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I N T R O D U C T I O N

context The discovery of a diffuse flux of high energy neutrinos made by IceCube, a neutrino
telescope of 1 km3 located in the South Pole, has opened a new era for neutrino astronomy.
The observations of IceCube are compatible with the theoretical expectations related to the
astrophysical neutrinos. However many important questions, raised by these findings, are still
unresolved: what is the source and the mechanism of production of the astrophysical neutrinos
seen by IceCube? Is it an astrophysical mechanism? Is their origin extragalactic or is there also a
galactic population? How to use high energy neutrino events within multi-messenger physics?

aims In this thesis we describe the mechanisms of cosmic neutrino production and the sources
in which these processes can occur. After the production we follow the path of neutrinos, i.e.
their propagation till the Earth and their interaction with the detectors. We give an interpretation
of the flux of high energy neutrinos and we analyze them in a context of multi-messenger
physics, searching for spatial correlation with γ-rays or other known radiation fields.

layout of the thesis In the first chapter we describe the mechanisms of production,
focusing especially on the standard case of neutrinos produced by the pions decay and briefly
discussing other hypotheses.

In the second chapter we discuss the most plausible sources of high energy neutrinos, giving
a brief review of possible extragalactic and Galactic sources.

In the third chapter we begin the exposition of the original results obtained in this PhD
project. We discuss the neutrino oscillations using the so called “natural parametrization”,
that is an analytical method that permits to compute the oscillations and their uncertainties
without using a Montecarlo simulation [1]. In the same chapter we briefly describe the exotic
possibility that neutrinos decay before reaching the Earth [2]. In the fourth chapter we provide
a theoretical description of the interactions between high energy neutrinos and nucleons. Then
we describe and discuss the effective areas of the IceCube telescope [3].

The first four chapters collect the background knowledge necessary to understand chapter
five, in which we analyze:

1. the flavor composition of the measured high energy neutrinos, using two complementary
representations, namely the track-to-shower ratio [4] and the “ triangle representation”
[1];

2. the neutrino decay, comparing the theoretical scenario with the present data [2];

3. the very high energy events, still missing in the IceCube telescope: double pulses and
resonant events due to the Glashow resonance [3, 5]

Chapter six is dedicated to the interpretation of the fluxes detected by IceCube. The null
hypothesis, adopted in most experimental analyses of the data, is that the flux of high energy
neutrinos can be explained using a power law flux, isotropically distributed. Historically it
was expected that the flux of astrophysical neutrinos was distributed as E−2 and the renowned
bound of Waxman and Bahcall concerns just the normalization of this flux.
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We argue that there is some tension with the previous theoretical models and with the
single power law interpretation, as we deeply analyze in this chapter. We propose a model in
which different populations of neutrinos contribute to the observed flux [6, 7]. This is in better
agreement with the present observations but more data are required to firmly constrain (or rule
out) this interpretation or the single power law model.

The last chapter is dedicated to the connection between neutrinos and other observable
radiation, considering specific astrophysical assumptions. We analyze the potential of the
Galactic center to produce high energy neutrinos [8], basing our inference on the observations
in the γ-rays sky. After that we focus on two extragalactic sources, i.e. BL Lacs [9, 10] and
Starburst Galaxies. In this case the connection with neutrinos is realized looking at γ-rays (for
BL Lacs) and infrared or x-rays (for starburst).

results The main original results presented in the thesis are the following ones:

1. The flavor composition of the cosmic neutrinos detected by IceCube is compatible with
any plausible mechanism of production of neutrinos, namely pions decay, neutrons decay
and decay of heavy mesons containing the quark charm. Due to the low statistics it is not
possible to rule out any of these mechanisms [1, 4].

2. Based on the flavor, the scenario of full neutrino decay is disfavored by the present
data; particularly the normal hierarchy shows a tension of 2 sigma whereas the inverted
hierarchy shows a tension of 3 sigma [2].

3. Up to now no double pulses (tau) or resonant events (Glashow) have been observed. We
found that it is not surprising, since we expect no more than 0.15 double pulses per year
[3] and no more than 0.5 resonant events per year [3, 5] in the most promising scenarios.

4. We provide an estimation of the Galactic component, finding that Galactic neutrinos from
disk could exist and could be distributed as E−2.4 [7]. The contribution of the Galactic
component to the diffuse flux should be of 10%-15% [6, 7], with a null Galactic component
disfavored at 2σ. We also analyzed the role of atmospheric prompt neutrinos, expected
from a theoretical point of view but not yet detected.

5. On the multi-messenger point of view, we found that the Galactic center cannot produce
events with a flux at a level detectable in IceCube [8], although the Galactic center is very
interesting for the γ-rays astronomy.

6. Considering extragalactic sources, we found that the BL Lacs show a tension of 3.7σ in
the hypothesis that they are the main emitters of high energy neutrinos above 200 TeV
[9]. On the other side, starburst galaxies seem to have the necessary budget to explain
IceCube neutrinos, but more observations are required to constrain the scenario.

summary Neutrino astronomy is a new and interesting field of astroparticle physics. Unfor-
tunately, due to the properties of neutrinos that weakly interact with the matter, it is extremely
hard to detect high energy neutrinos. Even with a km3 detector no more than ∼ 10 neutrinos
per year are expected.

We have seen that some features, such as the flavor composition and the neutrino decay
scenario, can be significantly constrained also by the existing experimental samples. However,
in order to give a correct interpretation to cosmic neutrinos, a bigger exposure is required.
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Up to now we have some hints of different aspects, such as the evidence of a quasi-isotropic
diffuse flux, that seems to favor the extragalactic origin. On the other side there is a tension
between what is observed from North and South and a Galactic flux of neutrinos can reconcile
the observations.

There is no evidence of point sources and this is a very unpleasant situation, but it is quite
difficult to give a definitive answer with only 29 throughgoing muons, taking into account
that 1/3 of them could be of atmospheric origin. The upcoming IceCube generation 2, with an
exposure of 6-7 times greater, will help to progress in the study of the origin of high energy
neutrinos.

Summarizing there are several ideas “on the origin of high energy neutrinos”and some of
them have been proposed or discussed in this thesis. There is also a firm point though: high
energy cosmic neutrinos have been observed, with a significance greater than 6σ ! We are in the
beginning of a new era of neutrino astronomy and in the next years we will put a lot of effort
in discussing the question: where do high energy neutrinos come from?
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notation
• The flux of neutrinos is generally indicated with φ`, where ` = e, µ, τ denotes the neutrino

flavor. When it is necessary to distinguish between neutrino and antineutrinos the flux is
indicated with φν` or φν̄` (see chapter 1);

• the notation (νe : νµ : ντ) = (1 : 1 : 1) denotes the “flavor composition”, whereas the
notation (ξe : ξµ : ξτ) = (1/3 : 1/3 : 1/3) denotes the “flavor ratio”(see chapter 1 and 3);

• the differential flux of flavor `, dφ`
dE , in units of GeV−1cm−2sec−1sr−1, is often used when

experimental measurements are discussed. When a power law flux is used, dφ`
dE = F`E−α,

F` represents the normalization and α the spectral index (see chapter 2, 5 and 6);

• the differential flux dφ
dE , without any subscript, denotes the all-flavor flux. In this case the

normalization is indicated with F and the spectral index again with α;

• the effective areas are indicated by A`, where ` = e, µ, τ denotes the neutrino flavor. When
specific effective areas are used, such as in case of Glashow resonance or double pulses,
they are indicated with an apex (see chapter 4);

• when a different flux is used, such as the flux of γ-rays, it is explicitly indicated as φγ (see
chapter 7);

acronyms
• HESE = High Energy Starting Events

• AGN = Active Galactic Nuclei

• BL Lacs = AGN of the BL Lacertae type

• SFG = Star Forming Galaxy

• SBG = Starburst Galaxy

• GRB = Gamma Ray Burst



1 M E C H A N I S M S O F C O S M I C N E U T R I N O
P R O D U C T I O N

The fact that we observe cosmic rays on Earth and in a very wide range of energies
motivates the idea of cosmic accelerators present in the Milky Way and outside of it.
Thus, proceeding in the analogy, neutrinos are expected to be produced as results of
cosmic beam dumps, namely, collisions of the cosmic rays in the vicinity of the source
or elsewhere, very similarly to the corresponding type of experiments conducted at
accelerators using fixed targets. The fact that we do not know for sure the origin of
cosmic rays makes even more important and interesting the investigation of high
energy neutrinos, that are stable and neutral particles and that point directly to the
source. The main aspects of neutrino-cosmic ray connection are summarized in Sec.
1.1.

It is interesting to note that the earlier motivations to study high energy neutrinos
were slightly different (e.g. the investigation of the neutrino cross sections). At
present the motivations concern the neutrino astrophysics, particle physics and the
possibility to uncover new physics phenomena, such as sterile neutrinos, neutrino
decay, exotic production mechanisms. In this chapter we describe the conventional
astrophysical scenarios for the production of observable high energy neutrinos. More
precisely, we will give in Sec. 1.2 an overview of neutrinos produced in pion decays.
In Sec. 1.3 and 1.4, respectively, we will discuss the proton-proton and the proton-
gamma interaction, that are the most plausible mechanisms of production of high
energy neutrinos. In the Sec. 1.5 we briefly discuss other production mechanisms. A
review that examines the neutrino-cosmic ray connection is [11].

1.1 the neutrino-cosmic ray connection
The source of high energy neutrinos and their mechanism of production are still unknown.
However several hypotheses have been proposed. The most reasonable hypothesis has an
astrophysical character and postulates a connection between cosmic rays (CR) and neutrinos.
A seminal paper on this connection has been written by Waxman and Bahcall in 1998 [12];
this paper will be examined in details in Sec.6.1.3. As already mentioned the cosmic rays can
collide with a target producing unstable mesons, that decay giving neutrinos and gamma rays.
It is not precisely known which environment offers the ideal condition to realize the collisions
that lead to the neutrinos observed at the Earth. Certainly, a large number of cosmic rays,
time of confinement and targets are all required, in order to produce large fluxes of neutrinos.
Let us remark that not all the cosmic rays are protons, but different chemical compositions of
the CR have been detected at the Earth, especially at very high energy, although one refers
frequently to CR as “protons”. Anyway it is expected that nuclei give a smaller contribution to
the neutrino flux when compared to protons, considering that neutrinos have been detected up
to PeV energies.

11
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As it is discussed later the two most plausible neutrino production mechanisms are the colli-
sion between accelerated protons and target protons (pp interaction) and the collision between
accelerated protons and target photons (pγ interaction). The relevance of one mechanism, with
respect to the other, depends upon the environment and upon the density of gas and radiation.
In our Galaxy it is possible to have pp interactions in the disk or in the halo, where the density
of gas is respectively 1 nucleon/cm3 and 10−3 ÷ 10−2 nucleons/cm3; on the other hand in an
extragalactic source, such as an AGN or an GRB, that are rich of radiation, it is plausibly easier
to realize a pγ interaction. Another possibility is the pγ interaction between protons and the
cosmic microwave background (CMB), that produces the so-called cosmogenic neutrinos (see
Sec.2.3).

We begin by analyzing how neutrinos are produced and what is the relationship between
their energy and the energy of cosmic rays. The scenario is that pions (mesons) are created in
the collision between accelerated protons and the target and they subsequently decay into other
particles. The decay of charged pions produces neutrinos and electrons (positrons), whereas
the decay of neutral pions produces gamma rays. For these reasons we focus first on the pion
decay and then on the difference between pp and pγ interaction. Moreover we will discuss the
contribution to the neutrino flux given by the decay of heavier mesons.

1.2 pion decay
Neutrinos are produced by the decay of charged pions and we are interested to know the
spectrum of these neutrinos and their connection with the primary cosmic ray spectrum. Let
us study the case of π+; the same expressions apply for π−, where it is sufficient to replace
νe → ν̄e, νµ → ν̄µ and ν̄µ → νµ.

decay in the rest frame The first step of pion decay is represented by:

π+ → µ+νµ (1)

and the energy taken by µ+ and νµ in the rest frame is given by:

E0
νµ

mπ
' 1

2

[
1−

(
mµ

mπ

)2
]
= 0.21

E0
µ

mπ
' 1

2

[
1 +

(
mµ

mπ

)2
]
= 0.79

The second step of decay is represented by:

µ+ → e+ν̄µνe

Since mµ � me � mν the energy taken by the secondary particles is about 1/3 in the rest frame.
Recalling that a muon takes about 3/4 of the pion’s energy it is a good approximation to say
that:

Each neutrino from pion decay takes, an average, 1/4 of the pion’s energy.
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We will clarify this assumption later, using the energy distribution of the secondary particles.
At the end of the chain of decay of π+ and π− the flavor composition of neutrinos, obtained
counting the number of neutrinos of a certain flavor1, is equal to

(νe : νµ : ντ) = (1 : 2 : 0)

laboratory frame The calculation of the spectrum of neutrinos, produced by a a generic
spectrum of pions, has been done in [13]. A similar approach can be also found in [11, 14, 15]; in
the following of this chapter we will follow the last reference, in which an exhaustive treatment
of the pp interaction is presented.

In order to evaluate the spectrum of neutrinos, produced by a generic spectrum of pions
Jπ(Eπ), we use the following formula:

φν`(Eν`) =
∫ 1

0
fν`(x)Jπ

(
Eν`

x

)
dx
x

(2)

where fν`(x) represents the distribution of the energy carried by a neutrino with respect to the
energy of pion in the laboratory frame, with

x =
Eν`

Eπ

The functions fν`(x) are probability functions density, taken from [15]. In the case of the first
neutrino, that comes from the two body decay of the pion (see Eq.1), the expression is trivial
and it is given by a flat probability density function:

fνµ(x) =
1
`

θ(`− x) (3)

where the parameter ` is defined as:

` = 1−
(

mµ

mπ

)2

This value is 2 times greater than the fraction of energy taken by the neutrino in the rest frame.
The numerical factor 2 is due to the Lorentz transformation in the hypothesis Eπ � mπ , as
follows:

Eν,max =
1

mπ
(EπE0

ν + pπ p0
ν) ' Eπ

(
`

2
+

`

2

)
' ` Eπ

The expressions for the neutrinos from three body decay are more complicated. The full
calculations are reported in [15]; here we report only the functions, that are equal to:

fν̄µ(x) = gµ(x)θ(x− r) + [hµ,1(x) + hµ,2(x)]θ(r− x) (4)

fνe(x) = ge(x)θ(x− r) + [he,1(x) + he,2(x)]θ(r− x) (5)

1 For the moment we do not distinguish between ν and ν̄ talking about the flavor composition; the difference between ν
and ν̄ will be explicitly discussed in Sec.1.4 and in the following of the thesis.
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Figure 1: Energy distribution of neutrinos from the decay of π+

where r = (mµ/mπ)2 ' 0.57 and ` = 1− r. The functions gµ(x), hµ,1(x), hµ,2(x), ge(x), he,1(x),
he,2(x) written explicitly are:

gµ(x) =
3− 2r

9(1− r)2 [9x2 − 6 log(x)− 4x2 − 5]

hµ,1(x) =
3− 2r

9(1− r)2 [9r2 − 6 log(r)− 4r2 − 5]

hµ,2(x) =
(1 + 2r)(r− x)

9r2 [9(r + x)− 4(r2 + rx + x2)]

ge(x) =
2

3(1− r)2 {(1− x)[6(1− x)2 + r(5 + 5x− 4x2)] + 6r log(x)}

he,1(x) =
2

3(1− r)2 [(1− r)(6− 7r + 11r2 − 4r3) + 6r log(r)]

he,2(x) =
2(r− x)

3r2 (7r2 − 4r3 + 7rx− 4r2x− 2x2 − 4rx2)

The three functions fνµ , fν̄µ and fνe are illustrated in Fig. 1.

1.3 pp mechanism

In pp interaction mostly π+, π− and π0 are created, with a smaller contribution of kaons.
The precise calculations of neutrino spectra use quite heavy numerical calculations. Presently
three well developed codes of simulations of pp interactions are public available – Pythia [16],
SIBYLL [17], QGSJET [18]. The last two as well as some other models are combined in the
more general CORSIKA code [19] designed for simulations of interactions of cosmic rays with
the Earth atmosphere. These codes are based on phenomenological models of p-p interactions
incorporated with comprehensive experimental data obtained at particle accelerators.

While these codes can be directly used for calculations of gamma-ray spectra for any distri-
bution of primary protons, it is quite useful to have in mind the following simply considerations:

• in the interaction between relativistic protons and proton targets π+, π− and π0 are
created in about equal amount, due to the isospin symmetry;
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• after the decay of charged pions both νe (from π+) and ν̄e (from π−) are created. This
aspect will become relevant in the following of the thesis, particularly in sections dedicated
to the Glashow resonance, that is discussed in Sec.3.1.4 and Sec.4.5.4;

• the mean energy of neutrinos is about 1/4 of the energy of pions. Since the leading pion
produced in pp collisions has 1/5 of the energy of the initial proton, we can say that
generally to produce a neutrino of energy Eν a proton with energy

Ep ' 20Eν

is required.

• the shape of the neutrino spectra is, generally, the same of the accelerated protons
spectrum. This statement becomes not true when an energy cutoff is present in the
spectrum of primary particles.

Let us analyze the case in which protons have a power law distribution for the energy
spectrum. This is a simple case but it is also a very important one, since it usually occurs in
astrophysical environments, for example in the Fermi mechanism of acceleration. Therefore
this case is extremely important for neutrino astronomy and it is largely used in the literature.

1.3.1 The power law case

In the case of power law spectrum of accelerated protons also pions will be power law dis-
tributed. Let us consider a spectrum of pions with a normalization A and a spectral index
α:

Jπ(Eπ) = A E−α
π

Using the general expression of Eq.2, we find that the spectrum of neutrinos has the same shape
of the pion’s spectrum with an extra numerical factor:

φν`(Eν`) = A E−α
ν`

ζν`(α) (6)

where ζν`(α) depends on the spectral index α in the following manner [14]:

ζν`(α) =
∫ 1

0
fν`(x) xα−1 dx (7)

In the case of α = 2, the ζ(α) corresponds to the average fraction of energy carried by neutrinos.
In Tab.1 there are some values of ζ(α) for the three neutrinos from π+ decay and for different
values of α. Let us notice that the average fraction of energy taken by the neutrino from two
body decay is a bit smaller (about 80%) than the energy taken by neutrinos from three body
decay.

1.3.2 Flavor composition

The ζ factors are important to correctly evaluate the flavor composition at the source. Since
neutrinos that come from pion decay have different spectra, generally it is not correct to simply
count the number of neutrinos of a certain flavor produced at the end of the chain of decays.
This procedure would be only correct for an E−1 spectrum, that does not occur in realistic
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Table 1: Table of ζ factor of neutrinos from π+ decay. In case of π− decay the first row of the table hast to be read
α, ζν̄µ , ζνµ , ζν̄e .

α ζνµ ζν̄µ ζνe

2.0 0.213 0.265 0.257

2.3 0.144 0.194 0.188

2.6 0.098 0.146 0.141

scenarios. Assuming a power law spectrum E−α for the accelerated protons and the pp scenario,
the ratio between the flux of muon neutrinos and electron neutrinos, in the production point, is
given by:

rµe ≡
2[φνµ(Eν) + φν̄µ(Eν)]

φνe(Eν) + φν̄e

under the assumption that the amount of π+ is about equal to the amount of π−, as discussed
before.

Taking into account that ζνe = ζν̄e , it follows from Eq.6 that the ratio rµe can be expressed
only in terms of ζ factors, obtaining:

rµe(α) =
ζνµ(α) + ζν̄µ(α)

ζνe(α)
' 1.86− 0.20(α− 2)− 0.02(α− 2)2 (8)

The polynomial approximation is valid for 1.5 ≤ α ≤ 3. The function rµe(α) differs from 2

especially at high values of α, as it can be noticed in the left panel of Fig.2. On the contrary
for α = 2 the ratio is not so different from 2; therefore it is safe to use the well accepted
approximation (νe : νµ : ντ) = (1 : 2 : 0) talking about astrophysical neutrinos, in which the
spectral index is expected to be not far from α = 2, as we will see in details in the following.

1.3.3 Relation with γ-rays

The same calculation of the previous section can be done to evaluate the correlation between
γ-rays and neutrinos in the hypothesis of common hadronic origin. Indeed in pp interaction,
together with charged pions, also neutral pions are created; they decay in two photons (π0 →
γγ). The energy distribution of γ-rays, in the laboratory frame, is simply given by fγ(x) = 1;
therefore the average energy for each γ-ray is half of the pion’s energy. Using Eq.7 we found
that the ζ factor of γ-rays is equal to:

ζγ(α) =
1
α

In order to calculate the ratio between the flux of all neutrinos and the flux of γ-rays we use the
same approach of Eq.8. Taking into account that at the end of the pions decay 2 γ-rays and 6

neutrinos are produced (2 νe, 2 νµ, 2 ν̄µ), we obtain:

rνγ ≡
2(φνµ + φν̄µ + φνe)

2φγ
= α(ζνµ + ζν̄µ + ζνe) (9)

The result is represented on the right panel of Fig.2 with an orange line.
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Figure 2: On the left panel: ratio, at the source, between the flux of muon neutrinos and electron neutrinos, as a
function of the spectral index α in the power law hypothesis (pp scenario). On the right panel: ratio
between the flux of ν and γ in the hypothesis of common hadronic origin.

1.3.4 The role of kaons

In the previous sections we have considered only the contribution of pions to the neutrino
flux. Therefore the calculations are not very accurate, since we did not take into account the
contribution to γ-rays and neutrinos that comes from heavier mesons, especially kaons. Indeed
they are produced in pp interaction, although the amount of kaons is much smaller than the
amount of pions. Neutrinos are produced by the decay of kaons; for example, in the case of K+

decay, neutrinos are produced as follows [20]:

K → µ+ν̄µ B.R. ' 64% (10)

K → π0e+ν̄e B.R. ' 5%

We denote the ζ factors of these processes with ζKν` . Another possibility is the following decay:

K → π+π0

with a B.R. ' 21% [20]. In this case neutrinos come from the pions decay, in the same manner
already described in the previous sections.

Moreover neutrinos come also from the decay of muons, produced in the process of Eq.10:

µ+ → e+ν̄µνe

We denote the ζ factors of these process with ζKµν` . In Tab.2 are reported the ζ factors of kaons,
obtained with the same procedure used for pions (see [14] for a complete treatment).

The amount of kaons produced in the pp mechanism is 10%-20% of the amount of pions
[14, 5]; therefore the contribution is small but not negligible. The modification of the flavor
composition, due to the contribution of kaons in a realistic pp interaction, has been estimated
in [5]. The result, obtained using a Montecarlo simulation of the pp mechanism, is that kaons
affect the flavor composition by about 10% for 2.0 ≤ α ≤ 2.6. Particularly the presence of
kaons slightly increases the fraction of muon neutrinos (antineutrinos). As a consequence the
approximation (νe : νµ : ντ) = (1 : 2 : 0) results to be more precise when also kaons are taken
into account (see left panel of Fig. 2 for comparison with the only pion scenario).
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Table 2: Table of ζ factor of neutrinos from K+ decay.

α ζKνµ ζKνe ζKµν̄µ ζKµνe

2.0 0.48 0.27 0.16 0.21

2.3 0.42 0.21 0.12 0.16

2.6 0.36 0.15 0.08 0.11

general calculation A general procedure, that does not require the hypothesis of power
law spectrum for primary protons, has been adopted by Vissani and Villante in [21]. The
contribution of kaons is considered in that work. It is interesting to illustrate the ratio between
the flux of neutrinos and the flux of gamma obtained with this realistic approach, since it is
useful to use this ratio in a context of multi-messenger astronomy. We denote with rK

νγ this
ratio that is valid in the range 1.5 ≤ α ≤ 3. The function is well represented by the following
polynomial expression:

rK
νγ(α) = 1.20− 0.79(α− 2) + 0.26(α− 2)2 (11)

We represent the function rK
νγ in Fig.2 with a purple line, comparing it with the one of Eq.11,

obtained using only pions and the ζ factors. Considering spectral indices between 2 ≤ α ≤ 3
we notice that the flux of γ is equivalent to the total flux of neutrinos in pp scenario, within
an accuracy of 20-30%. It is important to underline that the production of neutrinos is always
accompanied by the production of γ-rays, whereas γ-rays can be also produced by leptonic
mechanisms in which neutrinos are absent. For these reasons if we observe γ-rays, their
measured intensity sets an upper bound on the neutrino flux. This scenario corresponds to
γ-rays produced completely by hadronic emission, i.e. by the decay of neutral pions. Anyway
we will see in the following that this kind of multi-messengers approach is not always easy
to implement. E.g. extragalactic γ-rays of few TeV are absorbed due to the interaction with
the EBL. Moreover, in some cases, it could happen that the source is opaque to γ-rays and
only neutrinos are able to escape from that region, nullifying the possibility to observe spatial
correlations between γ-rays and cosmic neutrinos [22].

1.4 pγ mechanism

In the case of pγ interaction at the source the situation is very different respect to the pp
interaction. In this scenario the power law spectrum of accelerated protons is not expected to
be replicated by the spectra of secondary particles. On the contrary, the characteristics of target
photons spectrum are relevant to obtain the neutrino spectra.

1.4.1 Delta approximation

A useful preliminary analysis of this kind of interaction can be done using the so called “δ-
approximation”, in which only the resonant baryon ∆+ is produced. We refer to this scenario
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also with the name “ideal pγ”. After the production pγ → ∆+, the resonant baryon quickly
decays into:

pγ→
{

∆+ → π+ n 1/3 of cases
∆+ → π0 p 2/3 of cases

giving π+ and π0, without pions with negative charge. This represents an important differ-
ence with respect to the pp interaction. The branching ratios are determined by the isospin
conservation.2

The energy of the two final state particles in the center of mass frame is given by:

Eπ

m∆
=

1
2

[
1 +

(
mπ

m∆

)
−
(

mn

m∆

)2]
' 0.22

En

m∆
=

1
2

[
1−

(
mπ

m∆

)
+

(
mn

m∆

)2]
' 0.78 (12)

The pion takes about 1/5 of the total energy and the neutron (or proton if we consider π0

instead of π+) about 4/5 of it. Later on the pion decays as just discussed in Sec.1.2 and also
in this case the average energy for each neutrino turns out to be about the 5% of the primary
proton’s energy. Moreover the flavor composition in the δ-approximation of pγ interaction is
approximately the same of the pp interaction, i.e. (νe : νµ : ντ) = (1 : 2 : 0).

Anyway, there are also important differences between pγ and pp interaction:

• the spectrum of target photons is relevant for the calculation of neutrino spectra;

• the spectrum of neutrinos produced by pγ interaction is not power law distributed, even
if the spectrum of the primary protons is a power law. On the contrary the spectrum of
neutrinos is characterized by a typical bump, due to the peak in the cross section when
the energy of CM is sufficient to create a ∆ baryon;

• the connection between neutrinos and γ-rays from common hadronic origin is more
complicated. Since the spectra of neutrinos are not power law distributed it is not possible
to simply use the ζ factors. Anyway, assuming that γ-rays are not absorbed, we expect
that the ratio between the flux of neutrinos and the flux of photons is smaller than the pp
case. Indeed in pp scenario 2 charged pions each 1 neutral pion are produced, whereas
in pγ scenario the situation is the opposite one, i.e. 1 charged pion each 2 neutral pions.
Therefore there are more photons than neutrinos;

• no ν̄e are created in the simplest treatment of this interaction. This consideration will
become crucial in Sec.3.1.4, talking about the possibility to discriminate between the
different mechanisms of production of high energy neutrinos.

2 The branching ratios of the ∆+ decay can be calculated using the ClebschGordan coefficients, for the decomposition
of a state |j, m > in terms of |j1, m1 > and |j2, m2 >. The ∆+ corresponds to a state |3/2, 1/2 >, whereas π+ and n
correspond the the states |1, 1 > and |1/2,−1/2 >; the ClebschGordan coefficient is 1/

√
3 in this case. In the second

process π0 and p correspond to the states |1, 0 > and |1/2, 1/2 >; the ClebschGordan coefficient is 2/
√

3 in this case.
The branching ratios are simply given by the square of these coefficients.
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Figure 3: Comparison among the π+ (upper curve), π0 (middle curve), and π− (lower curve) spectra for GRB and
AGN benchmark. The grey curve shows in addition the K+ spectrum. Note the presence of π− in these
realistic pγ scenarios, that are not expected in the ideal pγ. The figure is taken from [23].

1.4.2 Realistic scenarios

In [24, 23, 25] the pγ interaction is treated in an exhaustive manner. In Fig.3, taken from [23],
the production rate Q(E) of pions from a realistic pγ interaction are illustrated. The production
rate Q(E) is proportional to the quantity J(E) defined in Sec.1.2. In this figure the typical
spectra of secondary particles, that can be produced in a realistic pγ scenario, are represented.
This mechanism usually occurs in Gamma Ray Burst, Active Galactic Nuclei and Blazars. For
details see the Ref.[23]. We will talk about these astrophysical environments in Chapter 2, that
is dedicated to the sources of cosmic neutrinos.

On the other side it is important to focus on some specific characteristics, that can be noticed
from Fig.3. As in the δ-approximation scenario, the spectra represented in Fig.3 are not power
law distributed. They are characterized by a typical bump of the pγ interaction, very different
with respect to the spectra obtained in the pp scenario. An important difference with respect to
the δ-approximation case is that the flux of π− is different from zero in realistic scenarios. This
point is relevant because in some cases the flux of π− can be very large and similar to the π+

flux. Therefore the ratio between the flux of π− and π+ is not always a good indicator of the
type of interaction at the source, as suggested by the oversimplified scenario. Fig.4 illustrates a
case when the contribution of π− reaches about 25% at PeV energy.

The PeV energy is a huge energy but it is relevant for the neutrino astronomy, because at this
energy the contamination from the atmospheric background is absent. The first two PeV events
have been observed by the IceCube experiment in the years 2010-2012 [26]. We will dedicate
Chapters 5 and 6 to the interpretation of neutrino events detected by IceCube up to now.
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Figure 4: Pion ratios obtained from a pγ interaction in a GRB benchmark. Figure from [23]

1.5 other mechanisms of neutrino production

Although the standard case of complete pion decay is the most probable mechanism of produc-
tion, it is not the only possibility. We discuss here a couple of interesting possibilities.

1.5.1 Damped muons

In a source with very high density or an high magnetic field it could happen that muons interact
before decaying, loosing their energy. In this case only the muon neutrinos (antineutrinos) from
the two body decay (see Eq.1) contribute to the high energy neutrino flux; this scenario can
be called ”damped muons” and it produces a totally different flavor ratio at the source with
respect to the previous cases, i.e.

(νe : νµ : ντ) = (0 : 1 : 0)

as discussed in [25, 4, 27]. Let us notice that also in this case the amount of electron antineutrinos
is zero at the source.

1.5.2 Neutrons decay

A speculative hypothesis is that high energy neutrinos are produced by the decay of neutrons,
in the well known process:

n→ p e− ν̄e

In this case only ν̄e are produced, but we have to take into account that, considering the same
energy of the primary particle, these neutrinos are less energetic with respect to the neutrinos
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Figure 5: The configuration in which a ν̄e from neutron decay takes the maximum energy.

Table 3: Table of flavor ratio. The sum of the flavor fractions is normalized to 6.

Mechanism νe νµ ντ ν̄e ν̄µ ν̄τ

ideal pγ 2 2 0 0 2 0

pp 1 2 0 1 2 0

damped muon pp 0 3 0 0 3 0

damped muon pγ 0 6 0 0 0 0

neutrons decay 0 0 0 6 0 0

from the standard pion decay, since mn ' mp. It can be easily understood by analyzing the
process. In the rest frame the available energy is equal to:

Q = Mn −Mp −Me ' 1.3 MeV

An ν̄e takes the maximum energy, equal to Q/2, in the configuration represented in Fig.5. In
the relativistic frame, under the condition En � Mn, the neutrino’s maximum energy becomes
equal to

Elab,max
ν = γ(1 + β)

Q
2
' En ×

Q
Mn

Therefore an ν̄e from neutron decay has about 0.1% of the energy of the primary particle. On
the other side we have seen that a neutrino from pions decay has about 5% of the energy of
the primary particle. For this reason the hypothesis of neutrinos from neutron decay does
not seem realistic, but this case is occasionally discussed in the literature [4, 28]. In Tab.3 is
reported a summary of the flavor composition expected in the different scenarios analyzed in
this chapter. From the table we immediately notice that no ντ are produced in the standard
mechanisms of neutrino production.



