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Abstract

Context The physics of neutrinos is one of the richest and most intriguing
fields of research in modern physics. One reason is their ambiguous role in the
Standard Model of particle physics, within and beyond the Standard Model of
electroweak interaction: they are categorised as neutral leptons which obey the
gauge structures of the Standard Model Lagrangian, with which it is possible
to precisely compute the neutrino interaction rates, yet they have mass and are
subject to flavour oscillations, which cannot be reconciled with the minimal for-
mulation of the Standard Model. Flavour oscillations are explained with nonzero
masses of neutrinos, the nature of which (Dirac or Majorana) is still under exper-
imental investigation. Also the flavour oscillations of neutrinos are still studied,
and are currently tested over 9 decades in energy, from MeV to PeV.

Another reason for the interest in neutrinos is that they are very elusive,
which means that experimental results come with enormous effort and large
timescales. For example, out of more than 60 billion solar neutrinos that every
second go through any square centimeter of the Earth, Borexino, one of the
most sensitive modern detectors, manages to reveal about 100 per day. Cosmic
neutrino searches, which are currently led by IceCube, a km3-scale telescope
embedded in the depths of the Antarctic ice, deal with about 10 events per year,
which is why an unequivocal source of neutrinos is yet to be found.

Another implication of their elusiveness is that neutrinos can travel for huge
distances in the cosmos without being absorbed. In the context of astroparticle
physics, neutrinos have a very peculiar role: they are assumed to be produced
in the interaction of cosmic-rays with the gas or radiation fields that surround
the accelerators of the cosmic rays themselves, and do not suffer deviation from
magnetic fields, like charged particles, nor absorption, like photons. Neutrinos
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are also produced in the thermonuclear reactions that make stars burn, in the
explosions of Supernovae, which are phenomena that are still poorly understood,
and in the collisions between cosmic rays and the nuclei in the atmosphere.

All the features mentioned above make neutrinos very peculiar particles, as
they are simultaneously the probe for fundamental (particle) physics, for cosmic-
ray acceleration and propagation, and, potentially, tomographic study of the
objects which produce them.

Original contributions This thesis is focussed on the astroparticle nature of
neutrinos. A first technical but novel result is the update of the survival/oscillation
probabilities for cosmic neutrinos using the most recent oscillation parameters
available at the time, and we exploited them to critically investigate the results
on astrophysical neutrinos obtained by IceCube.

The spectrum of cosmic neutrinos has been a focal point of interest, as the
results of the IceCube analyses, based on the HESE and through-going muons
data samples, lead to problems in their interpretation. These results have been
critically discussed, pointing out the potential reasons for such discrepancy [1].
In the same work, we also quantitatively predicted the number of ντ -induced
events and Glashow events, i.e. resonant interactions of νe + e− → W− (Eνe &
6.3 PeV), based on a cosmic neutrino spectrum which we modelled from the
experimental data. Different hypotheses on the cosmic neutrino spectrum were
used to compute the rate of ντ -induced events in the present and future neutrino
telescopes, and to discuss the dramatic implications of the failure to observe them
[2].

Atmospheric neutrinos have been studied in the context of their connection
to the cosmic-ray spectrum [3] and as a background to astrophysical neutrino
analyses [4]. Atmospheric neutrinos are in fact generated in the collisions of cos-
mic rays with the nuclei in the atmosphere, and are expected to follow an energy
spectrum which maintains information on that of the incident particles. This led
us to assessing the possibility of identifying the rigidity of the most prominent
feature in the cosmic-ray spectrum, the knee, with atmospheric neutrinos [3]. The
knee is associated with the end of the light component (protons and Helium nu-
clei) of the cosmic-ray spectrum, which is supposedly connected to the end of the
spectrum of conventional atmospheric neutrinos. Different primary cosmic-ray
flux models have been defined, corresponding to two alternative parametrizations
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of the knee, and to the fits to two different knee rigidities, which result from the
measurements by ARGO-YBJ and KASCADE-Grande. These primary cosmic-
ray flux models have been used to compute the atmospheric neutrino fluxes,
which have been compared to experimental data for the discrimination of the
knee and the discussion of the experimental results.

The atmospheric neutrino models which resulted from this work were also
used in [4]: in this work the contribution to the IceCube cascade dataset of
the prompt component of the atmospheric spectrum has been computed - the
prompt component is yet to be measured, despite the high degree of certainty
about its existence. The cascade topology is the most relevant in this context,
as it is mainly due to electron and tau neutrinos: in the muon neutrino spec-
trum, the prompt component is practically dominated by the conventional one
up to about 1 PeV. A cosmic neutrino model has been obtained by combining
the expectations from starburst Galaxies by Loeb & Waxman and the fit to the
through-going muons dataset by IceCube, so as to have a precise, phenomeno-
logical muon neutrino flux. The cosmic neutrino fluxes of the other flavours have
been obtained exploiting the connection among each other via their relation to
the gamma-ray flux, with the underlying hypothesis of a hadronic mechanism of
production. These fluxes have been convolved with the IceCube effective areas
for cascade-like events, taking into account the presence of the veto for atmo-
spheric neutrinos. We highlighted how to help the detection of prompt neutrinos
and their possible impact on the interpretation of the IceCube signals.

Lastly, we studied solar neutrinos in the context of the luminosity constraint,
which is a very powerful tool that allows to connect the power emitted by the Sun
in photons to that emitted in neutrinos. We re-derived the standard luminosity
constraint in a simpler and clearer formulation; this description is based on the
assumption that the Sun accumulates only 4He, while all the other reactions are
in equilibrium, and that its total power is emitted in photons and neutrinos.
Motivated by a very precise, recent measurement of the solar luminosity in pho-
tons, we showed how to extend the luminosity constraint with the inclusion of
the effects of other accumulating nuclear species, and of the variation over time
of the gravitational potential of the Sun due to its expansion. We discussed the
relevance and power of this updated luminosity constraint in the context of CNO
neutrino (predicted from the Standard Solar Model, but never observed) detec-
tion, which is directly related to an accurate determination of the metallicity
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(heavier-than-Helium element fraction) of the Sun.

Structure The layout of the thesis is the following:

1. Chapter 1 presents a brief history of neutrinos and reviews its description
in elementary particle physics; neutrino masses are introduced both in the
Dirac and Majorana formulations. After that, neutrino oscillations in vac-
uum and in matter are dealt with, and the update of the cosmic neutrino
oscillation/survival probabilities is presented. We conclude the chapter
with an overview on the types of neutrinos, ranging from relic neutrinos,
produced in the early Universe, to the neutrinos produced on Earth.

2. Chapter 2 deals with solar neutrinos, the theoretical foundation of which
is the Standard Solar Model; this is a model that relies on nuclear physics,
thermodynamics, and hydrodynamics to reproduce the current features of
the Sun. We then offer an overview of the experiments which detected,
detect and will detect solar neutrinos, including their results both in the
context of solar neutrino flux determination and of neutrino oscillations.
We close the chapter by presenting the original work concerning the update
of the luminosity constraint, which is close to publication.

3. Chapter 3 revolves about atmospheric neutrinos. Firstly, we cover the pre-
dictions and theoretical expectations on their energy spectrum and flavour
composition, based on particle and cosmic-ray physics. We discuss the
conventional and prompt components of the neutrino spectrum, which are
produced, respectively, by the decay of light (mainly pions and kaons) and
heavy (mainly charmed mesons and baryons) particles. Secondly, due to
the connection of atmospheric neutrinos to the cosmic-ray flux, we briefly
touch on the cosmic-ray spectrum and the cascade formalism, which is
needed to compute secondary neutrino production from cosmic ray-nuclei
collisions in the atmosphere. Thirdly, we present the experimental results
on atmospheric neutrinos, both in the context of flux and neutrino mix-
ing measurements. Finally, we present the original work on the connection
between the cosmic-ray knee and atmospheric neutrinos.

4. Chapter 4 is about cosmic neutrinos. We open the chapter with a discussion
on the commonly accepted set of expectations and assumptions regarding
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the mechanisms of production and the candidate sources of high-energy
neutrinos, stressing the fact that a definitive theoretical picture is still
missing. This set of assumptions includes: standard-three flavour neutrino
mixing, an unbroken power law as the energy spectrum of cosmic neutrinos,
and isotropy for their angular distribution. We briefly overview the most
popular types of cosmic neutrino sources, i.e. starburst Galaxies, blazars
and gamma-ray bursts, and cover the recent evidence for a neutrino source,
the blazar TXS 0506+056. After this phenomenological introduction, we
present the current experimental results on astrophysical neutrinos, which
are mainly obtained by IceCube, the first operating km3-scale experiment.
The types of datasets and the corresponding results are reviewed in depth,
as they are the foundation of the phenomenological discussions presented
in this thesis. We also cover the results by the ANTARES telescope, and
briefly cover its upgrade KM3NeT. An overview of the experiments using
Askaryan radio emission - ARIANNA, ARA, and ANITA - is also present,
with a short presentation of the very unexpected events detected by ANITA.
These experiments, with Auger and POEMMA, provide the best sensitivi-
ties to the ultra-high-energy neutrino flux. We close the chapter with the
presentation of three original works on the compatibility of the IceCube
results with a universal neutrino spectrum, on the importance of cosmic
tau neutrino detection, and on the role of prompt neutrinos for the inter-
pretation of the IceCube signals.

Results In [1] we discussed the difficulty of the interpretation of the IceCube
results as an isotropic cosmic neutrino flux with an unbroken power-law distribu-
tion. A two-component model of the astrophysical neutrino spectrum has been
proposed, and standard three-flavour oscillations have been used to compute the
cosmic flux of each neutrino flavour. Such astrophysical neutrino model proved
to be compatible with the IceCube measurements, and has been used to compute
the rate of events due to Glashow resonances and due to double cascades in Ice-
Cube. Moreover, a preference for pion decay as a neutrino production mechanism
has been found.

In [2] we computed the rate of ντ -induced events in IceCube, KM3NeT and
IceCube-gen2, quantifying the amount of time needed to observe a double-cascade
event at 99% C.L. for each detector. To do this, we convoluted the cosmic ντ
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spectrum, which we obtained on the bases of standard three-flavour neutrino
oscillations and of the IceCube results, with the effective areas for double-cascade
events. Analytical approximations for the relevant effective areas of all these
detectors have been proposed and used to predict that the IceCube detector was
close to see the first double cascade events - let us stress that the first preliminary
data agree with such prediction. We considered the possibility that these events
would not be observed, and discussed the consequent implications.

In [3] we tested the possibility to use atmospheric neutrinos to determine the
position of the knee of the cosmic-ray spectrum. A primary cosmic-ray flux
model has been introduced to fit the knee positions as measured by ARGO-YBJ
and KASCADE-Grande. The resulting spectra were used as input to a numerical
code for the computation of the corresponding atmospheric neutrino fluxes: these
have been then compared with the available data to discriminate the better
knee model. A slight preference for the knee as measured by the KASCADE-
Grande collaboration has been found, but the experimental uncertainties on the
atmospheric neutrino flux are too large to unequivocally discriminate the two
models.

In [4] we investigated the role of the yet undetected prompt neutrino flux for
the interpretation of the IceCube results. We adopted the procedure of [3] to
model the atmospheric component, with the choice of the KASCADE-Grande
knee. The assumptions of a hadronic mechanism of astrophysical neutrino pro-
duction in starburst Galaxies and of standard three-flavour neutrino oscillations
led us to formulate a phenomenologically precise astrophysical flux. This flux is
obtained as a combination of the theoretical expectation for astrophysical neu-
trinos produced in starburst Galaxies [5] with the experimental results of the
through-going muons neutrino analyses. All the components of the neutrino flux
have been obtained for every flavour, which clearly showed why prompt neutrinos
cannot be detected in νµ-rich datasets. The cascade dataset has been consid-
ered as a better option to detect prompt neutrinos: in order to assess this, the
yearly rates of shower-like events due to the various components of the neutrino
spectrum have been computed. It resulted that the event rate due to prompt
neutrinos is about 3% of that due to conventional ones in the cascade dataset
between 1 TeV and 10 PeV. However, the prompt signal may be extracted using
a higher energy threshold and discarding horizontal cascades, so as to reduce
the contribution due to conventional neutrino. It was also found that prompt
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neutrinos can contribute to the discrepancy of the IceCube results from different
datasets.

Lastly, we proposed a clearer and simpler formulation of the luminosity con-
straint. We generalised it, allowing for the accumulation of other elements than
4He, in particular 3He and 14N, which are the “bottlenecks” respectively of the
pp-chain and of the CNO cycle. With the new, very precise value of the solar
luminosity in photons we assessed that the contribution to the luminosity con-
straint of these out-of-equilibrium nuclear species is sizable, and so is the impact
of the variation of the solar gravitational potential due to the expansion of the
Sun. We thus obtained a more general and more powerful luminosity constraint,
and showed how strictly it links the fluxes of pp and CNO neutrinos. This is par-
ticularly relevant for detectors like Borexino, which already measure pp neutrinos
and have the potential to detect CNO neutrinos, and for a determination of the
metallicity of the Sun, as it is directly connected to the flux of CNO neutrinos.

Summary of my PhD activity My PhD work resulted in the following pub-
lications:

1. On the compatibility of the IceCube results with a universal neutrino spec-
trum, with A. Palladino and F. Vissani, EPJC, 77:684 (2017),
DOI: 10.1140/epjc/s10052-017-5273-z;

2. The importance of observing astrophysical tau neutrinos, with A. Palladino
and F. Vissani, JCAP, 2018 (2018), DOI: 10.1088/1475-7516/2018/08/004;

3. Introduction to neutrino astronomy, with A. Gallo Rosso, A. Palladino and
F. Vissani, EPJ Plus, 133:267 (2018), DOI: 10.1140/epjp/i2018-12143-6;

4. Atmospheric neutrinos and the knee of the cosmic ray spectrum, with P. Blasi
and C. Evoli, Astroparticle Physics, 114 (2020) 22-29,
DOI: 10.1016/j.astropartphys.2019.06.002;

5. On the relevance of prompt neutrinos for the interpretation of the Ice-
Cube signals, with F. Vissani, JCAP, 2019 (2019), DOI: 10.1088/1475-
7516/2019/08/004;
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6. Exploring the assumption of hadron-hadron collisions for high energy neu-
trino production, with F. Vissani, PoS (ICRC2019) 959 358.

There is another article, which is yet to be submitted, on which I worked in col-
laborations with Francesco Vissani, Diego Vescovi, Oscar Straniero, and Luciano
Piersanti. It is about the update of the luminosity constraint, and is contained
in §2.3.

I presented my work to the scientific community on the following occasions:

1. Perspectives in Astroparticle physics from High Energy Neutrinos, 25-26
September 2017, Napoli. Poster: Cosmic neutrino oscillations and τ neu-
trinos in IceCube;

2. The High Energy Universe: Gamma Ray, Neutrino, and Cosmic Ray As-
tronomy, 12-23 March 2018, Munich. Talk: Neutrino oscillations and as-
trophysical tau neutrinos ;

3. the 36th International Cosmic Ray Conference, July 24 - August 1 2019,
Madison, USA. Talk: Exploring the assumption of hadron-hadron collisions
for high-energy neutrino production;

4. Heavy-Quark Hadroproduction from Collider to Astroparticle Physics, 6-
12 September 2019, Mainz. Talk: Detecting prompt neutrinos at neutrino
telescopes: theoretical predictions and experimental data;

and attended the following schools/conferences:

• Cross sections for Cosmic Rays, 29-31 March 2017, CERN;

• International School of Space Science, 12-16 June 2017, L’Aquila;

• Cosmic Ray Transport and Energetic Radiations, May 28 - June 1 2018,
L’Aquila;

• DIAS Summer School in High-Energy Astrophysics, 19-29 June 2018, Dublin.
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Neutrinos alone, among all the known particles,
have ethereal properties that are striking and romantic
enough both to have inspired a poem by John Updike

and to have sent teams of scientists deep underground
for 50 years to build huge science-fiction-like contraptions

to unravel their mysteries.
Laurence M. Krauss

Alle mie nonne,
Bianca e Paola.

Le parole
non basteranno mai

per esprimere
ciò che siete state,
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1

Introduction

Neutrino physics is largely an art
of learning a great deal
by observing nothing.

Haim Harari

In this chapter we introduce neutrinos mainly from the particle physics per-
spective: in section 1.1 we briefly overviews the history of this particle, from its
theorization to the latest experimental results, while section 1.2 is a review on
neutrinos both in the Standard Model (SM) of Elementary Particles and out of
it. Finally, in section 1.3 we will cover the mechanisms that can produce these
particles.

The original work on the update of the oscillation/survival probabilities, pre-
sented in §1.2.3, has been used in [1, 2, 4].

1.1 A brief history of the neutrino

With this section we aim at briefly overviewing the steps that neutrino physics
has taken, from theorization to the latest experimental results; for a more in-
depth review, we suggest consulting [6] and references therein.

In 1930 Wolfgang Pauli proposed the existence of a 1/2-spin particle with
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zero charge and almost zero mass as a desperate remedy to the apparent non-
conservation of energy in β decays of radioactive nuclei [7]. It is interesting to
note that such proposal was considered back then as “something very bad”, since
“proposing a particle that cannot be detected” “is something no theorist should
ever do”. It is also worth mentioning that another solution, proposed by Niels
Bohr, to the same problem, i.e. the continuity of the β energy spectrum, was the
violation of the principle of energy conservation.

In 1932 Chadwick discovered the existence of the neutron, which is a neutral
particle with 1/2 spin, but way too massive to be Pauli’s particle. Just two
years later, in 1934, Enrico Fermi formulated a quantitative theory of nuclear
decays [8], a prototype of today’s theory of weak interactions (or, rather, its low-
energy limit), and named Pauli’s particle “neutrino”, so as to distinguish it from
Chadwick’s neutron [9].

In 1956 Reines and Cowan, inspired by Bruno Pontecorvo, detected antineu-
trinos produced in the decay of radioactive substances in nuclear reactors [10].
Reines was awarded the Nobel prize just after 40 years, when Cowan had, sadly,
already passed away.

Between 1957 and 1967 Bruno Pontecorvo formulated the theory of neutrino
oscillations; the idea of neutrino mixing has been first introduced by Maki, Nak-
agawa and Sakata. After five years, at Brookhaven, it was shown that there are
at least two species of neutrinos; Lederman, Schwartz and Steinberger observed
that neutrinos from the decay of pions and muons interact with matter differently
from those produced in β decays.

In 1968, Ray Davis, in collaboration with John Bahcall and others, detected
neutrinos produced in the thermonuclear reactions in the Sun with the Homestake
mine experiment [11] - only in amounts incompatibly smaller than predicted by
Bahcall’ Standard Solar Model (SSM): the so-called solar neutrino problem was
born. Only thirty years later the Super-Kamiokande collaboration presented
atmospheric neutrino measurements which suggested that nothing was wrong
with Davis’ experiment or Bahcall’s predictions, as neutrino do change flavour
on their way to Earth, and the Homestake experiment was sensitive to only one
flavour. The final word on the solar neutrino problem arrived only in 2001, when
the experiment at the Sudbury Neutrino Observatory (SNO), sensitive to all
neutrino flavours, confirmed the original predictions by Bahcall [12, 13].

In the same year, the DONUT collaboration reported the detection of ντ , the
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third type of neutrinos [14], which had been predicted almost thirty years before,
after the discovery of the τ lepton at the Stanford Linear Accelerator (SLAC).

In 1987 Kamiokande II, IBM and Baksan (also the Mont Blanc liquid scintilla-
tor, but this is generally considered as a spurious measurement) detected bursts
of events compatible with the neutrino emission from the explosion of a type-II
Supernova; see [15] for a review and [16] for a discussion on these measurements.
This remains the one and only case of detection of neutrinos from a Supernova.

In 2013 the IceCube collaboration announced the discovery of an extra-galactic
flux of neutrinos [17], and, in 2018, they reported the coincident observation of
a neutrino with the flaring of a known blazar, TXS 0506+056 [18]. This is the
first hint at a source of cosmic rays.

1.2 Neutrinos in (and out of) the Standard Model

In this section we review the treatment of neutrinos both as an element of the
Standard Model of elementary particles and as an outsider: neutrino oscilla-
tions are, in fact, one of the few solid and clear evidences of physics beyond the
Standard Model (BSM).

In 1.2.1 we will review then the SM Lagrangian, focussing on its electro-weak
part, which contains neutrinos; we will also cover how the mass of neutrinos can
be added to the SM Lagrangian with the Dirac and Majorana approach.

Neutrino oscillations in vacuum and in matter will be introduced in 1.2.2.
Finally, in 1.2.3, we will present our contribution to the determination of the

oscillation and survival probabilities of cosmic neutrinos.

1.2.1 Standard Model neutrinos

The Standard Model (SM) of elementary particles is the model that, at present,
best describes the phenomena occurring at the smallest scales accessible to us via
particle accelerators. The elementary processes among these particles are coded
in a Lagrangian density, in which bosons and fermions appear as quantum fields
subject to peculiar group properties. This formulation is the result of decades of
efforts, both theoretical and experimental, in which the forces have been shown
to follow local symmetries, which are called “gauge” symmetries. A complete
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overview of the SM Lagrangian is, of course, way beyond the scope of this thesis,
so that we will refer the interested reader to benchmark works such as [19, 20,
21].

Let us face directly the SM Lagrangian:

L = −1

4
FµνF

µν + iψ /Dψ + ψiyijψjφ+ |Dµφ|2 − V (φ) + h.c. (1.1)

This is a very compact expression for the whole SM Lagrangian before the symme-
try breaking gives mass to the particles: we are interested in a more transparent
one (in which masses are present) for the electro-weak part. After symmetry
breaking, the fermion section of the electro-weak Lagrangian reads:

LEW,F =
∑
i

ψi
[
i/∂ −mi(1−H/v)

]
ψi

− g

2
√

2

∑
i

ψiγ
µ(1− γ5)(T+W+

µ + T−W−
µ )ψi

− e
∑
i

Qiψiγ
µψiAµ −

g

2 cos θW

∑
ψiγ

µ(giV − giAγ5)ψiZµ

(1.2)

The index i labels the SU(2) fermion fields, i.e.:

ψi =


(
νi
`−i

)
for leptons(

ui
d′i

)
for quarks

where d′i = Vijdj, and V is the Cabibbo-Kobayashi-Maskawa mixing matrix. In
Eq. (1.2) we can more clearly see:

• a kinetic term, and a mass term, in which the strength of the coupling to
the Higgs boson H is proportional to the mass of the particles (first line);

• the interaction term with the charged W± bosons, in which we can notice
the presence of the (1 − γ5) projector, which causes only the left-handed
fields to interact via charged weak currents (second line);
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• the interaction term with the photon Aµ, which couples equally to left-
and right-handed fields with eQi = charge of the field i as strength of the
interaction (third line, first term);

• the interaction term with the Z0, which couples unequally to left-handed
and right-handed fields.

The basic neutrino interactions can be represented, at tree-level, by the following
Feynman graphs:

W−

`−

ν` ν`

`−

W+

ν` `−

quqd

Z0

ν ν

q/`q/`

and by the graphs obtained by charge conjugation and “rotation” (from channel
s to channel t and viceversa) of the graphs above.

To give a handle on the typical cross sections for neutrino experiments, let us
consider neutrino - electron scattering with

√
s � me; for electron neutrinos, it

can occur both in t-channel version of the leftmost and rightmost graphs, and
has a total cross section of

σ(νe+e
− → νe+e

−) ' G2
Fs

4π

[(
1 + 2 sin2 θW

)2
+

4

3
sin4 θW

]
' 93

s

MeV2 10−46 cm2

The same scattering cross section for an electron antineutrino, a muon/tau neu-
trino and a muon/tau antineutrino would be about 42%1, 16% and 14%, respec-
tively, of σ(νe + e− → νe + e−). Electron antineutrinos, in fact, can interact

1Unless the center-of-mass energy approaches the W− mass,
√
s ≈ mW , in which case the

cross-section increases due to the resonance. This occurs for Eνe
' 6.3 PeV, and is referred to

as Glashow resonance, which is clearly visible in Fig. 1.2.
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with electrons with the leftmost and the rightmost graph, which is the only one
available to muon and tau (anti)-neutrinos.

For νµ charged-current inclusive scattering cross sections (per nucleon), we
have:

σ(νµ +N → µ− +X) ' 0.7
Eν
GeV

× 10−38 cm2

which is another interesting process for high-energy neutrino detection. These
cross sections are very small compared to, say, that of an electromagnetic process
like γ + γ → hadrons, which is around 10−28 cm2 for

√
s ∈ [1, 104]GeV.

The most peculiar trait of neutrinos is their mass, which is directly related to
their oscillatory behaviour. Before the discovery of neutrino flavour oscillations,
in fact, neutrinos were assumed to be massless; as we will see in the following,
the fact that their flavour can change over time is related to a nonzero neutrino
mass. This creates a distinction between the neutrino eigenstates of interaction,
which are labelled by flavour, and of propagation (the free Hamiltonian), which
are labelled by mass. A fermion mass term arises usually from the coupling of
particles with nonzero hypercharge Y to the Higgs boson; since right-handed neu-
trinos do not have hypercharge, adding a mass term to the SM means extending
the standard model. In order to clarify this point, let us look at the mass term
for the leptons:

LM,L = −
∑

i,j=e,µ,τ

y`′ijψ
′
i,Lφ `

′
j,R + h.c. (1.3)

It is clear that such term can be written only if all the involved fields have nonzero
hypercharge.

The mass of the neutrino is nowadays one of the most important mysteries
in physics; the squared mass differences between the three2 mass eigenstates are
known, but only upper limits, at about 1 eV, on the absolute mass are available.
Such a small value for the mass of the neutrinos is believed to be due to mech-
anisms like the see-saw mechanism, in which a new high-energy scale generates
a suppression of the neutrino mass. An in depth coverage of the problem of the
neutrino mass is beyond the scope of this thesis; the interested reader may find
useful material in [22, 23] and references therein. Here we will present briefly
the two common approaches to extend the SM Lagrangian with the addition of
neutrino mass terms.

2There are at least three.
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Dirac neutrinos In the Dirac approach to neutrino masses, the mass term in
Eq. (1.3) is extended with the introduction of a right-handed neutrino:

LMD,L = −
∑

i,j=e,µ,τ

y`′ijψ
′
i,Lφ `

′
j,R −

∑
i,j=e,µ,τ

yν′ijψ
′
i,Lφ̃ ν

′
j,R + h.c. (1.4)

The primed Yukawa matrices stand for the fact that neither y`ij nor yνij are di-
agonal in the chosen, primed, bases; we can diagonalise them with the use of
appropriate 3× 3 unitary matrices:{

V `†
L y

`′V `
R = y` y`ij = y`iδij

V ν†
L yν′V ν

R = yν yνij = yνi δij

such that
nj,L = V ν†

ij ν
′
i,L nj,R = V ν†

ij νi,R

The diagonalised form of Eq. (1.4) in the unitary gauge reads:

LML,F = −
(
v +H√

2

)[ ∑
i=e,µ,τ

y`i `i,L`i,R +
3∑
i=1

yνi ni,Lni,R

]
+ h.c. (1.5)

from which we can see that the neutrino masses are given by:

mνi =
vyνi√

2
(1.6)

i.e. they are proportional to the Higgs vacuum expectation value (vev) v, just
like the masses of charged leptons and quarks. As in the case of the Higgs
mechanism for these particles, such formulation for the neutrino masses leaves
open the question of their origin and value.

The interaction term between charged leptons and neutrinos will look like:

jµW,L = 2ν ′Lγ
µ`′L = 2nLV

ν†
L γµV `

L`L

which, with the introduction of the neutrino mixing matrix (which will be the
subject of discussion in the following):

U = V `†
L V

ν
L (1.7)
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becomes:
jµW,L = 2nLU

†γµ`L (1.8)

Usually U is represented as the product of three rotation matrices with up to
three CP-violating phases:

U =

1 0 0
0 c23 s23

0 −s23 c23

 c13 0 s13e
−iδ

0 1 0
−s13e

iδ c13 0

 c12 s12 0
−s12 c12 0

0 0 1

 (1.9)

where δ is the Dirac CP-violating phase and sij = sin θij and cij = cos θij. If
neutrinos are Majorana particles, there is an additional diagonal matrix with
two Majorana CP-violating phases. It is customary to introduce the left-handed
flavour neutrino fields νL as:

νL = UnL = V `†
L ν

′
L (1.10)

so that Eq. (1.8) becomes:

jµW,L = 2νLγ
µ`L = 2

∑
i=e,µ,τ

νi,Lγ
µ`i,L (1.11)

It is interesting to immediately see the non-conservation of single-flavour lep-
ton number. In fact, given the definition of mixing matrix as in Eq. (1.10), the
mass terms of the Lagrangian in Eq. (1.5) becomes:

LMD,L = −
(
v +H√

2

) ∑
i=e,µ,τ

[
y`i `i,L`i,R + νi,L

3∑
k=1

Uiky
ν
kνk,R

]
+ h.c. (1.12)

The kinetic term, instead, looks like:

Lkin. =
3∑

k=1

νk i/∂νk =
∑
i=e,µ,τ

νi,L i/∂νi,R +
3∑

k=1

νk,R i/∂νk,R (1.13)

We can see now that:

• the weak charged-current in Eq. (1.11) is invariant under

`j,L → eiϕj`j,L νjL → eiϕjνj,L

for j = e, µ, τ and ϕj 6= ϕk with j 6= k;
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• the charged lepton terms in Eq. (1.12) are invariant under the above trans-
formation of the left-handed ` fields if

`j,R → eiϕj`j,R

• it is impossible to find any transformation of the νk,R fields that leaves
invariant the neutrino mass term in Eq. (1.12) and Eq. (1.13), unless 1) all
yνk are equal or 2) U = diag(1, 1, 1) - i.e. there is no mixing.

Even though the single-flavour lepton number is not conserved, the total lepton
number is; both the Yukawa and the kinetic parts of the Lagrangian are in fact
invariant under the global U(1) transformation

Ψx,L/R → eiϕΨx,L/R

where Ψ = `, ν, x = 1, 2, 3 or x = e, µ, τ .

Majorana neutrinos Ettore Majorana, in 1937 [24], discovered that a four-
component spinor is not necessary for the description of a massive particle. In
fact, Dirac’s equation:

(i/∂ −m)ψ = 0 (1.14)

for the chiral components reads:{
i/∂ψR = mψL

i/∂ψL = mψR
(1.15)

Taking the hermitian conjugate on the second line of Eq. (1.15) and multiplying
on the right by γ0, we have:

− i∂µψRγµ = mψL (1.16)

Now we can manipulate it so as to recover a form like that in Eq. (1.15): transpos-
ing Eq. (1.16) and multiplying it on the left with the charge conjugation matrix
C we have:

i/∂Cψ
T

R = mCψ
T

L (1.17)
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Setting now:
ψR = ξCψ

T

L (1.18)

where ξ is an arbitrary phase factor, i.e. |ξ|2 = 1, which will be “rephased away”,
we obtain:

i/∂ψL = mξCψ
T

L (1.19)

The rephasing that leads us to Majorana’s equation (1.20) is ψL → ξ1/2ψL:

i/∂ψL = mCψ
T

L (1.20)

The field ψ now has the property that:

ψ = ψL + ψR = ψL + Cψ
T

L =⇒ ψ = Cψ
T

Since neutrinos do not interact electromagnetically, their charge parity can be
chosen arbitrarily, as it does not hold physical meaning. For simplicity, we can
choose it equal to 1, so that, for neutrinos:

ψCL := CψTL =⇒ ψ = ψL + ψCL

This means that:
ψ = ψC (1.21)

which can be written only for neutral fermions, for the same argument we just
made for the charge parity of neutrinos.

Since in Majorana’s formulation the spinors of neutral fermions have just two
independent components, rather than four as in Dirac’s formulation, one may
consider it more natural, as it is simpler - which is why neutrinos are Majo-
rana particles in most theories beyond the Standard Model. If neutrinos were
massless, however, the two formulations would be completely equivalent: for
massless particles, in fact, Dirac’s equation (1.15) would decouple for the two
chiral components, and the right-handed component would be irrelevant in both
descriptions. It follows that the nature of the neutrino can be understood from
some effect due to the neutrino mass - otherwise the massless theory works well;
so far these tentatives consist in looking for the so-called “neutrinoless double
beta decay”, i.e. two simultaneous beta decays in which the neutrinos annihilate
with one another.
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A complete treatment of the quantisation of Majorana fields is beyond the
scope of this thesis. We will now see the mass term in the Lagrangian for the
simple case of one Majorana neutrino type ν:

LMM = −1

2
mνCLνL + h.c. (1.22)

where νCL = CνTL is a right-handed function of νL which transforms as νL under
Lorentz transformations. The full Majorana Lagrangian looks like:

LM =
1

2

[
νL i/∂νL + νCL i/∂ν

C
L −m

(
νCLνL + νLν

C
L

)]
(1.23)

where the 1/2, as in Eq. (1.22) avoids double counting due to relation between
νCL and νL.

Since in the Majorana case neutrinos and antineutrinos are the same object,
the can be no conservation of leptonic number. However, it is possible to use
an effective approach to assign a total lepton number which is conserved in all
processes insensitive to the neutrino mass.

The Majorana mixing matrix has two more phases with respect to the one in
Dirac’s formulation: this is due to the fact that the Majorana mass Lagrangian
is not invariant with respect to global U(1) gauge transformations

νk,L → eiϕkνk,L

so that there is less freedom on the entries of the neutrino mixing matrix U .
Therefore, the unitary 3 × 3 mixing matrix of Majorana neutrinos depends on
three mixing angles and three physical CP-violating phases, rather than three
mixing angles and one CP-violating phase, and is usually represented as the
product of the Dirac mixing matrix times a diagonal unitary matrix with two
independent Majorana phases:

U = UD

1 0 0
0 eiλ 0
0 0 eiθ

 (1.24)

Now we will briefly cover flavour mixing in the Majorana formalism; with three
generations of massive neutrinos, we will construct the Majorana mass term as

LMM =
1

2
ν ′TL C

†MLν
′
L + h.c. =

1

2

∑
i,j=e,µ,τ

ν ′Ti,LC
†Mij,Lν

′
j,L + h.c.
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As in the case of Dirac neutrinos, the massive neutrino fields are the eigenstates
of the mass matrix, which can be shown to be symmetric, so that there is a
unitary V ν

L such that:

(V ν
L )TMLV

ν
L = M Mij = miδij

The eigenstates of the mass matrix will once more be:

nL = V ν†
L ν

′
L

so that the mass term in the Majorana Lagrangian will look like:

LMM = −1

2

3∑
k=1

mkν
C
k,Lνk,L + h.c.

and the three-generation Majorana Lagrangian will be:

LM =
1

2
n
(
i/∂ −M

)
n (1.25)

where n = nL + nCL . The interacting part of the Majorana Lagrangian is, as
it must be, the same as the one in Dirac’s treatment seen in Eq. (1.7) and the
following ones.

1.2.2 Neutrino oscillations

Neutrino oscillations were suggested by Pontecorvo in the late 1950s when only
one type of neutrino was supposed to exist. He introduced an additional, sterile,
neutrino, which could oscillate into the active one in analogy to the K0 − K

0

oscillation. Since the discovery of the muon neutrino, it was clear that active
neutrinos could oscillate into each other if they had different masses: a review by
Bilenky and Pontecorvo, published in 1978, is [25]. So far, neutrino oscillations
provide the clearest and best understood piece of evidence for physics Beyond
the Standard Model (BSM).

In the following we will overview the standard derivation of neutrino oscil-
lations in vacuum, and discuss what changes and how when neutrino oscillate
through matter.
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Oscillations in vacuum In the standard picture, neutrinos are produced with
the corresponding antilepton or after the decay (or interaction) of the correspond-
ing lepton. From Eq. (1.10) and the hypothesis that neutrinos are ultrarelativistic
[26] follows that:

|ν`〉 =
∑
k

U∗`k |νk〉 (1.26)

in which the number of massive neutrinos is not limited; it must be larger or equal
to the number of active neutrinos, i.e. ≥ 3. If additional neutrinos are present
in the flavour basis, they must be sterile, and their existence can be proven only
by the disappearance of active neutrinos.

Massive neutrinos are eigenstates of the Hamiltonian H, so that:

|νk(t)〉 = e−iEkt |νk〉 (1.27)

so that
|ν`(t)〉 =

∑
k

U∗`ke
−iEkt |νk〉 (1.28)

The probability amplitude for the oscillation of the neutrino ` into the neutrino
`′ is given by:

A``′(t) := 〈ν`′(t)|ν`〉 =
∑
k

U`′kU
∗
`ke
−iEkt (1.29)

The transition probability is the square modulus of the equation above:

P``′(t) = |A``′(t)|2 =
∑
k,j

U∗`′jU`jU`′kU
∗
`ke
−i(Ek−Ej)t (1.30)

Neutrinos have been measured only in the ultrarelativistic regime, so that:

Ek ' E +
m2
k

2E
=⇒ Ek − Ej =

∆m2
kj

2E

where ∆m2
jk is the squared mass difference:

∆m2
kj = m2

k −m2
j (1.31)
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and E = |p| is the neutrino energy without the contribution from mass. The
transition probability then becomes, using t ≈ L (c = 1):

P``′(L,E) =
∑
k,j

U∗`′jU`jU`′kU
∗
`k exp

(
−i

∆m2
kjL

2E

)
(1.32)

L is the distance between the source of neutrinos and the detector, and, along
with the neutrino energy E, is the experiment-related quantity on which the
oscillation phases depend:

Φkj = −
∆m2

kjL

2E
(1.33)

Of course the ∆m2
kj are physical constants, as well as the entries of U , which

determine the amplitude of the oscillations.
It can be shown that the quartic products

U∗`′jU`jU`′kU
∗
`k

do not vary upon rephasing of the lepton and neutrino fields; this means that the
Majorana nature of neutrinos cannot be determined with oscillation experiments,
as these would be intrinsically blind to the Majorana phases. It can be shown
that CP and T violations in neutrino oscillations depend only on the Dirac phase.

It is useful to write the oscillation probability of Eq. (1.32) as follows:

P``′(L,E) =
∑
k

|U`k|2|U`′k|2 + 2Re
∑
k>j

U∗`′jU`jU`′kU
∗
`k exp

(
−2πi

L

Losc
kj

)
(1.34)

where a constant term has been extracted from the oscillating one and the oscil-
lation length has been introduced as:

Losc
kj =

4πE

∆m2
kj

(1.35)

An interesting case for cosmic neutrinos is when neutrinos cover cosmic distances,
or simply L� Losc

kj , so that we would have:

P``′(E,L)→ P``′ =
∑
k

|U`k|2|U`′k|2 (1.36)
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Observing that P``′ = P`′` reduces the degrees of freedom of the oscillation prob-
ability matrix P``′ from four:

∑
`

P``′ = 1∑
`′

P``′ = 1
=⇒ P``′ =

 x y 1− x− y
z t 1− z − t

1− x− z 1− y − t x+ y + z + t− 1


with 0 ≤ x, y, z, t ≤ 1 to three:

P``′ =

 x y 1− x− y
y t 1− y − t

1− x− y 1− y − t x+ 2y + t− 1


This observation has been the starting point for [27], on which the update of
the cosmic neutrino oscillation probabilities, described in 1.2.3, is based. This
update has been used in [1, 4].

It can be shown that the maximum value for P``′ , with ` 6= `′, as well as the
minimum value of P`` is 1/n, where n is the number of massive neutrinos.

The matter effect Neutrinos propagating through matter are subject to a
potential due to the scattering with the electrons and nucleons in the medium,
which, in some cases, can cause the mixing angles in matter to become large, even
if the mixing angles in vacuum is small. This was first discovered by Wolfenstein
in 1978 [28], and later expanded by Mikheev and Smirnov, who discovered that
there could be resonant flavour transitions in the case of media with varying
density [29]; this is the so-called MSW mechanism. Also in this case we aim
at collecting the fundamental results, which are particularly relevant for Solar
neutrinos.

The propagation of the active neutrinos is affected by the presence of matter;
since all neutrinos interact with ordinary matter via the Z0 boson, we expect
charged weak interactions to make a difference. These are effectively sensitive to
the presence of electrons, and, in fact, it can be shown that the charged-current
potential that neutrinos feel in matter is

VCC =
√

2GFNe (1.37)
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where GF is the Fermi constant and Ne is the local density of electrons. The total
potential energy that left-handed neutrinos are subject to traversing matter is:

V` = VCCδ`e + VNC =
√

2GF

(
Neδ`e −

1

2
Nn

)
(1.38)

where Nn is the local density of neutrons3. As one could expect, there is no
difference between Dirac and Majorana neutrinos when calculating the matter
effect on their way through media.

The evolution of neutrino flavours is quite simple:

i
d

dt
|ν`(t)〉 = H |ν`(t)〉 (1.39)

with
H |ν`〉 = H0 |ν`〉+ V` |ν`〉

Eq. (1.39) can be written introducing ψ``′(x) := 〈ν`′ |ν`(x)〉 (x ≈ t):

i
d

dx
ψ``′(x) =

∑
`′′

(∑
k

U`′k
∆m2

k1

2E
U∗`′′k + δ`′eδ`′′eV`′

)
ψ``′′(x) (1.40)

in which the contributions equal for all flavours, including those of neutral cur-
rents, have been neglected as they generate a common phase. Once more, neu-
trino oscillations depend on the squared mass differences.

