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Abstract

The neutrinos of cosmic origin discovered by the IceCube detector, with TeV–PeV
energies, unlocked new perspectives on high-energy non-thermal astrophysical sources
and high-energy fundamental physics. It is therefore captivating to extend our reach to
higher energies, where neutrinos will connect us to the most extreme phenomena of our
Universe. In the upcoming decade, a new generation of neutrino telescopes, currently
under planning, will target the discovery of ultra-high-energy (UHE) neutrinos, with
EeV-scale energies, predicted in the late 1960s. Discovering UHE neutrinos would shed
light on the origin and production mechanism of the most energetic cosmic rays, and
also allow us to probe neutrino physics at energies otherwise unattainable. A versatile
tool to test both aspects is their flavor composition, i.e., the fraction of neutrinos of each
flavor in the total flux. However, measuring the flavor content of UHE neutrinos would
require individual UHE neutrino telescopes to have flavor-identification capabilities.
This is not guaranteed, even though research is ongoing. In this work, we propose and
explore a novel idea to measure the UHE neutrino flavor composition that circumvents
this potential obstacle. Flavor sensitivity is manufactured from the joint detection by
two telescopes, one sensitive to all flavors—the radio array of IceCube-Gen2—and one
mostly sensitive to ντ —GRAND. Even under conservative choices of neutrino flux and
detector size, this flavor sensitivity, predominantly to ντ , is sufficient to extract new
insight. This work presents the first measurement forecasts of the UHE ντ content.
Then, these forecasts are used for astrophysics, where they give meaningful constraints
on the neutrino production mechanism, and for fundamental physics, improving by
many orders of magnitude the constraints on Lorentz-invariance violation.
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Chapter 1

Neutrino Physics

1.1 A brief history of neutrinos

Neutrinos are neutral spin-1/2 fermions that interact only via weak interactions in the
Standard Model of particle physics. Their history covers a whole century, but even
after a long research campaign, which is even more active today, they stand among the
most uncanny characters in our theories of the fundamental interactions.

The early tales of neutrinos are strongly tied to the birth and development of nuclear
science: since the discovery of radioactivity by Henry Becquerel in 1896, people began
to study the radiations spontaneously emitted by certain minerals, finding out that
they were of three types, called α, β and γ. β radiation was soon understood to be
made of electrons, but its spectrum seemed to be inconsistent with the nuclear models
of the time.

Indeed, back then only protons and electrons were known, and these were thought
to be the building blocks of the nucleus. To explain β radiation, people believed that
sometimes one of the electrons contained in the nucleus was emitted, leading to a two-
body decay to a different nucleus–the β-decay. Problems arose when, 20 years after the
discovery of β radiation, scientists were able to measure with precision the spectrum of
this decay; it was a continuum spectrum and terminated, within the energy resolution,
at the energy that one would have expected in a two-body decay, by energy-momentum
conservation. Moreover, this model predicted some nuclei, such as 14N, to be fermions,
while they were behaving as bosons.

How to reconcile theory with experiments? The correct answer was eventually
given by Wolfgang Pauli in 1930. In order not to give up energy conservation and spin-
statistics theorem, he proposed the existence of a new particle [1], which he baptized
the neutron, that had to be neutral and of spin-1/2. Enrico Fermi, given the small
mass scale expected for this particle, proposed the name neutrino, ν, and what we call
neutron was discovered soon after by James Chadwick, in 1932 [2].

When Fermi wrote his successful theory for the β decay of nuclei [3], for which its
origin is the three-body decay of the neutrons inside the nucleus, n → e− + p + ν̄e,
he also realized that, in order to explain the data, the strength of the fundamental
interaction mediating this process should have been orders-of-magnitude weaker than
the electromagnetic interaction. β decay and its crossed processes (p → n + e+ + νe
and p + e− → n + νe) were the only known sources of neutrinos; thus, the hope to
detect and discover this new particle was challenged by its expected weak interactions
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2 Chapter 1

with matter. To compensate this problem, an intense source of neutrinos was needed,
so experiments were built in the proximity of nuclear reactors.

Finally, the neutrino was discovered by Frederick Reines and Clyde Cowan, in 1956
[4, 5]. Neutrinos, more specifically electron anti-neutrinos, were detected for the first
time via the inverse beta decay,

ν̄e + p→ n+ e+ ,

at the Savannah River experiment, where two tanks of water enriched with cadmium
(Cd) were placed as target for the intense flux of neutrinos coming from the nearby nu-
clear reactor. The resulting positron would annihilate with atomic electrons, producing
two photons in opposite directions, while the neutrons would have been captured by
Cd nuclei, leading to an excited state that would decay emitting a γ. Looking for the
coincident detection of two γ from pair annihilation, followed by the delayed detection
of the γ from Cd decay, Reines and Cowan found a rate of three events per hour,
which disappeared when the reactor was shut down. This confirmed the existence of
the neutrino, 26 years after Pauli’s intuition. Moreover, the cross section measured for
the inverse beta decay was compatible with the one predicted by Fermi’s theory.

This groundbreaking discovery catalyzed a multitude of new research directions in
Physics, which are still active today. Among these, we will retrace the solar neutrino
problem and discuss its resolution in the theory of neutrino oscillations, as it will be
an important tool for our work.

1.2 The oscillation puzzle

Soon after the discovery of the neutrino, it was realized that a flux of this particle
could come not only from nuclear reactors on Earth, but also from extraterrestrial
sources. Indeed, stars such as our Sun are fueled by chains of nuclear reactions, in
which neutrinos are produced with MeV scale energies. Fig. 1.1 [6] shows the different
contribution to the flux of solar neutrinos. The flux of solar neutrinos is orders of
magnitude smaller than the one detected at the Savannah River experiment, so new
detection techniques were necessary.

The first successful attempt was carried out in the late 1960s, in a radiochemi-
cal experiment at the Homestake gold mine in South Dakota. This experiment, led
by Raymond Davis and John Bahcall, consisted in a huge tank of perchloroethylene,
interacting with solar neutrinos via the inverse beta process

νe +
37Cl→ 37Ar+ + e− .

The 37Ar+ atoms produced would not interact with the chlorine, and were stable
enough to be counted as byproducts of the interactions of solar neutrinos. The ex-
periment detected for the first time solar neutrinos, but it measured a flux equal to
one third of the theoretical expectation [7, 8]. Although such a discrepancy was the
first hint towards new physics, its theoretical calculations relied on the Standard Solar
Model, which could also be the problem. In order to make any claim, new measure-
ments, complementary to the Homestake results, were necessary, together with more
robust calculations.
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Figure 1.1: Flux of solar neutrinos. The fluxes are in cm−1 s−1 and stem from dif-
ferent nuclear reactions, with the theoretical uncertainties due to the uncertain fraction
of heavier nuclei. Colors represent the threshold for different experimental techniques,
discussed in the chapter. Figure taken from Ref. [6].

To this end, new experiments were built, targeting a different energy window of the
spectrum of solar neutrinos. The experiments GALLEX, in Italy, and SAGE, in the
Soviet Union, used volumes of liquid gallium to observe the reaction [9]

νe +
71Ga→ 71Ge + e− .

Again, extracting and counting the germanium it was possible to measure the num-
ber of neutrino interactions. The threshold for this reaction was lower than the one
observed in the Homestake experiment, so these experiments were able to detect lower
energy neutrinos. In particular, they were sensitive to the νe produced in the proton-
proton (p − p) chain, which is the most efficient reaction happening in the Sun. A
larger flux of solar neutrinos, and more reliable calculations for the well-known p-p
chain, were available. Nonetheless, a discrepancy between theory and experience was
found again [10, 11].

As the mystery of solar neutrinos, later called the solar neutrino problem, deepened,
the properties of this ghostly particle were getting clearer. In 1962 Lederman, Schwartz,
and Steinberg had proved the existence of a neutrino associated to the interactions of
the muon, the muon neutrino νµ [12], and when the tau was discovered at SLAC [13],
it was immediately postulated the existence of a third neutrino, ντ (finally discovered
in the DONUT experiment, in 2000 [14]). The interactions of these three families of
leptons, electron, muon, and tau, and their corresponding neutrinos, were understood
in the context of Fermi’s theory, but their fundamental description was provided by
Steven Weinberg’s seminal paper [15], where weak interactions are mediated by three
heavy spin-1 particles, the W± and the Z.
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Most of the experiments targeting the detection of extraterrestrial neutrinos, the
neutrino telescopes, are built underground or in sites screened by thick layers of rock,
such as mountains or mines. This is because the Earth is constantly hit by a flux of
extraterrestrial particles, the cosmic rays (CRs), that interacting with the atmosphere
can initiate chain reactions of scattering events, called particle showers. The secondary
particles stemming from CRs interactions with the atmosphere are one of the main
sources of background in particle physics experiments, as they produce a flux of muons
and neutrinos that survive to the ground. These muons need to go through ∼ 1 km of
dirt for their flux to be significantly attenuated, while neutrinos interact hardly ever
and, depending on their energies, can even traverse the Earth unbothered.

Parallel to the experimental effort to understand the flux of νe emitted from the
Sun, there was a whole industry working to characterize these neutrinos, dubbed “at-
mospheric”. Atmospheric neutrinos have GeV-scale and are produced in the decay of
the muons and the charged pions stemming from CRs interactions with the atmosphere,
as π− → µ+ ν̄µ and µ→ e+ ν̄e + νµ (and their charge-conjugated processes).

Atmospheric νe, νµ, and their antineutrinos, are detected using huge tanks of wa-
ter instrumented with photomultiplier tubes. These experiments look for the light
produced by neutrino interactions. Indeed, the collision of a neutrino with a nucleon
can produce its corresponding charged lepton (this is called a “charged-current” in-
teraction). If this lepton has a speed larger than the speed of light of the medium in
which it propagates, it emits a cone of light peaked in the near-ultraviolet band, called
Cherenkov light.

Atmospheric neutrinos provided an additional piece of the puzzle when the results of
the Super-Kamiokande experiment, in the Kamioka mine in Japan, showed evidence of
the non-conservation of neutrino flavors [16]. The experiment was able to discriminate
the arrival direction, based on the arrival time of the Cherenkov light, and the interac-
tions of νe from those of νµ, since they produce light cones with different shapes. These
neutrinos are expected to be produced with the same properties around the globe, but
to reach the detector they need to travel different distances. Fig. 1.2 [17] shows the re-
sults of Super-Kamiokande: up-going neutrinos, traversing the Earth’s diameter, have
a different ratio of νe to νµ compared to those with down-going directions.