2 S O U R C E S O F H I G H E N E R GY N E U T R I N O S

There are a lot of potential astrophysical sources of high energy neutrinos and in
this chapter we provide a brief summary of them. In the first part of the chapter
we discuss the Galactic sources. First of all we examine in which way a Galactic
flux can be produced. After that we focus on point sources, as Supernova Remnant,
Pulsar Wind Nebulae, Galactic center, Fermi bubbles and Microquasars. The second
part of the chapter is dedicated to the extragalactic sources, where we examine
Gamma-Ray Bursts, AGNs, Blazars and Starburst Galaxies. We close the chapter
with the cosmogenic neutrinos, i.e. neutrinos with huge energy (> 100 PeV) that are
produced by the interaction of very energetic cosmic rays with the CMB.

2.1 galactic sources
In our Galaxy there are several processes that could generate high energy neutrinos. Before
analyzing specific objects as possible sources, we briefly describe our Galaxy.

2.1.1 The Milky Way

The Milky Way is the galaxy that contains our Solar System. The descriptive term “milky” is
derived from the appearance of the galaxy from Earth. The Milky Way is one of the largest
galaxy in the Local Group, with its stellar disk approximately 30 kpc in diameter. The thin
disk of the Galaxy, composed of stars, gas and dust, extends vertically for about 0.3 kpc. On
the other hand the thick disk, mainly populated by stars, extends about 1÷ 5 kpc. In Fig.6 a
schematic profile of the Milky Way is represented, using light years instead of parsec as unit.
Let us recall that 1 ly ' 0.307 pc. At the center of our Galaxy a super massive black hole is
present; it could be an interesting source of high energy neutrinos. We will dedicate Sec.7.2 to
this topic.

Another important component is represented by the “galactic halo”. It is an extended,
roughly spherical component of the Galaxy which extends beyond the main, visible component.
Several distinct components of galaxies comprise the halo:

• the galactic spheroid (stars);

• the galactic corona (hot gas, i.e. a plasma);

• the dark matter halo.

The distinction between the halo and the main body of the galaxy is clearest in spiral galaxies,
where the spherical shape of the halo contrasts with the flat disc. In an elliptical galaxy, there is
no sharp transition between the body of the galaxy and the halo.

23
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Figure 6: Illustration of the Milky Way. Credit: wikipedia

The total mass of all the stars in the Milky Way is estimated to be between 4.6× 1010M�
and 6.43× 1010M� [29]. In addition to the stars, there is also interstellar gas, comprising 90%
hydrogen and 10% helium by mass, with 2/3 of the hydrogen found in atomic form and the
remaining 1/3 in molecular form. The mass of this gas amounts to a fraction from 10% to 15%
of the total mass of the galaxy’s stars. Interstellar dust accounts for an additional 1% of the
total mass of the gas. Due the velocity of stars at the outer edge of the Milky Way, it is believed
that the Milky Way is more massive than its baryonic mass and most of the mass of the Milky
Way appears to be dark matter [30].

2.1.2 Disk and halo

As remarked in Sec.1.3 neutrinos can be created by the interaction between accelerated protons
and the baryonic matter.

The Galactic disk, where the matter density is 1 nucleon/cm3, offers the proton target to
realize the pp interaction. Moreover it is important to notice that also the interaction between
accelerated protons and the matter contained into the halo of the Galaxy can produce a non
negligible amount of neutrinos. Indeed, although the density in the halo is 2-3 orders of
magnitude less than in the disk, the dimension of the halo is much greater and there is a
compensation between these two quantities. It is possible to understand this fact making a
rough estimation of the efficiency ξ of disk and halo to produce neutrinos, that depends from
the confinement time of cosmic rays (due to magnetic fields) and the cooling time due to the
proton-proton interaction. The confinement time depends upon the dimension of the considered
region R and the diffusion coefficient D, as follows:

tesc ∝
R2

D

The cooling time depends upon the matter density n and the cross section of proton-proton
interaction σpp, namely

tpp ∝
1

σpp × n
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Figure 7: Representation of the sky using x-rays [31] and γ-rays [32].

The inelastic part of the total cross-section of pp interactions can be presented in the following
form:

σpp(Ep) = 34.3 + 1.88 L + 0.25 L2, mb

where L = ln(Ep/1 TeV). This approximation is taken from [15] and it has been obtained using
the SIBYLL code.

Therefore the efficiency ξ of neutrino production can be generally written in the following
manner:

ξ =
tesc

tpp
∝

n R2

D
(13)

Using typical values for the disk

nd = 1
nucleon

cm3 , Rd = 1 kpc

and for the halo

nh = 10−3 nucleon
cm3 , Rh = 30 kpc

we obtain the ratio between the efficiencies, that is equal to:

ξd
ξh
' 1

Dh
Dd

(14)

From last equation we notice that, although the density of halo is much smaller than the
density of disk, the efficiencies of neutrino production can be similar, whether the diffusion
coefficients in these two regions are comparable.

Now we consider various objects in our Galaxy, that are candidate sources of high energy
neutrinos.

2.1.3 Supernova Remnants

A supernova is an astronomical event that occurs during the last stellar evolutionary stages of a
massive star’s life, whose dramatic and catastrophic destruction is marked by one final titanic
explosion. This causes the sudden appearance of a “new” bright star, before slowly fading from
sight over several weeks or months.

A supernova remnant (SNR) is the structure resulting from the explosion of a star in a
supernova. The supernova remnant is bounded by an expanding shock wave, and consists of
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ejected material expanding from the explosion, and the interstellar material it sweeps up and
shocks along the way.

The connection between Supernovae and cosmic rays was first proposed by Baade and
Zwicky in 1934 [33]. The main theoretical reason why Supernova Remnants (SNR) are con-
sidered as possible sources of neutrinos has been proposed by Ginzburg and Syrovatskii [34],
based on energetic considerations. They observed that the Milky Way radiates cosmic rays (CR)
at a rate

LCR = VCRρCR/τCR ∼ 1041erg/s (15)

where the volume, the lifetime and the average density of CR are all rather uncertain. The order
of magnitude of this quantities is such that VCR = π h r2, with h = 3.5 kpc and r = 15 kpc. The
energy density of CR is equal to ρCR ∼ 1 eV

cm3 and the confinement time of cosmic rays into the
galaxy is order of 3× 107 years.

The energy loss LCR is compensated if any 30 years a new SNR (of any type) converts 10% of
its kinetic energy into CR. The typical energy of a SNR can be estimated considering the kinetic
energy of 10 solar masses that are ejected with a velocity of 3000 km/s, obtaining:

Ek =
1
2
× 2 · 1033g×

(
3 · 108 cm

sec

)2
' 1051 erg

that is often expressed by a unity of energy called foe, with 1 foe = 1051 erg. Dividing by 30

years (i.e. ∼ 30 π 107 sec ' 109 sec) and multiplying by 10%, we have the injection rate of
cosmic rays, which equates the loss rate of Eq.15.

The expanding clouds of gas and magnetic fields remnant of SN explosions can last for
thousands of years. Theoretical models show that a maximum energy Emax ∼ 100 TeV can be
achieved, and there are active discussions if non linear amplifications of the magnetic fields
allow to reach the knee energy, around 1-10 PeV. Reaching the “ankle”, with SNR, is considered
unlikely. The associations between SNR and molecular clouds (MC) provide the optimal
conditions to produce intense neutrino and γ-ray fluxes [35].

The best hope to detect high energy neutrinos produced by hadronic interactions is connected
to young SNR, i.e. of age less than 2000 years. In fact, these are expected to contain the highest
energy cosmic rays that can produce high energy neutrinos interacting with the targets. In order
to be detectable the flux of neutrinos produced by SNR must exceed the flux of atmospheric
neutrinos. In other words we are interested in special types of SNR’s as potential neutrino
sources: the closest and the youngest, among those associated to molecular clouds [36]. It
should however be observed that core collapse supernovae, being connected to short living
stars, are pretty naturally associated with sites of intense star formation, i.e. molecular clouds.

One can expect, a priori, that the closest SNR should be at about 1 kpc, because we have
1 new SN each many tens or years and the size of the Galaxy is several tens of kpc. A more
precise estimation can be done using the spatial distribution of the SNR density into the Milky
Way, that is approximately given by:

dρ(r)
dr

=
r
a2 exp

(
− r

a

)
, with a ∼ 3 kpc

and r is the distance from the Galactic center. We are interested to know this distribution as a
function of the distance from the Earth, therefore a change of coordinates is required. Using the
distance L from the Earth the previous expression becomes:

dρ

dL
=

L
a2

∫ 2π

0
exp

(
− r(L, θ)

a

)
dθ

2π
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Figure 8: Cumulative distribution of SNR as a function of the distance L from the Earth. We are assuming a new
explosion every 40 years, with a factor 2 of uncertainty.

with r(L, θ) =
√
(L2 + R2 − 2LR cos θ) and R = 8.5 kpc, i.e. the distance between the Earth and

the Galactic center [37]. This is a probability density function. Therefore, multiplying it for the
total number of Supernovae, we can estimate what is the distance L∗ at which the cumulative
function becomes equal to 1, i.e. the minimum distance to have at least 1 SNR. Assuming that
the number of young SNR is equal to 50 (i.e. an explosion every 40 years in the last 2000 years)
with an uncertainty of a factor 2, we obtain the cumulative function represented in Fig.8. We
found that the minimum distance to detect at least 1 young SNR is between 1.5 and 3 kpc.

Nowadays, only two powerful SNRs have enough γ-ray luminosity to have an associated flux
of neutrinos that is potentially detectable by telescopes of neutrinos. These are SNRs RXJ1713.7-
3946 [38, 39, 40] and RXJ0852.0-4622 which have been extensively discussed as potential sources
of high energy neutrinos. Different estimations show that in principle some events per year
can be detected using a 1 km3 detector, if the produced γ-rays have hadronic origin (see [36]
and references quoted therein). However up to now the leptonic origin of the γ-rays cannot
be excluded. The location of these two SNRs is not ideal to be probed by IceCube, since they
are located at negative declination on the Galactic plane (respectively −39.46◦ and −46.22◦)
and they can be observed only using the contained events that, as we will see in chapter 4,
do not have the sufficient angular resolution to point the source. On the other side these two
objects are perfect targets for future planned KM3NeT instrument. Therefore the hypothesis
that the CR originate from SNR is still a viable hypothesis that will be tested in the next years
by neutrino telescopes.

2.1.4 Pulsar wind nebulae

A pulsar wind nebula (PWN, plural PWNe), sometimes called a plerion, is a type of nebula
found inside the shells of supernova remnants, that is powered by pulsar winds generated
by its central pulsar. These nebulae were discovered in 1976 as small depressions at radio
wavelengths near the centre of supernova remnants [41]. They have since been found to be
x-ray emitters[42] and are possibly γ-ray sources [43].

PWNe are another class of galactic sources which are supposed to accelerate particles up
to very high energy (100 TeV - 1 PeV). If a fraction of accelerated particles are protons, then
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from the inelastic interactions between them and the ambient gas (pp interaction), high energy
γ-rays and neutrinos can be produced. The presence of a proton component in the pulsar winds
is still an open question but it is not excluded and it remains attractive to explain the γ-ray
emission from PWNe [44]. The leptonic scenario would explain them as synchrotron emission
of accelerated electrons/positrons. The number of PWNe detected in TeV band and presented in
TeVCat1 is 35 but for 7 sources no data are available. Only two sources have enough luminosity
in γ-rays to produce a detectable flux of high energy neutrinos: they are the Crab nebula and
Vela X.

The Crab nebula is a very well studied object at all wavelengths. It emits γ-rays up to TeV
band, which are most likely produced from inverse Compton scattering of soft photons fields
inside the nebula. If γ-rays are also produced by hadronic process, from this source high energy
neutrinos can be detected but, presently, it seems to be a less plausible scenario with respect to
the leptonic one [45].

Vela X PWN, an active pulsar associated with nebula, is a promising source of high energy
neutrinos, thanks to a total luminosity equal to 112 L�, where L� = 3.83× 1033 erg/s is the
luminosity of the Sun. In the nebula there are the right conditions to realize the pp interaction.
The origin of TeV γ-rays from Vela is under debate but, in this case, the hadronic scenario seems
plausible [46]. For this reason the Vela region is a prime candidate as a galactic neutrinos source,
to be detected with KM3NeT, because it is located at the negative declination of −40◦ 33

′
16.91

′′
.

2.1.5 Galactic center

The central region of our Galaxy is of special interest. It was investigated by various experiments
measuring photons at different energies. This region has the highest density of matter in the
Galaxy and it includes the central Black Hole as well as several TeV γ-ray sources. The central
Black Hole has a mass of about 4× 106 M� and it is classified as Super Massive Black Hole but
no evidence of jets has been observed. Our Black Hole is not an ”active galactic nucleus”.

The experiment HESS has provided us with evidence of a first PeVatron located in the
Galactic center [47]. An expectation for the neutrino flux has been derived from the measured
γ-ray flux in [8] and it will be discussed in details in Sec.7.2.

In addition, there are three other γ-ray sources seen by HESS within 2◦ distance from the
center of the Galaxy:

• the source J1747-281 is at the same position with the supernova remnant G 0.9+0.1;

• the source J1745-303 has no clear counterpart but is observed with a very hard energy
spectrum α ' 1.8 and no energy cutoff;

• the third one J1741-302 is a very faint source, at the lower edge of the HESS sensitivity.

The unidentified source (J1745-303) could produce a large neutrino flux compared to the
atmospheric expectation at neutrino energies above 5 TeV, because of the hard spectrum. See
[48] for a discussion of the hadronic scenario in this source. From the supernova remnant G
0.9+0.1, instead, a neutrino flux lower than the flux from the atmosphere is expected in the
whole energy range.
The region of the Galactic Center seems to be a good candidate to search for neutrino emission
[49], in particular because of the existence of at least three different source candidates.

1 http://tevcat.uchicago.edu/
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2.1.6 Fermi bubbles

The analysis of data collected by the Fermi-LAT experiment revealed two large extended
structures near the Galactic centre, above and below the galactic plane. They are called
Fermi bubbles [50] and an illustration of them is provided in the Fig.9. These structures are
characterized by GeV γ-ray emission with an hard spectrum E−2 and a constant intensity over
the whole spatial emission region. Several models [51, 52, 53, 54] explain the emission with
an hadronic scenario, in which gamma rays and neutrinos are produced by the collisions of
cosmic-ray protons with the interstellar matter. On the other hand, there are models that prefer
leptonic mechanisms or even dark matter decay [55, 56]: in these scenarios a lower flux of
neutrinos (or none at all) is expected. For these reasons the observation of a neutrino signal
from the Fermi bubble would play a unique role to discriminate between different models and
to understand better this astrophysical environment. Nowadays the photon flux in the energy
range 1-100 GeV covered by the Fermi-LAT detector [57] from the Fermi bubble regions is:

E2 dφγ

dE
∼ 3÷ 6× 10−7 GeV cm−2s−1sr−1

Since in the pp mechanism the flux of gamma rays and the all flavor flux of neutrinos are
equal within 25-30% (see section 1.3.3), the flux of muon neutrinos, that can be measured by
ANTARES, is about 1/3 of it in the pion decay scenario:

E2 dφµ

dE
∼ 1.2÷ 2.4× 10−7 GeV cm−2s−1sr−1

This limit comes from a purely hadronic scenario and it is an upper limit. In the case of mixed
scenario (leptonic plus hadronic) for the production of γ-rays, the flux of neutrinos would be
less than the flux of gamma. A cutoff is expected to be present between 50 and 500 TeV for
the neutrino spectrum, because a cutoff in the primary protons spectrum is expected from 1

PeV to 10 PeV. The analysis of 2008-2011 ANTARES data [58] give a 1.2σ excess of events in the
Fermi bubble regions, compatible with the no-signal hypothesis. For the optimistic case of no
energy cutoff in the flux, the present upper limit is a factor three larger than what is expected
by the purely hadronic model based on the measured gamma-ray flux. The next generation of
neutrino telescope, such as KM3NeT, will provide an improvement in sensitivity, by more than
an order of magnitude.

2.1.7 Microquasars

A microquasar (or radio emitting X-ray binary system) is the little sibling of a quasar. Micro-
quasars are named after quasars, as they have some common characteristics: strong and variable
radio emission, often resolvable as a pair of radio jets, and an accretion disk surrounding system
of compact objects which are either black holes or neutron stars. In quasars, the black hole
is supermassive (millions of solar masses); in microquasars, the mass of the compact object
is, typically, few solar masses. In microquasars, the accreted mass comes from a normal star,
and the accretion disk is very luminous in the optical and X-ray regions. Microquasars are
sometimes called radio-jet X-ray binaries to distinguish them from other X-ray binaries.
The composition of the jets, particularly their baryonic content, is still an open issue and it is
the key issue for the expectations on the flux of neutrinos. Evidence for a baryonic content has
been found only in the jets of the microquasar SS433 [59] and 4U 1630-47 [60]. The synchrotron
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Figure 9: Pictorial illustration of Fermi bubble. The vertical extension is about 10 kpc. Credit: wikipedia

emission from the electrons may provide the required opacity to photo-meson production and
high energy neutrino may be produced (pγ scenario) if:

• baryons are contained in microquasar jets;

• dissipation mechanism allows them to be accelerated to very high energies, e.g. through
diffusive shock acceleration.

In microquasars harbouring an early type, massive (≥ 10M�) companion star, neutrinos
may be generated by the interaction of the relativistic baryons in the jets with the ions from the
stellar wind (pp scenario) [61, 62]. The detection of high energy neutrinos from microquasars
would give important hints about the composition of microquasar jets and about the physics
that occurs in these extreme environments close to black holes or neutron stars.
The search of high energy neutrinos from microquasars has been performed by ANTARES
telescope between 2007 and 2010 [63]. Different microquasars were considered and the searches
did not result in a statistically significant excess above the expected background. A 90% C.L.
upper limits on the neutrino fluxes, expected from different microquasars, have been calculated
by the ANTARES collaboration and the constraint is:

E2 dφ

dE
< 0.6÷ 25× 10−6 GeV cm−2s−1

for the different sources analyzed. The motivations to search high energy neutrino emission
from microquasars with additional ANTARES data or, in the longer term, by the forthcoming
KM3NeT neutrino telescope remains excellent.

2.2 extragalactic sources
For several extragalactic neutrino sources the pγ mechanism is considered to be more important
than the pp one. In this section we present the most plausible sources of high energy neutrinos,
i.e. Gamma-Ray Burst, Active Galactic Nuclei, Blazars and Starburst Galaxies.
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2.2.1 Gamma-Ray Bursts

GRBs are intense and rapid flashes of gamma radiation, characterized by a typical energy
release of 1051 erg, which allows to classify them among the most energetic phenomena in the
Universe. Such events have been discovered through gamma satellites, detecting isotropic high
photon fluxes. It has been hypothesized that these sources are able to accelerate protons up to
ultra-high energies: therefore GRBs are also promising sources of PeV neutrinos, as discussed in
the literature [64, 65, 66, 67, 68]. Indeed, neutrinos emerge in a natural way from the interaction
of a power law protons spectrum with the dense radiation field (pγ interaction): in particular,
10-100 PeV protons over MeV target photons (all energies in the laboratory frame) produce

neutrinos with energy around the PeV.
The original computation of neutrino flux from GRBs was done by Waxman and Bahcall

[65], in the context of the internal shock fireball scenario, starting from the assumption of
Fermi-accelerated protons in the relativistic ejecta of the burst that interact with the observed
photon field. The interaction proceeds through the resonant production of the ∆+, whose decay
can give charged pions and therefore high energy neutrinos, as discussed in chapter 1.

In Fig.10 the expected spectrum of neutrinos from GRBs, multiplied by E2, is illustrated. We
notice that the typical spectrum of neutrinos, produced by GRBs, is expected to follow an E−1

spectrum until some 100 TeV and then an E−2 spectrum at higher energy. Above 10 PeV the
spectrum becomes as soft as E−3, because a loss term proportional to E−1 must be included,
due to synchrotron radiation losses of secondaries, like pions and muons [65]. In the region
where the spectrum of neutrinos is expected to be E−2 distributed, the calculations of Waxman
and Bahcall suggest that the flux of muon neutrinos from GRBs is equal to:

E2 dφµ

dE
' 4× 10−9 GeV cm−2s−1sr−1

The expected rate of GRB is about 1000 per year over 4π sr [70, 71, 72]. The most recent
analysis done by the IceCube Collaboration [73] was performed searching for neutrinos of all
flavors emitted by 807 GRBs during three years of data taking. Because GRBs are transient
sources, it is possible to include in the analyses both the temporal and directional information
about the detected events: in the IceCube data sample, five events were found in space-time
coincidence with GRBs, resulting compatible with background expectations. Due to the absence
of a significant excess of neutrinos associated to GRBs, it is possible to constrain the parameters
space on which the theoretical model is based; in particular the bulk Lorentz factor and the
baryonic load of the jet. A more detailed Monte Carlo simulation2 of neutrino production in
the GRB jet was recently performed and the new evaluation reduces the expected neutrino flux
by an order of magnitude with respect to the analytic computations and therefore weakens the
obtained limit. The present limit on the contribution of the GRBs to high energy neutrinos is of
the order of [73]

E2 dφµ

dE
∼ 10−9 GeV cm−2 s−1 sr−1

This implies that the simple scenario for high-luminosity GBRs cannot explain the entire IceCube
signal [73].

2 Numerical NEUCOSMA model.



32 sources of high energy neutrinos

Figure 10: Expected neutrino fluxes from different diffuse cosmic models and the atmospheric neutrino background
[69].

2.2.2 Active Galactic Nuclei

An active galactic nucleus (AGN) is a compact region at the center of a galaxy whose luminosity
is much higher than the normal one over some portion of the electromagnetic spectrum, with
characteristics indicating that the excess luminosity is not produced by stars. Such an excess in
the non-stellar emission has been observed in the radio, microwaves, infrared, optical, ultra-
violet, X-ray and gamma ray wavebands. A galaxy hosting an AGN is called an active galaxy.
The radiation from an AGN is believed to be a result of accretion of matter by a supermassive
black hole at the center of the host galaxy [74, 75, 76]. The central engine can accelerate protons
up to very high energies, while the accretion disc is an emitter of hot thermal radiation, which
gives prominent feature in the observed AGN spectra, usually refereed to as a ”Big Blue Bump”.
Accelerated particles move along two jets perpendicular to the accretion disc and crossing this
radiation field. See Fig.11 for illustration.

AGNs are considered potential sites for the high energy neutrino production [77, 78, 79, 80,
81]. High energy neutrino appear in charged pion decays created in pγ→ nπ+ reactions, due
to the collision between protons and the blue bump photons. Protons accelerated up to 100

PeV and absorbed in the radiation field contained into the disk, with a temperature of about
15 eV and a black hole mass of 108M�, can give a neutrino spectrum between 100 TeV and 10

PeV with the same spectral shape of the primary protons and compatible with the observations.
Anyway the previous argument should be considered a test of plausibility; the study of the
correlation between neutrino arrival directions and various AGNs position is necessary to falsify
or to constraint better this type of model. This will be possible in the nearest future, when more
data will be accumulated, especially using the track-like events, that are more closely linked to
the source. Nowadays it is not possible to exclude (or confirm) the AGNs as potential sources
of a part of the IceCube signal. An analysis of this argument has been proposed in [82].
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Figure 11: Inner structure of a galaxy with an active galactic nucleus. Credit: Wikipedia

2.2.3 Blazars

The blazars are AGNs with jets pointing toward the Earth and featureless optical spectra (i.e.,
lacking strong emission/absorption lines). The Fermi-LAT satellite proved that the blazars are
the brightest extragalactic sources above 10 GeV. Many more of these blazars are not visible as
point sources, being too faint and/or too far from us. They contribute to the unresolved γ-ray
radiation, again observed by Fermi-LAT. The sum of resolved and unresolved blazars almost
saturates the observed diffuse emission [83], with a margin of uncertainty of some ten percents,
that should be attributed to other sources.

Blazars are good candidates to produce high energy neutrinos, as discussed in [84, 85, 86,
87, 88, 89]. They are broadly classified in BL Lac (namely BL Lacertae) and in flat spectrum
radio quasars (FSRQ). BL Lac are characterized by featureless optical spectra (i.e., lacking strong
emission/absorption lines) and they are believed to be the most promising source of high
energy neutrinos after the papers of Tavecchio et al. [90, 91], whereas, in the past, FSRQ were
believed to be a more promising source of high energy neutrinos.

Exploring the correlation between the arrival direction of neutrinos and the direction of
γ-rays, with the condition that a neutrino event must have at least one γ-ray source as a
counterpart, it is found that shower-like events3 (with a typical angular resolution of 10◦ − 15◦)
show connection with blazars [92, 93].

A recent analysis of the IceCube collaboration shows that the contribution of blazars to the
diffuse flux of high energy neutrinos is about 25% [94]. However this kind of multi-messenger
analysis strongly depends on the assumption on neutrino spectrum, as we will discuss in
chapter 6 and 7. For example, assuming an E−2 spectrum for the extragalactic component of
the neutrino spectrum, the contribution of blazars to this flux increases up to 50%.

On the other side in [9] the correlations between the track-like events above 200 TeV (with
a typical angular resolution of 1◦) and a sub-class of blazars, namely the BL Lacs, have been

3 The event topology is discussed in chapter 4.
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analyzed. No evidence of correlations has been found. Therefore the BL Lacs are not the main
emitters of cosmic neutrinos above 200 TeV, with a significance of 3.7σ.

2.2.4 Starburst galaxy

The starburst galaxies are a subset of star forming galaxies (SFGs) that undergo an episode of
vigorous star formation in their central regions. The gas density is much higher than what is
observed in quiescent galaxies and for this reason the pp interaction is a plausible mechanism
to produce high energy neutrinos [95, 96, 97]. Diffusion in starburst galaxies might also become
weaker due to strong magnetic turbulence, while advective processes might be enhanced. Since
the losses by inelastic collisions and advection are nearly independent of energy, the hadronic
emission of starburst is expected to follow more closely the injected CR nucleon spectrum, E−α,
with α ' 2.15 [95].

The nearest starburst galaxies are M82 and NGC 253, both at a distance of 3.5 Mpc. These
galaxies exhibit relatively hard γ-ray spectrum in the GeV to TeV energy range, with a spectral
index between 2.1 and 2.3 [98]. Due to the harder emission spectrum and a higher pion
production efficiency, the starburst subset is predicted to dominate the total diffuse γ-ray
emission of SFGs beyond a few GeV [97]. On the other hand, the emission from starburst
galaxies is sub-dominant with respect to the γ-rays emission from BL Lacs. Provided that the
CR accelerators in starburst galaxies are capable of reaching energies exceeding 20-30 PeV per
nucleon, the hadronic emission can also contribute significantly to the diffuse neutrino emission
at PeV energies.

It has been noticed that the flux of neutrinos measured by IceCube is too high with respect
to the flux of gamma around 100 GeV and above this energy [99]. However an important aspect
is that the γ-rays, produced into the starburst galaxies, are easily re-processed to low energies;
therefore it is easier to observe a starburst galaxy using the infrared radiation, for example. In
any case it is important to remark that, as for BL Lacs, in this type of multi-messenger approach
the assumptions on the neutrino spectrum play a crucial role. In Section 6.1.3 this aspect is
discussed.

2.3 cosmogenic neutrinos

The cosmogenic neutrinos are generated by the pγ interaction, where the photon targets consist
in the cosmic microwave background radiation (CMB) [100]. In this scenario, analyzed in
[101, 102, 103, 104], protons must have a huge energy to produce the so called cosmogenic
neutrinos, since the energy of the CMB is of the order of 10−3 eV.

According to the photo-hadron decay scheme, described in section 1.4, neutrinos are
produced with ∼ 5% of energy with respect to the energy of the primary protons. The
resulting ultra-high-energy neutrinos escape from the interaction zone. If the interaction
happens between accelerated protons and the lowest energy part of the CMB spectrum, the
corresponding neutrinos are very energetic, in the range of EeV, i.e. 103÷4 PeV. The interaction
can occur also between protons and the most energetic part of the cosmic background, i.e.
the EBL; in this scenario the secondary neutrinos have energy in the PeV region. Generally,
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the energy of a proton, required to create a pion plus a baryon (proton or neutron) in the pγ
interaction, is given by:

Emin
p =

m2
∆ −m2

p

4Eγ
(16)

where Eγ is the energy of the target photons, m∆ and mp are the masses of the baryon ∆ and
the proton, respectively.

The expected flux of cosmogenic neutrinos strongly depends on the cosmic-ray composition
and cosmological source evolution; this is the reason because different models differ greatly in
their neutrinos flux prediction. To have an estimation of the order of magnitude, a neutrino flux
of

E2 dφ

dE
∼ 5× 10−9 GeV cm−2 s−1 sr−1

is expected around EeV energy, as we can see in the Fig.10. Up to now the cosmogenic neutrinos
have not been detected and this fact helps to constraint many theoretical models. The most
stringent experimental limit has been placed by the ANITA experiment [105], although the
IceCube and Auger experiments are more sensible than ANITA below 10 EeV. There are also
other future neutrino telescopes, particularly the Askaryan Radio Array (ARA) [106], that have
as a main goal the detection of these ultra high energy neutrinos.

It is important to clarify the meaning of the “non detection”of cosmogenic neutrinos, because
IceCube has detected 3 events with deposited energy above 1 PeV, that could be cosmogenic
neutrinos at a first glance. Indeed one could think that these events come from neutrinos
produced by the interaction of accelerated protons with the EBL background. However, this is
not so: the PeV events cannot be attributed to the cosmogenic neutrinos, because this would
imply many more higher-energy neutrinos that should have been detected, but were not, as
discussed in [107].

Summarizing this chapter, we can say that nowadays there are many ideas for the sources of
high energy neutrinos, even if (as we will discuss in chapter 6 and 7) it is not clear whether any
of them, alone, is sufficient to explain the entire signal detected by IceCube. There are, instead,
several bounds for many sources described in this chapter. More data and experiments are
necessary to clarify the situation.
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3 P R O PA G AT I O N O F C O S M I C N E U T R I N O S

One of the most important properties of neutrinos is that they weakly interact with
the matter. In this way they retain information on the source. This is a special
property since other particles are re-processed during their path (γ-rays and protons
for example). For this reason neutrinos can be used as “probe particles”. On the
other hand the small cross section of neutrinos makes their detection hard, as we will
see in the following. In this chapter we discuss the neutrino propagation, describing
neutrino oscillations and examining the neutrino decay scenario.

This chapter is based on two original works published during the Phd [1, 2].

3.1 neutrino oscillations
In 1957 Bruno Pontecorvo [108] hypothesized that mass eigenstates and flavor eigenstates do
not coincide for neutrinos. Therefore, since a certain neutrino of flavor `, that we denote as ν`,
is a superposition of mass eigenstates, the oscillation between different flavor eigenstates occurs
during the propagation. In 1962 Maki, Nakagawa and Sakata [109] introduced the matrix, that is
known as PMNS matrix, to explain the neutrino oscillations predicted by Bruno Pontecorvo. An
exhaustive treatment of this argument can be found in these two reviews on neutrino physics
[110, 111].

The probability of oscillations of neutrinos in vacuum, from a ν` to a ν`′ , is given by:

P``′ = |
3

∑
i=1

U`′ i eiEit U∗`i|
2 with ` = e, µ, τ (17)

in which the U`i are the elements of the Pontecorvo matrix [112]. The phase term

φij = ∆m2
ij

L
4E

that is obtained from the previous expression developing the calculation, is relevant for the
oscillation of atmospheric neutrinos whereas for cosmic neutrinos, i.e. TeV neutrinos and
distance greater than some parsec, the phase term is so high that only the average value makes
sense. In order to have an idea of it, let us recall a useful numerical expression for the phase
term:

φij = 1.27
∆m2

ij

eV2
L
m

GeV
E

For neutrinos produced at a distance of 100 Mpc and with 1 TeV of energy the phase term is
equal to 1 for ∆m2 ∼ 10−16 eV2. On the contrary we know that the present values of ∆m2 are
much greater, i.e.:

∆m2
21 = 7.5× 10−5 eV2

37
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∆m2
3` = 2.5× 10−3 eV2

(18)

where ∆m2
3` = ∆m2

31 > 0 for Normal Hierarchy (NH) and ∆m2
3` = ∆m2

32 < 0 for Inverted
Hierarchy (IH) [113].