To proceed, we consider the case of two-neutrino mixing, which is physically
relevant as νµ and ντ suffer the same matter potential. Let us then consider
νe − νµ mixing, with |ν`(0)〉 = |νe〉, as for Solar neutrinos. Eq. (1.40) can be
diagonalized with a unitary matrix:

UM =

(
cos θM sin θM
− sin θM cos θM

)
(1.41)

where

tan 2θM =
tan 2θ

1− 2
√

2EGFNe

∆m2 cos 2θ

(1.42)

3The neutral-current contributions of protons and electrons cancel out due to opposite
charge - we assume overall charge neutrality of the environment.
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and θ is the two-neutrino mixing angle in vacuum. The diagonalized effective
Hamiltonian in Eq. (1.40) reads:

Heff =
1

4E

(
−∆m2

M 0
0 ∆m2

M

)
(1.43)

From Eq. (1.42) it is clear that the mixing angle in matter can become maximal,
i.e. θM = π/4, when the resonance condition:

Ne|R =
∆m2 cos 2θ

2
√

2EGF
(1.44)

is fulfilled. This can lead to total transitions between the two flavours if the
resonance region is wide enough, and this is the MSW effect. At the resonance,
the effective squared mass difference in Eq. (1.43)

∆m2
M =

√
(∆m2 cos 2θ − 2

√
2EGFNe)2 + (∆m2 sin 2θ)2) (1.45)

has its minimum value
∆m2

∣∣
R = ∆m2 sin 2θ (1.46)

With definitions Eqs. (1.42) and (1.45), the evolution equation (1.40) can be
written more transparently as:

i
d

dx

(
ψee
ψeµ

)
=

1

4E

(
−∆m2

M cos 2θM ∆m2
M sin 2θM

∆m2
M sin 2θM ∆m2

M cos 2θM

)(
ψee
ψeµ

)
(1.47)

With the diagonalization Eq. (1.41), Eq. (1.47) becomes:

i
d

dx

(
φe1
φe2

)
=

(
−∆m2

M/4E −idθM/dx
idθM/dx ∆m2

M/4E

)(
φe1
φe2

)
(1.48)

where the off-diagonal terms proportional to dθM/dx come from:

Ψ = UMΦ =⇒ d

dx
Ψ =

dUM

dx
Φ + UM

dΦ

dx

Since we have that:
dθM
dx

=
√

2EGF
sin 2θM
∆m2

M

dNe

dx
(1.49)
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the effective massive neutrinos are decoupled if the matter density is constant;
conversely, there can be transitions between νM1 and νM2 . Such transitions are
negligible if the off-diagonal terms in Eq. (1.48) are much smaller than the dif-
ference between the diagonal terms; to quantify the impact of the off-diagonal
terms, the adiabaticity parameter is introduced as

γ =
∆m2

M

4E|dθM/dx|
(1.50)

For γ � 1, the evolution is adiabatic, meaning that no transition between the
two effective massive states is expected.

The applications of this formalism are found both in supernova and solar
neutrinos, for which the common set of assumptions includes:

• high density of the medium, above the resonance, at production;

• propagation through a medium of monotonously decreasing density;

• detection practically in vacuum, far away (with respect to Losc) from the
source.

If the resonance is crossed in a non-adiabatic regime, νM1 ↔ νM2 transitions can
occur. It can be shown that, if Pc is the probability of such transition to take
place at the resonance, the average survival probability for electron neutrinos is:

〈Pee〉 =
1

2
+

(
1

2
− Pc

)
cos 2θM cos 2θ (1.51)

where θM is the mixing angle at the production point. Eq. (1.51) is known as
Parke formula, and has been widely used in the analyses of solar neutrino data.

It is interesting to take the limit of very large density of the production site
of the neutrino of Eq. (1.51); in fact, if Ne → ∞, the effective mixing angle
in matter Eq. (1.42) is such that cos 2θM → −1. This means that the νe is
produced in a pure νM2 state, which propagates unaffected towards the resonance.
At the resonance, the density variation is very rapid in the case of extremely
small adiabaticity γR � 1, so that no flavour conversion has time to occur; the
neutrino emerges then from the resonance as νe, and from there onwards, the
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effective mixing and oscillations are equal to the vacuum ones. This is why, in
the extreme nonadiabatic limit, we can write:

〈Pee〉 =
1

2
− 1

2
sin2 2θ

which is exactly what one would obtain assuming neutrino propagation in vac-
uum.

For Solar neutrinos, the production site is usually identified with the solar
core, with matter density of about 150 g cm−3 and electron density of about
100NA cm−3; the density is then larger than the resonance density if ∆m2 cos 2θ .
10−4 eV2. In such case, neutrinos can undergo MSW resonant transitions on their
way out of the Sun. As of today, there is strong evidence towards large mixing
angle (LMA) in vacuum, and ∆m2 is large (about 10−4 eV2, see table 1.1); in such
case, the resonance crossing is always adiabatic, as the effective mass difference
∆m2

M at the resonance is large with respect to dθM/dx, so that γ > 1. In
particular, for E . 2 MeV there is no resonance and

〈Pee〉 =
1

2
− 1

2
sin2 2θ

For E & 2 MeV the resonance is crossed adiabatically and the Parke formula
Eq. (1.51) holds. For E � 2 MeV the Sun density is much larger than the
resonance density, so that θM at production is very close to π/2 and the survival
probability is independent of energy:

〈Pee〉 ' sin2 θ

1.2.3 Update of the cosmic neutrino oscillation/survival
probabilities

In this section we update the description of cosmic neutrino oscillations proposed
in [27]. This consists in the use of three “natural” parameters to describe the
probabilities of oscillations of cosmic neutrinos. After a brief review of [27],
we discuss our updating procedure, which is based on the latest results on the
oscillation parameters [30]. This update has been used in the original works [1,
2, 4].
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The average survival/oscillation probabilities in vacuum are given by Eq. (1.36):

P``′ =
n∑
k=1

|U`k|2|U`′k|2

where `, `′ = e, µ, τ denotes the neutrino flavour, and U is the neutrino mixing
matrix from Eq. (1.7). The approach of Palladino and Vissani in [27] to compute
the average survival/oscillation probabilities of cosmic neutrinos in vacuum is
based on two simple considerations:

• the matrix P``′ is symmetric under the exchange of the flavour indices `↔ `′

• the elements of the mixing matrix must obey the condition
∑

` P``′ = 1

For these reasons, the number of independent parameter is n(n− 1)/2, where n
is the number of neutrinos. For n = 3 we have just 3 independent parameters,
which we label as P0, P1 and P2: we can then rewrite the P``′ matrix as:

P =
I
3

+

2P0 −P0 + P1 −P0 − P1

P0/2− P1 + P2 P0/2− P2

P0/2 + P1 + P2

 (1.52)

The expressions of these parameters in terms of the conventional oscillation pa-
rameters (3 mixing angles and one CP violating phase) are:

P0 =
1

2

[
(1− ε)2

(
1− sin2 2θ12

2

)
+ ε2 − 1

3

]
(1.53)

P1 =
1− ε

2

(
γ cos 2θ12 + β

1− 3ε

2

)
(1.54)

P2 =
1

2

[
γ2 +

3

4
β2(1− ε)2

]
(1.55)

where

ε = sin2 θ13 α = sin θ13 cos δ sin 2θ12 sin 2θ23

β = cos 2θ23 γ = α− β

2
cos 2θ12(1 + ε)
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The values of the conventional oscillation parameters are given in [30]; in
the following table we report their best fit values and the 68% confidence level
interval. The normal hierarchy (NH) is the one for which

∆m2 := m2
3 −

m2
2 +m2

1

2
> 0 (1.56)

whereas the inverted hierarchy (IH) is the one for which ∆m2 < 0. The other
mass squared difference is:

δm2 = m2
2 −m2

1 > 0 (1.57)

parameter NH IH

sin2 θ12 0.297+0.017
−0.016 0.297+0.017

−0.016

sin2 θ23 0.425+0.021
−0.015 0.589+0.026

−0.022

sin2 θ13 0.022+0.001
−0.001 0.022+0.001

−0.001

δ/π 1.38+0.23
−0.20 1.31+0.31

−0.19

∆m2 2.525+0.042
−0.030×10−3 eV2 −2.505+0.034

−0.032×10−3 eV2

δm2 7.37+0.17
−0.16×10−5 eV2 7.37+0.17

−0.16×10−5 eV2

Table 1.1: The best fit values and 68% intervals for the oscillation parameters as taken
from [30].

The distributions of the oscillation parameters are sampled according to like-
lihood functions reported in figure 1 of [30]. This approach is necessary because
the parameters sin2 θ23 and δ/π are not Gaussian distributed. On the contrary,
for sin2 θ12 and sin2 θ13 it is sufficient to use Gaussian distributions, with the cen-
tral value as mean value and with the average of the errors quoted in the table
above as the standard deviation. Performing Monte Carlo extractions according
to such procedure, we obtain the distributions for P0, P1 and P2 shown in figure
1.1; their best fit values and 68% CL intervals are reported in table 1.2.
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ordering P0 P1 P2

NH
0.113± 0.006

0.035+0.010
−0.012 0.008+0.005

−0.004

IH 0.029+0.010
−0.057 0.008+0.005

−0.006

Table 1.2: The best fit values and 68% intervals for the natural parameters P0, P1 and
P2.

From table 1.2 it is clear that:

P0 > P1 > P2 (1.58)

P0 is the largest parameter, and also the one with the smallest uncertainty. From
Fig. 1.1 we see that the parameter P2 satisfies the condition P2 > 0, consistently
with equation (1.55). The asymmetric errors quoted in the table are such that
the integral of the normalized distribution LP of a generic parameter P obeys
the conditions: 

PBF+∆P+∫
PBF−∆P−

LP (t) dt = 0.68

LP (PBF −∆P−) = LP (PBF + ∆P+)

(1.59)

where PBF is the best fit value and ∆P+, ∆P− are the asymmetric errors.

1.3 The types of neutrino

In this section we cover the mechanisms of neutrino production which are relevant
for past, current and future neutrino detectors. Solar, atmospheric and cosmic
neutrinos will be further discussed in the next chapters, as they have been object
of my studies. In figure 1.2 we show the νe + e− cross section as a function of
the anti-neutrino energy superimposed to the energy ranges for the commonly
treated categories of neutrinos - with the exception of relic neutrinos, which have
energies well below the plotted range.
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1.3.1 Relic neutrinos

Just like the Cosmic Microwave Background (CMB), another direct leftover of
the primordial Universe is predicted to exist: the Cosmic Neutrino Background,
or CνB. In the hot plasma that filled the early Universe, neutrinos were at
equilibrium with the other particles through the weak processes:

ν + ν ↔ e+ + e−, ν + e− ↔ ν + e−

with interaction rate
Γ = n 〈σc〉 ≈ nG2

FT
2

where n is the density of target particles, σ is the cross section, T is the temper-
ature of the thermal bath, and the neutrinos have been considered relativistic.

With decreasing temperature, the rate of neutrino interactions eventually be-
came smaller than the expansion rate and they decoupled from the plasma. It
can be shown that the decoupling temperature is [31]:

Te,dec ' 1.3 MeV Tµ,τ,dec ' 1.5 MeV (1.60)

The temperature is different for electron neutrinos as they interact more strongly
with electrons and positrons than νµ,τ . Due to the very small mass of the three
known light neutrinos m ' 1 eV, they were relativistic at the freeze-out time,
and thus are considered hot relics.

Another result from cosmology regards the present-day temperature of the
CνB:

T 0
ν =

(
4

11

)1/3

T 0
γ = 1.945± 0.001 K = (1.676± 0.001)× 10−4 eV (1.61)

Comparing this value with the constraint on the sum of the neutrino masses,
which can be summarized into:∑

k

mk . 0.5− 1 eV

we have that, since at least two neutrino masses are larger than about 5× 10−2 eV,
the neutrinos belonging to these species are not relativistic in the CνB. With
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massive nonrelativistic neutrinos, the cross section to detect them is of the order
of:

σ ∼ G2
F(T 0

ν )2 ∼ 10−64 cm2 = 10−40 b (1.62)

which makes them extremely difficult to detect, even though there is indirect
evidence for the existence of the CνB [32].

1.3.2 Solar neutrinos

Electron neutrinos are produced in the thermonuclear reactions with which the
Sun, as all stars, burns; many more details on this will follow later, in chapter 2,

The solar neutrino flux at Earth is about 6× 1010 cm−2 s−1, and is distributed
up to about 10 MeV - even though it is almost entirely constituted by neutri-
nos generated in the proton-proton fusion (pp neutrinos). Despite such large
flux, detecting solar neutrinos is difficult, and requires large detectors due to
the smallness of the neutrino cross section - see figure 1.2 in the energy range
0.1−10 MeV. Moreover, these detectors must be located underground to cut the
background due to muons and other cosmic rays that would bury the neutrino
signal under a much higher rate of events.

The detection of solar neutrinos, as discussed in section 1.1, dates back to
the ’70s, with the Homestake experiment. The confront of its results to the
predictions of the Standard Solar Model by Bahcall gave rise to the solar neutrino
problem, which turned into the search for the oscillated neutrinos. The story of
solar neutrinos can be regarded as one of success:

• the seemingly undetectable particle that Pauli introduced was, indeed, de-
tected;

• a theoretical model of the reactions that power the Sun could be precisely
tested;

• neutrino oscillations have been discovered and are now subject of high-
precision experiments - see the results in table 1.1.

As of now, there are two main open issues regarding solar neutrinos, and a
secondary one:
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1. test for the existence of the so-called CNO neutrinos, produced in the CNO
cycle(s) which are thought to be active in the Sun;

2. use solar neutrinos to constrain the “metallicity” of the Sun, i.e. the fraction
of elements heavier than Helium;

3. precisely measure neutrinos from the fusion of two protons.

In section 2.3 we will talk about the research work I contributed to in order to
addess points 1 and 3.

1.3.3 Cosmic neutrinos

With cosmic neutrinos we refer to neutrinos produced outside of the Solar system.
A further subdivision, justified by different production mechanisms, energetics
and detection techniques, would be to separate neutrinos produced in the tran-
sition to the SuperNova (SN) phase of a star from those produced around more
powerful accelerators, such as Starburst Galaxy Nuclei (SBGi), blazars, Gamma-
Ray Bursts (GRBs), and Active Galactic Nuclei (AGNi) in general.

SuperNova Neutrinos SuperNovae (SNe) are the spectacular end of the life
of some stars; they consist in the explosion of the star itself, in which some solar
masses are ejected with a kinetic energy of the order of 1051 erg. The aftermath
of a SN can be a compact object, such as a neutron star or a black hole.

In a very simple picture for core-collapse SNe, which are the most interesting
type of SNe for us due to the very high neutrino fluxes they produce, such
tremendous amount of energy comes from the gravitational collapse of the star
itself, which, in the proximity of the star’s death, cannot be balanced by the fusion
processes. The contraction of the star causes the onset of the fusion of heavier
elements, like carbon and oxygen [33], until the star has an onion-like structure
with an iron core surrounded by layers of lighter elements. Iron is the most tightly
bound nucleus, i.e. it does not work as themonuclear fuel: the core contracts due
to gravity, which eventually overpowers the pressure due to degenerate relativistic
electrons, and the high temperature causes the photodissociation of iron through

γ + 56Fe→ 13α + 4n
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which absorbs energy and reduces the kinetic energy, and thus the pressure, of
the electrons. Electrons are converted into neutrinos with the processes:

e− +N(Z,A)→ N(Z − 1, A) + νe e− + p→ n+ νe

which carry away most of the kinetic energy of the captured electrons. The
combination of these processes decrease the electron pressure and favour the
collapse, which accelerates.

The liberated gravitational energy is about 1053 erg, of which about 0.01%
goes into electromagnetic radiation and about 1% is transformed into kinetic
energy of the ejecta. The neutrinos produced in the electron capture processes
can freely escape the star, and are characterized by a nonthermal spectrum with
average energy of about 10 MeV. In the later stages of the collapse, the core
density exceeds about 3× 1011 g cm−3, trapping neutrinos as well.

Neutrinos of all flavours are produced in the hot core of the forming neutron
star through pair annihilation:

e+ + e− → ν + ν

electron-nucleon and nucleon-nucleon bremsstrahlung:

e± +N → e± +N + ν + ν N +N → N +N + ν + ν

and photoannihilation:
γ + e± → e± + ν + ν

The sphere from which neutrinos can stream out freely is called neutrinosphere,
which depends on flavour and energy; in particular, there are three energy-
dependent neutrinospheres, one for νe, one for νe and one for νµ,τ and νµ,τ , as νe
and νe interact (differently) with ordinary matter. This is why in the literature
of SN neutrinos {νµ,τ , νµ,τ} are generically labelled by νx. Each neutrinosphere
emits a pinched black body of neutrinos, with average time-integrated energies
of

〈Eνe〉 ≈ 10 MeV 〈Eνe〉 ≈ 15 MeV 〈Eνx〉 ≈ 20 MeV

A very important problem is the SN rate estimation; these rates depend on the
galaxy type, and are important both for the study of the SN explosion dynamics
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and for the estimation of the Relic Supernova Neutrino Background (RSNB).
The rate of detectable core-collapse SNe in our Galaxy is estimated to be [34]:

Rcc-SN = 3.2+7.3
−2.6 century

−1

SN1987A has been the only case of direct detection of neutrinos from a Super-
nova. Four large underground neutrino detectors were in operation: Kamiokande-
II [35], IMB [36], Baksan [37] and LSD [38]. These detectors observed an unusual
number of events of about 10 MeV in a time span of about 10 seconds in the hours
preceeding the optical observation of SN1987A. Kamiokande-II, IMB and Baksan
observed the events at the same time (with some systematical uncertainties on
the absolute time), whereas LSD detected events about five hours before them,
in anticoincidence. For this reason, the LSD events are considered controversial
[39] and are usually excluded by the analysis of SN1987A data.

Kamiokande-II and IMB were water-Cherenkov detectors, which are sensitive
to neutrinos due to the light emitted by the charged leptons produced in neutrino
interactions. This light is captured by photomultiplier tubes (PMTs) which can
reconstruct the neutrino interaction point, the direction of the track and the
energy of the produced lepton. Kamiokande, tailored to solar neutrino detection,
measured neutrinos through the elastic scattering reaction:

ν` + e− → ν` + e−

and with the inverse-beta decay (IBD):

νe + p→ e+ + n Eν ≥ 1.8 MeV

which has a much larger cross-section than the elastic scattering process.
Kamiokande measured 16 events during the burst, but some (6 or 7) of them

are likely to be due to background.
IMB was aimed at atmospheric neutrino detection, and measured 35 ± 15

neutrino events with energy above 20 MeV in a time interval of 6 seconds, with
a negligible background rate.

Baksan was an oil-based liquid scintillator, with a threshold Eν of about
10 MeV and a rather large background due to cosmic ray muons and discharges
in the photomultipliers. Also Baksan measured neutrinos with the reactions
mentioned above, and detected 5 events within 10 seconds between 10 MeV and
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25 MeV. The background rate was rather high, and there have been problems
with the detector’s clock; in [40] it has been shown, however, that the Baksan
events are compatible with a SN signal.

What can be learned from SN neutrinos? [41]

• The total emitted energy can be determined with high accuracy by current
and future scintillator-based neutrino detectors, and the same holds for the
binding energy of the newly-formed neutron star.

• The equation of state of the proto-neutron star could be constrained, as
well as some extended theories of gravity.

• Model-independent bounds on the mass of neutrinos can be set, by observ-
ing neutrinos in a time interval ∆T larger than the emission burst duration
∆T0, one could measure directly the neutrino mass - if the distance of the
SN and the energy of the neutrinos is measurable. This limit, for SN1987A,
is rather weak: mνe . 30 eV, to be compared with today’s limits of 1 eV.

• The explosion mechanism can be thoroughly investigated through the neu-
trino light-curves, and the neutrino flavour conversion in the SN can be
studied with the reconstruction of the energy spectra.

• Also the lifetime of electron neutrinos can be constrained; in the case of
SN1987A, which is 50 kpc away, we have [42]

τνe & 1.6× 105mνe/Eνe yr

The role of SNe is also crucial for the acceleration of Cosmic Rays (CRs) [43],
which leads us to the next paragraph.

Neutrinos from the most powerful sources Since 2013 [17] we know that
neutrinos with high (larger than 30 TeV) energy come from somewhere out of
the Solar system. Measuring neutrinos of these energies requires huge volumes,
as their interaction probability is very small and the energy to be contained is
very large. Present day experiments are of the size of 1 km3; we will cover the
details about this in chapter 4.
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One could have expected neutrinos from outer space considering their connec-
tion to cosmic rays, in that high-energy neutrinos are produced when high-energy
cosmic rays collide with either gas (pp collisions) or background radiation (pγ col-
lisions). In those collisions, in fact, charged pions are produced:{

pCR + pgas → X + π+ + π− + π0

pCR + γbckgr → X + π+ + π0

which in turn decay into neutrinos:

π+ → µ+ + νµ → e+ + νe + νµ + νµ

π− → µ− + νµ → e− + νe + νµ + νµ

The pp mechanism of neutrino production is of course the same that generates
the so-called atmospheric neutrinos, which we will cover more thoroughly later.

The phenomenology of high-energy neutrinos from outer space is still lacking
solid theoretical bases and predictive power, mainly due to the fact that we do not
know yet which are the sources that produce cosmic rays and how acceleration
and propagation work - and this is true even in the case of the Milky Way, despite
more than a century of measurements, which resulted into Fig. 1.3.

We suggest [45] and [46] as reviews respectively about the phenomenology
of astroparticle physics in general and about the “zoo” of astrophysical objects
commonly cited as sources.

In the simplest picture, the acceleration of cosmic rays takes place at the
shocks generated by the explosion of a supernova; they can traverse the shocks
multiple times thanks to diffusion through the turbulent magnetic field which sur-
rounds the source and thus become more energetic. This is the so-called Diffusive
Shockwave Acceleration (DSA); many improvements, reviewed in [43], have en-
riched the phenomenology of Galactic cosmic rays, but a completely satisfactory
description of the experimental results is still missing.

While there is experimental evidence for leptonic acceleration4 at the shock
of Supernova Remnants (SNRs), i.e. the area which surrounds the remains of a
Supernova explosion, there is no solid evidence for sources of cosmic rays. This
is not really surprising, as the magnetic fields which permeate the intergalactic

4E.g. Tycho and the Crab Nebula.
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and the interstellar medium curve the trajectories of cosmic rays, which as a
result do not point anymore to their production site. For gamma rays, which are
the most energetic photons, and neutrinos this is not the case; however, gamma
rays can be produced with purely leptonic mechanisms, i.e. with the injection,
acceleration and propagation of electron and positrons, and interact much more
than neutrinos. These two facts imply that, unfortunately, 1) a gamma ray source
does not necessarily coincide with a cosmic ray source, and 2) gamma rays have
a horizon.

On the other hand, the detection of a source of neutrinos would coincide with
the detection of a cosmic-ray source; so far, there is only one piece of evidence (of
about 3.5σ of significance) for a neutrino source, which is TXS 0506+056 [18].
Many attempts have been done to model the detected neutrino as a product of
TXS 0506+056, but the simplest and most satisfactory description of that source
is that of a purely leptonic one [47].

TXS 0506+056 is classified as a blazar, i.e. an Active Galactic Nucleus (AGN)
with a relativistic jet which points toward the Earth. An AGN is a compact
region at the centre of a galaxy that has a much larger luminosity than a star;
Active Galactic Nuclei emit persistently from the radio to the gamma-ray band,
and are usually described as a black hole surrounded by an accretion disk, in
which dissipative processes heat up the gas the disk. Some AGNs form jets of
highly-collimated radiation, the origin of which is not yet completely understood.

We will not cover all possible cosmic neutrino sources, unless needed; for
the moment we will mention two popular candidates, i.e. Gamma-Ray Bursts
(GRBs), which are extremely energetic explosions - the brightest electromagnetic
emitters - supposedly due to the accretion of matter around a black hole, and
Starburst Galaxies (SBGs), which are Galaxies with a rate of star formation
10-100 times larger than that of the Milky Way.

1.3.4 Terrestrial neutrinos

With terrestrial neutrino we will mean neutrinos produced in reactors of nuclear
power plants, in beam experiments, in the Earth and in the atmosphere.

Reactor neutrinos Reactor neutrinos are the neutrinos that result from the
nuclear decays of the radioactive substances present in nuclear power plants.
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The β decays of neutron-rich nuclei are in fact intense sources of νe; the main
contributors are 235U, 238U, 239Pu and 241Pu.

Since the production of such neutrinos is isotropic, the flux at the detector
scales as the inverse of the square of the distance to the reactor. This potential
problem for oscillation experiments is somewhat mitigated by the fact that such
neutrinos have an energy of the order of a few MeV, i.e. they have a rather short
oscillation length. Only νe disappearance can be studied with such setups, with
the proviso that statistical fluctuations in the signal make it difficult to detect
small mixing, which would result into small disappearance.

The main detection channel is based on the inverse beta decay, as for Su-
pernova neutrinos; such process has a neutrino energy threshold of 1.806 MeV,
which is surpassed by only about 25% of the antineutrinos produced in a reactor.

Beam neutrinos Beam neutrinos are produced at accelerators, and are usually
classified according to the method of production of the neutrino beam: pion decay
in flight, muon decay at rest and beam dump.

For pion decay in flight neutrino beams, a proton beam hits a target, producing
pions and kaons; their decay produces neutrinos, as is the case for cosmic and
atmospheric neutrinos. The beam is then composed mostly of νµ or νµ, depending
on the polarity of the apparatus that focalizes the pions and kaons. The typical
energy of the neutrinos is of a few GeV, but it varies according to the energy
of the proton beam. For short baseline experiments, the typical source-detector
distance is of one kilometre, with coverage:

L

E
. 1 km GeV−1 =⇒ ∆m2 & 1 eV2

To detect oscillated tau (anti-)neutrinos the energy must be of about one order of
magnitude larger, as the τ lepton has a production threshold of about 3.5 GeV.
One of the most notable experiments of this kind is OPERA, which first observed
νµ → ντ oscillations [48].

Neutrinos can also come from the decay of muons which have been stopped;
pions and kaons are produced as mentioned above, and π− are usually absorbed
by nuclei, leaving positive pions. Antimuons are then produced, which decay
into (a positron,) an electron neutrino and a muon antineutrino; with these
experiments, it is then possible to measure νµ → νe oscillations, as νe are not

1.3 The types of neutrino 33



directly produced. The energy of these neutrinos is of the order of several tens
of MeV, and the relevant experiments have usually a coverage of:

L

E
. 1 m MeV−1 =⇒ ∆m2 & 1 eV2

In beam dump experiments, a very high energy (hundreds of GeV) beam of
protons is completely stopped in a thick target - the beam dump -, in which heavy
hadrons are produced. Such hadrons decay promptly (more on this in section
4.5) and equally in muon and electron neutrinos with energies of the order of
102 GeV. A detector one kilometre away from the source could detect oscillations
by measuring a ratio of the muon and electron neutrino fluxes different from 1.
The typical coverage is:

L

E
. 10−2 m MeV−1 =⇒ ∆m2 & 100 eV2

In table 1.3 we shouw the coverage and sensitivity of the various kinds of
oscillation experiments.

Geoneutrinos Geoneutrinos [49] are produced in the decay chains of the ra-
dioactive isotopes 238U and 232Th in the Earth’s crust. With 40K, the decay of
such isotopes is one of the major sources of the heat generated in the Earth.
KamLAND [50] has been the first experiment to detect the electron antineutri-
nos produced in the decay of the isotopes of uranium and thorium - those from
potassium do not pass the energy threshold of 1.8 MeV; geoneutrinos showed
up in the data as an excess over, among other backgrounds, reactor neutrinos,
which, however, dominate above 2.3 MeV. This measurement is in agreement
with the theoretical of the geophysical model, and may lead to a future way to
investigate the composition of the Earth accurately.

More recently, the Borexino collaboration presented their results [51] on the
measurement of geoneutrinos, which also documents improved techniques in the
in-depth analysis of such kind of data and describes the substantial effort required
to extract geoneutrino signals.

Atmospheric neutrinos These neutrinos are produced in the hadronic in-
teractions of cosmic rays with the nuclei in the atmosphere, similarly to the pp
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Type of experiment L E ∆m2

Reactor SBL 10 m 1 MeV 0.1 eV2

Accelerator SBL (π decay) 1 km 1 GeV 1 eV2

Accelerator SBL (µ decay) 10 m 10 MeV 1 eV2

Accelerator SBL (beam dump) 1 km 100 GeV 100 eV2

Reactor LBL 1 km 1 MeV 10−3 eV2

Accelerator LBL 103 km 1 GeV 10−3 eV2

Atmospheric ν 20-104 km 0.5-100 GeV 10−4 eV2

Reactor VLB 100 km 1 MeV 10−5 eV2

Accelerator VLB 104 km 1 GeV 10−4 eV2

Solar ν 108 km 0.2-15 MeV 10−12 eV2

Table 1.3: The kinds of neutrino oscillation experiments with typical source-detector
distance, energy and sensitivity to ∆m2, which is given by ∆m2L/2E ∼ 1 with E in
GeV and L in km. SBL = short baseline, LBL = long baseline, VLB = very long
baseline. The values reported here are indicative and can vary depending on the exper-
iment; these can be sensitive to oscillations also for ∆m2L/2E . 1; table taken from
[6].
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mechanism of cosmic neutrino production. We will cover atmospheric neutrinos
in detail in §3, of which the following is a brief summary.

Their flux can be predicted on the bases of a model of the atmosphere, of the
cosmic-ray flux up to a few PeV, and of the strong interactions between CRs
(which are mostly protons and Helium nuclei) and the nuclei in the atmosphere.
These interactions produce showers of particles, among which pions, kaons, and
charmed mesons and baryons. Depending on their energy, pions and kaons can
decay before losing energy in interactions, thus producing the so-called conven-
tional component of neutrinos. Charmed mesons and baryons, on the other hand,
have a very short lifetime of about 10−12 s at rest, so that they decay before inter-
acting, thus producing a prompt component of neutrinos. As we will see, these
two components differ in energy spectrum, flavour content at production and
zenith dependence.

Due to the fact that the probability for pions and kaons to lose energy via
interactions increases with energy, the spectrum of conventional neutrinos is ex-
pected to go like E−3.7, i.e. to be suppressed by a 1/E factor with respect to
the CR spectrum. Since pions and kaons have a large lifetime, of about 10−8 s,
the more time they have to interact, that is, the thicker the atmosphere they
can traverse, the more likely it is for them to decay in air producing neutrinos.
This is why the conventional neutrino flux is expected to be minimum for the
vertical direction and maximum for the horizontal one. The flavour content at
production of conventional neutrinos goes from a (νe : νµ : ντ ) ' (1 : 2 : 0) ratio
at lower energies to about (0 : 1 : 0) at higher energies, as the muon produced
in the pion/kaon decay has a Lorentz-boosted mean free path which is too large
for it to decay in the atmosphere.

Prompt neutrinos reflect the E−2.7 spectrum of cosmic rays in the relevant
energy range, as their parent particles immediately decay. Because of this short
lifetime, it does not matter which direction the parent particle comes from, so
that their zenith distribution is expected to be isotropic. It is also predicted that
their parent particles produce electron and muon neutrinos in equal amounts,
while the tau flavour is strongly suppressed as it mainly comes from the decay
of the tau lepton.

The first, sought-after evidence for neutrino oscillations has been obtained
with atmospheric neutrinos by the Super-Kamiokande collaboration [52], which
measured the up-down asymmetry of muon neutrinos with a water-Cherenkov

36 Chapter 1 Introduction



detector. The presence of such asymmetry, as well as the L/E dependence of the
distribution of µ-like events, was most probably due to neutrino oscillations, as
the path covered by up-going neutrinos is much larger than that of down-going
neutrinos.

The current generation of very large (0.1-1 km3 for ANTARES and IceCube
respectively) neutrino telescopes has performed measurements of the atmospheric
neutrino spectrum which are in agreement with theory for energies between
100 GeV and 1 PeV, and are going to probe neutrino oscillations at such high
energies. Since the sensitivity of Super-Kamiokande to neutrinos extends up to
about 10 GeV, new instruments, like ORCA [53], are under construction to cover
also the 10-100 GeV range of the spectrum of atmospheric neutrinos.
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Figure 1.1: The distributions of the natural parameters P0, P1, P2 Eq. (1.53)-
(1.55) and the survival/oscillation probabilities P``′ Eq. (1.52) for normal hierarchy
(blue) and for inverted hierarchy (red).
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2

Solar neutrinos

Hi, I’m Nino the neutrino and I come from the Sun’s belly,
where thermonuclear fusion occurs. Now, along with my brothers,

(solar neutrinos like me!) I’m going into outer space.
No one stops us, we’re small, evasive, and almost invisible,

and most of us will reach the Earth.
Nino the neutrino

In order to talk about solar neutrinos, we need to start from the Standard
Solar Model (SSM), which we will discuss in §2.1, as it is the model that explains
how our star burns and also predicts the amount of neutrinos produced in the
process.

In §2.2 we will talk about the experimental results concerning Solar neutrinos,
going from the first detection of neutrinos with the Homestake experiment to the
current and upcoming Solar neutrino experiments, which are currently shedding
light on solar physics.

In §2.3 we will present the work, which I contributed to, on the luminosity
constraint, i.e. the strict relation between the flux of neutrinos coming from the
Sun to the power emitted in photons.

I dedicate this chapter to the memory of Simone Marcocci.
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2.1 The Standard Solar Model

Stars burn because of the thermonuclear reactions that fuse their constituents
into heavier ones, liberating energy in the process. This is possible due to the
fact that the total mass of a nucleus is smaller than the sum of the masses of its
nucleons:

m(A,Z) = Zmp + (A− Z)mn −B(A,Z) (2.1)

where B(A,Z) > 0 is called binding energy.
The modern formulation of stellar nucleosynthesis has been developed by

Bethe and Von Weizsäcker in 1939 [54] and others subsequently (see [55] for
a review); according to it, the Sun is powered by two groups of thermonuclear
reactions, the pp chain and the CNO cycle, represented in Figures 2.1 and 2.2.

The electron neutrinos produced in the β+ reactions in the pp chain and in the
CNO cycle can be detected on Earth, and provide a unique, practically real-time
probe of the Sun interior. Photons, on the other hand, escape the surface of the
Sun after suffering some hundred thousand years of scattering in its interior.

For a review on the nuclear physics behind the Standard Solar Model, we refer
to [56], as its treatment goes beyond the scope of this thesis.

A Standard Solar Model (SSM) is a “solar model that is constructed with
the best available physics and input data” and is “required to fit the observed
luminosity and radius of the Sun at the present epoch, as well as the observed
heavy-element-to-hydrogen ratio at the surface of the Sun” [57].

Many SSMs have been constructed, as the physical understanding of the Sun,
the computation power and the available data improved over time. The first one,
which played a major role in neutrino physics, is that developed by Bahcall and
collaborators ever since 1962 [58].

From the neutrino standpoint, these efforts culminated in quantitative pre-
dictions of the solar neutrino flux at Earth: in particular, the energy spectrum
(shape and intensity) of every “kind” of neutrino, which is defined by its produc-
tion reaction, can be predicted, and is represented1 in Figure 2.3.

The values of the Solar parameters that SSMs have to reconstruct are listed
in Table 2.1, while the current theoretical predictions on the neutrino fluxes

1The tabulated spectral shapes obtained by Bahcall are still used, and can be found at the
webpage: https://www.sns.ias.edu/~jnb/SNdata/.
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Figure 2.1: Artistic representation of the pp chain, the main sequence of reactions op-
erating in the Sun. The colored arrows indicate the production of an electron neutrino,
the average energy of which is approximately indicated in the Eν gradient.
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Figure 2.2: Artistic representation of the CNO cycle, the main sequence of reactions
operating in massive stars and, supposedly, operating in the Sun as well. The green
arrows indicate the production of an electron neutrino, which has average energy of
1 MeV.

Parameter Value

M� 1.989× 1033 g

R� 6.9598× 1010 cm

L� 3.8275× 1033 erg s−1

Table 2.1: The input parameters that SSMs have to reconstruct. The solar radius and
mass are taken from [61], while the luminosity is taken from [62].
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ure taken from [60].
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Flux B16-GS98 B16-AGSS09met

Φpp 5.98(1± 0.006) 6.03(1± 0.005)
Φpep 1.44(1± 0.01) 1.46(1± 0.009)
Φhep 7.98(1± 0.30) 8.25(1± 0.30)
ΦBe 4.93(1± 0.06) 4.50(1± 0.06)
ΦB 5.46(1± 0.12) 4.50(1± 0.12)
ΦN 2.78(1± 0.15) 2.04(1± 0.14)
ΦO 2.05(1± 0.17) 1.44(1± 0.16)
ΦF 5.29(1± 0.20) 3.26(1± 0.18)

Table 2.2: Theoretical predictions for the solar neutrino fluxes adopting the “Barcelona
2016” (B16, introduced in [59]) SSM with two different metallicity models by Grevesse &
Sauval (GS98) [63] and Asplund et al. (AGGS09met) [64]. The units are 1010 cm−2 s−1

for pp neutrinos, 109 cm−2 s−1 for Be neutrinos, 108 cm−2 s−1 for pep, N, and O neu-
trinos, 106 cm−2 s−1 for B and F neutrinos, and 103 cm−2 s−1 for hep neutrinos. Table
taken from [59].

are listed in Table 2.2, taken from [59]. In [59] there is also a discussion on
the various sources of theoretical uncertainties on the neutrino fluxes, among
which the solar “metallicity”. In astronomical gergon, the solar metallicity is the
fraction of heavier-than-Helium elements in the Sun, and remains a source of
uncertainty as it is not well known yet. From Table 2.2 it is easy to note that the
CNO neutrino fluxes, i.e. those coming from the decay of Nitrogen, Oxygen and
Fluorine, for one metallicity model are in tension with the ones predicted with
the other metallicity model. This reflects the fact that the debate on the solar
metallicity is still open; it sparked with the measurement of systematically lower
values of the lighter metals (C, N, O, Ne, and Ar) abundances than those that
had been used in SSMs before 2000 (see [65, 66] and references therein) As the
amount of CNO neutrinos is directly connected to the amount of such metals,
solar neutrino measurements could prove to be crucial to solve this problem.
More on this will follow in the later sections, but first we need to address the
experimental techniques and results obtained in the field of solar neutrino physics.
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2.2 Looking at the Sun from underground

In this chapter we are going to discuss the experiments that measure solar neu-
trinos. Due to the very small neutrino interaction cross section, these experiment
are all located underground, so as to reduce the otherwise overwhelming cosmic
contamination, mainly in mines or deep under mountains. The resulting shielding
is measured in mwe, i.e. meter water equivalent, in order to consistently quan-
tify the cosmic-ray (meant both as primaries and as secondaries) attenuation in
such underground facilities regardless of the density and shape of the overburden
material.

There is, however, another unavoidable source of background, represented by
the natural radioactivity of the surrounding environment and of the instruments
themselves. Since the signal of solar neutrinos cannot be turned off, the only
countermeasure to these sources of background consists in using the purest mate-
rials available and in measuring as accurately as possible the local environmental
radioactivity.

There are three main kinds of solar neutrino experiments, based on the reac-
tion used for detection:

1. radiochemical experiments: they rely on the neutrino capture by some
nucleus, which undergoes an inverse-β nuclear decay, as in the Homestake
experiment (which we are going to discuss right after);

2. water Cherenkov experiments: they rely on the observation of the tracks
of the ultrarelativistic charged leptons produced by neutrino interactions;

3. scintillator experiments: they rely on the collection of the light emitted by
the de-excitation of certain molecules after their electrons received energy
from an impinging neutrino.

The use of neutrino absorption as detection reaction implies the existence of
an energy threshold, i.e. a minimum energy for neutrinos to produce a signal,
but also the impossibility to reconstruct the energy of the impinging neutrino.
This, as well as the sensitivity to electron neutrinos only, is the disadvantage of
radiochemical experiments, as already noted in figure 2.3.

On the other hand, also scintillator and Cherenkov experiments have a thresh-
old, but in this case it depends on the radiopurity of the experimental setup, on
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the sensitivity of the devices used to collect the scintillation light emitted by the
electrons and on the level of knowledge of the detector response.

Let us now treat the main experiments and results in the field of solar neu-
trinos, starting from their first detection by the Homestake experiment. After
that, we present a selection of some of the most important experiments in solar
neutrino physics. The goal is to cover the main results, some of which will be
used in the next section, and complete the overview, from the experimental side,
of solar neutrinos.

2.2.1 The first detection and the solar neutrino problem

As said before, the Homestake experiment [67] was the first one to measure solar
neutrinos: this was realised using the inverse β-decay reaction

νe + 37Cl→ 37Ar + e−

which has a neutrino energy threshold of 0.814 MeV. As visible from Figure
2.3, such threshold implies that it was sensitive mostly to Boron and Beryllium
neutrinos.

The Homestake Solar Neutrino Observatory was located 1478 m below the
surface, in South Dakota, USA, at a depth of about 4200 mwe. The detector
consisted in a steel tank of 6× 105 l containing 2.16× 1030 atoms of 37Cl in the
form of 615 tons of C2Cl4.

It was technically very demanding to count the 37Ar atoms produced from
Chlorine, but the joint efforts of the Homestake collaboration (see the historical
paper [68]) resulted in the average solar neutrino rate:

R = 2.56± 0.23 SNU (2.2)

where 1 SNU is one solar neutrino unit, corresponding to 1036 captures per atom
per second. Such a large uncertainty is due to the difficulty extract individual
Argon atoms.

This flux corresponds to about one third of that predicted by the SSM, which
gave birth to the so-called solar neutrino problem (SNP). Thanks to the exper-
imental results that we will discuss in the next section, we now know that this
deficit is due to the fact that neutrinos oscillate, as we have already seen in §1.2.2.
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2.2.2 Kamiokande and Super-Kamiokande

Kamiokande is an underground water Cherenkov detector, originally built to
search for proton decay. It is located in the Kamioka mine in Japan, with an
overburden of 2600 mwe; a detailed description of the Kamiokande experiment
can be found in [69].

The detector consisted, in its first phase (Kamiokande-I, 1983-1986), in a
cylindrical steel tank of 15.6 meters of diameter and 16 meter high containing
3000 tons of water, which was monitored by an array of 1000 photomultipliers
(PMTs). The fiducial volume was of about 1 kton of water, equipped to search
for proton decay events with an energy of about 1 GeV.

From 1986 it was upgraded to Kamiokande-II, so as to detect events induced by
Boron neutrinos [70], which have an energy around 10 MeV. To lower the energy
threshold with respect to the former phase, which searched for more energetic
events, the water was purified and the detector was divided in order to use its
outer part as an anti-coincident active shield. Moreover, the fiducial volume was
defined in different ways for different measurements; for solar neutrino detection
it consisted in 680 m3 of water within the inner detector.

The Kamiokande experiment was upgraded further to its third phase, lasted
from 1990 until 1996. The neutrino energy thresholds during the three phases of
Kamiokande were 9.0, 7.2 and 6.7 MeV. As said before, water Cherenkov exper-
iments measure the solar neutrino flux through the elastic scattering reaction

ν + e− → ν + e−

which is mainly sensitive to electron neutrinos, as they have also access to
charged-current interactions with electrons. Since the recoil electron has a sharp
forward peak, solar neutrino events are distinguishable from the isotropic back-
ground as the direction of the recoil electron is correlated to that of the Sun.

The Boron neutrino flux, as measured from January 1987 to February 1995
(2079 days) by Kamiokande is [71]:

ΦKam
B = (2.80± 0.19± 0.33)× 106 cm−2 s−1

In this result, it is assumed that the detector measures electron neutrinos.
The Super-Kamiokande (SK) experiment [72], shown in Figure 2.4, is a 50 kton

water Cherenkov detector located in the Kamioka mine, close to the cavity that
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Figure 2.4: Schematic view of the Super-Kamiokande detector.
Picture taken from the webpage: https://t2k-experiment.org/
supporting-material-for-t2k-press-release-19-7-2013/.
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once hosted the Kamiokande detector2. SK consists of two concentric, optically
separated, water Cherenkov detectors contained in a cylindrical steel tank; the
inner detector has a diameter of 33.8 meters and a height of 36.2 meters, and is
equipped with 11 146 PMTs.