Eventually, Super-Kamiokande was also able to detect neutrinos with lower energies,
in particular solar neutrinos. The results [18] were consistent with the discrepancies
of the previous experiments, but the extension of Cherenkov techniques to the MeV
range paved the way for the final resolution of the 35-year-old solar neutrino problem,
which happened with the Sudbury Neutrino Observatory (SNO).

SNO was a Cherenkov experiment in Canada, deploying a large tank of hyper-
pure heavy water, i.e., with deuterium D instead of hydrogen-1, H. The presence of
deuterium allowed three detection channels: the charged-current of electron neutri-
nos, νe +D→ p+ p+ e−, the neutral-current interactions of neutrinos of any flavor x,
νx+D→ p+n+νx, and their elastic scattering on atomic electrons, νx+e− → νx+e−.
The possibility to detect a flavor-specific channel and the overall all-flavor flux of solar
neutrinos with two independent flavor-blind channels allowed to measure the ratio of νe
in the total flux. The results of SNO on solar neutrinos [19] showed that, even though
solar neutrinos are produced as νe, only a fraction of them maintain this flavor upon
detection on Earth. All the results on solar neutrinos mentioned so far are summarized
in Fig. 1.3 [20].
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Figure 1.2: Atmospheric neutrinos measured by Super-Kamiokande. Events
are grouped according to their flavor and energy, and plotted against the cosine of
the zenith angle, θ. Points with error bars are data, hatched boxes are Monte-Carlo
simulations without oscillations, solid line are Monte-Carlo simulations using best-fitted
oscillation effects. Figure taken from Ref. [17].

Figure 1.3: Theoretical predictions and measurements of the flux of solar
neutrinos. For each experiment, the flux of solar neutrinos from different reactions,
computed with the Standard Solar Model (SSM), is compared to the experimental results
(in blue). Figure taken from Ref. [20], first shown in Ref. [21].
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This resolution of the solar neutrino problem confirmed what Super-Kamiokande
proved for atmospheric neutrinos: the irrefutable presence of new physics, leading to
flavor violation in the neutrino sector that depends on their energy, initial flavor and
traversed distance. Further experiments using neutrinos from nuclear reactors and from
accelerators brought additional evidence to this idea (see Ref. [22] for a compendium of
oscillation results). Today, we understand all these data within the theory of neutrino
oscillations, which is next introduced and discussed.

1.3 Theory of neutrino oscillations

This section presents the formalism of neutrino oscillations, for which a neutrino pro-
duced with flavor α is measured with a flavor β that can be different (α, β = e, µ, τ),
and shows why it implies that neutrinos are massive particles. As stated in the last
section, this theory can explain why the fraction of νe that we measure in the flux
of solar neutrino is not one, as found by SNO, and why the ratio of νe to νµ for at-
mospheric neutrinos is not constant, in energy nor in arrival direction, as found by
Super-Kamiokande.

The idea of neutrino oscillations had been proposed by Bruno Pontecorvo [23] al-
ready in 1958, when he suggested the possibility of ν ←→ ν̄ oscillations in analogy
of those of meson-antimeson, and extended in 1967 [24] to two-flavors νe ←→ νµ os-
cillations. In this latter paper he considered the violation of lepton number and the
existence of a mass, which were later confirmed experimentally. Today we know there
are three families, or flavors, of neutrinos, associated to the three charged leptons.

There could be in principle additional neutrinos, yet undiscovered. However, from
the total decay width of the Z boson measured at the LEP experiment [25], as well
from astrophysical studies of Big Bang nucleosynthesis and the cosmic microwave back-
ground (see, e.g., [26]), we know that the number of active neutrino families, i.e., those
interacting with Standard Model particles, is exactly three, at least up to the energy
scales at which the Standard Model has been tested.

We organize them in a three-dimensional flavor multiplet of neutrino fields να (α =
e, µ, τ), which are eigenstates of the weak interactions. Neutrinos are massless in the
Standard Model, but if we assume the existence of a non-zero mass, then the three
mass eigenstates, denoted by νi (i = 1, 2, 3) and with masses mi, will be in general
rotated with respect to the flavor basis, i.e.,

να =
∑

i

Uαi νi .

The unitary matrix U , called the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) lep-
ton mixing matrix, can be parameterized by three mixing angles, θ12, θ23, θ13, and a
CP-violating phase, δ. These parameters are measured in experiments using neutrinos
from different sources, and it is usually given in the form

U =





1 0 0
0 cos θ23 sin θ23
0 − sin θ23 cos θ23









cos θ13 0 sin θ13e
−iδ

0 1 0
− sin θ13e

+iδ 0 cos θ13









cos θ12 sin θ12 0
− sin θ12 cos θ12 0

0 0 1



 ,

which is made up of the terms relevant for the oscillations of atmospheric neutrinos
(first rotation matrix), reactor neutrinos (second) and solar neutrinos (third).
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If we consider a pure state of flavor |ναð, this is produced as a coherent superposition
of the three mass eigenstates |νið. Quantum fields destroy one-particle states and create
one-antiparticle states, so we have

|ναð =
∑

i

U∗
αi |νið .

In order to relate the PMNS parameters to measurable quantities, we compute
the probability for a pure state in the flavor eigenstate |ναð, produced at space-time
coordinates (0,0), to be found at space-time coordinates (t,x) in the flavor state |νβð.

States evolve in time via the action of the Hamiltonian operator H, and in space
according to the three-momentum operator P. Thus, their evolution is better under-
stood when written in the propagation eigenbasis |νið (i.e., the one that diagonalizes
the Hamiltonian operator). In that case, and assuming natural units where c = ℏ = 1,
a pure state |νið evolves in space and time as

|νi (x, t)ð = ei(Ht−P·x) |νið = ei(E
i
νt−pi·x) |νið ,

where pi is the 3-momentum of the νi and Ei
ν =

√

m2
i + |pi|2 is its total energy. For

relativistic particles, in these units, E ≈ |p| and t ≈ L, where L is the traversed
distance, the baseline. Thus, for neutrinos we can approximate Ei

ν t − pi · x ≈ (Ei
ν −

|pi|)L ≈ m2

i

2Ei
ν

.
First, we consider the simplest case of free propagation in vacuum, for which the

operator governing the space-time evolution is the free Hamiltonian H0. In this case,
the propagation eigenstates are the mass eigenstates, and the rotation with respect
to the flavor basis is given by the PMNS matrix U . The oscillation probability is
computed, after some algebra, as

Pα→β (x, t) = |ïνβ(x, t) | ναð| 2 =
=

∑

i

|Uβi|2 |Uαi|2 +
∑

i ̸=k

UβiU
∗
αiU

∗
βkUαke

i(Ei
νt−pi·x)e−i(Ek

ν t−pk·x) . (1.1)

This probability is given by the sum of a constant term, due to the relative rotation
of the flavor and propagation eigenstates, and an oscillating term, due to the different
phase velocities of the three mass eigenstates.
Using the relativistic approximation, and neglecting higher-order differences in the
energies Ei

ν ≃ Eν , we write explicitly the oscillation probability for a neutrino of
energy Eν , traversing a baseline L, as

Pα→β (L,Eν) =
∑

i

|Uβi|2 |Uαi|2 +
∑

i ̸=k

UβiU
∗
αiU

∗
βkUαke

i
m

2

i
−m

2

k

2Eν
L . (1.2)

As we mentioned before, the experimental evidences for neutrino oscillations implies
the existence of a mass for neutrinos (thus, of physics beyond the Standard Model!)
and Eq. (1.2) shows why: a mass term for neutrinos allows to rotate non-trivially
the two basis (yielding a unitary matrix U different from the identity), and it enters
explicitly in the oscillating term via ∆m2

ij ≡ m2
i −m2

j . Note that there are only two
independent ∆m2

ij, and having measured ∆m2
ij ̸= 0 requires that at least two of the

three mass eigenstates should be massive (one could be massless).
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Performing oscillation experiments over different baselines and energy ranges it has
been possible to measure the values of the PMNS parameters and the mass differences
∆m2

ij [27, 28]. Yet, it’s still uncertain what is the hierarchy of the masses mi: future
experiments will use oscillation data to clarify whether the correct mass hierarchy is
m1 < m2 < m3 (the normal ordering) or m3 < m1 < m2 (the inverted ordering).

Oscillation experiments are sensitive only to the squared-mass differences, so they
cannot probe the overall mass scale of neutrinos. At present, the strongest upper limit
on neutrino mass comes from cosmology

∑

i mi < 0.12 eV [29], but there are also results
from laboratory experiments, measuring with high precision the end-point energy of
the β spectrum of tritium: the KATRIN experiment set the bound mνe < 0.8 eV [30].

The results presented so far hold for the free propagation of neutrinos in vacuum,
in which case the propagation eigenstates are the mass eigenstates (and the matrix
that rotates the propagation eigenbasis with respect to the flavor basis is the PMNS
matrix U). However, in general, the propagation of neutrinos may receive significant
contributions from interaction terms, either from matter effects (this is the case for
the Mikheyev–Smirnov–Wolfenstein effect in the Sun [31, 32]) or from beyond-the-
Standard-Model (BSM) effects [33]. In these cases, the calculation Eq. (1.2) generalizes
to any interaction described by a Hamiltonian H if |νið are the propagation eigenstates,
in general different from the mass eigenstates. Note that in this case the rotation
matrix is no longer the PMNS matrix U , which relates the mass and flavor basis, but a
different unitary matrix that we denote by U . In general, diagonalizing the Hamiltonian
is non-trivial and cannot be done analytically. During this work we will consider also
non-standard oscillations induced by BSM physics. In those case, the diagonalization
will be performed numerically.



Chapter 2

Neutrino Astrophysics

In Chapter 1, we introduced the main features of neutrinos and the most important
mechanisms that generate them: the nuclear processes happening in reactors and in
the Sun, and the decay of charged mesons produced in accelerator experiments and
in the interactions of cosmic particles with the atmosphere. This latter process is a
consequence of the existence of a flux of CRs, which was discovered by Victor Hess in
1912 [34].