Therefore the probability of oscillations of cosmic neutrinos in vacuum over large distances,
from a ν` to a ν`′ , is given by the following phase averaged expression:

P``′ =
3

∑
i=1
|U2

`i||U
2
`′i| with ` = e, µ, τ (19)

3.1.1 The natural parametrization

Since this work is focused on high energy cosmic neutrinos it is convenient to use a special
description for neutrino oscillations. We will use the approach proposed in [1] that is specialized
for our case. We refer to it as “natural parametrization”. This is a method that has the advantage
to permit the computation of neutrino oscillation probabilities and their uncertainties with
analytical formulas, without a Montecarlo simulation. Moreover, it is sufficiently accurate for
the present purposes, as largely discussed in [1].

We begin by counting the number of independent vacuum oscillation parameters [112]

P``′ =
n

∑
i=1
|U2

`i||U
2
`′i| where ` = e, µ, τ (20)

in the case of n light neutrinos.
The vacuum oscillation formula depends upon the squares of the leptonic mixing matrix

|U2
`i|. They correspond to (n− 1)2 independent parameters, as it is clear considering all |U2

`i| as
independent (albeit constrained) parameters except the ones of the first row and column, that
can be obtained from unitarity, e.g., |U2

µ1| = 1−∑n
i=2 |U2

µi|.
But the vacuum oscillation probabilities P``′ are also symmetric in the exchange of the flavor

indices `↔ `′, thus they require less parameters. Since we can again rely on similar unitarity
relations when we sum on all flavors, namely ∑` P``′ = 1, this implies that the number of
independent parameter is just n(n− 1)/2. This means that when n = 3 we have 3 independent
parameters, when n = 4 we have 6 of them, etc.

From here on and in view of the present experimental situation, we focus on the three flavor
case (n = 3) where we have three parameters, as first remarked (to the best of our knowledge)
in ref. [114].

Next, we motivate and introduce the choice of the three natural parameters. The parameters
P0, P1, P2 are defined as follow:

P0 =
Pee − 1

3
2

, P1 =
Peµ − Peτ

2
, P2 =

Pµµ + Pττ − 2Pµτ

4
(21)

We would like to give our reasons (that are largely based on the available experimental
informations) why we consider that Eq. 21 is the optimal choice of parameters:

1. the oscillation probability that is singled out in P0 is Pee, that is well-known (being directly
measured by low energy solar neutrino experiments and probed also by reactor and high
energy solar neutrino experiments);
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Table 4: Table of present values and errors of the natural parameters [1].

Parameter Mean value Standard deviation
P0 0.109 0.005

P1 0.000 0.029

P2 0.010 0.007

2. the difference of Peµ − Peτ contains most of the uncertainties;

3. the last combination of oscillations probabilities, P2, is positive and very small;

4. a specific choice of the overall coefficients is adopted in order to have coefficients that are
either zero or close to 1 in the expressions of all oscillation probabilities, Eq. 22;

5. setting P0 = P1 = P2 = 0, all oscillation probabilities become P``′ = 1/3, namely, any
information on the original flavor is lost: the three parameters describe the potentially
measurable information on flavor that survives cosmic neutrino oscillations.

The above argument clarifies that it is possible to introduce such a parameterization directly,
without the need to associate it to a specific scheme of approximation of the mixing matrix, but
rather, keeping it exact.

We can write in terms of P0, P1, P2 the matrix that contains the probabilities of oscillations of
cosmic neutrinos. This is the following symmetric matrix:

P =

 1
3 + 2P0

1
3 − P0 + P1

1
3 − P0 − P1

1
3 + P0

2 − P1 + P2
1
3 + P0

2 − P2
1
3 + P0

2 + P1 + P2

 (22)

It acts on the vector of fluxes before oscillations φ0 = (φ0
e , φ0

µ, φ0
τ) just as

φ = P φ0 (23)

giving the vector of fluxes observed after oscillations, φ = (φe, φµ, φτ).

3.1.2 Connection with the standard parameters of neutrino mixing

Compact and useful expressions of the natural parameters in terms of four standard parameters
[20], the mixing angles θ12, θ23, θ13 and CP violation phase δ, are as follows:

P0 =
1
2

{
(1− ε)2

[
1− sin2 2θ12

2

]
+ ε2 − 1

3

}

P1 =
1− ε

2

{
γ cos 2θ12 + β

1− 3ε

2

}

P2 =
1
2

{
γ2 +

3
4

β2(1− ε)2
}

(24)
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where we introduce for convenience the following 4 small parameters:

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

β = cos 2θ23 γ = α− β
2 cos 2θ12(1 + ε)

(25)

These expressions are exact. Note property 3 listed in Sect. 3.1.1 of this parameterization.
The parameters α, β, γ are small and to date not known precisely, whereas ε is very small

and precisely known. We can then order these parameters according to their (presumed) size,
and consider sin2 2θ12 as zeroth order; sin θ13, cos 2θ23, α, β, γ of first order; ε of second order.
In the same sense, P0 is a zeroth-order parameter; P1 is first order in α and β; P2 is second order
in α and β. Note that P2 is bound to be positive.

Using the present knowledge of mixing angles and CP violating phase [113], we obtain the
values and the errors of the natural parameters. We show the results in the Table 4, assuming
normal mass hierarchy. It is easy to repeat the same steps with inverted hierarchy, but the
differences are not large. From this Table we notice that with present data the average values
obey 〈P0〉 � 〈P1〉 ' 〈P2〉 whereas their variances obey δP1 � δP0 ' δP2. P0 is well known,
because is related to survival probability of solar low energy neutrinos and θ13, or ε, is well
measured by reactor experiments. As we see from figure of [1], P0 and P1 are well represented
by Gaussian functions; P2 is not Gaussian but it is a very small parameter. For these reasons,
as we argue from here on, we can use a Gaussian approximation without introducing severe
inaccuracies in the numerical analysis of the oscillations. This is a new result, that allows one
to obtain convenient analytical expressions for different examined quantities and to quantify
easily the uncertainties.

The probabilities of oscillation given in Eq. 22 have a very simple form: they depend linearly
upon the natural parameters. Moreover, in first approximation, they could be expressed only
in terms of P0, because P1 and P2 give small corrections. Using the value of Table 4 and the
natural parameterization of oscillation matrix, we obtain the probabilities of oscillations:

Pee = 0.552± 0.010, Peµ = Peτ = 0.224± 0.029
Pµτ = 0.378± 0.008, Pµµ = Pττ = 0.398± 0.029

(26)

Two couples of probabilities have (almost) the same values, because with the present best fit
value 〈P1〉 = 0 and the numerical differences between these expressions are small.

3.1.3 Flavor composition at Earth

We denote the fractions of ν` at source and the one at Earth (i.e., after oscillations) respectively
as:

ξ0
` = φ0

`/ ∑
`

φ0
` and ξ` = φ`/ ∑

`

φ`

where of course ∑` φ0
` = ∑` φ`.

In the first chapter we have seen that in the standard mechanisms of production of cosmic
neutrinos no ντ are produced. Therefore we can write a general flavor composition at the source
in this manner:

(ξ0
e : ξ0

µ : ξ0
τ) = (1− g : g : 0) with 0 ≤ g ≤ 1
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Using Eq.23 we found that after propagation the flavor composition is modified as follows:

ξe =
1
3
+ (2− 3g)P0 + g P1 (27)

ξµ =
1
3
+

1
2
(−2 + 3g)P0 + (1− 2g)P1 + g P2 (28)

ξτ =
1
3
+

1
2
(−2 + 3g)P0 + (−1 + g)P1 − g P2 (29)

These equations show the power of the natural parametrization. Indeed it is possible to directly
compute the flavor composition after the oscillations and its uncertainty, with simple analytical
expressions.

If we want to consider realistic scenario of neutrino production we can recall the Tab.3, in
which different mechanisms are reported. They can be obtained from the previous equations
using:

• g = 2
3 for pions decay;

• g = 1 for damped muons;

• g = 0 for neutrons decay

The flavor fraction ξe, ξµ and ξτ relative to these mechanisms of production are illustrated in
Fig.12, with pions decay in orange, damped muons in red and neutrons decay in green.

For precision, it is important to recall that these flavor compositions at the source are
approximate. The correct flavor composition is always related to the assumption on the
neutrino spectrum, as discussed in chapter 1. In the case of pp interaction and power law
spectrum of the primary protons E−α, the flavor composition at the source is a function of
the spectral index α. In the case of pγ interaction the situation is more complicate and the
spectrum of target photons is relevant. Anyway, in the well accepted standard scenario of
cosmic neutrinos produced by pions decay and E−2 spectrum, the flavor composition after
oscillation (ξe : ξµ : ξτ) = (1/3 : 1/3 : 1/3) is a good approximation, as it can be noted in
Fig.12 looking at the orange distributions.

3.1.4 The fraction of ν̄e at Earth

Another quantity that is interesting for cosmic neutrinos is the amount of ν̄e after the oscillations.
This is due to the fact that a ν̄e of 6.3 PeV can interact with an electron producing a W− boson,

ν̄e e− →W−

Table 5: Flavor composition at Earth at 90% C.L. considering the natural parametrization and three standard
mechanisms of production.

ξe ξµ ξτ

Pions decay 0.302 - 0.365 0.323 - 0.357 0.309 - 0.344

Damped muons 0.177 - 0.272 0.350 - 0.446 0.366 - 0.390

Neutrons decay 0.535 - 0.567 0.177 - 0.272 0.177 - 0.272
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Figure 12: Flavor fraction of ξe, ξµ and ξτ after oscillations, using pions decay, neutrons decay and damped muons
as mechanisms of production.

This process is called “Glashow resonance”[115] and it represents the typical signature for the ν̄e.
We will analyze in details this process in section 4.5.4; now we limit our analysis to the fraction
of ν̄e expected in two extreme cases. Indeed, in the first chapter, we have seen that pp and pγ
mechanisms give different fractions of ν̄e. Particularly, the amount of ν̄e in the pp mechanism at
the source is ∼ 1/6, whereas no ν̄e are produced in the pγ mechanism considering the delta
approximation, i.e. only the creation of the ∆+ particle from the pγ interaction (see Tab.3 and
[1, 116, 3]).

In order to evaluate what is the amount of ν̄e after oscillations we need to know not only
the fraction of ν̄e at the source but also the amount of ν̄µ. Recalling the Tab.3 we have in pp
scenario:

ξ0
` =

1
6
(1, 2, 0) ξ0

¯̀ =
1
6
(1, 2, 0)

and in the delta approximation of pγ scenario:

ξ0
` =

1
6
(2, 2, 0) ξ0

¯̀ =
1
6
(0, 2, 0)

Using the natural parametrization the fractions of electron antineutrinos at Earth are given
by linear expression in the parameters P0 and P1:

ξ
pp
ν̄e

=
1
6
+

1
3

P1 (30)

ξ
pγ
ν̄e

=
1− 3 P0

9
+

1
3

P1 (31)

The numerical values for these two scenarios at 3σ C.L. are:

ξ
pp
ν̄e

= 0.167± 0.029

ξ
pγ
ν̄e

= 0.075± 0.029

where the uncertainty is due to P1. Note that we are using recent measurements of the oscillation
parameters [113] and in particular we have included the effect of θ13, which is now measured
and known to be non-zero.

This result implies that, if we know the total flux of neutrinos, we expect about the double of
Glashow resonance events in the case of pp interaction with respect to the pγ scenario. Anyway
in realistic scenarios the discrimination can be more difficult compared to this idealized case. In
fact, as remarked in Sec.1.4.2, in the pγ interaction it is possible to have a certain contribution
of π− and therefore of ν̄e [23, 25]. In some cases the differences between pp and pγ scenarios is
much less than a factor 2, making these scenarios not distinguishable from an experimental
point of view [5].
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Figure 13: Fraction of νe due to the pp or the pγ interaction obtained using the natural parametrization, in an
idealized situation [1].

3.2 neutrino decay
In this section we analyze an exotic scenario that could occur during the propagation of
neutrinos into the universe, i.e. the neutrino decay. It was first discussed in [117, 118] in 1972.

We consider non-radiative decay processes of the kind νi → νj + X, where νi and νj indicate
neutrino (or antineutrino) mass eigenstates with masses mi ≥ mj, while X represents one (or
more) invisible particle in the final state. For a source of (relativistic) neutrinos at a distance L,
the νi−component of the flux is depleted due to decay by the factor:

Di (L, E) = exp
(
− L

E
× mi

τi

)
(32)

where E is the neutrino energy and τi is the i-th neutrino lifetime. As a consequence, the
sensitivity to the unknown ratios τi/mi is essentially determined by neutrino energy and
baseline, being L/E the critical parameter.

The most favorable combination is provided by the SN1987A (L = 50 kpc, E ∼ 20 MeV); the
observation of electron antineutrinos in Kamiokande-II and IMB permits to exclude that the
states ν1 and ν2 (which have a non negligible νe component) decay to ν3 (or to a sterile state)
yielding the lower limit τ/m & 105 s/eV [119, 120]. Note that, in the absence of sterile neutrinos,
this limit only applies to scenarios in which both ν1 and ν2 decays to ν3, thus requiring an
inverted mass hierarchy m3 ≤ m1 ≤ m2.

Other bounds are less stringent. As an example, the strongest model-independent limits
on ν2 non-radiative decay are obtained from solar neutrinos for which E ∼ few MeV and
L = 1.5 × 108 km and are at the level of τ2/m2 & 10−4 s/eV [121, 122]. For decay modes
involving the appearance of electron antineutrinos, a more stringent limit τ2/m2 > 1.1 · 10−3

s/eV is given by the non-observation of solar νe in Kamland [123]. The ν3 lifetime can be
bounded by atmospheric and long-baseline neutrino data, obtaining τ3/m3 & 10−10 s/eV [124].
These different situations are reported in Tab.6.

As it was suggested, e.g. by [125], independent and highly competitive limits can be obtained
by the observation of high energy cosmic neutrinos in neutrino telescopes. If we consider
E ∼ 100 TeV and L ∼ 1 Gpc as representative values for the energy and the distance travelled
by (extragalactic) cosmic neutrinos (see also Tab.6), we obtain L/E ∼ 103 s/eV. We thus
understand that the present observations of solar, atmospheric and long baseline neutrinos
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Table 6: Table of τ/m that can be tested with different sources of neutrinos at different distances.

SN1987A Cosmic Sun Atmospheric
L (cm) 1.5× 1023 3× 1027 1.5× 1013 6.4× 108

E (eV) 2× 107 1014 5× 106 109

τ/m (sec/eV) ≥ 2× 105 ≥ 103 ≥ 10−4 & 10−10

do not exclude the possibility that cosmic neutrinos decay. Even the SN1987A bound, that
numerically corresponds to larger values τ/m & 105 s/eV, only applies to specific scenarios
in which both ν1 and ν2 decay into ν3 or to an additional (mainly sterile) mass eigenstate.
To maximize the effect of neutrino decay, we consider a Complete Decay Scenario for cosmic
neutrinos.

The complete decay scenario can be investigated with cosmic neutrinos thanks to the flavor
composition, because in the case of neutrino decay the flavor composition dramatically changes
with respect to the standard scenarios analyzed before. In particular, in the assumption that
only one stable state exists, the flavor ratios at Earth of decaying neutrinos are only determined
by the neutrino mixing matrix and they does not depend upon the production mechanism and
the decay kinematics. Indeed, only one mass eigenstate survives in the complete decay scenario,
giving the following flavor composition:

ξ` = |U`j|2 . (33)

where U`j are the elements of the Pontecorvo mixing matrix.
If we assume normal mass hierarchy, the stable eigenstate is necessarily ν1, namely j = 1,

since m1 < m2 < m3. In this case the expected flavor ratios at Earth are

(|Ue1|2 : |Uµ1|2 : |Uτ1|2) ∼ (0.68 : 0.21 : 0.11)

For inverted mass hierarchy, the lightest and stable state is ν3, namely j = 3, and the final
flavor ratios are expected to be

(|Ue3|2 : |Uµ3|2 : |Uτ3|2) ∼ (0.02 : 0.57 : 0.41)

In both cases, the central values of the predicted flavor fractions are outside the ranges expected
for stable neutrinos, that are reported in Tab.5.

In order to understand the “state of the art” in chapter 5 we will show how to connect the
expected flavor composition to an experimental observable quantity. Moreover we will compare
these expectations with the new measurements provided by IceCube, referring to the recent
papers [2, 126].
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In this chapter we discuss the characteristics of the neutrino telescopes, focusing on
IceCube, ANTARES and KM3NeT. We describe the deep inelastic scattering, that is
the main process that makes possible the high energy neutrino detection. Moreover
we discuss what is the response of the detector to each flavor of neutrino, focusing
on the two main topologies of events: tracks and showers. We also discuss the
response of the detector to the Glashow resonance (a process involving electron
antineutrinos) and to the double pulses (a process involving tau neutrinos). The
informations reported in this chapter are necessary to understand Chapter 5 and
Chapter 6, where the interpretation of the observed data will be given.

Part of this chapter is based on an original work published during the Phd [3].

4.1 the neutrino telescopes
The idea to observe high energy neutrinos was first discussed in 1961 by Markov and Zheleznykh
[127]. The first neutrino telescopes were liquid or plastic scintillators, culminated in the modern
Cherenkov telescopes. Although details vary from experiment to experiment, modern high-
energy neutrino telescopes consist of strings of photo-multiplier tubes (PMT) distributed
throughout a natural Cherenkov medium such as water or ice. Typical spacing of PMT is 10-20

meters along a string with string spacing of 30-100 meters [128]. Such experiments can observe
neutrinos of different flavors, over a wide range of energies, by looking at the Cherenkov light
produced by the secondary particles. These particles come from the deep inelastic scattering
between high energy neutrinos and the nucleons contained into ice or water. We discuss the
deep inelastic scattering in Section 4.3.

There are two methods to detect high energy neutrinos:

• historically the first one uses the so called throughgoing muons, i.e. the induced muons
produced by the charge current interaction of a νµ outside the detector. This method
provides us with a good angular resolution, corresponding to about 1◦ [129] in ice and
about [0.1◦ − 0.3◦] in water [130, 131]. On the other side the energy is reconstructed with
a large uncertainty of about a factor 2 [132], due to the fact that only a fraction of the
muon’s path can be detected;

• the second method, adopted by the IceCube experiment for the first discovery of a diffuse
flux of high energy neutrinos [133], uses events with the vertex of interaction contained
into the detector. For this reason these events are called High Energy Starting Events
(HESE). This method is sensitive not only to νµ but also to νe and ντ , that produce
showers (both electromagnetic and hadronic) into the detector. The showers provides
worse angular resolution than tracks, of the order of 10◦ − 15◦ in ice [133] and some
degrees in water [131]. On the contrary the energy is well reconstructed in this case, with
an uncertainty of about 15% (see Appendix D.2).

45
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Nowadays several Cherenkov neutrino telescopes are operating in the world:

1. IceCube, a km3 detector located in the South Pole that uses the ice as target for high
energy neutrinos [133];

2. ANTARES, with a volume of 0.03 km3 located in France, that uses the water as target
[134];

3. Baikal, a 1.5 km3 neutrino detector conducting research in Lake Baikal (Russia) [135];

4. KM3NeT, that will have a volume of about 1 km3 and it uses the water as target for high
energy neutrinos. It is located in Sicily (Italy) but at the moment it is operating with few
strings. It is expected to work with the full configuration in 2020 [131].

Why a km3 detector is required to observe high energy neutrinos ? Let us consider the
events contained into the detector. The expected number of events depends upon the fluence
of high energy neutrinos Fν, the number of target N and the cross section of deep inelastic
scattering σDIS.

• Considering Waxman and Bahcall [12] (see Sec.6.1.3), the upper bound of the high energy
neutrino flux (all flavor) was expected to be order of:

dφWB

dE
' 5× 10−8 1

GeV cm2 sec sr

(
E

1 GeV

)−2

Therefore, the fluence in 1 year is obtained by the following integral:

Fν '
∫ Emax

Emin

4π × dφWB

dE
× π · 107 dE

If we consider Emin = 100 TeV and Emax = ∞, the fluence is equal to:

Fν ' 2× 10−4 ν

cm2 year

• the cross section of deep inelastic scattering at 100 TeV is order of [136, 137]:

σDIS = 10−34cm2

• the number of target is given by

N(V) =
ρ V
mN

= 6× 1038 V
km3

where ρ is the density of the detector’s target; let us consider ρ = 1 g/cm3 that is exact
for water and it is a good approximation for ice. mN is the nucleon’s mass and it is equal
to 1

mN
' 6× 1023 g−1. V is the volume of the detector and it is our free parameter.

Therefore the expected number of events above 100 TeV per year is expected to be:

F × σDIS × N(V) ' 10
events
year

V
km3

This is a rough and optimistic calculation (let us remember that we are using an upper bound
on the high energy neutrinos flux). It is useful to have an idea of the volume required to observe
high energy neutrinos. In the following of this chapter we provide more precise elements
to understand the physics involved in neutrino telescopes, in order to calculate the expected
number of neutrino events accurately.
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4.2 characteristics of the icecube detector
In this section we describe the main characteristics of the IceCube detector, since Chapters 5

and 6 will be dedicated to the interpretation of the events detected by IceCube up to now.
As we have seen in the previous section, because of the small neutrino cross sections, a very

large detector is required to observe astrophysical neutrinos [138]. At the same time the flavor
identification is relevant, since the background from atmospheric neutrinos is much lower for νe
and ντ than for νµ. Recall that the angular resolution is also very important for detecting point
sources and energy resolution is important in determining neutrino energy spectra, which is
important for identifying a diffuse flux of extraterrestrial neutrinos.

In this section we describe the main features of IceCube, a km3 telescope placed in the South
Pole. It detects neutrinos by observing the Cherenkov radiation from the charged particles
produced by neutrino interactions.1 The detector consists of 5160 digital optical modules
(DOMs), 86 vertical strings, each containing 60 DOMs and it has a mass of 1 Gigaton.

icecube: 80 strings, in the baseline IceCube, are placed on a 125 meter grid covering 1 km2

on the surface. DOMs are attached to the strings every 17 m, at a depth between 1450 and 2450

m under the Antarctic ice (see Fig.14). Although the minimum energy is analysis dependent,
the baseline allows to detect muon neutrinos down to energies of about 100 GeV.

deepcore: Another 6 strings, called “DeepCore”, are situated in a denser (72-meter) triangu-
lar grid. The DeepCore strings have 50 DOMs with 7-meter spacing at the bottom of the strings;
10 DOMs higher up serve as a veto. DeepCore extends IceCube sensitivity down by a factor of
10 in energy. The outer IceCube strings and top DOMs in DeepCore will serve to veto events
originating outside of the central detector, greatly reducing the backgrounds for contained
events. DeepCore uses newer PMTs, with higher quantum efficiency than the IceCube standard.
The denser spacing and more efficient PMTs give DeepCore a lower threshold than IceCube,
around 10 GeV.

icetop: In addition to the DOMs buried in ice, the IceCube Observatory includes a surface air
shower array known as IceTop. IceTop consists of 160 ice filled tanks, each instrumented with
two IceCube DOMs. The purpose of IceTop is to detect cosmic-ray air showers, with a threshold
of about 300 TeV, in order to study the cosmic-ray flux and composition; the combination of air
shower array data and TeV muon fluxes (observed by IceCube) provides significant handles on
the cosmic ray composition. IceTop also serves several calibration functions for IceCube. IceTop
can also be used to veto high-energy cosmic ray air showers in IceCube; conversely, one can
search for muon free showers from PeV photons.

In the following of the work we will refer to IceCube, in its complete configuartion, as IC86.

4.3 deep inelastic scattering
Neutrinos collide with nucleons contained into the ice or into the water mainly via deep inelastic
scattering (DIS). This process happens with the exchange of a W± (Charge Current, CC) or a Z0

boson (Neutral Current, NC). The cross section of this interactions is very small and a detailed

1 We will investigate in detail the processes and the effective areas in the next section.
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Figure 14: Drawing of the IceCube array [133]. The side view (right) shows a cross-section of the detector indicated
in the top view (left) in blue. Events producing first light in the veto region (shaded area) were discarded
as entering tracks (usually from cosmic ray muons entering the detector). Most background events are
nearly vertical, requiring a thick veto cap at the top of the detector. The shaded region in the middle
contains ice of high dust concentration. Because of the high degree of light absorption in this region,
near horizontal events could have entered here without being tagged at the sides of the detector without
a dedicated tagging region.

treatment of the processes can be found in [136, 137]. Here we provide a brief discussion of the
deep inelastic scattering. Let us consider the charge current (CC) process:

ν` N → `− + anything

where N is the nucleon. The differential cross section is written in terms of the Bjorken scaling
variables

x =
Q2

2mNν
(34)

y =
ν

Eν
(35)

as
d2σ

dxdy
=

2G2
FmN Eν

π

(
M2

W
Q2 + M2

W

)2 [
xq(x, Q2) + xq̄(x, Q2)(1− y)2

]
(36)

where −Q2 is the invariant momentum transfer between the incident neutrino and outgoing
muon, ν = Eν − E` is the energy loss in the laboratory (target) frame, mN and mW are the
nucleon and intermediate-boson masses and GF = 1.16632× 10−5 GeV−2 is the Fermi constant.
The functions q(x, Q2) and q̄(x, Q2) are the quark distribution functions (see [137] for the
details). Let us define also the variable

S = (Pν + PN)
2 ' 2EνmN

when Eν � mN .
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Table 7: Charged-current and neutral-current cross sections and their sum for νµ N interactions according to the
CTEQ4DIS distributions [137].

Eν [eV] σCC[cm2] σNC[cm2] σDIS[cm2]

1012 0.6399× 10−35 0.2039× 10−35 0.8438× 10−35

1013 0.4617× 10−34 0.1575× 10−34 0.6192× 10−34

1014 0.2022× 10−33 0.7667× 10−34 0.2789× 10−33

1015 0.6342× 10−33 0.2600× 10−33 0.8942× 10−33

1016 0.1749× 10−32 0.7482× 10−33 0.2497× 10−32

Table 8: Charged-current and neutral-current cross sections and their sum for ν̄µ N interactions according to the
CTEQ4DIS distributions [137].

Eν [eV] σCC[cm2] σNC[cm2] σDIS[cm2]

1012 0.3542× 10−35 0.1243× 10−35 0.4785× 10−35

1013 0.3008× 10−34 0.1091× 10−34 0.4099× 10−34

1014 0.1683× 10−33 0.6515× 10−34 0.2334× 10−33

1015 0.6051× 10−33 0.2493× 10−33 0.8544× 10−33

1016 0.1734× 10−32 0.7423× 10−33 0.2476× 10−32

From Eq.34 we have Q2 = 2mN x ν, therefore (using Eq.35) it is possible to write Q as

Q2 = S x y

In first approximation x ' 1/3, whereas y ' 1/2 at TeV energy [136, 137]. It is interesting to
evaluate at which energy Q2 becomes comparable with m2

W . Using the previous approximations
we found:

2mN Eν
1
6
' m2

W → Eν ' 20 TeV

This implies that in the region Eν � 20 TeV the cross section of deep inelastic scattering
increases linearly with the energy. On the contrary, above some tens of TeV, the effect of the
propagator becomes relevant and the behavior of the cross section changes.

A similar procedure can be used to calculate the cross section for neutral current (NC)
interaction and the details are reported in [136, 137]. Therefore also the behavior of the NC
cross section is similar, i.e. it increases linearly below tens of TeV and then the effect of the
propagator becomes important. The NC cross section is about 3 times smaller than the CC
cross section between 10 TeV and 10 PeV, that is the relevant energy window for high energy
neutrinos, as it can be noticed in Tab.7 and Tab.8.

From the same tables we also notice that the difference between the CC cross sections of
neutrino and antineutrino is small around 100 TeV (about 15%) and it becomes even smaller
(few %) at PeV energies.

Therefore we can provide a useful parametrization of the total cross section of deep inelastic
scattering (CC+NC) that works well for energies from 100 TeV to some PeV, where the difference
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Figure 15: Representation of a track (left panel) and of a shower (right panel) in IceCube. Figure from [133].

between the cross section of ν and ν̄ is negligible. The approximation is given by the following
formula:

σDIS(Eν) = 0.9
(

Eν

PeV

)0.45
× 10−33 cm2 (37)

4.4 neutral current and charged current interactions
Neutrinos interact via charged current (CC) and neutral current interaction (NC) with the
nucleons contained into the ice (IceCube) or into the water (ANTARES and KM3NeT). Let us
discuss these processes for each flavor of neutrino.

4.4.1 Neutral current interaction

In neutral current interaction a neutrino transfers a fraction of its energy to a nuclear target
producing just a hadronic shower. All neutrinos show the same behavior when they interact via
NC; therefore it is not possible to distinguish the flavor composition looking at this process.
Moreover it is not possible to distinguish this shower from an electromagnetic shower that can
be produced in charge current processes, as we will see in the following of this section. The
average deposited energy in NC interactions is about 1/4 of the primary neutrino’s energy,
whereas the other part of the energy is carried away by the outgoing neutrino and it is not
detectable.

The shower like events, that occur in NC interaction, are characterized by a “blob” that
extends for few strings (see the right panel of Fig. 15) and by a poor angular resolution, of the
order of 10◦ in ice and about a factor 5 better in water.

4.4.2 Charged current interaction

electron neutrinos:
νe + N → e− + hadrons
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In this CC interaction a charged lepton is produced, which carries about 3/4 of the incoming
neutrino energy. The path of the electron is short (few meters) and the energy is released in the
form of an electromagnetic shower. The other part of the energy is transferred to the nuclear target
and it is released in the form of an hadronic shower. The two showers are not distinguishable
from each others. When the vertex of interaction is contained into the detector, as it happens
in IceCube for High Energy Starting Events (HESE), the charged current interaction of νe is a
favorable case for the energy reconstruction, since almost all the energy of the primary νe is
deposited into the detector [132].

muon neutrinos:
νµ + N → µ− + hadrons

Also in this process the lepton takes about 3/4 of the neutrino’s energy. Anyway the behavior
of muon is different than the one of electron, because a muon with an energy of TeV can travel
for some kilometers, producing a track. The energy loss of a muon can be described in terms of
a linear function as follows:

dE
dR

= −(α + βE)

where the coefficient α denotes the continuous energy loss whereas the coefficient β denotes the
catastrophic loss. Both α and β depend logarithmically on the energy. The path R(Ei, E f ), as a
function of the initial energy Ei and the final energy E f , is obtained integrating this function:

R(Ei, E f ) = −
∫ E f

Ei

dE
1

α + βE

It follows that a useful approximated expression for the muon range in water is the following
one:

R(Ei, E f ) =
1
β
× log10

1 + Ei
α/β

1 +
E f

α/β


where 1

β ' 2.5 km and α/β = 0.5 TeV in our region of interest, i.e. between TeV and PeV
energies. Therefore at PeV energies muon tracks can be up to 10 kilometers long, while, on the
scale of a kilometer cube detector, showers are nearly point sources. For this reason it is not
required that the vertex of interaction is contained inside the detector. On the contrary muons
produced outside the detector, the so-called throughgoing muons, have been used as the first
method to detect high energy neutrinos and they are still used in ANTARES and IceCube. The
throughgoing muons come from the opposite hemisphere from the one where the detector is
placed. As a consequence IceCube can only detect throughgoing muons that come from North.

Of course it is also possible to observe tracks generated by the interaction of a νµ with the
vertex of interaction contained into the detector. These tracks are part of the HESE dataset, but
they are less than the shower like events.

The muon tracks, above ∼ 100 TeV, are characterized by a good angular resolution of the
order of 1◦ in the ice [129]. The angular resolution of tracks in water is even better and it
can reach the sub-degree precision in the incoming neutrino telescope KM3NeT[131]. For this
reason the track-like events are very useful for the point-source search.
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tau neutrinos:
ντ + N → τ− + hadrons

Also in this interaction the lepton takes about 3/4 of the neutrino’s energy. Before decaying, the
tau travels for

L = γct ' 50 m
(

Eτ

1 PeV

)
that is greater than the electron’s path but much smaller than the muon’s path. In CC interaction
of ντ electromagnetic and hadronic showers are produced. Therefore the ντ CC interaction is
associated to the shower-like events. In this case the energy deposited into the detector is a bit
less with respect to the νe CC interaction. This is due to the fact that the τ lepton, in most cases,
decays and produce neutrinos, that carry away part of the energy. In [139] it has been estimated
that about 20% of the energy of τ is not detectable.

At low energy (below ∼ 0.5 PeV), it is impossible to distinguish showers produced by
charged current (CC) interactions of ντ from those produced by CC interactions of νe and
neutral current (NC) interactions of all neutrino flavors. The only way to distinguish a ντ is
to observe a double vertex of interaction into the detector [140, 141, 142], which is produced
by the CC interaction of ντ (1◦ vertex of interaction) when the τ has sufficient energy to reach
another string before to decay (2◦ vertex of interaction). This process is called “Double bang”,
whereas if the double signal is seen in a single DOM, by the study of the time structure of the
signal, it is called “Double pulse”[143]. We discuss these processes in detail in section 4.5.