The Super-Kamiokande experiment has been active for four phases, as of today
[74, 75, 76, 77]; hereafter, we are going to report their combined results. In
the assumption of no oscillations (νe only), the combined Boron neutrino flux
measured by the four phases of Super-Kamiokande is:

ΦSK
B = (2.345± 0.014± 0.036)× 106 cm−2 s−1

for neutrino energies between 3.49 and 19.5 MeV. This result is more precise
than the corresponding theoretical prediction [59].

Super-Kamiokande also claims to have found evidence for a day-night asymme-
try in the neutrino flux, due to the Earth matter effect on solar neutrinos during
the night. The combined day-night asymmetry measured by Super-Kamiokande
is:

ASK
d-n :=

Φday − Φnight

(Φday + Φnight)/2
= (−3.3± 1.0± 0.5)%

2.2.3 GALLEX/GNO and SAGE

These experiments have been grouped due to the reaction they all used to detect
neutrinos, i.e.:

νe + 71Ga→ 71Ge + e−

which has a threshold of Eth
ν = 0.233 MeV. The neutrino-induced Germanium

forms a volatile compound in the detector, which is extracted and converted into
GeH4; this compound is then introduced into a dedicated counter in order to
determine the number of 71Ge atoms by observing their radioactive decay, which
has a half-life of 11.43 d.

GALLEX was located in the Laboratori Nazionali del Gran Sasso (LNGS),
Italy, at a depth of 3300 mwe, and consisted in 101 ton of a liquid GaCl3 –HCl
solution containing 30.3 tons of Gallium. It operated between 1991 and 1997 as

2Kamiokande was replaced by the KamLAND experiment [73], a very long-baseline (140 to
215 km) reactor experiment.
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GALLEX, and was then upgraded to GNO for a second phase of measurements
between 1998 and 2003. In [73] a reanalysis of all the acquired data is presented,
which yields a rate of neutrino events of:

R
GX/GNO
71Ga

= 67.6± 4.0± 3.2 SNU

for the combined GALLEX/GNO periods.
The Soviet-American Gallium Experiment (SAGE) is located in the Baksan

Neutrino Observatory (BNO) in the northern Caucasus mountains, with a shield-
ing of about 4700 mwe. The measured best-fit capture rate in the SAGE experi-
ment is [78]:

RSAGE
71Ge = 65.4+3.1

−3.0(stat)
+2.6
−2.8(syst) SNU

The combination of this result with those of GALLEX/GNO yields:

Rexp
71Ge

= 66.1± 3.1 SNU

where statistical and systematic uncertainties have been summed in quadrature.
Such rate is half of the prediction by the SSM in the case of no oscillations, [57]:

Rno osc
71Ge = 128+9

−7 SNU

with a discrepancy of more than 5σ. Considering oscillations, the expected rate
from the SSM is 66.3 SNU for high solar metallicity and 63.2 SNU for low solar
metallicity, with a ∼ 4% uncertainty on both estimates.

2.2.4 SNO

The idea, presented in [80], behind the Sudbury Neutrino Observatory (SNO) was
to measure the total neutrino flux from the Sun exploiting the neutral-current
interaction channel, as shown below.

SNO, shown in Figure 2.5, is a real-time heavy-water Cherenkov detector lo-
cated in the Creighton mine near Sudbury, Canada, at a depth of 6010 mwe.
The detector consists of a 12 m-diameter acrylic vessel filled with one kiloton of
isotopically-pure heavy water, D2O. The Cherenkov light is collected by 9456
PMTs mounted on a spherical stainless steel geodesic structure of 18 m of diam-
eter. The vessel and the geodesic sphere are immersed in ultrapure water, which
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Figure 2.5: Above: layout of the SNO laboratory. Below: the SNO detector. Images
taken from [79].
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serves as a shield against the radioactive background coming from the structure
and the surrounding rock.

The SNO experiments detects solar neutrinos through the three reactions:

CC: νe + d→ p+ p+ e−

NC: ν` + d→ p+ n+ ν`

ES: ν` + e− → ν` + e−

with ` = e, µ, τ .
The CC reaction is used to find the energy spectrum of νe above the energy

threshold Eth,CC
ν = 2mp+me−md = 1.442 MeV by measuring the kinetic energy

of the final electron, given by Eν − Eth,CC
ν . Due to the presence of background,

the SNO CC reaction is sensitive to neutrinos of energy larger than 5 MeV,
i.e. neutrinos from 8B.

The NC reaction on deuterium can test for neutrino oscillations, as it is equally
sensitive to all neutrino flavours, but could not reconstruct the neutrino energy.
It has an energy threshold of Eth,NC

ν = mp +mn −md = 2.224 MeV, so that it is
also sensitive to Boron neutrinos only.

Since for the ES reaction the electron recoil energy threshold is the same as
the one for the CC reaction, the neutrino energy threshold is the same, so that
the ES reaction is sensitive to all neutrino flavours of energy larger than 5 MeV.

The SNO collaboration has presented a combined analysis from the three
phases of the experiment [81]. The last two phases were characterised, respec-
tively, by the introduction in the heavy water of salt (“salt phase”), and of a grid
with three hundred 3He proportional counter tubes (third phase).

Salt helps the detection of neutrons through the reaction

n+ 35Cl→ 36Cl + many γ

which produces light isotropically, unlike Cherenkov emission, and also allowes
to perform more precise measurements well above the low-energy radioactive
background, as these photons have an energy of 8.57 MeV.

Helium-3 has a very large cross-section for the capture of thermal neutrons,
which produces an energetic proton-triton pair, which in turn results in an elec-
trical pulse in the counter wire.
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In the first phase, SNO confirmed the previously observed deficit of solar
electron neutrinos [82].

During the salt phase, SNO measured the flux of 8B neutrinos [83]:

ΦSNO
CC = (1.68± 0.06+0.08

−0.09)× 106 cm−2 s−1

ΦSNO
NC = (4.94± 0.21+0.38

−0.34)× 106 cm−2 s−1

ΦSNO
ES = (2.35± 0.22± 0.15)× 106 cm−2 s−1

with the three reactions presented above. They are clearly not compatible with
each other, as the CC flux, corresponding to Φνe , is about 1/3 of the NC one.

The combined fit to the three phases results in a 8B neutrino flux of [81]:

ΦSNO
8B = (5.25± 0.16+0.11

−0.13)× 106 cm−2 s−1

which is compatible with, and more precise than, the theoretical predictions [59].
A three-flavour neutrino oscillation analysis, combining also results from all other
neutrino experiments and KamLAND resulted in:

∆m2
12 = (7.41+0.21

−0.19)× 10−5 eV2

tan2 θ12 = 0.446+0.030
−0.029

sin2 θ13 = (2.5+1.8
−1.5)× 10−2

At the time of writing SNO, is currently operating in its SNO+ phase; the
experimental setup for their most recent analysis [84] is very similar to that
of SNO, with the exception that the acrylic vessel has been filled with normal
water H2O (“water phase”), instead of heavy water, and part of the trigger and
the readout system has been upgraded. The resulting ES flux (i.e. the electron
neutrino flux) and overall 8B neutrino flux measured by SNO+ after 114.7 days
of data are:

ΦSNO+
νe = (2.53+0.31

−0.28(stat)
+0.13
−0.10(syst))× 106 cm−2 s−1

ΦSNO+
8B

= (5.95+0.75
−0.71(stat)

+0.28
−0.30(syst))× 106 cm−2 s−1

which are consistent with the ES results of Super-Kamiokande and with the 8B
neutrino flux measured by SNO.
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2.2.5 Borexino

The Borexino detector [85], schematically shown in Figure 2.6, is a liquid scin-
tillator detector located in the Laboratori Nazionali del Gran Sasso. Its inner
part is a stainless steel sphere (SSS), which serves as the container of the scin-
tillator and as the support of the 2212 PMTs. The scintillator volume is then
subdivided into in three shells of radii 4.25 m, 5.50 m and 6.85 m, the latter be-
ing the radius of the SSS itself. The inner nylon vessel (IV) contains the liquid
scintillator solution: pseudocumene (PC, 1,2,4-trimethylbenzene C6H3(CH3)3)
as a solvent and the fluor PPO (2,5-diphenyloxazole, C15H11NO) as a solute at
a concentration of 1.5 g l−1 The second and the third shell contain PC with a
small amount (5 g l−1) of DMP (dimethylphthalate, C6H4(COOCH3)2), that is
added as a light quencher in order to further reduce the scintillation yield of
pure PC. The SSS is immersed in a water tank (WT), which serves both as a
powerful shielding against the external background due to γ rays and neutrons
from the rock, and as a Cherenkov muon counter and muon tracker thanks to 208
PMTs. The PC/PPO solution provides a high scintillation yield (about 104 pho-
tons per MeV), a large mean free path for light (about 8 meters) and a fast decay
time (about 3 nanoseconds), which are ideal characteristics for energy resolution,
precise spatial reconstruction and good α− β discrimination.

It appears clear from Figure 2.3 that Borexino is the only experiment that is
both able to reconstruct the neutrino energy while being sensitive to the lower
end of the solar neutrino spectrum.

Borexino proved to be able to first detect 7Be neutrinos [86, 87], study their
day/night asymmetry [88] and their seasonal modulation [89]. In particular, the
results from Borexino on the lack of day/night asymmetry of 7Be neutrinos, on
their interaction rate [87] and the measurement of 8B neutrinos [90], allowed to
restrict the MSW neutrino oscillations to the large mixing angle (LMA) solution
at a 90% confidence level.

The data acquisition of Borexino is divided in two phases, I [91] (2007-2010)
and II [92] (2011-2016), separated by the purification campaign of the scintillator
liquid. Remarkably, the Borexino collaboration has been able to perform the
first-ever measurement of pp, pep and 7Be neutrinos in the energy range 0.19-
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2.93 MeV, as well as to set the tightest upper bounds on CNO neutrino [92]:

ΦBX
pp = (6.1± 0.5+0.3

−0.5)× 1010 cm−2 s−1

ΦBX
7Be = (4.99± 0.11+0.06

−0.08)× 109 cm−2 s−1

ΦBX
pep,HZ = (1.27± 0.19+0.08

−0.12)× 108 cm−2 s−1

ΦBX
pep,LZ = (1.39± 0.19+0.08

−0.13)× 108 cm−2 s−1

ΦBX
CNO,95% CL < 7.9× 108 cm−2 s−1

for which the MSW-LMA oscillation parameters [93] have been assumed. In this
context HZ and LZ refer to a SSM with, respectively, high metallicity and low
metallicity. The upper limit on CNO is obtained by setting in the fit a constraint
on the ratio of pp to pep events, which depends on the metallicity hypothesis.
More on this will follow in §2.3.

The precision on the Beryllium neutrino flux is better than that of the theo-
retical prediction of [59].

During phase II, the Borexino collaboration also improved their previous 8B
neutrino flux measurement [94]:

ΦBX
8B = (2.55+0.17

−0.19 ± 0.07)× 106 cm−2 s−1

in the case of no flavour conversion. This result is compatible to, even if less
precise, the high-precision measurements by Super-Kamiokande.

2.2.6 Future experiments (also) regarding solar neutrinos

Two notable experiments which will regard also the physics of solar neutri-
nos are the Jiangmen Underground Neutrino Observatory (JUNO), and Hyper-
Kamiokande. As these experiments have not collected any data yet, we just
provide the interested reader with the relevant design reports and future mea-
surement prospects [95, 96].

JUNO is a multi-purpose underground facility, with a detector consisting a
20 kton liquid scintillator, submerged in a water-Cherenkov detector, on top of
which there is a muon tracker. Its main physics goal is to assess the neutrino
mass hierarchy, but it is also going to be capable of observing neutrinos from
terrestrial and extraterrestrial sources, including supernova burst neutrinos, dif-
fuse supernova neutrino background, geoneutrinos, atmospheric neutrinos, solar
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neutrinos, as well as exotic searches such as nucleon decays, dark matter, sterile
neutrinos, and so on.

Hyper-Kamiokande is going to be located in the Tochibora mine, 8 km south
of Super-Kamiokande, which will host the largest underground water Cherenkov
detector. It will employ a ring-imaging water Cherenkov detector technique to
detect the neutrino interactions and the possible spontaneous decay of protons
and bound neutrons. The highly purified water employed in the detector serves
as both target material for the neutrinos coming from the J-PARC proton ac-
celerator and source of nucleons to decay. Apart from nucleon decay and beam
neutrino measurements, Hyper-Kamiokande will measure with the highest preci-
sion leptonic CP violation and will determine the neutrino mass hierarchy with
atmospheric neutrino measurements, probing the standard paradigm for neutrino
oscillations in the process.

2.3 The (updated) luminosity constraint

As we have already seen, the theoretical description of the Sun is little more
than fifty years old and is still evolving. The first measurements of the neutrinos
that correspond directly to sunlight have been obtained only very recently: we
refer to the pp neutrinos observed by the Borexino collaboration [97]. While the
theoretical expectations for the pp chain have been verified, the observations of
neutrinos coming from the CNO cycle are still missing, and also the relevant
theoretical expectations are more uncertain [59]. Observing such neutrinos could
clarify persistent doubts about our models of the Sun, and solidify the role of the
CNO cycle for stars more massive than the Sun.

The Borexino experiment is currently attempting to detect CNO neutrinos
for the first time. An important experimental problem is the background due to
beta decays from 210Bi; this problem can be addressed by quantifying the rate of
decay of other nuclear species related to 210Bi [98]. The collaboration is, at the
time of writing, at work to make this measurement possible [99].

Another equally important difficulty of the measurement is that pep neutrinos,
which are not precisely known, produce events right in the energy region where
neutrinos from the CNO cycle could be observed (see Figure 7 of [92]). An
approach to this second problem is based on the knowledge of the connection
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Φi = ϕi × 10αi cm−2 s−1 The pp chain The CNO cycle

i pp Be pep B hep N O F
αi 10 9 8 6 3 8 8 6

GS98 5.99 4.73 1.42 5.38 8.10 2.82 2.06 5.33

PLJ14 6.01 4.53 1.43 4.91 8.23 2.54 1.81 3.93

Table 2.3: Theoretical predictions for the solar neutrino fluxes as in Eq. (2.3) for the
two computed SSMs (see §2.3.2 and §2.3.4).

between light and neutrinos, which allows to measure with great precision a
linear combination of pp and CNO neutrinos, as well as to quantify the pep
neutrinos.

As various authors have argued (see [100], [101] and references therein) this
connection - called the luminosity constraint - does not require a detailed model
of the Sun. Given the importance of such statement, of some inaccuracies in
the expression of the luminosity constraint that have recently emerged [102], and
of the current needs of solar neutrino observatories, we examined the constraint
anew and in great detail. In particular:

1. we update the values of the physical parameters involved in the discussion;

2. we clarify and verify the hypotheses behind the derivation of the luminosity
constraint;

3. we provide an updated and simple analytical expression, for the sake of the
experiments in search of neutrinos from the CNO cycle.

2.3.1 The luminosity constraint

The Standard Solar Model (SSM) has proved to be the best tool to understand
how the Sun works, and it still is the frontier of helioseismology and solar neutrino
physics.

We are particularly interested in it as a way to compute the solar neutrino
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fluxes at Earth, which can be expressed as:

Φi = ϕi × 10αi cm−2 s−1 (2.3)

where the fluxes are labelled with i = pp, pep, Be, B, hep, N, O, F according to
their production mechanism.

Not surprisingly, the αi exponents have been stable over time, while the adi-
mensional ϕi factors have been improved and tested with experiments. In Table
2.3 we show the values of ϕi and αi for the two SSMs presented in this work
(see §2.3.2 and §2.3.4). Each model assumes a different solar metallicity which
directly influence the prediction for pep and CNO neutrinos [92].

After the results of Borexino Phase-II and Super-Kamiokande, discussed in the
previous section, we are entering an era of precise solar neutrino measurements,
in that the experimental errors are getting close to (and even smaller than, in
the case of neutrinos from 7Be and 8B) the theoretical ones.

The experimental uncertainty on the pp neutrino flux is, however, still very
large, sitting at around 10% [92]. Here the luminosity constraint comes into play,
as it allows to link the sum of the fluxes of solar neutrinos to the luminosity in
photons of the Sun, which is very well known [62]:

L� = 3.8275 (1± 0.0004)× 1033 erg s−1 (2.4)

The outstandingly small uncertainty on the solar luminosity compels us to ques-
tion which approximations are appropriate in deriving a solid luminosity con-
straint suitable for solar neutrino data analyses.

It is predicted that the Sun burns protons to produce Helium through the pp
chain, in small measure through the CNO-I cycle, and, to a negligible extent,
through the CNO-II cycle. It is important to note that in each of these sets of
nuclear reactions the hypothesis of local kinetic equilibrium is just an (excellent)
approximation [101]: in fact, the total abundance of certain isotopes, other than
4He, slowly increases over time.

The lifetime of 3He in the solar core is & 105 yr and increases rapidly in the
outer parts of the Sun, determining a departure from the local kinetic equilibrium.
In the inner region of the Sun, where the kinetic equilibrium with the pp chain
holds, 3He is burnt to create 4He, while in the outer regions the temperature is
too low for such conversion to be effective (see Figure 2.7).
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On the other hand, the slow rate of the 14N(p,γ)15O reaction does not allow to
close the CNO-cycle and, as a consequence, 14N tends to accumulate (see Figure
2.8), while the abundance of Oxygen is almost constant. As a matter of fact,
both 3He and 14N total abundances increase with time (see Figure 2.9).

In addition, in deriving the luminosity constraint, it is also common to assume
that the Sun is stationary, meaning that the release of energy is due to nuclear
reactions only. Relaxing the condition of time independence requires to consider
the global change of the total energy E.

The numerical implementation of a SSM already includes all these out-of-
equilibrium terms in the energy conservation equation, but it is computationally
expensive and depends on many physical inputs (e.g. nuclear reaction rates, the
solar luminosity, the solar age, heavy-element abundances, radiative opacities)
and effects (e.g. Helium and heavy-element diffusion) [103]. In this sense, the
luminosity constraint offers a unique tool to pursue a model-independent analysis
of the solar neutrino fluxes.

We updated the luminosity constraint to allow for the contribution of the afore-
mentioned out-of-equilibrium terms in a general way, starting from the principles
of energy and lepton number conservation.

The fusion of four protons to form a Helium nucleus implies the production
of neutrinos and positrons according to:

4p→ α + 2νe + 2e+ (2.5)

and releases an amount of heat Q� ' 26.1 MeV. This reaction is atomically
equivalent to the fusion of four 1H nuclei into one 4He nucleus, producing two
electron neutrinos and liberating an amount of energy equal to:

Q4 := 4M1 −M4 = 26.731 MeV. (2.6)

Such energy goes into photons and neutrinos, so that the solar luminosity can be
written as:

L = L� + Lν (2.7)

where L� is the solar luminosity emitted in photons and Lν is the one emitted
in neutrinos, i.e.:

Lν = 4π au2
∑
i

〈Ei〉Φi (2.8)
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where 〈Ei〉 is the average energy of the neutrinos resulting from a certain reaction
and 1 au is the average Earth-Sun distance.

In order to obtain the luminosity constraint as in [101] only three hypotheses
are necessary:

1. energy conservation: all energy that goes into neutrinos and photons comes
from the synthesis of one (or more) nuclear species;

2. lepton number conservation: the nuclear fusion processes operating in the
Sun inevitably produce neutrinos, which can be used to “tag” such reactions;

3. no element apart from 4He is produced in the Sun.

In §2.3.2 we will relax the last assumption to obtain a general form of the lu-
minosity constraint, which we will then use to compute the contributions to the
solar luminosity due to the accumulation of 3He and 14N.

Considering only 4He as accumulating element, the conservation of energy
reads:

L� + Lν = Q4Ṅ(4He) (2.9)

where N(4He) is the total number of 4He nuclei in the Sun and Ṅ(4He) is its time
derivative. As the synthesis of 4He from 1H requires the transformation of four
protons into two protons and two neutrons, two neutrinos must be produced in
the ensuing β+ processes. We can then write the corresponding lepton number
conservation relation as:

4π au2
∑
i

Φi = 2Ṅ(4He) (2.10)

as the rate of neutrino production is twice the of 4He production, or, in other
words, two neutrinos are produced per 4He nucleus. Substituting Eq. (2.10) in
Eq. (2.9), we have that:

L� + 4π au2
∑
i

〈Ei〉Φi =
Q4

2
4π au2

∑
i

Φi (2.11)

so that we obtain the standard luminosity constraint:

L�
4π au2 =

∑
i

(
Q4

2
− 〈Ei〉

)
Φi (2.12)
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Notice that only when substituting the numerical values of Q4, 〈Ei〉 (on which
we assume negligible uncertainty) as well as choosing which “kind” of neutrinos
are produced, the nuclear physics details are needed. We will adopt the values
for 〈Ei〉 provided in Table 2 of [102].

To give an idea of the power of the luminosity constraint, let us assume that
only pp neutrinos are produced in the Sun: we would then have

13.10 MeV × Φpp = L�/4π au2

which would yield a pp neutrino flux of:

Φpp = 6.485 (1± 0.0004)× 1010 cm−2 s−1

which directly gets the relative error from the solar luminosity.
Including now all the other solar neutrino components, and dividing both sides

of Eq. (2.12) by L�/(4π au2) = 8.4946×1011 MeV cm−2 s−1 we obtain:

(1.0000± 0.0004) =
1

8.4946× 1011

∑
i

kiϕi. (2.13)

where the ki coefficients are,

ki =

(
Q4

2
− 〈Ei〉

)
10αi (2.14)

Their values in units of MeV cm−2 s−1 are listed in Table 2.4.
From the argument above if follows that the luminosity constraint effectively

links, within a very small 0.04% uncertainty, the pp, Be, pep, N and O neutrinos,
the other kinds of neutrinos give a negligible contribution.

2.3.2 Tests and refinements

Due to the importance and power of the luminosity constraint, we find it is
interesting and useful to accurately test the hypotheses on which it is based. It is
possible to allow for the inclusion of other out-of-equilibrium elements simply by
adding new terms to Eq. (2.9) and by weighing them according to the amount on
the corresponding neutrinos. We will also estimate the effect of the non-nuclear
processes of energy production; with these two ingredients, we will obtain an
even more refined version of the luminosity constraint.
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i ki

pp 1.310× 1011

Be 1.255× 1010

pep 1.192× 109

B 6.630× 106

hep 3.735× 103

N 1.266× 109

O 1.237× 109

F 1.237× 107

Table 2.4: The ki factors as defined in Eq. (2.14), in units of MeV cm−2 s−1 .
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Figure 2.7: 3He mass fraction dependence on the fractional solar radius (left) and mass
(right) for 5 different ages of the Sun, adopting the GS98 solar composition. The color
code suggests the rise of temperature over time.
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Figure 2.8: Same as Figure 2.7, but relative to the 14N mass fraction.

Formalism In the case of more accumulating elements, taken into account by
N(j), the lepton number conservation reads:

4π au2
∑
i

Φi =
∑
j

cjṄ(j) (2.15)

where cj counts for the number of electron neutrinos emitted in the production
of a nucleus j; for example, as seen before, c4He = 2. The energy conservation
equation (2.9) becomes:

L� + Lν =
∑
j

QjṄ(j), (2.16)

as now we have allowed for the production of more elements. As before, we can
isolate Ṅ(4He) from Eq. (2.15) and substitute it into Eq. (2.16), so that:

L� + 4π au2
∑
i

〈Ei〉Φi =
Q4

2

4π au2
∑
i

Φi −
∑
j 6=4He

cjṄ(j)

+
∑
j 6=4He

QjṄ(j)

(2.17)
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which results in:

1

4π au2

L� +
∑
j 6=4He

Lj

 =
∑
i

(
Q4

2
− 〈Ei〉

)
Φi (2.18)

where we have defined:

Lj :=

(
cjQ4

2
−Qj

)
Ṅ(j). (2.19)

In the following, we show that both the pp chain and the CNO cycle can be
naturally broken into two sub-processes, both leading to the production of one
intermediate nuclear species and one neutrino - i.e., cj = 1. Therefore, the sign
of Lj depends upon the amount of energy released per neutrino; in particular,
it is positive if Qj/cj is smaller than Q4/c4He - assuming that the intermediate
species accumulates over time, i.e. Ṅ(j) > 0.

Nuclear species that accumulate in the Sun While in the innermost part
of the Sun the reactions are in kinetic equilibrium, this is not so in the external,
colder regions: there are zones of out-of-equilibrium nuclear fusion, that can lead
to accumulation of certain nuclear species besides 4He.

In order to identify which are the other elements that accumulate, we have
to refer to the nuclear fusion processes in the Sun. In the pp chain, 3He is the
bottleneck of the chain, and we argue that this specie is currently accumulating;
in the CNO cycle, instead, it is 14N that accumulates, due to the slowness of
the subsequent proton capture reaction, that separates the CNO-I cycle in two
sub-cycles. For a quantitative statement, we need to know the production rate
of these elements, i.e. the time derivative of their number abundances Ṅ(j). The
generic Ṅ(j) can be expressed as:

Ṅ(j) =
dN(j)

dt
=

1

Aj

dX(j)

dt
NAM� (2.20)

where NA is the Avogadro number, X(j) = Mj/M� is the mass fraction of the
j -nucleus, and A(j) the relative atomic mass number.

We computed the number abundances of 3He and 14N using two different
SSMs, adopting both the GS98 [104] and the PLJ14 [105] solar models in the
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Model Ṅ(3He) [s−1] Ṅ(14N) [s−1] L3He[erg s−1] L14N[erg s−1] Lg [erg s−1]

GS98 2.47× 1035 2.19× 1035 2.55× 1030 5.78× 1029 2.48× 1030

PLJ14 1.96× 1035 2.12× 1035 2.02× 1030 5.62× 1029 3.13× 1030

Table 2.5: The accumulation rates of 3He, 14N, their corresponding luminosities
Eq. (2.19) and the luminosity connected to the gravitational effects of the Sun. These
are the most relevant quantities involved in the formulation of the revised luminosity
constraint, and they are reported both for the GS98 and the PLJ14 models.

run of the FUNS stellar evolutionary code [106, 61]. We used the same input
physics as in [61], except for the solar luminosity, which has been taken from [62].
In Table 2.5 we show the ensuing predictions for Ṅ(3He) and Ṅ(14N).

In order to calculate the contribution of these elements to the luminosity con-
straint, as described by Eq. (2.18), we also need to quantify the energy released
in the production of such nuclei, i.e.,

Q3 := M3 − 3M1 = 6.936 MeV

Q14 := M12 + 2M1 −M14 = 11.71 MeV

Finally, as the production of 3He and 14N is always accompanied by the emission
of one electron neutrino, their cj factors are both equal to 1. In Tab. 2.5 we also
show the corrective terms to the luminosity constraint due to the accumulation of
3He, 14N according to Eq. (2.19). We find that the corrections to the luminosity
constraint are important, being larger than the present uncertainty on the solar
luminosity.

Cross-check of the effect of 14N accumulation Note that the correction to
the solar luminosity due to the accumulation of 14N can be computed according to
the connection among Ṅ(14N), ΦO and ΦN, in the assumption that the 12C→ 14N
and 15O → 12C branches of the CNO-I cycle proceed fast. In fact, the emission
of a Nitrogen neutrino in the reaction 13N(e+ νe)13C precedes the production of
14N; in the same way, every time that a 14N nucleus is destroyed, an “Oxygen
neutrino” is emitted in the reaction 15O(e+ νe)15N. This means that the flux
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difference ΦN − ΦO keeps track of the accumulation of 14N as

Ṅ(14N) ' 4π au2(ΦN − ΦO) = 2.12× 1035 s−1, (2.21)

which is sufficiently close to the value reported above, considering the 15%-20%
uncertainties on these neutrino fluxes [102].

It is possible to improve this argument by considering also the presence of the
CNO-II cycle, which would be tagged by the neutrinos produced in the process
17F(e+ νe)17O, i.e. by the Fluorine neutrinos ΦF; since also this process precedes
the production of 14N, we can write that

Ṅ(14N) ' 4π au2(ΦN + ΦF − ΦO) = 2.27× 1035 s−1 (2.22)

This means that a possible test of out-of-equilibrium processes in the Sun is to
look for a non-zero value of ΦN + ΦF − ΦO; this is a very demanding task as
it requires very high precision, considering that the spectra of ΦF and ΦO are
almost identical.

Non-stationary luminosity constraint It is common, in deriving the lumi-
nosity constraint, to assume that the Sun is stationary and in thermal equilib-
rium, and that the nuclear fusion reactions are responsible for the production
of energy. This is in general an excellent approximation, as the gravitational
luminosity, i.e. the amount of power related to the expansion of the Sun over
time, is Lg = few × 10−4L� [107, 108]. In light of the small uncertainty on the
new estimate of the solar luminosity [62] we can refine Eq. (2.16) by including
the amount of energy Lg lost by gravitational expansion as well:

L� + Lν =
∑
j

QjṄ(j)− Lg (2.23)

For a star evolving in time, Lg simply represents the negative time derivative of
the total energy of the star −∂E/∂t, which can be computed within the SSM.

We found that, in our models, Lg and −∂E/∂t deviate by ∼ 10−7L�, a value
safely below the uncertainty of the present solar luminosity (i.e. 0.04%). For this
reason we adopted the derived values for Lg (see Table 2.5), for both GS98 and
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Figure 2.9: Temporal evolution of the total 3He (left) and 14N (right) mass fractions,
adopting both GS98 (blue, dash-dotted line) and PLJ14 (red, solid line) solar compo-
sitions.
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PLJ14 models, in computing the revised luminosity constraint. Comparing the
values of Table 2.5, one can conservatively fix the value of Lg to:

Lg = (2.805± 0.325)× 1030 erg s−1

which corresponds to (7.33± 0.85)× 10−4L�.

Summary We are now ready to include in the luminosity constraint the effects
of the accumulation of 14N and 3He, as well as that due to gravitational expansion.
From Eq. (2.23) and Eq. (2.18) we get:

1

4π au2 (L� + L3He + L14N + Lg) =
∑
i

(
Q4

2
− 〈Ei〉

)
Φi (2.24)

The values of the new quantities that appear in the equation above are given in
Table 2.5 for the two SSMs considered in this work.

Before proceeding, and in order to recap, let us discuss the various terms in
Eq. (2.24). The reason for the sign of the first two terms after L� has been
already explained after Eq. (2.19) - note that in the case of 14N, the Q4/2−〈EN〉
term is particularly small, as the production of 14N releases an amount of energy
slightly smaller than Q4/2.

Next, we have the term due to gravitational energy. The Sun is steadily in-
creasing its inner temperature and luminosity; the gravitational energy of the
Sun is gained at the expense of nuclear energy, and so the same amount of nu-
clear reactions (and thus of neutrinos) would correspond to a photon luminosity
diminished by Lg. Now, since the solar luminosity is fixed by observations, and
the three new terms are all positive, this means that their net effect is to increase
the number of expected neutrinos.

The net result of these new terms can be recast in the same form of Eq. (2.13),
namely

(1.0000± σ) =
1

8.5072× 1011

∑
i

kiϕi. (2.25)

where the values of the ki is still the one given in Table 2.4.
The relative error σ in the previous equation can be evaluated with different

procedures; hereafter we discuss the least and most conservative ones.
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The least conservative approach would be considering that the values of L3He+
L14N + Lg for the two SSMs agree so well that the value σ = 0.0004 remains
unaffected.

The most conservative procedure is to say that the absolute error on such sum
is itself, i.e. δL = L3He + L14N + Lg; in this case σ = 0.0015, that is, it increases
by about 4 times.

In any case, σ in Eq. (2.25) is very small when compared to the current needs,
so that we can conclude that the luminosity constraint provides us with a very
useful and precise tool for the study of the solar neutrino fluxes.

2.3.3 Comparison with the literature

In this section we compare our methodology to the two main previous approaches
to the luminosity constraint; we highlight where steps forward were taken and
where our updates are relevant.

The first benchmark work on the luminosity constraint is, in our opinion,
Bahcall’s [101], in which he states:

If nuclear fusion reactions among light elements are responsible for the
solar luminosity, then a specific linear combination of solar neutrino
fluxes must equal the solar constant [. . .]

L�
4π au2 =

∑
i

( αi
10 MeV

)
Φi

where L� is the solar luminosity measured at the earth’s surface and 1
au is the average Earth-Sun distance. The coefficient αi is the amount
of energy provided to the star by nuclear fusion reactions associated
with each of the important solar neutrino fluxes, Φi.

In his work he divides, as we do in Eq. (2.13), the equation above by the left-hand
side:

1 =
4πau2

L�

∑
i

( αi
10 MeV

)
Φi

The analogous factors to Bahcall’s αi are:

αi = 10−γi−1ki
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i
αi 10−γi−1ki

[101] (this work)

pp 1.309 87 1.309 87

pep 1.191 93 1.192 05

hep 0.373 70 0.373 55

Be 1.260 08 1.255 25

B 0.663 05 0.663 05

Table 2.6: The matching of Bahcall’s formalism from [101] (αi column) to ours.

where the γi + 1 comes from the 10 MeV the αi factors are divided by.
It should be noted that this correspondence does not hold for i ∈ {C, N, O}

as Bahcall’s definitions are:

αN =
M12 +M1 −M13 − 〈EN〉

10 MeV
= 0.345 77 (2.26)

αO =
3M1 +M13 −M4 −M12 − 〈EO〉

10 MeV
= 2.157 06 (2.27)

αF =
M16 +M1 −M17 − 〈EF〉

10 MeV
= 0.2363 (2.28)

αN, αO, αF would be respectively 0.345 70, 2.157 and 0.2361 with the use of the
modern values of the atomic masses. The matching of our formalism and his is
shown in Tab. 2.6, from which it is evident that the factors are very close to each
other. There is, though, a notable exception, i.e. that of αBe: in the computation
of that factor, Bahcall states:

[. . .] one must average over the two 7Be neutrino lines with the ap-
propriate weighting and include the γ-ray energy from the 10.3% of
the decays that go to the first excited state of 7Li.

We believe that this procedure leads to double counting the largest neutrino
energy can have in such decay, as first noted in [102].

The second benchmark work we compare our results to is [102]. There is
perfect agreement with the values we use and list in the rightmost column of
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Tab. 2.6 with those from [102]. However, also in [102] the treatment of CNO
neutrinos has been different from that in the present work: in it, the CNO
cycle is seen as a sequence of two sub-cycles from the start, due to the slowness
of the reaction 14N(p, γ)15O. In this way, the author considered immediately
the accumulation of 14N, which we introduced only in a second moment. In
[102] a different value for the solar luminosity has been used, which is L� =
3.8418 (1± 0.004)× 1033 erg s−1, to be compared with the one that we used here
L� = 3.8275 (1± 0.0004)× 1033 erg s−1

In order to compare our result with that of [102], we restart from Eq. (2.34):

Φpp + 1.646 ΦN = 6.007 (1± 0.2%)× 1010 cm−2 s−1

which is the analogous of

Φpp + 0.93ΦCNO = 6.02 (1± 0.5%)× 1010 cm−2 s−1

in [102]. We can try to match the two formalisms considering that in [102]:

ΦCNO = ΦN + ΦF + ΦO ≈ (1 + 0.72)ΦN (2.29)
δΦCNO = ΦN + ΦF − ΦO ≈ (1− 0.72)ΦN (2.30)∑
i

(
1− 2 〈Ei〉

Q4

)
Φi − 0.123 δΦCNO =

2L�
4π au2 (2.31)

which would then result into:

Φpp + 0.937ΦCNO = 6.007 (1± 0.2%)× 1010 cm−2 s−1

The difference in the coefficient in front of ΦCNO is most likely due to roundoff.
From these comparisons we can state that our derivation is the simplest, de-

spite sharing the same fundamental hypotheses as [101]. We believe that the way
we include the accumulation of 14N is less model dependent and more transpar-
ent with respect to the one in [102], which, however, retains important physical
insight.

2.3.4 An application to the search for CNO neutrinos

In the view of the experimental state-of-the-art of solar neutrino measurements,
it is timely and useful to illustrate the use of the luminosity constraint to improve
the search for CNO neutrinos.
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From Tab. 2.4 it is clear that neutrinos from CNO, in particular N and O
neutrinos, play an important role in the determination of ϕpp in the context of
the luminosity constraint, which helps connecting ϕpp and ϕCNO. In fact, the
luminosity constraint by itself is not enough to improve our knowledge on these
neutrino fluxes: however, when further theoretical information on the Φpep/Φpp

and on the ΦO/ΦN ratios is provided, then a stringent relation between the pp
and CNO fluxes can be obtained.

At first glance, the use of this theoretical input would seem to introduce model
dependence to the application of the luminosity constraint, but this is not the
case. The ratio of the pp and pep reaction rates is fixed by nuclear physics
[56], and such ratio is assumed also for the pp and pep neutrino fluxes, which, a
priori, could be different due to the impact of the whole ensemble of processes,
nuclear and hydrodynamical, occurring in the Sun. Comparing how the pep to
pp neutrino fluxes change with different metallicities, we get:

Φpep/Φpp|GS98 = 2.367× 10−3

Φpep/Φpp|PLJ14 = 2.376× 10−3

The relative difference of δ = −0.38% shows that there is no significant model
dependence is introduced with such hypothesis.

Regarding the ratio of N and O neutrinos, if we assume that only 4He accu-
mulates, its value is exactly 1, due to the kinetic equilibrium of all elements in
the CNO cycles. In the experimental analyses, however, the ratio ΦO/ΦN is fixed
to be different from 1, which means that there must be accumulation of some
element between 13C and 15N, in amounts dependent upon the adopted Solar
Model. In the two cases that we calculated, the ratios are:

ΦO/ΦN|GS98 = 0.732

ΦO/ΦN|PLJ14 = 0.713

which result in a relative difference of δ = 2.76%. This affects the luminosity
constraint so slightly (less than 0.02%) that model dependence is not a significant
issue also in this regard.

We can then safely fix such ratios of neutrino fluxes to:

Φpep/Φpp = 2.37× 10−3

ΦO/ΦN = 0.72
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Moreover, after Borexino phase-II [92], the 7Be neutrinos flux is known with a
precision better than that of the theoretical prediction, so that we can fix:

Φ7Be = (4.99± 0.11+0.06
−0.08)× 109 cm−2 s−1

We are finally ready to put everything together, starting by writing Eq. (2.13)
with a highlight on all relevant terms:

(1± 0.0004) = 0.1542ϕpp + 0.0148ϕBe + 0.0014ϕpep + 0.0015ϕN + 0.0015ϕO

introducing the ratios discussed above, we have:

(1± 0.0004) = 0.1542ϕpp + 0.0148ϕBe + 0.0025ϕN (2.32)

and now we can subtract the Beryllium contribution:

(0.926± 0.002) = 0.1542ϕpp + 0.0025ϕN (2.33)

so that, isolating Φpp:

Φpp + 1.646 ΦN = 6.007 (1± 0.2%)× 1010 cm−2 s−1 (2.34)

In order to include the refinements described in §2.3.2, it is sufficient to replace
the central value of the right-hand side of Eq. (2.34) with the values given in Table
2.7. If one prefers to treat the errors conservatively, as discussed after Eq. (2.25),
it is enough to replace the errors 0.2% with 0.25%.
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out of equilibrium GS98 PLJ14corrections

none 6.007 6.007
3He 6.011 6.010
3He + 14N 6.012 6.011
3He + 14N + Lg 6.016 6.017

Table 2.7: The central value, in units of 1010 cm−2 s−1, of the luminosity that constrains
with 0.2% (0.25% in the more conservative approach) precision the linear combination
of Φpp + 1.646 ΦN in all the cases covered in this work.
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3

Atmospheric neutrinos

“What are those huge round things?” said Nino to the photon.
“Those are the atoms of the atmosphere; you neutrinos will just whiz by

without even noticing, but they can mean a lot of trouble for us,
and especially for the protons” answered the photon.

Nino the neutrino

In section 3.1 we are going to review the theoretical expectations about at-
mospheric neutrinos, both in terms of production, which is tightly connected to
cosmic rays, and oscillation through the atmosphere.

In section 3.2 we will talk about the experiments that obtained the most
important results in this field, and finally, in section 3.3 we will present the work,
which is my original contribution, on the connection between the cosmic-ray knee
and the flux of atmospheric neutrinos.

The articles I worked on and that are relevant for this chapter are [3, 4].

3.1 Theoretical expectations

Here we present an overview, based on [6, 45], of the atmospheric neutrino phe-
nomenology.
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3.1.1 The components of the atmospheric neutrino spec-
trum

Atmospheric neutrinos had not been studied above 1 TeV before IceCube, but
they can be predicted, within uncertainties linearly increasing from . 10% at
100 GeV to about 30% at 1 PeV, from the observed flux of cosmic rays and the
theory of strong interactions. These numbers refer to our particular compu-
tations, used in [3, 4], which feature a fixed hadron interaction model, which is
another source of uncertainty (around 10% at 100 GeV up to 30−40% at 100 TeV
[109]).

Atmospheric neutrinos are produced in the collisions of the cosmic rays, which
thus take the name of primaries, on the nuclei in the atmosphere. Cosmic rays are
mainly (90%) protons and (9%) helium nuclei, but also heavier nuclear species
are present. As mentioned in 1.3.3, these collisions create numerous particles,
named secondaries, among which mesons, like pions and kaons; these mainly1
decay into muons, according to:

π± → µ± + νµ(νµ) ∼ 100% K± → µ± + νµ(νµ) ∼ 63.5%

The neutrinos produced in the decay of pions and kaons constitute the conven-
tional component of the atmospheric neutrino spectrum. The other component
of the atmospheric neutrino spectrum, yet to be measured, is the prompt one,
which is supposed to be produced in the decay of heavy, charmed particles. The
most relevant parents for prompt neutrinos are D±, D0, Ds and ΛC ; prompt tau
neutrinos are mostly produced in the decay of τ leptons.

There are other good reasons to distinguish these two components, as we
will now see: their spectrum, angular distribution, and flavor composition are
different, and thus experimentally distinguishable - in principle.