Since then, numerous measurements of CRs have been performed, using several
techniques and over wide energy ranges. Our current knowledge of this flux, shown
in Fig. 2.1 [35], is that the flux of CRs follows a power law in energy, with multiple
spectral breaks, spanning over 10 decades in energy, going as far as the ZeV. A fraction
of these cosmic rays arrives on Earth with extreme energies, of EeV-scale. When these
ultra-high-energy cosmic rays (UHECRs) interact with a proton in the atmosphere
they can reach center-of-mass energies

√
s orders of magnitude larger than those of the

Large Hadron Collider (LHC), which is capped at
√
s = 14 TeV.

The observation of this flux implies the existence of powerful astrophysical sources,
capable of accelerating particles up to these extreme energies. The nature of such
sources and the physics behind the acceleration of cosmic rays are still debated (see,
e.g., [37, 38] for a review). This is partially due to the fact that CRs are charged
particles, so during their propagation they are bent by Galactic and extragalactic
magnetic fields; when they are detected, it is not possible to use their incoming direction
to point back at the astrophysical object that produced them.

Hope is not lost, though, since during the acceleration process multiple radiative
processes and interactions take place, generating secondary particles that may better
point back at their sources [39, 40]. If the particles accelerated are leptons they can
emit photons over a broad band of frequencies, depending on the particle energies and
properties of the sources. Instead, if the particles accelerated are hadrons (protons
or heavier nuclei), also high-energy neutrinos are produced. We focus on the case of
hadronic cosmic accelerators. The photons and neutrinos stem from the pions produced
in the collisions of the accelerated hadronic CRs with ambient matter or radiation fields,
in reactions such as

p+ nucleus→ π(±,0) +X

p+ γ → ∆+ →
{

π0 + p

n+ π±
.

9
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Figure 2.1: Flux of cosmic rays. The flux extends over many decades in energy.
At lower energies the experiments are performed on satellites, at higher energies they
measure from Earth the particle showers initiated by cosmic rays hitting the atmosphere.
Data and references of the plot are listed in [36].

These pions promptly decay as π0 → γγ and π± → µνµ → eνµνeνµ, with typical
energies Eν ∼ Ep/20 and Eγ ∼ Ep/10.

Being neutral, photons and neutrinos travel straight, not deflected by magnetic
fields. High-energy photons can rapidly lose their energy via different processes, de-
pending on the environment, and above the TeV their flux is suppressed due to pair
production with background photon fields [41]. On the contrary, neutrinos interact
feebly with ordinary matter and are unaffected by cosmic photon backgrounds, so they
reach us with nearly the same energy with which they were produced, and point back
to their sources. Later we elaborate on our current knowledge on these sources, but for
now it is enough to state that if an astrophysical object accelerates hadrons, it will pro-
duce a flux of neutrinos. Having observed CRs with high energies, a flux of secondary
high-energy neutrinos is expected, though its magnitude depends on the properties of
the sources making it.

As we saw in the last chapter, neutrino interactions are weak, and the only hope to
detect them is to instrument a volume large enough to produce enough events, given
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the flux. Then, an estimate of the flux was necessary in order to envision a suitable
detector.

In 1998, Eli Waxman and John Bahcall computed an upper bound on the flux of
high-energy neutrinos [42]. Using the cosmic-ray measurements of the time and relying
on assumptions on the size of the unknown sources of UHECRs, they found that the
energy flux of neutrinos produced by p− γ or p− p interactions at their source should
be

E2
νΦν < 2× 10−8 GeV cm−2 s−1 sr−1 .

The Waxman-Bahcall bound has been an important benchmark for the flux in the years
to come. Moreover, it implied that the flux of high-energy cosmic neutrinos actually
required a ≳ km3 scale detector in order to be discovered.

As we saw for Super-Kamiokande, a competitive idea for an experiment of such
dimensions consist in instrumenting a a large volume of transparent medium with pho-
tomultiplier tubes and searching for the Cherenkov light produced in the interactions.
A comparison is needed though: the water tank of Super-Kamiokande has a volume of
about 50, 000 m3, almost ten thousand times smaller than the one necessary to see a
flux close to the Waxman-Bahcall bound!

How can we build such a huge detector? First, a large volume of naturally available
medium, transparent to light in the UV band, must be available, and ice and water are
the best candidates. New detectors of increasing size were constructed in lakes and in
the ice (see [43] for a historic review), growing the experience in the field that eventually
led to complete, in 2011, the first experiment able to challenge the Waxman-Bahcall
bound: the IceCube Neutrino Observatory.

In 2013 the IceCube experiment discovered a diffuse flux of high-energy astrophysi-
cal neutrinos, confirming its existence and measuring a flux very close to the Waxman-
Bahcall bound. Given the utmost importance of IceCube in our current understanding
of neutrino astrophysics, we first review the design and the physics of IceCube, and
then discuss some of its major discoveries.

2.1 The IceCube Neutrino Observatory

IceCube [44] is a neutrino telescope located near the Amundsen-Scott South Pole
Station, in Antarctica. It instruments a cubic-kilometer of pure ice with more than
5000 digital optical modules (DOMs) deployed in vertical strings (see Fig. 2.2). Each
DOM contains a photomultiplier tube, and since light has an attenuation length of
O(10 − 100 m) in the ice, they can detect the Cherenkov light emitted by relativistic
charged particles propagating in the medium. In particular, IceCube can detect the
secondary particles of neutrino interactions.
A neutrino (or an antineutrino) of flavor α can undergo deep inelastic scattering with
one of the quarks or gluons inside a proton or a neutron of a nucleus N , via charged-
current (CC) or neutral current (NC) interactions, as

να +N → α +X (CC) ,

να +N → να +X (NC) .

The products of the scattering,X, and the charged leptons α, are detected via Cherenkov
light. Analogous reactions hold for antineutrinos: here we will refer indifferently to
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Figure 2.2: The IceCube Neutrino Observatory. Scheme of the experiment. Figure
taken from Ref. [46].

both of them as neutrinos, since they are indistinguishable in the detector (with the
sole exception of the Glashow resonance, where a ν̄e interacts with an atomic electron
and produces an on-shell W boson [45]). Combining the measurement of the number
of photons collected by each DOM and their arrival time, it is possible to infer the
direction of the charged particle and its energy. The large momentum transfer of these
interactions ensures that the directions of secondary particles are closely aligned with
the neutrino direction, enabling to reconstruct the latter.

High-energy neutrinos produce two different event topologies in IceCube: tracks
and cascades. Tracks are produced when a muon neutrino undergoes a CC interaction,
generating a muon that traverses a long distance before decaying or scattering again;
these events have an angular resolution < 1°, but since only a fraction of the muon
energy is deposited in the detector, the neutrino energy is inferred only uncertainly. The
situation is different for cascades, i.e., events where the NC interactions of neutrinos
of any flavor, as well as the CC interactions of electron neutrinos, produce a particle
shower. Due to the high inelasticity of these interactions, almost all the energy of the
neutrino is deposited in a small region and results in a nearly spherical event. The
charged part of the shower emits Cherenkov radiation, and the energy of the neutrino
is reconstructed with ∼ 15% precision, but due to the broad distribution of the shower,
the angular resolution is poorer, of O(10°).

Another important event topology is the CC interaction of tau neutrinos, where
the resulting tau lepton decays in a different vertex and creates a typical double bang
signature [47], with two separate cascades. The first ντ events of this kind have been
recently discovered by IceCube [48, 49].

The biggest issue in detecting astrophysical neutrinos is the high background of
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atmospheric neutrinos and muons that challenges the selection of astrophysical events.
IceCube is built 1.5 km underground, so the flux of particles produced by CRs in-
teracting in the atmosphere is damped before arriving to the detector. However, this
not hold for atmospheric muons, since they have a significant probability to survive to
decay and scattering up to the detector, and atmospheric neutrinos, which can reach
unbothered the detector, and interacting produce the same signature of the astrophys-
ical neutrinos IceCube is looking for. To give an idea, IceCube detects every year
O(1011) atmospheric muons, O(105) atmospheric neutrinos and only O(10) astrophys-
ical neutrinos. This demands a thorough characterization of the background, together
with specific analysis to select high-purity astrophysical samples out of the multitude
of events continuously recorded.
The main criteria to select the candidate astrophysical events are:

• High-Energy Starting Events (HESE): these are the events where a neu-
trino interacts within the detector. An outer layer of DOMs is used as veto to
eliminate the events where a νµ detected in the fiducial volume of the detector is
accompanied by a muon co-detected in the veto, which would reveal the atmo-
spheric origin of the neutrino (since the muons that accompany astrophysical νµ
have longed ago decayed).

• Throughgoing tracks: events whose reconstructed direction points to the
Northern Hemisphere. The background from atmospheric muons is nearly com-
pletely suppressed due to absorption while traversing the Earth. On the other
hand, since the cross section for neutrino-nucleon scattering increases with energy,
the flux of high-energy up-going neutrinos is partially suppressed as well.

2.1.1 Discovery of high-energy astrophysical neutrinos

Having discussed the physics behind the events detected at IceCube, we proceed to
review the main scientific results of this experiment.

As we anticipated, IceCube has been the first detector sensitive to the Waxman-
Bahcall benchmark flux, and the one that discovered the flux of high-energy astro-
physical neutrinos that we discussed so far. The first step that led to the discovery
was the first observation of neutrino events with PeV-scale energies [50]. In 2013, two
years after IceCube started operating in full-regime, the Collaboration reported the
detection of two neutrino events with energies of about 1 PeV, the highest energy ever
observed for a neutrino. The two events, fully-contained cascades, were incompatible
at 3σ with atmospheric background-only hypothesis, and motivated a more in-depth
all-sky search.

Analyzing the first two years of IceCube HESE, the Collaboration found a 4σ
evidence for the existence of a diffuse flux of high-energy extraterrestrial neutrinos
[51], yielding a number of high-energy events that could not be explained by the sole
atmospheric background. Analyzing an additional year of data containing events in
the 100 TeV–PeV range, the significance of this result increased to 5.7σ [52], larger
than the 5σ necessary to claim a discovery.

