength range. This is given
by the light green flux. The extrapolation takes place for one energy point at a time. On the
figure we have marked the points of the green fluxes where the energy is Eν = 106 GeV. The
linear extrapolation of the fluxes at Eν = 106 GeV is shown in figure (b), which is in a space
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(a) (b)

Figure 4.6: (a) An example of how the extrapolation was performed in one direction (of the flux)
to create the points of the overall spectra. The fluxes in this plot all have the same values of the
free parameters except of g, which is increasing as the dip gets wider. The two fluxes of the largest
coupling strength to be computed numerically are used to make the linear extrapolation of the flux
with the next coupling strength. The extrapolated flux was calculated one energy point at a time. (b)
An example of how the extrapolation was performed in the dimension of the coupling strength for a
specific neutrino energy (here Eν = 106 GeV), corresponding to the points in (a). The flux with the
lowest coupling strength is normalized to 10−8 GeV cm−2 s−1 sr−1 at 1 TeV. The fluxes have the
parameter values mN = 10−2.72 GeV, ma = 10−11.31 GeV, γ = 2 and Ecut = 1010 GeV.

of the coupling strength. The process is repeated for the next flux in the row based on the
two previous fluxes. We continue until we reach g = 1.

The main problem of linear extrapolation is that the flux as a function of the dimension
that it is extrapolated in has to be fairly linear for the extrapolation to work properly. As
it turns out, the space in coupling strength of the known solutions is not very linear. To
improve the extrapolation, we need to find a way to make the space more linear. We tried
many different methods to obtain this, including dividing the known solutions by each other
in different ways. None of them were that successful. Ultimately, we found a way which
combines the extrapolation with additional information about the flux. This information
comes from an analytical solution of the propagation equation. If the regeneration term is
excluded, it is possible to solve the propagation equation analytically, independent of the
interaction length. This is a good approximation of the full solution since it follows the
general form of the flux except of the regeneration bump.

To make the extrapolation space more linear, we divide each computed flux from the light
green area of Figure 4.5 from the solution of the propagation equation with its analytical
approximation. The extrapolation is performed in this space, and the extrapolated solutions
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are then multiplied by their analytical solution to get back to the original space. Since the
extrapolation gets worse as it is based on fluxes further and further from the original solutions,
the fact that we use the analytical solution also helps with keeping some of the information in
the extrapolated fluxes. The method is explained in detail in Appendix A.1. The analytical
approximation of the solution of the propagation equation without regeneration is derived in
Appendix A.2.

Instead of calculating an analytical approximation, it is also an option to solve the prop-
agation equation numerically without the regeneration term. However, this is only about 10
times faster than the full numerical solution, which is not a large enough reduction in time
for all solutions to have a reasonable run time. The analytical solution is very practical in
this regards, since its computation time is independent of the size of the attenuation dip and
only depends on the redshift step size.



5 | Detecting high-energy neutrinos

5.1 Propagation through the Earth

In Chapter 4, we solved the propagation equation that describes how high-energy neutri-
nos travel from their sources to the Earth with the possibility of interacting with a cosmic
background of axion-like dark matter on their way. At the surface of the Earth, the flux
of high-energy neutrinos is isotropic. Upon reaching the Earth, the neutrinos travel under-
ground, from the surface of the Earth to IceCube, interacting with matter along the way.
The cross section for neutrino-nucleon interactions increases with the neutrino energy. As a
consequence, above ∼ 10 TeV, the Earth is opaque to neutrinos [174–177].

The column depth of matter that neutrinos traverse inside the Earth depends on their
incoming direction, which is quantified by the incoming zenith angle, cos(θz). We distinguish
between up-going neutrinos with −1 ≤ cos(θz) . 0 and down-going neutrinos with 0 .
cos(θz) ≤ 1. Up-going neutrinos travel up to the diameter of the Earth before they reach
IceCube, while down-going neutrinos reach IceCube after traveling through the atmosphere
and a few kilometers of ice. Broadly stated, the more neutrino-matter interactions take
place, the stronger the attenuation of the flux will be. Thus, the flux of up-going neutrinos
is more strongly attenuated by interactions with matter inside the Earth, compared to the
flux of down-going neutrinos. Likewise, the attenuation is also stronger for neutrinos of
higher energy, since the neutrino-nucleon cross section grows with energy. The interactions
attenuate the flux in an energy-, direction-, and flavor-dependent manner. Below, we describe
this in detail.

The neutrinos traveling through the Earth will experience deep inelastic scattering on
nucleons. These scatterings are CC interactions, where the neutrino interacts with a nucleon
to produce a charged lepton of the same flavor and a hadronic shower, and NC interactions,
where the neutrino interacts with a nucleon to produce a neutrino of the same flavor and a
hadronic shower. The interactions are described in further detail in Section 3.3.1. The energy
of a neutrino after a DIS neutrino-nucleon interaction is determined by the inelasticity. An
incoming neutrino of energy Eν gives, on average, the final-state lepton a fraction (1 − 〈y〉)
of its energy, and the hadronic shower will receive the energy fraction 〈y〉, where 〈y〉 is the
average inelasticity of the interaction, which can be 0 ≤ y ≤ 1. At astrophysical neutrino
energies of TeV-PeV, the average inelasticity is 〈y〉 = 0.25− 0.30 [174–176,178]. This means
that final-state leptons have about 70-75% of the original neutrino energy.