Conventional neutrinos If the muon produced by the pion or kaon decay
has sufficiently low energy, it decays in the atmosphere and produces neutrinos
according to:

µ+ → e+ + νe + νµ µ− → e− + νe + νµ

1Kaons have a 5% probability of decaying into π0+e+νe, and there is also theK0
L → π+e+νe

contribution.
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This happens when the muon decay length is smaller than its typical production
height (∼ 15 km), i.e. for Eµ . 2.5 GeV. The (unoscillated) flavour ratios at
Earth for Eµ . 2.5 GeV would then be:

(Fνe : Fνµ : Fντ ) = (1 : 2 : 0) (3.1)

where Fx is the sum of the flux of the neutrinos and antineutrinos of a certain
flavour. For higher muon energies, muons do not decay in the atmosphere, and
thus it is expected that Fνµ � Fνe . In the conventional component of the
atmospheric neutrino spectrum there are no tau neutrinos at production.

The two-body pion and kaon decays produce muons and neutrinos with aver-
age energies given by:

〈Eµ〉
Eπ

= 0.79
〈Eν〉
Eπ

= 0.21

〈Eµ〉
EK

= 0.52
〈Eν〉
EK

= 0.48

due to the fact that the muon mass is 105.7 MeV, i.e. very close to the pion mass
of 139.6 MeV, and thus gets most of the energy in the decay. Kaons, on the other
hand, are much heavier, with a mass of 493.7 MeV, and thus allow for a more
even distribution of the energy in the two-body decay.

If γ = −2.7 is the slope of the cosmic-ray spectrum in the energy range relevant
for atmospheric neutrinos, the expected slope of the conventional component is ∝
Eγ−1 = E−3.7, due to the fact that the higher the pion/kaon energy, the larger the
probability that it interacts and loses energy before decaying. The discrimination
between the interaction-dominated regime and the decay-dominated one is done
comparing the typical lengths, which are introduced in Eq. (3.3) - the smaller the
relative length, the more important the process. For pions interactions are more
relevant than decay for E cos θ & επ = 115 GeV2, while for kaons this happens
for E cos θ & εK = 850 GeV [45]; for this reason, conventional neutrinos mainly
come from kaons at higher energies.

2The cosine of the azimuthal angle is indicative of the importance of the trajectory of the
particles, as down-going pions or kaons are less likely to have time decay than horizontal-going
ones; it is not meant to be analytically accurate.
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Due to the long lifetime of pions and kaons (τrest ∼ 10−8 s), the more atmo-
sphere is traversed, the larger the flux of conventional neutrinos: this is why the
conventional neutrino angular distribution goes roughly like | cos θ|−1, where θ
is the azimuthal angle, i.e. θ = 0 for the upward direction and θ = π for the
downward one - more on this will follow in the later sections.

Prompt neutrinos This component of the atmospheric neutrino flux comes
mainly from the decay of heavy mesons D±, D0, Ds, ΛC , and of the τ lepton,
which is the main producer of prompt tau neutrino. Their lifetime at rest is
about 10−12 s and 10−13 s for the tau lepton, which causes such particles to decay
almost immediately (hence the name prompt) and produce neutrinos. This is
why the spectrum of prompt neutrinos is predicted to closely resemble that of
cosmic rays, which is ∝ E−2.7 in the energy range relevant for prompt neutrinos.

Also due to the fact that the parent mesons decay almost immediately, the
prompt neutrino flux is expected to be isotropic, except above hundreds of TeV,
when the absorption of neutrinos in the Earth becomes relevant. For recent
observations on this, see [110] and references therein.

Finally, its flavour ratio at production is expected to be about (Fνe : Fνµ :
Fντ ) = (1 : 1 : 0.1), as tau leptons are rarer than heavy mesons, which in turn
decay in almost equal amounts in νe and νµ.

3.1.2 Cosmic rays and their collisions on the atmosphere

A few words about the cosmic ray (CR) spectrum, shown in figure 3.1, are now
necessary, given their “parental role” in the context of atmospheric neutrinos.

The cosmic-ray spectrum Cosmic rays are charged nuclei which come from
outside of the solar system, with the exception of very low energy cosmic rays
coming from solar flares. This first statement is based on the fact that they are
observed isotropically and reach energies which require a much more powerful
accelerator than the Sun. The Sun, however, has an impact on their flux, as its
wind modulates the CR flux below about 10 GeV proportionally to its 11-year
cyclical activity. Above a few GeV, the CR flux can be described with a series of
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Figure 3.1: The energy spectra of several components of the cosmic rays. For energies
smaller than 10 GeV/nucleon the solar wind causes a modulation in the flux. Figure
taken from [45].
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power laws3:

dN

dE
∝


E−2.7 1010 eV . E . 1015 eV

E−3.1 1015 eV . E . 1018 eV

E−2.6 1018 eV . E . 1020 eV

At 1020 eV the CR spectrum apparently cuts off, which may be an indication
of the predicted Greisen-Zatsepin-Kuzmin (GZK) effect [112], i.e. the resonant
interaction of CR protons with the CMB photons (Eγ,CMB ' 0.235 meV). In this
reaction protons either lose energy or are disintegrated according to:

p+ γCMB → ∆+ →
{
p+ π0

n+ π+ Ep,th ≈ 5× 1019 eV

GZK neutrinos are expected to be produced in the decay of the eventual final-
state π+ [113].

The transition regions are known as the “knee”, around few PeV, and the
“ankle”, around few EeV, as visible from figure 1.3. They are usually interpreted
respectively as the end of the spectrum of galactic accelerators and the emergence
of extragalactic particles, but this picture is not final.

Before moving on, we find it necessary to clarify that even if up to now we
have been referring to energy, the more relevant quantity for cosmic rays, at
least in the case of acceleration and propagation through magnetic fields, is the
rigidity R := E/Z. The knee is the “envelope” of the change of slope in the
energy spectrum of the various elemental components of the CR spectrum, for
which the change of slope in the rigidity spectrum occurs at the same value of
R.

Now we find it useful to cover the formalism of cascade equations, which is
used to compute the flux of secondary particles produced in the atmosphere by
the impinging cosmic rays.

Cascade equations The interaction of CRs entering the Earth atmosphere
induces the generation of hadronic showers, accompanied by the production of

3The extremely high-energy behavior is even more complex than here reported, which serves
as a general introduction; we refer to [111] for the latest details.
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neutrinos. Following [45], the development of the cascade of particles of type i
in the atmosphere is described by solving the transport equation:

dNi(Ei, X)

dX
= −Ni(Ei, X)

λi
−Ni(Ei, X)

di
+
∑
j

∞∫
E

dEj
Fji(Ei, Ej)

Ei

Nj(Ej, X)

λj
(3.2)

where Ni(Ei, X)dEi is the flux of particles i at slant depth X in the atmosphere,
with energy in the interval [Ei, Ei + dEi].

The index j labels i’s parent particles, λi is the interaction length of particles
of type i in the atmosphere, and di is the decay length, namely:

λi =
Amp

σi+air
di = ργcτi, (3.3)

so that they both are in units of g cm−2; A is the mean mass of target nuclei in
the atmosphere and ρ is the air density, which is a function of the altitude h.
The grammage corresponding to the height h can be written as

X(h) =

h∫
0

d` ρ(h(`)) ` = particle trajectory. (3.4)

The functions Fji are the dimensionless particle yields for the production of
a particle i with energy Ei in a collision of a particle j with energy Ej on air.
They can be defined as:

Fji(Ei, Ej) = Ei
1

σj+air

dσj+air→i

dEi
,

where Ei and Ej are defined in the laboratory frame. This term can be suitably
written to include the production of particles of type i from the decay of their
parent particle of type j.

While this set of coupled equations can be solved analytically in some simpli-
fied cases, such an approach would force the assumption that the spectrum of CR
species is a power law (as in [45]). In order to solve these equations with a more
realistic CR spectrum than a single power law, a numerical approach is needed,
which also requires some model for hadronic interactions at energies higher than
measured at accelerators. More on this will follow later, when discussing the
original work resulted in [3].
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3.1.3 Atmospheric neutrino oscillations

Atmospheric neutrinos are produced practically uniformly around the globe above
a few GeV, when the geomagnetic field of the Earth does not affect anymore the
flux of cosmic ray primaries and the secondaries they produce. In the absence
of oscillations, then, one would have the same flux of neutrinos coming from θ
and π − θ, neglecting absorption in the Earth, i.e. below several tens of TeV.
This means that neutrino oscillations can be detected in a model-independent
way by comparing the upgoing and downgoing fluxes of high4 energy neutrinos
of a certain flavour. In fact, downgoing neutrinos travel some tens of kilometres
in air, while Earth-traversing (upgoing) neutrinos go through additional several
thousand of kilometres of matter, which could affect flavour oscillations for neu-
trinos of energy between several and tens of GeV5. Such up-down asymmetry is
quantified by the ratio:

A` =

(
φup − φdown
φup + φdown

)
`

(3.5)

or the up-down ratio:

R` =

(
φup
φdown

)
`

(3.6)

As reported in table 1.3, oscillations can be probed with atmospheric neutrinos
in the energy range from 0.1 to 100 GeV with ∆m2 ' 10−3 eV2. The oscillation
length Losc ≈ 2E/∆m2 (with E in GeV, L in km, and ∆m2 in eV2) in fact must
be in the range 10 - 104 km in order to observe oscillations either in down- or
in upgoing atmospheric neutrinos; this happens for the lowest energy range for
detectable atmospheric neutrinos, i.e. 0.1 - 100 GeV and only for the largest value
of the squared mass difference, i.e. ∆m2 ≈ ∆m2

23 ≈ 10−3 eV2. The corresponding
mixing parameter is sin2 θ23 ≈ 0.5, corresponding to close-to-maximal mixing. In
the next chapter we will cover how such measurements are performed.

4With the proviso that for neutrino energies of several TeV the Earth becomes opaque.
5So far this energy region is not yet accurately studied,

as it is the end of Kamiokande and before the beginning of IceCube. It is currently be-
ing considered for future observation.
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3.2 Experimental results on atmospheric neutri-
nos

Hereafter we are going to cover the atmospheric neutrino experiments which
obtained the most important results in the context of neutrino oscillations as well
as those that are currently probing the most energetic part of their spectrum.

The typical reaction that is used to measure the atmospheric neutrino fluxes
is the charged-current neutrino-nucleon collision:

ν` +N → X + `− ` = e, µ, τ

as well as its charge-conjugated variant. Detecting the so-produced charged lep-
ton allows for the detection of the corresponding (anti-)neutrino. Due to the
lack of a magnetic field in the experimental apparati, charge discrimination has
not been implemented in atmospheric neutrino experiments. Tau neutrino iden-
tification is very difficult due to the very short lifetime of the tau lepton, which
makes the signal very similar to that produced in the case of a charged-current
event due to any other flavour of neutrino.

The data are usually divided into classes, according to the topology of the
signals. Such classes are:

• contained events, i.e. events produced by neutrino-nucleon interaction
inside the detector and such that the tracks of all the produced particles
are fully contained in the detector;

• stopping muons, i.e. tracks of muons originating outside the detector that
stop inside the detector;

• through-going muons, i.e. tracks of muons originating outside the de-
tector that do not stop inside the detector.

In experiments with an inner part of the detector which is particularly clean,
called fiducial volume (FV), an additional subdivision is used to distinguish con-
tained events which are fully contained in the FV from those which are partially
contained.
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Kamiokande The Kamiokande experiment has been described before in the
context of solar neutrinos. It has a FV of 2142 ton of purified water surrounded
by a shield and anticounter of 1500 ton of water.

A first indication of atmospheric neutrino oscillations was found in 1988 by
measuring the ratio of muon to electron neutrinos in two energy ranges, sub-GeV
(visible energy below 1.33 GeV) and multi-GeV (visible energy above 1.33 GeV),
and comparing that ratio to the Monte Carlo simulations. The final results are:

Re/µ :=
(Nµ-like/Ne-like)data
(Nµ-like/Ne-like)MC

=

{
0.60+0.07

−0.06 ± 0.05 sub-GeV [114]
0.57+0.08

−0.07 ± 0.07 multi-GeV [115]
(3.7)

Such discrepancies with respect to the Monte Carlo simulations, which did
not include oscillation effects, have been interpreted as νµ disappearance due to
oscillations.

Kamiokande also found a zenith angle dependence of upward through-going
muons, which supported the interpretation of the contained events anomaly as a
signature of neutrino oscillations [116].

IMB The Irvine-Michigan-Brookhaven detector was a tank of roughly 8000 ton
of water, 3300 ton of which constituted the fiducial mass [117]. It was located
in the Morton Thiokol salt mine in Ohio, USA, at a depth of about 1570 mwe
(meter water equivalent), and it has taken data during three phases from 1982
to 1991.

Also IMB measured a flavour ratio of sub-GeV contained events different from
the Monte Carlo expectation [118]:

Rsub-GeV
µ/e = 0.54± 0.05± 0.11

which is in agreement with the results from Kamiokande.
No zenith-dependent anomaly was found in the upward-going muon data.

Super-Kamiokande The Super-Kamiokande experiment has been described
before in the context of solar neutrinos; it has a fiducial mass for neutrino detec-
tion of 22.5 ktons.
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The Super-Kamiokande (SK) collaboration measured an up-down asymmetry,
as defined in Eq. (3.5), of muon neutrinos of [52]:

Aµ = −0.296± 0.048± 0.01

for multi-GeV, partially contained µ-like events, while it was consistent zero for
the corresponding electron up-down asymmetry.

The muon asymmetry is most likely due to neutrino oscillations, as the source-
detector distance for upward-going neutrinos is much larger than that for down-
going neutrinos. This explanation is supported by the distribution of the observed
number of µ-like events as a function of L/E, shown in Figure 3.2. One can see
from it that for L/E . 102 km GeV−1 the experimental results agree with the
Monte Carlo calculation, i.e. neutrinos did not have enough time to oscillate
as their oscillation phase was too small. For larger L/E, however, the deficit is
evident, as the oscillation phase of the neutrinos became large enough to generate
a transition.

The absence of any anomaly in the electron-like data disfavours the oscillation
νµ ↔ νe, so that the relevant flavour oscillations is νµ → ντ

6.
The up-down ratio of multi-GeV, partially contained µ-like events confirms

the presence of neutrino oscillations with a statistical significance of 12σ, as for
these events:

Rup-down
µ = 0.551+0.035

−0.033 ± 0.004

The latest results of Super-Kamiokande, included in [30], have been presented
in [119]; in the case of the favoured normal hierarchy, they are:

∆m2
32 = 2.5× 10−3 eV2

sin2 θ23 = 0.587

δCP = 4.189

6The oscillation νµ → νs, where νs is a sterile neutrino is ruled out due to the lack of matter
effects for neutrinos traversing the Earth (νs does not interact with matter, while νµ and ντ
suffer the same matter effect) and by the up-down symmetry of a sample of events with a
considerable neutral-current fraction.
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Figure 3.2: Left: number of µ-like events in Super-Kamiokande as a function of L/E
(points) compared to the Monte Carlo prediction without oscillations (histogram).
Right: ratio of the data and the Monte Carlo prediction without oscillations for the
number of µ-like events in Super-Kamiokande as a function of L/E (points). The
solid histogram shows the best-fit expectation for νµ → ντ oscillations (sin2 2θ = 1,
∆m2 = 2.4× 10−3 eV2), with statistical-only error bars. For more details we refer to
[120], where these figures are taken from.

MACRO The Monopole Astrophysics and Cosmic Ray Observatory was a
76.6× 12× 9.3 m3 scintillator detector that operated in the Laboratori Nazionali
del Gran Sasso, Italy, between 1989 and 2000. Detecting the flight of upward-
going muons, it measured [121] a deviation in their zenith-angle distribution with
respect to the Monte Carlo expectation without neutrino oscillations. Their re-
sults are compatible with those of Super-Kamiokande, with a best fit of sin2 2θ23 '
1 and ∆m2

23 ' 2.5× 10−3 eV2 in the case of νµ → ντ oscillations.

IceCube IceCube is the first kilometre-scale detector ever built by man. As of
now, it consists of 86 vertical strings, along each of which 60 Digital Optical Mod-
ules (DOMs) are deployed with an inter-DOM separation of 17 m, between 1450
and 2450 m of depth inside the Antarctic ice. The DOMs collect the Cherenkov
light produced by the charged particles moving faster than light in ice, so as to
reconstruct their energy and trajectory.

On the surface, near the top of each string, there is a pair of tanks, separated
from each other by 10 m and with two DOMs in each tank, so as to form a
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Figure 3.3: The architecture of the IceCube observatory in its current state. Figure
taken from [122].
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km2-scale air shower array, IceTop.
For a review of its construction and early results, see [123, 124]; for a more

recent discussion, see [122, 125]. Many of the most exciting results obtained by
IceCube will be the subject of deeper discussion later in this work. In Figure 3.3
the current layout of the IceCube observatory is shown.

Most of the events that IceCube detects are due to atmospheric muons, which
leave a track-like signature in the detector, due to the stochastic losses of this
very penetrating particle. Such tracks can also be due to muons produced in
charged-current interactions of muon neutrinos.

The other main topology of events is shower-like, produced by neutral-current
interactions of all flavours of neutrinos, and by charged-current interactions of
electron and tau neutrinos.

A special event topology is that of “double bangs”, i.e. two consecutive showers
produced by the charged-current interactions ντ → τ → ντ . This topology, how-
ever, is distinguishable from the single-shower one only at energies high enough
that either the mean free path of the tau lepton is larger than the inter-string
distance, or its Lorentz-boosted lifetime is larger than the temporal window for
single-shower acceptance of the DOMs, which would then see two clearly distinct
pulses. More on this will follow in 4.4.1.

The presence of IceTop allows to select the atmospheric contributions to the
IceCube events. Atmospheric neutrinos can be tagged by coincident muons, pro-
vided that the muon Lorentz-boosted lifetime allows them to reach the detector;
this is known as the self-veto.

IceCube measured the spectra of atmospheric electron and muon neutrinos in
the range 102 - 106 GeV [126, 127, 128, 129, 130], and tested neutrino oscillations
[131, 132] and sterile neutrino mixing [133] in the high-energy interval 6-56 GeV.
In the same energy range they are going to test for the mass ordering [134] of
neutrinos. The IceCube investigation on neutrino mixing yields:

∆m2
32 = 2.31+0.11

−0.13 × 10−3 eV2 sin2 θ23 = 0.51+0.02
−0.09

in the assumption of the (preferred) normal mass ordering; these results are
compatible with, and of similar precision to those of Super-Kamiokande, IMB,
as well as the other accelerator and reactor-based experiments. IceCube also
excluded the absence of tau neutrino oscillations at a significance of 3.2σ for
charged-current and neutral-current interactions.
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Figure 3.4: An artistic view of the ANTARES detector; picture taken from http:
//antares.in2p3.fr/Gallery/.

The IceCube collaboration has proposed an upgrade to the already existing
facility, with the aim of performing much more precise measurements on the fun-
damental properties of neutrinos. PINGU (the Precision IceCube Next Genera-
tion Upgrade) is the proposed low-energy in-fill extension to the already existing
detector, which will allow to have sensitivity down to neutrino energies of few
GeV - see [135] for more details on this.

As we will see in much more detail later, the results on the atmospheric neu-
trino spectrum agree with the theoretical expectations, except for the elusive,
yet undetected prompt component.

ANTARES The ANTARES neutrino telescope [136] is located in the Mediter-
ranean Sea, 40 km off the coast of Toulon, France, at a mooring depth of about
2475 m. It has been working since 2008, and it consists of 12 detection strings
with 25 storeys of 3 optical modules (OMs) each, for a total of 885 OMs (line 12
only has 25 storeys). The horizontal spacing of the strings is of about 60 meters,

3.2 Experimental results on atmospheric neutrinos 93

http://antares.in2p3.fr/Gallery/
http://antares.in2p3.fr/Gallery/


while the vertical separation between the storeys is 14.5 meters.
Its concept is very similar to that of IceCube, with the important differences

that ANTARES is in water, it is smaller, and is located in the Northern hemi-
sphere.

The fact that it is in water allows for a better angular reconstruction of the
events, as in ice the presence of dust can be, and is, a source of additional uncer-
tainty. It also means that additional sources of background, on top of energetic
atmospheric muons, are constituted by the decay products of 40K, naturally
present in sea water, and by the light emitted through bioluminescence by living
organisms.

The smaller size of ANTARES (0.01 km3), with respect to that of IceCube,
means that less energy can be contained in the detector, and thus it cannot
probe the same energy range of IceCube; more on this will be discussed in the
following chapter. This is why a larger and improved version of ANTARES,
called KM3NeT, has been proposed and is in the process of realisation and first
data acquisition [137, 138].

Being in the Northern hemisphere, ANTARES can probe the Galactic centre
using events coming from below, the advantage of which will be widely discussed
later on.

Also the ANTARES collaboration has measured the muon neutrino atmo-
spheric flux at high energy (102 − 2× 105 GeV) [139], measured the mixing pa-
rameters and probed the 3+1 neutrino model with 10 years worth of data [140]
between 1 and 100 GeV. The muon neutrino flux they measure is compatible
with that of IceCube, and the mixing parameters they obtain are compatible
with those already established in literature:

∆m2
32 = 2.0+0.4

−0.3 eV
2 sin2 θ23 = 0.50+0.19

−0.18

ANTARES rejects the non-oscillation hypothesis with a significance of 4.6σ; it
also constrained values of the parameter space of the 3+1 neutrino model never
probed before.

The ANTARES detector will be upgraded to KM3NeT [137], a distributed
infrastructure comprising two facilities, ARCA and ORCA. Of the two, the most
relevant for atmospheric neutrinos is ORCA (Oscillation Research with Cosmic
in the Abyss), which will be located at a depth of about 2500 m offshore Toulon
(France). ORCA will be optimised for neutrino energies between 1 and 100 GeV
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in order to study fundamental neutrino properties; this is possible for the closer
spacing of the strings, of about 20 m, as well as the vertical spacing of the DOMs,
of about 9 m.
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3.3 The connection between the CR knee and at-
mospheric neutrinos

For the sake of convenience, let us show again the spectrum of cosmic rays shown
in Fig. 1.3, as taken by [44]:
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Despite decades of investigation on the nature of the most prominent feature
in the cosmic ray (CR) spectrum, the knee remains poorly understood: a change
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of mass composition would suggest that the knee is due to the overlap of the
contributions of accelerators running out of steam in a rigidity dependent man-
ner, a picture that became solid after KASCADE data [141]. On the other hand,
recent measurements of the spectrum of individual elements by the ARGO col-
laboration suggest the existence of a knee in the light component of the cosmic
ray spectrum (H+He) around ∼ 700 GV [142]. This would imply that the knee
(at few PeV) is shaped by intermediate mass elements (CNO), quite at odds with
the common wisdom that associates the knee to a steepening of the spectrum of
light elements. The implications of this finding for the understanding of the tran-
sition from Galactic to extragalactic CRs are also worth being mentioned. One
should keep in mind the possibility that the knee might not be due to the maxi-
mum rigidity dependence in the accelerator, but rather to a change of regime in
the propagation of cosmic rays through the Galaxy [143]. This scenario implies
that the maximum energy in the accelerators should be much higher than PeV,
thereby increasing the tension with theoretical models of CR acceleration that
have serious problems explaining how to reach even PeV energies [144]. These
different possibilities, though potentially equivalent from the point of view of the
all-particle cosmic ray spectrum that they result in, may lead to different predic-
tions in terms of the spectrum of atmospheric neutrinos, which is most sensitive
to the maximum energy of the light component in cosmic rays.

In a rather qualitative way one can see that if the spectrum of Galactic CR
protons were sharply cut off at energy Emax, the corresponding neutrino spectrum
of atmospheric origin would fall at energy ∼ ξEmax, where ξ ∼ 0.05. Due to
either the rigidity dependence of acceleration or Galactic transport, the spectrum
of He would then steepen at 2Emax, but the corresponding neutrino spectrum
would be terminated at energy ∼ ξEmax/2, as determined by the energy per
nucleon. The same conclusion applies to all nuclei heavier than helium (assuming
a mean A/Z ∼ 2). This simple exercise shows that the end of the spectrum
of atmospheric neutrinos is mainly shaped by the parent protons rather than
by heavier elements. Moreover, the flux of such heavier elements is numerically
smaller, thereby making the argument above more solid. Hence, the two scenarios
in which Emax ∼ few PeV (standard model for the knee) and the one with a
maximum rigidity Rmax ∼ 700 GV may result in substantially different spectra
of atmospheric neutrinos in the energy region & 50 TeV.

In addition to this basic picture, one should keep in mind other aspects of
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the problem: 1) the knees in the spectra of individual species are not necessarily
exponential, in that particle acceleration in some types of supernova remnants
could lead to a spectrum of CRs with a steepening at Emax rather than an
exponential drop [145, 146]; 2) the knee in the all-particle spectrum of CRs, as
mentioned above, might be due to a change in the propagation regime, rather
than to a rigidity dependence of the spectra of species with different mass [143].
All these aspects are expected to affect, to different extents, the shape of the
spectrum of atmospheric neutrinos in the high energy region.

Here we calculate the atmospheric neutrino flux that follows from different
assumptions on the mass composition and models of the knee and discuss the
possibility to discriminate among such models by accurate measurements of the
atmospheric neutrino flux, taking into account the uncertainties deriving from
interaction models of CRs in the atmosphere. We also discuss the implications
of a low Rmax (light component of CRs) in terms of the onset of astrophysical
neutrinos.

The present discussion is organized as follows: in §3.1.2 we outline the “Matrix
Cascade Equation” (MCEq) [147] code that we use in the present work. In §3.3.2
we present the results obtained by modelling the knee as a cutoff and as a change
of slope of the galactic CR component, and different assumptions on Rmax. In
§3.3.3 we discuss the role of uncertainties in modelling CR interactions in the
atmosphere. The predictions are then compared with the IceCube measured
neutrino flux [128] and angular distribution of the events [129]. The impact
of the uncertainty in Rmax upon the onset of the astrophysical neutrino flux is
discussed in §3.3.4.

3.3.1 Equations for cascades in the atmosphere

As said before, while the set of coupled equations (3.2) can be solved analytically
in some simplified cases, such an approach would force us to assume that the
spectrum of CR species is a power law (as in [45]) and would not be suitable
for the investigation of the dependence of the atmospheric neutrino flux on the
interaction models. In order to consider realistic spectra of parent CR nuclei
(with a cutoff or a break at high rigidity) and to study the dependence of the re-
sults upon the physics of particle interactions in the atmosphere, we used “Matrix
Cascade Equations” (MCEq) [147] to compute the atmospheric neutrino fluxes at
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Earth. MCEq is a publicly available package which allows us to adopt different
CR primary spectra as well as different interaction models and compute particle
cascading.

This code also features tabulated atmospheric data (e.g. from satellites) and
numerical codes, such as NRLMSISE-00 [148], which we used in order to account
for seasonal atmospheric variations and to average the neutrino fluxes over the
zenith angle.

In the following we adopt SIBYLL-2.3c [149] as our benchmark model to
describe interactions in the atmosphere, while in §3.3.3 we discuss the dependence
of our results on the interaction model.

3.3.2 The flux of primary CRs and the rigidity of the knee

The main difficulty in making physical predictions concerning the knee is that
while there are very good direct measurements of individual CR species at ener-
gies ∼ 10 TeV, our data in the energy range around the knee are rather poor. In
fact, different measurements suggest rather different scenarios: the CR spectrum
based upon reconstruction of KASCADE data [141] hinted at a knee dominated
by the light component (protons and He nuclei), though with a rather strong
dependence of this conclusion upon the choice of the model for the description
of CR interactions in the atmosphere. A tentative confirmation of this picture
comes from the KASCADE-Grande detection of a knee feature in the heavy CR
component [150] at energy ∼ 26 times higher than the knee in the light compo-
nent. Recent measurements by the ARGO experiment show a flux suppression
(a knee) in the spectrum of light CR nuclei at energies ∼ 700 TeV [151], well
below the energy of the knee in the all-particle spectrum. The Tibet III Col-
laboration also reported on the detection of a light-component knee at about
500 TeV7. This latter conclusion appears to confirm a tentative trend, based on
older experiments as well, to locate the proton knee at somewhat lower energies
for experiments at altitude closer to the maximum of the shower induced by CRs
in the atmosphere (see Ref. [152] for a recent review). This is also expected
to make the dependence of the results on the adopted hadronic model weaker
than for experiments at sea level. However, the interpretation of these results

7See the talk by J. Huang on behalf of the Tibet ASγ collaboration given at ISVHECRI2018,
Nagoya, Japan.
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should take into account that, due to the very different systematics of the various
experiments, their comparison is non-trivial.

In order to check the implications of these different scenarios for the knee, we
first need to make some assumptions on the shape of the elemental spectra below
the knee. The recent measurements by PAMELA and AMS-02 showed that both
the spectra of protons and helium manifest a change of slope (spectral break)
at the same rigidity, about 300 GV [153, 154, 155]. Hence we first fit the slope
and normalization of the proton and helium spectra to the AMS-02 fluxes8 above
the spectral break, at ∼ 300 GV, sufficiently far from the knee region that the
assumption of power law may be considered reliable.

In terms of the total energy E, we adopt the following parametrization for the
power law portion of the spectrum:

dNi

dE
= ai

(
E

10 TeV

)−γi
× 10−7 GeV−1 m−2 s−1 sr−1 i = p, He (3.8)

The results of the fit for protons and helium nuclei are shown in table 3.1.

protons Helium

ai 1.5± 0.2 1.5± 0.1

γi 2.71± 0.04 2.64± 0.03

Table 3.1: Normalization and spectral index for protons and helium, as in Eq. (3.8),
as to fit AMS-02 fluxes [154, 155]. The reduced χ2 is 0.1 and 0.2 for the fit to protons
(Ndof = 4) and Helium (Ndof = 5) respectively.

The shape of the knee in the individual components is harder to model due
to the lack of detailed measurements. Earlier measurements of the proton and
helium spectra carried out by KASCADE [141] were inconclusive in terms of
locating the energy of the proton and helium knees, due to the strong dependence
of the results upon the model of CR interactions in the atmosphere. It is probably
more reliable to use the total spectrum of the light component as a constraint
on the location and shape of the knee in the individual elements. Hence we

8Publicly made available on the website https://lpsc.in2p3.fr/cosmic-rays-db/ [156]

100 Chapter 3 Atmospheric neutrinos

https://lpsc.in2p3.fr/cosmic-rays-db/


tried to model the spectrum of light CRs at the Earth as power laws (with
slope and normalization taken from fitting AMS-02 data) and a knee (modelled
in two different ways) fitted to the recent ARGO and KASCADE-Grande data
respectively. An exponential suppression at the knee does not provide a good
fit to either set of data because of the spectral sharpness observed at the knee,
hence we explored two other possibilities, namely that of an “exponential-square”
cutoff:

dNi

dE
= ai

(
E

10 TeV

)−γi
exp

[
−
(

E

ZiR

)2
]
× 10−7 GeV−1 m−2 s−1 sr−1 (3.9)

and that of a change of slope:

dNi

dE
=


ai

(
E

10 TeV

)−γi
× 10−7 GeV−1 m−2 s−1 sr−1 E ≤ ZiR

bi

(
E

10 TeV

)−γi+δ−2

× 10−7 GeV−1 m−2 s−1 sr−1 E > ZiR

(3.10)

where the parameters of the fit are found using the data of KASCADE-Grande
[150] and ARGO-YBJ [151] respectively. The main physical motivation for the
change of slope written in the form above is that at some rigidity R̄ it is expected
that the diffusion coefficient changes its dependence on energy from D(R) ∝ Rδ

to D(R) ∝ R2. The transition occurs when the CR Larmor radius equals the
largest scale in the turbulence L that is responsible for particle scattering [157].
For magnetic fields in the galaxy of order ∼ µG and L ∼ 10 pc, this reflects in
R ∼ 3 PeV. Smaller values of L lead to correspondingly smaller values of R. This
change of slope in D(R) reflects in a steepening in the CR spectrum from a slope
γi = α+ δ (α is the slope of the injection spectrum) to α+ 2 = γi − δ + 2. This
possibility has recently been discussed in [143]. However it is worth keeping in
mind that a similar change of slope might be associated to the spectrum of CRs
injected by individual supernova remnants, as discussed in [145, 146]. We notice
that in Eq. (3.10), as in Eq. (3.9), the only free parameter is R, since bi is fixed
by requiring continuity at R = R. For the case of a change of slope, we adopt
δ = 1/3, but we checked that a good fit can also be obtained for δ = 1/2.

In our model for primary CRs we also included an extragalactic light compo-
nent, as was measured by KASCADE-Grande [150], with fixed slope γeg = 2.7
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Figure 3.5: Fits to the ARGO-YBJ [151] data points with the knee modelled according
to Eq. (3.9) (left panel) and Eq. (3.10) (right panel). The low-energy part (E . 10 TeV)
derives from the independent power-law fit to the AMS-02 data on the spectrum of
protons and helium separately, also shown in the plot.

and normalization to be determined by fitting the data of KASCADE-Grande:

dNeg

dE
= aeg

(
E

100 PeV

)−2.7

× 10−19 GeV−1 m−2 s−1 sr−1. (3.11)

From the fit to the KASCADE-Grande data we obtain:

aeg =

{
6.0± 0.2 using (3.9)
5.0± 0.5 using (3.10)

R =

{
15.1± 0.7 PV using (3.9)
5.8± 0.6 PV using (3.10).

(3.12)

The fit to the light-component data of ARGO-YBJ provides the following results:

R =

{
1.3± 0.1 PV using (3.9)
640± 50 TV using (3.10).

(3.13)

The results of the fits can be seen in Fig. 3.5 superimposed on ARGO data
and in Fig. 3.6 for the KASCADE-Grande data. In both figures we also show the
AMS-02 data points and the proton, helium and total (i.e. proton + helium +
extragalactic) fluxes. The two models of knee in the individual elements provide
a reasonable fit to the data, with a slight preference for the model involving a
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Figure 3.6: Fits to the KASCADE-Grande [150] datapoints with the knee modelled
according to Eqs. (3.9) (left panel) and (3.10) (right panel). The low-energy part
(E < 10 TeV) derives from the independent power-law fit to the AMS-02 data. We
also show the fits to the proton, helium and total (proton + helium + extragalactic)
spectra. Also shown are the fluxes of protons and helium measured by KASCADE
[141], obtained using QGSJET as a model for CR interactions in the atmosphere.

change of slope9 when KASCADE-Grande data are used. In Fig. 3.6 we also
show the proton and helium fluxes as originally derived by KASCADE [141]
using QGSJET as a model for CR interactions in the atmosphere. It is clear that
data reconstructed with QGSJET are inconsistent with power-law extrapolations
from the current measurements of the proton and helium spectra as measured by
AMS-02 at lower energies. The same consideration applies to reconstruction with
SIBYLL. It is important to realize that these codes for CR interactions in the
atmosphere are not up-to-date and it would be interesting to see the KASCADE
reconstructed spectra if modern versions of these interaction codes were used for
the reconstruction. Some preliminary work in this direction was presented in
Ref. [158]. Based on these considerations, we stand by our decision to fit the
shape of the knees to the recent measurements of the light component (p+He)
as carried out with ARGO and KASCADE-Grande respectively.

9The change of slope fit results in a reduced χ2 of 0.1 and 0.7 for KG (Ndof = 11) and
ARGO (Ndof = 23) respectively, while the exponential-square fit results in a reduced χ2 of 0.8
and 1.1.
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3.3.3 The atmospheric muon neutrino flux

The flux of neutrinos of atmospheric origin is sensitive to the spectrum of parent
cosmic rays. In this subsection we test the possibility to discriminate among
different scenarios for the origin of the knee by using neutrino data.

Dependence on the spectrum parametrization After fitting the primary
cosmic ray flux to the data, as described in the previous subsection, we computed
the corresponding atmospheric muon neutrino flux expected in IceCube.

Clearly all mass components of cosmic rays contribute to the neutrino flux.
However, protons and helium fluxes dominate the production of neutrinos. In
order to demonstrate this point we compare the flux of neutrinos obtained with
the protons and helium as parametrized above with the one obtained using the
so-called “H3a” model of Hillas and Gaisser [159], which comprises three different
populations of five groups of nuclei each, namely:

dNi

dE
=

3∑
j=1

Ni,jE−γi,j exp

(
− E

ZiRj

)
i = p,He,CNO,Mg-Si,Fe, (3.14)

where the values of the free parameters are taken from Table 1 of Ref. [160].
In the “H3a” model the knee of the light component is in the PeV region, as
suggested by KASCADE observations, hence one can expect that the flux of
atmospheric neutrinos in this model is closer to what we calculate for the case
in which the flux of light elements is fitted to KASCADE-Grande data.

We computed the total atmospheric muon neutrino flux at the IceCube obser-
vatory height using the MCEq code, averaging uniformly over cos θ (θ ≡ zenith
angle) and over the conditions of the atmosphere as described by the MSIS00_IC
model [148] for the South Pole in January and July. We adopted SIBYLL-2.3c
[149] as hadronic interaction model, unless otherwise indicated.

In Fig. 3.7 we show the atmospheric muon neutrino flux resulting from the
primary spectrum as in Eq. (3.9) and for the values of R obtained from fitting
the data of KASCADE-Grande (dashed red line) and ARGO (solid blue line).
We compared the resulting fluxes to that obtained with the use of the H3a pri-
mary spectra (dotted brown line). Fig. 3.7 confirms that the flux of atmospheric
neutrinos is dominated by the light CR component (p+He) for a given value of
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Figure 3.7: Muon neutrino fluxes resulting from the parametrizations of the primary
spectrum of Eq. (3.9). Our spectra are compared to those resulting from the “H3a”
[160] primary flux model and to the IceCube unfolded atmospheric νµ spectrum [127]
and the total νµ spectrum [128]. The vertical error bars are the the quadratic sum of
the statistical and systematic uncertainties.

the knee rigidity. In Fig. 3.7 we also show the neutrino spectra as obtained by
IceCube-59 [127] and IceCube-79 [128]. Given the smaller statistics of events, the
former data points are expected to trace only the atmospheric contribution to the
total neutrino flux in the high energy regime. The comparison between the solid
and dashed lines show that the expected atmospheric neutrino flux is sensitive
to the rigidity of the knee in the individual elements for energies above 50 TeV,
while at lower energies all predictions provide an equally satisfactory description
of the data. Although one might be tempted to express a slight preference for the
primary model inspired to KASCADE-Grande data, rather than an ARGO-like
model in which the knee rigidity is lower, current experimental uncertainties do
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not allow to draw firm conclusions.

Theoretical uncertainties There are two types of theoretical uncertainties
that affect the calculation of the muon neutrino flux, namely uncertainties in the
parameters describing the flux of primary CRs (see table 3.1) and uncertainties
deriving from the choice of the hadronic interaction model.

The former can be quantified by calculating the minimum and maximum flux
of atmospheric neutrinos obtained by changing the parameters describing the
fluxes of primary protons and helium (with different assumptions on the shape
of the knees). The result of this calculation is illustrated in Fig. 3.8 for the case
of ARGO-like and KASCADE-Grande-like knee. The shaded bands illustrate
the uncertainties deriving from the shape of the spectrum at low energy and
the shape of the knees. Given such uncertainties, it appears that a separation
between the low rigidity and high rigidity cases is possible for neutrino energies
above ∼ 100 TeV, although in that energy region the current statistics of events
is rather low and the contribution of astrophysical neutrinos to the total flux is
important. With all these caveats, we computed the average residual of the IC-59
[127] data with respect to the top of the KG and ARGO band for the 5 most
energetic datapoints: we obtain 0.9 for KG and 1.5 for ARGO, which shows some
weak preference for the case with high rigidity knee in the light CR component.

In order to quantify the dependence of our results on the interaction model, we
computed the muon neutrino fluxes employing four hadronic interaction models
available in MCEq, namely SIBYLL-2.3c [149], EPOS-LHC [161], QGSJET-II-04
[162] and DPMJET-III-17.1 [163]. Our results are shown in Fig. 3.9, together
with the IC-59 and IC-79 data points. The difference in the theoretical predic-
tions at energies & 100 TeV are due to that fact that QGSJET and EPOS do
not include the contribution of prompt neutrinos.

We assumed a primary spectrum like Eq. (3.10), fitted to the ARGO data,
and with normalization ai + δai and slope γi − δγi in order to maximize the
atmospheric neutrino flux in the case of a fit to the ARGO data. The aim of
this exercise is to check the extent to which the difference between KASCADE-
Grande and ARGO fits to light primary CR can be masked by the uncertainties
in the interaction models. It appears that the uncertainties due to the fit to
primaries and those deriving from interaction models are comparable.

Another source of uncertainty in the atmospheric neutrino flux is the contri-
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Figure 3.8: The atmospheric muon neutrino flux uncertainty due to that on the primary
cosmic ray flux parameters and on its functional form: the bands are delimited by the
largest and the smallest fluxes obtained by choosing (ai+δai; γi−δγi; exp-square-knee)
and (ai−δai; γi+δγi; ∆γ−knee) respectively. These fluxes are compared to the IceCube
unfolded νµ spectrum [128] and to the unfolded atmospheric νµ spectrum [127].

bution of the prompt component, namely neutrinos due to the decay of charmed
mesons produced in cosmic rays collisions on the atmosphere, which is yet to be
measured. Many (semi-)analytical computations [164, 165, 166, 167, 168, 169]
have been carried out, adopting different primary CR spectra and hadronic inter-
action models. Our predictions based on using MCEq, adopting the primary CR
fluxes as defined in Sec. 3.3.2 and adopting SYBILL-2.3c as interaction model,
agree with the most recent of these computations. As can be seen from Fig. 3.9,
the level of uncertainty due to the prompt component becomes somewhat of a
concern at & 300 TeV, so that it is not expected to affect in any significant way
our conclusions on the position of the knee in the light component.
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Figure 3.9: Muon neutrino fluxes resulting from four interaction models available in
MCEq [149, 161, 162, 163]. As primary spectrum we used Eq. (3.10) fitted to the
ARGO datapoints with normalization ai + δai and slope γ − δγi in order to obtain
the largest muon neutrino flux possible according to the ARGO data. These fluxes are
compared to the IceCube unfolded νµ spectrum [128] and to the unfolded atmospheric
νµ spectrum [127].

Angular distribution expectations A safe discrimination between different
models of the knee in the individual light elements requires neutrinos with en-
ergies above a few hundred TeV and a clear tagging of atmospheric neutrinos,
perhaps based upon the angular distribution of the signal. In fact neutrinos of
astrophysical origin are expected to show a quasi-isotropic angular distribution.
Such isotropy may either reflect the homogeneity of the universe on cosmological
scales (the pathlength of neutrinos at the energies of interest is larger than the
size of the universe), if the sources have a cosmological spatial distribution (see
for instance [122] and references therein), or the presence of a large emission
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region around our own Galaxy, as would be the case in some models [170, 171].
Some information on the observed angular distribution of neutrinos was re-

cently presented in Ref. [129] for IC-86; unfortunately in the highest energy bin
used in the analysis, around 100 TeV, the expected effect is still rather marginal.
This is clearly visible in Fig. 3.10, where we show the data of IC-86 [129] com-
pared with our predictions for a low and high rigidity model of the knee in the
light component. Notice that here an astrophysical neutrino flux was added to
the atmospheric contribution (including prompt neutrinos) so that the total flux
is a good fit to the preliminary IC-86 data points. We will comment below on such
an astrophysical component. Visual inspection of Fig. 3.10 clearly shows that
data on the angular distribution of the events do not have much discrimination
power between different models of the knee, at least at the energies considered
so far.