In the subsequent years additional analysis of IceCube HESE [53] and up-going
muon tracks [54], with improved statistics and more refined models, consolidated this
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Figure 2.3: Flux of high-energy astrophysical neutrinos measured by IceCube.
Comparison between the total diffuse flux of νµ [54] and νe+ντ [56] and the point-source
fluxes measured for NGC 1068 [55] and TXS 0506+056 [57]. Fluxes are given for a
single flavor of neutrinos and anti-neutrinos assuming equal flavor ratio. The bands
provide simultaneous coverage at 68% C.L.. Figure taken from Ref. [55].

discovery. Fig. 2.3 [55] shows diffuse flux of high-energy astrophysical neutrinos mea-
sured by IceCube and compares them to two point-sources discovered in the recent
years (more on this later).

2.2 Astrophysical sources of high-energy neutrinos

Today, the existence of a diffuse flux of high-energy astrophysical neutrinos is a well-
established fact. The angular distribution of the events is compatible with an isotropic
distribution of sources, and this hints that they are very far, probably extra-galactic.
However, it is still unclear what are the sources of these neutrinos: how do they work
and how can we identify them?

As we stated earlier, a flux of high-energy neutrinos is expected from the interactions
of UHECRs. Thus, searches for neutrino sources focus on objects that are candidate
UHECR accelerators. The acceleration mechanism at work in these sources is still an
open question, though the dominant model is the diffusive shock acceleration [40], in
which particles are repeatedly swept by shock waves.

From measurements of the electromagnetic radiation over different wavelengths, dif-
ferent candidates in which this process could be at work have been identified, including:
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• Gamma ray bursts (GRBs): these are luminous, but short flashes of gamma
rays generated in especially energetic supernovae or in compact-object mergers
(see Ref. [58] for a review).

• Active galaxies: these are galaxies that host an active galactic nucleus (AGN),
a compact region from which radiation is emitted across the electromagnetic
spectrum. The dominant theory is that an AGN consists of a supermassive black
hole accreting and heating gas and dust. The observed characteristics of an AGN
depend on the viewing angle [59]. In some cases, the AGN can launch a strong,
narrow jet of accelerated plasma. If such a jet is oriented close to the line of
sight, the AGN is called a blazar.

• Tidal disruption events (TDEs): processes in which solar-mass stars are
ripped apart by tidal forces when they get close to a supermassive black hole.
The accretion of the stellar matter on this black hole leads to the emission of
energetic radiation, though for shorter periods compared to AGNs (see, e.g., [60]
for a review).

To proceed in this search, further assumptions are necessary, due to the overwhelm-
ing number of data and potential sources. Catalog-based searches for sources of neutri-
nos look for neutrinos whose incoming directions coincide with the positions of known
astrophysical objects, selected a priori among the surveys collected by different experi-
ments. The most suitable events for these point-source searches are muon tracks, since
they have the best angular resolution.

The first identification of an astrophysical neutrino source was in 2017, when a
neutrino event was observed in coincidence, in direction and time, with a gamma-
ray flare from the blazar TXS 0506+056 [57]. This was possible thanks to the real
time alert system of IceCube [61], that send and receive warnings to a community of
telescopes when triggered by interesting events: this allows to perform multi-messenger
association and follow-up observations. Analyzing the neutrino events recorded in ten
years in the direction of the blazar, the Collaboration found an excess of events, 3.5σ
away from the background hypothesis.

Further evidence supporting AGNs as neutrino sources came when the Collabora-
tion announced that an excess of events was found compatible at 4.2σ with the position
of a close AGN, NGC 1068 [55]. These analysis were performed using up-going events
to reduce the atmospheric background. The point-source fluxes measured by IceCube
for NGC 1068 and TXS 0506+056 are shown in Fig. 2.3.

Besides these two AGNs, the most recent important result regarding neutrino
sources have been the discovery of neutrinos from the Galactic Plane [62]. The draw-
back of using up-going events is that only data from the Northern Hemisphere. Data
from the Southern Hemisphere, and in particular from the center of our Galaxy, suffer
heavy background from atmospheric muons. The Galactic Plane has been considered a
guaranteed source of neutrinos since the observation of gamma-ray signatures from π0

decay, but the search for Galactic neutrinos was challenged by the large background.
Using machine learning algorithms the Collaboration was able to look for a neutrino
emission in the region of the Plane in which γ rays from π0 decay have been detected.
The analysis showed a 4.2σ evidence for a flux of neutrinos from the Galactic Plane.
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Figure 2.4: Benchmark diffuse ultra-high-energy neutrino flux models. Land-
scape of the theoretical predictions in the literature [65, 66, 67, 68, 69, 70, 71, 53, 72,
73]. Figure taken from Ref. [64].

2.3 Ultra-high-energy neutrinos

Already in 1969, Berezinsky and Zatsepin noted that a flux of neutrinos with energies
in excess of 100 PeV should be expected, from the p− γ interactions of UHECRs with
the cosmic microwave background [63]. These ultra-high-energy (UHE) neutrinos have
been searched with different techniques, but they have never been detected.

From our current knowledge on UHECRs and the theoretical models on their can-
didate sources we expect the existence of a flux of UHE neutrinos not only from the
interactions of UHECRs during their propagation (cosmogenic neutrinos), but also
possibly from interaction inside their sources or close to them, with ambient matter or
radiation. We refer to neutrinos produced at source as source neutrinos, and we show
in Fig. 2.4 [64] the current theoretical picture of source and cosmogenic UHE neutrinos
from a variety of theoretical flux predictions. Our goal here is not to examine and
assess the competing theoretical predictions of the UHECR flux, but simply to take
them as representative of the space of possibilities. Later, we will use a few of them as
realistic astrophysical inputs in our analysis.

A population of UHE neutrinos is guaranteed to exist from general grounds, as
a consequence of UHECRs. However, the breadth of the theoretical possibilities is
still wide, due to the uncertainty on the energy spectrum of UHECRs, their mass
composition, and properties of the UHECR sources such as their abundance at different
redshifts. As we will see in the next chapter, there is an important effort ongoing from
the experimental community: new experiments, currently under planning, are targeting
the UHE range and may lead us to discover UHE neutrinos in the next decade.
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Radio-detection of
ultra-high-energy neutrinos

Cosmic neutrinos with energies in the TeV–PeV range are regularly detected by Ice-
Cube, by means of the Cherenkov light radiated by the charged products of their in-
teractions. In principle, these optical techniques are able to detect neutrinos of higher
energies, but no neutrino above 10 PeV has ever been observed by IceCube, allowing
to set an upper bound on the flux of UHE neutrinos [74]. Given this result, how can
we proceed in order to detect the long-sought UHE neutrinos?

The most natural solution would be to expand IceCube, enlarging the active volume
with additional strings of DOMs. Unfortunately, reaching the sensitivity required by
theoretical models in this way is cost-prohibitive. Thus, a change of paradigm from the
well-established optical techniques is required in experimental neutrino astrophysics.

In light of this, in the upcoming decade a new generation of neutrino telescopes,
currently under planning, will use radio techniques to push the sensitivity to fluxes of
neutrinos in the ultra-high energy range to unprecedented levels. These experiments
will rely on arrays of radio antennas to detect the particle showers initiated by neutrino-
nucleon interactions and developing in-ice (the radio array of IceCube-Gen2 and RNO-
G) or in air (GRAND). Indeed, thanks to the longer attenuation length of radio waves,
of O(1 km) in ice and O(10 km) in air, it will be possible to detect radio signals even
with a sparse array of antennas. This feature, together with the relative affordability
and the endurance of the antennas, will allow to instrument large surfaces, yielding
sensitivity to very low fluxes of neutrinos.

In this chapter we review the physics behind these experiments, presenting the
design and the main features of in-ice and surface telescopes and showing their projected
sensitivities.

3.1 Radio signatures of particle showers

When high-energy particles interact with a target, usually a nucleon, they start a chain
of reactions that generates a particle shower. The size of the shower is proportional
to the energy of the particle that initiated it. For UHECRs, because they are too
rare to detect directly, we detect them instead via the emission from the extensive
air showers that they initiate upon by their interaction in the atmosphere. The de-
velopment of the shower produces different effects that can be observed: a cone of

17
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Cherenkov light, fluorescence light, and a population of surviving muons that can be
detected on ground using Cherenkov water tanks, scintillators or other surface detec-
tors. Observing all these features requires different instruments, thus the state of the
art observatories of particle showers, the Pierre Auger Observatory, Telescope Array
and the Large High Altitude Air Shower Observatory (LHAASO) are multipurpose
experiments, instrumenting large surfaces with water tanks, scintillators, air imaging
Cherenkov telescopes, and fluorescence telescopes.

If the particle generating the shower is sufficiently energetic, the development of
the shower can also generate a nanosecond-long pulse in the radio band. This is due
to two different phenomena, that are always at work but whose relative importance
depends on the medium in which the cascade propagates: the Askaryan effect and the
geomagnetic effect.

The Askaryan effect is the coherent radio emission generated by the accretion of
negative charges during the shower development. Indeed, while the chain of reactions
that generates the shower takes place, electrons and positrons are produced. Positrons
annihilate on atomic electrons, leading to a charge unbalance that evolves with time,
emitting radio waves. This effect is dominant in dense environment, and is the signal
searched for in-ice detectors.

The geomagnetic effect, instead, is the emission of radio waves due to the separa-
tion of particles of opposite charges moving in the Earth’s magnetic field. The charge
anisotropy behaves as a time-varying electric current, radiating waves in the radio
band. The geomagnetic effect is dominant for showers propagating in air, where the
electron density is smaller and the annihilation is less efficient.
In Figure 3.1 [75] the two effects are shown and compared.

Figure 3.1: Radio emission from particle showers. Figure taken from Ref. [75].

In summary, the particle showers induced by the most energetic particles, in par-
ticular UHE neutrinos, emit an additional observable signature, this time in the radio
band. In the following we present the techniques to detect the radio pulses from show-
ers developing in the ice and in the air, and their implementation in the UHE neutrino
telescopes under planning.
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3.2 In-ice arrays: RNO-G and IceCube-Gen2

A possible way to detect UHE neutrinos is to look for the radio pulses emitted by
particle showers initiated by their interactions and propagating in a dense medium.
The medium shall be transparent to radio waves in order to detect them, and since
the expected fluxes are very low the largest possible surface should be instrumented,
meaning that the medium has to be naturally available in large volumes. As for the
case of IceCube, the most suitable medium turns out to be the ice.