Generally, NC interactions dampen the flux at high energy and regenerates it at lower
energies. CC interactions deplete the flux of νe and νµ by removing neutrinos. When a tau
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neutrino interacts with matter by a CC interaction, the produced tauon decays within the
Earth volume to produce a new tau neutrino of lower energy. We call this process tau neutrino
regeneration. As a result, the observed neutrino spectrum will show a pile-up of tau neutrinos
at lower energies compared to the other flavors. At TeV–PeV energies, ντ regeneration is a
minor effect, but we will still account for it. The effect becomes more important at higher
energies.

Another neutrino-matter interaction is the resonant production of W -bosons, also called
Glashow resonance [179]. It happens when the anti-neutrino electron scatters on an electron
to produce a W−-boson by ν̄e + e− → W−. The interaction is resonant at a neutrino energy
of

Eν =
MW − (m2

e +m2
ν)

2me

≈ 6.3 PeV, (5.1)

where MW is the W-boson mass, me is the electron mass, and mν is the neutrino mass.
As a result, the anti-electron neutrino flux is highly attenuated near the resonance energy.
On resonance, the Glashow resonance cross section is roughly 200 times larger than the
neutrino-nucleon cross section. Neutrinos of other flavors also scatter off of electrons, but
only elastically, and with a tiny cross section. In 2021, it was confirmed that IceCube had
observed the Glashow resonance for the first time [180].

Besides the neutrino-matter interactions, other effects occur when neutrinos propagate
in matter compared to vacuum. Modifications of neutrino oscillations in matter, i.e., the
Mikheyev-Smirnov-Wolfenstein (MSW) effect [181,182], are due to electron neutrinos experi-
encing coherent forward scattering from the electrons they encounter in the Earth. Coherent
means that the scattering is the same for all neutrinos traveling along the same path – their
oscillations evolve identically and they will be in the same state upon detection. In the high-
energy regime relevant for axion-neutrino interactions, the matter effects will however not
play a significant role [183].

Figure 5.1 shows the effects of Earth attenuation, tau regeneration, and Glashow res-
onance on the neutrino spectrum of each neutrino flavor for illustrative neutrino fluxes at
the detector, computed with and without the neutrino-axion interactions, and for different
neutrino arrival directions. Down-going neutrinos have almost no interaction with matter,
so this neutrino flux is similar to that on the surface of the Earth. Horizontal neutrinos
propagate through a tiny part of the Earth, so there is only a small difference between the
neutrino flavors. For downgoing and horizontal neutrinos, the characteristic features induced
by neutrino-axion interactions are clearly visible, and undistorted by the propagation inside
the Earth.

For up-going neutrinos, the effects of interactions inside Earth are apparent. Firstly, the
flux is attenuated at energies above 10 TeV, compared to the down-going and horizontal
fluxes. Secondly, the regeneration of tau neutrinos and anti-tau neutrinos appears distinctly
above 100 TeV, where the ντ flux is higher than the νe and νµ fluxes.

For a directly up-going flux of cos(θz) = −1, the flux is attenuated the most. The
attenuation is so strong at PeV energies that the Glashow resonance is difficult to see unless
the flux is measured at a very high precision. The dip from the axion-neutrino interaction
becomes more distorted the more of the Earth that the neutrinos pass through. The distortion
means that the dip becomes shallower and wider, compared to how it looks pre-attenuation.
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Figure 5.1: Example of the fluxes as neutrinos of each flavor reach the detector for a down-going
direction at cos(θz) = 1 (first row) and horizontal direction at cos(θz) = 0 (second row). Left
column: an example power-law flux, which is the result of neutrinos free-streaming before they reach
the Earth. Right column: a flux with an axion-neutrino interaction. Fluxes are normalized to 10−8

GeV cm−2 s−1 sr−1 at 1 TeV. The fluxes were computed using the parameter values ma = 10−2.24

GeV, mN = 10−10.59 GeV, γ = 2 and Ecut = 1010 GeV. (Continues on next page.)

The reason is that neutrinos that had energies originally above the dip have been regenerated
to energies around the dip, so they “fill up” the deficit. Since the neutrinos become more
attenuated the higher their energy, an axion-neutrino interaction with high resonance energy
will be more distorted than that with a lower resonance energy.
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Figure 5.1: (Continued from previous page.) Example of the fluxes as neutrinos of each flavor
reach the detector for an up-going direction at cos(θz) = −0.7 (first row) and up-going direction at
cos(θz) = −1 (second row). Left column: an example power-law flux, which is the result of neutrinos
free-streaming before they reach the Earth. Right column: a flux with an axion-neutrino interaction.
Fluxes are normalized to 10−8 GeV cm−2 s−1 sr−1 at 1 TeV. The fluxes were computed using the
parameter values ma = 10−2.24 GeV, mN = 10−10.59 GeV, γ = 2 and Ecut = 1010 GeV.