3.3.4 Astrophysical neutrinos

The difference between the neutrino flux measured by IC-79 and the expected
atmospheric neutrino flux (including prompt neutrinos) provides evidence for an
additional component that is naturally interpreted to be of astrophysical origin.
From the discussion above it is clear that the modelling of the shape and position
of the knees in the light CR component affects the inferred spectrum of neutrinos
of astrophysical origin, which makes the motivation for accurate understanding
of atmospheric neutrinos even stronger.

For the model in which the knee is at higher energy (motivated by KASCADE-
Grande data) our best fit to the differential spectrum of the additional component
can be written as

dΦν

dEν
= (7± 3)× 10−18

(
Eν

100 TeV

)−2.6±0.2

GeV−1 cm−2 s−1 sr−1, (3.15)

while for a lower energy knee of the light component (ARGO-like) the best fit
that we obtain is

dΦν

dEν
= (10± 3)× 10−18

(
Eν

100 TeV

)−2.9±0.2

GeV−1 cm−2 s−1 sr−1. (3.16)

with reduced χ2 of 0.06 in both cases (Ndof = 3). It is easy to understand that
in the latter case the atmospheric component is suppressed at lower energies, so
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that the inferred astrophysical neutrino spectrum needs to be steeper than in the
former case and with a higher normalization at 100 TeV.

The IceCube collaboration has released the results of different analyses re-
vealing the detection of an astrophysical component of the neutrino flux. The
dataset based on muon tracks has been fitted to the expression [172]:

dΦtracks
ν

dEν
= (0.9+0.30

−0.27)× 10−18

(
Eν

100 TeV

)−2.13±0.13

GeV−1 cm−2 s−1 sr−1, (3.17)

while high energy starting events (HESE) selected with energies & 60 TeV in the
last six years appear to have a substantially steeper spectrum [173]:

dΦHESE
ν

dEν
= (2.46±0.8)×10−18

(
Eν

100 TeV

)−2.92+0.33
−0.29

GeV−1 cm−2 s−1 sr−1. (3.18)

In both cases the adopted atmospheric neutrino flux is expected to be close to the
one derived in our scenario with a higher energy knee in the light CR component.
Yet, the inferred flux of astrophysical neutrinos at 100 TeV in IceCube turns out
to be a factor ∼ 2− 3 below the one inferred above and based on our calculated
atmospheric neutrino flux, which is in good agreement with other calculations
present in the literature, as the conventional atmospheric best fit in Ref. [172]. In
part this discrepancy may be due to the anomalously large neutrino flux in IC-79
(about a factor 2 above average for a reconstructed muon energy & 100 TeV,
but still compatible within statistical fluctuations). On the other hand, it seems
likely that the atmospheric neutrino flux adopted in the IceCube analyses may
be somewhat different from that typically used in the literature. This type of
details may be difficult to assess with a scrutiny from outside the collaboration,
hence we argue that more details on this point might in fact be useful to the
community to make an independent assessment of the actual flux of neutrinos
having a non-atmospheric origin.
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Figure 3.10: The muon neutrino fluxes as a function of the zenith angle θ for Eν =
10, 50, 100 TeV resulting from the primary models fitted to the KASCADE-Grande
(KG) and ARGO datapoints compared to the measured flux of [129] (IC-86). We
averaged our neutrino fluxes in the same angular bins for which the data are reported
in [129]. The theoretical uncertainties on the primary spectrum are shown (shaded
areas). An astrophysical neutrino flux has been added to the atmospheric contribution
in order to fit the total IC-86 preliminary flux.
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4

Cosmic neutrinos

These neutrino observations are so exciting and significant
that I think we’re about to see the birth of an entirely new branch
of astronomy: neutrino astronomy. Supernova explosions that are

invisible to us because of dust clouds may occur in our galaxy
as often as once every 10 years, and neutrino bursts

could give us a way to study them.
John N. Bahcall

In this chapter we are going to discuss the rather recent branch of physics that
goes under the name of neutrino astronomy.

In §4.1 we are going to contextualise the search for astrophysical neutrinos in
the state-of-the-art theoretical framework.

In §4.2 we will cover the experiments that are currently online for astrophysical
neutrinos, as well as their results.

In §4.3 we are going to discuss the compatibility of the measurements of the
astrophysical neutrino spectrum with the current set of assumptions. I treated
this topic with a few collaborators in [1].

In §4.4 we highlight the crucial role of astrophysical tau neutrino observations
in the current framework of neutrino astrophysics, which has been one of the
article [2] I wrote during the PhD thesis.

Finally, in §4.5, we will discuss the role of prompt neutrinos in the interpreta-
tion of the measurements obtained by IceCube. Section 4.5 is mostly taken from
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the article [4].

4.1 Astronomy with high-energy neutrinos

With high-energy for neutrinos we mean E > 10 TeV. We can date the origin
of observational neutrino astronomy back to 2013 with the first evidence [17]
and then the definitive discovery, in 2014 [174], that neutrinos arrive to us from
extragalactic sources.

Due to their charge neutrality and a huge mean free path, compared to pho-
tons, neutrinos have a great potential in the context of multi-messenger astron-
omy [175]. On top of this, the detection of a neutrino source is most plausibly
linked to the detection of a source of cosmic rays as well; this is yet to be ob-
served, even though there is already some interesting evidence, as we will see in
the next section.

Let us now present the state-of-the-art phenomenological framework for as-
trophysical neutrinos, i.e. the set of assumptions and interpretations relevant for
the experimental research.

4.1.1 The production mechanism of cosmic neutrinos

As prefaced in §1.3.3, the most energetic neutrinos that we can detect come either
from proton-proton1 interactions:

pCR + pgas → X + π+ + π− + π0

or from proton-photon interactions2:

pCR + γbckgr → X + π+ + π0

as the decay of charged pions produces muon and electron neutrinos. Since also
neutral pions are present in the final state of such reactions, gamma rays are
expected to be produced along with neutrinos, but the converse is not true; since

1Or nucleus-proton interactions.
2This kind of reaction usually produces more π+ and π0 than π−, which is what this equation

is meant to stress - it does not mean that π− cannot be produced in p+ γ interactions.
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gamma rays are also produced in pure leptonic environments (i.e. by electrons,
positrons and their interaction with magnetic fields), they do not provide an
evidence for cosmic-ray acceleration.

The neutrino-photon connection for hadronic production The connec-
tion between photon and neutrino fluxes produced by hadronic processes is par-
ticularly strict. This can be very useful for observations: in the case that the
photons from a certain production site can be detected on Earth3, so that it is
possible to estimate the corresponding neutrino flux. These observations resulted
in a work has been presented in [176] and that has been updated in [4], to which
I contributed.

The formalism developed in [177, 176] connects the photon and the neutrino
spectrum at the source in a linear way, through the introduction of kernels:

dΦν(Eν)

dEν
=

∞∫
Eν

dE

E
K̃ν(Eν , E)

dΦγ(E)

dE
(4.1)

where K̃ν is a kernel which accounts also for ν oscillations (as we will see in the
next paragraph). Eq. (4.1) can be rewritten as

dΦν(Eν)

dEν
=

1∫
0

dx

x
K̃(x)

dΦγ(x/Eν)

dE
(4.2)

The original contribution in this context has been to update the oscillation pa-
rameters, to provide the kernels related to electron neutrinos and antineutrinos,
as well as to explicitly report the “unoscillated” kernels linking neutrinos to pho-
tons, as in Eq. (4.77). The “unoscillated” kernels are useful due to the fact that
the survival/oscillation probabilities change over time due to the improvement
of the experiments and analyses about neutrino mixing. The oscillated kernels,
which we denote with a ∼, are easily obtained from the non-oscillated ones:

K̃ν` =
∑
`′=e,µ

P``′Kν`′
` = e, µ, τ

3This happens for Galactic, transparent sources, so that photons do not get absorbed. For
cosmic distances, photons above 100 GeV suffer from absorption.
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ν απ αK β0 β1 χ0 χ1 χ2 χ3 δ0 δ1

νe 0 0 18.611 −84.173 −0.0070 0.4579 8.6140 −11.426 −5.7189 18.921

νe 0 0 13.257 −58.739 −0.0048 0.3170 6.3360 −8.3753 −4.1830 13.823

νµ 0.4541 0.0347 47.980 −103.75 0.0442 0.4579 12.802 −14.218 −3.4151 23.528

νµ 0.3322 0.0241 55.343 −86.796 0.0692 0.3170 12.049 −12.184 −1.0295 20.129

Table 4.1: The updated parameters for the non-oscillated kernels.

while the generic form of the non-oscillated kernels is the following:

Kν`(x) = απδ (z − (1− rπ)) + αKδ (z − (1− rK)) +



z2(β0 + β1z) z ≤ rK

3∑
n=0

χnz
n rK < z < rπ

(1− z)2(δ0 + δ1x) z ≥ rπ

and their parameters are listed in table 4.1, while ri = (mµ/mi)
2.

The flavour ratio at the source A theoretical aspect that we can treat before
discussing the possible neutrino sources is the one regarding the flavour ratio of
neutrinos at the source and at Earth. Let us consider some extreme cases which
can allow us to explore the possible neutrino production scenarios:

• in the case of hadronic interactions, π+, π−, π0 are produced in very similar
amounts; the decay of charged pions results into νµ, νµ and either a νe (π+)
or νe (π−). In this case the flavour ratio at the source is (νe : νµ : ντ ) '
(1 : 2 : 0);

• in the case of the “damped muon” scenario, muons interact before decay-
ing, losing most of their energy in some other way than neutrinos. Cor-
respondingly, the flavour ratio for high-energy cosmic neutrinos would be
(νe : νµ : ντ ) ' (0 : 1 : 0);

• in the case of neutrinos coming from neutron decays, such as in the case of
Supernovae, the neutrino flavour ratio at the source is: (νe : νµ : ντ ) ' (1 :
0 : 0).
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Figure 4.1: The distributions of the R`µ factors, as defined in Eqs. (4.4), (4.5), for
the most interesting cases of neutrino production mechanisms. These distributions
have been obtained sampling the oscillation/survival probabilities P``′ according to
their distributions, shown in Fig. 1.1, and, in the case of the generic mechanism of
production, uniformly sampling x ∈ [0, 1] - x is defined in Eq. (4.3).
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We just listed the most common expectations, but there is a rather simple way
to make the prediction on the flavour ratio at Earth more independent from the
expectations about the production site. Tau neutrinos at production are usually
neglected, as they can result from the decay of heavy mesons as well as tau
leptons (see the discussion on prompt neutrinos in §3.1), and, even in that case,
their amount is much smaller (1/10) of that of electron and muon neutrinos. One
can then parametrise the flavour ratio at the source with:

(νe : νµ : ντ ) = (1− x : x : 0) x ∈ [0, 1] (4.3)

and compute the distributions of the ratios R`µ (` 6= µ) at Earth defined as4:

Reµ =
(1− x)Pee + xPµe
(1− x)Peµ + xPµµ

(4.4)

Rτµ =
(1− x)Peτ + xPµτ
(1− x)Peµ + xPµµ

(4.5)

sampling x uniformly in [0, 1] and P``′ according to their distributions, shown in
Fig. 1.1. In figure 4.1, we provided also the distributions of R`µ in the other cases
considered above, and in table 4.2 we list the relevant central values and 68%
C.L. intervals. The results in table 4.2 show that for pion decay the neutrino
flavour ratio at Earth is very close to (1 : 1 : 1), while in the other cases some
deviation from (1 : 1 : 1) is possible.

4.1.2 Candidate sources of astrophysical neutrinos

Energy-wise, as we have already covered in §3.3, we expect the astrophysical
component of the neutrino spectrum to start dominating at about 100 TeV on
the atmospheric one - much more detail on this will follow in §4.5.

Predicting the astrophysical neutrino flux requires modelling the acceleration
of the cosmic rays in the source, which is far from trivial, as it depends upon
the conditions of the magnetic field turbulence and of the gas in the surrounding
environment, as well as upon an efficient mechanism to energise particles. Also

4The form of these ratios is based only on the assumption of standard three-flavour neutrino
oscillations across cosmic distances.
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Production mechanism Reµ Rτµ

generic 0.78+0.57
−0.07 1.00+0.05

−0.15

pion decay 1.09+0.03
−0.04 0.97+0.03

−0.04

neutron decay 2.18+0.13
−0.11 0.74± 0.07

damped muon 0.70+0.04
−0.05 1.05± 0.03

Table 4.2: The central values and 68% C.L. intervals of the R`µ factors defined in
Eqs. (4.4), (4.5) and shown in Fig. 4.1.

the collisions of CRs at energies high enough to produce the observed flux of
cosmic neutrinos need some modelling, as man-made accelerators do not cover
the corresponding kinematical ranges of such interactions. On top of this, there
are bounds imposed by the associated production of gamma rays and the connec-
tion of neutrinos to cosmic rays [178]. However, these bounds may be avoided
in dependence of the amount of gamma-ray absorption [179]. The hypothesis
of neutrinos from very heavy (100 TeV - 1 PeV) dark matter particles has also
been discussed [180]; in this thesis, however, we will focus on the astrophysical
scenarios for their production.

It is not surprising, then, that the debate about the sources of cosmic neutrinos
is still open. The most popular candidates include:

• blazars (see, for example, [181]), i.e. Active Galactic Nuclei which emit a
variable and very powerful jet which points toward the Earth;

• gamma-ray bursts (GRBs) (see, for example, [182] and references therein),
some of the most energetic transient phenomena in the Universe, dominat-
ing the gamma-ray sky over their existence.

• starburst Galaxies [183, 184, 185], i.e. Galaxies in which the rate of star
formation is more than 10 times as large as that in our Galaxy.

Normal Galaxies, like ours, are also expected to be filled with cosmic rays, which
produce neutrinos and gamma rays in the collisions with the interstellar medium;
other possibilities have been recently considered, e.g. [186] .
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The simplest and most popular hypothesis is that cosmic neutrinos are dis-
tributed as E−γν with γ ∼ 2, at least in the range of energies where they become
observable. A corresponding, plausible physical picture is that cosmic neutrinos
are produced in collisions between the accelerated cosmic rays and the gas sur-
rounding the accelerators. In the diffusive shock acceleration (DSA) picture, the
cosmic-ray spectrum is a power-law ∝ E−2; due to the “scaling”, a characteristic
feature of hadronic collisions, also the gamma-ray and neutrino spectra at the
source5 will be power laws ∝ E−2. This setup can be regarded as an extension
of what it is commonly supposed for the Galactic cosmic rays. The postulated
abundance of target hadrons points to some dusty environment; this could be
compatible with the site of intense stellar formation, say, starburst and/or star-
forming Galaxies.

In the next section we will present a selection of the experiments that are
currently (and soon to be) online in the field of cosmic neutrinos, accompanied
by their results.

4.2 The search for extraterrestrial neutrinos

Having covered the general astrophysical picture about cosmic neutrinos, we pass
to review the exciting and unexpected observational results in this very young
field. The idea of their detection dates back to the ’60s [187, 188], which in the
beginning relied on scintillators. Presently, Cherenkov emission in transparent
media (ice and water) is the main detection technique, but also other types of
detector are at work in this field.

These discoveries have been performed by IceCube, with subsequent contribu-
tions by ANTARES. Recent upper limits on the ultra-high-energy neutrino flux
have been obtained by detectors which detect them via their Askaryan emission,
such as ARIANNA, ANITA and ARA. Also Auger is competitive in the search
for neutrinos of ultra-high energy. In the following we will present the detectors,
their main results and future upgrades.

Focussing on the important case of Cherenkov cosmic neutrino detectors, the
event topologies that are most relevant are mainly subdivided in showers and
tracks:

5The neutrino spectrum is supposed to be unaltered even far from the source.
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• shower-like events are produced in charged-current interactions of electron
and tau neutrinos, as well as in neutral-current interactions of all neutrino
flavours: in the former case, the resulting charged lepton interacts (or de-
cays, in the case of the tau lepton) in the close vicinity of the interaction
vertex, producing light in the process;

• track-like events are produced in charged-current interactions of muon neu-
trinos, which result in a muon that loses energy quite sporadically and
stochastically along its way, leaving a straight track of light behind.

Another important class of event is double cascades: with this term we mean two
showers, which are produced in the CC interaction of a tau neutrino and in the
subsequent decay of the tau lepton. Just like tracks, this kind of event is peculiar
of one neutrino flavour, but it is very difficult to detect due to the fact, as we
will se in §4.4, the tau lepton must be very energetic in order to distinguish the
two showers.

It useful to preface this section by showing the reason why km3-scale detec-
tors have been built to detect cosmic neutrinos; after this, we will present an
experimental overview of astrophysical neutrinos.

Why a cubic kilometre detector? Let us assume, for the sake of conve-
nience, a fluence of neutrinos given by:

F = ∆T

∞∫
100 TeV

dE 4π
dΦWB

dE

where ∆T = 1 yr and dΦWB/dE is the Waxmann-Bahcall neutrino flux limit
from [178]:

dΦWB

dE
= 5× 10−18

(
E

100 TeV

)−2

GeV−1 cm−2 s−1 sr−1

Computing the integral, we have:

F ' 2× 10−4 cm−2 yr−1
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The number of events per year can be computed as:

R = F σ
ρV

mN

where the deep-inelastic scattering (DIS) cross-section at 100 TeV is σ ≈ 10−34 cm2

[189] and
ρV

mN

≈ 6× 1038

(
V

km3

)
R turns out to be of the order of 10 events per year. Note that this is a very
optimistic calculation as:

• we used an upper limit for the astrophysical neutrino flux;

• we considered perfect response of the detector at all energies above 100 TeV.

The conclusion is that a km3 detector is the minimum requirement for cosmic
neutrino detection.

4.2.1 IceCube

The main result of IceCube is the discovery of the astrophysical component of
the neutrino flux, in 2013 [17]. From that moment on, its main goals have been
the characterisation, in terms of flavour content, normalisation and shape, of the
astrophysical neutrino spectrum, as well as the search for neutrino sources.

Before covering the results obtained by the IceCube collaboration, it is neces-
sary to present the kinds of events which they use for their analyses.6

The IceCube datasets There are two main datasets:

1. the high-energy starting events (HESE) dataset, which comprises track-
and shower-like events which have the first interaction vertex inside the
detector itself;

6The IceCube setup has already been presented in the context of atmospheric neutrinos in
§3.2.
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Figure 4.2: Schematic representation of the veto for HESE events in IceCube. The
solid blue track represents an atmospheric muon, which deposits energy also in the outer
parts of the detector area, and is thus discarded for astrophysical neutrino analyses. The
dashed purple track represents a neutrino which could pass the veto, as its interaction
vertex is contained in the fiducial volume of the detector. If the two events are coincident
and down-going, it probably means that the neutrino has been produced with the muon,
i.e. it is an atmospheric neutrino, and is discarder as well. In this figure we can also
appreciate the track-like topology of muon-induced events, and the shower-like topology
of NC interactions of all neutrinos and CC interactions of all neutrinos but νµ. Figure
taken from [190] - seee the corresponding slides https://www.icrc2019.org/uploads/
1/1/9/0/119067782/nu4b_schneider.pdf.
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2. the through-going muons dataset, which comprises upward-going track-
like events generated by νµ-induced muons.

The HESE dataset can be further divided in a track-like sample and a shower-like
sample, so as to separate the contribution of CC νµ from the rest.

The DOMs at the boundaries of the IceCube detector are used as a veto for
the HESE dataset, as represented in figure 4.2. Due to the important presence
of atmospheric background (muons, atmospheric neutrinos), especially for down-
going events, the HESE analyses use a threshold at 60 TeV of deposited energy
inside the detector [190] in order to search for the high-energy cosmic neutrino
component.

For the through-going muons dataset the atmospheric contribution is expected
to be smaller, as the Earth efficiently filters muons; however, up-going tracks
could be due also to muons generated by atmospheric νµ. For this reason, the
selected events currently have a muon energy proxy above about 100 TeV (it was
200 TeV for [172]).

HESE events are usually better known energy-wise (about 10-15%) than through-
going muons events; the latter kind of events are not fully contained in the detec-
tor, which makes it impossible to precisely reconstruct the energy proxy. On the
other hand, through-going muons events are characterised by a better angular
reconstruction (about 1◦ with respect to about 10◦), thanks to their track-like
topology and high energy. In particular, the angular reconstruction of the events
in IceCube is hindered by the uncertainties on light scattering in ice as well as
the presence of dust in the Antarctic ice [191, 192, 193].

The IceCube effective areas In the analyses, it is of paramount importance
to understand the detector response as a function of energy and zenith angle.
This response is parametrised by the so-called effective areas : these are functions
which have the physical dimension of a surface and allow to compute the expected
number of events according to:

N = ∆T

∫
dΩ

Emax∫
Emin

dE Aeff(E, θ, ϕ)
dΦ

dE

where dΦ/dE is the flux relevant for the analysis and Emin,max is the energy range
for which the effective area can be used like so. In the case of our interest, the
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Figure 1: Effective area of the starting event selection for ne (left panel) and nµ (right panel) is shown in
purple, compared to the effective areas from [1] in blue and [5] in green. All effective areas are averaged
over neutrinos and antineutrinos. The effective area for nt is quite similar to that for ne except for the lack
of the resonance feature at several PeV.

a background muon would have to traverse unseen. An important change with respect to [5] is that43

to avoid discrimination against starting charged-current nµ interactions that produce more clearly44

track-like events, a broader selection using data from IceCube’s first-level ‘online’ filters gives a45

considerable increase in the efficiency with which these events are selected. Fig. 1 shows the result-46

ing effective area for this selection compared to the previous veto-based selections. This selection47

delivers higher efficiency for all event topologies, particularly a factor ⇠ 2 for nµ at around 10048

TeV to a factor of ⇠ 8 at around 10 TeV. Further, it is intended that this selection will be applied to49

the same six years of IceCube data as in [4], three times the data-taking period covered by [5], and50

it is anticipated that this will continue to be extended in future as new data become available.51

As this selection collects events of both track-like and cascade-like topologies, it is useful to52

distinguish between the two. Events with 10 photoelectrons of out-going light attributable to an53

up-going track are naturally classified as track-like. Otherwise, each event is reconstructed using54

both track and cascade hypotheses, and the average distance of the modules which observed light55

to the best fit particles is computed. This provides a useful observable because true track events56

tend to have light at large distances from the best fit cascade hypothesis. Finally, an unfolding57

of the probable energy depositions within each event is performed, using both a single, point-like58

deposition hypothesis, representing a cascade, and a hypothesis of a linear collection of deposi-59

tions, representing a muon. For bright events with more than 6000 photoelectrons detected, if the60

linear unfolding has non-negligible depositions located more than 500 meters apart, the event is61

considered track-like. Likewise, bright events for which the observed charge associated with the62

linear unfolding is larger than the observed charge associated with the single point unfolding are63

classified as tracks; other bright events are classified as cascades. For dimmer events, if at least 1.564

photoelectrons of out-going charge are detected the event is classified as track-like, and otherwise65

it is considered cascade-like. Based on Monte-Carlo simulations, more than 98% of truly cascade-66

like events are correctly classified as such. Figure 2 shows the success rate for classification of67

true nµ charged-current events, which is above 80% when averaged over energy and position for68

an astrophysical spectrum µ E�2.5. Misclassified nµ charged-current events are expected to make69

up 30% of the cascade-like category from a conventional atmospheric spectrum, but only 5% from70

a spectrum µ E�2.5.71
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Figure 4.3: The IceCube effective areas, averaged over the solid angle, for starting
events due to νe (left) and νµ (right), compared to previous IceCube analyses. The
effective areas are averaged over neutrinos and antineutrinos. The effective area for
ντ is similar to that of νe except for the lack of the resonance feature at several PeV.
Figure taken from [194].
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atmospheric neutrinos. Each event is assigned three scores: muon score, hybrid score and cascade
score measuring the compatibility of the event with a muon, starting track or cascade topology,
respectively. Figure 1 (left) shows for one year the the deposited energy distribution of events
passing all selection criteria of the high energy selection except the final Erec > 60TeV cut for one
year of data. Also shown is the BDT’s cascade score distribution used to define the cascade signal
region (center). The simulations agree well with the observed data. The final low (high) energy
selection achieves a neutrino purity of > 90% (100%). Figure 1 (right) shows the effective areas
of the cascade sample for the three different neutrino flavors after combining the low and high en-
ergy selections and demonstrates sensitivity primarily to electron and tau flavors. In total 19 events
were found with reconstructed energies above 100TeV. The highest energy cascade previously
not reported by IceCube, is located at a depth with shorter than average absorption length due to
high concentration of dust particles in the ice and has been reconstructed with an energy deposit of
2PeV. Further studies using improved estimates of the absorption length at these depths resulted
in a lower, more realistic reconstructed energy of 800TeV. The corresponding systematic uncer-
tainties are still under evaluation.
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Figure 1: Deposited energy of high energy selection before final energy cut for the year 2015 (left); Distri-
bution of cascade.score (BDT variable) used in low energy selection (center). Signal regions are marked as
green shaded bands. Effective areas of the combined cascade samples (low energy [ high energy) (right).

3. Analysis Method The measurement of the astrophysical neutrino spectrum is per-
formed by matching the reconstructed energy distribution to the simulation prediction by numer-
ically maximizing a binned poisson likelihood. Similarly, approximate 100(1�a)% confidence
regions are obtained using the profile-likelihood method in conjunction with Wilks’ theorem, as in
ref. [9]. If prior information about the parameters of interest is available, we use a Bayesian method
and calculate 100(1�a)% highest posterior density (HPD) credible regions C [17] defined by

C = {q 2 Q : p (q |x) � k (a)} (1)

1�a  P(C|x) =
Z

C
p (q |x)dq =

Z

C
f (x|q) ·p (q)dq (2)

where k (a) is the largest constant satisfying Eq. (2). p (q), p (q |x) and f (x|q) µ L(q |x) are prior
distribution, posterior distribution and likelihood function respectively. The same formalism allows
us to check predictions from previous IceCube measurements for any observable quantity z using
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Figure 4.4: The IceCube effective areas, averaged over the solid angle, for cascade
events. The effective areas are averaged over neutrinos and antineutrinos. Figure taken
from [195].
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Figure 4.5: The IceCube exposures (i.e. the effective areas integrated over time) for
the through-going muons analysis [172] for different zenith ranges. The exposures are
averaged over neutrinos and antineutrinos and refer to 2060 days of data. Figure taken
from [172].

effective area depends only on the cosine of the azimuthal angle. Such effective
areas can be expressed as:

Aeff(E, cos θ) = [N × σ(E)× f(E, cos θ)] ε(E, cos θ)

in which:

• as seen before, N is the amount of targets for interaction;

• σ(E) is the cross-section of the interaction used for detection;

• f(E, cos θ) is a function which parametrises physical effects due to the
trajectory of neutrinos, e.g. Earth absorption, or the presence of a veto;

• ε(E, cos θ) describes the ratio of the effective detector volume with respect
to that of an ideal one, and it is a function of energy and azimuthal angle.

We find it useful to report in figures 4.3, 4.4, and 4.5 the effective areas for the
event topologies as well as neutrino flavours in IceCube, complemented by their
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Event type figure N α β γ E range

νe-cascade 4.4 5 0.25 6 2/5 103-107 GeV

νµ-cascade 4.4 1.072 0.34 6.929 2/5 103-107 GeV

ντ -cascade 4.4 32.87 0.045 8.387 3/10 103-107 GeV

through-going µ 4.5 561.8 0.14 7.2 0.265 102-108 GeV

Table 4.3: The parameters for the IceCube effective areas of figures 4.4, 4.5 and the
energy range for which they can be used. These parameters refer to the analytical
approximation of the effective areas as in Eqs. (4.6), (4.7), which do not have the
pretence of capturing the physics underlying such quantities. The effective area relevant
for the through-going µ events has been obtained from the zenith-averaged exposure
in figure 4.5, which has been rescaled by the data-taking time of 2060 days. It is
worth mentioning that during that data-taking period the detector was updated, as
the number of strings increased, and the analysis procedure changed accordingly.

analytic approximations in equation (4.6) and table 4.3.

Aeff(E) ' N
(

E

1 TeV

)α
exp

[
−β
(

E

1 TeV

)−γ]
m2 (4.6)

In the case of electron antineutrinos, the effective area reflects the presence of
the Glashow resonance, as can be seen from figures 4.3 and 4.4: in this case, the
approximate effective area (averaged over neutrinos and antineutrinos) is:

Aeff,νe(E) ' Aeff(E) + θ(E − 1 PeV)

{
75 m2 γ2

πγ[log2
10(E/6.32 PeV) + γ2]

}
(4.7)

where θ(x) is Heaviside’ step function and γ = 1/100.
The results of IceCube concern the spectrum of atmospheric and astrophysical

neutrinos, neutrino oscillations and the search for the sources of cosmic neutrinos.
We already talked about atmospheric neutrino and the oscillation measurements
performed by IceCube in §3.2. From now on we will talk about the investigation
of astrophysical neutrinos by IceCube.
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Dataset main flavour(s) ref year minEν Φ100 γ

HESE all [173]† 2017
60 TeV

2.46± 0.8 2.92+0.33
−0.29

[190]† 2019 2.15+0.49
−0.15 2.89+0.20

−0.19

starting tracks νµ [197] 2019 3.5 TeV 1.6+1.6
−1.0 2.43+0.28

−0.30

cascades νe, ντ
[197] 2019 3.5 TeV 2.2+0.6

−0.5 2.62± 0.08

[196] 2020 16 TeV 1.66+0.25
−0.27 2.53± 0.07

through-going µ νµ
[172] 2016 194 TeV 0.90+0.30

−0.27 2.13± 0.13

[198]† 2019 40 TeV 1.44+0.25
−0.24 2.28+0.08

−0.09

all combined all [199] 2015 25 TeV 2.23+0.37
−0.40 2.50± 0.09

Table 4.4: The parameters of the astrophysical neutrino spectra, as parametrised in
Eq. (4.8), fitted from the different IceCube analyses. We indicated with † preliminary
results; the analysis in [197] refers to contained events.

Astrophysical neutrinos The IceCube detector published the first evidence
for cosmic neutrinos in [17], which was connected mainly to an excess of high-
energy, contained, shower-like events collected between 2010 and 2012. At the
time of writing, the two main kinds of analyses from which the spectrum of
cosmic neutrinos is fitted are the HESE and the through-going muons dataset.
It is also interesting, however, to consider the two subsets of the HESE dataset,
which are the starting track and cascade samples, as they add more depth to
the data collected by IceCube. As for through-going muons, the starting track
subset of HESE is due to muon (anti-)neutrinos, whereas the cascade subset is
mainly (90% [196]) due to electron and tau (anti-)neutrinos.

In table 4.4 we list the published results, as well as the more recent, even
if preliminary, ones. We show the normalisation and slope of the per-flavour
astrophysical neutrino spectrum, which is assumed to be isotropic and described
by an unbroken power law:

dΦν

dEν
= Φ100 × 10−18

(
Eν

100 TeV

)−γ
GeV−1 cm−2 s−1 sr−1 (4.8)

In table 4.4 we also indicated the minimum energy for the fit; we find it relevant
to take it into consideration recalling that the atmospheric contribution may
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still be important below 100 TeV. We also recall that the through-going muons
dataset contains mostly up-going events, i.e. those coming from the Northern
Sky, whereas with the HESE dataset IceCube mainly “sees” the Southern Sky,
but is also sensible to the Northern Sky.
Critical discussions of these results will follow in §4.3 and §4.5.

All these results show compatibility with a (1 : 1 : 1) flavour ratio at Earth,
and no deviation from the standard three-flavour neutrino oscillations has been
observed. It is worth mentioning that the first double cascade events have likely
been observed, as preliminarily presented at the last ICRC [200]. This measure-
ment could prove the existence of astrophysical tau neutrinos, i.e. tau neutrinos
with so much energy that the resulting τ lepton decays far/later enough that the
DOMs can distinguish two subsequent cascades - the first ντ interaction and the
τ decay. Ultrarelativistic τ ’s cover a Lorentz-boosted distance of about

dτ ' 50 m

(
E

1 PeV

)
which has to be compared with the inter-DOM separation of 17 m and the average
inter-string separation of 125 m. The importance of this observation, or the lack
thereof, is discussed in §4.4.

A first candidate event due to the Glashow resonance has been presented
in [201], even though this event belongs to a new kind of high energy cascade
sample, which is at the limit of the IceCube sensitivity. Glashow events will be
discussed further in §4.3.

IceCube-gen2 The IceCube collaboration proposed an upgrade to the current
facility, named IceCube-gen2 [202]: this consists in the enlargement of the already
existing facility, in order to reach an instrumented volume of about 10 km3 with
the aim of significantly increasing the astrophysical neutrino detection rate. This
will probably result in the identification of hot spots, by collecting multiple events
pointing to the same point in the sky, which will conduce to the discovery of
sources.

This increase in the detection rate is going to be accompanied by an improve-
ment in the angular and energy resolution; this upgrade will allow for discoveries
in the larger-than-PeV energy band and in unexplored wavelengths where most
of the universe is opaque to high-energy photons.
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With such a large size, the IceCube-gen2 detector will collect significant sam-
ples of ντ -induced double cascade events and even, possibly, of cosmogenic neutri-
nos and Glashow resonances. It will also allow to probe neutrino interactions at
100 TeV of centre-of-mass energy, testing electroweak physics at energies beyond
the reach of terrestrial accelerators.

For more details and prospects, see [202]; the IceCube-gen2 effective area will
be discussed later, in §4.4.3.

The search for neutrino sources: the TXS 0506+056 case At the time
of writing the search for point-like and extended sources has not resulted in any
firm candidate, even combining the efforts of IceCube and ANTARES [203]; this
comes from the fact that no significant excess of neutrinos (neither localised nor
diffuse) has been found.

On the other hand, a high-energy (about 290 TeV) νµ-induced event, called
“IceCube-170922A”, has been detected by IceCube in coincidence with the bright-
est state of a known blazar, TXS 0506+056, during its gamma ray flare, which
was observed by many gamma-ray experiments [18]. According to [18], the neu-
trino event has a 56.5% estimated probability to be of astrophysical origin, and
a chance coincidence with the flaring state of TXS 0506+056 is excluded at 3.5σ.
After detecting this event, the IceCube collaboration looked for neutrino emis-
sion from said source in 9.5 yr worth of data, finding an excess at 3.5σ of 13± 5
events with respect to the atmospheric background [204].

These two papers prompted the phenomenological community to model such
source in order to allow for the emission of IceCube-170922A as well as the 13
events prior to it. As summarised in [47] and further explained in its references,
the interpretation of the gamma-ray emission from TXS 0506+056 as of purely
leptonic origin - i.e. without hadrons and, thus, neutrinos - is the simplest and
most satisfactory from a statistical standpoint. According to [47], it is possible
to accommodate for the emission of a neutrino during the flaring state of TXS
0506+056; concerning the other 13 excess events, the phenomenological models
can reproduce up to 5 events.

There may not be further progress about TXS 0506+056 and IceCube-170922A,
but this piece of evidence for a neutrino, and thus a cosmic-ray, source has surely
started the era of multi-messenger physics with high-energy neutrinos. More-
over, with time and upgrades IceCube will most likely be able to find significant,
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localised excesses of events, which may lead us to unequivocally finding the first
source of neutrinos.

4.2.2 ANTARES and KM3NeT

The ANTARES setup has already been presented in §3.2 in the context of atmo-
spheric neutrinos. Due to the relatively small volume (0.01 km3) of ANTARES,
the energy that neutrino-induced particles can deposit in the detector is too small
to allow for competitive cosmic neutrino analyses. At the time of writing, the
best sensitivity of ANTARES is in the range 1-300 TeV [205].

With 9 year worth of all-flavour data, the ANTARES collaboration reported
the observation of a 1.8σ excess of events over the atmospheric background, ex-
cluding the null-cosmic contribution in their high-energy sample at 90% C.L. [206].
The energy spectrum fit to the data yields:

dΦν

dE
= (1.5± 1.0)× 10−18

(
E

100 TeV

)−2.3±0.4

GeV−1 cm−2 s−1 sr−1

They also report individual fits to the track-like sample:

dΦν

dE

∣∣∣∣
tracks

= (0.8+0.5
−0.6)× 10−18

(
E

100 TeV

)−2.0+0.8
−0.4

GeV−1 cm−2 s−1 sr−1

and to the shower-like one:

dΦν

dE

∣∣∣∣
showers

= (2.1± 0.8)× 10−18

(
E

100 TeV

)−2.4±0.4

GeV−1 cm−2 s−1 sr−1

Interestingly, these results are compatible with those of IceCube. The differences
in normalisation and spectral index are attributable to different results for the
atmospheric components in the separate fits. In particular, the atmospheric
component resulting from the fit to the track-like sample is 30% higher than the
theoretical predictions, while it is compatible with predictions in the case of the
shower-like one.

Unfortunately, the limited energy acceptance hinders the potential of ANTARES
in the search of sources, in which it can boast a very good angular resolution, bet-
ter than 0.4◦ above 10 TeV [207]. In [207], the ANTARES collaboration presents
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a search for astrophysical neutrino sources using 11 years of data. They looked
for excesses correlating to different catalogs of sources, but no significant result
has been found.

The Mediterranean Sea offers an optimal location for the observation of the
Southern sky, where the Galactic centre and most of the Galactic plane are lo-
cated, with through-going muons tracks. This is why KM3NeT [137] has been
proposed as an upgrade to ANTARES. KM3NeT will be a distributed infras-
tructure, meaning that it will comprise two telescopes: ARCA (Astroparticle
Research with Cosmic in the Abyss), located at a depth of about 3500 m off the
coast of Capo Passero (Italy), and ORCA (Oscillation Research with Cosmic in
the Abyss), located at a depth of about 2500 m offshore Toulon (France) [205].
ARCA will focus on the high-energy neutrino astrophysics, as it is optimised for
neutrino energies between 100 GeV and 100 PeV, with a total volume of about
1 km3 and horizontal (vertical) DOM spacing of about 90 m (36 m). ORCA will
be optimised for neutrino energies between 1 and 100 GeV in order to study fun-
damental neutrino properties; this is possible for the closer spacing of the strings,
of about 20 m, as well as the vertical spacing of the DOMs, of about 9 m.

We will further discuss KM3NeT-ARCA and its effective area in §4.4.3; for a
more complete review of the last results from ANTARES and KM3NeT, we refer
to [205] and references therein.

4.2.3 Radio detectors

Neutrinos of energy above 10 PeV can be most efficiently detected with the ra-
dio technique [208]. Radio signals are produced via the Askaryan effect [209]: a
charge excess develops at the front of the neutrino-induced shower as it accumu-
lates electrons from the surrounding medium. The propagation of this charge
asymmetry in a dielectric medium results in radio emission of Cherenkov light
and of transition radiation, which occurs when charged particles pass through
a boundary between two dielectrically different media [210]. For wavelengths
much larger than the shower dimensions, the radio emission is coherent, meaning
that the radiated power is proportional to N2

e , where Ne is the number of excess
electrons, versus a linear dependence typical of incoherent emission. Such radio
emission is produced in the MHz - GHz frequency range, to which the Antarctic
ice is transparent and its attenuation length is about 1 km, depending on the
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Figure 4.6: Sketch of the ARIANNA detector at the Ross Ice Shelf. Figure taken from
[212].

temperature and the frequency [211].
Let us now briefly review the results of the experiments which currently use

this detection technique.

ARIANNA The ARIANNA detector [212] consists of autonomous detector
stations located slightly below the Antarctic ice surface; the station layout is
shown in figure 4.6. Autonomous means that the information of one station is
sufficient to measure a neutrino event, without the need of multi-station coinci-
dences. This allows for quick deployment of large antennas, called log periodic
dipole antennas (LPDAs), with different orientations, so as to precisely measure:

1. the polarisation of the signal, which, in turn, allows to reconstruct the
neutrino direction;

2. the frequency spectrum of the signal, required to determine the neutrino
energy.

The vicinity to the surface allows dipole antennas to measure also the Askaryan
radio pulse which is reflected off the ice surface for almost all events, helping
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thus unambiguous neutrino identification. Each station comprises two pairs of
downward facing LPDAs with orthogonal orientation and are spatially separated
by 6 m. In the second generation of ARIANNA stations, the downward facing
LPDAs for neutrino detection are complemented by two pairs of upward pointing
LPDAs for cosmic-ray detection and vetoing.

The main part of the ARIANNA pilot array is the hexagonal radio array
(HRA) [213]. It consists of seven 4-channel stations and has been installed at
the Moore’s Bay site. All stations have been operating successfully since their
deployment (the first stations were deployed in 2012), demonstrating the stability
of the ARIANNA hardware in Antarctic conditions. The pilot array of a large
scale neutrino detector (the future ARIA) consists in 7 HRA stations with 4
downward facing LDPAs each. For more technical details on ARIANNA, we
refer to [212]; see [214] for a discussion on the energy and direction reconstruction
capabilities of Askaryan detectors.

The ARIANNA collaboration recently presented some preliminary results from
a combined analysis of 4.5 years of data acquired by the pilot array [215]. The
neutrino search yielded no candidate events, and they provided an upper limit
for the diffuse ultra-high energy (UHE) neutrino flux of:

E2Φ ≤ 1.7× 10−6 GeV cm−2 s−1 sr−1

at Eν = 103 PeV.

ARA The Askaryan Radio Array (ARA) consists of a five-station array of
radio antennas, located a few kilometres grid-west of the geographic South Pole
in Antarctica [216]. A single station consists of 16 antennas, along with signal
conditioning and data acquisition electronics. The antennas are deployed down
holes 200 m deep on four “measurement strings”, roughly forming a cubical lattice
of side length 20 m; each antenna is sensitive to 100-750 MHz radiation.