The UHE neutrino telescopes operating in the ice will cover large surfaces with
a sparse array of stations, each operating independently and deploying multiple ra-
dio antennas in the ice. The first next-generation UHE neutrino detector will be the
Radio Neutrino Observatory in Greenland (RNO-G [76]), currently under construc-
tion at Summit Station. RNO-G, whose completion is scheduled for 2026, will bring
the operational knowledge gathered from prior ground-based and balloon-based radio
neutrino experiments, ARA, ARIANNA, ANITA and RICE [77, 78, 79, 80] one step
forward, instrumenting a record number of 35 radio stations. Moreover, the experience
collected in its design and calibration will be used to complete and optimize the design
of a similar, but larger, detector, the radio array that will be built at the South Pole
in the context of the upgrade of IceCube, IceCube-Gen2 [81](2030-2040). The radio
array of IceCube-Gen2 will cover a surface of 500 km2 with O(500) stations.

RNO-G and the radio array of IceCube-Gen2 will consist of multiple radio stations,
similar to the one shown in Fig. 3.2 [81]. Each station will power multiple radio
antennas, divided between a shallow component (3 m depth) and a deep component
(100 m depth). Some of the antennas in the shallow component will point towards the
atmosphere to veto downgoing events, thus reducing the background from cosmic rays
via time correlation of the signals.

In Fig. 3.3 a typical in-ice event is shown: a neutrino interacts in the ice and starts
a particle shower, whose wavefront propagates to the radio antennas of the station.
The refraction of the electromagnetic signal depends on the refractive index of the ice,
which changes from the outer layer of soft snow, the firn, to the deeper region of ice,
where the pressure makes it denser. This leads to a bending of the signal during its
propagation, making an accurate characterization of the optical properties of the ice a
necessary condition for calibration.

These experiments will measure the radio signature of the particle shower propagat-
ing in the ice, and since these are initiated by neutrinos and antineutrinos of all flavors
undergoing CC or NC, UHE neutrino telescopes operating in the ice will be sensitive
to the flux of neutrinos of all flavors, though with different interaction probabilities
and reconstruction capabilities.
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Figure 3.2: In-ice radio station. RNO-G and the radio array of IceCube-Gen2 will
deploy multiple in-ice stations similar to this. Figure taken from Ref. [81].

Figure 3.3: In-ice detection of particle showers. Sketch of a neutrino event. Figure
taken from Ref. [81].
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3.3 Measuring air showers with GRAND

The radio-detection of extensive air showers (EAS) induced by UHE neutrinos relies
on similar techniques, but this time the radio array is distributed above the ground.

These experiments look for Earth-skimming neutrino events, in which a UHE neu-
trino interacts underground and produces an inclined EAS. As the interaction length
of UHE neutrinos is of O(100 km), the Earth is opaque to UHE neutrinos and they are
expected to reach the detector only when coming from directions close to the horizon,
where the column depth is shorter. Downgoing events will also reach the detector,
but from these directions there is a large background of UHECRs that trigger a large
background flux of showers.

The larger experiment targeting their discovery with this method will be the Giant
Radio Array for Neutrino Detection (GRAND) [82]. The experiment, currently under
planning, will instrument large surfaces with arrays of radio antennas. GRAND will
consist of clusters of 10,000 antennas each, built in different sites, or hotspots. The
hotspots will be on mountain slopes, to optimize the detection of inclined showers and
exploit the naturally low electromagnetic background, and the additional target for
neutrinos brought by the mountain rocks. The construction plan of GRAND is envi-
sioned to be staged, going through three major phases, GRAND10k, GRAND50k and
finally the full planned configuration with 200,000 antennas, GRAND200k (2030-2040).

Figure 3.4: The Giant Radio Array for Neutrino Detection (GRAND): a
typical event and a background event. Figure taken from Ref. [82].

Due to the characteristics of the experiment, the main neutrino detection channel
in GRAND will consist in a ντ CC interaction with a nucleon underground or in
the mountain and producing a tau. The tau exits the dense medium and decays
after a length of 1 − 10 km at these energies, inducing a particle shower that, due to
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geomagnetic effect, emits a coherent radio pulse that is detected by the antennas. If
the UHE neutrino is a νe, the electromagnetic cascade stemming from its CC or NC
interactions is damped in the dense medium, while if it is a νµ the muon stemming
from its CC interaction may exit into the air, but the probability for it to decay and
start a shower in the field of view of the array is small.

A thorough description of the different interactions and the effects taken into ac-
count to simulate the detector response can be found in Ref. [82], but, for our purposes,
they key detection aspect is that GRAND will be sensitive mostly to ντ and ν̄τ . A
sketch of a ντ event and of a background cosmic ray event, is shown in Fig. 3.4 [82].
The angular resolution of GRAND will be of sub-degree level, meaning that a signifi-
cant part of the background, coming from cosmic rays interacting in the atmosphere,
will be removed in the analysis by quality cuts on the arrival direction.

3.4 Prospects for discovery

The above detectors will enhance the sensitivity at energies above 10 PeV to unprece-
dented levels. Fig. 3.5 [83] compares the sensitivities of the different experiments and
the current measurement on neutrino fluxes. Besides the aforementioned upper bound
by IceCube [74], there is another upper bound coming from the non-observation of
neutrino candidates in the ultra-high energy range by the Pierre Auger Observatory
[84]. The existing upper bounds on the flux of UHE neutrinos are larger than the
theoretical predictions on the flux of cosmogenic neutrinos by a factor of 5 to two or-
ders of magnitude, depending on the chemical composition of UHE cosmic rays, still
uncertain.

The sensitivity reached by this new generation of experiments will be sufficient
to probe some of the theoretical models of cosmogenic neutrinos (Fig. 3.5) and source
neutrinos (compare Fig. 2.4[64]), meaning that they may finally discover UHE neutrinos
in the next decade.
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Figure 3.5: UHE neutrino telescopes: prospects for discovery. Figure taken
from Ref. [83].
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Measuring flavor at ultra-high
energies: a two-detector approach

The discovery of UHE neutrinos may be within reach in the next decade, thanks to the
new generation of dedicated neutrino telescopes. Once discovered, the characterization
of their properties would shed light on the primaries UHE cosmic rays, whose origin,
production mechanisms and propagation stand among the unsolved mysteries of as-
troparticle physics. To tackle these questions it will be interesting to measure different
observables of UHE neutrinos, such as their distribution in energy and in arrival direc-
tion, and their flavor composition, i.e., the proportion of neutrinos of different flavor,
νe, νµ, and ντ , in their flux.

In this chapter we elaborate on the flavor of high-energy cosmic neutrinos, reviewing
its relation to astrophysics and particle physics, and how it can be measured. Then, we
focus on UHE cosmic neutrinos and we present a novel idea to perform a measurement
of the flavor composition at ultra-high energy. We explore the sensitivity that can be
obtained with this alternative approach, showing the full analysis and presenting the
first measurement forecasts of the flavor composition at ultra-high-energy available in
the literature [85].

4.1 The flavor composition of cosmic neutrinos

The flavor composition of cosmic neutrinos is a versatile observable, as it encodes
information on their astrophysical origin and production mechanism, but also on the
fundamental particle physics that governs their propagation and oscillations.

In the following we denote the ratio of the differential flux of να + ν̄α, Φα, to the
all-flavor flux by fα ≡ Φα/

∑

α Φα, with the subscripts S or · to refer to the fraction
emitted at source or the one that arrives on Earth, respectively.

The initial flavor composition with which neutrinos are produced depends on the
physical process that generated them, and on the properties of the environment in
which they are produced. More specifically, the physical mechanisms that are at work
in the production of high-energy neutrinos are the decay of charged mesons, mostly
pions, and the decay of neutrons, all stemming from the interactions of cosmic rays
with hadrons and photons, at their source or during their propagation. The decay
chain of charged pions, π+ → µ+ + νµ followed by µ+ → ν̄µ + e+ + νe (and their
charge-conjugated processes), produces a flavor composition at source (fe,S, fµ,S, fτ,S) ≡
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S
, hereafter called “pion decay”composition. This is the standard expectation.

However, if the neutrinos are produced in regions that host an intense magnetic
field, the radiative losses of the intermediate muon due to synchrotron emission can be
significant, cooling it down to lower energies before decaying. Therefore, the resulting
electron and muon (anti-)neutrinos have low energies, and the flavor composition of
the high energy flux moves towards the “muon damped” composition, (0, 1, 0)S.

High-energy ν̄e are also produced in the β-decay of free neutrons, yielding the
“neutron decay” composition, (1, 0, 0)S. These high-energy cosmic neutrons can be
produced by photo-disintegration of UHE nuclei accelerated in compact sources [86,
87], or by the interactions of accelerated protons with ambient protons p+ p→ n+X
[88]. Because the difference between the mass of the neutron and the proton it decays
into is small, the ν̄e they produce are typically of lower energy.

The expected value of fτ,S is 0, since ντ come from the decay of charmed mesons,
whose production is suppressed [89, 90, 91].

This initial flavor composition oscillates into the one that we observe on Earth,
f· ≡ (fe,·, fµ,·, fτ,·). Since the distances traveled by high-energy cosmic neutrinos, of
Mpc-Gpc, are much larger than the oscillation length, and since the energy resolution
of neutrino telescopes is unable to resolve rapid oscillation patterns, the oscillating
term in the oscillation probability, Eq. (1.1), is averaged out. Thus, the oscillation
probability for να → νβ has the simpler expression

Pνα→νβ =
∑

i

|Uαi|2|Uβi|2 , (4.1)

where U is the lepton mixing matrix. In our work below, we assume the normal neutrino
mass ordering (see Chapter 1), and use the best-fit parameters from the NuFIT 5.2
global fit to oscillation data [28] (including Super-Kamiokande atmospheric data). We
do not consider in our analysis the uncertainties on the oscillations parameters, since
our projections refer to experiments that will be completed in the next decade: we
assume that by 2040 the precision of the parameters to have improved to the point
where they introduce only a small uncertainty on the predicted flavor composition of
high-energy cosmic neutrinos [92].
Fig. 4.1 shows how the three benchmark flavor compositions at source previously dis-
cussed are modified by standard neutrino oscillations.

Being able to measure the flavor composition of cosmic neutrinos would be of in-
terest for astrophysics, since it would reveal the dominant mechanism in which these
neutrinos are produced, but also for fundamental physics, where it could unveil new
physics governing neutrino oscillations. However, as it will be clear in the next section,
measuring the flavor composition of cosmic neutrinos is not easy, as there are multiple
obstacles keeping us away from pin-pointing with precision its value.
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Figure 4.1: Flavor composition of high-energy cosmic neutrinos. The three
benchmark flavor compositions are showed at source (light-colored) and at Earth, after
neutrino oscillations (dark-colored).