The fluxes shown in Figure 5.1 come from simulations made using nuSQuIDS (Neu-
trino Simple Quantum Integro-Differential Solver) [184]. nuSQuIDS calculates the impact of
high-energy neutrinos interacting with the matter of the Earth by solving their propagation
equation, using state-of-the-art oscillation calculations. The computation of neutrino propa-
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Category Edep < 60 TeV Edep > 60 TeV Total

Total Events 42 60 102

Up 19 21 40

Down 23 39 62

Cascade 30 41 71

Track 10 17 27

Double Cascade 2 2 4

Table 5.1: Summary of the High Energy Starting Events (HESE) data set collected by IceCube after
7.5 years of observation. We use the events above 60 TeV in our analysis. From [11].

gation through the Earth is already included in the event rate calculations on which we base
our analysis, elaborated in Section 5.3. The plots shown in this section based on nuSQuIDS
are thus only used for illustrative purposes. The results based on nuSQuIDS and on the
HESE Monte Carlo data assume the Preliminary Reference Earth Model when describing
the matter density inside Earth. This is built from seismological data, which models the
density of Earth in radial shells that increase in density towards the core [185].

5.2 IceCube High Energy Starting Events and background

The data set that we use is the High Energy Starting Events (HESE) collected during 7.5
years (2635 days) of the live time of the IceCube detector. The HESE data consists of 102
detected astrophysical neutrino events with an energy above 10 TeV. They all come from
neutrino-nucleon interactions that took place inside the detector, which is why they are
called starting events, as opposed to events where the neutrino interaction happen outside
the detector volume.

Table 5.1 shows a summary of the HESE data set that we use. The neutrino events are
divided into up- and down-going neutrinos and the three event types: cascades, tracks, and
double bangs. The events are further differentiated between events with deposited energies
below 60 TeV and above 60 TeV due to the atmospheric background. Deposited energy is
the energy of the neutrino-induced shower that is reconstructed from the photons collected
by the DOMs.

There is an overwhelming flux of atmospheric muons and neutrinos produced by cosmic-
ray interactions in the atmosphere, which constitutes a large background for the astrophysical
neutrino detection. This background falls steeply with energy [158] and is sub-dominant to
astrophysical neutrinos at high energies. Thus, to reduce the atmospheric contamination and
enhance the contribution of astrophysical neutrinos, in our analysis we use only HESE events
with energies above 60 TeV, the same threshold value used by the IceCube Collaboration.
The atmospheric neutrinos come from pion and kaon decay, also called the conventional
atmospheric neutrino flux. Another type of atmospheric neutrino flux is the prompt flux
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from charmed meson decay [186]. However, this is not yet observed, and we thus ignore it in
our analysis.

There are two advantages of using high-energy starting events. Firstly, it makes it possible
to do a full energy reconstruction, since showers are contained and tracks deposit a large
part of their energy inside the detector. Secondly, it reduces the background of atmospheric
neutrinos significantly. To reduce the contamination of atmospheric neutrinos in the HESE
sample, the outer layers of the detector are used as veto layers. They include about 90 m
of DOMs around the detector sides, 90 m from the top and 10 m from the bottom. For
a visual overview of the veto layer placements, we refer to Figure II.1 in Ref. [11]. The
atmospheric neutrinos propagate alongside accompanying muons from the air shower where
they are produced. The role of DOMs in the veto layer is to flag atmospheric neutrinos
by detecting the passage of the atmospheric muons co-created with them, since these leave
tracks in the detector. If a neutrino event is detected by triggering DOMs in the fiducial
volume, but at the same time DOMs in the veto region along the same incoming direction
are triggered, the neutrino event is not categorized as a starting event. The atmospheric
muons can not be excluded by the veto layer, since its thickness is insignificant compared to
the muon decay time. However, an estimate of the muon background is based on the muon
events in the veto region.

Figure 5.2 shows the 7.5-year HESE sample, together with the best-fit contribution of
astrophysical neutrinos, atmospheric neutrinos, and atmospheric muons, from Ref. [11]. The
events are summed over flavor. Fig. 5.2 (a) is the event rate as a function of deposited energy,
summed over direction. The blue region is excluded due to the high background, compared
to the astrophysical neutrino signal. The bin with a low number of neutrino events at about
7 PeV is from the Glashow resonance. Even though up-going anti-electron neutrinos have
been absorbed at this resonance, the down-going anti-electron neutrinos have only traveled
through few kilometers of the ice, so they are not attenuated yet and will interact resonantly
in the detector. Fig. 5.2 (b) shows the angular dependence of the event rates for energies
above 60 TeV. The background of atmospheric muons is highly dependent on the zenith angle
and is only a background for down-going neutrinos because they will not survive to propagate
longer distances. The figure also shows that the HESE selection eliminates a significant part
of the atmospheric neutrino background for down-going neutrinos.
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Figure 5.2: Event rates of high-energy neutrino events from the HESE data (crosses) compared to a
stacked histogram of the expected MC events from best-fit values divided into astrophysical neutrino
flux, conventional neutrino flux and atmospheric muon flux. (a) shows the event rates as a function
of deposited energy. The blue region is a cut-off placed at 60 TeV due to the larger background. (b)
shows the event rates as a function of the reconstructed neutrino cosine zenith angle. Reproduced
from [11].
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5.3 Event rates