In [216], the ARA collaboration presented constraints on the flux of neutrinos
between 10 and 106 PeV from four years of data acquired by two stations. They
place an upper limit on the diffuse neutrino flux at 103 PeV of:

E2Φ ≤ 3.9× 10−7 GeV cm−2 s−1 sr−1
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Figure 4.7: The ANITA-IV payload. ANITA is about 8 m tall, and each horn antenna
is roughly 0.95 m edge to edge. Figure taken from [217].
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ANITA The ANtarctic Impulsive Transient Antenna (ANITA) (see [217] and
references therein) instrument is primarily designed for the detection of the UHE
cosmogenic neutrino flux via the Askaryan effect in ice, but is also able to trig-
ger on a wide variety of different impulsive radio sources, such as geomagnetic
emission from extensive air showers (EAS) induced by cosmic rays or other parti-
cles. It consists in a long-duration balloon payload, featuring 48 high-gain, dual-
polarisation antennas, and flies at a height of about 40 km above the Antarctic
surface. At the time of writing, ANITA has acquired data during four flights;
we will cover the results of the last [217] and touch on the anomalies seen during
the first and third flight [218].

ANITA’s fourth flight lasted 28 days, during which it recorded over 90× 106

triggers, of which about 99% are thermal noise. The majority of the remain-
ing events are anthropogenic transient, continuous-wave (CW) emission and oc-
casional impulsive emission believed to be electromagnetic interference that es-
capes ANITA’s Faraday enclosure, thus named payload blasts. Askaryan neutrino
signals are expected to be predominantly vertically polarised, in the Standard
Model. As such, horizontally-polarised events are not in the Askaryan neutrino
signal region, but they provide a useful cross-check on the analyses. Within the
horizontally-polarised sideband region are any EAS events from cosmic rays as
well as a sub-class of cosmic-ray-like events with opposite polarity (as CRs are
down-going the signal of their induced shower can reach ANITA after reflection
on the ice) and are compared to EAS induced by cosmic rays, as found in the
two previous ANITA flights.

During the fourth flight of ANITA [217], one event was identified in the
Askaryan neutrino signal region, and 30 in the horizontally-polarised EAS re-
gion. One Askaryan neutrino event is consistent with the background estimates,
while the numbers of EAS-like events is consistent with the estimated analysis
efficiencies. The ANITA collaboration set a 90% integral flux limit on a pure
E−2 neutrino spectrum of:

E2Φ ≤ 2.2× 10−7 GeV cm−2 s−1 sr−1

for energies between 103 and 106 PeV.
In the first flight of ANITA one UHECR-like event was observed with char-

acteristics similar to the direct, horizontal cosmic rays, but from a direction well
below the horizon and without the phase inversion due to a reflection [219], and
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with an estimated background of ≤ 10−3 events. To explain this event, it was
suggested that it originated from a high-energy ντ CC interaction in the ice,
leading to a τ lepton decay in an upward-going air shower. However, a possible
anthropogenic origin for this event could not be ruled out at sufficient confidence
to be conclusive.

The third flight [218] was disturbed by continuous-wave interference due to
geosynchronous satellites, so that the effective full-payload exposure was about
7 days. Despite this loss of sensitivity, 20 radio-detected UHECR events were
identified, one of which had a clearly non-inverted polarity, inconsistent with a
reflection, but in all other ways consistent with UHECR origin. The collaboration
claims that there was no known physical background remotely close to explaining
this event. The potential ντ origin proposed for the similar event during the first
flight fails to the fact that the Earth is opaque to such energetic neutrinos,
according to the Standard Model, even including ντ regeneration [220]. For a
technical discussion on this, see [218].

4.2.4 Auger and POEMMA

Hereafter we review the contributions of two other experiments, Auger and PO-
EMMA, to the search for ultra-high energy neutrinos. We grouped them sepa-
rately due to the fact that they are not specifically built for neutrino detection,
but are still able to contribute to UHE neutrino searches due to the fact that
they can detect neutrino-induced showers.

Auger The Pierre Auger Observatory is located in the province of Mendoza,
Argentina, at a mean altitude of 1400 m above sea level. It was primarily designed
to measure extensive air showers induced by UHECRs, and has been running and
taking data since its construction started in 2004. For that purpose, a surface
detector (SD) samples the front of shower particles at the ground level with an
array of water-Cherenkov detectors, named stations, each filled with 12 tonnes of
water. A complete description of the Auger telescope is beyond the scope of this
section, so that we refer the interested reader to [221].

Auger can also identify UHE neutrinos, detecting the showers they induce; for
example, tau neutrinos can undergo CC interactions and produce a tau lepton
in the Earth crust, which then decays in the atmosphere producing an “Earth-
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Figure 4.8: Schematic view of a POEMMA satellite. Figure taken from [223].

skimming” (ES) upward-going shower. Neutrino-induced showers are different
from CR-induced ones in their electromagnetic component, as inclined (zenith an-
gle θ > 60◦) CR-induced showers are rather poor in electromagnetic component,
as it is immediately absorbed in the case of CR-initiated showers, and produce
signals in the SD characterised by large peaks spread over small time intervals.
Conversely, neutrinos can generate “young” (rich in electromagnetic component)
showers quite deep in the atmosphere. Auger’ strategy to detect neutrinos is thus
to look for inclined showers (divided in down-going: 60◦ < θ < 90◦, and Earth-
skimming: 90◦ < θ < 95◦) that exhibit a broad time structure in the signals
induced in the SD stations [222]. Such signals are indicative of an early stage of
development of the shower. No neutrino-induced shower has been found in 14.5
years of data-acquisition; see [222] for a thorough presentation of the relevant
analysis.

The Auger collaboration also set an upper limit to the UHE neutrino flux;
assuming an E−2 spectral shape, the single-flavor 90% C.L. integrated limit is:

E2Φ ≤ 4.4× 10−9 GeV cm−2 s−1 sr−1

in the energy interval 100-25 000 PeV [222].

POEMMA Developed as a NASA Astrophysics Probe mission concept study,
the Probe Of Extreme Multi-Messenger Astrophysics (POEMMA [223]) science
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goals are to identify the sources of ultra-high energy cosmic rays and to observe
cosmic neutrinos above 20 PeV. POEMMA consists of two satellites, schemati-
cally shown in figure 4.8 flying in loose formation at 525 km of altitude. A novel
focal plane design is optimised to observe the UV air fluorescence signal from
extensive air showers (EASs) in a stereoscopic UHECR observation mode and
the Cherenkov signals from EASs from UHECRs and neutrino-induced τ -leptons
in an Earth-limb viewing mode. POEMMA is designed to achieve full-sky cover-
age and significantly higher sensitivity to the highest energy cosmic messengers
compared to what have been achieved so far by ground-based experiments. It
will also have sensitivity to cosmic neutrinos by observing the upward-moving air
showers induced from tau neutrino interactions in the Earth. POEMMA will also
be able to re-orient to a target-of-opportunity neutrino mode to view transient
astrophysical sources with unique sensitivity. For a technical description of the
satellites, we redirect the interest reader to [223].

POEMMA has two science operation modes, the stereo UHECR one and the
neutrino one. We are interested in the latter, in which the two satellites are
separated by about 50 km and are tilted 47◦ away from nadir to observe the limb
of the Earth, in an almost monocular configuration. In this operation mode,
POEMMA can detect the Cherenkov light from decays of Earth-emerging tau
leptons sourced from tau neutrino interactions in the Earth. POEMMA is a
promising experiment, both in UHECR and cosmic neutrino measurements. For
more details on the expectations about POEMMA’s performances, we refer to
[223, 224] and references therein.

In the following sections, we will present the original work that I have con-
tributed to concerning astrophysical neutrinos. Such work resulted in three refer-
eed papers, which are phenomenological in nature, as they offer an interpretation
and a critical discussion on the experimental results in the field - which are mainly
due to the IceCube collaboration. Hereafter we presented almost verbatim the
contents of these articles, except where otherwise noted. The first of these works
discusses the IceCube results on the astrophysical neutrino flux and assesses their
compatibility with the assumptions of an unbroken power-law spectrum. An al-
ternative model for the astrophysical spectrum is proposed and used to compute
the expected rate of events induced by tau neutrinos and by Glashow resonances.
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4.3 What is the IceCube spectrum?

IceCube observed a new quasi-isotropic component of the neutrino spectrum,
that exceeds the atmospheric neutrino flux above few hundreds TeV. This new
component extends, at least, up to few PeV and it has an intensity close to the
Waxman-Bahcall upper bound [178].

This is one of the most exciting recent results in neutrino physics, even though
we do not know which are the sources of these neutrinos. The energy spectrum
displays non trivial and even unexpected features, such that the aim of the present
work is to propose a global investigation of the IceCube findings in terms of a
universal spectrum.

We base our analysis on a minimal set of hypotheses, namely:

1. the spectrum is continuous and regular, which is not only a simple mathe-
matical requirement but also a reasonable assumption, as the existence of
major discontinuities would require some specific motivation, that we do
not have currently;

2. the cosmic neutrinos are subject to three-flavor neutrino oscillations, as
recently proved by terrestrial experiments and observations;

3. the new population of cosmic neutrinos derives from some unspecified astro-
physical mechanisms of production, where νe (νe) and νµ (νµ) are created
at the source.

Moreover, we consider the most recent datasets7 obtained by IceCube, discussing
the relevant backgrounds.

These hypotheses restrict significantly the overall shape of the spectrum. The
hard power-law spectrum, that describes the induced muons up to a few PeV, can
be extended to low energy either by assuming a piecewise functional form or by
adding a softer power-law component, but there is no tangible difference, as the
resulting flux is quite constrained. This has direct implications for the physics

7The work presented here, and published in [1] (2017), is based on somewhat obsolete
results. Now the new, preliminary results on the fit to the through-going muons sample seems
to be softer, while that to the cascade and HESE datasets seem to be harder, as presented in
§4.2.1. However, the discussions on the sources of background are still valid.
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of muon neutrinos events – HESE tracks or through-going events. Neutrino
oscillations allow us to derive the electron and tau neutrino spectra. Possible
deviation from the standard pion decay scenario are analyzed. We show that
there is a hint of a slight excess of electron neutrinos and antineutrinos, but this
is not significant. Several tests of the ensuing physical picture are discussed,
including tau neutrino events (that are detectable), Glashow resonance events,
examining their relation to the specific dataset or range of the neutrino spectrum.
We examine the dependence of the predictions upon the specific dataset and upon
the energy range of the universal spectrum.

4.3.1 The IceCube dataset

In this subsection we present two recent datasets provided by the IceCube col-
laboration after 6 years of data taking: the through-going muons dataset and the
high energy starting events (HESE) dataset.

Notation: from here on we denote by φ` the flux of ν` and of ν`. Whenever we
are only interested to the flux of neutrinos (or antineutrinos), we denote it by φν`
(or φν`). When the subscript is not present (φ), the all-flavor flux is considered.

through-going muons The IceCube collaboration acquired data from 2009
to 2015, collecting a sample of charged current events due to upgoing muon
neutrinos; due to the position of IceCube, the field of view, for this class of events,
is restricted to the Northern hemisphere [172]. The highest energy sample (with
reconstructed energy above ∼ 200 TeV) corresponds to 29 events of this type; a
purely atmospheric origin of them is excluded at more than 5σ of significance.
The most energetic event corresponds to a reconstructed muon energy equal to
4.5 PeV.

The corresponding cosmic muon flavour (neutrino and antineutrino) flux was
obtained with a power-law fit to the data:

dφdata
µ

dE
= Fµ

(
E

100 TeV

)−α
× 10−18 GeV−1 cm−2 s−1 sr−1 (4.9)

The parameters are Fµ = 0.90+0.30
−0.27 and α = 2.13±0.13. This analysis is sensitive

only to muon neutrinos and antineutrinos. No correlation with known γ-ray
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sources was found by analyzing the arrival directions of these 29 events [172,
225].

High Energy Starting Events The most recent data concern 2078 days (5.7
years) of detection. This dataset includes 82 HESE [173]: they have been clas-
sified in 22 tracks and 58 showers (2 of them are not classified being coincident
events). These events are characterized by a deposited energy larger than 30 TeV,
and the most energetic HESE deposited an energy of 2 PeV into the detector.

The flux attributed to astrophysical neutrinos is described, in first approxi-
mation, by an isotropic distribution and a power-law spectrum. The all-flavor
flux is:

dφdata

dE
= F

(
E

100 TeV

)−α
× 10−18 GeV−1 cm−2 s−1 sr−1 (4.10)

with F = 2.5 ± 0.8 and α = 2.92+0.33
−0.29 [173]. We denote by F the normalization

of the all-flavor flux.
Although the bulk of HESE coming from the Southern sky suggests a power-

law spectrum with spectral index α ≈ 2.9, the subset of highest energy (above 200
TeV) HESE is in agreement with a much harder spectrum and, more precisely,
follows the same distribution suggested by the through-going muons: see figure
6 of [226] and figure 5 of [172], and discussions therein. In other words, the flux
of the highest energy HESE observed from the Southern sky is compatible with
the same hard spectrum, α ≈ 2, suggested by through-going muons.

4.3.2 Atmospheric background of HESE

Before continuing the discussion, it is important to recall what are the back-
grounds for high energy neutrinos. A precise knowledge of the different back-
ground sources is relevant for the correct identification of the astrophysical signal,
that we perform in section 4.3.3.

When cosmic rays collide with the terrestrial atmosphere, lots of mesons are
produced: from pion decay (and from kaon decay, in smaller amounts) muons and
neutrinos are produced, constituting the main source of background for high en-
ergy neutrino detection. We call these two sources of background as atmospheric
muons and conventional neutrino background.
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Another contribution to the background is given by the decay of heavy, charmed
mesons: the neutrinos which come from these decays are called “prompt neutri-
nos”.

Atmospheric muons Atmospheric muons, mainly generated by pion decay,
have an energy spectrum ∝ E−3.7. This is due to the fact that, with increasing
energy, the probability that pions interact before decaying grows linearly with
E. Since muons come from pion decay, their spectrum is steeper than the E−2.7

spectrum of primary cosmic rays. This is an unavoidable source of background
for the HESE analysis; on the other hand, it does not affect the througohgoing
muon analysis, since atmospheric muons are absorbed crossing the Earth. It has
been estimated by the IceCube collaboration that the the number of atmospheric
muons, contributing to HESE background after 5.7 years of exposure, is:

bµ = 25.2± 7.3 (4.11)

According to table 4 of [174], 90% of them (23.0±7.3) are identified as track-like
events and 10% (2.2 ± 0.7) as shower-like events. This is due to the fact that a
certain misidentification of tracks is possible from an experimental point of view.

Prompt neutrinos Prompt neutrinos are produced in the decay of heavy
mesons, which contain the charm quark (charmed mesons). These particles are
highly unstable and decay before interacting, following the same E−2.7 spectrum
of primary cosmic rays.

To date, the contribution of prompt neutrinos to the IceCube dataset has not
been yet identified, although it is expected to exist: see e.g. [165, 227, 168]. An
upper limit has been set by the IceCube collaboration [174], while Palladino et al.
[228] have calculated that their contribution to HESE is smaller than 3.5 events,
in 4 years of exposure, at 90% confidence level (CL). Scaling such estimate with
the present exposure, we obtain that the contribution of prompt neutrinos is
expected to be smaller than 5 HESE, at 90% CL.

Since at the time of the writing the best fit value of prompt neutrino events is
0, the probability density function (PDF) of prompt neutrinos can be reasonably
approximated by an exponential function:

Lp(bp) =
1

b0
p

exp

(
−bp
b0
p

)
(4.12)
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with b0
p = 2.17.

According to table 4 of [174] about 20% of prompt neutrinos produce track-like
events, whereas about 80% of them produce shower-like events.

Conventional background Neutrinos produced in the decay of pions (and
kaons, in smaller amounts) constitute the so called conventional background.
These neutrinos follow an E−3.7 energy spectrum, for the same reason discussed
in the case of atmospheric muons.

The IceCube collaboration [173] has estimated that the contribution of atmo-
spheric neutrinos (conventional plus prompt) to the HESE background is equal
to:

bπk + bp = 15.6+11.4
−3.9 (4.13)

In order to isolate the contribution of conventional neutrinos, we have built the
likelihood function Lπk+p(b) that reproduces the best fit value and the 68% CL
asymmetric interval. We obtain the PDF of conventional neutrinos marginalizing
over bp:

Lπk(bπk) =

∞∫
0

dbp Lπk+p(bπk + bp)Lp(bp) (4.14)

Following this procedure, the expected background from conventional neutrinos
is equal to:

bπk = 14.7+10.8
−5.1 (4.15)

where we quote the best fit value and the 68% CL interval obtained as described
in §1.2.3, i.e. using the condition that the integral of the normalized likelihood
function is equal to 0.68 between bm and bM and L(bm) = L(bM). This is a general
procedure that we use for every asymmetric function from here on. We have
verified that the same result is obtained performing a Monte Carlo extraction for
the total background and for prompt neutrinos.

According to table 4 of [174], 70% of them (10.3+9.1
−4.7) contribute to track-like

events, whereas 30% of them (4.4+4.2
−2.0) contribute to shower-like events. The

uncertainties on the expected number of showers and tracks reproduce the total
uncertainty when summed in quadrature.
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Summary of backgrounds We summarize the backgrounds relevant to the
HESE analysis in table 4.5.

The expected number of background tracks in the HESE dataset is equal to
34.3+12.3

−8.7 , as reported in table 4.5. This number is larger than the observed 22
tracks. Moreover, we expect that also ∼ 20% of cosmic neutrinos produce tracks
in the HESE dataset, according to table 4 of [174]. On the other hand, as dis-
cussed in [173], the misidentification of some tracks, that could be identified as
showers, could play an important role for this kind of analysis. In conclusion,
since the track-like subset is supposedly dominated by the atmospheric back-
ground rather than by the signal, it is quite hard to extract useful information
on φµ from HESE, and this is the reason why we do note use this subset of data
in our analysis.

On the contrary, we include the tracks contained into the through-going muons
dataset, since they are affected by the atmospheric background at the level of
30%, as estimated in [225]. Moreover, we repeat that this kind of analysis is free
from atmospheric muons, since they are absorbed into Earth.

As a final remark, let us consider that the atmospheric background affects
shower-like events, in the HESE dataset, at the level of 15%. Indeed the expected
number of showers, due to atmospheric background, is

bs = 8.8+4.0
−3.0 (4.16)

We denote by Ls(bs) the distribution function of this background. This number
has been obtained using a Monte Carlo simulation and combining the showers
expected from atmospheric muons, conventional neutrinos and prompt neutrinos.

It is reasonable, therefore, to consider through-going muons and shower-like
HESE in our analysis, due to their small atmospheric background. On the other
hand, it is cautious to neglect track-like HESE in the rest of the analysis, due to
the huge atmospheric background, that does not allow to extract useful informa-
tion on the astrophysical signal.

4.3.3 The neutrino spectrum

In subsection 4.3.3 we define the “universal” spectrum, starting from the muon
neutrino spectrum. This kind of spectrum reconciles all the recent IceCube mea-
surements. In subsection 4.3.3 we evaluate the spectrum of tau neutrinos, show-
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bµ bπk bp Sum

Tot. events 25.2± 7.3 14.7+10.8
−5.1 < 5.0 at 90% CL 43.1+12.9

−9.2

Tracks 23.0± 7.3 10.3+9.9
−4.7 < 1.0 34.3+12.3

−8.7

Showers 2.2± 0.7 4.4+4.2
−2.0 < 4.0 8.8+4.0

−3.0

Table 4.5: Summary of the backgrounds expected in HESE analysis after 5.7 years of
exposure.

ing that neutrino oscillations are sufficient to strongly constrain it. In subsection
4.3.3 we evaluate the spectrum of electron neutrinos and electron antineutrinos.
In this case we analyze νe and νe separately, since they produce different signals
in the detector and, as a consequence, they are distinguishable.

The shape of muon neutrino spectrum

Combining all the information provided by the IceCube collaboration with their
different analyses, it is evident that the assumption of a single power-law model
is not the best choice to explain the present data. In several papers [226, 228,
229, 230, 231, 232, 233] this aspect has been emphasized, invoking the presence
of at least two populations of high energy neutrinos with different energy spectra.

In this paper we test the compatibility of a two power-law spectrum with
the observations (HESE showers, double pulses, resonant events) and with the
standard production mechanisms of high energy neutrinos, expected to occur in
astrophysical environments.

Above 200 TeV we can rely on the through-going muons analysis (green band
in figure 4.9), while below 200 TeV we rely on the HESE analysis (blue band in
figure 4.9), for the reasons discussed in the previous section. In order to proceed,
we define the broken power-law flux in the following manner:

dφbr
dE

=
N br
µ × 10−18

GeV cm2 s sr

{
E−2.13

200 for E ≥ 200 TeV

E−2.92
200 for E < 200 TeV

(4.17)

where E200 = E/200 TeV and the normalization at 200 TeV is N br
µ = 0.206

(in units of equation (4.17)); this value corresponds to the normalization of the
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Figure 4.9: The two power-law benchmark spectrum (2PL) as defined by Eqs. (4.18),
(4.20), (4.21), compared with the through-going muons flux (green band) and a flux
with the slope suggested by HESE below 200 TeV (blue band)–compare with equation
(4.17).

through-going muons flux at 200 TeV, using the best fit values. The choice of
the break at 200 TeV represents:

• the minimal modification that reconciles the through-going muons and the
HESE dataset;

• the most conservative choice, since the energy threshold of the through-
going muons analysis is about 200 TeV.

Now, we define our “benchmark” two power-law flux φµ for the muon neutrino
plus antineutrino spectrum as follows:

dφµ
dE

=
Nµ

2

10−18

GeV cm2 s sr

(
E−α100 + E−β100

)
(4.18)

where E100 = E/100 TeV. Thanks to the prefactor Nµ/2, the normalization Nµ

denotes directly the normalization of the two power-law flux at 100 TeV. The
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choice of the normalization at 100 TeV reproduces, reasonably well, the behavior
of the broken power-law flux. The value can be slightly different but we have
verified that choosing 150 TeV or 200 TeV the analyses proposed in the next
sections are not affected appreciably.

In order to determine the parameters Nµ, α, β of equation (4.18), we define
a “distance” between this benchmark flux and the broken power-law flux φbr, i.e.
the flux suggested by the data. The distance between the two functions is defined
as follows:

d(Nµ, α, β) =

10 PeV∫
30 TeV

|φµ(E,Nµ, α, β)− φbr(E)|
φbr(E)

d logE (4.19)

Such distance is minimized by the following set of values:

Nµ = 1.5 α = 2.08 β = 3.5 (4.20)

Since the normalization of the through-going muons flux is known with an un-
certainty of about 30%, we take it into account considering that

Nµ = 1.5± 0.5 (4.21)

The two descriptions of the fluxes are presented in figure 4.9.
Let us recall that assuming three flavour neutrino oscillations and the same

mechanism of production for all cosmic neutrinos, we expect that the shape
of neutrino spectra is the same for all flavors, and only their normalization is
expected to be different. For this reason, we refer to assumption with the termi-
nology: universal spectrum of neutrinos.

In figure 4.9 we see that the sum of the two power-law fluxes (pink band), with
spectral indexes α = 2.08 and β = 3.50, reproduces well the ∼ E−2.92 behavior
at low energy and the ∼ E−2.13 behavior at high energy, within the uncertainties
on the spectral index and on the normalization.

It is important to remark that we assume the shape of the spectrum suggested
by the low energy HESE data, but we do not yet use the normalization suggested
by the same data. In fact, HESE data refer to an all-flavor analysis, but the
flavour partition of the neutrinos is dictated by the mechanism of production,
that to date is unknown. Therefore, we include the information on HESE in the
analysis by adopting the following procedure:
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• we start from the measured flux of through-going muons;

• we extrapolate this flux at low energy with the shape suggested by the
HESE data;

• we adopt the smooth spectrum of equation (4.18). In this manner we
determine the “universal” cosmic neutrinos spectrum.

• we use the universal spectrum, neutrino oscillations and experimental con-
straints to predict the flux φτ and φe.

The last step of this procedure concerns the following two sections. In other
words, we are going to test whether for some production mechanisms the as-
sumption of a universal spectrum agrees with HESE.

The flux of ντ

The most plausible mechanism of high energy neutrino production is the pion
decay scenario, that yields φe ' φτ ' φµ.

Despite the popularity of this hypothesis, in the following we choose to adopt
a more conservative and unbiased position, i.e. we assume that the mechanism of
production is unknown. Therefore, we perform a test on the flavour composition
to verify what is the astrophysical scenario that is in better agreement with the
observations.

To begin with, let us discuss the general constraints that come from theoretical
and experimental considerations.

Constraints from neutrino oscillations The assumption of this paragraph
is just that:

“We believe in three-flavor neutrino oscillations”

The only expectation we have on the production mechanism of neutrinos is that
no ντ are produced at the source. This applies to any reasonable astrophysical
scenario. Therefore, the flavour composition at the source, defined as ξ0

` = φ0
`/φ

0

(where φ0 denotes the all-flavor neutrino flux at the source), is given by:

(ξ0
e : ξ0

µ : ξ0
τ ) = (x : 1− x : 0) x ∈ [0, 1] (4.22)
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We do not distinguish between neutrinos and antineutrinos for the moment; we
just consider the total flux for each flavour `. Using this notation we have that:

• x = 1 denotes the neutron decay scenario;

• x = 1/3 denotes the pion decay scenario;

• x = 0 denotes the damped muon scenario, in which muons, produced by
pion decay, interact before decaying. Therefore only νµ (or νµ or both) are
produced.

Since in subsection 4.3.3 we have defined the two power-law spectrum of muon
neutrinos, it is interesting to compute the ratio between the flux φτ and the flux
φµ after neutrino oscillations. The ratio is given by the following expression:

Rτµ =
Peτx+ Pµτ (1− x)

Peµx+ Pµµ(1− x)
(4.23)

that using the natural parametrization becomes:

Rτµ =
2 + 3P0(1− 3x)− 6P1x− 6P2(1− x)

2 + 3P0(1− 3x)− 6P1(1− 2x) + 6P2(1− x)
(4.24)

Since P1, P2 are small, this ratio is equal to:

Rτµ ' 1 +O(P1) +O(P2) (4.25)

for every mechanism of production.
Randomly sampling x in [0, 1] according to a uniform distribution, so as to

consider also mixed mechanisms of production, we obtain the distribution of Rτµ

represented in figure 4.10 by orange bars. The ratio between the flux of ντ and
the flux of νµ is, in good approximation, a Gaussian function. The best fit value
and the 68% CL interval are:

Rτµ = 1.08± 0.05 (4.26)

Therefore, the amount of cosmic ντ is the same of νµ, to a very good approxima-
tion. This result takes into account also the uncertainties on neutrino oscillations.
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Figure 4.10: The distributions of Rτµ (yellow) and of Reµ (red) obtained from all neu-
trino production mechanisms (uniformly weighted) which neglect tau (anti-)neutrinos
at the source.

Combining equation (4.26) with the normalization of φµ (see equation (4.21)),
we find:

N th
τ = 1.62± 0.51 (4.27)

This means that the theory it is sufficient to firmly constrain the flux of tau
neutrinos and antineutrinos.

In the next subsection we analyze whether it is possible to improve the knowl-
edge of φτ , using informations provided by the observations.

Constraints from observations: double pulses As we have seen in the
previous subsection, tau neutrino production at the source is neglected in any
plausible neutrino production scenario, but, thanks to neutrino oscillations, we
expect the ντ (ντ ) flux to be approximately equal to the flux of νµ(νµ), regardless
of the mechanism of production of high energy neutrinos (see equation (4.26)).

Unfortunately, it is quite hard to measure the flux of ντ directly because,
until some hundreds of TeV, tau neutrinos do not produce a peculiar signature in
neutrino telescopes. With increasing energy the possibility to tag a ντ increases,
since the first vertex of interaction, in which the τ is created, and the second
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vertex of interaction, in which the τ decays, become distinguishable. This process
has been proposed by the IceCube collaboration in [234] and it is called “double
pulse”.

In [235] Palladino et al. derived accurate parametrizations of various effective
areas relevant for the analysis. The effective area of double pulse is given by:

A2P
τ = Ā2P

(
Eν

1 PeV

)β
exp

(
−Emin

Eν

)
(4.28)

with 
Ā2P = 2.33 m2

β = 0.455

Emin = 0.5 PeV

This analytical parametrization reproduces well the effective area of double pulses
provided by the IceCube collaboration in [234].

Using our benchmark flux reported in equation (4.18), the expected number
of double pulse events can be estimated as:

R2P = 4πT
∞∫

0

dφτ
dE

A2P
τ dE (4.29)

where T is the exposure time. Considering 5.7 years of exposure the expected
number of events is:

R2P(Nτ ) = 0.44×Nτ (4.30)

Up to now no double pulse events have been observed by the IceCube collab-
oration; it is then possible to associate a probability to the normalization Nτ ,
given by the lack of observations. Using Poissonian statistics, the probability to
observe zero events is given by:

Lobsτ ∝ exp [−R2P(Nτ )] (4.31)

Theory and observations Combining theoretical expectations, due to neu-
trino oscillations, with the most recent measurements of the flux of νµ and with
the absence of double pulse events, it is possible to put a strong constraint on
the expected flux of ντ with cosmic origin.
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The likelihood of φτ , apart from a normalization factor, is obtained using
equations (4.24) and (4.31) as follows:

Lτ (Nτ ) ∝ Nτ

∞∫
0

Rτµ

(
Nτ

Nµ

)
Lobsτ (Nτ ) Lµ(Nµ)

dNµ

N2
µ

(4.32)

where Lµ(Nµ) is a Gaussian function with mean value equal to 1.5 and standard
deviation equal to 0.5 (see equation (4.21)). Note the Jacobian Rτµ(y)dy =
Rτµ(Nτ/Nµ)Nτ dNµ/N

2
µ in the previous integral. The resulting function Lτ (Nτ )

is, in good approximation, a Gaussian function, with:

Nτ = 1.48± 0.54 (4.33)

This result is very similar to the one of equation (4.27). This means that:

neutrino oscillations alone are sufficient to constrain the flux of tau
neutrinos, given the flux of muon neutrinos.

It is important to remark that the above results do not depend upon the mech-
anism of production, since we take into account a generic mechanism in the
computation of the function Rτµ.

The flux of νe and νe

As already done for tau neutrinos, we can consider theoretical and experimental
constraints for the flux of νe and νe separately. Let us remark that the flux of
νe is constrained by the non observation of resonant events, which we discuss in
section 4.3.3.

Constraints from neutrino oscillations We follow the same procedure adopted
in section 4.3.3 also for electron neutrinos and antineutrinos. In this case the ratio
between φe and φµ is given by:

Reµ =
Peex+ Peµ(1− x)

Peµx+ Pµµ(1− x)
(4.34)
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Using the natural parametrization it becomes equal to:

Reµ =
2− 6P0(1− 3x) + 6P1(1− x)

2 + 3P0(1− 3x)− 6P1(1− 2x) + 6P2(1− x)
(4.35)

Also in this case we consider a generic mechanism of production, performing a
uniform extraction of x between 0 and 1. The resulting distribution of Reµ is
non Gaussian, as it can be noticed from figure 4.10 (red bars). The mode and
the 68% CL interval are given by:

Reµ = 0.81+0.85
−0.10 (4.36)

Combining the last result with equation (4.21) we find

N th
e = 1.46+1.18

−0.62 (4.37)

The uncertainty on N th
e is quite large; therefore neutrino oscillations alone are

not sufficient to constrain accurately φe. This is due to the fact that, unlike the
ratio Rτµ, the ratio Reµ strongly depends upon the mechanism of production.

In order to constrain φe we can rely on the existing data:

1. the showers observed in HESE dataset;

2. the lack of resonant events.

Let us emphasize that only at this point, i.e. when we consider these two ex-
perimental ingredients, we can obtain indications on the mechanism of cosmic
neutrino production.

Flux of νe: Glashow resonance The process:

νe + e− → W− (4.38)

is called “Glashow resonance” [236] and happens for electron antineutrinos with
an energy of 6.32 PeV (resonance). Assuming that the flux of neutrinos has no
energy cutoff below 6.32 PeV, the resonant events, produced in the interaction
of νe with the electrons in the ice, must be observed. In several papers [27, 235,
237, 238, 239] the possibility to discriminate the production mechanisms of high
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energy neutrinos using the resonant events has been investigated, since different
production mechanisms produce a different amount of νe.

The Glashow resonance cross section is given by:

σhadrG (E) =
G2

F (~c)2 M2
W

3π

E × BR

EG

( E

EG
− 1

)2

+

(
ΓW

mG

)2


where GF is the Fermi constant, MW ' 80 GeV is the mass of the W− boson,
ΓW = 2.085 GeV is its FWHM, and EG = M2

W/2Me ' 6.32 PeV is the energy at
which the cross section is largest. The coefficient BR ' 20/3 denotes the ratio
between the branching ratio of the hadronic channel and the branching ratio of
W− → νµ + µ−. Here we consider the hadronic channels only, that produce a
distinguishable signal in the detector (for a discussion of the leptonic ones see
[235]).

The expected number of events can be computed using the following general
formula:

R` = 4πT
∞∫

0

dφ`
dE

A` dE (4.39)

where A` is the effective area for each flavor, T is the exposure time (fixed to 5.7
years) and the flux is given by equation (4.18). For the specific case of resonant
events we use the flux of νe. A useful approximation of the hadronic Glashow
resonance effective area is obtained using the Dirac δ function, as follows:

AG
νe(E) = 1.15× 106 × δ

(
E

1 TeV
− 6320

)
m2 (4.40)

Using the benchmark flux defined in equation (4.18), the expected number of
resonant events, after 5.7 years of exposure, is equal to:

RG(Ne, ε) = 2.3 Ne × ε (4.41)

where the parameter that quantify the asymmetry between electron neutrinos
and antineutrinos is simply:

ε =
φνe

φνe + φνe
, 0 ≤ ε ≤ 1 (4.42)
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The quantity ε is related to the mechanism of production and provides comple-
mentary information with respect to the parameter x (see equation (4.22)). Let
us summarize:

• ε = 1 derives from neutron decay scenario, because only νe are produced
in this mechanism;

• ε ' 1/2 comes from the proton-proton interaction, in which an about equal
amount of νe and νe is produced;

• ε ' 1/4 comes from the ideal pγ mechanism (δ approximation, i.e. only the
∆+ resonance is produced). In more realistic scenarios, analyzed in [239,
240], ε is larger that 1/4, due to the production of π−;

• ε = 0 is obtained in extreme scenarios, in which there are no antineutrinos
at the source at all. This happens when only π+ are produced and only
the first decay (π+ → µ+ + νµ) is allowed. For example, it could happen in
an ideal pγ mechanism, in which muons interact before decaying (damped
muons scenario).

Since no resonant events have been detected by IceCube up to now [173], it is
possible to associate a prior distribution to the normalization of the νe flux, i.e.
to Ne × ε, related to the non observation of resonant events. Using Poissonian
statistics the likelihood is given by:

Lνe(Ne × ε) ∝ exp [−RG(Ne, ε)] (4.43)

with the condition ε ∈ [0, 1].
Finally, just as for double pulse events, we remark that the assumption on the

low energy part of the spectrum does not affect the result, since only very high
energy neutrinos contribute to the resonant events; the broken power law or the
double power laws are equivalent for the purpose of estimating the number of
Glashow resonance events.

The flux of νe + νe: HESE and theory The strongest constraint on the
normalization of the φe flux comes from the number of showers observed with
contained events (HESE). In fact, the φµ flux gives a negligible contribution
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to the showers, whereas the flux of φτ is fixed (within the uncertainty) by the
theoretical and experimental constraints analyzed in section 4.3.3. This means
that the degrees of freedom needed to reproduce the observed number of showers
are Ne and ε.8

We use the effective areas of HESE, reported in [17] and on the IceCube
website, to evaluate the expected number of events for each neutrino flavor. We
compute these expectations using equation (4.39).

Using the benchmark flux given in equation (4.18), the expected numbers of
showers for each neutrino flavour are given by:

Re = Ne[kνe(1− ε) + kνeε]

Rµ = Nµkµ

Rτ = Nτkτ

where the coefficients k` are equal to:

kνe = 14.7; kνe = 17.8; kµ = 1.3; kτ = 9.3 (4.44)

For Re we need to distinguish between the contribution of νe and νe, since only
νe can produce resonant events. Let us notice that

kνe − kνe > 2.3, see equation (4.41) (4.45)

because in the effective areas also the leptonic channels are included, which give
showers below 6.32 PeV, which are not distinguishable from those produced by
deep inelastic scattering [235]. For Rµ we take into account that only 20% of
events produced by muon neutrino plus antineutrinos are shower-like events, as
discussed in [241].

Using the previous coefficients k`, we define the likelihood LHESE as follows,
taking into account that the observed number of showers is Rs = 58:

LHESE(Ne, ε) ∝ [bs+Nµ(kµ+kτ )+Re(Ne, ε)]
Rs exp[−(bs+Nµ(kµ+kτ )+Re(Ne, ε)]

(4.46)
8Let us clarify that we are assuming that all ντ are detected as showers. This assumption

is not completely true but, even if about 20% of tau neutrinos would produce tracks, it would
affect our result at level of 0.2kτ/49 ' 3.8%, where 49 denotes the average number of showers
with a plausible astrophysical origin, after subtracting the atmospherical background given in
equation (4.16).
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Figure 4.11: The likelihood of Ne as a function of the normalization of φe and of ε,
the fraction of electron antineutrinos.

Adding the prior distribution Reµ (4.35), Lνe (4.43), Lµ (4.21), Ls (4.16), we
compute the complete likelihood function of Ne and ε as follows:

Le(Ne, ε) = Ne

∞∫
0

dNµ

N2
µ

∞∫
0

dbs LHESE(Ne, ε)Reµ

(
Ne

Nµ

)
Lνe(Ne, ε) Lµ(Nµ) Ls(bs)

(4.47)
In the previous expression we are using Nµ ' Nτ (see equation (4.33)), in order
to simplify the calculation.

The results are illustrated in figure 4.11. The regions are defined using the
Gaussian 2-dimensional approximation:

(1− CL1)× Lmaxe ≤ Le ≤ (1− CL2)× Lmaxe (4.48)

Marginalizing the 2-dimensional likelihood we obtain, separately, an estimate
for Ne and ε:

Ne = 1.83± 0.44

ε < 0.52 at 90% CL
(4.49)

We have checked that the choice between the spectrum given in equation (4.18)
and the spectrum given in equation (4.17) affects the previous analysis at level
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of few %. The same consideration applies considering a different normalization
point (within a factor 2) in the flux defined in equation (4.18). This demonstrates
the robustness of the analyses proposed in this paper.

In table 4.6 we summarize the results obtained in this subsection. With these
results on normalization factors of the neutrino fluxes N` (` = e, µ, τ) and on
ε, we have concluded the definition of our model for universal spectrum of the
cosmic neutrinos given in equation (4.18).

Ne Nµ Nτ
ε

(68-90% C.L.)

1.98± 0.45 1.50± 0.50 1.48± 0.54 < 0.25− < 0.52

Table 4.6: Summary of the normalizations of the high energy neutrino flux at Earth
defined in equation (4.18), divided per flavor. The parameter ε given in equation (4.42)
is the fraction of electron antineutrinos with respect to the φe flux.

Before discussing the predictions, it is useful to see again figure 4.11 keeping
in mind table 4.6. It can be noticed that Ne ' Nµ ' Nτ (expected from π
production) is contained into the 1σ region; moreover, a small value for ε is
preferable.

4.3.4 Predictions and critical aspects of the model

Having introduced and described our model, we can assess the expectations. We
will discuss in the following three specific instances: 1) we examine in section 4.3.4
the flavour composition of the universal spectrum defined above and compare it
with some important cases; 2) we discuss in section 4.3.4 the expected number
of double pulse and Glashow resonance events, examining the uncertainties and
showing their relevance; 3) we consider in section 4.3.4 the angular distribution of
the events and emphasize the critical importance of testing it for the low energy
part of the spectrum, possibly, using new detectors in the Northern hemisphere.
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Flavor composition at Earth

First of all, we discuss what flavour composition of the universal spectrum we
obtain from our model and compare it with the theoretical expectations from
some specific models for cosmic neutrino production.

Theory: using the natural parametrization described in the first section it is
trivial to compute the flavour composition expected from a theoretical standpoint
for different mechanisms of production. For a generic mechanism, with initial
flavour composition

(ξ0
e : ξ0

µ : ξ0
τ ) = (x : 1− x : 0) (4.50)

the fraction ξe of νe + ν̄e after neutrino oscillations is equal to:

ξe(x) = x

(
1

3
+ 2P0

)
+ (1− x)

(
1

3
− P0 + P1

)
(4.51)

where x = 1 denotes the neutron decay scenario, x = 1/3 the pion decay scenario
and x = 0 the damped muon scenario, as already discussed in section 4.3.3. This
flavour ratio is useful because it allows a clear discrimination of the different
theoretical predictions, due to the fact that Peµ ' Peτ ≈ Pee/2, i.e. νe is the
neutrino that mixes the least with other neutrinos.

Observations: using the fluxes reported in table 4.6, we compute the flavour
composition. The normalization of the total flux (a pure number, see equation
(4.18)) is given by:

Ntot = Ne +Nµ +Nτ = 4.96± 0.86 (4.52)

where the uncertainty is obtained summing in quadrature the uncertainties on
the different normalizations. The observed flavour ratio of νe + ν̄e is thus equal
to:

ξobse =
Ne

Ne +Nµ +Nτ

= 0.40± 0.11 (4.53)

where the uncertainty is, as usual, given by:

∆ξobse =

√(
∆Ne

Ne

)2

+

(
∆Ntot

Ntot

)2

(4.54)
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Figure 4.12: Comparison between the theoretical flavour ratio expected from different
mechanisms of production (colored histograms) and the observed one (shaded area).

The three histograms represent the predictions due to oscillations, while the gray
vertical band covers the range given in equation (4.53).

Comparison: The comparison between theoretical expectations (equation (4.51))
and the observed flavour ratio (equation (4.53)) is shown in figure 4.12. This in-
dicates compatibility with the pion decay scenario, that is also the most plausible
mechanism of production from a theoretical point of view. The neutron decay
scenario is excluded at about 2σ, but a stronger constraint is given by the fact
that ε = 1 (i.e. the neutron decay scenario) is excluded at least at 3σ (see figure
4.11). On the other hand, the damped muon scenario is still compatible with the
expectations within 1.5σ.

Taking simultaneously into account the flavour ratio ξe and the preference for
small ε, we conclude that, under the hypothesis that no energy cutoff is present
below ∼ 7 − 8 PeV, there is an hint for pγ as mechanism of production. In this
scenario high energy neutrinos are likely to be produced in the decay of π+ and,
in smaller amount, in the decay of π−. As a consequence, the flux of νe is larger
than the flux of ν̄e.
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Observable high energy events of new type

Only the high energy part of the spectrum is relevant for the computation of
double pulse events and Glashow resonance events: these events are related to the
∝ E−2.1 part of the spectrum. There is thus no difference in expectations when
we use the spectrum suggested by through-going muons, or the broken power-law
spectrum of equation (4.17), or the two power-law spectrum of equation (4.18).
Let us proceed to evaluate the expectations assuming T = 5.7 years of exposure.