4.2 Measuring the flavor composition

To infer the flavor of the neutrino that started an event, the detector should be able
to discriminate the different flavors based on the experimental signature. This is the
case for IceCube, where high-energy neutrinos of different flavors produce different
event topologies. IceCube is able to discriminate muon tracks, made primarily by
CC interactions of νµ, from particle showers, made by all other interactions. The
CC interactions of νe and ντ are poorly distinguished in the detector, as they mostly
produce cascades with similar topologies (except for double bang signatures). This
limits the flavor-measurement capabilities of IceCube, which can constrain mostly the
fraction of νµ + ν̄µ in the total flux.

Fig. 4.2 [49] shows the results of a previous analysis on the flavor composition of
astrophysical neutrinos. With the recent 5 σ observation of tau neutrino signatures
[48], new studies will be necessary.
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Figure 4.2: Measured flavor composition of 7.5 years of IceCube HESE events.
The shaded regions show previously published results [93, 94] without direct sensitivity
to the tau neutrino component. Colored markers show the flavor composition at Earth
for the benchmark source compositions discussed in this chapter. The dotted region
represents the full accessible range of flavor compositions, assuming standard 3-flavor
mixing. Figure taken from Ref. [49].

As we saw in Chapter 3, while IceCube detects cosmic neutrinos with energies in
the TeV–PeV, its active volume is not sufficient to detect the low fluxes expected for
UHE neutrinos, and we hope to detect them via the radio arrays that will be built in
the next decade. In particular, a flavor measurement similar to those performed by
IceCube would need the new detectors to discriminate the radio signatures stemming
from different interactions.

These UHE neutrino telescopes are still under planning, and research is ongoing to
explore the possibility to measure the flavor composition within an individual detector
[95, 96, 97]. A recent work [98] showed that it could be possible to measure the
UHE neutrino flavor composition in the radio array of IceCube-Gen2. However, the
techniques proposed there yield sensitivity to νe, on the one hand, and to νmu+ νtau,
on the other. There is no sensitivity to ντ by itself.
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4.3 Flavor sensitivity with two detectors

We propose a novel idea to measure the flavor composition of UHE neutrinos, that
does not rely on the flavor-identification capabilities of an individual detector. We
manufacture flavor sensitivity combining the information from two planned detectors:
one that detects all neutrino flavors roughly indistinctly—e.g., the planned radio array
of IceCube-Gen2—and one that detects predominantly ντ—e.g., GRAND. This allows
us to measure the fraction of ντ in the diffuse UHE flux, even if future detectors will
not be able to measure flavor independently. This sensitivity to ντ would complement
uniquely the flavor measurement of IceCube-Gen2, if that will be possible [98]. The
question is whether the sensitivity obtained in this way will be sufficient to give mean-
ingful constraints on the flavor composition. In the following we address this question
and present the full sensitivity study for this two-detector measurement.

We perform the analysis combining the events detected in the radio array of IceCube-
Gen2, sensitive to all flavors, and in GRAND, which is sensitive mostly to ντ+ν̄τ . Since
GRAND is still under planning we perform the analysis on the smallest configuration,
GRAND10k, and the intermediate one, GRAND50k.

This section is organized as follows: first, we discuss the simulations of the neutrino
events, by showing the modeling of the flux and the characterization of the experiments.
Then, we introduce our statistical analysis, showing the steps used to constrain the
parameters. Finally, we present the results of our analysis, namely the measurement
forecasts of the flavor composition at ultra-high energy, for different benchmark fluxes
and experimental configurations.

4.3.1 Neutrino flux

We showed in Fig. 2.4 the landscape of neutrino flux models. To simulate the flavor
reconstruction potential of our two-detector method we first need to assume a flux for
UHE neutrinos. In this work we will not consider any specific source but parameterize
the diffuse flux Φ of UHE ν + ν̄ of each flavor α with a log-parabola

E2
νΦα = Φ0fα,· exp

[

−w log2
(

Eν

Ebump

)]

, (4.2)

where Eν is the neutrino energy measured at Earth, Φ0 is the normalization of the
all-flavor flux, w is the width of the log-parabola, and Ebump the energy at which it
peaks.

As benchmark, we choose the diffuse flux parameters θ ≡ (Φ0, w, Ebump) in order
to approximate the predicted flux from newborn pulsars [65]. We find good agreement,
especially at the highest energies, for Φ0 = 1.5 · 10−8 GeV cm−2 s−1 sr−1, w = 0.25,
and Ebump = 3 · 108 GeV. This flux yields O(100) all-flavor events in 10 years in
IceCube-Gen2, and in the following we will refer to it as the “high” flux. To test the
sensitivity that can be obtained with a reduced statistics, we compute events also for
a diffuse flux with a normalization Φ0 ten times smaller, in the following denoted the
“low” flux.
In Fig. 4.3 [85] we show the two benchmark fluxes, together with the experimental
sensitivities of IceCube-Gen2 and GRAND.
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Figure 4.3: UHE neutrino flux benchmark models used in our analysis. The
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GRAND50k and GRAND10k are computed by inverting Eq. (4.4), using the effective
areas of GRAND50k and GRAND10. The upper limits are from IceCube [100] and
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4.3.2 Detector response

The next step is to model the detection in the two experiments, IceCube-Gen2 and
GRAND, and compute the mean expected number of detected events for a given flux.
This will provide the mock dataset over which we will perform the statistical analysis
to reconstruct the flavor.

The differential event rate for neutrinos of flavor α and energy Eν in a detector
(det) is

dNdet
α

dEν

= ΩT Φα A
det
α , (4.3)

where Ω is the solid angle of the sky to which the detector is sensitive, T is the detector
exposure time, and Adet

α is the effective area of the detector for να. We consider an
exposure time of 10 years, representative of the design runtimes of the radio array of
IceCube-Gen2 and GRAND.

For the radio array of IceCube-Gen2, even though we do not attribute to it flavor-
identification capabilities, we compute the contributions of neutrinos of different flavors
separately. To this end, we use flavor-specific effective areas, which we build in three
steps. First, we infer the flavor-averaged effective area from the reported sensitivity of
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IceCube-Gen2 S(Eν), from Ref. [99] (see Fig. 4.3), as

AIC-Gen2
avg =

2.44Eν

Ω S(Eν) T ln 10
, (4.4)

where we assume that the sensitivity is defined using the background-free prescription
in the Feldman-Cousins approach [102], with 2.44 events at 90% C.L.. Here we re-
quire 2.44 events per energy decade, yielding the additional ln 10 in the denominator.
In this case, Ω = 4π because the sensitivity is reported as all-sky. Second, we use
the flavor-specific effective areas, AIC-Gen2

e , AIC-Gen2
µ , and AIC-Gen2

τ , of the toise sim-
ulation framework [103] (see also Ref. [104]), which provides the simulated effective
areas to neutrinos of each flavor for a benchmark in-ice radio-based neutrino tele-
scope; see Fig. 16 in Ref. [103]. From them, we compute the flavor-averaged effective
area, (

∑

α A
IC-Gen2
α )/3. Third, and finally, we equate this to AIC-Gen2

avg from Eq. (4.4)
to reweigh the flavor-specific effective areas. Thus, the resulting areas, which we use
in our forecasts, reflect both the flavor sensitivity of the detector and its most recent
flux-discovery potential. Because we do not ascribe flavor-identification capabilities to
the radio array of IceCube-Gen2, we use the event rate summed over all flavors, i.e.,

dN IC-Gen2

dEν

=
∑

α

dN IC-Gen2
α

dEν

, (4.5)

where the contribution of each flavor is computed using Eq. (4.3) with the flavor-specific
effective area.

For GRAND, in order to make our estimates conservative, we do not use the
full planned configuration of the experiment, but smaller sizes only, GRAND50k and
GRAND10k. To model the detection we start with the effective area of the full-sized
array, GRAND200k, reported by the Collaboration in Fig. 25 of Ref. [82]. The effective
area is defined for ντ only and for detection of neutrinos from 3◦–4◦ around the hori-
zontal direction, including the contribution of a nearby mountain where neutrinos can
interact, i.e., Ω = 2π(cos 86◦ − cos 93◦), where the angles are zenith angles measured
from the South Pole. For GRAND50k and GRAND10k, we divide the GRAND200k
effective area by 4 and 20, respectively.

We ignore the potential subdominant contribution of neutrinos of other flavors
interacting with the air near the detector [82], since it has not been estimated in detail
yet. Thus, for GRAND50k, we use the event rate due to ντ only, i.e.,

dNGRAND50k

dEν

=
dNGRAND50k

τ

dEν

, (4.6)

computed using Eq. (4.3) with the effective area of GRAND50k estimated as outlined
above, and similarly for GRAND10k.

For each detector, we compute the event rate in the i-th energy bin by integrating
the differential event rate over the width of the bin, ∆Eν,i, i.e.,

Ndet
i =

∫

∆Eν,i

dNdet

dEν

dEν . (4.7)

We use four energy bins per energy decade, evenly spaced in logarithmic scale, from
5 · 106 to 5 · 1010 GeV for IceCube-Gen2 and from 108 to 1011 GeV for GRAND, the
energy ranges reported in Refs. [99, 82].
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Figure 4.4 shows the mean expected energy distributions of events computed as-
suming our high benchmark UHE neutrino flux. The bin sizes are the same for both de-
tectors, but their positions are slightly different because the energy ranges of IceCube-
Gen2 and GRAND that we use are different.

4.3.3 Statistical analysis and results

The last step to reconstruct the flavor of the simulated events is to perform a statistical
analysis on the mock dataset, to finally obtain the confidence intervals for the flavor
composition at Earth.

In order to do that, we start computing, using the methods discussed so far, the true
mean expected number of detected events in IceCube-Gen2 and GRAND, µ̄IC-Gen2, and
µ̄GRAND, i.e., what we assume to be our measured dataset. Then, for test fluxes, i.e.,
for test values of the flux shape parameters θ ≡ (Φ0, w, Ebump) and of the flavor com-
position f· ≡ (fe,·, fµ,·, fτ,·) in Eq. (4.2), we compute the mean expected numbers,
µIC-Gen2(f·,θ) and µGRAND(f·,θ). These computations are performed numerically.