5.3.1 Event rate derivation

In our analysis, we compare the HESE event rates predicted for high-energy neutrino fluxes
computed assuming that there are neutrino-axion interactions, versus the observed 7.5-year
HESE data set. We compute the rate of cascades, tracks, and double cascades separately,
since they are distinguished from each other in the HESE data set.

In a high-energy starting event, the neutrino-nucleon interaction takes place inside the
IceCube detector. This means that the full shower caused by the final-state particles will
be contained. In a neutral-current interaction, the shower is initiated by the final-state
hadrons; the final-state neutrino escapes without interacting. The deposited energy Edep in
the DOMs is thus the shower energy Esh given by Edep = Esh = 〈y〉Eν , where 〈y〉 is the
average inelasticity of 〈y〉 = 0.25− 0.30. In a charged-current interaction where the outgoing
lepton produces a shower in addition to the hadronic shower, Edep = Esh = Eν . For a CC νµ
interaction, the final-state muon creates a track that is mostly contained inside the detector,
so we can approximate Edep = Esh + Etrack ≈ Eν .

To compute HESE event rates, we use the publicly available sample of Monte Carlo events
and analysis tools provided by the IceCube Collaboration; we describe it in Section 5.3.2.
The diffuse neutrino events initiated by neutrinos with energies between Emin

ν and Emax
ν ,

recorded within a detector live time T , is

Nν = 2πTNN

∫ Emax
ν

Emin
ν

dEν

∫ +1

−1

d cos θzΦνAeff(Eν , θz) , (5.2)

where NN is the number of target nucleons in the detector, and the effective area, Aeff , repre-
sents the energy- and direction-dependent response of the detector. In a first approximation,
it can be computed as

Aeff(Eν , θz) = e−L(θz)/LνN (Eν ,θz)σνN(Eν) , (5.3)

where L(θz) is the length traveled by a neutrino coming from direction θz, LνN ≡ (σνNnN)−1

is the attenuation length due to νN interactions, nN is the number density of nucleons
encountered along this direction, and σνN is the neutrino-nucleon cross section.

5.3.2 HESE Monte Carlo simulations

In our analysis, we compute HESE event rates for different diffuse high-energy neutrino fluxes
by repurposing the large set of Monte Carlo (MC) HESE events made publicly available [187]
in association with Ref. [11]. This MC set contains 102 HESE events simulated using a
nuanced description of the detector response, including the energy resolution, and of the
background of atmospheric neutrinos and muons.

The MC data set, as provided by the IceCube Collaboration, was produced adopting a
pure power-law all-flavor flux for the high-energy neutrinos, i.e.,

dΦref(Eν)

dEν
= φastro

(
Eν

100TeV

)−γastro
· 10−18 GeV−1cm−2s−1sr−1, (5.4)
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where γastro = 2.87 is the spectral index of the diffuse astrophysical neutrino flux, Eν is the
neutrino energy, and φastro = 6.36 is the all-flavor normalization at 100 TeV. These are the
best-fit values obtained in the 7.5-year HESE analysis [11].

Given a different neutrino flux, computed as described in Chapter 4, we can transform the
MC data set to compute the corresponding expected HESE event rate. Each of the events in
the MC data set is provided together with a statistical weight that, broadly stated, represents
its contribution to the data set, and is energy-, direction-, flavor-, and topology-dependency.
We transform the MC event rates computed using the reference flux, Eq. (5.4), to the event
rates computed with an arbitrary flux Φ, by “reweighing" the events. In practice, this means
that, for the i-th MC event, with energy Eν,i and original weight wi, we compute a new
weight

w′i = wi
Φ(Eν , i)

Φref(Eν , i)
. (5.5)