Double pulse events In subsection 4.3.3 we have seen that φτ ' φµ, due to
neutrino oscillations. We remark that it is always true for a generic production
mechanism, not only for the pion decay scenario.

This result gives rise to an important theoretical prediction. Combining equa-
tions (4.33) and (4.30) (or similarly equations (4.27) and (4.30)), we find that
the expected number of double pulse events after T = 5.7 years of exposure is:

Rth
2P = 0.65± 0.24 (4.55)

if we assume there is no energy cutoff. About this expectation, we find it impor-
tant to remark that:

1. the IceCube collaboration used a E−2 spectrum for the calculation of double
pulse events [234]; our expectations are in excellent agreement with [234]
and also with [235];

2. even more importantly, half of the expected double pulse events are pro-
duced by neutrinos with an initial energy of 2 PeV, i.e. neutrinos which
have been already observed by IceCube. As a consequence, tau neutrinos
must be observed in the future: it is only a matter of exposure.

The last consideration is very remarkable, because the observation of tau neutri-
nos would be the definitive proof that cosmic neutrinos have been detected.
However, we have to consider that the presence of an energy cutoff could reduce
the possibility to observe a double pulse event. An energy cutoff at 2 PeV, 5
PeV and 10 PeV would reduce the previous expectation to 55%, 70% and 85%,
respectively.
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Glashow resonance events Let us use the best fit value of Ne, reported in
equation (4.49), with the expected number of resonant events given by equation
(4.41) and assuming pion decay as mechanism of production (as suggested by
the result of section 4.3.4).

The number of events depends upon ε. Assuming ε = 1/2, namely for pp
production, this is:

R(pp)
G = 2.28± 0.52 (4.56)

while in the case ε = 1/4, that is the idealized case of pγ production (or minimum
value expected) this is:

R(pγ)
G = 1.14± 0.26 (4.57)

These consideration show that, if the baseline model is correct and, in particular,
the spectrum does not have a cutoff for energies much smaller than 6.32 PeV,
Glashow resonance events should be seen in the future years.
Note that the preference for small values for ε, visible from figure 4.11 and the
relevant discussion, derives just from the non observation of resonant events in
the current IceCube dataset. The presence of an energy cutoff much smaller than
6.32 PeV diminishes or inhibits the possibility to separate the contribution of νe
and ν̄e and, as a consequence, to extract useful information on the parameter
ε. (On the contrary, the constraint on Ne can be calculated also when a cutoff
is present, and we have checked that its impact is negligible with respect to
the result obtained in this paper.) We mention in passing speculative scenarios
for the production of the neutrinos, with major deviations from the previous
standard cases: considering the value ε = 1 for the neutron decay and ε = 0 for
the damped muon scenario with only π+ at the source, the expected number of
resonant events would become 4.2 and 0, respectively.

The angular distribution of the flux

The diffuse flux of high energy neutrinos detected by IceCube is compatible with
the isotropy. On the contrary, if we assume isotropy also for the low energy part,
there is tension between the HESE analysis [173] and the through-going muons
analysis [172], as remarked in [228] (even if, strictly speaking, a direct comparison
is not possible, since the energy threshold of HESE is 30 TeV [173] whereas the
through-going muons analysis, at low energy, concerns neutrinos with energy of
few TeV or less [172]). Let us recall the argument.
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The analysis of the through-going muons at TeV energy has been performed
to identify prompt neutrinos, that are expected to follow an E−2.7 spectrum and
to be isotropically distributed. An astrophysical isotropic component with an
E−2.9 spectrum (as suggested by HESE) or a two power-law flux E−3.5 + E−2.08

(as suggested by our model) would produce a larger excess at low energy than
the one expected from prompt neutrinos [228]. On the contrary, the through-
going muons analysis did not observe any significant excess over the conventional
background at low energy and an upper limit on the prompt neutrino flux has
been placed. In view of neutrino oscillations, the same bound apply to tau
neutrinos and similar bounds apply to electron neutrinos. This remarks is worth
of consideration and can be regarded as an issue. It could be due to:

• the presence of an additional component of high energy neutrinos, observed
mostly or only from the Southern hemisphere, as already suggested in [226,
228]. The multi-component model proposed in [228], that predicts a Galac-
tic contribution between 10% and 20%, is still compatible with the most
recent experimental constraints concerning the Galactic flux, provided by
ANTARES [242] and IceCube [243]. However, a Galactic flux E−α, with
α ∈ [2.4, 2.7] is no more sufficient to explain alone the very steep spectrum
suggested by the last HESE dataset [173] that behave as E−2.9;

• the different backgrounds contributing to the dataset. In fact, only prompt
neutrinos (discussed in subsection 4.3.2) are relevant for the through-going
muons analysis above 200 TeV whereas conventional neutrinos, prompt neu-
trinos and penetrating muons (see section 4.3.2), are relevant for the HESE
analysis, and some of them are prominent in the Southern hemisphere;

• a larger contamination of conventional atmospheric background than ex-
pected, that could be related to an efficiency of the IceCube veto smaller
than expected. This is a kind of speculative scenario that would be in
agreement with the E−3.5 component of our two power-law model, since
the conventional atmospheric background (both muons and neutrinos) fol-
lows an E−3.7 spectrum;

• another change of slope between 1 TeV and 30 TeV, although it is quite
hard to imagine a physical motivation that could produce this effect.
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4.4 The importance of observing astrophysical tau
neutrinos

The work presented hereafter has been published in [2], and it is based on the
simple expectation of astrophysical tau neutrinos, as discussed in §4.1.1. Quan-
titative predictions of the ντ -induced events in the most relevant detectors are
presented, as well as the impact of their non-observation.

4.4.1 Theoretical overview

Non-zero neutrino masses have been considered seriously since the neutrino was
proposed (Pauli, Fermi, Perrin) and allow us to explain a wide set of phenom-
ena. While they imply modifications of the accepted standard model of ele-
mentary particles, these modifications fit well the conventional three family pic-
ture. Neutrino masses emerge quite naturally [244, 245]; if we describe them
with effective operators [245], neither the gauge group nor the particle content
should be modified. This position is completely consistent with the currently
available data and maintains predictive power. E.g., a transition magnetic mo-
ment is predicted to exist, even if it is expected to be small µν ∼ 10−24µB [246]
(the adimensional constant ∼ 3GFmemν/(16

√
2π2)(mτ/mW )2 is evaluated with

mν ∼
√

∆m2 = 50 meV, where ∆m2 = 2.5 × 10−3 eV2). On the contrary, we
do not have convincing theoretical indications in favour of other light neutrinos
besides the usual three.9

The observed phenomenology of oscillations (see [249, 250, 251, 252, 253,
254, 255, 256, 257] for an incomplete list) can be explained with three massive
neutrino states with different masses, which imply two different frequencies of
oscillation in vacuum: these have been measured, testing the oscillation phases
ϕij = (Eνi − Eνj)t/~ with Eνi =

√
p2 +m2

νi
. Solar neutrinos offer evidence

for another effect for neutrinos that propagate in ordinary matter [258], which
9The same is largely true for the known phenomenology [247, 248]. There are several anoma-

lies that could be explained individually invoking new oscillations, however the overall picture
lacks of consistency. Conversely, Z-width measurements rule out other interacting neutrinos
species; big-bang nucleosynthesis is consistent with three neutrino species; the study of the
anisotropies of the microwave distribution at cosmic scales indicates the same and together
with cosmological measurements at smaller scales yields a tight bound on neutrino masses.
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implies an additional frequency of oscillation associated to the energy E ′νe−E ′νµ =

E ′νe − E ′ντ =
√

2GF ne, where ne is the electronic number density.
The importance of neutrino oscillations for cosmic neutrinos has been gener-

ally appreciated after [259], even if their relevance and implications have been
discussed even much in advance, see, e.g., [260, 25]. The conventional formalism
is the simplest one, namely averaged vacuum oscillations [25]. A particularly
convenient parametrization of the effects of vacuum oscillations was discussed in
[27]. Before passing to the quantitative considerations, we assess the reliability
of the above theoretical setup.

Possible deviations from the minimal assumption The distances traveled
by cosmic neutrinos are much larger than those explored directly and, moreover,
the corresponding energies are very small, ∆m2

atm L/(2E?
ν) = 6 × 10−17 eV for

∆m2
atm = 2.5 × 10−3 eV2 and E?

ν = 50 TeV. These considerations suggest that
new physics could play a role. Therefore, we examined a number of concrete
possibilities:

1. The matter effect [258] could be relevant if neutrinos are produced in a
dense medium. This was studied in [261], finding that some effects exist
for energies � E?

ν , smaller than those of our interest.

2. If neutrinos are produced near a neutron star, the neutrino magnetic energy,
δH = −µν ·B is of the same size as the vacuum term ∆m2

atm L/(2E?
ν) for

extreme parameters B = 1011 T and µν = 4× 10−24µB. However, neutrino
leave the star at velocity c, and the accumulated phase δϕ = T δH ∼ 10−5

is very small.

3. Suppose that different neutrinos propagate differently in gravitational fields
[262] having peculiar dispersion relations such as E2

νi
= p2+m2

νi
+ηνip

4/M2
Pl

(where MPl = 1.2× 109 GeV is the Planck mass and ηνi are i-dependent
coefficients) see for a recent discussion [263].

This would imply an effect for energies above E?
ν if ηi−ηj ≥ 1/20; however,

the theoretical motivations and the completeness of the modeling seems to
be weak.
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4. Certain models for sterile neutrinos, which would lead to new effect on
cosmic scales, have slightly stronger theoretical bases. These include the
model with exact mirror symmetry [264] or pseudoDirac neutrinos [265]; in
both cases, tau neutrinos have to be produced due to oscillations, just as
in the three flavour case.

Assessment of the vacuum oscillation hypothesis The above discussion
does not strive to completeness but simply to argue the following position: even
if in principle the propagation of cosmic neutrinos could be possibly affected
by new effects, as (some of) those examined above or other ones - for instance,
those described in [266, 267] - we fail to see any convincing reason at present to
assume a deviation from the conventional picture. In particular there is no such
indication from the available data from IceCube, interpreted in terms of cosmic
neutrinos, see e.g., [241, 268, 1]. Conversely, in the most plausible astrophysical
situations, the sites of neutrino production are typically almost empty and the
simple and assessed picture of neutrino propagation, that includes only three
flavour vacuum oscillations, does apply.

As a final observation apropos, we would like to remind that the ratio L/Eν ,
relevant for the vacuum oscillations phase of high energy neutrinos, is similar
to other L/Eν ratios that have been already probed with low energy neutrino
astronomy.

In view of these reasons, we will proceed with a detailed quantitative explo-
ration of the minimal hypothesis that concerns the propagation of cosmic neu-
trinos, namely, we will assume the occurrence of three-flavor vacuum oscillations
and no other phenomena.

Oscillation and survival probabilities The distances and the energies for
several interesting cases, relevant for vacuum neutrino oscillation studies, are
resumed in Fig. 4.13.

In the case in which we are interested (ordinary three flavour neutrinos) the
phases of propagation are very large. Therefore, the values of the three-flavor
oscillation/survival probabilities can be written as Eq. (1.36) [25]:

P``′ =
3∑
i=1

|U`i|2|U`′i|2 `, `′ = e, µ, τ
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Figure 4.13: The regions of the L and Eν space relevant for experiments on neutrino
oscillations (red, blue, orange and green rectangles), for SN1987 (light blue rectangle)
and for the neutrinos that can be detected in IceCube (light blue shaded rectangle).

As already reported in §1.2.3, we computed the distributions of P``′ starting
from the best fit to the neutrino oscillation experiments by [30]. Sampling the
oscillation parameters distributions of Fig. 1 of [30], we obtained the distributions
for the P``′ , which we show in Fig. 4.14.

4.4.2 Tau neutrinos from neutrino oscillations

Tau neutrinos are assumed not to be produced in standard astrophysical mech-
anisms of high energy neutrino production. On the other hand, tau neutrinos
are always expected at Earth due to standard neutrino oscillations, as shown in
Fig. 4.15.

As shown in Fig. 4.15 (discussed below) and consistently with [1], the observa-
tion of an astrophysical muon neutrino flux [17, 269] by itself would imply a very
similar tau neutrino flux at Earth, assuming the validity of standard three-flavor
neutrino oscillations up to these energies.
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Figure 4.14: The PDFs of the oscillation/survival probabilities P``′ in the case of
normal ordering (blue) and inverse ordering (red), in the average regime.

By considering the flavour fractions before and after oscillations,

ξ` =
Φν`

Φνe + Φνµ + Φντ

, ξ0
` =

Φ0
ν`

Φνe + Φνµ + Φντ

where 0 ≤ ξ` ≤ 1, 0 ≤ ξ0
` ≤ 1 and ` = e, µ, τ , we obtain the astrophysical

neutrino flux fraction at Earth after oscillations

ξ` = P`e(1− ξ0
µ − ξ0

τ ) + P`µξ
0
µ + P`τξ

0
τ (4.58)

where the generic mechanism of production at the source is described by two
parameters,

(νe : νµ : ντ ) = (1− ξ0
µ − ξ0

τ : ξ0
µ : ξ0

τ )

subject to the condition 0 ≤ 1− ξ0
µ − ξ0

τ ≤ 1. Starting from this general flavour
composition at the source, it is possible to evaluate the ratio between the flux
of ντ and the flux of νµ at Earth, that we call Rτµ. This quantity is particularly
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Figure 4.15: Left panel: the PDFs of the fraction of tau neutrinos at Earth expected
from standard production mechanisms of high energy neutrinos, after neutrino oscilla-
tions. Central panel: the astrophysical tau neutrino flux fraction at Earth ξτ vs. the
astrophysical muon neutrino flux fraction at Earth ξµ. The color bar indicates how
many times (out of 107) a certain bin has been filled. Right panel: the PDFs of the ra-
tio between the flux of tau neutrinos and flux of muon neutrinos (at Earth) for different
production mechanisms and for a generic situation (blue line). These plots have been
obtained sampling the survival/oscillation probabilities according to their distribution
about 105 times for each ξ0

µ, which has been picked uniformly between 0 and 1. For
these three plots, and from now on, we assume normal ordering.

interesting since the flux of νµ is measured by means of the through-going muons
flux. The function Rτµ is given by the following expression:

Rτµ =
Peτ + ξ0

µ(Pµτ − Peτ ) + ξ0
τ (Pττ − Peτ )

Peµ + ξ0
µ(Pµµ − Peµ) + ξ0

τ (Pµτ − Peµ)

In standard astrophysical environments tau neutrinos are not produced at the
source, that motivates us to assume ξ0

τ = 0. If a small fraction of ντ is present
at the source, the flux of ντ at Earth would slightly increase.

Under this assumption the previous equation becomes simpler:

Rτµ =
Peτ + ξ0

µ(Pµτ − Peτ )
Peµ + ξ0

µ(Pµµ − Peµ)
(4.59)

In the rest of this work, we will consider the expression for Rτµ given in Eq. (4.59);
now, we proceed to quantify its value.

In the left panel of Fig. 4.15, we show the expected fraction of ντ at Earth, us-
ing Eq. (4.58) and taking into account the uncertainties on neutrino oscillations.
The production mechanisms at the source that are considered are the following:
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• (ξ0
e : ξ0

µ : ξ0
τ ) = (1 : 0 : 0), neutron decay;

• (ξ0
e : ξ0

µ : ξ0
τ ) = (1/3 : 2/3 : 0), pion decay;

• (ξ0
e : ξ0

µ : ξ0
τ ) = (0 : 1 : 0), damped muons.

The second is the most plausible one (possibly, with minor variants), and the
other two are introduced mostly for the purpose of comparison.

Sampling ξ0
µ uniformly in [0, 1] and sampling the oscillation parameters P``′

according to their distribution (see Fig. 4.14), we obtain the second panel of
Fig. 4.15, while the quantity relevant for the rightmost panel of Fig. 4.15 is the
ratio of the tau neutrino flux to the muon neutrino flux at Earth, defined in
Eq. (4.59). Using the normal hierarchy in the case of ξ0

µ ∈ [0, 1], we obtain

RNH
τµ = 1.00+0.05

−0.15

and its distribution is represented by the blue line in the rightmost panel of
Fig. 4.15.

We notice that the flux of ντ is strictly related to the flux of νµ:

φτ ≥ 0.78φµ within 90% C.L.

This means that once φµ is measured, φτ is very strongly constrained, if standard
neutrino oscillations hold. This consideration is relevant, since φµ is measured
in IceCube by means of the through-going muons signal, i.e. the flux of muons
generated by νµ coming from the hemisphere opposite to the one in which the
neutrino telescope is located. In the case of IceCube the through-going muons
come from the Northern hemisphere [269], whereas for the upcoming KM3NeT
they will come mostly from the Southern hemisphere.

The previous results are obtained using the normal hierarchy, that is favoured
at approximately 2σ by [30]. Using the inverted hierarchy in the case of ξ0

µ ∈ [0, 1],
we obtain

RIH
τµ = 1.02+0.04

−0.15

The quantity Rτµ is relevant, since it will be used in Sec. 4.4.4 to predict the
expected number of double cascades in different detectors.
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4.4.3 Double pulse and double bang: the effective areas

As stated in the introduction, a tau neutrino usually produces a shower-like event
and it cannot be distinguished from other neutrinos: in fact, a νe that interacts
via charged current interaction, or whatever neutrino that interacts via neutral
current interaction, would produce the same shower-like event.

A tau neutrino can be unequivocally identified when two vertices of interaction
become visible, and this happens in the so-called double bangs and double pulses.
Before discussing this kind of events we need to introduce some concepts related
to the detector. The neutrino telescopes are characterized by several digital op-
tical modules (DOMs) enclosed in strings. There are 86 DOMs for each string in
IceCube, but this number can be different for other experiments. The separation
between the strings is a peculiar feature of the detector and it is 120 meters in
IceCube [17], 240 meters in IceCube-gen2 [202] and 90 meters in KM3NeT [137].

Now we can explain the difference between double pulse and double bang:

• a double bang consists in the observation of two vertices of interaction in
two different strings, which are separated by ∼ 100 meters in the neutrino
telescopes of our concern. This kind of events can be produced only by
tau neutrinos having multi-PeV energy. This was the historical method
proposed in the past to observe directly a ντ [259];

• a double pulse event corresponds to the detection of two subsequent signals
in the same DOM. In this case the tau lepton has to travel few tens of meters
in order to produce two distinguishable vertices of interaction. For this
reason, only tau neutrinos of few hundreds of TeV are capable to produce
such an event [234].

In both cases the vertices of interaction must be contained into the detector,
therefore double bangs and double pulses are subclasses of the so-called “High
Energy Starting Events” (HESE), where “Starting” means that the vertex of
interaction is contained into the detector. On the contrary, the case of νµ that
interact via charged current outside the detector is called “through-going muon”;
we will also refer to this class of events in the following of this work, since this
class of events can provide important information on the flux at very high energy
(above 200 TeV).
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Figure 4.16: Simulated effective areas of double bang, double pulse and double cascade
(double pulse + double bang) events for present and future neutrino telescopes.

From here on we will also use the generic term “double cascade” when we
consider the two processes together. A general parametrization for the double
cascade effective area, which is appropriate for our purposes and that it is based
on the analytical expression proposed in [235], is given by the following formula:

Aeff(Eν , Emin) =
ρV

mn

1 + S(Eν)

2
× BR× σcc(Eν) exp

(
−Emin

Eν

)
(4.60)

where ρ is the density of the material, V the volume of the detector, mn the
nucleon mass. The function S(Eν) is the probability for neutrinos to cross the
Earth, namely 0.91, 0.66, 0.37 and 0.18 at 10, 100, 1000 and 10000 TeV [235]. The
parameter BR ' 80% denotes the branching ratio of the hadronic decay modes
of the tau, which allow the second cascade to be visible (basically it excludes the
channel in which a tau lepton decays into a muon [270]). The function σcc(Eν) is
the charged current cross section [189] (averaged for neutrinos and antineutrinos)
and Emin is the minimum energy required to observe two vertices of interactions.
As stated before, this energy is order of sub-PeV for double pulses and multi-PeV
for double bangs; for this reason, double pulse events are intrinsically more likely
to detected than double bang events.

Double bangs

In this subsection we examine the first method that was proposed to observe tau
neutrinos, i.e. the so called double bang [259], showing how it is possible to obtain
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an estimation of the effective area starting from theoretical considerations of the
relevant physics. (Before proceeding, note that at the energies of interest for the
current IceCube dataset, ντ and τ energy losses are negligible, see footnote 12
for a discussion.)

It is possible to estimate the minimum energy required for a ντ in order to
produce two distinguishable signals in two different strings. In order to do that
we take into account the lifetime of the ντ . It is easy to verify that a tau neutrino
of 1 PeV travels ∼ 50 meters before decaying. Moreover, the energy of the tau
lepton is about 3/4 the energy of the primary ντ . Combining these conditions,
we can compute the (average) minimum energy as a function of the required
minimum length as follows:

Emin =
4

3

(
d

50 m

)
PeV (4.61)

where d is the distance between the strings. Therefore, the minimum energy is
equal to 2.4 PeV, 3.2 PeV, and 6.4 PeV for KM3NeT, IceCube and IceCube-gen2,
respectively.

The effective area of double bang events is not published, but it is possible
to estimate it starting from the effective area of tau neutrinos given in [17].
Comparing our parametrization given in Eq. (4.60) (including also the neutral
current cross section, that is included in the total effective area of ντ reported
in [17]) we found that, far above the 30 TeV energy threshold, the effective area
of ντ is well reproduced (with coefficient of determination R2 = 0.99) using an
effective volume V = 0.97 km3 and a minimum energy of 100 TeV.10 This means
that the effective volume is similar to the physical volume of the detector for tau
neutrinos.

10The meaning of this minimum energy is not relevant for the treatment of double bangs
and double pulses. Anyway, in order to check the plausibility of this calculation, let us recall
that the energy threshold of IceCube High Energy Starting Events (whose the effective area
of ντ is connected) is 30 TeV of deposited energy. The deposited energy of a tau neutrinos
is about 70%-80% in charged current interaction and 25% in neutral current interaction (see
[271] in which the connection between the deposited energy and the reconstructed energy is
discussed). Therefore, a minimum incident energy of 100 TeV would correspond to a deposited
energy between 20-80 TeV, that is reasonably in agreement with the energy threshold of 30
TeV, that characterizes the high energy starting events (HESE).
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In order to estimate the double bang effective area we need to consider the
minimum energies described before, in order to cover the distance between two
strings. Moreover, we have to consider that the path necessary to reach the sec-
ond string is a function of the incident angle of neutrinos. In fact, the distance
between two different strings is equal to d/ cos θ, where θ denotes the angle be-
tween the neutrino’s direction and the plane perpendicular to the strings. There-
fore the minimum energy required for a ντ will be greater than Emin for θ 6= 0,
namely Emin/ cos θ following (4.61). Taking into account this aspect, we obtain
the general parametrization of the double bang effective area as follows:

A2bang
eff (Eν , Emin) =

1

π

π/2∫
−π/2

Aeff

(
Eν ,

Emin

cos θ

)
dθ (4.62)

The previous formula is valid for an isotropic flux of neutrinos, as expected from
cosmic neutrinos. In the left panel of Fig. 4.16 we report the simulated effective
areas for double bangs for the three different neutrino telescopes that we have
considered. We denote the three experiments with the name IC86 (IceCube),
IC-gen2 (IceCube generation 2) and KM3NeT. The parameters used to obtain
them are reported in Tab. 4.7. For IC-gen2 we consider that the new detector will
have a sensitivity about 7 times larger than the present IceCube [202], therefore
the effective volume for the double bang detection would be V = 6.8 km3. For
KM3NeT, instead, we limit our analysis to the ideal scenario of V = 1 km3,
since there is still no information available for this process in this future neutrino
telescope. In view of the fact that the effective volume of double bang for IceCube
is close to 1 km3, we believe that our approximation is adequate.

Double pulses

In this subsection we focus on double pulses, i.e. the processes in which the
two vertices of interaction are identified in the same optical module. Comparing
(4.60) with the IceCube double pulse effective area given in [234], as already done
in [235], we found that it is well reproduced (within an average uncertainty of
5% between 100 TeV and 10 PeV) by the set of parameters V = 0.28 km3 Emin =
0.5 PeV. This means that the effective volume for this kind of event is a factor
3.5 smaller than the physical volume of the detector. Let us recall that in [234]
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Detector Event type ρ V Emin d
(g cm−3) (km3) (PeV) (m)

IC86 Double pulse 0.917 0.63 0.58 22
IC86 Double bang 0.917 0.97 3.2 120
IC-gen2 Double pulse 0.917 4.4 0.58 22
IC-gen2 Double bang 0.917 6.8 6.4 240
KM3NeT Double pulse 1 1 0.58 22
KM3NeT Double bang 1 1 2.4 90

Table 4.7: Table of the parameters related to the double pulse and double bang effective
areas for IceCube, IceCube-gen2 and KM3NeT. The parameters for IceCube are based
on the present detector whereas the parameters for IceCube-gen2 and KM3NeT are
estimated.

the expected number of double pulses in 4 years was ∼ 0.5 events, assuming an
E−2 spectrum.

Recently IceCube has presented an updated (preliminary) analysis of the dou-
ble cascade events expected in 6 years in [272]. The expected number of identi-
fiable astrophysical tau neutrinos is claimed to be equal to:

N IC86
2p = 2.318+0.038

−0.029

after 6 years of exposure, considering an E−2.3 spectrum, with normalization at
100 TeV of 1.5× 10−18 GeV−1cm−2sec−1sr−1. We denote this flux by dφ/dEν . In
this case the effective area has not been released, so that the best we can do is
to use the same minimum energy of the previous analysis, changing the effective
volume in order to reproduce the expected number of events.

The expected number of events can be computed using the following formula:

N2p(Emin) = 4πT
∞∫

0

dφ

dEν
Aeff(Eν , Emin) dEν

Assuming that the expectations reported in [272] are related to double cascade
events (double pulse + double bang), in order to be in agreement with them the
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effective volume of Eq. (4.60) must be equal to V = 0.63 km3, fixing Emin = 0.5
PeV, as in the previous analysis (this value, in fact, depends on the features of
the process, not on the optimization of the analysis). Under this assumption11,
a fraction of the expected number of events is provided by double bangs.

In our understanding, this conclusion means that IceCube has performed an
optimization of the analysis dedicated to the research of tau neutrinos, gaining
more than a factor 2 in the expected number of events when compared to the
previous analysis [234]. Summarizing, the effective area for double pulse events
is exactly given by the same formula of Eq. (4.60). In Fig. 4.16 we report the
simulated effective areas for the future neutrino telescopes, obtained with the
parameters reported in Tab. 4.7.

The search for tau neutrinos with energies larger than the maximum currently
observed in IceCube, ∼ 5 PeV, is also regarded with interest: this adds further
motivation for the present study. However, at ultra-high energies the detection
principle has to change, since we are dealing with distances that exceed the size
of any conceivable detector:

`τ = cγττ
0
τ ≈ 10 km× Eτ

0.2 EeV

Let us consider tau neutrinos of similar ultra-high energies, that interact inside
the Earth and decay outside of it. These could be observed by a detector devoted
to monitor the circular region below its own horizon [273, 274, 275]; the recent
efforts to achieve this goal using a satellite are documented in [276]. Note that
for energies & 0.1 EeV the tau particles interact significantly12 with the matter
in which they propagate, see [277] for a recent study.

11Let us remark that it is a conservative hypothesis, because the assumption that 2.3 events
are created only by double pulses would increase the expected number of total double cascade
events, when also the contribution of the double bang events is taken into account. This would
make our conclusions even stronger.

12The range in water is x ∼ x∗ log[(1+Ein
τ /ε)/(1+Efin

τ /ε)] with x∗ ∼ 50 km and ε ∼ 10 TeV,
much more than the decay length `τ till 0.1 EeV. In fact, we have roughly dEτ/dx = −(α+βEτ ),
where α is almost the same as for the muon while x∗ = 1/β (mainly due to pair production
and to photonuclear interaction) and ε = α/β scale roughly as mτ/mµ.
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4.4.4 Results

Parent function

The flux of high energy neutrinos, that is relevant for double pulse and double
bang events, is the flux above few hundreds of TeV. This can be clearly seen
looking at Fig. 4.17, where the parent functions of double cascade events are rep-
resented for different spectral indices. The parent function is defined as follows:

P (Eν , α) =

Eν∫
0

E−αAeff(Eν)dEν

∞∫
0

E−αAeff(Eν)dEν

(4.63)

The plots in Fig. 4.17 clearly show that, whatever is the spectral index of the
neutrino spectrum, double cascades are mostly generated by neutrinos with en-
ergy above few hundreds of TeV. Therefore, when we generally discuss “double
cascade”events, we can say that

the low energy part of the cosmic neutrino spectrum (below 200 TeV)
is irrelevant for the prediction of the τ event rate.

The previous consideration permits us to use directly the through-going muons
flux [269], avoiding all the discussion related to the tension between this spectrum
and the HESE spectrum [199], that shows a different behavior below 200 TeV.

Moreover, it is important to stress that tau neutrinos must be observed assum-
ing standard oscillations, and that even the presence of a possible energy cutoff
is not expected to modify this conclusion strongly. This statement is based on
the fact that one 4.5 PeV track event has already been observed; this most likely
means that there is no energy cutoff below this energy. In Fig. 4.17 we notice
that a considerable fraction of double pulse events is produced by neutrinos be-
low 4.5 PeV; namely, between 60% and 90% going from an hard spectrum to a
soft spectrum. Moreover, a 4.5 PeV track requires a more energetic neutrino to
be produced, around 10 PeV or above (with large uncertainties, see [271] where
the energy reconstruction is widely discussed).
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Figure 4.17: Parent function of double cascade events (as defined in Eq. (4.63)),
assuming power law spectra E−α, with α = 2, 2.3, 2.6, without any energy cutoff.
The shaded region is the one currently explored by IceCube.

Expected number of events in the pion decay scenario

In this section we use the measured flux of through-going muons [269] to evaluate
the expected number of double cascades in the three detectors as a function of
the spectral index. We perform the calculation in two different ways:

1. in this section we calculate the expectation for a particular case, i.e. the
pion decay, in which the approximation φτ = φµ is valid. Moreover, we
show the expectations as a function of the spectral index;

2. in the next section we show the general result, taking into account the
uncertainties given by the normalization, the spectral index and the pro-
duction mechanism.

The normalization at 100 TeV, that we denote by F (α), changes with the spec-
tral index, as reported in Fig. 6 of [269]. Namely, the normalization assumes the
values 0.65, 0.8, 1, 1.25, 1.5, 1.75 (in the usual units of 10−18 GeV−1 cm−2 s−1 sr−1)
for spectral indices 2, 2.1, . . . , 2.5 respectively.

We can use this information to evaluate the expected number of events per
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Figure 4.18: Expected number of double cascades in the three detectors considering
different spectral indices. The shaded region brackets spectral indices favoured by
the analysis of the through-going muons events within 1σ. The shallow dip seen in
the curves around α = 2.1 is due to the fact that the number of events does not
decrease linearly for increasing spectral index. This behavior is related to the low
energy threshold of the effective areas of double bang and double pulse; this effect can
be also appreciated by looking at Fig. 4.17.

year as a function of the spectral index, using the usual formula:

N i
2casc(α) = 4πT

∞∫
0

F (α)E−αν Aieff,2casc(Eν) dEν

where T is the exposure time and Aieff,2casc(Eν) is the effective area of the i-th
experiment. The results are reported in Fig. 4.18, where the 3σ interval of the
spectral index is shown, i.e. 1.9 < α < 2.5. In the same figure also the 1σ band
(in yellow) of the spectral index is shown. Within the 1σ region the expected rate
is roughly 0.35, 0.55 and 2.15 events per year in IceCube, KM3NeT and IceCube-
gen2 respectively. The expectation changes of few % within the 1σ band and of
about 40%-50% in the extreme intervals of the 3σ band.

Expected number of events: general case

In this section we present the expectations, in the three different detectors, in
the most general way. More specifically:
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• we do not assume any spectral index, as we just use its probability distri-
bution function P (α), that is a Gaussian function, being α = 2.19± 0.1;

• we do not assume any specific production mechanism, using the distribution
Rτµ defined in subsection 4.4.2.

Under these hypotheses the expected number of events is given by the following
formula:

〈N i
2casc〉 = 4πT

∞∫
0

dEν

∞∫
0

dα

∞∫
0

dr rF (α)E−αν Aieff,2casc(Eν)P (α)
dρ

dr
(r) (4.64)

where φτ (Eν) = rF (α)E−αν is the flux of tau neutrino, and we indicate φτ/φµ as
r, rather than Rτµ as in Eq. (4.59), to shorten the notation. The function dρ/dr
is the normalized distribution of Rτµ, shown in the rightmost in Fig. 4.15. The
meaning of the integral in α and r is that, in absence of more precise information
on these parameter, we take into account the current uncertainty on the slope of
the neutrino distribution and on the flavour ratio, weighting the parameters in
the most unbiased manner13. Aieff,2casc(Eν) is the effective area for double cascades
(i.e. double pulses + double bangs) for the detector i-th, T is the exposure time,
P (α) is the PDF of the spectral index and Rτµ(r) is the distribution of the ratio
between φτ/φµ in the case of a generic production mechanism at the source, see
the rightmost panel of Fig. 4.15.

The expected yearly rates of double cascades for IceCube, IceCube-gen2 and
KM3NeT are, respectively, 0.32, 2.07 and 0.54. Other details are reported in
Tab. 4.8.

The ratio between double pulse and double bang events is 4:1 in IceCube
and KM3NeT, whereas it becomes 6:1 in IceCube-gen2, as the larger distance
between the strings disfavours the double bang detection.

The uncertainties produced by the spectral index and by the production mech-
anism can be computed using the following formula:

〈∆N i
2casc〉 =

 ∞∫
0

dα

∞∫
0

dr r
[
N i

2casc(α)− 〈N i
2casc〉

]2
P (α)

dρ

dr
(r)

1/2

(4.65)

13With improved experimental and/or theoretical knowledge, this information should be
updated.
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Experiment N2bang N2p N2casc TP>90%
year TP>99%

year TP>5σ
year

IC86 0.07 0.25 0.32 5.1 10.1 31.7
IC-gen2 0.29 1.78 2.07 0.8 1.6 5.0
KM3NeT 0.10 0.44 0.54 3.1 6.1 19.1

Table 4.8: In the columns from 2nd to 4th, the expected yearly rates of tau neutrino
events, obtained integrating over the spectral index distribution and over the production
mechanisms. The uncertainties associated to these expectation are 30%. In the column
from 5th to 7th the number of years required to observe at least one double cascade
with a certain probability, namely 90%, 99% or 99.9999% (5σ). In this calculation we
consider that the background is equal to the 40% of the signal, as plausibly expected
from the information contained in [272].

where N i
ev(α) are the expected number of double cascade events for an F (α)E−α

spectrum, evaluated in Sec. 4.4.4. The uncertainties due to the spectral index and
the production mechanism amount to ∼ 10%, therefore the global uncertainty is
dominated by that on the spectrum normalization (∼ 25% [269, 272]), and it is
equal to 30%, summing the uncertainties in quadrature.

Expected number of background events

At this point a clarification is necessary. The flux of ντ produced in atmosphere
is very low compared to the astrophysical flux of ντ , because atmospheric tau
neutrinos are produced in the decay of the rare meson Ds. Following [278], the
flux of atmospheric tau neutrinos is approximately equal to:

E2φatmo
ντ ' 2× 10−10

(
E

100 TeV

)−0.7

GeV cm−2 s−1 sr−1

Using the usual effective area for double cascade events, we find that the expected
rate of double cascades produced by atmospheric ντ is 1/200 of the rate due to
astrophysical neutrinos. Therefore this source of background is totally negligible.

On the contrary an important source of background is represented by the
misidentified events, classified as double cascades. At present, it is not trivial
to evaluate this aspect, since the number of misidentified double cascades is not
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Figure 4.19: The expected number of double cascade events in the three detectors,
assuming that the background is equal to the 40% of the signal. The colored bands
represent the global uncertainties (spectral index + normalization + production mech-
anism).

linearly related to other measured atmospheric backgrounds, but it also depends
on experimental details connected to the technology used to detect high energy
neutrinos. The best that we can do is to use the available informations presented
in [272], where the misidentified double cascades are expected to be not negligible
and roughly equal to the ∼ 40% of the number of double cascades produced by
astrophysical neutrinos.

In Fig. 4.19 we show the expected number of events as a function of the number
of years, showing also the associated global uncertainties with the colored bands.
These predictions are obtained assuming that the background is 40% of the signal,
as supported by the informations contained in [272]. Let us discuss how many
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years are required to observe at least 1 event with a certain probability:

• the present IceCube should be close to identify a tau neutrino with a prob-
ability of 90%, since an exposure of 5.1 years is required and 6 years of
HESE have been already collected. On the other hand, if IceCube does not
observe any ντ in the next years, this would be still compatible within 5σ
with the theory, until ∼ 30 years of exposure;

• the situation is totally different in IceCube-gen2, where a ντ should be
identified in ∼ 1 year with a probability of 99%. The non observation of
any double cascade would contradict the theory at the level of 5σ, after
only 5 years;

• the future KM3NeT should have slightly better performance than IceCube,
due to the fact that the strings are separated by 90 meters and water is
∼ 10% denser than ice. This experiment should observe a tau neutrino in
about 3 years with a probability of 90%. On the other hand, as for the
present IceCube, the non observation of double cascades would represent
an issue at 5σ only after an exposure of ∼ 20 years.

In conclusion, for both IceCube and KM3NeT some tens of years worth of
data have to be collected, before being in contradiction with the theory if no
tau neutrinos will be observed. For these reasons the role of IceCube-gen2 is
crucial for the observation of this kind of events, since it is expected to observe
2 double cascade events per year in the most general scenario. All these results
are summarized in Tab. 4.8.

The non observation of tau neutrinos would have dramatic consequences for
the neutrino physics, such as:

• the fraction of ντ is much smaller than what expected. Therefore φτ is not
connected to the flux of φµ, which would mean that neutrino oscillations
are violated. This scenario would imply evidence of new physics.

• tau neutrinos are not observed because neutrino telescopes are observing
mostly atmospheric background, in which tau neutrinos are not present.
This would mean that cosmic neutrinos have not been observed.
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For these reasons the direct observation of tau neutrinos is a crucial point for
neutrino physics, and their eventual non observation cannot be overlooked in the
next years.

Discrimination between signal and misidentified double cascades

In the previous sections we computed the expected number of double cascades
produced by astrophysical neutrinos. We have estimated and taken into account
the background events resulting from atmospheric ντ , that, as discussed, are very
few, fewer than 1% of the signal events. We also discussed that the most impor-
tant source of background is related to the misidentified events. The misidentified
events, classified as double cascades, become relevant when we want to know how
many years are required to extract the astrophysical signal from the sample of
observed events. This will become the most important task, once a sufficient
sample of double cascade events will be detected.

As in the previous section and as quoted in [272], the background rate, which
exists for sure, corresponds to about 40% of the signal one, i.e. Nb ≈ 0.13 yr−1

for the present IceCube. If we use this value, it is evident that it is not possible
yet to discriminate the signal and the background in IceCube and KM3NeT,
since, as indicated in Tab. 4.8, the rate of data collection is expected to be very
low. On the other hand, the separation between the double cascades produced
by astrophysical neutrinos and those due to misidentification is achievable in
IceCube-gen2.

In order to test whether the (future) data are consistent with the background,
which we call hypothesis H0, or instead indicate the presence of a signal along
with the background, which we call hypothesis H1, it is useful to define the
following test statistic:

TS =
P(n|H0)

P(n|H0) + P(n|H1)
(4.66)

where P(n|Hi) is the conditional probability of observing n events assuming the
hypothesis Hi. For us the yearly rate of signal events is 0.32 yr−1, and the
background rate is 40% of that, i.e. 0.13 yr−1: the expected number of events
after an exposure time t is thus µ0 = 0.13 t/yr in the case of background only,
and µ1 = 0.32 t/yr in the case of signal and background. We assume Poissonian
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distributions for P(n|Hi), i.e.:

P(n|Hi) =
µni
n!
e−µi

At present (t = 5.7 yr) no events are seen (n = 0) while we expect 5.7 year ×
0.45 events/year = 2.6 events14 and thus,

TS|today =
(
1 + e−0.45 t/yr

)−1
= 93%

This is not worrisome at all, as this value for the TS corresponds to a 1.8σ-level
evidence of background only, but we think the community should be aware of
how fast this could change with IceCube-gen2. In order to estimate the exposure
needed to accept the hypothesis H0 or to reject the hypothesis H1 at a certain
confidence level, it is convenient to assume two cases:

1. over time data accumulate as expected in the case of background only;

2. also the signal is present.

These cases are described by the assumption:

n(t) =

{
[Nb t+ 1/2] background only
[(Nb +Ns) t+ 1/2] also signal

(4.67)

where [x] denotes the integer part of x. The result for the test statistics is shown
in Fig. 4.20, which concerns IceCube-gen2 [202].

From this figure we see that if the signal is actually present and it is correctly
described, it will take 10 years to confirm it at 5σ, while it will take 15 years to
establish the most pessimistic scenario, when the signal is absent.15 The meaning
of this result is the following:

14Note that this prediction is based on the through-going muons spectrum (see also Tab.4.7)
and for this reason slightly differs from the prediction of [272] where an E−2.5 spectrum is
considered.

15A different and simpler take on this matter is the following. We can obtain a similar
result by comparing the expected number of background events with an under-fluctuation of
the expectations in the case when the signal is also present. If Nb and Ns are the background
and signal rates respectively, we obtain that the condition

Nbt < (Ns +Nb)t− 5
√

(Ns +Nb)t

which corresponds roughly to the 5σ criterion, is satisfied after 17 years.
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Figure 4.20: In this plot we represent the function TS, defined in Eq. 4.66, for the
following cases: i) background only (blue line), ii) background + signal (orange line).
The broken curves follow formally from the function ‘integer part’ in Eq. (4.67), that
describes the fact that, as the time goes by, new individual events are expected to
accumulate according to the specified hypothesis.

once double cascade events will be detected, in order to claim with
great confidence that cosmic tau neutrinos have been observed, an
important exposure will be required.

On the other hand, as discussed in the previous sections, the non observations
of any double bang in IceCube-gen2 could become an issue since the occurrence
of double cascade events are expected with a probability of 99% already after 2
years.