The true and test event samples are compared in each bin in each experiment via
Poisson likelihood functions, which are summed into a total likelihood,

lnL(f·,θ) =
bins
∑

i

[

µ̄i,IC-Gen2 lnµi,IC-Gen2(f·,θ)− µi,IC-Gen2(f·,θ)
]

+(IC-Gen2→ GRAND) .

(4.8)
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This function quantifies the discrepancy between the true data, computed with the flux
shape parameters of the benchmark fluxes and assuming a specific flavor composition,
and the expected data for a set of test parameters.

In order to find the confidence intervals on the flavor composition parameters, it
is first necessary to consider the effects of our ignorance on the true value of the flux
parameters. To this purpose, we build our test statistic by minimizing the likelihood
over the flux shape parameters,

Λ(f·) = 2
[

minθ lnL(f·,θ)− ln L̄
]

, (4.9)

where L̄ is the global minimum of the Likelihood of Eq. (4.8), i.e. the one com-
puted with the true event samples µi,IC-Gen2(f·,θ)→ µ̄i,IC-Gen2 and µi,GRAND(f·,θ)→
µ̄i,GRAND.

Wilks’ theorem [105] ensures that Λ follows a χ2 distribution. The test statistic
depends explicitly on three parameters, the flavor ratios at Earth (fe,·, fµ,·, fτ,·), but
since we are considering a unitary evolution between the three flavors it holds that
fe,· + fµ,· + fτ,· = 1, and the independent parameters are two. Thus, the probability
distribution of the test statistic is a χ2 with two degrees of freedom, which we choose
to be fe,· and fµ,· (then fτ,· ≡ 1− fe,· − fµ,·).

We compute Λ on a grid of (fe,·,fµ,·), numerically marginalizing over the nuisance
parameters θ and setting as initial guess the true parameters. Then, we constrain fe,·
and fµ,· at the 68% and 95% confidence level (C.L.) by demanding Λ = 2.28 and 6,
respectively, and finally obtain the confidence intervals.

In Figs. 4.5 and 4.6 [85] we show the results of our analysis for a true source com-
position due to pion decay and muon damped, respectively.
The allowed regions of flavor composition at Earth are shown for the two benchmark
fluxes and the two configurations of GRAND, GRAND10k and GRAND50k. The al-
lowed regions are roughly aligned with the fτ,· axis, since this is the predominant
flavor fraction extracted from combining IceCube-Gen2 and GRAND. The misalign-
ment comes from IceCube-Gen2 being slightly more sensitive to νe than to the other
flavors [103] because they are more likely to trigger radio-emitting electromagnetic
showers. This is what allows us to disfavor values of fe,· that differ significantly from
its true value of about one third, especially those higher, and what causes the different
number of all-flavor events between the pion decay and muon-damped compositions.

Assuming a pion decay composition and using GRAND50k, if the flux is high the
true flavor composition can be distinguished from the muon-damped one at nearly
95% C.L. and from neutron decay at more than that. If the flux is low, the three
benchmarks become indistinguishable at 68% C.L. If only GRAND10k is available, the
flavor reconstruction capabilities of the analysis worsens and the true flavor composition
can be distinguished at 68% C.L. from the competing models only if the flux is high.

Instead, if the true composition at source is muon-damped, we see that it can be
distinguished from the pion decay at more than 68% C.L. if the flux is high, but if the
flux is low they become indistinguishable at 68% C.L.. The neutron decay composition
can be ruled out at least at 68% C.L. for both benchmark fluxes. Using GRAND10k
the statistics is reduced and the sensitivity is lower: the true composition cannot be
distinguished from the pion decay one at 68% C.L., even if the flux is high. Moreover,
if the flux is low, not even the neutron decay composition can be excluded at 68% C.L..
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Figure 4.5: Projected measurement of the flavor composition at Earth of
ultra-high-energy neutrinos, for a pion decay true composition. The regions
are of allowed flavor composition, obtained by combining measurements of neutrinos
of all flavors in the radio array of IceCube-Gen2 and of ντ in GRAND50k (top) and
GRAND10k (bottom). Figures taken from Ref. [85].
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Figure 4.6: Projected measurement of the flavor composition at Earth of
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Fig. 4.5, but assuming that the true flavor composition is muon-damped. Figures taken
from Ref. [85].



Chapter 5

Applications to astrophysics and
particle physics

In the preceding chapter, we introduced a novel idea to measure the flavor composition
of neutrinos in the ultra-high energy range, and we showed how our analysis could
constrain this observable even under conservative assumptions.
Next, we apply our technique in astrophysics, to infer the flavor composition of UHE
neutrinos at their sources, and in fundamental particle physics, to probe non-standard
oscillations.

5.1 Flavor content at source

In Section 4.1 we discussed how different neutrino production mechanisms yields dif-
ferent proportions of each flavor. The oscillations of these neutrinos make the flavor
composition that we may detect on Earth different from the one at production. If we
assume that the physics of oscillations, currently tested with experiments on Earth up
to Eν ≲ 100 GeV, is still valid at energies of the EeV scale, we can invert the effects
of oscillations on the flavor measured on Earth and infer the flavor composition with
which neutrinos are produced.

In the following we will perform this analysis on the measurement forecasts that we
produced for the flavor composition of the diffuse flux of UHE neutrinos. This will yield
confidence intervals for the initial flavor composition, averaged over all the unknown
production sites, be they close to astrophysical objects (for source neutrinos) or in the
targets that UHECRs can encounter during propagation (for cosmogenic neutrinos).

5.1.1 Analysis and results

We use the techniques first introduced in Ref. [106] (see also Ref. [92]) and adapt
the analysis used in Section 4.3.3 to infer the flavor composition at source. Indeed,
assuming standard three-flavor oscillations, we have that fα,· = Pαβfα,S.

We infer the flavor composition at the sources by running the same analysis of
Section 4.3.3 and computing the same test statistic as above, but this time as a function
of fα,S ≡ (fe,S, fµ,S, fτ,S), i.e., L(fS,θ) = L[f·(fS),θ].
Since we assume that there is no UHE ντ production, we have that fµ,S ≡ 1− fe,S and
we need to infer only fe,S. This reduces the test statistic to a single degree of freedom,

35
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so we get the confidence intervals on fe,S by requiring that Λ (fe,S) is equal to 0.98 (68%
C.L.), 3.8 (95% C.L.) and 8.8 (99.7% C.L.).

Figure 5.1 shows the results assuming that the flavor composition at the sources is
from pion decay, fe,S = 1/3. We see that using our high benchmark flux, the true value
is inferred with enough precision to separate it from the alternative muon-damped
and neutron-decay compositions at more than 95% C.L. and 99.7% C.L., respectively.
Using our low flux, the separation worsens, but remains significant against neutron
decay. Similar conclusions hold when using GRAND10k, but also if we assume a muon
damped composition (0, 1, 0)S, as shown in Fig. 5.2.

Distinguishing between the pion-decay and muon-damped flavor composition could
constrain the magnetic field intensity in the neutrino sources [107, 108, 109] and, in-
directly, their identity. Further, since extragalactic magnetic fields are believed to be
weak, inferring a flavor composition compatible with muon-damped could hint at the
diffuse UHE neutrino flux being of source rather than cosmogenic origin.
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Figure 5.1: Inferred flavor composition of ultra-high-energy cosmic neutrinos
at their sources, assuming neutrino production via pion decay. The results are
projections obtained from measuring the fraction fτ,· of ντ at Earth by combining the
detection by the radio array of IceCube-Gen2 with GRAND50k (top) or GRAND10k
(bottom), using methods from Refs. [106, 92]. We assume neutrino production via pion
decay, no ντ production (i.e., fτ,S = 0), and two benchmark UHE neutrino fluxes, high
and low. Figure taken from Ref. [85].
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Figure 5.2: Inferred flavor composition of ultra-high-energy cosmic neutrinos
at their sources, assuming a muon-damped composition. Same as in Fig. 5.1,
but for a muon-damped composition. Figure taken from Ref. [85].
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5.2 Lorentz-invariance violation

A measurement of the flavor composition of neutrinos can also be used to test the
standard paradigm of neutrino oscillations. In particular, neutrino oscillations en route
to Earth may undergo BSM effects, generating a flavor composition which is different
from the expectation from standard oscillations [110, 111, 112, 113, 114, 115, 116]. We
focus on a specific BSM feature that can significantly modify the physics of oscillations,
Lorentz-invariance violation (LIV).

LIV is possible in some theories of quantum-gravity [117, 118], where Lorentz sym-
metry can be broken above the Planck mass scale E ∼ Mpl = 1.2 × 1019 GeV. We
adopt the LIV treatment from the Standard Model Extension [119, 120, 121, 122], an
effective field theory that couples neutrinos to spacetime features. Under LIV, neutri-
nos are affected by a series of new CPT-odd and CPT-even operators, å(d) and c̊(d) of
dimension d, each a 3× 3 matrix in the flavor basis, with units GeV4−d. They modify
neutrino mixing via the Hamiltonian H = Hstd +HLIV, where Hstd = M2/(2Eν) is the
standard term that drives oscillations due to the difference in neutrino masses, with
M2 ≡ (m2

1,m
2
2,m

2
3), and

HLIV = å(3) − Eν · c̊(4) + E2
ν · å(5) − E3

ν · c̊(6) + . . . . (5.1)

is the contribution from LIV. In this approach, LIV can manifest itself at low energies,
but the operators responsible for its observable effects are suppressed by powers of Mpl.

Eq. (5.1) shows that the intensity of these effects increases with the energy of the
neutrino. This makes high-energy and ultra-high-energy cosmic neutrinos excellent
probes of deviations from Lorentz symmetry. This is not only because LIV gives rise
to energy-dependent features, that can be tested at higher precision with increasing
energy, but also because these neutrinos traverse cosmological distances from their
production site to Earth, so even small deviations from standard expectations could
pile-up, giving rise to observable effects.

So far, there is no evidence for LIV [121], but the strongest limits on it for neu-
trinos come from measurements of the flavor composition of the IceCube TeV–PeV
astrophysical neutrinos [123]. Because the intensity of LIV is expected to grow with
neutrino energy—possibly much faster than linearly—using UHE neutrinos promises
vast improvement in the discovery or in the limits that can be set on these effects.