For details about the weights and reweighing, see Ref. [11,188].
Figure 5.3 shows the all-flavor contained neutrino event rates summed over angle and

flavor for a power-law flux in the background and a flux with an axion-neutrino interaction
in front. The event types of cascades, tracks, and double cascades are stacked to give the
total event rate. The resonance energy of the axion-neutrino interaction is at 6.3 · 105 GeV,
which can be seen on each figure as a slight deficit in events compared to the background.
The event rates decrease with energy except at about 5 PeV where the Glashow resonance
causes the event rates to slightly increase. Figure 5.3 (a) is for a spectral index of γ = 2 while
(b) is for a spectral index of γ = 3. A larger value of γ causes the event rates to decrease
more with energy. Figure 5.3 (b) is comparable to the HESE event rate in Figure 5.2 where
γ = 2.87.
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Figure 5.3: Left column: neutrino fluxes at the surface of the Earth for an example power-law flux
and a flux with axion-neutrino interactions. The fluxes in the first row have the same parameter
values as the flux at the detector in Figure 5.1 with ma = 10−2.24 GeV, mN = 10−10.59 GeV, γ = 2
and Ecut = 1010 GeV. The fluxes in the second row are of the same parameter values except with a
spectral index of γ = 3. Fluxes are normalized to 10−8 GeV cm−2 s−1 sr−1 at 1 TeV. Right column:
example event rates based on the example fluxes with a detector livetime of 7.5 years (2635 days)
showing a stacked histogram of cascades, tracks, and double cascades. The transparent background
shows a histogram of event rates based on an example power-law flux of free-streaming neutrinos,
and the foreground shows a histogram based on an example flux of an axion-neutrino interaction with
resonance energy at 6.3 · 105 GeV (inside the bin range).



6 | Statistical analysis

To compare our event-rate predictions to the 7.5-year HESE data set, we adopt a Bayesian
statistical approach. We denote the HESE data as the observed neutrino events, {Nobs}Nobs

i=1 ,
in the i-th bin of deposited energy. This is compared to the theoretically predicted neutrino
events from the solution of the propagation equation, {Nth}Nth

i=1 . The bin ranges come from
the HESE analysis, as shown in Figure 5.2. There are 21 bins in the range above 60 TeV to
the upper IceCube range of 10 PeV.

The free parameters that we vary are the all-flavor normalization of the astrophysical
neutrino flux at 100 TeV, Φast

0 , and the background of atmospheric neutrinos and atmospheric
muons, Φatm,ν

0 and Φatm,µ
0 ; the parameters of the axion-neutrino interaction, the mediator

mass mN , the axion mass ma, and the coupling strength g; and the parameters of the
astrophysical neutrino production, the spectral index γ, and the energy cut-off Ecut. We
denote the free parameters by θ̄ = (Φast

0 ,Φatm,ν
0 ,Φatm,µ

0 ,mN ,ma, g, γ, Ecut). In the particular
case of free-streaming neutrinos, the flux depends on only a subset of these parameters,
η̄ = (Φast

0 ,Φatm,ν
0 ,Φatm,µ

0 , γ, Ecut).
To compare the observed neutrino events from the IceCube HESE data to the computed

simulations of the axion-neutrino interactions, we make use of a test statistic. This compares
the number of neutrinos in each bin between the two and quantifies how well they agree. We
use a Poisson likelihood to account for random fluctuations in the event rate. The likelihood
function for each bin i is

Li(θ̄) =
Nth,i(θ̄)

Nobs,i exp
(
Nth,i(θ̄)

)
Nth,i!

. (6.1)

The combined likelihood is the product of the likelihood of the individual bins. For each
event topology t, where t = {cascade, track, doubletrack}, this is

Lt(θ̄) =

Nbins∏
i=0

Lti(θ̄). (6.2)

Collectively, for all event types, we get

L(θ̄) = Lcascade(θ̄) · Ltrack(θ̄) · Ldouble(θ̄). (6.3)

We use the likelihood to find the posterior P , which is given by

P(θ̄) =
L(θ̄)π(θ̄)∫
L(θ̄)π(θ̄)dθ̄

, (6.4)

49
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where π is the prior for each free parameter, which we describe below. For the case of
free-streaming neutrinos, we have equations similar to Eq. (6.2-6.4) where θ̄ is replaced by
η̄.

We account for the background of atmospheric neutrinos and atmospheric muons in the
same way as the IceCube HESE analysis in Ref. [11]. In our analysis, we only consider
the conventional flux of atmospheric neutrinos, from the decay of pions and kaons, and not
the prompt flux of atmospheric neutrinos, from the decay of charmed mesons, which so far
remains undetected [11]. The atmospheric neutrino flux is computed using the Hillas-Gaisser
H3a model [189–191] for the parent cosmic-rays spectrum and mass composition, and the
Sybill 2.3c hadronic interaction model [192]. The atmospheric muon flux corresponds to
the flux of single muons that evade the HESE veto, and is calculated using CORSIKA [193]
to simulate cosmic ray-induced air showers, assuming the Hillas-Gaiser H4a [191] model
of cosmic-ray spectra and the Sybill 2.1 hadronic model [194]. The uncertainties in the
prediction of the event rates induced by atmospheric neutrinos and muons are represented by
the normalization of their respective fluxes, Φatm,ν