For completeness let us notice that the decay of τ produces muons, with a branching ratio
of 17% [20]. Therefore also the CC interaction of ντ can produce track-like events, but we have
to take into account that these muons take about 1/4 of ντ energy whereas the muons from
νµ CC interaction take about 3/4 of νµ energy. As a consequence the contribution of ντ to the
track-like events is 5% or less, depending upon the spectrum of neutrinos, as discussed in [3].

4.5 effective areas

The response of the detector can be described by means of “effective area” that it is usually
obtained with Montecarlo simulations. It is, however, important to understand the main
properties of the effective area (Aeff) on physical basis, following physical considerations [3].

The effective areas A` allow to evaluate the expected number of events with the following
general formula:

Nev = 4π T
∫ ∞

0
∑
`

dφ`

dEν
(Eν) A`(Eν) dEν (38)

where ` = e, µ, τ denotes the flavor, T is the exposure time, dφ`
dEν

(Eν) is the differential flux of
neutrinos with flavor ` usually given in units of GeV−1cm−2sec−1sr−1. The factor 4π is the
result of the integration over the solid angle, in the assumption that the flux of neutrinos is
isotropic, as expected for a population of high energy neutrinos with extragalactic origin. If
we consider the total effective area the Eq.38 provides the expected total number of events.
Otherwise, if we use the effective areas divided per flavors ` we find the expected number of
events produced by neutrinos of a specific flavor ν`.
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4.5.1 High Energy Starting Events

Let us discuss first the effective areas of High Energy Starting Events (HESE), i.e. the events
with the vertex of interaction contained into the detector. This class of events is sensitive to all
the interactions discussed in the previous section (NC and CC interactions of ν`, all flavor). We
expect that the effective area is given by:

Aeff =

[
Nn × σ(Eν)×

1 + h(Eν)

2

]
× ε(Eν) (39)

where

• Eν is the true energy of the incoming neutrinos;

• Nn = ρV
mN

= 5.5× 1038 is the number of nucleons in 1 km3 of ice, with density of 0.92

g/cm2. In water the number of target is equal to Nn = ρV
mN

= 6.0× 1038 ;

• σ(Eν) is the cross section for neutrino-nucleon interaction. One considers CC and NC,
namely charge current and neutral current interactions, discussed in Sec.4.3;

• the factor h(Eν) describes neutrino absorption in the Earth, modeled using PREM [144]
and averaged over the angle of arrival of neutrinos. For energies Eν = 10, 100, 1000 and
10000 TeV we find that h = 0.91, 0.66, 0.37 and 0.18, respectively. Above ' 400 TeV half
of neutrinos are absorbed into the Earth. The calculation are reported in the appendix B.1;

• the parameter ε(Eν) gives the effective volume of the detector with respect to an ideal de-
tector. It also contains the information on the energy threshold chosen for the experiment.
It is possible to find the function ε(Eν) comparing the theoretical effective area with the
realistic one, usually provided by the experimental collaboration.

In the left panel of Fig.16 the effective areas of IceCube [26] for CC interactions (divided
per flavors) and the effective area of NC interactions are represented. At high energy the total
effective areas are well reproduced by using the analytical expression of Eq.39 with ε = 0.4. It
means that IceCube corresponds to an ideal detector of 0.4 km3 above PeV energy.

4.5.2 Throughgoing muons

The throughgoing muons are produced by νµ that interact via CC interaction outside the detector.
For this reason the effective volume of the detector is larger than its physical dimension. To be
detected, a neutrino must produce a muon with sufficient range to reach the detector. The main
ingredients of the effective area, discussed before, remain still valid but we have to consider
also the probability of detection. It is given by the product of the interaction probability (or the
inverse interaction length λ−1 = nσν) and the range of the muon Rµ

Pν→µ ' nσνRµ

where n is the number density of target nucleons discussed in the previous section, σν is the
charged current interaction cross section and the range is Rµ ' 5m per GeV for low energy
muons. The muon range is determined by catastrophic energy loss (brehmsstrahlung, pair
production and deep inelastic scattering) for muons with energies exceeding ∼ 500 GeV [128].
The effective areas of throughgoing muons, for ANTARES [145], IceCube [146] and KM3NeT
(ARCA) [147] are reported in the right panel of Fig.16
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Figure 16: In the left panel the effective areas relative to the high energy starting events (HESE) [133]. In the right
panel muon neutrino effective areas for point-source search. The one adopted for ANTARES [145] is
that in the declination band −45◦ < δ < 0◦, the one for IceCube [146] is for −30◦ < δ < 0◦, the one
for ARCA [147] is an average value.

4.5.3 Double bang and double pulse

As discussed in Sec.4.4.2, tau neutrinos of very high energy can be identified since they produce
a typical signature into the detector, i.e. the double bang (two vertex of interaction in two
different strings) or double pulses (two separated signals in a single DOM).

This class of events is very important because ντ are not expected to be produced in the
atmosphere but they are predicted to be a non negligible component of the cosmic neutrino
flux due to flavor oscillations, as we have seen in chapter 3 of this thesis. This represents a
distinctive signature of a cosmic population and

the detection of a ντ would be the definitive proof that cosmic neutrinos have been observed.

The paper [143] is dedicated to the search of τ neutrinos in IceCube. In this work it is
investigated the possibility to observe a “double pulse”. The effective area of this process A2P

τ is
provided in that paper and its interpretation is given in [3]. Here we provide a short review of
this process.

Considering that double pulse events are a subset of the events caused by CC tau neutrino
interactions, we describe the effective area as,

A2P
τ (Eν) = ε

2P × ηCC × Aτ(Eν)× P
2P(Eν, Lmin) (40)

where Aτ(Eν) ≈ 13.4 m2(Eν/PeV)0.455 is the effective area for ντ calculated by IceCube in
[133], the factor ηCC = (1 + σNC/σCC)−1 ≈ 0.7 gives the fraction of ντ interactions that are due
to CC processes and the constant ε

2P < 1 describes the effect of geometrical and quality cuts
implemented by IceCube for the search of these events. The function P

2P(Eν, Lmin) describes the
probability that a neutrino with energy Eν produces a tau traveling more than Lmin before it
decays, where Lmin is the minimum distance2 to give rise to an observable double pulse in the
detector.

The taus produced in CC-DIS have an average energy equal to:

Eτ = (1− 〈y〉)Eν '
3
4

Eν (41)

2 One can implement a condition for containment replacing P2P(Eν, Lmin)→ P2P(Eν, Lmin)− P2P(Eν, Lmax) with Lmax ∼ 0.5
km; we checked that the changes are not conspicuous in the range of energies of interest.
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Figure 17: Simulation of a double bang events. The two vertices of interaction are visibile (creation of ντ and its
decay). Credit: IceCube website

where 〈y〉 is the mean inelasticity which is nearly constant in the energy range that we are
considering [136, 137] (see also Sec.4.3). If we neglect τ energy dispersion and assume the
one-to-one relationship between Eτ and Eν expressed by Eq.41, the probability P

2P(Eν, Lmin) is
given by:

P
2P(Eν, Lmin) = exp

[
− Emin(Lmin)

Eν

]
(42)

where Emin represents the minimum neutrino energy which is necessary to produce a tau with
decay length larger than Lmin. This can be calculated as:

Emin =
Lmin

c tτ
× mτc2

1− 〈y〉 = 3.3 PeV
(

Lmin

120 m

)
(43)

with mτc2 = 1.777 GeV and tτ = 0.29 · 10−12 s.
Using the expression in Eq.40, we find that the effective area of IceCube, in the energy region

from 0.1 to 10 PeV, is reasonably well described setting

ε
2P = 0.25 and Emin = 0.5 PeV (44)

that corresponds to
Lmin = 18 m

In other words the following parameterized expression for the effective area can be used:

A2P
τ = Ā

2P ×
(

Eν

PeV

)β

exp
(
− Emin

Eν

)
with


Ā

2P = 2.33 m2

β = 0.455

Emin = 0.5 PeV

(45)

as showed in Fig.18 for a direct comparison of the IceCube effective area. Let us notice that
β = 0.455 is almost the same exponent of the cross section given in Eq.37.

Up to now no double pulses events have been observed. This is not surprising, since this
topology of events is rare. Indeed the estimations of [3] and [143] say that the rate is expected
to be lower than 0.2 events per year, with the present technology and the present knowledge of
the cosmic neutrino flux. We will discuss in great detail the high energy neutrino flux and its
interpretation in the next chapter.
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Figure 18: Effective areas of double pulse. The points are the values given by IceCube [143] while the line is the
parameterization described in [3] and in Eq.45.

4.5.4 Glashow resonance

We have already discussed the Glashow resonance in section 3.1.4. We have seen that it is
a typical signature of the ν̄e, since only antineutrinos of this flavor can interact via Glashow
resonance. Here we analyze this process from the point of view of the interaction and the
effective area.

Let us recall that the process νe + e−, mediated by an intermediate W boson, has a resonant
character at:

EG =
M2

W
2me

= 6.32 PeV (46)

The total cross section of this process can be found in [116]. Note that in the original work of
Glashow [115] the cross section is wrong by a factor 2, because at that time the helicity states
was ignored. The right cross section is given by:

σG(E) =
G2

F (}c)2 M2
W

3π

E

EG

[(
E

EG
− 1
)2

+
(

ΓW
mG

)2
] 1

B.R.(W− → ν̄µ µ−)
(47)

where GF is the Fermi constant, MW ' 80 GeV is the mass of the W− boson and ΓW = 2.085
GeV is its FWHM, EG = M2

W
2 me
' 6.32 PeV is the energy in which the cross section reaches its

maximum value and B.R.(W− → ν̄µ µ−) is the branching ratio of the leptonic channel, that is
equal to B.R.(W− → ν̄µ µ−) ' 0.105 [20].

The cross section at E ' EG is about 2 orders of magnitude larger than that of DIS and
provides the dominant contribution to the νe interaction rate at few PeVs. The properties of
events produced by Glashow resonance depend on the final state of the interaction process, i.e.
on the W− decay mode. In 2/3 of cases the W− decays in hadrons whereas in 1/3 of cases
decays via leptonic channel.

Following Eq.39, the effective area for Glashow resonance can be parametrized as follows:

AG
e (Eν) =

[
Ne × σG(Eν)×

1
2
× 1

2

]
× ε(Eν) (48)
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Figure 19: Effective areas of νe and ν̄e at high energies. The effective area given by IceCube (continuous line) is
reproduced within 10 % on average (15 % in the worst bin) by the sum of a contribution due to DIS
(dotted line) and the contribution of Glashow resonance (dashed line). Figure from [3].

where σG(Eν) is the total νe + e cross section [115] and

Ne =
10
18
× Nn = 3.1× 1038

is the total number of electrons in 1 km3 of ice. The first factor 1/2 takes into account that
only νe interact through Glashow resonance and that IceCube calculations are obtained by
considering an equal fraction of νe and ν̄e arriving at the Earth. The second factor 1/2 is
obtained by assuming complete absorption of antineutrinos crossing the Earth, that is a good
approximation for neutrinos of 6.3 PeV.

In order to verify the adequacy of our interpretation, we compare in Fig.19 the IceCube
effective area, Ae(Eν), with the sum of the two contributions 1

2 AG
e (Eν) + ADIS

e (Eν).3 We are able
to reproduce Ae(Eν) within 10 % accuracy, showing that the main physical ingredients are
correctly understood and implemented. The small difference between our parametrization and
IceCube calculation near the Glashow resonance could be due to a slightly lower efficiency of
IceCube to detect muons and tau produced by leptonic channels of the W− boson.

Considering that the Glashow resonance cross section has a peak around 6.32 PeV, the cross
section is well approximated by a Dirac Delta function:

σG(Eν) = KG × δ(Eν − EG)

where KG is a constant. Therefore it is possible to use the same approximation also for the
effective area, obtaining the following useful numerical expression:

AG
e (Eν) ' 1630 m2 × δ

(
Eν

PeV
− 6.32

)
(49)

3 The factor 1/2 comes from the assumption φνe =φν̄e , contained in the IceCube effective area [133].
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5 N E U T R I N O F L AVO R A N D E V E N T
TO P O LO GY

This chapter is dedicated to the flavor composition of high energy neutrinos. We
discuss the global flavor composition analyzing the events observed by IceCube and
comparing the experimental results with the theoretical predictions. We also use the
observed flavor composition to test the full neutrino decay scenario. Moreover we
dedicate a section to specific flavors of neutrino, such as the electron antineutrinos,
that can be tested by the Glashow resonance, and the tau neutrinos, that can be
tested thanks to the double pulse events.

This chapter is based on five papers published during the Phd [1, 2, 3, 4, 5]. It
is explicitly stated whenever an updated version of the results is presented and a
comparison with the results of the papers is provided.

5.1 event topology

There are two datasets available from the IceCube experiment in which neutrinos of astro-
physical origin have been observed, as already discussed in Chapter 4. The first one refers
to upward going muons induced by charged current (CC) interaction of νµ + νµ crossing the
Earth. These neutrinos arriving in IceCube originate from the Northern hemisphere. In the
following, we refer to this sample with the name of “throughgoing muons”. The second dataset
is characterized by neutrinos that interact into a fiducial volume of the detector, with a contained
interaction vertex; we refer to this sample as “High Energy Starting Event”(HESE).

5.1.1 Throughgoing muons

The IceCube collaboration used data from 2009 to 2015 to measure CC upgoing muon neutrino
events, with the field of view restricted to the Northern hemisphere [129]. The highest energy
sample (with reconstructed energy above 190 TeV) corresponds to 29 events of this type, that
are reported in Tab.18. The most energetic event corresponds to a reconstructed muon energy
of about 4.5 PeV. A purely atmospheric origin of them is excluded at 5.6σ of significance. The
corresponding cosmic muon flavor (neutrino+antineutrino) flux, estimated from these data, was
obtained with a fit to the power-law1:

dφµ

dE
= Fµ ×

10−18

GeV cm2 s sr

(
E

100 TeV

)−α

(50)

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

1 From here on, we always denote with dφ`
dE the flux of neutrinos plus the flux of antineutrinos of flavor `. When only the

flux of neutrinos or antineutrinos is considered it is explicitly written.
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5.1.2 High Energy Starting Events

In 4 years of data taking, 54 HESE have been detected2. They are classified in 14 tracks and 39

showers events (1 of them is not identified). Among them, 16 events come from the Northern
hemisphere, 37 events come from the Southern hemisphere and 1 event was detected with
declination equal to zero. These events are characterized by a deposited energy greater 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 approximation, by an

isotropic distribution and a power-law spectrum. The all flavor flux is equal to:

dφ

dE
= F× 10−18

GeV cm2 s sr

(
E

100 TeV

)−α

(51)

with F = 6.7+1.1
−1.2 and α = 2.50± 0.09. We denote with F the normalization of the all flavor flux.

Although the bulk of HESE events seen from the Southern sky suggest a power-law spectrum
with spectral index α ≈ 2.5, the subset of highest energy HESE, above 200 TeV, is in agreement
with a much harder spectrum and more precisely, with the same distribution suggested by the
throughgoing muons: see Fig. 6 of [6] and Fig. 5 of [129], and discussions therein. In other
words, the flux of the highest energy HESE events observed from the Southern sky is compatible
with the same hard spectrum, α ≈ 2, suggested by throughgoing muons.

5.1.3 The atmospheric background

An important fraction of events detected by IceCube are due to the atmospheric background.
Let us briefly describe the different backgrounds and the veto technique, adopted in IceCube
for HESE to reduce the effect of the background.

conventional background When primary cosmic ray protons and nuclei collide with the
atmosphere their interactions produce secondary particles, among which a huge amount of
pions is produced [148]. From the decay of pions, neutrinos are produced, as largely discussed
in Sec.1.2. The spectrum of the secondary particles peaks in the GeV range but it extends up to
high energy, with approximately a power-law behavior.

The muons produced from pions decay can travel for a distance:

d ' c× τµ × γµ ' 1 km
Eµ

0.3 GeV

where c is the speed of light, τµ = 2.2 µs is the lifetime of muons and γµ is the Lorentz factor.
After that distance the muons decay; therefore at the relevant energies for IceCube, i.e. some
tens of TeV energy, the muons do not decay and only muon neutrinos from pions decay are
produced, giving a flavor composition equal to

(νe : νµ : ντ) = (0 : 1 : 0)

and an energy spectrum E−3.7. A smaller contribution of about 10% is provided by neutrinos
from kaons decay. The normalization of the conventional atmospheric background is known

2 During the writing of this thesis the 6 years HESE dataset, containing 82 events, has been presented in the ICRC
conference. Since this data are still not published, in the following of the thesis we will consider as most recent data the
6 years throughgoing muons dataset and the 4 years HESE.
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with an uncertainty of 25% [149] and it is mainly given by the uncertainty on the cosmic rays
flux and the uncertainty on the processes that occur in atmosphere.

atmospheric muons In addition to conventional atmospheric neutrinos, there are also
atmospheric muons produced in the pion decay, with an energy spectrum E−3.7. For what
concerns the HESE analysis in IceCube, the atmospheric muons (if correctly reconstructed) come
only from the Southern hemisphere, because muons produced in the Northern hemisphere
are absorbed passing through Earth. Moreover atmospheric muons are precious for the HESE
analysis, since they always reach the detector together with conventional atmospheric muons.
For this reason in IceCube there is a veto system that refuses an event characterized by a
coincident signal, that is produced by the muons in the veto and by the atmospheric neutrinos
into the detector.

prompt neutrinos Prompt neutrinos are produced by the decay of heavy mesons, contain-
ing the quark charm. Also these neutrinos are expected to have a power-law spectrum, with
spectral index α ≈ 2.7, because heavy mesons are highly unstable and decay before interacting.
The flavor composition of prompt neutrinos in a neutrino telescope is (νe : νµ : ντ) ≈ (1 : 1 : 0)
and it is different from what is expected for cosmic neutrinos produced in pion decay, that have
a flavor composition at Earth of (νe : νµ : ντ) ≈ (1 : 1 : 1). The flux of prompt neutrinos has
been calculated in [150] and we refer to this model as ERS in the following. The uncertainty on
the theoretical normalization is about 30%-35%. We discuss the prompt neutrinos also in the
following, in the context of a multi-component model to explain IceCube data (see Sec.6.3.1).

5.2 flavor composition: track-to-shower ratio

In this section we discuss the flavor composition of the events observed in IceCube, following
Palladino et al. [4]. We present an updated analysis, that is obtained using the most recent
available data.

The search for High Energy Starting Events (HESE) in IceCube detector provided the first
evidence for a high-energy neutrino flux of extraterrestrial origin [133, 151, 152]. In three year
of data taking [151], 37 events with deposited energies above 30 TeV were observed, whereas
the expected background was 8.4± 4.2 events due to penetrating muons (i.e. muons generated
by the interaction of cosmic rays with the atmosphere) and 6.6±5.9 events due to atmospheric
neutrinos. In the new dataset containing four years of HESE [149] 54 events have been observed.
The significance of the excess, over the atmospheric background, is larger than 6σ.

The scientific debate about the origin of these events is extremely lively. It is commonly
accepted that neutrinos have been seen, but their origin and propagation is not understood.
The flavor composition is a useful tool to proceed in the discussion. The flavor discrimination
is, in principle, possible by looking at the topology of the events. Most HESE have ‘shower’
topology, that is produced by neutral current (NC) interactions of all neutrino flavors and
charged current (CC) interactions of νe and ντ (as we have seen in chapter 4), since the decay
length of the τ lepton is too short to be resolved below ∼ 1 PeV. On the other hand, events with
‘track’ topology are produced by CC interactions of νµ. Thus, the crucial observable quantity
is the ratio between track and shower events at high energy. This can be used to confirm the
cosmic origin of the events and/or to discriminate among different production scenarios.
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In order to reduce the contamination from atmospheric neutrinos, we focus on the subset of
events with deposited energy above 60 TeV, where the signal is expected to dominate. Also the
throughgoing muons are included in this analysis. The advantage of the track-to-shower ratio
representation is that the experimental likelihood, i.e. the observed track-to-shower ratio, does
not depend upon the spectral index. On the other hand, the theoretical expectations slightly
depend upon the spectral index and they vary by 15%-20% for α ∈ [2.0, 2.6].

5.2.1 Expectations

from neutrinos to hese events. Let us consider HESE with energies between 60 TeV
to 3 PeV, that are likely to be dominated by the signal due to cosmic neutrinos. The expected
number of events produced by an isotropic flux φ` of neutrinos and antineutrinos of flavor ` is:

Nev,` = 4π T
∫ dφ`

dE
(E) A`(E) dE (52)

where ` = e, µ, τ and T is the observation time. The effective areas A`(E) are provided by the
IceCube collaboration [133] and include the effects of neutrino cross sections, partial neutrino
absorption in the earth, detector efficiency and specific cuts of the HESE analysis, as discussed
in Sec.4.5.

In order to calculate the contribution given by a specific topology of events and to correctly
compute the track-to-shower ratio, we separate the total effective area of νµ in the effective area
of shower-like events and in the effective area of track-like events,

Aµ(E) = AT
µ(E) + AS

µ(E) (53)

where AT
µ(E) ≡ pT(E) Aµ(E) is the effective area for νµ CC interactions that produce tracks in

the detector, while AS
µ(E) ≡ (1− pT(E)) Aµ(E) is the effective area for neutral current (NC)

interactions that are instead observed as showers. The parameter pT(E) is the probability that
an observed event (i.e. passing all the cuts in the HESE analysis) produced by a muon neutrino
with energy E is a track-like event. This quantity is given by,

pT(E) =
σCC(E) MCC

µ (E)

σNC(E) MNC(E) + σCC(E) MCC
µ (E)

where σCC(E) and σNC(E) are the cross section for CC and NC interactions of neutrinos [136,
137] while MCC

µ (E) and MNC(E) are the effective detector mass for CC and NC interactions of
νµ [133]. The probability pT is mildly dependent on energy and approximately equals 0.8 [4].

The number of showers NS and tracks NT in the IceCube detector can be then calculated
according to:

NS = 4π T
∫ E

0
dE

{
dφe

dE
(E) Ae(E) +

dφτ

dE
(E) Aτ(E)+

+
dφµ

dE
(E) [1− pT] Aµ(E)

}
NT = 4π T

∫ E

0
dE

dφµ

dE
(E) pT Aµ(E) (54)
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In the above relation, we neglected the small fraction of ντ CC-events followed by taus decaying
into muons which can be potentially observed as tracks for the reasons described in Sec.4.5.3.
Moreover, we introduced an upper integration limit at E = 3 PeV since the HESE analysis
includes only events with deposited energy below 3 PeV. In principle, the effects of the
threshold at Edep = 3 PeV should be implemented as a correction of the effective areas. Here,
we assume that this can be mimicked by a sharp cut in the A`(E) at the neutrino energy
E = 3 PeV. In the following we will relax this hypothesis, discussing the consequence of the
non observation of resonant events.

The advantage of this approach is that, relying on the effective areas calculated by IceCube,
it automatically implements the correct relation between the neutrino energy and the deposited
energy in the detector. This relation is flavor-dependent and is the critical ingredient to correctly
predict the track-to-shower ratio.3

Using Eqs.(54) we calculate the track-to-shower ratio, that is a function of the spectral index
of the neutrino spectrum. We consider α = 2.5 that is the best fit of the spectral index in the 4

years HESE dataset [149], obtaining:

NT

NS
=

ξµ

2.9− 2.7 ξµ − 1.1 ξτ
(55)

where ξ` is the flavor faction at Earth (see chapter 3) and we considered that ξe = 1− ξµ − ξτ .
The numerical coefficients of Eq. 55 depend mildly on the spectral index, as quantified in [4].

the effect of neutrino oscillations. In chapter 3 we have discussed the effect of neu-
trino oscillations over cosmic distances. It is generally expected that a cosmic population is
characterized by a flavor content (ξe : ξµ : ξτ) ∼ (1/3 : 1/3 : 1/3), assuming the standard
scenario of neutrinos produced by pion decays. In this case the track to-shower ratio in IceCube,
as can be calculated from Eq. 55, is equal to:

NT

NS
= 0.20 (56)

If we consider a spectral index α 6= 2.5, this prediction is only marginally affected as discussed
in [4], where the three years dataset and α = 2 have been considered instead.

The equipartition of neutrino flavors at Earth is, however, only an approximation which can
be tested using IceCube data: a certain imprint of the neutrino production mechanism does
remain. It is important to exploit the track-to-shower ratio observed by IceCube to discriminate
the neutrino origin. To realistically explore this possibility, it is necessary to quantify the
relevance of uncertainties in oscillation parameters for the predictions of NT/NS. Let us recall
the flavor composition described in the chapter 3. We consider
i) (ξe : ξµ : ξτ) = (1/3 : 2/3 : 0) for π decay (orange);
ii) (ξe : ξµ : ξτ) = (1 : 0 : 0) for β decay of neutrons (green);
iii) (ξe : ξµ : ξτ) = (0 : 1 : 0) for π decay with damped muons (red),
where we made reference to the color code used in Fig. 20.

3 We tested the validity of our calculations by comparing them with the expected numbers of events in Supp. Tab. IV
of [151]. For the best fit astrophysical spectrum and an exposure of 988 days we obtain NS = 14.8 and NT = 3.6 to
be compared with NS = 14.4 and NT = 3.8. Also, we reproduce the fraction of tracks produced by π/K and prompt
atmospheric neutrinos within 3%. This shows that our approach is appropriate for the level of precision desired for this
analysis.
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These theoretical expectations are summarized in Fig. 20. The distributions of the flavor
compositions are obtained with the natural parametrization described in chapter 3.

We see that NT/NS distributions are well separated when different neutrino production
mechanisms are considered. This means that a precise determination of NT/NS could provide
hints on the neutrino origin, even with the present knowledge of neutrino mixing parameters
[1]. From the neutrino physics point of view, large contributions to NT/NS dispersions are
provided by the δ and θ23 parameters.

For the purposes of our discussion, it is important to note that the track-to-shower ratio has
a limited range of possible values, if neutrinos have cosmic origin. If we take the average values
of the distributions and we assume the spectral index α = 2.5, we obtain

0.11 <
NT

NS
< 0.27 [expected from cosmic origin] (57)

The minimal value is obtained for neutron-decay (ξ0
e : ξ0

µ : ξ0
τ = 1 : 0 : 0) whereas the maximum

value is obtained for damped muons scenario (ξ0
e : ξ0

µ : ξ0
τ = 0 : 1 : 0). If we vary the spectral

index, this interval shifts by ∼ ∓ 10% and also the oscillation parameters affect slightly these
expectations (see [4]).

5.2.2 Observations

In the 4 years HESE dataset [149], 32 events have been observed in the energy window
60 TeV < Edep < 3 PeV, consisting of nS = 24 showers and nT = 8 tracks events, against an
expected background of ∼ 4.5 events from atmospheric muons and neutrinos.

This information can be combined with the results of the independent analysis that comes
from the throughgoing muons dataset. The flux has been already described in section 5.1. Using
the best fit of the spectral index, with an uncertainty of 30% on the normalization (see Fig.6 of
[129]), and using Eq.54, we found that the expected number of tracks is equal to nµ

T = 4.0± 1.2.
From Fig.6 of [129] we observe that the spectral index and the normalization are anti-

correlated and F(α), of Eq.50, is well approximated by

Fµ(α) = 0.9 + 1.54× (α− 2.13) (58)

Therefore, considering Eq.54 with α = 2 and Fµ = 0.7 we expect nT = 3.7, while considering
α = 2.26 and Fµ = 1.1 we expect nT = 4.2.

the track-to-shower ratio. Using the expected backgrounds reported in [151] and scal-
ing them with the time of data taking, we found on average bT = 3.1 and bS = 1.0 background
events expected from atmospheric neutrinos (2.5 tracks and 1.0 showers) and muons (0.6 tracks
and no showers). In the above estimates, we assume that the prompt atmospheric neutrinos
give a negligible contribution, as it is suggested by the spectral and the angular distributions of
IceCube events. The number of signal events, associated to cosmic sources, can be estimated
separately for track and shower events, as follows:

LT(s) ∝ (bT + s)nT × exp(−s)× exp

[
−

(s− nµ
T)

2

2× (∆nµ
T)

2

]
LS(s) ∝ (bS + s)nS × exp(−s)
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Figure 20: Expected track-to-shower ratio of cosmic neutrinos for the four production mechanisms described in the
text. The distributions show the effect of uncertainties in the neutrino oscillation parameters. The left
(resp. right) panel is obtained for normal (resp. inverse) hierarchy. The shaded region is the likelihood
corresponding to Eq. 59.

Marginalizing over the total number of events as follows:

Lobs(r) =
∫ ∞

0
LT(r× s)LS(s) s ds

where

r =
track events

shower events
,

we compute the track-to-shower ratio of cosmic neutrino. At 1σ C.L we obtain:

0.11 ≤ r ≤ 0.23 (59)

The 1σ interval is obtained integrating the likelihood of the track-to-shower ratio Lobs(r) from r1
to r2, with r1 and r2 are such that Lobs(r1) = Lobs(r2). The likelihood distribution of Eq.5.2.2 for
the track-to-shower ratio of cosmic neutrinos is represented by the shaded region in Fig.20.

discussion and summary The analysis proposed in this section is an updated version of
that of Palladino et al.[4]. It has been done combining the most recent informations provided
by HESE [149] and throughgoing muons [129].

Fig.20 shows clearly that: i) there is no tension between the present observational results
and the assumption of a cosmic neutrino population, because the central observational value
is in the middle of the expected region; ii) there is no clear preference for a specific neutrino
production mechanism, being the observational error comparable to the difference between the
various predictions.

This new result is in agreement with the result of Palladino et al.[4] and the other analyses
on the flavor composition proposed in [149, 153, 154, 27]. Let us notice that considering the
4 years dataset of HESE and the 6 years dataset of throughgoing muons we have obtained a
likelihood function with a smaller dispersion with respect to [4]. Anyway, it is not yet possible
to exclude any mechanism of production of cosmic neutrinos.
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5.3 flavor composition: triangle representation

An alternative way to explore the flavor composition is the “triangle of flavors”, that has been
used in several papers [1, 149, 153, 154, 27]. This representation is complementary to the
track-to-shower ratio one, because in this case the theoretical expectations are fixed on the flavor
triangle, whereas the regions, related to the observations, change with the assumed neutrino
spectrum. See the appendix of Viviani’s theorem A.1 for the details.

In this section we use both the natural parametrization discussed in chapter 3 and the Monte
Carlo simulation, showing that there is good agreement between them. Moreover we compare
our theoretical analysis with the three years IceCube HESE data + throughgoing muons.

As production mechanisms, which we will use to compute our expectations in the flavor
triangle, we consider:
1. pions decay (blue);
2. neutrons decay (green);
3. damped muons (red);
4. charm mesons (orange).
The latter mechanism of production was not discussed in chapter 3. It is the same mechanism
that produces atmospheric prompt neutrinos, i.e. the decay of heavy mesons, with an initial
flavor ratio (ξe : ξµ : ξτ) = (1/2 : 1/2 : 0).

Using the different flavor compositions at the source, we represent the expected regions by
propagating the errors on the predictions with a Monte Carlo simulation; this gives rise to the 4

dotted regions in the flavor triangles in Fig. 21 and 22. The errors are given by the uncertainties
on the mixing angles (especially θ23) and the δCP [113]. In order to represent the points on the
triangle we use the following formulas, discussed also in the appendix A.2.

x =
ξµ − ξe√

3
y = ξτ

These regions can be compared with those obtained with a Gaussian treatment of the errors
on P0, P1 and P2. Following the implementation of Appendix A.2, we obtain the 4 ellipses
of Fig. 21 and 22 that enclose the 99% CL regions. As it is clear from the two figures, the
differences between the Montecarlo and the Gaussian treatments are not important. Therefore
the Gaussian approach seems to be better for the present needs, since it is significantly easier to
implement.

Let us recall that the expected theoretical regions (the dotted areas obtained by Montecarlo
and the elliptic curves corresponding to Gaussian approximation) depend only on the initial
flavor ratio and are not affected by the energy spectrum of the neutrinos, that is assumed to have
the same shape for all flavors. In other words, the four theoretical regions shown on the flavor
triangles of Fig. 21 are just identical to those of Fig. 22. This is the main difference with the
track-to-shower ratio discussed in the previous section, in which the theoretical track-to-shower
ratio was a function of the spectrum.