Let us remark that the results presented in this section have the character
of estimation and might improve by subsequent experimental work and system-
atic analysis: a significant reduction of the expected misidentified events will be
important to decrease the required exposure.

In the upcoming section we present the work that has been published in [4].
The atmospheric and cosmic components of the neutrino spectrum have been
modelled in order to evaluate the possible contribution of prompt neutrinos to
the astrophysical neutrino analyses. A promising dataset for the extraction of
the prompt neutrino signal has been identified and quantitative predictions for
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the rates of all components of the neutrino spectrum in such datasets have been
computed and discussed.

4.5 The role of prompt neutrinos for the interpre-
tation of the IceCube signals

After almost ten years of operation, the IceCube detector has provided unique
and most important observations of neutrino events with energies ranging be-
tween 100 GeV and 10 PeV, which resulted in the detection of an astrophysical
component of neutrinos [279, 172] and in the measurement of the atmospheric
components of the electron and muon neutrino spectrum [126, 127]. The prompt
component of the atmospheric neutrino spectrum, which is expected to be pro-
duced in the decay of charmed mesons in the atmosphere, has not been measured
yet.

On the other hand, some missing pieces of the high-energy neutrino jigsaw
puzzle seem to be finally appearing: one notable astronomical coincidence [18]
may hint that we are close to detecting the source of cosmic neutrinos. Moreover,
two double cascade events attributable to astrophysical tau neutrinos and one
candidate Glashow resonance event have been recently observed16.

The accepted set of assumptions on the astrophysical component, that are
adopted for the interpretation of these findings, includes:

1. isotropy

2. standard three-flavor oscillations

3. an unbroken power law for the energy spectrum of the new component.

However, the cosmic neutrino spectrum resulting from the HESE analysis [280] is
different from that obtained in the through-going muons analysis [172], as argued,
for example, in [228, 1]. Moreover, if the spectrum from HESE were extrapolated
down to energies lower than 100 TeV, it would overshoot the gamma-ray diffuse
measurements [281].

16see the talk by H. Niederhausen, on behalf of the IceCube Collaboration, at the XVIII
International Workshop on Neutrino Telescopes (Venice, March 2019).
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In this situation, we find it necessary to rely on theoretical guidance. In this
work a primary cosmic-ray flux, fitted to the data of AMS-02 [154, 155] and
KASCADE-Grande [150], is defined to numerically compute both conventional
and prompt components of the atmospheric neutrino spectrum. The cosmic neu-
trino flux is modeled as a single-population power law, assuming pp collisions
in dense sources as the production mechanism. The ensuing expectations from
theory are combined to the through-going muons analysis to make the astrophys-
ical muon flux phenomenologically precise. The same muon neutrino flux is also
used to predict the electron and tau cosmic neutrino fluxes. Credible regions are
computed for all neutrino fluxes, which are in turn compared to the available
measurements.

Finally, we comment on the results and address

1. the compelling issue17 of the low-energy softness of the HESE spectrum

2. the lack of detection of prompt neutrinos in the currently examined datasets

3. the methodological consistency of independent analyses of the various datasets.

4.5.1 The expected neutrino fluxes

In this section we describe our approach to the study of cosmic neutrinos, based
upon theoretical considerations.

In figure 4.21 we anticipate some of our results, with the aim of emphasizing
the region from 1 TeV to 1 PeV, where the prompt component is expected to be
relevant. This is especially evident in the panels that show the expected electron
(and tau) neutrino flux components. The normalization of the astrophysical
component is an important ingredient of our model, and will be discussed in
subsection 4.5.1.

Atmospheric neutrinos Atmospheric neutrinos had not been studied at the
highest energies before IceCube, but they can be predicted, within uncertainties
linearly increasing from . 10% at 100 GeV to about 30% at 1 PeV, from the

17After the preliminary results presented by IceCube at the ICRC of 2019, these issue may
not be as compelling.
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Figure 4.21: The expected electron (top left), muon (top right) and tau (bottom)
neutrino flux components in the energy range from 1 TeV to 1 PeV. Particular emphasis
is given to prompt neutrinos, which are shown separately and summed to all other
components. As in the rest of the paper, the bands corresponding to the sum of two
or more fluxes are delimited by the sum of the lower bounds and the sum of the upper
bounds of the single fluxes, as our purpose is mostly illustrative when we do not deal
with single fluxes.
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observed flux of cosmic rays and the theory of strong interactions18. Many (semi-
)analytical computations [164, 165, 166, 167, 168, 169] have been carried out,
adopting different primary cosmic-ray and hadronic interaction models, in order
to predict the conventional component, which results from the decay of pions,
kaons, and unflavored mesons, and the prompt component, which comes from
charmed meson decays – even though the latter contribution is considerably
more uncertain and, moreover, undetected at present. Before proceeding, note
that atmospheric neutrinos are occasionally accompanied by observable muons,
that are absent in the case of cosmic neutrinos instead; the observation of these
coincident atmospheric muons allows us to test the reliability of the predictions
for the atmospheric neutrinos, and to veto atmospheric events when looking for
astrophysical ones.

There are a few good reasons to distinguish these two components: their
spectrum, angular distribution, and flavour composition are different, and thus
experimentally distinguishable – in principle.

The conventional component of the atmospheric spectrum is mainly produced
in the decay of pions and kaons (τrest ∼ 10−8 s), which are produced when cosmic
rays collide with the atmosphere; since these mesons have time to interact and
lose energy in the atmosphere before decaying, the spectrum of conventional at-
mospheric neutrinos is expected to be softer than that of the parent cosmic rays
of a factor E−1, i.e. ∝ E−3.7. Prompt neutrinos are also produced in hadronic
collisions of cosmic rays on the atmosphere as a product of the subsequent im-
mediate decay of charmed mesons (τrest ∼ 10−12 s), so that their spectrum is
expected to closely reflect that of the parent cosmic rays ∝ E−2.7.

The bulk of atmospheric neutrinos is due to pions and kaons; the larger the
energies of the muon produced in the pion/kaon decay, the smaller the probability
it decays, so that the flavour ratio of such component shifts from a (1 : 2 : 0) for
energies lower than 10 GeV to (0 : 1 : 0) at higher energies. The conventional
component is also anisotropic: the thicker the layer of the atmosphere traversed
(with maximum at an azimuthal angle θ = π/2, where θ = 0 refers to the
upward direction and θ = π to the downward one), the larger the amount of
possible targets for cosmic rays.

18these numbers refer to our particular computations which feature a fixed hadron interaction
model, which is another source of uncertainty (around 10% at 100 GeV up to 30 − 40% at
100 TeV [109]).
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The prompt component is expected, on the contrary, to be isotropic and to
follow a flavour ratio of about (1 : 1 : 0.1), with the same energy distribution for
all flavors. This means that the prompt contribution is the dominant one in the
νe atmospheric spectrum already at few tens TeV, as we will later show, while, in
the case of νµ, it reaches the level of the conventional one only at larger-than-PeV
energies.

Following [3], we compute the conventional and prompt atmospheric neutrino
flux with MCEq [147], adopting the most recent version of SYBILL, the 2.3c
release [149], the NRLMSISE-00 [148] model of the atmosphere, and a primary
CR flux defined as follows:

• only protons and helium nuclei are considered, because they are the most
abundant elemental species, and because nuclei of mass number A and
energy E produce neutrinos with average energy E/(20A) when colliding
with other nuclei;

• the most important part of the (Galactic) CR flux is a power-law fitted to
the AMS-02 [154, 155] low energy (from 100 GeV to 10 TeV) data, and its
knee is assumed to be either an “exponential-square” cutoff or a change of
slope.

dΦexp-square
p,He

dE
= Np,He

(
E

10 TeV

)−γp,He
exp

[
−
(

E

Zp,HeRknee

)2
]

(4.68)

dΦ∆γ
p,He

dE
= Np,He

(
E

10 TeV

)−γp,He
×


1 E ≤ Zp,HeRknee(

E

10 TeV

)−α
E > Zp,HeRknee

(4.69)
where α = 2 − δ, δ = 1/3 ≡ slope of the diffusion coefficient, i.e. D(E) =
D0(E/E0)δ. The knee is assumed to be rigidity-dependent, and its posi-
tion is obtained by fitting the overall primary shape of Eq. (4.71) to the
KASCADE-Grande data [150];

• an additional, supposedly extra-galactic19 proton component is added to
19In [150] this is the component which onsets after the ankle at E ≈ 1017 eV.
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the fitting spectrum

dΦeg

dE
= Neg

(
E

100 PeV

)−2.7

(4.70)

with Neg as the only free parameter.

dΦk
tot

dE
=
∑
i=p,He

dΦk
i

dE
+
dΦeg

dE
k = exp-square, ∆γ (4.71)

The errors on the atmospheric neutrino flux are given by the uncertainty on the
shape of the knee and by that on the normalisation and slope resulting from the
fits. In table 4.9 we show the results of our fits.

model Rknee Np γp NHe γHe Neg

(4.68) 15.1± 0.7 PV
1.5± 0.2 2.71± 0.04 1.5± 0.1 2.64± 0.03

6.0± 0.2
(4.69) 5.8± 0.6 PV 5.0± 0.5

Table 4.9: the parameters of our primary CR spectrum as resulting from the fit to the
KASCADE-Grande data. Np and NHe are given in units of 10−7 GeV−1 m−2 s−1 sr−1,
while Neg is in units of 10−19 GeV−1 m−2 s−1 sr−1. See [3] for more details on this.

Cosmic neutrinos

The predictions for cosmic neutrinos are much more uncertain and require more
discussion. Depending upon the adopted model, the resulting neutrino spectra
vary greatly in shape and normalization. One of the few stable expectations
is that, according to the observed three flavour oscillation phenomena, cosmic
electron, muon and tau neutrinos have to be present in similar amounts. The
simplest and most popular hypothesis is that cosmic neutrinos are distributed as
E−γν with γ ∼ 2, at least in the range of energies where they become observable.
Surely this case is conducive to observation, however it is important to state
clearly what are its motivations, what is its extent, what are its implications;
this is the aim of the present discussion.
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The physical picture that we have in mind is that cosmic neutrinos are pro-
duced in collisions between the accelerated cosmic rays and the gas surrounding
the accelerators. In the diffusive shock acceleration (DSA) picture, the cosmic-
ray spectrum is a power-law ∝ E−2; due to the scaling associated to hadronic
collisions, also the gamma-ray and neutrino spectra at the source20 will be power
laws ∝ E−2. This setup can be regarded as an extension of what it is commonly
supposed for the Galactic cosmic rays, where Emax has probably a lower value
than 10−100 PeV; however, the slope of the injected cosmic rays might be similar
or equal to the Galactic one. The abundance of target hadrons points out instead
to some dusty environment; this could the site of intense stellar formation, say,
starburst and/or star-forming Galaxies.

As a specific instance, we refer to the theoretical model of Loeb and Waxman
[5], according to whom the flux of cosmic neutrinos is:

dΦ

dE
= Φastro

(
E

100 TeV

)−γastro
(4.72)

with

ΦLW
astro = 2× 10±0.5 × 10−18 GeV−1 cm−2 s−1 sr−1 γLWastro = 2.15± 0.10

in the case (as we know today) of an astrophysical neutrino spectrum extending
above 100 TeV. The slope of this spectrum is very close to the one we would
expect in the simple case of DSA.

The assumptions above are consistent with the measurements of through-going
muons [172] obtained by IceCube above 200 TeV and tested by the HESE dataset
[279] in the same energy region, which result in

ΦIC,µ
astro = 0.90+0.30

−0.27 × 10−18 GeV−1 cm−2 s−1 sr−1 γIC,µastro = 2.13± 0.13

Moreover, as we will show in the following, they do not imply any clash with
the measurements of the diffuse gamma-ray emission, obtained at lower energies,
even if we assume that the cosmic neutrino spectrum extends well below the
observed range.

Assuming pp-based sources of neutrinos, we expect pion decay as the main
mechanism of neutrino production, thus resulting in a (νe : νµ : ντ ) ' (1 : 2 : 0)

20the neutrino spectrum is supposed to be unaltered even far from the source.
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flavour ratio at the source; due to the impact of standard three-flavor neutrino
oscillations, we expect a flavour ratio at Earth of about (1 : 1 : 1).

In order to have much more precise predictions, we define our phenomenolog-
ical muon neutrino flux by combining the through-going muons neutrino flux as
observed in [172] and that of Loeb and Waxman of Eq. (4.72). We do this in the
following way:

1. we define the combined γastro and Φastro - as well as their errors - as the
weighted average of those from [5] and [172]; notice that, due to the large
error on the normalization from [5], the weighted average on the normaliza-
tion is very close to that of [172], while γbestastro = 2.14± 0.08. The resulting
combined muon neutrino flux is thus:

dΦνµ

dE
= 0.90+0.30

−0.27×10−18

(
E

100 TeV

)−2.14±0.08

GeV−1 cm−2 s−1 sr−1 (4.73)

2. we reproduce, using a Gaussian likelihood, the 68% CL contour in the
γastro-Φastro plane in figure 6 of [172] in order to account for the correlation21
ρ ∼ 0.6 between the two parameters:

L(v) =
1

2π
√

det Σ2
exp

[
−1

2
(v − vbest)TΣ−2(v − vbest)

]
where

v =

(
Φastro

γastro

)
Σ2 =

(
σ2

Φ ρσΦσγ
ρσΦσγ σ2

γ

)
and σΦ and σγ are the errors on the flux normalization at 100 TeV and
the slope respectively, as taken from [172], since the correlation of the
parameters can be extracted only from the data;

3. we define the best fit astrophysical neutrino flux as the flux averaged using
the likelihood defined above:〈

dΦ

dE

〉
=

Φbest
astro+5σΦ∫

Φbest
astro−5σΦ

dΦastro

γbestastro+5σγ∫
γbestastro−5σγ

dγastro L(Φastro, γastro)
dΦ

dE
(4.74)

21shown in figure 3 of the same paper.
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and its 1σ uncertainty as:

δ

(
dΦ

dE

)
=

√√√√〈(dΦ

dE

)2
〉
−
(〈

dΦ

dE

〉)2

(4.75)

The resulting cosmic muon neutrino flux is the blue band in figure 4.22. We can
obtain the cosmic flux of νe and ντ simply by multiplying that of muon neutrinos
by Reµ and Rτµ

dΦνe

dE
= Reµ

dΦνµ

dE

dΦντ

dE
= Rτµ

dΦνµ

dE

In fact, the R`µ factors can be calculated in two different approximations. Stan-
dard three-flavor oscillations are assumed in both cases, and described by P``′ ,
the matrix of the survival/oscillation probabilities averaged over cosmic distances
(as seen in §1.2.3)

P``′ =
3∑
i=1

|U`i|2|U`′i|2

where U is the neutrino mixing matrix. The two approaches are the following:

1. the “2 : 1 approximation”, in which we define

R``′ =

∑
`′′ P``′′ξ

0
`′′∑

`′′ P`′`′′ξ
0
`′′

`, `′, `′′ = e, µ, τ

where ξ0
` is the fraction of ν`+ν` produced at the source. We compute R``′

assuming the commonly accepted flavour ratio22 at production of ξ0
µ = 2/3

and ξ0
τ = 0 and sampling P``′ according to their distributions (see subsection

1.2.3) in the case of normal hierarchy of the neutrino masses. We obtain:

Reµ = 1.09+0.03
−0.04 Rτµ = 0.97+0.03

−0.04

22Known as the pion decay scenario. Choosing a generic flavour ratio with ξ0µ = x, ξ0e =

1 − x, ξ0τ = 0, sampling x uniformly between 0 and 1, we would have Reµ = 0.78+0.57
−0.07 and

Rτµ = 1.00+0.05
−0.15.
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2. the “kernel approach”, which relies on a more accurate and physically more
comprehensive procedure to fully embrace the consequences of the hadronic
production mechanism, namely the strict relationship between gamma rays
and neutrinos. As shown in [176], and updated in subsection 4.1.1 with the
use of the most recent oscillation parameters from [30], the gamma-ray
flux at the production site and the cosmic neutrino flux are linked by the
following relation:

dΦν(Eν)

dEν
=

∞∫
Eν

dE

E
K̃ν(Eν , E)

dΦγ(E)

dE
(4.76)

where K̃ν is a kernel which accounts also for ν oscillations (see [176] and
subsection 4.1.1 for more on this). Equation (4.76) can be rewritten as

dΦν(Eν)

dEν
=

1∫
0

dx

x
K̃(x)

dΦγ(x/Eν)

dE
(4.77)

and it can be easily proven that, assuming a power-law gamma-ray flux
∝ E−γ:

R``′ =
ζν`(γ)

ζν`′ (γ)
(4.78)

where

ζν`(γ) =

1∫
0

dx xγ−1
[
K̃ν`(x) + K̃ν`(x)

]
R``′ as defined in Eq. (4.78) depend negligibly23 on γ, and this time we
obtained:

Reµ = 1.30± 0.05 Rτµ = 0.92± 0.04

We conservatively estimated the impact a 20% variation of the non-oscillated
electron (anti-)neutrino kernel variation, which could be due to systematic
errors, as neglecting the KL and KS contributions [176]: we found out that
Reµ varies of 6%, while Rτµ of 1%, which are not important considering the

23they change of less than 0.1% in the 3σ range around γbest
astro = 2.14.
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30% uncertainty on the astrophysical muon neutrino flux normalization.
Moreover, if the electron neutrino and muon neutrino kernels were subject
to the same systematic error, the factors R``′ would not change.

Both procedures yield very similar tau neutrino fluxes, while the electron neutrino
flux is larger in the kernel approach than in the 2 : 1 approximation. This is due
to the fact that in the kernel formalism the presence of neutrinos due to kaons
is accounted for, the decay of which results in an electron-neutrino richer flux.

We chose to multiply the flux of muon neutrinos by R``′ computed with the
kernel approach to consider hadronic collisions as the neutrino production mech-
anism and include the effect of charged kaons, having thus a clear and precise
physical picture in mind. Note that the error on the astrophysical νµ flux nor-
malization is 30%, much larger that those on Reµ and Rτµ, so that the relative
error on the cosmic electron and tau neutrino fluxes will be 30% as well.

4.5.2 Results and discussion

The components of the neutrino spectra In figure 4.22 we show the ex-
pectations for the various components of the muon neutrino flux, as well as the
corresponding measurements by the IceCube Collaboration. We assume isotropy,
but note that the IC-59 points and the HESE ones refer to two different kinds
of events, namely νµ-induced tracks from the Northern sky and all-flavor High-
Energy Starting Events from the whole sky respectively.

In figure 4.23 we show the prediction for the cosmic electron neutrino flux and
the expectations for the other components of the electron neutrino spectrum,
alongside with the relevant measurement by the IceCube Collaboration.

No tau neutrino data is available, also due to the fact that the atmospheric
tau neutrino flux consists only in the prompt component, thus we do not show
the corresponding plot as it would convey no useful information.

From figure 4.22 and 4.23 a few noteworthy features are noticeable:

1. the conventional atmospheric expectations obtained with MCEq, featuring
SYBILL-2.3c and our primary cosmic ray spectrum Eq. (4.71), agree well
with the measurements from IceCube;

2. the region where the atmospheric and cosmic components of the muon
neutrino spectrum cross is around 250 TeV ' Eknee/20;
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Figure 4.22: The various components of the muon neutrino flux obtained with the
model defined in Section 4.5.1. Also shown are the measurement of the atmospheric
muon neutrino flux by IceCube [127], that of the cosmic neutrino flux with from the
HESE dataset [280], the 68% C.L. upper bound on prompt muon neutrinos in the
relevant sensitivity region [172] and the upper flux limit (yellow dashed line) obtained
in [281], featuring γ = 2.12 and the best fit normalization + 1σ as taken from the
through-going muons analysis [172].
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Figure 4.23: The predictions of the various components of the electron neutrino flux
obtained with the model defined in Section 4.5.1. Also shown is the measurement of the
atmospheric electron neutrino flux by IceCube [126] and the upper flux limit (yellow
dashed line) obtained in [281], featuring γ = 2.12 and the best fit normalization + 1σ
as taken from the through-going muons analysis from [172] rescaled by ζνe/ζνµ .
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3. the prompt component is always subdominant in the νµ spectrum, so that
within our model it is not surprising that no significant evidence for prompt
neutrinos has been found in the through-going muons analysis;

4. the conventional atmospheric component is a factor ∼ 30 less important for
electron neutrinos compared to muon neutrinos, so that the prompt compo-
nent sizably contributes to the overall flux of νe for Eν ≥ 10 TeV.Eq. (4.73).

Is it possible to extract the prompt neutrino signal? Our results suggest
that the best chance to detect the prompt flux of neutrinos is from electron
neutrino atmospheric data for E & 1 TeV, assuming the possibility to somehow
discriminate the flavour of the events.

The cascade (or shower) event topology is the most interesting in this regard;
it is one of the two kinds of events comprised in the HESE dataset, the remainder
being tracks. Track-like events are produced by charged-current muon neutrino
interactions, while cascades are produced in all other possible cases. It follows
that the cascade sample is the one with the smallest relative contribution of muon
neutrinos, which, as already seen in figure 4.22, are very prompt-neutrino poor.
Another reason to focus on the cascade subset of the HESE dataset is that the
track-like subset is compatible with being due to background events (atmospheric
muons and atmospheric muon neutrinos) only [1, 197].

The contributors to the cascade dataset are:

1. atmospheric muons;

2. conventional atmospheric νe and νµ;

3. prompt atmospheric νe, νµ and ντ ;

4. astrophysical νe, νµ and ντ .

Therefore, provided that the contamination due to muons, conventional muon
neutrinos and all-flavor astrophysical neutrinos can be subtracted, the cascade
sample offers us the chance to detect prompt neutrinos.

In order to quantitatively test our hypothesis we use the effective areas for
cascade-like events given in figure 1 of [197] to estimate the yearly rate of cascade-
like events due to neutrinos with larger-than-TeV energy. In figure 4.24 we show
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the parent distribution of cascade events, dividing them by flavour and compo-
nent, in order to show the energy ranges which contribute the most to the events
of table 4.10. The yearly rates are computed according to24:

Γν` = 1 year×
∫

dΩ

10 PeV∫
1 TeV

dEAν`(E)Pν(E, cos θ)
dΦν`

dE
(4.79)

where Aν`(E) is the effective area for the detection of cascade-like events induced
by ν` and ν`, 1 year = π × 107 s and Pν(E, cos θ) parametrises the effect of the
veto for atmospheric neutrinos of flavour `, as in [282]. For cosmic neutrinos,
Pν(E, cos θ) = 1 for all energies, angles and flavours; for atmospheric neutrinos,
Pν(E, cos θ) = 1 for all energies for cos θ ∈ [−1, 0.1).

The expected rate due to prompt neutrinos is small, less than 3% of the
conventional contribution, which is not encouraging for the search of prompt
neutrinos. However, the conventional contribution could be somewhat reduced
by searching for cascades coming from below and/or by using a higher energy
threshold, so as to exclude most of the conventional events.

component Γνe Γνµ Γντ

conventional 140 – 180 385 – 485 0

prompt 9 – 12 1.4 – 1.8 0.77 – 1.02

cosmic 10 – 40 2 – 6 5 – 20

Table 4.10: 68% CL intervals relative to the yearly rate of cascade-like events in the
energy range 1 TeV and 10 PeV in IceCube, as computed with Eq. (4.79), due to the
different components of the three neutrino fluxes.

In order to compute the number of events due to atmospheric neutrinos, we
had to approximate analitically the atmospheric neutrino spectrum. We find it

24This formula has been corrected to include the effect of the self-veto for atmospheric neu-
trinos, the action of which is shown in figure 4.2 and tabulated in [282]. The results obtained
with this formula have been corrected to account for the presence of the veto, even though they
did not considerably change. I thank Carlos Argüelles for the useful feedback he provided.
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Figure 4.24: The cumulative distributions of cascade events in IceCube in the energy
range 1 TeV – 10 PeV, divided by component and flavor.
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ν N conv
ν Nprompt

ν

νe (0.086− 0.108)× 10−15 (6.85− 9.03)× 10−17

νe (0.067− 0.086)× 10−15 (6.70− 8.86)× 10−17

νµ (2.19− 2.71)× 10−15 (6.67− 8.80)× 10−17

νµ (1.30− 1.66)× 10−15 (6.53− 8.62)× 10−17

ντ - (0.89− 1.18)× 10−17

ντ - (0.92− 1.21)× 10−17

Table 4.11: The atmospheric neutrino normalisation, assuming Eqs. (4.80), (4.81)
as parametrisations of the conventional and prompt spectrum. The reported range
corresponds to the value of the relevant atmospheric neutrino flux at 100 TeV and
cos θ = 1 as obtained from the CR flux models Eq. (4.69) (lower value) and Eq. (4.68)
(higher value), as discussed in §3.3.2 and §4.5.1. In particular, the lower (higher)
value comes from using the smallest (largest) flux within 1σ distance from the best fit
parameters of table 4.9.

interesting to provide the reader with the relevant results, which are listed in
table 4.11, and presented according to Eqs. (4.80), (4.81).

For conventional atmospheric neutrinos, we used the parametrisation:

dΦconv
ν

dE d cos θ
=

1.1N conv
ν

| cos θ|+ 0.1

(
E

100 TeV

)−3.7

GeV−1 cm−2 s−1 sr−1 (4.80)

whereas for prompt neutrinos we used:

dΦprompt
ν

dE d cos θ
= Nprompt

ν

(
E

100 TeV

)−2.7

GeV−1 cm−2 s−1 sr−1 (4.81)

Is there a spectral anomaly? In [228, 1, 283] the spectral difference between
the HESE and the through-going muons spectra is labelled as an anomaly. In
fact, if we compare the astrophysical neutrino fits to the cascade and starting
track samples, which together constitute the HESE dataset, from [197] to that
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from the through-going muons analysis [172] there is an evident difference, as
can be appreciated from table 4.12 and from figure 10 of [197].

dataset Φastro γastro

C 2.2+0.6
−0.5 2.62± 0.08

ST 1.6+1.6
−1.0 2.43+0.28

−0.30

HESE 2.46± 0.8 2.92+0.33
−0.29

TM 0.90+0.30
−0.27 2.13± 0.13

Table 4.12: The flux normalizations, in units of 10−18 GeV−1 cm−2 s−1 sr−1, and slopes
deriving from the astrophysical best fits to the cascade (C) and starting tracks (ST)
samples from [197], to the 6-years HESE sample from [284] and to the through-going
muons (TM) sample from [172]. The numerical values of the flux normalizations for
the cascade and starting tracks best fits have been obtained from figure 10 of [197] as
they are not explicitly reported in the paper.

Since, as said before, the starting track sample is compatible to be due to
background events only, a more accurate and interesting comparison is between
the cascade and through-going muons analyses, which, however, still results in a
quite evident spectral difference.

Notice that these two datasets give “complementary” indications, as cascades
come from the whole sky and are due to all flavours of neutrinos, with likely a
preference for electron and tau neutrinos at high energies, while through-going
muons are due to muon neutrinos coming from the Northern sky.

From table 4.10 and figure 4.24 a very interesting feature emerges: the number
of prompt and cosmic signals in the cascade dataset with Eth

ν ' 1 TeV are very
similar to each other, both in the expected rate of events and in the range of
energy in which they contribute. Taking into account also that prompt and
cosmic neutrinos are expected to be isotropically distributed in the sky, it appears
then difficult25 to disentangle the prompt component from the astrophysical one
between 1 TeV and 100 TeV in the cascade (and thus, HESE) dataset. This is
consistent with the idea that the sum of the (∼ E−2.7) prompt and the (∼ E−2.13)

25it is possible when the cascade accompanying prompt neutrinos can be tagged.
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astrophysical components could produce the ∼ E−2.62 spectrum obtained in the
cascade analysis. This is demonstrated in figure 4.25, where we show

• the best-fit cosmic neutrino spectrum from the HESE analysis [284]

• the best-fit cosmic neutrino spectrum from the cascade analysis [197]

• the best-fit cosmic neutrino spectrum from the through-going muons anal-
ysis [172]

• the sum of the prompt and cosmic components as computed with the model
defined in section 4.5.1.

We show only the νe flavour contribution in figure 4.25 because it is the most
relevant for the cascade dataset due to astrophysical neutrinos, as seen in table
4.10. While the resemblance of the spectral shape due to the sum of cosmic
and prompt neutrino fluxes and the astrophysical best fits from [197, 284] is
not perfect, the tension between the analyses below 10 TeV seems somewhat
alleviated. The spectral shape obviously does not change summing over the
flavors, so that this result holds true, but the sum of our prompt and cosmic
components would be slightly smaller than three times the best fits from [197,
284]. From this figure, it is evident that:

• the spectra resulting from the through-going muons and the HESE (and
cascade) analyses are not compatible at low energy, which gives rise to the
“spectral anomaly” of the cosmic neutrino spectrum;

• the theoretical expectations for the sum of prompt and cosmic neutrinos,
instead, agrees within 1σ with the best-fit cosmic neutrino flux from the
cascade analysis.
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We conclude that the cause of the alleged spectral anomaly can be attributed to
two factors;

1. a prompt component does contribute to the cascade dataset in the the
low-energy region, . 100 TeV.

2. a part of the HESE dataset is subject to background contamination due to
tracks especially at the lowest energies . 10 TeV.

At this point of the discussion, it is useful to bear in mind a couple of important
considerations:

(i) the effectiveness of a veto system, based on the presence of muons accom-
panying the events with a contained vertex [285], is better in the energy
range relevant for the search for a cosmic neutrino signal - namely, above
several tens of TeV - rather than in the region of lower energies, which is
most relevant for the search for prompt neutrinos instead;

(ii) the same analysis that has obtained the cascade dataset [197] has been able
to extract also a sample that is highly enriched in muons instead. Its power
law description requires a slope of 2.43+0.28

−0.30, whose error is 3-4 times larger
than for the cascade dataset and therefore is much less informative26.

We performed nonetheless the same exercise considering muon neutrinos, i.e. com-
paring the starting tracks best fit and the sum of prompt and astrophysical muon
neutrino flux computed in this work. As can be understood from figure 4.26, no
information can be extracted due to the very large uncertainties on the start-
ing tracks sample, which could be due to difficulties in excluding atmospheric
contamination.

There are other (non-exclusive) explanations of the low-energy discrepancy
between the cosmic neutrino spectrum as resulting from HESE analysis and from
the through-going muons analysis: a part of the low-energy soft spectrum of
HESE could be due to neutrinos from the Galactic plane, and in this case one
would expect a peculiar angular distribution [286, 287, 229, 288, 289] (which to

26This is not surprising since the conventional atmospheric component, to be subtracted, is
much larger for muon neutrinos - see figure 4.21 - and therefore, it is harder to identify new
components in the track dataset.
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date is not seen [290]); a priori, there could be other sources of extraterrestrial
neutrinos which could cause such effect (but this would be at odds with the null
search of prompt neutrinos [172]). Note that our proposal, concerning the role
of prompt neutrinos in the cascade dataset, does not require the inclusion of
hypothetical physical ingredients, and in this sense can be considered minimal.
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Figure 4.25: The sum of the prompt and cosmic components of the νe spectrum as
computed in this work (blue band) confronted to the astrophysical neutrino fluxes
resulting from fitting the cascade sample [197] (red band), from the 6-year through-
going muons analysis [172] (brown band), and from the 6-year HESE analysis [284]
(grey band). The grey and red bands are experimental results, in that they come from
analyses by IceCube, while the blue one is theoretical and the brown one is a low-energy
extrapolation.
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Summary and outlook

In this work we addressed a selection of the open problems in neutrino astro-
physics. These open problems regard the fundamental properties of neutrinos,
as well as their role as an astrophysical messenger, on which we focussed our
efforts. However, we found it necessary, for a complete discussion on neutrinos,
to review its description in the Standard Model of elementary particles, and the
theory of neutrino mixing in vacuum and in dense media. We closed the intro-
ductory part with an overview of the commonly referred-to types of neutrinos:
relic, solar, terrestrial, and cosmic. We will use this order in the following sum-
mary of our original work.

In the context of solar neutrinos, the main contribution of this thesis concerns
the luminosity constraint, which is a strict relation between the solar luminosity
in photons and in neutrinos. This constraint can be briefly expressed by say-
ing that the power emitted in neutrinos is equal to the energy liberated in 4He
synthesis times the 4He production rate. Such relation is based on the assump-
tions of energy conservation, of lepton number conservation, of stationarity of
the Sun, and that 4He is the only accumulating nuclear specie. Starting from the
seminal work by Bahcall [101], we reformulated the derivation of said constraint
in a simpler and clearer way. We then proceeded to generalise the luminosity
constraint by relaxing the last two aforementioned assumptions; in fact, the Sun
loses gravitational potential energy by expanding, and there are at least two
more accumulating nuclear species, 3He and 14N. The contributions due to these
phenomena to the luminosity constraint have been computed and assessed as siz-
able, because of the very high-precision measurement of the solar luminosity in
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photons. We showed how this new, extended version of the luminosity constraint
has the power to link with great accuracy pp and CNO neutrinos in a sufficiently
model-independent way, also thanks to the precise observations of the current
solar neutrino detectors. This is very powerful and interesting for:

• solar neutrino physics, as pp neutrinos are measured by Borexino with 10%
uncertainty and there are only upper limits on the CNO flux

• solar physics, as the flux of CNO neutrinos is directly linked to the relative
abundance of heavier-than-Helium elements (the so-called metallicity) in
the Sun.

In the context of terrestrial neutrinos - in which we included accelerator, beam
neutrinos, geoneutrinos, and atmospheric neutrinos - we focussed on certain open
problems concerning atmospheric neutrinos. They are produced in the particle
cascades which follow the collisions between cosmic rays (primaries) and the
nuclei in the atmosphere. More precisely, atmospheric neutrinos are produced
in the decay of secondary particles: pions and kaons produce the “conventional”
component of atmospheric neutrinos, while heavier particles, like charmed mesons
and baryons, decay into the “prompt” component, as their lifetime is very short
(about 10−12 s). Both these components are predicted to keep memory of the
spectral shape of the cosmic-ray energy spectrum; in particular, the conventional
component follows an E−3.7 distribution, while the prompt one is predicted to
be distributed as E−2.7 - no evidence for prompt neutrinos has been found yet.
E−2.7 is also the energy-dependence of the cosmic-ray energy spectrum before
the knee, i.e. a transition region which is believed to correspond to the end of
the light component (protons and Helium nuclei) of Galactic cosmic rays.

This feature in the cosmic ray spectrum is expected to be reflected also in
the atmospheric neutrino spectrum; this observation is the foundation of the
study published in [3]. In it, we tried to use the atmospheric neutrino data to
discriminate between two incompatible values of the knee rigidity measured by
ARGO-YBJ and KASCADE-Grande, respectively about 700 TV and 5 PV. To
do so, we built a simple, power-law, model for the primary cosmic-ray spectrum
which comprises only protons and Helium nuclei, and is fitted to the AMS-02 low-
energy data; such spectrum is then modified by the presence of a knee feature,
for which we considered two different functional forms. The final primary spectra
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are obtained fitting the two high-energy datasets of ARGO-YBJ and KASCADE-
Grande, so that the ensuing atmospheric neutrino fluxes could be numerically
computed adopting various hadronic interaction models. We could then evaluate
the theoretical uncertainties on the atmospheric neutrino fluxes, due to the fits to
the data, to the chosen shape of the knee, and to the choice of hadronic interaction
model. Unfortunately, the atmospheric neutrino data available at the energies of
our interest (10 TeV - 1 PeV) have too large an uncertainty to discriminate the
knee position; there is, however, a slight preference for the knee as measured by
the KASCADE-Grande collaboration. With this work, we showed that it could
be possible to use atmospheric neutrinos, if measured with much better precision,
as a proxy for cosmic-ray measurements.

The results obtained on atmospheric neutrinos have been subsequently ex-
ploited to formulate suggestions for the detection of the prompt component in
high-energy neutrino telescopes. In [4] we argued that the best chance for prompt
neutrino detection is based on the study of inclined cascade-like events, rather
than of the HESE and through-going muons dataset. In fact, neutrino-induced
cascade events occur when all neutrino flavours interact via neutral current or
electron and tau neutrinos interact via charged current; charged-current inter-
actions of muon neutrinos produce muons, which have a very large mean free
path along which they stochastically lose energy, thus generating tracks. Our
results on the atmospheric neutrino components show that the spectrum of at-
mospheric muon neutrinos is dominated by the conventional component up to
about 1 PeV, while for electron neutrinos conventional neutrinos dominate at
most up to 50 TeV, and there are no conventional tau neutrinos. Using the Ice-
Cube effective areas for cascade-like events, given between 1 TeV and 10 PeV, we
could compute the expected yearly rate of events due to conventional, prompt
and astrophysical neutrinos, dividing by flavour and taking into account the pres-
ence of the atmospheric veto. The result is that the event rate due to prompt
neutrinos above 1 TeV is smaller than 3% of that due to conventional neutrinos;
however, conventional neutrinos are expected to be mainly distributed around
the horizontal direction, and to vanish more quickly than prompt neutrinos for
increasing energy. This means that, with the appropriate angular and energy
cuts, it could be possible to extract the prompt component from the inclined
cascades dataset.

An essential part of the previous work is the model of the astrophysical compo-
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nent of the neutrino spectrum, which has been also the object of the other original
papers I contributed to [1, 2]. This leads, in essence, to a power law distribution
based on the pp assumption for astrophysical neutrino production. In particular,
in [4] we combined the theoretical expectation by Loeb & Waxman of an E−2.15

energy spectrum, connected to a starburst origin of the neutrinos, to the mea-
surement resulting from the through-going muons analysis [172], so as to have a
precise phenomenological muon neutrino flux. We then used the connection be-
tween gamma rays and neutrinos, which holds in the case of hadronic mechanism
of neutrino production, to physically estimate the astrophysical fluxes of the other
neutrino flavours. We could then compute the yearly rates of shower-like events,
as mentioned above, as well as test whether the tension between the astrophysical
neutrino fluxes resulting from the HESE [173] and through-going muons analyses
could be somehow explained by a considerable atmospheric contribution to the
HESE sample. This search was prompted also by a recent analysis of contained
events [197], which resulted in a cosmic neutrino spectrum in between the fluxes
from the HESE and through-going muons analyses. Upon visual comparison, see
figure 4.25, it is apparent that the spectral tension may be due to the presence
of prompt neutrinos. This conclusion seems somewhat weakened by the latest,
preliminary results of the through-going muons and HESE analyses of [198, 190],
which see a softening of the flux from the former and a hardening of the latter.
Nonetheless, we argue that the best way to proceed in cosmic neutrino analyses
would be:

• to be very careful when including E . 100 TeV data, as the atmospheric
component could produce an important number of events;

• to have a km3-scale detector in the northern sky to have independent results
and more statistics;

• to fit all datasets with a single theoretical framework, consisting in, say, the
same, single-power-law, isotropic energy spectrum, and in the same model
for the atmospheric component.

Further discussion on the open problem of the determination of the astro-
physical neutrino spectrum can be found in [1], in which we showed that the
results of the HESE and through-going muons analysis flux were incompatible
with the assumptions of an unbroken power-law, cosmic neutrino spectrum (if
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also isotropy is assumed), and with the available gamma-ray data. In fact, since
the HESE and through-going muons analyses are relatively more sensitive to, re-
spectively, the southern and the northern sky, assuming isotropy means that they
should measure the same cosmic neutrino flux. However, if the through-going
muons neutrino flux is prolonged down to few TeV, the two spectra are incompat-
ible. Even if the HESE flux is prolonged down to lower energies, the connection
between neutrinos and gamma rays, which are always expected whenever cosmic-
rays are accelerated and produce neutrinos, would imply a gamma-ray flux which
overshoots the limits by the experiments. This is a similar argument to the fa-
mous Waxman-Bahcall limit [178]. For these reasons, we considered a universal,
two-component, cosmic neutrino spectrum which connects the low-energy part
of the HESE flux to the high-energy part of the through-going muons flux. The
flux of every flavour was computed using theoretical expectations and experimen-
tal constraints, and proved good compatibility with the IceCube measurements.
We used this model to compute the number of events due to the Glashow res-
onance (νe + e− → W−, Eνe ≈ 6.3 PeV) for the pp and pγ neutrino production
mechanisms.

In [2] we focussed on the other flavour-specific, elusive kind of event, i.e. double
cascades, the detection of which would be the definitive proof of the discovery
of astrophysical neutrinos. The cascades are produced by tau neutrino charged
current interactions (first cascade) and the subsequent hadronic decay of the
tau lepton (second cascade). Due to the very short lifetime of tau leptons and
the usual spacing of the optical modules, these events are visible in neutrino
telescopes for energies of the tau lepton above few PeV - i.e. very rarely. In
this paper we computed the yearly rate of double-cascade events in the current
and next-generation neutrino telescopes, proposing analytical formulas, based
on physical considerations, for the relevant effective areas. We concluded that
paper claiming that IceCube was close to the detection of the first double cascade
events: as a matter of fact, two such events are reported in the recent, preliminary
work of [200]. On the one hand, this confirms the present theoretical framework
on cosmic neutrinos; on the other hand, more statistics is needed to conclusively
solve this problem. The possible consequences for the non-observation of double-
cascade events have also been discussed: these are quite dramatic, consisting,
alternatively, in the violation of standard three-flavour neutrino oscillations, in
the disproof of the discovery of cosmic neutrinos, or in the existence of some
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other new physics.
Naturally, there are other interesting problems in neutrino astrophysics, which

include a more detailed study of Supernova explosions, a better characterisation
of the atmospheric and cosmic neutrino fluxes, probing neutrino oscillations be-
tween 1 and 50 GeV (which is still a “dark” area) and finding cosmic neutrino
sources. In the phenomenological spirit of this thesis, we underline that all these
problems will most likely have an experimental solution:

• the current solar neutrino detectors will be able to precisely measure and
characterise the neutrino flux resulting from the explosion of a Supernova
- as soon as one such event occurs;

• PINGU and ORCA will be able to probe neutrino oscillations in the 1-
50 GeV energy range;

• the study of ultra-high-energy neutrinos (Eν � 1 PeV) has already been
started by Askaryan detectors, as well as Auger, and will be joined by
POEMMA;

• the upgrade of IceCube to IceCube-gen2 and the finalisation of the KM3NeT
construction will allow to better measure both the atmospheric and the
cosmic neutrino flux, as well as collect enough statistics to unequivocally
identify a source of neutrinos.

These prospects will take undoubtedly some years to few decades to become
reality, nonetheless we believe it is still an exciting time for neutrino physics. As
an example, the evidence for TXS 0506+056 as a cosmic-ray source finally earned
neutrinos their place in multi-messenger astronomy. Also, if there is anything
that neutrinos got us used to, it is surprises: it is then better to be open to the
unexpected.
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