0 , and Φatm,µ
0 , which we vary around their

theoretical predictions of 1, as part of our likelihood analysis.
Thus, in each energy bin, the total number of predicted events is the sum of events induced

by astrophysical neutrinos, Nast
ν,i , computed as described in Chapter 2, plus the background

of events induced by atmospheric neutrinos, Natm
ν,i , and atmospheric muons, Natm

µ,i . For the
free-streaming neutrinos and the neutrinos interacting with axions, we get, respectively

Nth,i(θ̄) = Nast
ν,i (Φast

0 ,mN ,ma, g, γ, Ecut) +Natm
ν,i (Φatm,ν

0 ) +Natm
µ,i (Φatm,µ

0 ) (6.5)

Nth,i(η̄) = Nast
ν,i (Φast

0 , γ, Ecut) +Natm
ν,i (Φatm,ν

0 ) +Natm
µ,i (Φatm,µ

0 ). (6.6)

Table 6.1 contains the individual priors of the free parameters. The prior is a sum of all
prior knowledge of all of the free parameters:

π(θ̄) = π(Φast
0 )π(Φatm,ν

0 )π(Φatm,µ
0 )π(mN)π(ma)π(g)π(γ)π(Ecut) (6.7)

π(η̄) = π(Φast
0 )π(Φatm,ν

0 )π(Φatm,µ
0 )π(γ)π(Ecut). (6.8)

The priors on the parameters that are varied in the solution of the propagation equation
(parameters of the axion-neutrino interaction and neutrino production) are all flat with a
distribution between the chosen parameter ranges. The priors on the normalization are
equal to those in the HESE analysis.

We maximize the posterior of Eq. (6.4) using UltraNest, an efficient Bayesian nested-
importance sampler [195–197]. It computes the best-fit values and the marginal likelihood.
The posterior probability distributions of both the SM and BSM fluxes are shown in Appendix
B. Without axion-neutrino interaction, the spectral index best-fit value is γ = 2.85+0.18

−0.11,
compatible with the spectral index of the IceCube analysis of γ = 2.87+0.20

−0.19 [11].
The marginal likelihood or evidence is given in the denominator of Eq. (6.4). We find

its value in the case for the beyond the Standard Model physics (BSM) of axion-neutrino
interactions and for the standard (std) free-streaming case with just a power-law flux:

ZBSM =

∫
L(θ̄)π(θ̄)dθ̄, (6.9)
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Parameter Prior

Mediator mass, log10(mN/GeV) Flat in [−9, 5]

Axion mass, log10(ma/GeV) Flat in [−20, 1]

Coupling strength, log10 g Flat in [−9, 0]

Spectral index, γ Flat in [2, 3]

Energy cut-off, log10(Eν,cut/GeV) Flat in [6, 10]

Astrophysical norm., Φast
0 Flat in [0, 1000]

Atm. neutrino norm., Φatm,ν
0 Gaussian centered at 1, with width 0.5

Atm. muon norm., Φatm,µ
0 Gaussian centered at 1, with width 0.4

Table 6.1: Priors of the free parameters of the propagation equation and the normalization.

Bayes factor, B Strength of evidence

B < 1 Null hypothesis accepted

1 < B < 101/2 Barely worth mentioning

101/2 < B < 101 Evidence substantial

101 < B < 103/2 Evidence strong

103/2 < B < 102 Evidence very strong

102 < B Evidence decisive

Table 6.2: Jeffreys’ table. From [198].

Zstd =

∫
L(η̄)π(η̄)dη̄. (6.10)

The evidence of the standard case and the BSM physics are compared using the Bayes factor,
given by

B =
ZBSM

Zstd
. (6.11)

The higher the value of B, the stronger the preference for an explanation of the HESE data
that involves new physics over one that does not.

Table 6.2 shows Jeffreys’ table which quantifies the preference between the null hypothesis
of the free-streaming neutrinos and the alternative hypothesis of axion-neutrino interactions
[198]. If B � 1, the new physics are preferred.
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Table 7.1 shows the best-fit values of the free parameters for a flux of high-energy astrophys-
ical neutrinos computed with axion-neutrino interactions, and their allowed ranges at a 68%
confidence level (C.L.) and a 95% C.L. The coupling strength is hardly constrained: at a
1σ level, values down to g = 10−7.2 are allowed; for such small values, there is no observ-
able axion-neutrino features on the high-energy neutrino flux. Hence, there is no statistical
significance for axion-neutrino interactions in the HESE data.

Figure 7.1 shows the flux of free-streaming high-energy neutrinos and of high-energy
neutrinos computed with axion-neutrino interactions, calculated with the best-fit parameters
from Table 7.1. The latter shows no evidence for features like dips and bumps.

Figure 7.2 shows the two-dimensional marginalized contours of the axion-neutrino param-
eters. For all of them, the 1σ contour level spans most of the landscape. This underlines
that the evidence for axion-neutrino interactions is non-existent.

The fit in the BSM case yields an evidence of ln(ZBSM) = 5.7010. The fit in the SM case
yields an evidence of ln(Zstd) = 5.7406. The Bayes factor is thus

B = 0.9611, (7.1)

which, according to Jeffreys’ scale (Table 6.2), means that the null hypothesis is accepted,
and there is no evidence of axion-neutrino interactions.
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Parameter 68% C.L. 95% C.L.