On the contrary, the 1σ, 2σ and 3σ zones depend on the energy distribution of the neutri-
nos. The confidence levels, indicated in the flavor triangle, result from the data analysis of
IceCube events (the high energy starting events, whose initial vertex is in the detector and the
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Figure 21: Flavor triangle. The present observational information on the flavor composition of cosmic neutrinos at
1, 2 and 3σ analyzed assuming α = 2 [133] is compared with the expectations derived for four different
hypotheses on the mechanism of production of the neutrinos. The ellipses derive from the gaussian
parameters P0, P1, P2 that characterize the natural parametrization. See Appendix A.2. Figure from
[1].

throughgoing muons) discussed in [153] and [4]. They have been obtained assuming a power
law distribution given by:

dφ

dE
= φ0E−α (60)

Thus, the inferred flavor ratio is a function of spectral index α. In Fig. 21 we have used the value
preferred by the simplest theoretical expectations, namely α = 2 [133]. This value of the spectral
index is not in agreement anymore with the present HESE dataset, that prefers α = 2.5± 0.1
[149]. On the other side, it is important to remark that α = 2 is compatible within 1σ with the
present throughgoing muons analysis [129] and with the very high energy part of HESE [149].

For comparison, we have shown also the case α = 2.3 [151] in Fig. 22, namely the best fit
value of the dataset of high energy starting events collected by IceCube in the first three years.
The comparison with Fig. 21 shows that the true value of the spectral index plays some role in
determining the allowed regions: the steeper spectrum α = 2.3 enhances the role of electron
neutrinos and diminishes the one of muon neutrinos (whose effective area is very small close
to the threshold, as it can be noticed looking at the left panel of Fig.16) thus it requires to
increase the content of muon neutrinos at the source ξ0

µ in order to reproduce the observed
track-to-shower ratio. For this reason, the agreement of the neutron decay scenario with the
data worsens for α = 2.3. However, this kind of effect is not yet crucial for the analysis and in
particular the neutron decay scenario is not yet excluded. In fact, the most important conclusion
is just that the small number of events presently available does not allow us to exclude any
mechanism of production [4]. This remains true also using α = 2.5, namely the best fit of 4

years HESE, in agreement with the track-to-shower ratio analysis proposed in the previous
section.
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...

Figure 22: Same as previous figure but using the spectral index α = 2.3 in the analysis of the IceCube data. Figure
from [1].

The confidence levels are in reasonable agreement with those of IceCube data analysis [153,
149] (see again figure 21) and with those of [4]. The uncertainties due to the oscillation
parameters have been presented in [4] in a different manner, but the results are in excellent
agreement.

5.4 neutrino decay
In section 3.2 the neutrino decay scenario has been discussed from the theoretical point of view.
In this section we compare the theoretical expectation with the recent data observed by IceCube.

In the theoretical chapter dedicated to neutrino decay we have seen that, assuming complete
neutrino decay, the flavor composition is given by

ξ` = |U`j|2 (61)

where j = 1 for Normal Hierarchy (NH) and j = 3 for Inverted Hierarchy. In section 5.2
we have seen how to transform the flavor composition into an observable quantity, i.e. the
track-to-shower ratio.

5.4.1 The expected track-to-shower ratio

Combining the Eq.61 of neutrino decay scenarios and the Eq.55 of track-to-shower ratio, we
have:

NT

NS
=

|Uµj|2

2.9− 2.7 |Uµj|2 − 1.1 |Uτ j|2
, (62)
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where the index j indicates the stable mass eigenstate. For normal mass hierarchy, the stable
state is ν1; using the best-fit values of the oscillation parameters, we obtain (NT/NS)NH = 0.10.
For inverted mass hierarchy, the stable state is ν3 and the track-to-shower ratio becomes
(NT/NS)IH = 0.58. These predictions are only marginally dependent on the assumed spec-
tral index. Indeed, if we consider an harder neutrino spectrum with α = 2 [2], we obtain
(NT/NS)NH = 0.12 and (NT/NS)IH = 0.62 that deviate from what obtained with α = 2.5 by
small amounts compared to theoretical and experimental uncertainties. Let us remark that
in case of complete neutrino decay we loose all the information on the initial mechanism of
production. Only the hierarchy is relevant for the evaluation of the flavor composition at Earth.

An important contribution to the uncertainties of the track-to-shower ratio is provided by
the uncertainties of neutrino oscillation parameters. In this case we cannot use the natural
parametrization therefore, in order to correctly account for these uncertainties, we construct
likelihood distributions of sin2 θ12, sin2 θ13, sin2 θ23 and δ from the ∆χ2 profiles given by [113].
Namely, we assume that the probability distributions of each parameter are provided by
L = exp

(
−∆χ2/2

)
. Then, we combine the various likelihood functions assuming negligible

correlations and we determine the probability distributions of NT/NS by Montecarlo extraction
of the oscillation parameters. The resulting Probability Density Function (PDF) distributions
are reported in Fig.(23) in blue (red) for normal (inverted) mass hierarchy. These distributions
are obtained by assuming the spectral index α = 2.5 which, as discussed below, represents the
best-fit value for the astrophysical component in the IceCube HESE data[149].

The predicted track-to-shower ratios fluctuate in rather large intervals. We refer to them
using Lth(r). Namely, we obtain the ranges (NT/NS)NH = 0.04 − 0.10 and (NT/NS)IH =
0.40− 0.60 by integrating out symmetrically (1− CL)/2 on both sides of the distributions
and by using a confidence level CL = 68.3%. The largest contributions to NT/NS statistical
fluctuations come from δ and θ23 for normal and inverted mass hierarchy, respectively. Even if
fluctuations are large, the predicted track-to-shower ratios for normal and inverted hierarchy
are well separated, indicating that the two cases can be discriminated by a sufficiently accurate
experimental determination of NT/NS. Moreover, by comparing it with the results of [4] and
Sec.5.2, we see that the track-to-shower ratio for the neutrino decay scenarios, considered in this
work, is different from that of stable neutrinos, even taking into account the uncertainty in the
neutrino production mechanism. Indeed, there is only a partial overlap between the probability
density function of decaying neutrinos in the normal hierarchy scenario and that of stable
neutrinos produced by β decay of neutrons. This degeneracy can be resolved by improving the
knowledge of δ and θ23 parameters.

5.4.2 Expectations vs Observations

Even if the error is large, the best fit value for the track-to-shower ratio falls in the region
between theoretical expectations for neutrino decay with normal and inverted mass hierarchy
disfavoring both scenarios. In order to quantify this statement, we have to take into account
that both theoretical expectations and experimental determinations of the track-to-shower ratio
are affected by uncertainties.

We use a general procedure to quantify the difference between the theoretical Lth, i.e.
the distribution for theoretical predictions in the two scenarios that we are testing, and the
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Figure 23: The expected track-to-shower ratio for decaying cosmic neutrinos in the assumption of normal (blue)
and inverse (red) mass hierarchy. The distributions show the effect of uncertainties in the neutrino
oscillation parameters. The blue line is the normalized likelihood functions for the track-to-shower ratio
obtained by combining the 4 years HESE dataset [149] and 6 years throughgoing muons dataset [129].

experimental distribution Lobs, i.e. the likelihood distribution obtained by using the recent
IceCube data discussed in section 5.2. We define the following likelihood function:

L(∆) =
∫ ∞

0
Lobs(r + ∆)×Lth(r) dr (63)

In the assumption of normal mass hierarchy, the function L(∆) is peaked at a positive value
for ∆ and ∆ = 0 is excluded at 90% CL, corresponding to about 1.7σ.

In the assumption of inverted mass hierarchy the function L(∆) is peaked at a negative
value for ∆ and the value ∆ = 0 is excluded at 99.3% CL, corresponding at about 3σ. The above
values of CL were obtained integrating the likelihood from 0 to r for NH and from −r to 0 for
IH. The value r respects the condition L(0) = L(r) in both cases.

In conclusion, neutrino decay is excluded at about 2σ for normal hierarchy and about 3σ for
inverted mass hierarchy. We remark that the inverted mass hierarchy scenario is also constrained
by the observation of electron antineutrinos from SN1987A. The data from Kamiokande, IMB
and Baksan, indeed, agree well with the hypotheses of a “standard emission”, see e.g. [155, 156],
in which the energy carried by νe is about one sixth of E = 3× 1053 erg. In the inverted
hierarchy scenario, the amount of electron antineutrinos expected in the detectors is suppressed
by more than one order of magnitude, thus requiring implausible astrophysical scenarios, in
which the radiated energy is increased by a large factor with respect to E . On the contrary, in
the assumption of normal hierarchy, the states ν1 (which has a non negligible νe component) is
stable and thus non-radiative decay cannot be excluded by SN1987A observations [157]. In this
case, cosmic neutrinos provide the most stringent bounds on neutrino lifetimes.

conclusions In this section an updated study of [2] has been performed. We have calculated
the impact of the non-radiative neutrino decay scenario on the track-to-shower ratio expected
in IceCube, including the uncertainties on the oscillation parameters and on the neutrino mass
hierarchy. We have shown that, in scenarios with only one stable neutrino, the track-to-shower
ratio is different from that predicted in the case of stable neutrinos, even taking into account
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the uncertainty on the neutrino production mechanism. We have then used the information
provided by the combination of HESE events above 60 TeV and the throughgoing muons
observed by IceCube to constrain the neutrino decay hypothesis. We have shown that, despite
the large observational uncertainties, the data already disfavor the possibility of neutrinos decay
at about 2σ level for normal hierarchy and about 3σ for inverted mass hierarchy. We remark
that this result is at present the most stringent limit on non-radiative neutrino decay for normal
mass hierarchy and it is in agreement with the analysis proposed in [2, 126, 27].

5.5 double pulse and glashow resonance
In section 4.5.3 and 4.5.4 we have studied the effective areas of double pulses and resonant
events (events produced by the Glashow resonance). These events concern specific flavor of
neutrino, namely the ντ for double pulses and the ν̄e for Glashow resonance. In other words,
this topology of events provides other informations about the flavor, that are different with
respect to the HESE analysis (all flavor) and the throughgoing muons analysis (νµ).

In this section we estimate the expected number of events for both processes. In order to do
that we use the hard spectrum suggested by throughgoing muons (see Eq.50 and Eq.58), for the
following reasons:

• double pulses and resonant events are produced by very energetic neutrinos, with energy
of the order of PeV;

• the best fit of the throughgoing muon flux is obtained considering neutrinos with energy
between 200 TeV and 8 PeV, whereas the high energy starting events have a much lower
energy threshold, at 30 TeV;

• at high energy both HESE and throughgoing muon events are fitted well by the same
hard spectrum.

We use Eq.58 to evaluate also the impact of the uncertainty due to the spectral index α on the
expected number of events.

5.5.1 Double pulses-Tau neutrinos

Using the effective area of double pulses described in section 4.5.3 and assuming that the flux
of neutrinos is a power law, it is possible to obtain an analytical expression for the expected
number of double pulse events:

N
2P(α) '

4π2

101+α
× Ā

2P

m2 × Fτ(α)×
T
yr
×
(

Emin

PeV

)β−α+1
Γ
(

α− β− 1,
Emin

Ecut

)
(64)

where Γ is the incomplete gamma function and the normalization Fτ is equal to the normaliza-
tion Fµ of Eq.58, as it is expected for neutrinos produced by charged pions decay with few %
uncertainty due to uncertainties in neutrino oscillation parameters (see Sec. 3.1.3 for details).

The above expression allows us to investigate the dependence of the expected number of
double pulse events on the spectral index α and on the high energy cutoff Ecut of the neutrino
spectrum. In particular, it makes possible to show that our knowledge of the neutrino spectrum
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Figure 24: Expected number of double pulse event as a function of the spectral index and the number of years of
data taking.

is already sufficient to make significative predictions. Let us remark that this expression is
general and it can be updated in the future using the new value of the normalization at 100 TeV
Fτ(α), in the units of Eq.50.

The number of double pulse events expected in 4 years of data taking is 0.48, 0.43, 0.36 for
α = 2.0, 2.2, 2.4, so it is not surprising that IceCube has not detected any double pulse events so
far. Our calculations are done by adopting the nominal cutoff energy Ecut = 10 PeV. However,
the predicted values do not dependent strongly on the assumed high energy cutoff. For α = 2.0,
the counting rate varies indeed by only ∼ 25% when the cutoff energy is varied within the
decade Ecut = 5− 50 PeV. For larger values of α, the dependence of N

2P(α) on Ecut is considerably
weaker. Considering this aspect and that the normalization of the neutrino spectrum is known
with an uncertainty of 30%, the most optimistic expectation for double pulse events after 4

years of data taking is
N

2P = 0.6± 0.2

The dependence of N
2P(α) on the spectral index is mainly given by the normalization F(α) of

the cosmic neutrino flux at 100 TeV, see Eq.64 . The residual dependence on α is relatively weak
and affects the final results at level of few % when α ∈ [2.0− 2.6]. Considering the best fit to
the spectrum of high energy starting events, with α = 2.5 and F = 6.7

3 (see Eq.51), we obtain 0.5
events expected in 4 years.4 These results are slightly different with respect to what obtained
in [3] since in this work we have used a more recent measurement of the neutrino spectrum.
Anyway, the conclusions remain very similar, with a difference of few % in the expected number
of events.

We show in Fig.24 the expected number of double pulse events as a function of the spectral
index and the number of years of data taking. In order to observe a double pulse event in
IceCube with a probability larger than 90 %, that corresponds to an expected number of events

4 The softer spectrum is compensated by the greater normalization at 100 TeV; therefore the expectation is very similar to
the expectation obtained in the case of α = 2.
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Figure 25: Parental distribution for double pulse and resonant events, considering a hard spectrum with α = 2.
Figure from [3].

equal to 2.3 using Poissonian statistics, we have to wait about 15 years in the most favorable
case, i.e. a hard spectrum with α = 2.

Fig.25 shows in blue the parental function E × dφτ

dE × A2p
τ (in arbitrary units) for double

pulses, calculated with α = 2. This function is peaked around 0.5 PeV and approximately one
half of the double pulse signal is due to neutrinos with initial energy below 2 PeV, i.e. to the
energy region already probed by HESE observations in IceCube. In other words, as remarked
in [143], the optimal neutrino energy window to see the double pulse events is between 0.1 to
10 PeV. It is important to remark the consequence of this fact:

assuming cosmic origin, a large fraction of the double pulse events are generated by
a parent neutrino spectrum which is already observed by IceCube;

conversely, the lack of observation of double pulse events would have dramatic implications,
either on the origin of these events or on the nature of neutrino oscillations.

5.5.2 Glashow resonance-Electron antineutrinos

Using the effective area of the Glashow resonance described in section 4.5.4, we can compute
the expected number of resonant events. We focus on the hadronic Glashow resonance, as it
results in a signal around 6.3 PeV that can be distinguished from that of deep inelastic scattering
(see [3, 5] for more details). For this purpose it is sufficient to multiply the effective area of the
Glashow resonance calculated in 4.5.4 by the branching ratio of the hadronic channel, that is
equal to ∼ 2/3.

Using the δ approximation, for the effective area of the Glashow resonance, the expected
number of events is given by the following analytic expression:

NG(α) ≈ 3.27× Fe(α)×
T

year
× ξ ν̄e ×

(
EG

100 TeV

)2−α

(65)

where the factor Fe(α) is equal to Fµ(α) of Eq.58 (assuming the usual equipartition resulting
from neutrinos produced by pion decays and neutrino oscillations), T is the exposure time and
EG = 6.32 PeV is the typical Glashow resonance energy.
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Figure 26: Probability to observe at least one cascade above 2 PeV as a function of spectral index and number of
years of exposure. On the left panel pp interaction at the source, on the right panel pγ interaction at
the source.

The parameter ξν̄e is the fraction of electron antineutrinos in the total flux of neutrinos. In
the case of pp interactions, about an equal number of neutrinos and antineutrinos are produced
at the source, with a flavor composition (1 : 2 : 0). Therefore, after neutrino oscillations, the
flavor composition becomes (1 : 1 : 1) and the fraction of ν̄e is about 1/6 of the total flux. On the
other hand, if the production mechanism is pγ and we consider the simplest scenario, only π+

are produced and there are not ν̄e at the source. Taking into account neutrino oscillations and
their uncertainties, the fraction of ν̄e arriving at Earth with respect to the total flux of neutrinos
is given by:

ξν̄e =


1
6
+

P1

3
= 0.17± 0.01 if pp source

1− 3P0

9
+

P1

3
= 0.07± 0.01 if pγ source

(66)

where ξν̄e as a function of Pi is obtained using the natural parametrization described in
chapter 3. This extreme scenario maximizes the difference between the signals from pp and pγ
sources; when we take into account the possibility that some amount of ν̄e is also created by pγ
interactions at the source, the difference diminishes [5].

Anyway we have seen that the contamination of ν̄e at the source for pγ interaction is
dependent on the target photon spectrum, typically around 20-50 % with respect to the flux of
νe, in the energy range between 1 TeV and 1 PeV (see [23, 25]). In our simplified scenario the
two mechanisms give separate predictions for ξ ν̄e even if uncertainties on oscillation parameters
are included.

The expected number of events, as a function of the spectral index α and the number of years
of data taking, is illustrated in Fig.26 for the pp (left panel) and the simplified pγ mechanisms.
In the assumption of pp interactions at the source, we obtain 1.53, 0.96, 0.55 expected events
in 4 years with α =2.0, 2.2 and 2.4 respectively. These numbers are reduced by ' 50% for the
simplified pγ interactions (see Eq.65 and Eq.66).

The previous results are obtained by assuming an unbroken power law for the neutrino
flux in the energy region below 10 PeV. The presence of an energy cutoff below EG drastically
decreases the number of events due to the Glashow resonance. In the opposite case in which
the energy cutoff is much larger than 10 PeV the number of Glashow events is not affected,
since the cross section is peaked at 6.32 PeV.
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Table 9: Number of double pulses and resonant events expected in 1 year for a power law spectrum, as a function of
the spectral index α, using the normalization of the spectrum given in Eq.58. The cutoff of the spectrum is
at 10 PeV.

Throughgoing muons HESE
α = 2 α = 2.2 α = 2.4 α = 2.5

Double pulses 0.12 0.11 0.09 0.13

Glashow resonance pp 0.38 0.24 0.14 0.15

Glashow resonance pγ 0.17 0.11 0.06 0.07

Up to now the resonant events have not been observed by IceCube. Anyway this is not
surprising and it does not represent an issue, because, even if we consider a hard spectrum
with α = 2, the probability to observe zero events with an expectation of 1.53 events is equal to
22% that corresponds to 1.2σ of exclusion. Considering that, once we have fixed the spectral
index α, the normalization of the neutrino spectrum is known with an uncertainty of about 30%,
the most optimistic expectation for the number of resonant events after 4 years of data taking is

NG ' 1.5± 0.5

Therefore the non observation of events is disfavored at 1.2± 0.3σ. Considering the best fit
spectrum of high energy starting events α = 2.5 and Fe =

F
3 ' 2.23 (see Eq.51) the expectation

worsens and only 0.6 events are expected in 4 years of data taking.
The possibility that the three events with energy above the PeV observed by IceCube are

produced by the leptonic channel of the Glashow resonance has been analyzed in [3] and it is
disfavored at 3σ, at least.

In order to clarify what is the relevant energy region of the parental neutrino flux contributing
to the resonant events, we show in Fig.25, in orange line, the function E× dφ

dE × Aeff (in arbitrary
units) using α = 2, as was done for double pulse events.

5.5.3 Discussion

In Tab.9 we summarize the expected rate of double pulses and resonant events.
In this section we found that the non-observation of double pulse events does not contradict

the hypothesis of a cosmic neutrino population. This conclusion is only marginally dependent
on the assumed cosmic neutrino spectrum. In fact, we have shown that:
i) one half of the expected signal is due to neutrinos with energy below Eν = 2 PeV, i.e. from a
spectral region that is already observed in the HESE data (see Fig. 25 and discussion in section 5.5.1)
ii) In the most favorable case, with spectral index α = 2 we need to wait about 15 more years to
observe a double pulse with a probability greater than 90 %.

Concerning the resonant events, the absence of events close to the Glashow resonance energy
EG = 6.32 PeV is not problematic under this hypothesis, since only ∼ 1.6 events are expected
due to Glashow resonance after 4 years in the most optimistic hypothesis of pp interaction and
hard spectrum with α = 2. An exposure time of few more years should be sufficient, in this
optimistic case, to observe the first resonant event. Anyway let us remark that even if IceCube
will not observe resonant events in the next years this would not necessarily be an issue, since
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in the case of soft spectrum α = 2.4 and pγ mechanism of production more than 30 years are
required to observe an event with a probability greater than 90%.



6 I C E C U B E S P E C T R A L A N O M A LY A N D
G A L A C T I C N E U T R I N O S

Before IceCube, the most popular expectation on high energy neutrinos, typically
adopted in sensitivity studies, was that:

1. most of them have an extragalactic origin, as motivated by the existence of many
extreme astrophysical objects and of extragalactic cosmic rays [11]. Therefore
the spectrum is expected to be isotropically distributed, since many distant
sources contribute to it;

2. their spectrum is distributed like E−2
ν , as motivated by the expectations on

cosmic rays at the sources and due to Fermi acceleration mechanism. A very
well-known implementation was the one due to Waxman & Bahcall [12], where
also an estimation of the normalization was calculated. The spectrum of cosmic
neutrinos was expected to be above the atmospheric background at some tens
of TeV.

After IceCube, these hypotheses has been minimally modified in order to take
into account that the observed HESE spectrum does not agree well with E−2

ν . The
minimal modification amounts to use single power law E−α, isotropic and with
α ∼ 2.5, a value obtained by fitting the observations of IceCube. In this chapter,
pluses and the minuses of this position are summarized in Sec.6.1, motivating
an alternative and more satisfactory hypothesis to account for the observations
of IceCube and to forecast future findings (see Sec.6.2 and 6.3). If the alternative
hypothesis is correct, it is premature to dismiss the position described just above,
concerning the extragalactic ν signal. Moreover, as we will discuss below, there are
a lot of interesting consequences for the astronomy of high energy neutrinos.

This chapter is based on two papers published during the Phd [6, 7].

6.1 critical discussion of the single power law model
To begin with, let us clarify which are the goals of this section.
1) The aim of this section is not to prove wrong the assumption of a single power law E−α,
isotropically distributed, that is the most commonly adopted one for the analyses of IceCube
data. This is still viable at present, if one adopts very conservative criteria, i.e. if one discards
some data set or information and/or if one accepts various discrepancies. Our aims are to
motivate the reasons of interest toward another hypothesis capable to interpret the IceCube
data, illustrating its advantages and its physical interest, deriving its implications, showing that
it can be tested with future data.
2) Also the issue of minimality requires additional discussion. The “single power law” hypothe-
sis has two free parameters, the normalization and the slope, that adds only one parameter to
the previously adopted hypothesis (the normalization of the assumed E−2

ν flux). However, in
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view of the fact that, to date, we lack firm theoretical bases for the interpretation of IceCube
observations, we should not exaggerate the heuristic power of mathematical criteria. Moreover,
in the simplest version of our model, the spectrum has two components with fixed slopes: one
of them behaves as E−2

ν , the other one as E−2.7
ν . Thus the free parameters for the fit are again

two, the normalizations of the fluxes.
Now we proceed to a critical assessment of the single power law model for high energy

neutrino emission, that, in view of its popularity and of the almost general acceptance at present,
can be considered as the null hypothesis adopted for the HESE analysis.

6.1.1 Angular anisotropy

The list of the candidate extragalactic sources of ultra-high-energy neutrinos comprises several
disparate astrophysical objects, including various classes of active galactic nuclei (AGN) [158,
159] such as BL Lacertae objects [160, 91, 92]; of peculiar galaxies, such as starburst-galaxies
[95, 96, 97]; of extreme stellar objects as Gamma ray bursters (GRB) [161, 162]; etc. They differ
greatly in physical and observable characteristics. However, a common feature of these objects is
an almost isotropic angular distribution in the sky, except for the brightest among them, which
could stand out. This is the main reason why it is assumed that, in first approximation, the
(supposedly extra-galactic) high energy neutrinos detected by IceCube should be isotropically
distributed (we incidentally note that also certain hypothetical sources in the Galaxy, such as
the halo, might lead to a similar distribution).

In reference [163] the angular distribution of the events observed by IceCube was analyzed,
showing a significant excess of events on the galactic plane. The analysis is repeated with
different angular bins and the significance is always larger than 3σ. A similar work is done in
ref. [164], where the arrival directions of high-energy neutrinos are discussed, focusing on the
possibility that neutrinos are not only extragalactic but they can be also produced in the halo or
in the disk of our Galaxy. The result of ref. [164] is that the present data are compatible with a
purely extragalactic component, but also a mixed flux (extragalactic plus galactic neutrinos) is
well compatible with the data. On the contrary a purely galactic component is disfavored at
about 2σ, as can be seen from Fig. 2 of that paper. In Sec.6.2.2, we perform a new independent
analysis of the angular distribution, obtaining results which are consistent with those described
here.

The angular anisotropy represents the first hint to reconsider the null hypothesis.

6.1.2 Spectral distribution

In this section we discuss the fact that different datasets collected by IceCube suggest different
power law distributions. We begin with a brief review of the relevant datasets, pointing out
their correspondence to the neutrino fluxes. Then, we will compare the power law distributions,
obtained from the different datasets.

the different datasets and their summaries as power-law distributions IceCube
has observed two main classes of events, as discussed in Sec.5.1 (see also Appendix D.1 and D.2
for details of the events.). The high energy starting events (HESE), whose vertex is contained
in the detector, and the passing muons (aka throughgoing muons, aka tracks) that are the
traditional signal of neutrinos. The HESE are divided in two classes: 1) direction: those from
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the Northern sky and those from the Southern sky 2) topology: those of shower type and those
of track type. The passing muons instead are all from the Northern sky and all of track type.
Note that the experimental sample of HESE North events is not very large, and the subset of
HESE North tracks is even smaller; the experimental sample of passing muon events, collected
in IceCube, is much larger than the sample of HESE Northern muons. We discuss below and in
details which are the specific datasets that we use in the analysis.

The above considerations concern the experimental classification of the data. Passing now
to the physical interpretation of these data in terms of neutrino fluxes, it is essential to remark
the following:

the throughgoing muon events, measured in IceCube, give us information on the
flux of muon neutrinos and antineutrinos coming from the Northern sky, just as the
set of HESE Northern muon events.

Let us recall the well-known fact that neutrino oscillations connect tightly the electron, the muon
and the tau neutrino fluxes, and in the particular and natural case of neutrinos coming from
pion decay, these fluxes are approximately the same, as we have seen in Sec.3.1.3. Let us finally
recall that the inclusion of passing muon data has been important to verify the consistency of
the IceCube observations with three flavor neutrino oscillations in the recent past [4]. All these
considerations point out the importance of including the passing muons in the analysis.

Comparison of the power law distributions obtained from different datasets

Let us begin recalling the HESE events, already described in Sec.5.1.2. The all-flavor extraterres-
trial component of the HESE observed by IceCube, after 4 years of data taking, is fitted by a
single power law spectrum, without an energy cutoff, obtaining:

dφ

dE
= F× 10−18

GeV cm2 sec sr

(
E

100 TeV

)−α

(67)

with [149]
F = 6.7+1.1

−1.2 and α = 2.50± 0.09

However, a careful analysis of the most recent IceCube data reveal a difference between the
flux that comes from the Southern sky and the one that comes from the Northern sky. These
two subsets of data give the following best-fit fluxes:

FN = 2.1+2.9
−1.6, αN = 2.0+0.3

−0.4,

FS = 6.8+1.6
−1.5, αS = 2.56+0.11

−0.12

In order to quantify the difference between North and South HESE power-law fluxes we
analyze the distribution of their spectral indices, described approximately by two Gaussian
functions gN(α) and gS(α). Following the procedure reported in the Appendix C.1, a mild
tension of 1.3σ between the dataset of HESE North and HESE South, δα = 0.56± 0.42 is found.

Let us discuss now the passing muons. Since the IceCube experiment is located in the South
pole, the passing muons give information on the muon neutrino flux coming from the Northern
sky. This information must be consistent with the information from HESE North dataset,
that are also generated by neutrinos that come from the Northern sky. Moreover, as already
recalled, the passing muons dataset contains a larger number of events than the HESE North
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dataset alone, which allows us to obtain stronger inferences. More precisely, comparing the flux
obtained by fitting the passing muon data with the flux obtained fitting the HESE seen from the
Southern sky results in a much greater tension. In [129] the flux of diffuse astrophysical muons
is analyzed and it is found αp = 2.13± 0.13 for the spectral index. This flux is obtained using
events in the energy range between 191 TeV and 8.3 PeV but, if the single power law hypothesis
were the true one, this flux would be the right one also at lower energies. On the other hand,
the dataset of HESE South gives a preference for a softer spectrum, i.e. αs ' 2.56± 0.12.

Using the procedure described in Appendix C.1, it is possible to compare the fluxes that
describe the various datasets, just as we did above with the fluxes obtained only from HESE
data. The results are:

• A discrepancy equal to 2.4σ when we compare the fluxes obtained from the passing
muons with the one obtained from HESE-Southern sky, namely δα = 0.43± 0.18, where
δα denotes the difference between the spectral indices;

• A similar tension of 2.3σ between the power-law distribution that describes the passing
muons dataset and the global best fit of HESE, namely δα = 0.37± 0.16.

• Compatibility between HESE North and passing muons, namely, δα = 0.13± 0.33.

These results represent an update of those obtained in [6] with an old dataset of throughgoing
muons.

Since the tracks are generated by muon neutrinos1 and the showers by all flavor neutrinos,
the discrepancy may be explained in two major ways,

1. The flux of νµ has a different behavior with respect to the flux of νe and ντ , but there are
no theoretical reasons to sustain this point;

2. The Northern sky and the Southern sky are detecting two different population of neutrinos:
an almost purely extragalactic component from the Northern sky and a mixed component
(galactic plus extragalactic) from the Southern sky.

In conclusion, analyzing the spectral distribution of the fluxes derived by the different
datasets it is possible to conclude that there is a difference in the shape of the neutrino flux
observed in the Southern sky and of the one observed in the Northern sky, with a significance of
at least 2.7σ. Indeed, combining the 1.3σ (HESE North - HESE South) and 2.4σ (Passing muons
- HESE South) hints, the overall significance becomes 2.7σ, which means a p-value smaller than
0.7%.

This significance represents the second hint to go beyond the single power law model.

6.1.3 Extragalactic power law neutrinos, protons and γ-rays

In this section we analyze the connections between cosmic neutrino and other radiations, i.e.
cosmic rays and gamma. Let us consider a source transparent to protons, as it happens in the
model proposed by Waxman and Bahcall [12]. This model predicts an upper bound for the
cosmic neutrino flux, connected to the amount of energy of ultra high energy cosmic rays, in the
energy interval between 1019 − 1021 eV. Their argument goes as follows: high energy protons,
produced by the extra galactic sources, lose a fraction ε of their energy through photo-meson

1 We neglect the contribution of the tracks coming from ντ that is of the order of 5% or less, as explained in chapter 4.
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Figure 27: Comparison between the limit given by a source transparent to ultra-high energy cosmic rays and the
power law fluxes that describe the present IceCube data [6].

production of pions before escaping the source, so that the resulting present day energy density
of all-flavor neutrinos will be given by,

E2
ν

dφ

dEν
' 3

2
ε Imax (68)

where Imax is given by:

Imax = 0.25ξZtH
c

4π
E2

CR
dṄCR
dECR

' 1.5× 10−8ξZ GeVcm−2s−1sr−1 (69)

where ξZ is connected with cosmology and takes into account the energy loss of neutrinos
at redshift different from 0 and the upper bound is obtained for ε = 1, i.e. when all the
energy of protons is transferred to pions. The numerical value of Imax is obtained using
E2

CR
dṄCR
dECR

= 1044ergMpc−3yr−1. The comparison of this model to the fluxes, that have been
derived by IceCube using the 4 years dataset, is illustrated in Fig. 27. The bands related to the
fluxes are due to the uncertainties on the normalization and on the slope. The upper limit is
given by,

φ + ∆φ = φ +
√
[φ(F, α)− φ(F+, α)]2 + [φ(F, α)− φ(F, α+)]2 (70)

where φ is the flux at best fit, F+ = F + ∆F and α+ = α + ∆α if Eν < 100 TeV or α+ = α− ∆α if
Eν > 100 TeV. With the same procedure, the lower limit φ− ∆φ is obtained. The values of F, α
and their uncertainties are reported in section 6.1.2.
The two fluxes derived from the HESE-Northern sky and from the passing muons dataset are
compatible with the Waxman-Bahcall model. On the other hand, the HESE-Southern sky data
begin to show some critical behavior below 60-70 TeV, because they exceed this limit. Note
that in this region, a lot of events were already observed, so it cannot be a problem attributed
to the low statistic. To have a more precise idea, let us use the flux derived by the IceCube
collaboration in [149], which includes events above 10 TeV. The energy flux of HESE from the
Southern sky at 25 TeV is equal to:

E2 dφS

dE
(25 TeV) = 1.5± 0.4× 10−7 GeV

cm2 s sr
(71)
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This means that the Waxman and Bahcall limit is violated at 2σ at that energy and the violation
is even larger at lower energies: in fact, the same spectral shape should extend also at lower
energies, if the hypothesis of single power law holds true. Once again, these considerations
suggest to reconsider some of the assumptions. Recent analyses on the connections between
high energy neutrinos and cosmic rays have been performed in [165, 166].