5.2.1 Effects of LIV on the diffuse flux of UHE neutrinos

We use our measurement forecasts of the UHE neutrino flavor composition to probe the
effects of LIV and set upper limits on the couplings å(d) and c̊(d), for various operator
dimensions.

To consider the effects of LIV on oscillations, we compute the average flavor-
transition probability as in Eq. (4.1), but using instead of the PMNS matrix U the

energy-dependent matrix that diagonalizes the full Hamiltonian, U(Eν , å
(d)
αβ , c̊

(d)
αβ). This

matrix is equal to the PMNS matrix in the absence of LIV, but it can be different
from it, depending on the energy scale and the size of the couplings. We compute it
numerically. The expansion of the Universe dampens the energy of the neutrinos, such
that the neutrinos that we observe on Earth with energy Eν from a source located at
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at redshift z, were produced with energy Eν(1 + z). Considering that, the fraction of
να detected at Earth is related to the flavor composition at source as

fα,·(Eν , z) =
∑

β,i

|Uβi [Eν(1 + z)]|2|Uαi(Eν)|2fβ,S ≡ Pνβ→να(Eν , z, å
(d)
κλ , c̊

(d)
κλ )fβ,S . (5.2)

We calculate the flux of UHE neutrinos of different flavors at Earth assuming that
the diffuse neutrino flux is due to a population of identical, nondescript astrophysical
sources distributed in redshift, each injecting the same neutrino spectrum, φα. We
assume for the sources the same shape that was used for our benchmark diffuse fluxes
at Earth,

E2
νφα = Φ0fα,S exp

[

−w log2
(

Eν

Ebump

)]

. (5.3)

The differential diffuse flux of να at Earth, under LIV with coefficients å
(d)
κλ and c̊

(d)
κλ

(κ, λ = e, µ, τ) is computed as

Φα(Eν ,N ,θ,fS, å
(d)
κλ , c̊

(d)
κλ ) =

∫

dz

H(z)
Nρsrc(z)

∑

β

φβ[Eν(1+z),θ,fS]Pνβ→να(E, z, å
(d)
κλ , c̊

(d)
κλ ) .

(5.4)
In this expression, θ ≡ (Φ0, w, Ebump) are the shape parameters of the flux emitted

by each source, fS ≡ (fe,S, fµ,S, fτ,S) are the flavor fractions at the sources, H(z) ≡
H0[ΩΛ + Ωm(1 + z)3]1/2 is the Hubble parameter, ΩΛ = 0.68 and Ωm = 0.32 are,
respectively, the adimensional energy densities of vacuum and matter [124]. The flux
at the source is evaluated at larger energy to account for the cosmological expansion.

We assume that the number density of the sources, ρsrc, follows the star-formation
rate, parameterized as in Ref. [125], i.e.,

ρsrc(z) =
(a+ bz)h

[1 + (z/c)d]
, (5.5)

where a = 0.017, b = 0.13, h = 0.7, c = 3.3, and d = 5.3 , for the modified Salpeter
initial mass function [126]. This places most of the sources at z ≈ 2, a few Gpc away;
sources at higher redshifts are rarer and contribute little to the diffuse flux. To simplify
the notation we define the overall multiplicative factor Φ0N ≡ K, and the parameters
relative to the all-flavor flux π ≡ (K, w, Ebump).

We fix the parameters π by demanding that the all-flavor flux,
∑

α Φα, approximates
the high benchmark flux of Fig. 4.3. This gives K = 5 · 10−25 GeV cm−2 s−1 sr−1,
w = 0.18, and Ebump = 5 · 108 GeV. To reproduce our low benchmark flux we use a
normalization constant, K, ten times smaller.

In our notation, å
(d)
κλ and c̊

(d)
κλ are a basis of complex hermitian matrices that couple

only the flavors κ and λ. In general, the flavor composition of astrophysical neutrinos
may be modified by a superposition of these operators. If the operators have different
dimensions, the different scaling will make the overlap effective only in a reduced energy
window, and we assume that this is not the case. However, if the dimensions of the
operators are the same, multiple more operators can contribute. Here we want to show
the potential of UHE neutrinos for this kind of studies: to simplify the analysis, we
turn on a single LIV coefficient at a time when computing the flux, and consider only
its real part. In the future, if the statistics will allow it, it could be possible to extend
this analysis including multiple operators, with their real and imaginary parts.
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5.2.2 Statistical analysis and results

Our goal is to constrain the value of the LIV coefficients. The treatment is analogous
to the one used so far: we model the experiments as in Section 4.3.2, compute the
distribution of the events detected by each experiment, with and without LIV, and
perform a statistical analysis similar to the one of Section 4.3.3, properly modified in
order to get the upper bounds on the coefficients.

As before, only two flavor fractions are independent, but since we assume no ντ
production at source, this number reduces to one; we choose the free parameter to be
fe,S, and assume that neutrinos are produced via pion decay, i.e., fe,S = 1

3
. Again, we

perform the analysis for the two benchmark fluxes and the two GRAND configurations.
Since, by combining the radio array of IceCube-Gen2 and GRAND, we are mostly

sensitive to the ντ fraction, and since from pion decay most of the emitted flux is in
νµ, we have higher sensitivity to coefficients that inhibit νµ → ντ oscillations, i.e., å

(d)
eµ ,

å
(d)
ττ , å

(d)
eτ , and å

(d)
µµ , and equivalently for c̊

(d)
αβ .

Figure 5.3 illustrates the effect of a pure-ττ LIV operator, [(HLIV)ττ ], with varying
strength relative to standard oscillations, [(Hstd)ττ ], on our three flavor-composition
benchmarks. Under weak LIV, we recover standard oscillations. Under dominant LIV,
ντ mixing is suppressed, until it totally decouples and only νe ←→ νµ is possible. In-
between, interference between the standard and LIV contributions creates the wiggles
seen in Fig. 5.3. It is clear that when the LIV contribution is dominant the flavor
content changes significantly, and that the flavor sensitivity discussed in Chapter 4 is
sufficient to probe these deviations from the standard oscillations.

In the notation of Section 4.3.3, the true mean number of events, in each detector,
µ̄IC-Gen2, and µ̄GRAND, is computed assuming fe,S = 1

3
, fixing the parameters π to

match the benchmark fluxes of Fig. 4.3 and using the effective areas of the experiment
as in Section 4.3.2. Then, for a set of test parameters (π, fe,S, å

(d)
κλ , c̊

(d)
κλ ) we compute

the corresponding number of events and we build a binned Poissonian Likelihood as in
Eq. (4.8). This time, to define our test statistic, we marginalize over the four nuisance
parameters (π, fe,S). Again, the minimization is performed numerically. To compute
the upper limit on the coefficients å(d) and c̊(d), we follow [127] and set the upper limit
at 90% C.L. for Λ = 1.66.

Figure 5.4 shows our resulting limits for operators of dimension 3–8. Even in
the most pessimistic scenario—low neutrino flux and using GRAND10k—all of our
projected limits are better than the present ones [123] by orders of magnitude, since
HLIV grows with energy. The relative improvement grows with operator dimension,
as the energy dependence grows increasingly faster than linearly [Eq. (5.1)]. This is
particularly dramatic for dimension-4 and -5 operators, where our limits reach into the
quantum gravity-motivated region, unlike existing limits.

Finally, we show analogous results for the operators for which we obtained at least a
bound, i.e., those mixing νµ−νµ (Fig. 5.5), νe−νµ (Fig. 5.6) and νe−ντ (Fig. 5.7). We
show results assuming that the flavor composition at the sources is from pion decay. In
all cases, our projected limits from UHE neutrinos improve on existing limits. However,
for å

(d)
eτ and c̊

(d)
eτ , limits are achievable only under the most optimistic scenario, using

GRAND50k and our benchmark high neutrino flux. This is because the LIV couplings
affect directly only νe and ντ , which make up the smallest contributions to the flux
generated by pion decay.
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ical flavor composition at the sources,

(

1
3
, 2
3
, 0
)

S
. Our limits are profiled over the flavor

composition at the sources, and the size and shape of the neutrino spectrum. Figure
taken from Ref. [85].
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å
(3)
αβ c̊

(4)
αβ å
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Conclusions and outlook

Neutrinos with energies larger than 100 PeV may be discovered in the next decade,
opening new frontiers in astrophysics and particle physics. In this work we investigated
the possibility to measure the flavor content of the flux of these ultra-high-energy neu-
trinos. Since it is not clear whether new detectors will have flavor-identification ca-
pabilities, we proposed a novel idea to perform this measurement. Flavor sensitivity
is manufactured combining the information from two detectors, one sensitive to all
flavors–the radio array of IceCube-Gen2–and one sensitive mostly to one flavor–in this
work, GRAND, which is sensitive mostly to events initiated by ντ . This different ap-
proach allows, in principle, to measure the fraction of ντ in the all-flavor flux. However,
a quantitative analysis was needed, as the intensity and the shape of the flux of UHE
neutrinos are largely uncertain and the results of this measurement can depend heavily
on them.

In Chapter 4 we performed the analysis for two benchmark fluxes, representative of
the breadth of theoretical models, and for the two smallest configurations of GRAND,
GRAND10k and GRAND50k. Our work proved that this two-detector approach can
constrain the fraction of ντ even under conservative assumptions, with 10-20 events
detected in 10 years.

This flavor sensitivity, even if limited, can encode a lot of information. In Chapter 5
we used our measurement forecasts to show the physical insights that can be obtained
with the flavor of UHE neutrinos. Inverting the effects of oscillations we showed that it
could identify the dominant production mechanism of UHE neutrinos, distinguishing
between benchmark expectations at 95% C.L. or more and improving our knowledge of
the astrophysical environments in which are generated. Then, for fundamental physics,
this flavor measurement could lead to vast improvement in the constraints on Lorentz-
invariance violation, emblematic of the power to test other new physics that could
manifest itself at the highest energies, such as secret neutrino interactions and active-
sterile neutrino mixing.

Our methods can be applied to other planned detectors, like RNO-G [76], sensitive
to all flavors, and POEMMA [129], sensitive to ντ . A recent work [98] showed that
in-ice radio-based UHE neutrino telescopes may measure the νe and νµ + ντ fractions.
Our methods would break the degeneracy between νµ and ντ , providing access to the
full flavor composition to tap into its inherent physics potential.
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