Mediator mass, log10(mN/GeV) −1.8+4.8
−4.1 −1.8+6.1

−6.5

Axion mass, log10(ma/GeV) −9.2± 6.0 −9.2+9.2
−9.7

Coupling strength, log10 g −4.6± 2.6 −4.6+4.1
−4.0

Spectral index, γ 2.77+0.26
−0.11 2.77+0.32

−0.29

Energy cut-off, log10(Ecut/GeV) 8.0+1.1
−1.3 8.0+1.8

−1.7

Astrophysical norm., Φast
0 5.4+1.0

−1.2 5.4+1.8
−1.8

Atm. neutrino norm., Φatm,ν
0 0.99± 0.45 0.99+0.74

−0.74

Atm. muon norm., Φatm,µ
0 1.02± 0.38 1.02+0.63

−0.62

Table 7.1: Best-fit values and allowed parameter ranges of the free parameters.
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Figure 7.2: Two-dimensional marginalized contours of (a) the axion-like dark matter mass and the
coupling strength, (b) the mediator mass and the coupling strength, and (c) the axion-like dark matter
mass and the coupling strength. Best-fit values are marked by white crosses. Darkest blue regions
are of 68% C.L., medium blue regions are of 95% C.L., and light blue regions are of 99.7% C.L.



8 | Conclusion and outlook

In this thesis, we have considered axion-like particles as an ultra-light dark matter candidate
that couples to neutrinos. We have studied a scenario where axion-like dark matter interacts
with high-energy neutrinos, via a heavy neutral lepton, and searched for evidence of its
existence in 7.5 years of High Energy Neutrino Events (HESE) collected by the IceCube
neutrino telescope.

We have computed the diffuse flux of high-energy neutrinos from a population of astro-
physical sources, allowing them to interact with a cosmological background of axion-like dark
matter as they propagate from their sources to Earth. These interactions imprint character-
istic features on the high-energy neutrino spectrum. We computed the fluxes for a wide range
of values of the parameters that control axion-neutrino interactions and of the parameters
that describe the spectrum with which high-energy astrophysical neutrinos are produced.
In addition, we computed the corresponding expected rate of HESE events in IceCube, by
adapting the same Monte Carlo simulation that is used by the IceCube Collaboration, which
is built on a detailed description of the detector. Finally, we used a Bayesian statistical
analysis to compare the predicted event rates to the observed HESE data. In doing so, we
took into account the irreducible background of atmospheric neutrinos and muons using the
same predictions as the IceCube Collaboration.

Our analysis found no statistically significant evidence for the existence of axion-neutrino
interactions in 7.5 years of HESE data. Therefore, we set bounds on the parameters involved
in the interactions: the mass of the axion-like dark matter particle, the mass of the heavy
neutral lepton mediator, and the coupling strength of the interaction. These are the first
bounds set on the neutrino-axion coupling set using a diffuse flux of high-energy astrophysical
neutrinos.

On the experimental side, future observations may extend our analysis to higher energies.
The planned upgrade to IceCube, IceCube-Gen2 [199], will have an energy range up to ultra-
high energies, where it will search for the long-predicted flux of ultra-high energy neutrinos,
with EeV-scale energies. The fluxes that we have computed in Chapter 4 already extend
to these energies. Using higher neutrino energies would allow us to test higher resonance
energies and, consequently, heavier mediators. Additionally, IceCube-Gen2 will be about
10 times larger than the current detector and increase the number of observations at TeV–
PeV energies with an order of magnitude in the same time span. Other neutrino Cherenkov
experiments that will provide more statistics in the IceCube energy range include KM3NeT,
Baikal-GVD and P-ONE [200].

On the theory side, the model that we have explored only used flavor-universal cou-
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plings. However, in the future, when more data is available, we may be able to explore
flavor-dependent couplings, and how they possibly affect the flux of different neutrino flavors
separately. Furthermore, we only explored ultra-light scalar dark matter, but dark matter
may have other spins (vector, pseudo-vector etc.), which may lead to different features in the
neutrino spectrum.
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A | Extrapolation

A.1 Extrapolation models

Figure A.1 shows a comparison between several different extrapolation methods. The ex-
trapolation is based on the last couple of full solutions to the propagation equation in the
parameter range where it can be solved in a reasonable time. Specifically, the extrapolation
happens along the coupling strength (g) direction. Three different one-dimensional interpola-
tion methods were tested: linear extrapolation, second degree polynomial fit, and a univariate
spline (with k = 3). The zoom-in on the bottom of the dip in the figure shows that the linear
extrapolation gives the best result.