Another connected remark emerges comparing the flux of neutrinos with the IGRB (isotropic
gamma-ray background). The first step in this direction was done by Murase et al. [167][168],
using the two years dataset of IceCube events. In this work the pp scenario is considered and
the neutrino flux is compared to the diffuse γ-ray background flux measured by Fermi. A
strong upper limit on the spectral index of the source of neutrinos it is obtained, i.e. α ≤ 2.2.
A softer spectrum would give an excess of neutrinos with respect to the γ-ray in the 100 GeV
region, contradicting the theory. In Bechtol et al.[99] this kind of analysis is performed using
more recent data. The extrapolated flux of neutrinos exceeds the flux of gamma around 0.1
TeV, even in the most conservative hypothesis in which the extrapolated flux follows an E−2

spectrum. This excess represents a problem in the scenario of star-forming galaxy, where the
pp interaction is the dominant mechanism for the neutrino production. Moreover the γ-rays
are not absorbed in that energy region, even if they come from distance of some Gigaparsec.

The above remarks are our last hint that the null hypothesis requires some critical consider-
ation. The previous issues, concerning the comparison of power law distributed neutrinos with
protons and γ-rays, can indicate some of the following possibilities:
i) an exotic source of neutrinos (e.g. exotic dark matter);
ii) absorption of protons and/or gammas in the source2;
iii) a galactic component of neutrinos on top of the extragalactic one.
In this chapter we will explore the last option. It should be stressed that the limit on the neutrino
flux, given by the comparison with cosmic rays and IGRB, applies only on the extragalactic
component.

6.2 the νgal1 model
Considering the hints of the previous sections, we explore the hypothesis that from the Northern
sky comes an almost purely extragalactic flux of neutrinos, whereas from the Southern sky come
both extragalactic and galactic neutrinos. This hypothesis can justify the spectral differences in
the IceCube dataset and the angular anisotropy of the observed events. Moreover this hypothesis
“recovers” the upper limit of Waxman and Bahcall [12], that is in strong disagreement with the
IceCube global fit already at ' 100 TeV. At the same time, it solves the problems arising from
the comparison with the IGRB, discussed just before. Let us refer to the two component model
with the term νgal1. Later in this chapter we introduce a variant of this model, called νgal2.

6.2.1 General motivations

The hypothesis of a Galactic component is motivated by the position of the Earth in the Galaxy
and by the location of IceCube detector. Let us begin with a standard model for the Galaxy, i.e.

2 It could happen especially in the pγ mechanism of production, because the γ-rays produced by the decay of π0 can
interact with the target photons contained into the source and can be trapped into the source. In this kind of opaque
source the connection with neutrinos can be difficult, as discussed in [22].
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Figure 28: A simplified cylindrical model of the Galaxy. The relative orientation of Earth’s equatorial plane
(orthogonal to rotation axis) is also shown, being blue the Northern sky and orange the Northern sky [6].

a cylinder of radius 15 kpc and a variable height of some kpc. The axis of rotation of the Earth
forms an angle of 30

o with respect to the galactic plane, so that the equator of the Earth makes
an angle of 60

o with it. The equator is represented by a plane, perpendicular to the normalized
vector (ux, uy, uz) = (0.484, 0.747, 0.456). Imposing the condition that the plane includes Earth,
that is at 8.5 kpc from the center of the Milky Way, the equation of the plane is obtained. At
this point it is easy to evaluate the volume of the Galaxy seen by the Northern sky and the one
seen by the Southern sky; the result is about 70% from the South and 30% from the North (see
Fig.29.)

In addition to this, one can take into account that matter is not distributed uniformly, as it
can be seen, e.g., from Fig. 2 of [36]. This is another good reason to believe that the Southern
sky contains also a galactic component of neutrinos, that is on the contrary negligible from the
Northern sky.

However, the above modeling is good only for a cursory exploration and to obtain a first
idea. The region where the Galactic neutrino emission is more intense is not known a priori
and should be eventually measured by neutrino observatories. E.g. it is natural to modify and
extend the above model of the region where neutrino emission is more intense, by adding two
parameters: the radius of the cylinder and its galactic height.3 Of course if the radius of such
region is much smaller than the distance between Earth and Galactic center, R ∼ 8.5 kpc, all the
emitting region will lie in the Southern hemisphere. The values of these parameters have to be
obtained from the analysis of high energy neutrino data.

Note incidentally that the Fermi satellite detects an intense, diffuse galactic emission up to
100 GeV (see Fig.7). At higher energies, closer to those explored by neutrino telescopes, HESS
has proved that the galactic γ-rays emission due to point like sources is quite intense; a diffuse
galactic component at high energy, unfortunately, is not yet probed and hard to be probed. In
short, the existing gamma ray data indicate the existence of a significant component of the high
energy radiation that can be attributed to the Galaxy, and this consideration does not contradict

3 An alternative parameterizations uses two exponential distributions nν ∝ exp(−r/δr) exp(−|h|/δh) where r is the
distance from the Galactic center and h is the Galactic height; δr and δh are model parameters.



84 icecube spectral anomaly and galactic neutrinos

Figure 29: Comparison between the fluxes measured by IceCube from the Northern sky [169] and Southern sky
[149] with the νgal1 model [6].

(but rather supports) the hypothesis that something similar happens for high energy neutrinos.
We will come back on these considerations later on.

6.2.2 The Galactic component

Spectrum and intensity of the galactic component

Let us assume that IceCube is observing two populations of neutrinos. It seems natural to
describe the neutrinos coming from the Northern sky, that are likely to be extragalactic, with an
unbroken power law, distributed isotropically over the sky. Moreover, it becomes natural to
describe the observations of IceCube by adding a new power law flux in the Southern sky, in
which the galactic population of neutrinos gives an important contribution.

The specific choice of spectra, discussed below, defines the specific model called νgal1. For
the extragalactic component, the spectral index α = 2 is adopted, since it coincides with the
best-fit value obtained for the Northern sky HESE flux. For the galactic component, the spectral
index α = 2.7 is adopted, i.e. the spectral index of the galactic cosmic rays flux. It follows that:

dφN

dEν
=

dφEG

dEν

dφS

dEν
=

dφG

dEν
+

dφEG

dEν

or more explicitly:

dφN

dE
= FEG

(
E

100 TeV

)−2

× 10−18

GeV cm2 sec sr
(72)

dφS

dE
=

[
FG

(
E

100 TeV

)−2.7

+ FEG

(
E

100 TeV

)−2]
× 10−18

GeV cm2 sec sr
(73)

Considering the events with deposited energy above 60 TeV,4 IceCube has detected 32 events in
4 years, 9 from the Northern sky, 22 from the Southern sky and one at latitude zero. Using the

4 Following [4] we limit the analysis to this subset of data, where the atmospheric background gives a small contribution.
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Table 10: Comparison between the νgal1 model and the events from the Southern sky with deposited energy above
60 TeV of the 4 years dataset of IceCube. For the galactic and the extragalactic components the best-fit
value are used, see Eq. 76. For the prompt neutrinos the number of events is quoted at 90% C.L. and the
best-fit value is 0. Table from [6].

Gal. E−2.7 Extragal. E−2 Backg. Prompt Expected Observed

Tracks 1.2 2.5 1.5 <0.8 5.2 4.5
Showers 6.5 10.1 0.5 <3.1 17.2 18

Total 7.7 12.6 2.0 <3.9 22.3 22.5
Fraction 34.5% 56.5% 9%

effective areas for each hemispheres, which recently became available on the IceCube website 5,
the likelihood functions for the extragalactic and the galactic normalizations (FEG, FG) can be
obtained. The likelihood for the normalization at 100 TeV of the flux from the Northern sky, is
defined as:

LEG(s) ∝ (b + 3.6s)9.5 · exp[−(b + 3.6s)] (74)

where b = 2.1 is the background due to conventional atmospheric neutrinos, considering the
best-fit value6. The coefficient 3.6, instead, is the number of events expected in the case of
normalization equal to one at 100 TeV. The result is FEG = 2.1+1.1

−0.6 at 68% of confidence level.
This extragalactic component is perfectly compatible with the upper limit given by the IGRB
observed by Fermi (see [99]). Let us remark that we are using the HESE both for the North and
South hemisphere, because for this dataset the effective areas are available and we can perform
our calculation using α = 2 for the extragalactic component.

Taking into account the uncertainties given by the supposed extragalactic component, the
likelihood for the normalization at 100 TeV of the galactic component, seen from the Southern
sky, is given by:

LG(s) ∝
∫ ∞

0
(b + 6.0sEG + 3.1s)22.5 · exp[−(b + 6.0sEG + 3.1s)] · LEG(sEG)dsEG (75)

where the background is the same as before and the coefficients 6.0 and 3.1 are the expected
number of events from the Southern sky in the case of normalization equal to one at 100 TeV,
respectively for spectral index α = 2 and α = 2.7. The result is FG = 2.5+2.4

−1.3 at 68% confidence
level. Summarizing, with the present informations, the best fit flux obtained using the νgal1
model is:

dφS

dE
=

[
2.5
(

E
100 TeV

)−2.7

+ 2.1
(

E
100 TeV

)−2]
· 10−18 1

GeV cm2 sec sr
(76)

In Fig. 29 this flux is compared to the fluxes from Northern and Southern sky measured by
IceCube. We show in Fig.29 only the flux that describes the passing muons that, as discussed
above, has a much smaller uncertainty than the flux that describes the HESE from Northern
sky, and it is perfectly compatible with the latter. In that figure we have used the flux of

5 https://icecube.wisc.edu/science/datalanding
6 We scaled with time the expectation for the backgrounds contained in [151]. We are not considering the component

produced by atmospheric prompt neutrinos in the νgal1 model, because it is zero at the best fit. Anyway, this will be
considered in the νgal2 model.
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throughgoing muons contained in [169] that is a bit harder than the most recent measurements
of [129]; however the result remains unchanged.

The red band is simply obtained propagating the uncertainties on the normalization, since
the shape is fixed. From this figure, the following two features are evident: at low energies,
there is good agreement between the two-component flux and the flux measured from the
Southern sky. At high energy, instead, there is a good agreement between the two-component
flux and the flux measured from the Northern sky.

Using the best fit values, the number of events from the Southern sky due to the extragalactic
component is 12.6 (56.5%), whereas the number of events due to the galactic component is
7.7 (34.5%). The sum of these two quantities is different from 100% due to the atmospheric
background, that is small but present. The expected number of events are calculated using
Eq.52 and the IceCube effective areas As

` of the Southern sky, and the fluxes found in this
section, separating the contribution of the extragalactic and galactic component as follows:

NEG,G = 2π T
∫ ∞

0

1
3

dφEG,G

dE
[As

e(E) + As
µ(E) + As

τ(E)]dE (77)

where T=4 years is the exposure time of HESE dataset that we are considering. Let us notice
that we are using a factor 2π instead of the factor 4π used in Eq.52, because here we calculate
only the expectation for Southern hemisphere. We assume that the flux of each flavor is 1/3 of
the total flux, as expected to a good approximation for a production mechanism due to pion
decay and for the subsequent neutrino oscillations.

Due to the large uncertainties on the extragalactic component, i.e. the flux from the Northern
sky, the normalization of the galactic component (at 100 TeV) can fluctuate in the interval 1.2 -
4.9, giving a contribution between 17% and 67% to the number of events observed from the
Southern sky. In table 10 the number of events from the Southern sky observed by IceCube in 4

years is compared with theoretical prediction of the two-components neutrino flux.

Angular distribution of IceCube events

In our hypothesis, a large fraction of the low energy events seen by IceCube have to come from
a region close to the Galactic disk. As a primary test we study the angular distribution of the
HESE events detected by IceCube in the Southern sky, that is the region where galactic events
are supposed to lie.

We begin by describing the model for the angular distribution. We use the galactic coordi-
nates b (latitude) and ` (longitude) to identify the events, and consider the distribution in the
variable

x = sin(b) (78)

First of all, we are interested in considering one population of galactic neutrino events charac-
terized by a small galactic latitude and localized mostly in the Southern sky. We assume the
(normalized) differential distribution,

λ(x) =
e−

x2

2δx2

√
2π δx

with δx = sin 10◦ (79)

where we have fixed the value of angular extent of this population, δx, due to the angular
resolution for shower events in IceCube. For isotropic events instead, we expect a flat distribution
in x but localized in the Southern sky. So we have, dN/dΩ = Θ(su)/(2π), where dΩ =
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Figure 30: Two presentations of events seen by IceCube in the Southern sky and with deposited energy above 60
TeV. In the left panel we show the galactic latitude of all events. In the right panel we show those with
energy below 200 TeV and in the region close to the Galactic plane. Figure from [6].

d` d sin(b), Θ is the Heaviside function, u = (cos b cos `, cos b sin `, sin b) is the direction of the
event in galactic coordinates, s is the direction of the celestial South pole.7 Integrating dN/dΩ
over ` we get

µ(x) =
1
π

Re
[

arccos
(
− x√

1− x2
× tan(bCS)

)]
with tan(bCS) = −0.512 (80)

We can use the normalized angular distribution

ρ(x, f ) = f λ(x) + (1− f ) µ(x) with 0 ≤ f ≤ 1 (81)

to model the cases in which one or both components are present, depending on the value of the
fraction of events due to the galactic component, f .

The data of IceCube (of which we present some graphical summaries in Fig. 30) can be
compared with this model. Hereafter we report our results: a) fitting the data, using the χ2

described in the Appendix C.2, we find f = 0.26± 0.15. This is consistent with the previous
independent result, obtained using the spectral information, that gave f = 0.35+0.32

−0.18. Note that
with the angular analysis the uncertainty decreases;
b) we have tested the goodness of fit (see Appendix C.3) for the three hypothesized angular
distributions: 1) the extragalactic (isotropic) distribution 2) the purely galactic (low latitude
distribution) 3) the mixed model (with both components). It should be noted that the model
with mixed composition is not the result of a fit to the angular data, but it is determined
independently from the fit of the energy spectrum. We find that all statistical tests in Fig. 31

give very similar results. A purely galactic component can be excluded. On the other side, both
the isotropic and the mixed model are compatible with the data, although the model with two components
fares better. The results of the hypothesis tests are reported in the table of Fig. 31, as well as a
plot of the different cumulative distributions, which are compared with the experimental one;
c) Finally, we note that our hypothesis implies a correlated angle-energy distribution in IceCube,
namely a large fraction of the low energy events seen by IceCube in the Southern sky have to
come from a region close to the Galactic disk. The distribution of the data, given in Fig. 30,
shows that this is indeed the case. In fact, there are 8 events below 200 TeV and with |b| < 15◦.
This is not so far to the expectation of 7.7 events, that one reads from Tab. 10.

7 Its galactic latitude bCS equals the declination of galactic South (in equatorial coordinates) bCS = δGS = −27.13◦.
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Figure 31: Results of different hypothesis tests for isotropic, galactic and mixed model. In the bottom of the panel,
the comparison between cumulative density function of the three models and data of Southern sky above
60 TeV. Figure from [6].

Summarizing, we have performed various independent tests and analyses of the angular
distribution of the events observed by IceCube. Our results are slightly more conservative but
consistent with those obtained by [164] and do not contradict the ones of [163], see Sect. 6.1.1.
The main findings are three:

• the angular distribution of the Southern sky (HESE) events is in excellent agreement with
the hypothesis of a two-component distribution, formulated previously;

• a purely extragalactic (isotropic) distribution cannot be excluded by the existing observa-
tions of the angular distribution;

• the fraction of galactic neutrino events can be independently determined using only the
energy spectra or using only the angular distribution: the two determinations are in
agreement, and the second method gives a better estimation of the galactic contribution,
because the uncertainty is smaller.

The interest to significantly increase the present statistics is quite evident.

6.3 the νgal2 model
The main aim of this section is to generalize the model described in the previous section (that
we called νgal1). We motivate and introduce a new model, denoted as νgal2. This model still
assumes that the main component of the IceCube cosmic neutrinos is of extragalactic origin,
with the presence of an important Galactic contribution. The model νgal2 tries to address the
following important questions:
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1. How crucial is the choice of the spectral index of the Galactic component? What happens
if it is closer to the one indicated by observations of γ-rays and some models of cosmic
ray propagation, i.e. α ≈ 2.4− 2.6?

2. What happens changing the normalization of the Galactic component?

3. What is the effect of atmospheric prompt neutrinos from charm decay?

We derived the νgal2 model after exploring these questions, quantifying the expectations and
considering constraints, and assessing the stability of its predictions. Moreover we also provide
theoretical considerations to support our choices in the multi-component model. This section is
mainly based on [7].

6.3.1 Considerations on the high energy neutrino spectrum

The spectral index of extragalactic neutrinos. Theoretical inference

A hard energy spectrum ≈ E−α for extragalactic neutrinos, with α ≈ 2.0, is motivated by models
of cosmic rays production at the source in the framework of the Fermi acceleration mechanism.
A very well-known case is the generic model developed in Waxman & Bahcall [12], where the
neutrino spectrum is assumed to have α = 2.0. Note that this assumption was used in the first
IceCube fits [133].

Similar results have been obtained in other specific models. E.g., the shape of the extragalactic
component in the starburst galaxies model of [95] is

dφ

dE
∝ E−2.15±0.1 (82)

and this extends up to 0.3 PeV at least. A generic bound, α < 2.1− 2.2, was derived by the
authors of [167], assuming hadro-nuclear (pp) scenarios for neutrino production. Also in very
different models, as [92, 89], based on the hypothesis that the neutrino sources are (some types
of) BL Lac/blazars, the power spectrum of the extragalactic neutrino component has a very
hard spectral index, close to α ≈ 2. The latter kind of models is apparently motivated by
the Fermi-LAT measurements obtained at much lower energies and extrapolating the Fermi
measurements by several orders of magnitude. See [170] for a principled discussion of the
expectations from pγ sources, in which different target photon distributions are considered.

According to the previous theoretical and experimental arguments, the spectral index of the
extragalactic component is reasonably expected in the conservative (wide) range

αEG ∈ [1.9 , 2.3] (83)

The information on the flux normalization coming from theoretical models is more uncertain;
simple models for neutrino production, e.g., in inner jets of AGN [171] or in collimated jets
inside progenitors of gamma-ray bursts and supernovae [172] seem to be not able to explain
the IC signal. We use the IC data themselves to constrain the normalization of the extragalactic
flux, as it will be explained in Sect.6.3.2.

Expectation on the Galactic component

Here we discuss the core of the νgal2 model, namely the component attributed to Galactic
neutrinos, defined by its spectral index and its normalization.
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the spectral index of the galactic component Cosmic rays up to few PeV arrive at
Earth with a power-law distribution with α ≈ 2.7. This is thought to be the result of a harder
injection spectrum, modified after the propagation inside the Galaxy. However, neutrinos are
plausibly produced in collisions close to their cosmic sources and, in this case, they should
reflect the injection spectrum. According to this physical picture, neutrinos should have a
spectrum harder (i.e. flatter) than α ≈ 2.7.

There are several attempts to estimate the Galactic neutrino flux. Two theoretical estima-
tions [173, 174] find an interesting level of the diffuse neutrino flux from the Galactic plane: in
both cases the power-law approximation of this flux, φ ∝ E−α has a spectral index α = 2.5− 2.6
in the region from some 10 of TeV up to several hunderds of TeV.

A phenomenological model characterized by radially dependent cosmic-ray transport prop-
erties has been recently used to compute the γ-ray and neutrino diffuse emission of the Galaxy
[175]. The model, designed to reproduce both Fermi-LAT γ-ray data and local cosmic ray
observables, naturally reproduces the anomalous TeV diffuse emission observed by Milagro
in the inner Galactic plane. Above 100 TeV it predicts a neutrino flux with a spectral index
α ≈ 2.4÷ 2.5 that is about two to five times larger than the neutrino flux obtained with con-
ventional models in the Galactic Center region. This neutrino flux explains up to 25% the flux
measured by IceCube.

Moreover, the spectral index of the γ-ray emission, observed at lower energies from the
Milky Way, resembles α ≈ 2.4− 2.6 more than α ≈ 2.7. This can be seen from the right panel of
Fig. 36, where we compare a neutrino spectrum with spectral index α = 2.4 with the gamma
rays seen by Fermi-LAT.

According to the above arguments, the spectral index of the Galactic component can be
assumed to be in the range:

αG ∈ [2.4 , 2.7] (84)

that does not overlap with the corresponding range for the extragalactic neutrinos. Moreover,
in order to maximize the difference with the assumptions of νgal1 model, but keeping in mind
the above theoretical and observational indications, we will assume the extremal value αG = 2.4.

the normalization of the galactic component The normalization factor of the Galac-
tic neutrino flux is poorly constrained by theoretical models, although experimental indications
of a non zero value exist. Apart from the mentioned IceCube spectral anomaly, the first hint
arises from the intense flux of γ-rays observed by Fermi-LAT and Agile, coming from the
Galactic plane and its surroundings. Assuming that a fraction of the signal is due to hadronic
processes, a comparable flux of high-energy neutrinos is foreseen. Second, the angular dis-
tribution of HESE is compatible with the isotropy, but the assumption of a certain degree of
anisotropy near to the Galactic plane improves the agreement with the observations [164, 6].

Fig.32 shows the position on the sky (Galactic coordinates) of HESE. To reduce the at-
mospheric background, only events with deposited energy > 60 TeV are used. The angular
precision of shower events is ∼ 15◦. Events with |b| ≤ 15◦ are compatible to be originated in
the Galactic plane.

Referring to Fig.32, there are 18 events in the region |b| > 15◦. The solid angle covered by
this region is approximatively three times larger than the corresponding region with |b| ≤ 15◦.
Thus, roughly six events are expected in the low longitude region assuming an isotropic detector
response. The 14 observed events represents a ∼ 2σ excess with respect to this hypothesis.



6.3 the νgal2 model 91

-180°-150°-120°-90°-60°-30°30°60°90°120°150°180°

-90°

-75°

-60°

-45°

-30°

-15°

15°

30°

45°

60°

75°

90°

N
or
th
er
n
H
em
is
ph
er
e

So
ut
he
rn
H
em
is
ph
er
e

δ=0o

δ=-30o

δ=-60o

δ=30o

δ=60o

Figure 32: Distribution of the position of HESE (blue: shower events; red: tracks) with deposited energy > 60 TeV
represented in Galactic coordinates. The angular uncertainties are not represented; the shower-like events
have an angular uncertainty of 10◦ − 15◦, whereas the track-like events have an angular uncertainty of
about 1◦. Figure from [7].

These experimental hints supporting the existence of a Galactic component are discussed
in different ways in several works [176, 163, 6, 173, 177]. E.g., the paper [177] finds that it is
theoretically possible to have similar signals in IceCube. Their model called Case C predicts 1

event per year, using using the assumption that the diffusion coefficient of Galactic cosmic rays
is not uniform into the Galaxy but it changes as a function of the distance from Galactic center.

Thus, we will explore the hypothesis that the Galactic neutrino emission yields an observable
signal, namely, few HESE events per year in IceCube. As for the case of the extragalactic flux,
we extrapolate the normalization of the Galactic component from the data itself.

the spatial extension of the galactic component The Galactic flux has been consid-
ered isotropic and has been seen only from the Southern hemisphere in the νgal1 model. This
is a minimal hypothesis, useful to evaluate the total number of HESE of Galactic origin. Models
explaining the IceCube excess in the 10-100 TeV range in the Southern sky in term of decaying or
annihilating dark matter candidates [178] can yield different signatures and are not considered
in the following.

A more detailed scenario considers also the spatial extension of the Galactic component, tak-
ing into account observational constraints derived from the ANTARES [134] neutrino telescope.
In particular, as discussed in Sec.6.3.3, the Galactic neutrino flux is assumed to be isotropic
within a region (in Galactic coordinates) of latitude |b| ≤ b∗ and longitude |`| ≤ `∗. The values
b∗ and l∗ will be discussed later in Sec.6.4.2.
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Prompt neutrinos

Even if a component in the atmospheric neutrino originating from the prompt decay of very
heavy mesons (typically containing a charm quark) is expected from standard cosmic ray
interactions with atmospheric nuclei, this flux of prompt neutrinos is not yet measured. Let us
recall that the spectrum of prompt neutrinos is expected to be E−2.7 and the flavor composition
is expected to be (νe : νµ : ντ) ≈ (1 : 1 : 0) (see Sec.5.1.3) for the discussion on the atmospheric
backgrounds.

IceCube has recently investigated the existence of a prompt component in the measured
νµ [129] in the region of energy below few 100 of TeV. From the absence of evidence, 90% C.L.
upper limit on the normalization predicted by the reference calculation [150] (denoted as ERS)
is set to 0.50× ERS. More recent calculations predict smaller fluxes [179, 180, 181], that are not
yet significantly probed instead.

Differently from the νgal1 model, here we assume the existence of a prompt neutrino
component in addition to cosmic neutrinos. In order to maximize the effect of the contribution
from prompt neutrinos without exceeding severely the constraints from theory and observations,
we will assume as normalization term the 90% c.l. upper limit 0.50× ERS set by IceCube.

6.3.2 The recipes

Here we summarize the result of the discussion of the previous sections to define the νgal2
model. Besides the conventional atmospheric neutrinos, we consider three other components:
the isotropic extragalactic component, the diffuse Galactic component (presumably enhanced
near the Galactic plane) and the prompt (atmospheric) neutrinos. In addition:

1. We use the IceCube measurement of the flux of passing muons to describe the extragalactic
component φEG. The flux is assumed to be isotropic, with a normalization known within
30% and the spectral index within ≈ 6%. We assume that the total extragalactic neutrino
flux is given by the spectrum of throughgoing muons reported in section 5.1 multiplied by
a factor of three, in order to account for the three neutrino flavors. At the highest energies,
this component is the dominant one;

2. We assume the existence of a diffuse Galactic component φG, mainly originating from
the Southern hemisphere. This Galactic component produces the observed asymmetry
between HESE South and HESE North, and between HESE and the passing muons,
softening the spectrum of Southern sky below ≈ 100 TeV. We assume (Sect. 6.3.1) that its
spectral index is αG = 2.4.

We estimate the normalization factor for the Galactic component considering the angular
distribution of the HESE events arising from the Southern sky, and more precisely, the
distribution in the Galactic latitude (see the νgal1 model and Sect. 6.3.1). From that
analysis we found that a fraction 0.26± 0.15 of the 23 HESE observed from the Southern
hemisphere, with deposited energy above 60 TeV, can be of Galactic origin. It follows that
our normalization is chosen to reproduce the expected number of Galactic HESE, i.e.

NG = 6.0± 3.5 in 4 years (85)

This assumption is compatible within errors with that used for the νgal1 model and it
does not exceed the diffuse flux limit derived from the ANTARES neutrino telescope
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Table 11: Summary of the number of HESE events expected for each component in four years. The µ background
and the conventional background are taken from [151] and scaled with the exposure time. The other
predictions are obtained using the fluxes derived here in Eq. 87 (νgal2 model) and the published effective
areas of HESE [133]. Table from [7].

Component North South Sum
Extragalactic [129] 8.8± 1.7 16.1+1.5

−1.9 24.9+3.2
−3.6

Galactic [6] ≈ 0 6.0± 3.5 6.0± 3.5
Prompt [129, 150] 1.5± 0.8 2± 1 3.5± 1.8

Atmospheric µ [151] 0 12.4± 6.2 12.4± 6.2
Conventional π/K [151] 6.2± 1.9 3.6± 1.2 9.8± 3.1

Total [7] 16.5± 2.7 40.1± 7.5 56.6± 8.7
Observed [149] 16.5 37.5 54

for neutrinos originating in the Southern sky [182]. In addition, this does not contradict
the theoretical expectation of 1 event per year [177] within 1σ and even less in view of
theoretical uncertainties.

3. We assume the presence of a prompt atmospheric neutrino component φprompt. This is
isotropic and with a power-law energy spectrum, with spectral index α = 2.7 and with
normalization equal to the 90% c.l. IceCube upper limit, i.e. 0.50× ERS.

Following these considerations, the all-flavor flux in the νgal2 model is given by,

dφ

dE
= ∑

i

F0,i × 10−18

GeV cm2 s sr

(
E

100 TeV

)−αi

(86)

where the coefficients of normalizations and the spectral indexes are,

F0,EG = 3× 0.90+0.30
−0.27 αEG = 2.13± 0.13

F0,prompt = 0.6± 0.3 αprompt = 2.7
F0,G = 1.5± 0.8 αG = 2.4

(87)

It is important to remark that adding the third component (i.e. the prompt neutrinos) is not
necessary to improve the agreement with data and the minimal model νgal1 is already sufficient
to explain the IceCube observation. On the other hand, we know that prompt neutrinos must
be present in the range of energy between TeV and PeV; therefore, in order to build a general
model, we take into account also this component in the νgal2. In a sense, we can say that the
νgal1 is a phenomenological model, whereas the νgal2 is obtained from more reliable theoretical
assumptions.

6.3.3 Results

Using the fluxes and the total HESE effective areas described in section 4.5, we compute the
total number of expected events, with the standard formula introduced by Eq.52, summing on
the different flavors `:

Nev = 4π T
∫ ∞

0
∑
`

dφ`

dE
(E) A`(E)dE (88)
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Table 12: Fraction of Galactic flux, as a function of its extension in longitude `, that can be seen in different
intervals of declination. The hypothesis is that the flux is isotropic in the region of Galactic
latitude |b| ≤ 4◦ and Galactic longitude |`| ≤ 30◦, 50◦or 70◦. Table from [7].

Extension δ [60, 90) [30, 60) [0, 30) [−30, 0) [−60,−30) [−90,−60)
|b|∗ = 4◦, |`|∗ = 30◦ 0% 0% 0% 52% 48% 0%
|b|∗ = 4◦, |`|∗ = 50◦ 0% 0% 17% 34% 43% 6%
|b|∗ = 4◦, |`|∗ = 70◦ 0% 2% 25% 24% 34% 15%

where we sum over the flavors ` = e, µ, τ. The cosmic components are equipartitioned in
the three flavors while the prompt neutrinos are equipartitioned among electron and muon
neutrinos. The effective areas for events arising from the South and North sky differ, in
particular because of the absorption of very high-energy neutrino in the Earth. When the events
are separated for each hemisphere, the solid angle factor in Eq. 88 is 2π. The time exposure for
HESE data is assumed to be T = 4 yr.

In Table 11 the contributions from the different components are reported. In the case
of prompt and Galactic neutrinos, the uncertainty is simply given by the uncertainty on
the flux normalization. The Galactic component is obtained using the HESE effective areas
for the Southern sky. For extragalactic neutrinos the uncertainty is obtained comparing the
expected number of events obtained at best fit with the highest (lowest) normalization and
the highest (lowest) shape. This procedure is justified by the strong correlation between the
normalization and the spectral index, that can be noticed in Fig.6 of [129]. The expected
background (atmospheric µ; conventional neutrinos from charged π, K decays) is estimated
using the values reported in [151] and scaled with the considered exposure time T. The
uncertainty δ on the total number of events is obtained combining the various uncertainties δi

in quadrature, δ =
√

∑i δ2
i .

The expected spectra for the different components are reported in Fig. 33, separated for
the Northern and for the Southern hemisphere. The bands are due to the uncertainties on
the normalization and on the spectral index. More precisely, the upper limit of the bands is
obtained with the following formula for the increment,√

[φ(F, α)− φ(F+, α)]2 + [φ(F, α)− φ(F, α+)]2 (89)

where φ is the flux at best fit, F+ = F + ∆F and α+ = α + ∆α if Eν < 100 TeV or α+ = α− ∆α if
Eν > 100 TeV. The lower limit of the bands is obtained with the same procedure.

In Table 11 8.8 extragalactic events are expected from the Northern hemisphere and 16.1
extragalactic events from the Southern hemisphere. Since the solid angle covered by the region
with |b| ≥ 15◦ is about 3/4 of 4π, under the hypothesis of isotropic flux we expect to see ∼ 6.5
events from North and ∼ 12 events from South, coming outside the Galactic plane. Observing
the map in Fig.32 we found 12.5 events in Southern sky and 5.5 events in the Northern sky (1
event is at declination δ = 0◦), in good agreement with the expectations.

Remarks and discussion

The agreement of the νgal2 with the observations is good, both for the Northern and for the
Southern hemisphere. Indeed the total number of HESE observed by IceCube is compatible with
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Figure 33: The different components of the high-energy neutrino flux in the νgal2 model. For comparison, the
single power-law fits obtained by the IceCube collaboration are also given (light blue). Figure from [7].

our predictions (Table 11) within 1σ. Moreover we can notice that the extragalactic contribution
is the larger component of the HESE events seen from the Southern sky, but it amount to about
half of the total number of events. The remaining part is attributed to conventional neutrinos,
atmospheric muons, prompt neutrinos and Galactic neutrinos. Even assuming the maximum
allowed flux, prompt neutrinos cannot explain the difference between the spectra derived from
the passing muons and HESE in the Southern sky.

In Fig. 33 the fluxes predicted by our model are compared with the fluxes observed by
IceCube in Northern and Southern hemisphere. A good agreement can be noticed below ≈
100 TeV; it means that not only the E−2.7 of νgal1 [6] but also an E−2.4 can adequately explain
the low energy data [7]. We conclude that the detailed shape of the Galactic spectrum is not
crucial for the argument, whereas the presence of a significant Galactic component (i.e. of a
normalization sufficiently large) is instead necessary to explain the North-South asymmetry
and to soften the spectrum of the Southern hemisphere at low energy.

Finally, Fig.34 shows the contribution of the Galactic component φG to the signal (φG + φEG +
φprompt or only φG + φEG in νgal1) in the Southern sky; we can notice that the prediction of νgal2
model differs from νgal1 model by about a factor 2 at low energy, due to the fact that here a
prompt neutrino component is taken into account and the spectrum of Galactic neutrinos is
harder.
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Figure 34: Fraction of the neutrino emission in the Southern sky (after removing the conventional background and
the muons) due to a Galactic emission, as function of neutrino energy. Figure from [7].

6.4 expectation from νgal1 and νgal2 model

6.4.1 Test with IceCube

Before going further, we summarize our hypothesis. The high energy neutrinos are distributed
according to a double component, with a softer spectrum below some 100 TeV, where the
galactic component dominates, and an harder spectrum above ' 0.5 PeV, where the extragalactic
component gives the main contribution. The first is distributed as E−2 in the νgal1 model and
as E−2.13 in the νgal2 model, whereas the second is distributed as E−2.7 in the νgal1 model
and as E−2.4 in the νgal2 model. For what concerns the angular distribution, the extragalactic
component is distributed isotropically whereas the galactic component is distributed around the
Milky Way center and plane; the precise distribution (or, in first approximation, the extension of
this component in galactic latitude and longitude) will be matter of observational investigations.

There are many interesting consequences of this hypothesis, that are common for both
models. For instance:
1) in the next years at least an event at the Glashow resonance due to the extragalactic component
must be observed;
2) the observation of double pulse events will be the definitive proof of the cosmic origin of the
high energy neutrinos. Evidently, this will be very important, even if not a specific test of our
hypothesis;
3) the difference of the track-to-shower ratio of the two-components can be measured in IceCube;
4) there must be also high energy gammas associated to the galactic neutrinos;
5) in order to measure precisely the galactic component at low energy, an important contribution
could come from telescopes located in the Northern Hemisphere, as they can measure the
neutrinos from the Southern sky by means of passing muons, namely in a cleaner way than the
high energy starting events, that are instead the observational tool exploited by IceCube.
Let us discuss these tests of validation in the following section.
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glashow resonance and double pulses Using our estimation of the extragalactic flux
described in the νgal1 and νgal2 models we are able to calculate the expected number of resonant
and double pulse events.

The expected number of resonant events after 4 years is equal to ∼ 1.5 with an uncertainty
of about 30%. This prediction is obtained in the context of pp interaction and it is valid for both
our model within the uncertainty. Up to now the resonant events have been not observed. The
probability to not observe resonant events is given by the Poissonian statistics and it is equal to
e−1.5 ' 0.22. This means, in a Gaussian treatment, that it is disfavored at 1.2σ; therefore, the
non observation of resonant events does not represent a critical issue for our model nowadays.
In order to accept or discard our hypothesis with a significance of 3σ more than 10 years, with
the present exposure, are required. The contribution of the galactic component to this class of
events is negligible, due to the its softer spectrum. Indeed we have seen in section 5.5.2 that the
expected number of resonant events is highly sensitive to the shape of the spectrum.

The same argument can be discussed for the double pulses events. In this case the expected
number of events after 4 years is equal to ∼ 0.5 with an uncertainty of about 20%. The rate is
much lower than what expected for resonant events. Therefore it is perfectly compatible with
the non observation of events, within 0.5σ. In order to observe a double pulse event with a
probability of 90% and 99% with the present exposure we have to wait ∼ 15 and ∼ 35 years
respectively. Let us recall that the double pulse is less sensitive to the slope of the neutrino
spectrum with respect to the Glashow resonance events, because about half of the signal is
given by the already observed neutrinos, with energy between 100 TeV and 1 PeV [3]. Note
that the galactic component gives a small contribution to the double pulse events, i.e. ' 0.03
expected events per year.

the track-to-shower ratio It is important to notice that the track-to-shower ratio for the
galactic and the extragalactic components are different, even if the mechanism of production
is the same (we refer to the standard case of pion decay). This remains true despite the
uncertainties on the oscillation parameters, as can be seen in Fig.35, where we have chosen
the spectrum assumed in νgal1 model, i.e. E−2 for the extragalactic component and E−2.7 for
the Galactic one. The difference in the track-to-shower ratio is due to the different spectral
shape, since the larger spectral index (namely the case of galactic ν) penalizes track events. This
aspect is not surprising if we look at the effective areas of section 4.5 and we remember that the
track-to-shower ratio is a function of the shape (see the discussion of section 5.2). The difference
is reduced for the νgal2 model, where there is a less difference between the spectral shapes of
the two components. Anyway, a certain imprint remains also in this second scenario.

implication for γ astronomy The galactic component of neutrino implies the existence
of a galactic component of very high energy γ-rays. These gamma rays can be observed, because
their path in the Galaxy is shorter than their mean free path. The same consideration is not true
for the extragalactic gamma rays associated to neutrinos, because when the energy is above
10 TeV they are absorbed after about 100 Mpc, due to the interaction with the extragalactic
background light (EBL). It is possible to give a lower limit on the flux of gammas, that
corresponds to the case of pp interaction at the source. Recalling the discussion of section 1.3.3,
the ratio between the flux of gamma and the flux of neutrinos is given by the following formula:

φγ

φν
= 1.009 + 0.622(α− 2.3) + 0.140(α− 2.3)2 + 0.009(α− 2.3)3 (90)
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Figure 35: Comparison between the track-to-shower ratio of galactic (blue) and extragalactic (green) components,
assuming the same mechanism of production, i.e. pion decay. Figure from [6].

Therefore the ratio is equal to 1 within the 30%, for a power law spectrum E−α with 2 ≤ α ≤ 2.7
and the flux of galactic gamma must be of the same order of the neutrino flux:

φγ(E) ' φG(E) (91)

Let us notice that the cutoff on φγ is at higher energy with respect to the cutoff on the galactic
neutrino spectrum. In fact the energy of γ is typically Eπ/2, whereas the energy of neutrinos is
' Eπ/4 (see 1 for a complete description of the secondary neutrinos spectrum). The relationship
between galactic HE neutrinos and HE γ-rays is also discussed in [183], focusing on SNRs, PWN
and binary systems. Recall also that in the case of binary system if the γ-rays are produced from
protons, the flux of HE neutrinos can significantly exceed the one of γ-rays (by a factor of eτ

where τ is the optical depth) considering that they escape from the region without absorption,
unlike γ-rays.

In the other case, the flux of gamma must be larger than the flux of neutrinos to have a
consistent theory. At present there are no measurements of gamma rays in the same energy
range of neutrinos (above 30 TeV), so a direct comparison is not possible. Fig. 36 shows the
diffuse flux of galactic gamma rays (see [184],[185]) and the estimated flux of galactic neutrinos
(νgal1 model in the left panel and νgal2 model in the right panel) in the energy range in
which they are already measured. No firm conclusion can be derived nowadays from these
results, although it seems that the νgal2 is better in agreement with the γ-rays flux when it is
extrapolated at low energy, using the same power law spectrum E−2.4 at low energies.

future km3 -class telescopes in the northern hemisphere Our hypothesis requires
that in the vicinity of the galactic disk there is a population of high energy neutrinos, with
energies below few 100 of TeV. The present data are compatible with a large fraction of events
with this origin. In our reference hypothesis, this fraction is about 30%, with a great uncertain-
ties, since the 1σ interval includes values that differ by a factor of two (above or below). This
means that the existence of a galactic component is reasonable even if nowadays it is hard to
quantify it precisely; future experiments in the Northern hemisphere will be necessary to prove
its existence and to measure this component precisely.

Let us remark that the 30% refers to the fraction of supposed galactic events with respect to
the total number of events observed from the Southern sky. If all the events (both from South
and North) are considered, the galactic contribution becomes 24% at best fit. However let us
remark that the precise extension of this signal (in angle and in energy) is not known and this
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Figure 36: In orange, spectrum of diffuse gamma-ray emission from the inner Galaxy (−80o ≤ l ≤ 80o, −8o ≤
b ≤ 8o, measured by Fermi-LAT. In blue, spectra of galactic neutrinos E−2.7 (left panel) and E−2.4

(right panel) with their uncertainties. Figures from [6] and [7].

requires further experimental investigations. In order to validate this assumption, neutrino
telescopes of sufficient volume and located in the Northern hemisphere are needed.

The KM3NeT [131] and the BAIKAL-GVD [135] are such kind of experiments; the first
will be in the Mediterranean Sea, the second one in Baikal Lake. They will be in the right
geographical position to validate the presence of a diffuse galactic neutrino component, thanks
to the possibility to use passing muons of relatively low energies. Note that in water the angular
resolution is much better than in ice and it attains sub-degree [131]. In this manner, the precise
angular extension will be investigated. Moreover, also ‘high energy starting events’ below few
100 TeV will be useful for the same purpose.

Also the extragalactic component can be measured with a similar precision to that of the
IceCube experiment, using the high energy starting events in the energy range above some 100

TeV, where the background due to atmospheric neutrinos is negligible.

6.4.2 Constraints from the ANTARES telescope

A Galactic neutrino component is likely not isotropically distributed over the 2π sr of the
Southern sky. In the following, we will assume that Galactic neutrinos are produced in a
rectangular region symmetrically extended with respect to the Galactic center up to Galactic
latitude |b|∗ and longitude |`|∗. The solid angle covered by this region corresponds to

∆Ω∗ = 4 sin |b|∗ · |`|∗ . (92)

Under this assumption, the normalization factor F0,G given in (87) is null outside this rectangular
region and inside becomes

F∗0,G = F0,G ·
2π

∆Ω∗
(93)

The ANTARES neutrino telescope [145] searched for an excess of events with respect to the
background of atmospheric neutrinos in a region with |b|∗ = 3◦ and |`|∗ = 40◦, corresponding
to ∆Ω∗ = 0.145 sr. From the null observation, and assuming a spectral index αg = 2.4, a

90% C.L. upper limit on the normalization for one-flavor neutrino of Φ1 f
Antares = 2.0× 10−17

(GeV cm2 s sr)−1 was derived. Assuming a 1:1:1 flavor ratio, this value must be multiplied by a
factor of three to give the 90% c.l. upper limit on all neutrino flavors, Φ3 f

Antares. When compared
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with eq. 93 for ∆Ω∗ = 0.145 sr, the predicted flux F∗0,G = 6.5× 10−17 (GeV cm2 s sr)−1, is

above Φ3 f
Antares. Thus, at 90% C.L. it is excluded that the region originating Galactic neutrinos

has dimensions smaller than |b|∗ < 3◦ and |`|∗ < 40◦. Larger production regions are still
compatible with the ANTARES limits.

In Tab.12 we considered three rectangular regions with latitude |b|∗ = 4◦ and different
values of Galactic longitude |`|∗. Here, we evaluated the fraction of the Galactic neutrino flux
seen in different intervals of declination δ. For the IceCube geographical location in the South
Pole, remember that the elevation corresponds to the declination: δ > 0 (< 0) correspond to
upgoing (downgoing) events.

We can notice that the minimal hypothesis in which the Galactic flux is only seen from the
Southern hemisphere ( δ < 0) is valid for |`|∗ ≤ 30◦. IceCube can observe this sky region only
using the contained events (HESE) that have a poor angular resolution. If the Galactic flux
extends at larger longitudes, IceCube has the possibility to detect the signal also using upgoing
muons. For instance, if |`|∗ = 70◦, about 1/4 of the flux would come from the Northern
hemisphere. However, since the flux measured by IceCube from the Northern hemisphere, both
with passing muons and HESE, seems to have spectral index very close to α = 2, it is plausible
that the Galactic flux has a longitudinal extension not exceeding 50◦.

In addition to tracks, ANTARES is studying the Galactic center region also using cascade
events, mainly induced by CC νe and neutral current interactions. The angular resolution of
upgoing showering events in ANTARES is about 3◦ − 4◦, thus comparable with the considered
minimal extension of the rectangular region in Galactic longitude. This will allow to test in a
short timescale our scenario of Galactic neutrino production. Finally, the incoming experiment
KM3NeT [131] has the chance to give the final answer to the existence of such Galactic neutrino
flux, since it can observe most of the Galactic plane using passing muons and cascade events
with an even better angular resolution than ANTARES.

During the writing of the thesis a new upper limit of the ANTARES collaboration has been
published. Based on this last work [186] the Galactic component cannot produced more than
5.6 of the 54 HESE detected by IceCube, at 90% confidence level. Let us recall that this upper
limit is still in agreement with both our models, in which we predict a Galactic contribution of
6.0± 3.0 events.

A new upper limit on the Galactic flux has been published also by the IceCube collaboration
[187]. The result is that the Galactic contribution is smaller than 14% at 90% C.L.. It means that
7.5 of the 54 HESE, detected in 4 years, can have a Galactic origin. Therefore our models are
consistent also with this limit.

Moreover it is important to remark that this number of events can appear negligible. On the
contrary, comparing it with the events that come from the Southern hemisphere and deposit
more than 60 TeV into the detector, we find that the contribution of Galactic events is of the
order of 25%-30% and it is still sufficient to soften the spectrum below 100 TeV. Adding the small
contribution expected from prompt neutrinos, the contribution of “non extragalactic”events
increases up to 40%, when the analysis is limited to the subset of events from South above 60

TeV.

6.4.3 Summary and conclusions

The main goal of IceCube has been to show the existence of a new component of high-energy
neutrinos, on top of atmospheric neutrinos. A simple assumption proved to be reasonably
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appropriate to summarize the data and the present understanding. This is the assumption of
a single new population, distributed isotropically and with a power law spectrum with slope
significantly different from α = 2. This is a minimal modification of the hypothesis suggested
by the scenario of extragalactic origin but it leads to a certain number of issues, examined and
discussed in Sect. 6.1.

However, there is no strong theoretical reason to omit the galactic contribution to the
observed high-energy neutrinos; on the contrary, astronomical data, gamma rays included,
suggest including it. In Sec.6.2 we have introduced and discussed the model νgal1 model. We
have shown that the inclusion of another significant component of the high energy neutrino
flux, with the slope of the observed galactic cosmic rays spectrum, and with an extension till
few 100 TeV, is consistent with the known IceCube data.

The angular distribution of the total galactic contribution (including point sources and diffuse
component) is not precisely known but the galactic latitude should be within |b| < (5− 20)◦

and the galactic longitude extends from |l| < 40◦ or an even wider region. Although we
would like to observe point sources eventually, the high energy neutrino astronomy is in a
similar position as the ordinary one more than 200 years ago, at the times of T. Wright, I. Kant,
W. Herschel, when the shape of the Milky Way was understood. It should be stressed, however,
that neutrinos will give unique information on galactic and extragalactic cosmic rays.

We have shown that the dominant extragalactic component predicts observable events of
new type in IceCube, those from Glashow resonance and those of double-pulse type. We have
emphasized that the galactic component is more important at comparably low energies (below
few 100 TeV) and can be observed by exploiting through-going muons from the Northern
Hemisphere. It leads to a peculiar flavor ratio and should be accompanied by a (diffuse)
emission of very high energy gamma rays, calculable from the neutrinos, and extended till
some few 100 TeV.

In the near future, a combined analysis of the data of IceCube and ANTARES will permit
us to obtain more precise inferences on the parameters of the two component model. It is
important to emphasize that within this model, the angular features and those of the energy
spectrum are closely entangled and should be analyzed together.

In Sec.6.3 we have generalized the νgal1 model into the νgal2 model, that is based on more
accurate theoretical considerations. This second model includes the contribution of prompt
neutrinos and an harder galactic component, according to the galactic γ-rays already measured.
Moreover we have considered the effect of the spatial distribution of the Galactic neutrinos, the
impact of the new observations of the passing muons above few 100 TeV and from the Northern
sky, which we assume to derive from an extragalactic component and the constraints arising
from the ANTARES neutrino telescope on neutrinos from the Southern hemisphere.

Different results arise from the discussion of the νgal2 model.

1) A Galactic component, assumed with energy distribution E−2.4 (as motivated in Sect. 6.3.1)
and with a smaller normalization coefficient than the one assumed in νgal1 (as discussed in
Sect. 6.3.2) is also compatible with the existing observations. It explains the distribution of
the HESE from the Southern sky, receiving both Galactic and extragalactic contributions. In
the model, HESE from the North are induced only by extragalactic neutrinos, whose flux is
measured from the passing muon sample.

2) Assuming a spectral index of 2.4 instead of 2.7 as in the νgal1 case the fraction of Galactic
neutrino events at lower energies diminishes, whereas we have a relatively large amount of
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Galactic neutrinos at higher energies, as emphasized in Fig. 34
8 . This increases the probability

that an excess of events with respect atmospheric neutrinos can be seen by the ANTARES
detector.

3) The Milky Way is mostly visible from the Southern sky (Table 12). This means that the
Galactic component could be measured in IceCube using HESE only, while is accessible as
upgoing muons and cascades in neutrino telescopes located in the Northern hemisphere.

4) The prompt neutrino flux cannot produce a North-South asymmetry, but it could modify
the shape of the spectrum, making it softer at low energies. However, after the recent bounds
obtained by IceCube, its presence is too small to modify significantly the HESE spectrum, thereby
accounting for the discrepancy between the HESE South data and the passing muon data. This
conclusion becomes even stronger if the most recent calculations of prompt neutrinos [179, 180,
181] are considered.

A crucial dataset used to test this model–in any of its variant, νgal1, νgal2, or others–is the
IceCube HESE from the Southern sky and below few 100 of TeV. Moreover, a common feature
of all the νgal models is that most of the cosmic neutrino events at high Galactic latitude are
of extragalactic origin. Therefore, the subset of the HESE North and South that come from a
Galactic latitude |b| ≥ 10◦ − 15◦ (the angular resolution of the showers) should be consistent
between them. It is important that, in the future, the IceCube collaboration perform similar
tests. Referring to Table 11, a potential problem arises if some background process, caused or
connected to atmospheric muons, is not fully under control as currently expected: in this case,
the reliability of the conclusions should be reassessed. In any case, the existing statistics is still
insufficient to be certain of a significant Galactic neutrino emission, and a firmer conclusion
can be obtained with more HESE data (still on IceCube disks) and with data collected from the
direction of the Galactic plane by Mediterranean neutrino telescopes (ANTARES and KM3NeT
in the near future).

As a last remark, during writing the thesis two new upper limits on the Galactic component
have been published by ANTARES [188] and IceCube [189]. The multi-component models pro-
posed in [6] and [7] and described in this chapter, that predicts a Galactic contribution between
10% and 20%, are still compatible with these recent experimental constraints, concerning the
Galactic flux.

8 Note incidentally that if the knee of the cosmic ray spectrum (observed at the Earth) is due to a feature of the accelerators,
we would expect to have a corresponding feature in the Galactic neutrinos at energies of εν× Eknee ≈ 1/20× 3 PeV = 150
TeV: this makes it evident how important is a detailed study of the Galactic neutrinos emission.



7 M U LT I - M E S S E N G E R A ST R O N O M Y:
N E U T R I N O S A N D γ - R AYS

The last chapter of the thesis is dedicated to the multi-messenger analysis, i.e. the
search of spatial and/or spectral correlations between high energy neutrinos and
other known radiations. This kind of analysis is crucial to determine the source of
high energy neutrinos and will become even more important in the future, with the
increase of the data. In this chapter we focus on the possibility to detect high energy
neutrinos produced in the Galactic center, where the HESS collaboration has recently
detected a possible PeVatron, i.e. a region that could be able to accelerate protons
till PeV energies. Then we focus on two promising extragalactic classes of sources of
high energy neutrinos, namely blazars and star forming galaxies. Blazars are the
brightest objects in the γ-rays sky above 100 GeV, therefore it is natural to consider
them as a promising source of high energy neutrinos. On the other hand, also the
star forming galaxies could provide the ideal condition to produce high energy
neutrinos, thanks to the high density of matter (with respect to normal galaxies)
that offer a natural target for the pp interactions.

This chapter is based on three papers published during the PhD. Namely the section
7.2 is based on [8], whereas the section 7.3 is based on [9, 10]. Section 7.4 contains
original results.

7.1 introduction
In this chapter we discuss the potential of a “multi-messenger” investigation. In fact, the
neutrinos from cosmic ray collisions are accompanied by γ-rays, as we have seen in Sec.1.3.3;
therefore, the hypothetical sources of neutrinos must also be sources of γ-rays.

However the γ-rays can be absorbed during their path and/or into the source. The absorp-
tion of γ-rays is significantly different for Galactic and extragalactic γ-rays. The probability of
absorption can be evaluated with the analytical expression suggested in [8]:

P(Eγ) = exp[−∑
i

τi(Eγ)]

where

τi(Eγ) = 1.315× Li
L0
×

nγ,i

nγ,CMB

× f
(

Ei
Eγ

)
(94)

where the quantities chosen for the normalization are L0=10 kpc (a typical galactic distance)
and nγ,CMB = 410.7 cm−3. The function f (x) is given by:

f (x) ' −a · x · log[1− exp(−b xc)],


a = 3.68
b = 1.52
c = 0.89

(95)
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Figure 37: Absorption of γ-rays due to the CMB considering different distances from the source to Earth.

with x = Ei
Eγ

. The details to derive f (x) are reported in Appendix B.2.

Considering only the absorption due to the interaction of γ-rays with the CMB, the parameter
of Eq.94 are nγ,i = 410.7 cm−3, Ei = 1111 TeV and we obtain the three lines represented in
Fig.37, for distances of L = 8.3 kpc, 100 kpc, 100 Mpc . We notice that the absorption of γ-rays
from the Galactic center becomes important around some hundreds TeV (blue line) whereas the
absorption of γ-rays from extragalactic sources is relevant already at 100 GeV (green line). At
the present Galactic γ-rays are measured until 10-20 TeV whereas γ-rays with energy around
100 TeV could be measured by the future experiments.

Therefore the possibility of observing the γ-rays from extragalactic sources is by no means
guaranteed. Moreover, the γ-rays could have a different distribution from those of the neutrinos
(e.g., if the neutrinos are emitted isotropically near the nuclear region of an active galactic
nucleus (AGN), whereas the γ rays emerge as a collimated beam of one jet instead) or could,
possibly, be absorbed and/or strongly reprocessed at the source.

However we see from Fig.37 that, even in case of γ-rays from distant sources, the intergalactic
medium does not absorb γ-rays with energies below 100 GeV or so. Thus, through the use of
results from astrophysical modeling, there is hope for revealing a correlation between these
γ-rays and the observed neutrinos.

7.2 neutrinos from the galactic center

The supermassive black-hole in the center of the Milky Way, located in the radio source Sgr A*,
is one of the most interesting astronomical objects: see Ref. [190] for an extensive review. It is
now in a state of relative inactivity [191] but there is no good reason for it to be stationary. E.g.,
there are interesting hints for a much stronger emission few 100 years ago [192]; on the time
scale of 40,000 years, major variability episodes are expected [193]; Fermi bubbles [194] could
be visible manifestations [195] of its intense activity. Therefore, it is reasonable to expect that a
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past emission from the Galactic Center leads to observable effects. Such scenario was recently
considered in Ref. [196].

The latest observations by the H.E.S.S. observatory [47], that various regions around Sgr A*
emit γ-rays till many tens of TeV, are offering us new occasions to investigate this object. These
γ-rays obey non-thermal distributions, which are moreover different in the closest vicinity of
Sgr A* and in its outskirts. In the latter case, the γ-rays seem to extend till very high energies
(∼ 35 TeV) without a perceivable cut-off.

The γ-rays seen by H.E.S.S. can be attributed to cosmic ray collisions [47]. This is a likely
hypothesis, but the proof of its correctness requires neutrino telescopes. In this connection, it
is essential to derive reliable predictions for the search of a neutrino signal from Sgr A* and
its surroundings, and H.E.S.S. observations are very valuable in this respect. Remarkably, the
possibility that the Galactic Centre is a significant neutrino source is discussed since the first
works [197] and it is largely within expectations: indeed Sgr A* is one of the main point source
targets, already for the IceCube observatory [198].

In this section we discuss the implications of the findings of H.E.S.S., briefly reviewed in
Sect. 7.2.1, where we also explain our assumptions on the γ-ray spectra at the source. The
expected signal in neutrino telescopes, evaluated at the best of the present knowledge, is shown
in Sect. 7.2.2 and it is quantified in Sect. 7.2.3. We argue that the PeVatron hypothesis makes the
case for a cubic kilometer class neutrino telescope, located in the Northern hemisphere, more
compelling than ever.

7.2.1 The γ-ray spectra from the Galactic Center Region

The excess of VHE γ-rays reported by the H.E.S.S. collaboration [47] comes from two regions
around the Galactic Center: a Point Source (HESS J1745-290), identified by a circular region
centered on the radio source Sgr A* with a radius of 0.1◦, and a Diffuse emission, coming from
an annulus with inner and outer radii of 0.15

◦ and 0.45
◦ respectively. The observed spectrum

from the Point Source is described by a cut-off power law distribution, as

dφγ

dE
(E) = φ0

(
E

1 TeV

)−Γ
exp

(
− E

Eγ
cut

)
(96)

while in the case of Diffuse emission an unbroken power law is preferred; in the last case,
however, also cut-off power law fits are presented, as expected from standard mechanisms of
particle acceleration into the Galaxy.

The H.E.S.S. collaboration has summarized its observations by means of the following
parameter sets:

• Best fit of the Point Source (PS) region:
Γ = 2.14± 0.10,
φ0 = (2.55± 0.37)× 10−12 TeV−1 cm−2 s−1,
Eγ

cut = 10.7± 2.9 TeV;

• Best fit of the Diffuse (D) region:
Γ = 2.32± 0.12,
φ0 = (1.92± 0.29)× 10−12 TeV−1 cm−2 s−1;

However, in order to predict the neutrino spectrum, the γ-ray spectrum at the source–i.e.
the emission spectrum–is needed. We will discuss the implication of the assumption that the
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emitted spectra coincide with the observed spectra as described by the previous functional
forms and furthermore we will discuss the assumption that the γ-ray emission at the source is
described by different model parameters, namely:

• Diffuse emission as a cut-off (DC) power law with:
Γ = 2.32,
φ0 = 1.92× 10−12 TeV−1 cm−2 s−1,
Eγ

cut = 0.4 PeV, 0.6 PeV or 2.9 PeV.

The inclusion of a cut-off for the emission from the Diffuse region agrees with the observations
of H.E.S.S. and is motivated simply by the expectation of a maximum energy available for
particle acceleration.

Note that the γ-ray observations extend till 20-40 TeV. This is an important region of energy
but it covers only the lower region that is relevant for neutrinos: the latter one extends till 100

TeV, as clear e.g., from Fig.2 and 3 of [39] and Fig.1 of [36]. In other words, it should be kept
in mind that until γ-ray observations till few 100 TeV will become available–thanks to future
measurements by HAWC [199] and CTA [200]–the expectations for neutrinos will rely in part
on extrapolation and/or on theoretical modeling. In this section, unless stated otherwise, we
rely on a ‘minimal extrapolation’, assuming that the above functional descriptions of the γ-ray
spectrum are valid descriptions of the emission spectrum.

A precise upper limit on the expected neutrino flux can be determined from the H.E.S.S.
measurement, assuming a hadronic origin of the observed γ-rays. The presence of a significant
leptonic component of the γ-rays would imply a smaller neutrino flux. In principle, however,
also other regions close the the Galactic Center, but not probed by H.E.S.S., could emit high-
energy γ-rays and neutrino radiation, leading to an interesting signal. One reason is that the
annulus, chosen by H.E.S.S. for the analysis, resembles more a region selected for observational
purposes rather than an object with an evident physical meaning;1 another reason is that the
ice-based neutrino telescope IceCube integrates on an angular extension of about 1◦, which is 5

times larger than the angular region covered in [47]. In view of these reasons, the theoretical
upper limit on the neutrino flux that we will derive is the minimum that is justified by the
current γ-ray data.

7.2.2 High-energy neutrinos from the Galactic Center Region

Neutrinos could be produced in hadronic interactions of PeV protons with the ambient gas:
since each neutrino carries about 5% of the energy of the parent proton (as explained in section
1.3) we expect to see neutrinos in the multi-TeV range, in angular correlation with the high-
energy γ-rays emitted from the Galactic Center Region. This scenario is supported by the
observed correlation between the γ-ray emission and molecular clouds reported in [47].

In this section we do not consider the absorption of γ-rays from the Galactic center to
the Earth. This is largely discussed in [8]. It is only important to recall that the effect of the
conventional photons background is negligible for γ-rays below 100 TeV, whereas the presence
of a speculative infrared field, close to the Galactic center, could produce the energy cut-off
observed by the HESS collaboration in the diffuse flux. Therefore we compute the flux of
neutrinos starting from the observed flux of γ-rays in the following of the section.

1 Again because of this consideration, and also in view of the fact that the angular resolution of the neutrino telescopes
operated in water matches the physical size of the two regions, we will present the predictions for the Point Source and
the Diffuse region separately.
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present upper limit on neutrinos from sgr a* To date, IceCube has set the best 90%
C.L. upper limit on the νµ + ν̄µ flux assuming an unbroken E−2 spectrum from Sgr A* at [198],

dφµ

dE
= 7.6× 10−12

(
E

TeV

)−2
TeV−1 cm−2 s−1 (97)

Such a limit corresponds to the absence of a significant event excess over the known background,
that in the analysis of IceCube [201] amounts to 25.2 background events in a circle of 1◦. This
limit has been obtained by means of downward-going track-type events, as discussed in the
next section.

Presumably, this is the safest information we have on the neutrino emission from Sgr A*,
even if it does not correspond to a realistic assumption on the emitted neutrino spectrum. In
principle, the assumption of a differential neutrino spectrum in the form of an E−2 dependence
would be a consequence of the first order Fermi acceleration mechanism, but there is no
observational evidence that this is a reliable assumption, and moreover, this is not supported by
the observed γ-ray spectrum.

model prediction / theoretical upper bound The model prediction that we are going
to derive is based instead on the current γ-ray observations and on the assumption that such
emission is fully hadronic. The expectation that we obtain is well compatible with the IceCube
non-detection. Indeed, the flux of Eq. 97 is much larger and has a distribution harder than
the upper limit on the neutrino flux derived from the γ-ray observations. This is evident from
Fig. 38, discussed in details just below.

Keeping in mind the crucial hypothesis, that the γ-rays observed by H.E.S.S. are fully
hadronic, our model prediction can be regarded also as a theoretical upper bound. It is very
important however to distinguish clearly the experimental upper limit of Eq. 97 from this
theoretical upper limit on the expected neutrino signal, derived through γ-rays. The latter is
more realistic and also much more stringent, but, just as the former, it depends upon various
theoretical assumptions.