Figure A.2 shows the extrapolation procedure in two different spaces. We found that
transforming the calculated fluxes to a different space could improve the performance of the
extrapolation. The fluxes in Figure A.2 (a) are extrapolated in the normal flux space, which
is not very linear, as can be seen in (b). This is a problem since we use a linear extrapolation.
A more linear extrapolation space is achieved when dividing the flux for a given value of g
with an approximate calculation of the flux, which does not take regeneration into account
(described in Section A.2). By extrapolating in this space and then transforming back to
the original space (by multiplying by the approximate solution again), the extrapolation
improved.
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Figure A.1: An example of how the different one-dimensional extrapolations performed compared to
the full solution. Here for mN = 10−3 GeV, ma = 10−11 GeV, g = 10−3.75, γ = 2, Ecut = 1010

GeV.

A.2 Analytical solution of the propagation equation

We will here solve the propagation equation of the journey of a high-energy astrophysical
neutrino from its source to Earth, with the chance of interaction with axion-like dark matter
(Eq. 4.3). The analytical solution of the propagation equation is inspired by Ref. [201].

The propagation equation without regeneration is expressed by the following in terms of
redshift:

(A.1)

∂ñ(z, Eν)

∂z
= − 1

(1 + z)H(z)

{
∂

∂Eν
[H(z)Eνñ(z, Eν)]

+W(z)L0(Eν)− na(z)σ(Eν)ñ(t, Eν)

}
= − 1

(1 + z)H(z)

{
H(z)ñ(z, Eν) +H(z)

∂ñ(z, Eν)

∂Eν
Eν

+W(z)L0(Eν)− na(z)σ(Eν)ñ(z, Eν)

}
Rearranging the equation to be comparable with Eq. (22) in Ref. [201], this looks like

H(z)

[
∂ñ(z, Eν)

∂z
+

Eν
1 + z

∂ñ(z, Eν)

∂Eν

]
=

1

1 + z
{[na(z)σ(Eν)−H(z)]ñ(z, Eν)−W(z)L0(Eν)} .

(A.2)
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Based on Eq. (23) in Ref. [201], the analytical solution will be

(A.3)
ñ(z, Eν) =

∫ ∞
0

dz

H(z)(1 + z)
W(z)L0(Eν(1 + z))

· exp

[
−
∫ z

0

dz′

H(z′)(1 + z′)
na(z

′)σ(Eν(1 + z′))

]
· exp

[∫ z

0

dz′

H(z′)

H(z′)

1 + z′

]
,

where
exp

[∫ z

0

dz′

H(z′)

H(z′)

1 + z′

]
= exp[ln(1 + z)] = 1 + z. (A.4)

This will cancel the factor 1/(1 + z) of the first term on the RHS of Eq. A.3. This yields

(A.5)
ñ(z = 0, Eν) =

∫ ∞
0

dz

H(z)
W(z)L0(Eν(1 + z))

· exp

[
−
∫ z

0

dz′

H(z′)(1 + z′)
na(z

′)σ(Eν(1 + z′))

]
,

which is the analytical solution for the high-energy neutrino flux at Earth. Since we choose
an upper limit of redshift of zmax = 4, the outer integral will go from 0 to 4.
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(a) (b)

(c) (d)

Figure A.2: Comparison of the extrapolation in the normal flux space in figure (a) and (b) versus
the space where the fluxes from the solution of the propagation equation have been divided by their
analytical approximation in (c) and (d). The latter space is more linear, and thus results in a better
extrapolation. The difference in linearity is clear when comparing (c) and (d). The flux with the
lowest coupling strength is normalized to 10−8 GeV cm−2 s−1 sr−1. Here for the parameter values
mN = 10−3 GeV, ma = 10−11 GeV, γ = 2 and Ecut = 1010 GeV.



B | Posterior probability distributions

Figures B.1–B.3 show the posterior probability distributions for the parameters equivalent
to the IceCube analysis, the parameters of free-streaming neutrinos, and the parameters of a
flux with axion-neutrino interactions. Posterior probability distributions are the correlations
between the different parameters. In each panel, we show the marginalized allowed regions of
the two parameters on the respective axes. Figure B.1 is used to reproduce the results from
the IceCube HESE analysis [11] and validate that our analysis works. This is true since the
spectral index is γ = 2.85+0.18

−0.11, compatible with the spectral index of the IceCube analysis of
γ = 2.87+0.20

−0.19.
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Figure B.1: Posterior probability distributions of the three normalization parameters and the spectral
index, equivalent to the parameters of the IceCube HESE analysis. Darkest blue regions are of 68%
C.L., medium blue regions are of 95% C.L., and light blue regions are of 99.7% C.L.
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Figure B.2: Posterior probability distributions of Standard Model free-streaming neutrinos. Darkest
blue regions are of 68% C.L., medium blue regions are of 95% C.L., and light blue regions are of
99.7% C.L.
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Figure B.3: Posterior probability distributions of neutrinos of beyond the Standard Model physics
where axion-neutrino interaction take place. Darkest blue regions are of 68% C.L., medium blue
regions are of 95% C.L., and light blue regions are of 99.7% C.L.