In order to illustrate this point, we remark that the γ-ray data collected by H.E.S.S. cannot
exclude that the νµ + ν̄µ spectrum hardens to E−2 above 20-40 TeV; however, the normalization
of this component has to be some 5 times smaller than Eq. 97, if the spectrum is a smooth
distribution (a continuous function) linked to the observed γ-rays spectrum. This kind of (very
speculative) scenario, along with other scenarios mentioned in Sect. 7.2.1, might increase the
expected neutrino signal.

However we prefer to focus conservatively on the minimal scenario that was defined in
Sect. 7.2.1 as it is motivated by H.E.S.S. measurements. We will show that the theoretical
limit on the neutrino flux, corresponding to the γ-ray flux observed by H.E.S.S., is below the
capabilities of the detectors currently in data-taking, whereas it could be within the reach of the
future detectors.

method to calculate the muon neutrino flux Assuming a purely hadronic origin of
the emission γ-ray spectrum φγ(E), we can calculate the muon neutrino and antineutrino
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Figure 38: Predicted muon neutrino and antineutrino fluxes (summed) for the Point Source best fit with a cut-off
at Eγ

cut = 10.7 TeV and for an arbitrary cut-off at Eγ
cut = 100 TeV. Also shown the fluxes for the Diffuse

best fit without cut-off and with a cut-off at Eγ
cut = 600 TeV. Figure from [8].

spectrum through the precise relations based on the assumption of cosmic ray-gas collisions
[21],

φ(−)
ν µ

(E) = απ φγ

(
E

1− rπ

)
+ αK φγ

(
E

1− rK

)
+

+
∫ 1

0

dx
x

K(−)
ν µ

(x) φγ

(
E
x

) (98)

where απ = 0.380 (0.278) and αK = 0.013 (0.009) for νµ and ν̄µ respectively and where
rx = (mµ/mx)2 with x = π, K. In each expression, the first two contributions describe neutrinos
from the two-body decay by pions and kaons, while the third term accounts for neutrinos from
muon decay. The kernels for muon neutrinos Kνµ(x) and for muon antineutrinos Kν̄µ(x), which
also account for oscillations from the source to the Earth, are

Kνµ(x)=

{
x2(15.34− 28.93x) 0 < x ≤ rK
0.0165 + 0.1193x + 3.747x2 − 3.981x3 rK < x < rπ

(1− x)2(−0.6698 + 6.588x) rπ ≤ x < 1

Kν̄µ(x)=

{
x2(18.48− 25.33x) 0 < x ≤ rK
0.0251 + 0.0826x + 3.697x2 − 3.548x3 rK < x < rπ

(1− x)2(0.0351 + 5.864x) rπ ≤ x < 1

Applying such procedure, the expected (upper limits on the) neutrino spectra are obtained
from the γ-ray spectrum. This is the closest we can go to a model-independent approach.
This procedure is much more precise than the one described in section 1.3.3, where we only
considered the neutrinos produced by pions decay. On the other side, using the procedure
of [21], also contribution from kaons and η particles are taken into account. Moreover the
procedure of [21] is completely general and it is valid for each spectrum, not only for a power
law spectrum.

results for the νµ + ν̄µ fluxes We show in Fig. 38 the sum of the muon neutrino and
antineutrino fluxes, derived using for φγ(E) the four models introduced in Sect. 7.2.1, namely:
1) the best fit flux of the Point Source region (with 10.7 TeV cut-off), 2) the same one assuming
that the cut-off is at 100 TeV, 3) the best fit flux of the Diffuse region (without cut-off), 4) the
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same one including a cut-off at 600 TeV.
Our results compare reasonably well with the fluxes given in the Extended Data Figure 3 of

ref. [47], that however concern the total flux of neutrinos (i.e. all three flavors). The conclusion
stated in Ref. [47], based on the observed γ-ray fluxes and on the criterion stated in [36], is that
these fluxes are potentially observable.

Here, we would like to proceed in the discussion further, clarifying the condition for
observability in the existing detectors and quantifying the expected number of signal events
that can be detected. We will discuss how the conclusion depends upon the features of the
detector.

7.2.3 Expected signal in neutrino telescopes

Current neutrino telescopes, like ANTARES [134], IceCube [149] and those under construction
as KM3NeT [131] and Baikal-GVD [135], could be able to detect the neutrinos from the Galactic
Center Region by looking for track-like events from the direction of this source.

track-like signal events As discussed in Sec. 4.4 the use of track-like events for the
search of point sources is desirable because of the relatively good angular resolution, of the
order of 1◦ in ice and several times better in water. This allows the detectors to operate with a
manageable rate of background events, due to atmospheric muons and neutrinos. A detailed
discussion of the effect of the atmospheric background on this type of measurement is proposed
in [8].

In principle, IceCube can also look at the Southern sky by exploiting the HESE sample [149],
namely events of high energy with a vertex contained in the detector. The HESE are mainly
composed of shower-type events above 30 TeV, that have an angular uncertainty of about 10◦,
much worse than that of track-like events, as we have seen in Sec.4.4 and Sec.4.5.1. However, in
the case of Sgr A* we are interested in a point-source and to lower energy, so a high angular
precision on the reconstructed event direction and an energy threshold much lower than 30

TeV are needed. We will show the importance of these considerations by a direct quantitative
evaluation of the HESE event rate.

effective areas The angular resolution for current neutrino telescopes is such that both the
PS and the D regions are seen as point-like regions. Thus, the effective areas of ANTARES [145]
and IceCube [146] are those used for the search of point-like sources in the declination range
relevant for the observation of the Galactic Center. Likewise, the effective area of KM3NeT-
ARCA [147] refers to the point source search: it is applied to the next configuration including
two building blocks, each with 115 detection units. These effective areas, that we use for the
calculation of the rates, are shown in the right panel of Fig. 16.

The rate of track-like events R (number of events per year) that a detector is able to measure,
assuming a certain angular search region, is given by the convolution of the expected flux from
the source, φνµ(E) + φν̄µ(E), and the detector effective area, Ai

eff(E), through the relation,

Ri =
∫ ∞

0

dφµ

dE
Ai

µ(E) dE (99)

where the apex i denotes which experiment we are considering, i.e. ANTARES, KM3NeT
(ARCA) or IceCube. The last formula is very similar to Eq.38, although we notice that the factor
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Table 13: First 4 columns: Spectral parameters assumed for the γ-ray fluxes, consistent with the H.E.S.S.
observations as explained in the text: the search region (PS=Point Source or D=Diffuse), the spectral
index Γ, the flux normalization φ0 in units of 10−12 TeV−1 cm−2 s−1 and the energy cut-off Ecut in TeV
(see Eq. 96). For the PS and the D models, we show also the maximum and minimum expected values.
Last 3 columns: Expected number of νµ + ν̄µ events per year: downward-going tracks and HESE events
in IceCube, upward-going tracks in ANTARES and ARCA. Table from [8].

γ-rays νµ + ν̄µ

Γ φ0 Ecut RANTARES RARCA RIC

PS 2.14 2.55 10.7 6.2 · 10−3
1.1 5.2 · 10−2

” 2.04 2.92 13.6 9.5 · 10−3
1.5 8.2 · 10−2

” 2.24 2.18 7.8 3.9 · 10−3
0.7 3.2 · 10−2

D 2.32 1.92 - 1.2 · 10−2
1.4 1.3 · 10−1

” 2.20 2.21 - 2.1 · 10−2
2.2 2.6 · 10−1

” 2.44 1.63 - 7.5 · 10−3
1.0 7.4 · 10−2

DC 2.32 1.92 400 1.0 · 10−2
1.3 9.7 · 10−2

DC 2.32 1.92 600 1.1 · 10−2
1.3 1.0 · 10−1

DC 2.32 1.92 2900 1.2 · 10−2
1.4 1.2 · 10−1

4π is not present, because here we are considering a flux from a point source and not a diffuse
flux that extends over the full solid angle. Also the exposure time T is not present, since it is
fixed to 1 year. Moreover in Eq.99 we use only the flux of muon neutrinos and antineutrinos
because we are interested in events with a good angular resolution, that can point the source.

As discussed above, KM3NeT and ANTARES can look at the Galactic Center using upward-
going muons, while IceCube has to use downward-going muons further subject to the condition
that their vertex is contained in the detector; moreover, the first type of telescopes has a much
better angular resolution, which allows them to reduce the background considered in the
analysis, thus increasing the signal to noise ratio. Despite the fact that the dimensions of
KM3NeT and IceCube are comparable, the effective areas differ significantly at low energies, as
can be ascertained from Fig. 16. Note however that the two effective areas become very similar
around PeV energies, as expected because of the similar physical sizes of these two neutrino
telescopes. The different effective areas lead to the difference in the number of events expected
in IceCube and KM3NeT, which amounts to about an order of magnitude.

expected signal rates The rates of events for ANTARES, KM3NeT-ARCA and IceCube
are given in Tab. 13 with the names RANTARES, RARCA, RIC, considering the different spectral model
of γ-ray data presented above, and accounting for both contributions from muon neutrinos
and antineutrinos, as expressed in Eq. 98. Baikal-GVD will have a threshold of few TeV and
a volume similar to KM3NeT-ARCA, so the results are expected to be similar, but we cannot
provide a precise evaluation of the signal since we do not have the effective area.

For comparison, we calculated that the expected rate corresponding to Eq. 97 (namely
assuming a E−2 distribution) in IceCube is 3.8 per year, namely, more than one order of
magnitude above the values of Tab. 13. This illustrates the great importance of investigating the
γ-ray distribution at higher energies than currently observed.
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As can be seen from Tab. 13, the detectors located in the Northern hemisphere are better
suited for neutrino searches from Sgr A*. In fact, when the source is below the horizon, they can
observe the Galactic Center Region through upward-going track events, that are not polluted by
the atmospheric muons. Such detectors are ANTARES, Baikal-GVD and KM3NeT. We find that
the expected rates in ANTARES are just one order of magnitude smaller than those expected in
IceCube with downward-going events: this result is well in agreement with the ones in [176].

discussion Among the γ-ray models presented in this table, the most plausible ones are,
presumably, those described by a power law with a cut-off.

In the Diffuse case, even considering the less favorable case (the one with lowest energy
cut-off, which implies a cut off in the primary spectrum of protons at about 4 PeV, where the
knee of the Earth-observed CR spectrum is located) predictions are such that the incoming km3

class detectors in the Northern hemisphere as KM3NeT-ARCA could measure these neutrinos
with a rate of few events per year: several years of data-taking will be in any case needed in
order to establish the presence of a proton galactic accelerator up to PeV energies and address
the origin of very-high-energy cosmic rays. In case of non-detection, however, strong constraints
will be derived concerning the proton acceleration efficiency of this poorly-understood source.

Unfortunately, with the current neutrino telescopes, these predictions cannot be probed
yet. Anyway, since most of the signal is expected in the 1-100 TeV energy band, the Northern
hemisphere telescopes cannot escape from the issue of atmospheric neutrino background events.

7.3 neutrinos from bl lacs
In this connection, Fermi-LAT, that has obtained a relatively complete survey of the γ-ray sky
below a few 100 GeV, has produced results that are of special interest. In the region Eγ > 10 GeV,
the brightest objects are the blazars (we refer to e.g., [202] for a review), radio-loud AGN whose
relativistic jet is closely aligned with the line of sight. They are broadly classified as BL Lacs
(namely BL Lacertae) and as flat spectrum radio quasars (FSRQ). BL Lacs are characterized by
featureless optical spectra (i.e. lacking strong emission/absorption lines). A finer classification
of BL Lacs is considered below.

Blazars have been described in Sec.2.2.3, in the chapter dedicated to the description of
different plausible sources of high energy neutrinos. They are widely considered to be promising
candidates for high-energy neutrino emission ([84, 85, 86, 171, 203, 204, 205, 93, 206, 207, 94,
208, 209]). Moreover, certain analyses of IceCube data (we refer to [206] for a very recent and
comprehensive work) suggest that a fraction of the events seen by IceCube could be attributed
to blazars.

In recent works ([91, 160, 90, 89]) focus was put on the subclass of blazars called BL Lacs;
the present study also concentrates on this hypothesis. In the models of Tavecchio et al., (we
refer to in particular [91, 90, 89]), the secondary high-energy particles (neutrinos and γ-rays)
are to a good extent produced in alignment with the direction of the jet (spine-layer model) and
therefore one expects a tight correlation of the signals. This highly definite astrophysical setup
adds motivations to the present investigation.

At this point we can formulate the question that we examine and discuss:

Are the highest energy extragalactic neutrinos seen by IceCube fully attributable to BL Lacs?
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Figure 39: Scheme of the present investigation: We assume that a part of the high energy neutrino signal seen
by IceCube includes extragalactic neutrinos. We investigate whether the extragalactic emission can be
attributed largely or fully to BL Lac emission, relying on the fact that a large fraction of BL Lacs, as
discussed in Sect. 7.3.1, is observed by Fermi-LAT. Figure from[9].

This hypothesis, presented in a slightly more general form in Fig. 39, is investigated in this
section. We note that neutrinos and the γ-rays are observed at rather different energies in
IceCube and Fermi-LAT, respectively, and that the details of the connections greatly depend
upon on uncertain theoretical modeling. Thus, the investigation is bound to proceed on
phenomenological grounds. We refer to [94] for a similar and complementary study of blazars
and neutrinos.

The outline of this section is as follows. In Sect. 7.3.1 we define the context of the discussion;
we discuss under which conditions the above hypothesis is viable. Then we perform the
crucial test, by searching for correlations between extragalactic neutrinos and the subclass of
high-energy emitting BL Lacs that are identified astronomically. We argue in Sect. 7.3.4 that the
number of observed correlations is too small and that the hypothesis is not supported. We also
derive the expectation on multiplets of neutrino events and compare this with the observations
(Sect. 7.3.5). We discuss, in Sect. 7.3.6, the results and the possible ways out from the conclusion
that the observed neutrinos with energy above 200 TeV receive only a minor contribution from
BL Lacs.

7.3.1 Extragalactic neutrinos and BL Lacs

Before examining the connection, we need to discuss a few important questions: 1) Which set
of neutrino data gives us the best chance of extracting and identifying the extragalactic part of
the signal; 2) What is the fraction of the extragalactic neutrinos of IceCube that should correlate
with BL Lacs; 3) How do we compare with the limit on neutrino emission from blazars obtained
by IceCube in [94]?
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Importance of the high-energy through-going events

In Sec.5.1 we have discussed that there are two main classes of signals detected in IceCube:
1) The through-going events, that are muons (or antimuons) due to neutrinos interacting outside
the detector; and 2) the high-energy starting events (HESE), whose vertex is instead contained
inside the instrumented volume. Among HESE, one distinguishes those events where there is a
track, associated to charged-current muon neutrino interactions, and those where the track is
absent and the energy is deposited in a small region, that are associated to the other types of
flavor and interactions.

Recently IceCube has published a relatively large set of 29 through-going events, collected
over six years ([129]) and with very high energy; all of them have energy ≥ 0.2 PeV and the
highest energy event seen to date corresponds to a neutrino with more than 4.5 PeV and belongs
to only this dataset. These through-going events provide strong support for the observation
of a signal of cosmic neutrinos previously claimed by IceCube with the HESE dataset. When
comparison is possible, the two datasets are consistent with a common, simple interpretation.
In this paragraph we discuss the three main reasons why we consider that this specific dataset
is particularly important for the investigation of the BL Lac hypothesis.

energy distribution The neutrino signal corresponding to the through-going event dataset
is compatible with a single power-law distribution with a spectral index γ = 2.13± 0.13 ([129]).
It is remarkable that this distribution agrees well with the high-energy part of the HESE dataset,
as argued in [7] and eventually proved in [129] (see also Sec.5.1).2 The bulk of the HESE data,
that includes the events collected at lower energies, indicates a different spectral index instead,
closer to γ = 2.5. This feature of the HESE data can be attributed to the onset of another
component of the signal with lower energy that is plausibly not entirely of extragalactic origin,
as discussed in Chapter 6, dedicated to the interpretation of the IceCube neutrino events. We
note that a relatively hard distribution of extragalactic neutrinos can be extrapolated at lower
energies without particular difficulty, whereas, if the extragalactic neutrinos were distributed
as E−2.5

ν at low energies, this would imply an excessive amount of γ-rays ([10]), or too many
low-energy track events, similar to those expected from prompt atmospheric neutrinos and
for which we have no evidence ([7]). Thus, in order to remain cautious for what concerns
the interpretation of the extragalactic neutrino distribution (i.e. the population of neutrinos
that is relevant to assess the BL Lacs contribution) we deem that it is preferable to focus the
discussion on the high-energy part of the spectrum. This is consistent with our model that we
have presented in Chapter 6, where the extragalactic component is distributed as E−2 in the
νgal1 model of Sec.6.2 and as E−2.13 in the νgal2 of Sec.6.3.

northern hemisphere The through-going events originate from muon neutrinos/antineutrinos
that are converted into muons/antimuons near the detector. For this class of signal events, the
Earth works, at once, as a neutrino converter and as a screen for the atmospheric muons. Thus,
most of the events come from below the horizon; in the case of IceCube this means the Northern
hemisphere. In this hemisphere, it is expected that the contribution of the signal due to galactic
sources is small or absent, as described in Sec.6.3 (see particularly Tab.12). This statement

2 A featureless and hard power-law spectrum would suggest a pp production mechanism for neutrino production, rather
than the usually expected pγ mechanism. However, it is not possible to say that the pγ mechanism is unavoidable for
BL Lacs. Moreover, the spectrum is measured only in a small range of energy between 200 TeV and some PeV. The high
energy part of the spectrum is not yet sensitive to the mechanism of production, and this is not a critical aspect of the
BL Lac hypothesis. We refer to [170, 23] for a detailed discussion of the photohadronic interaction.
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is even more true for the specific dataset used in [129], which satisfies also the high-energy
criterion discussed immediately above. We refer to [176, 6, 7] for further discussion.

pointing of through-going events The last and most important characteristic of through-
going events is that their arrival directions are known relatively well. This is a general feature
of events of the track type, although in some cases the precision is bad, similar to the one of
the HESE, shower events. In Table 4 of [129], reported in Appendix D.1 for completeness, the
declinations δ and the right ascension α are given along with their asymmetric errors δ± and α±,
at the 50% CL and at 90% CL. We have checked that the errors in the two cases scale roughly
according to a Gaussian distribution but we use, as a rule, the more conservative case (90%
CL) in our analysis. The angular span of these two angular coordinates is given by the sum
of the upper and lower ranges, that are, in general, different: ∆δ(i) = ∆δ+(i) + ∆δ−(i) and
likewise ∆α(i) = ∆α+(i) + ∆α−(i) where i = 1, 2, 3....29. Each event subtends a solid angle of
Ω(i) = ∆δ(i)× ∆α(i), that, according to the quoted confidence levels, is expected to include
the true direction with a confidence level of 0.92 = 81%. We note that the total angular size
spanned by the neutrino events is small

29

∑
i=1

Ω(i) = 3.5%× (2π), (100)

where we compare with the solid angle subtended by Northern sky. It is also convenient to
define a single (linear) angle that quantifies the region around the individual event as follows,

θ(i) ≡
√

Ω(i)
π

. (101)

We refer to this angle as the “average angular resolution”. A histogram of values based on the
29 events is shown in Fig. 40. We note the presence of two outlying events, whose direction
is identified only poorly. These are event number 6 and event number 14 in Table 4 of [129].
In order to be more quantitative, we note that 1) the event number 6 alone covers 61% of the
solid angle spanned by neutrinos given in Eq. 100; and that 2) if we exclude the two outliers,
and consider the angle spanned by the remaining 27 events, 3.5% → 0.9%. Considering the
angular resolutions shown in Fig.40 and excluding the two outliers, we have the average angular
resolution θ̄ = 1.2◦ ± 0.9◦, in agreement with the expected angular resolution in the ice for
track-like events (see Sec.4.4.2).

investigation of the origin of the extragalactic component The first reason why
the 29 through-going events, the largest sample of high-energy events collected by IceCube,
are so important to us is that they are compatible with an extragalactic origin. The fact that
these events come from the Northern hemisphere gives us further confidence supporting the
hypothesis that the cosmic neutrino signal that contributes to this dataset has an extragalactic
origin. The latter feature (i.e. pointing) offers us the chance to use these data to identify the
sources of the events; we use it in Sect. 7.3.4 to test our assumption on the high-energy neutrino
emission from BL Lac.

7.3.2 Fraction of correlated neutrino events
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Figure 40: Values for the 29 through-going events of the average angular resolution, defined as described in Eq. 101.
We note the two outliers, discussed in the text [9]. Figure from [9].

modeling of bl lac The γ-rays telescopes and in particular Fermi-LAT can see individually
only a fraction of the BL Lacs. The rest corresponds to objects that are too dim (i.e. too far
and/or too under-luminous) to be observed; we refers to these as un-resolved BL Lacs. This
fraction is of the order of one and it is widely believed that the class of BL Lacs that are
un-resolved gives an important contribution to the “diffuse” γ ray emission at the highest
energies.

It is possible to be more precise thanks to the model of [83]. In that paper, a detailed
parameterization of the luminosity function of the BL Lacs distribution, differential in 0.1− 100
GeV luminosity (Lγ), redshift (z) and photon index (Γ),

∂3N
∂Lγ∂z∂Γ

, (102)

is studied. The parameters are obtained, within errors, thanks to the observational data. The
result depends on modeling and in the following we adopt the result from the two best models
of [83], there referred to as LDDE (luminosity-dependent density evolution) and PLE (pure
luminosity evolution).

Exploiting the results of this analysis it is not difficult to calculate the total flux of γ-rays
due to BL Lacs,

φγ
tot =

∫
dLγdzdΓ

∂3N
∂Lγ∂z∂Γ

dF
dEγ

(Lγ, z, Γ; Eγ), (103)

where dF/dE is the differential flux of the single power-law source, that integrated over the
energies gives,

F(Lγ, z, Γ) =
Nγ

4πD2
c (z)

(1 + z)−Γ with Nγ =
Lγ

〈Eγ〉
, (104)

where Dc(z) is the comoving distance and the factor (1 + z)−Γ accounts for the redshift. For a
sample plot of the total flux in the case of LDDE model, obtained using Eq. 103, see Fig. 3 of
[10].
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The result of the calculations of the quantities relevant for the present analysis, namely the
γ-ray fluxes from resolved and un-resolved BL Lacs, are given in [10], which is fully based
on the work of [83]. The flux of γ-rays due to the resolved BL Lacs is, φγ

res = 8.5 × 10−7

ph/(cm2 s sr), with a small uncertainty. The flux of the un-resolved BL Lacs is given by
φγ

unres = φ
γ
tot − φγ

res, thus, its value depends on theoretical modeling. Table 2 of [10] gives the
result for the two models mentioned above: φγ

unres(LDDE) = 8+2
−1.3 × 10−7 ph/(cm2 s sr) and

φγ
unres(PLE) = 10+2.1

−1.7 × 10−7 ph/(cm2 s sr). We use conservatively the upper range of the largest
prediction (PLE), φ

γ
tot < 20.6× 10−7 ph/(cm2 s sr) and the lower range of the smallest prediction

(LDDE), φ
γ
tot > 15.2× 10−7 ph/(cm2 s sr), thereby finding the fraction of the γ ray flux due to

resolved BL Lacs,

fγ =
φγ

res

φ
γ
tot

= 0.5± 0.1. (105)

Therefore, this fraction is relatively well-known, the uncertainty being about 20% (we note
incidentally that the un-resolved flux can account for a large part of the diffuse flux observed
above 10 GeV as argued in [83]).

An important remark is as follows. On the one hand, we would like to have information
on γ ray emission at the highest energy, but on the other hand, the Universe becomes opaque
to γ rays above 100 GeV, and this limits the useful observational window. From this point of
view, the subset of BL Lacs characterized by an intense emission above 50 GeV, collected in the
catalog 2FHL, [210], is particularly interesting for us and we use it in the following. A complete
model of the cosmological evolution of these objects is not yet available; however, the BL Lacs of
the 2FHL catalog belong mostly to the subclass of the high-frequency synchrotron peak (HSP)
that were studied in [83]. We note that the HSP have a negative cosmological evolution, that
is, they are more abundant at low redshift (we refer in particular to Fig. 11 of [83]). From this
consideration, it is expected that the visible fraction of the BL Lacs included in [210] is possibly
even higher than 0.5. This conclusion is very important in view of the subsequent analysis.

hypothesis on neutrino emission In most theoretical models, the neutrino luminosity
is proportional to the γ ray luminosity; we refer to [211]; [84, 85, 86, 203, 171, 204, 205, 89].
Therefore, we assume that the fraction of the extragalactic neutrino flux fν that corresponds to
resolved BL Lacs (i.e. the tagged fraction) equates the fraction determined immediately above3,

fν = fγ, (106)

and we assume that this is true in particular for what concerns the BL Lacs that emit the
very-high-energy events observed by means of through-going muons.

Since we use the integrated quantities, this inference should be relatively stable and not
crucially dependent upon the detailed connection between neutrinos and gamma rays. We
argued that the fraction of neutrinos due to the BL Lacs that emits γ-rays at the highest
observed energies (in particular those included in 2FHL catalog) is not underestimated by fγ.
In other words, when we use Eq. 105 along with the high-energy neutrino signal, we obtain the
minimum number of expected correlations with the BL Lacs in the 2FHL catalog.

3 We note that we do not need to introduce a proportionality coefficient between the flux of γ-rays and the flux of
neutrinos, since we are only interested in the fraction of visible flux with respect to the theoretical (expected) total flux.
E.g., in [89] the almost constant coefficient φν = 0.46φγ is obtained in a BL Lac scenario, but it disappears from the
ratio of Eq. 105.
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Figure 41: Map, in Galactic coordinates, of the γ-ray sky observed by Fermi-LAT, from [210]. The red points
indicate the 29 through-going muons, with a deposited energy above 200 TeV, observed by IceCube over
6 years; their angular uncertainties are not represented in this figure, but are taken into account in the
calculations. The brown lines represent intervals of declination of 30◦ [9].

7.3.3 Comparison with the bound on neutrinos obtained by IceCube

Recently IceCube has published a study ([94]) concerning neutrinos from blazars where a limit
on the fraction of the signal neutrino events observed and attributable to these astrophysical
objects was obtained. This study is relatively similar in spirit to the present work, namely, it
is a search for correlations between certain classes of astronomical objects and the observed
neutrinos, hypothesized to originate from these objects. Thus, it is especially important to
highlight the differences between our approaches and theirs:

1. IceCube collaboration focusses on the study of blazars whereas we prefer to be more
specific and emphasize the comparison with the BL Lacs instead, following Tavecchio et
al. [91, 90, 89];

2. the result of IceCube is based on data of energy above 10 TeV, that is, well below the
lowest energy of the through-going muon dataset that we use, 200 TeV;

3. finally and most importantly, we consider the total set of BL Lacs, not only those that are
resolved, since it is presumable that also the ones that are not resolved emit high energy
neutrinos.

Therefore, we examine here the bound of IceCube from a different perspective.
We consider the simplest description of the neutrino signal that explains the through-going

muons flux. This is a power law with α = 2, a value admitted within 1σ, as illustrated in Fig. 6

of [129]. From the same figure we find that the normalization of flux of νµ and ν̄µ is equal to

dφµ

dE
(through-going) = (6± 2)

(
E

1 GeV

)−2 10−9 GeV
cm2 s sr

, (107)
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with an uncertainty of about 30% on the normalization. This describes the extragalactic neutrino
flux that we assume to be fully explained by BL Lac emission. In order to calculate the fraction
of the neutrino flux due to resolved BL Lacs, we simply have to multiply it by the fraction given
in Eq. 105, obtaining

dφres
µ

dE
(theo.) = (3± 1.2)

(
E

1 GeV

)−2 10−9 GeV
cm2 s sr

, (108)

where we summed the uncertainties in quadrature. The bound obtained by IceCube is reported
in Table 3 of [94] for the case where α = 2, “All 2LAC Blazars” and “equal weighting”. The
bound is

dφres
µ

dE
(obs.) < (4.7± 0.5)

(
E

1 GeV

)−2 10−9 GeV
cm2 s sr

, (109)

where we use the 1σ uncertainty instead of the 90% confidence level (C.L) quoted in the table.
This bound is not incompatible with the hypothesis that BL Lacs produce all the extragalactic
neutrino flux. We note that the second reason why we have chosen to discuss the spectral index
α = 2 for the through-going muons flux is that this value permits a direct comparison between
the measured fluxes and the bound. The bound of IceCube becomes tighter by increasing α
and for α = 2.2 excludes that the blazars of [210] emit more that 50% of the neutrinos ([94]).
However, in view of Eq. 105, this is not incompatible with the hypothesis that the BL Lacs
(those resolved and unresolved) account for the full extragalactic neutrino emission. Similar
analyses, using a wider set of catalogs for the γ-ray sources, are presented in [206]; the results
are slightly tighter but comparable with those of IceCube.

7.3.4 Spatial connection between BL Lacs and high-energy neutrinos

Here we investigate whether the counterparts of high-energy neutrino events contained in [129]
are the BL Lacs.

The number of expected correlations

Cosmic rays that hit the terrestrial atmosphere yield secondary particles that act as background
events, that is, they contaminate the observational sample: These are (1) muons that come
mostly from the sky above the detector and affect the interpretation of the HESE dataset but not
much the through-going muons and (2) neutrinos and antineutrinos that have a different (softer)
energy spectrum than the signal and are mostly muon neutrinos and antineutrinos at relatively
low energies. The role of neutrinos in the decay of charmed mesons is not known precisely and
this creates uncertainty in the inferences at a few 100 TeV, as we have seen in Sec.5.1.3 dedicated
to the atmospheric backgrounds; however it is possible to use the data themselves to obtain a
bound on this component that is not far from the current theoretical predictions as shown in
[129].

Therefore in order to calculate the number of expected correlations, the first step is the
evaluation of the number of tracks that can be attributed to the signal, i.e. to astrophysical
neutrinos (or equivalently what can be attributed to the atmospheric background). This can be
done using Table 4 of [129], where the “signalness”si for each event i = 1, 2...29 is given. This
quantity is defined as the ratio of the astrophysical expectation over the sum of the atmospheric
and astrophysical expectations for a given energy proxy and the best-fit spectrum. We use these
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values of si to build a likelihood function that estimates the total number of events that can be
attributed to the signal, or equivalently, the number of events that have to be attributed to the
background. This is obtained expanding the polynomial P(x),

P(x) =
29

∏
i=1

[six + (1− si)] =
29

∑
n=0

pnxn, (110)

where the coefficient pn ≤ 1 represents the probability that there are exactly Nsignal = n signal
events; the consistency condition ∑29

n=0 pn = 1 holds true. In this manner, we found that the
through-going event dataset contains a number of signal events equal to

Nsignal = 20.4± 2.4, (111)

where we quote the uncertainty at 1σ. When we combine this information with that provided
by Eq. 105, we find that the number of neutrino events, which should show a spatial correlation
with BL Lacs, is simply

Ncorr = fν × Nsignal. (112)

The contribution to its uncertainty is given both by the uncertainty on the experimental data Ns
and by the uncertainty on f , as follows:

∆Ncorr = Ncorr

√(
∆Nsignal

Nsignal

)2
+

(
∆ fν

fν

)2
. (113)

This results in
Ncorr = 10.2± 2.4, (114)

that has an uncertainty of 25%. Therefore, we assume that the likelihood Lth(n) that gives the
expected number of correlations is a Gaussian function, with mean value µ = 10.2 and standard
deviation σ = 2.4.

Number of observed correlations estimated adopting IceCube uncertainties

In order to search for the counterparts of the high-energy neutrinos, we use the coordinates of
the through-going muons and also the uncertainties4 listed in Table 4 of [129] along with the
2FHL catalog of the γ-ray sources of the Fermi-LAT collaboration ([210]). These data are shown
in Fig. 41. We note that most of the neutrino events come from the region between 0◦ ≤ δ ≤ 30◦;
this is consistent with the fact that other neutrinos in this sample are largely absorbed in the
Earth, since they have high declinations and high energies (namely, a reconstructed energy of
muons above 200 TeV): [129].

When we compare them with the positions of the BL Lacs in [210], we find that there is only
one correlation within the 81% C.L. More precisely, the neutrino event number 6 of Table 4 of
[129] can be associated with the BL Lac J1725.1+1154 or the BL Lac J1555.7+1111. (As already
discussed, we used the confidence level interval reported in Table 4 of [129]. This corresponds
to 90% C.L. for declination and right ascension, and therefore the two dimensional confidence
level is slightly less, i.e. 0.9× 0.9 = 81%.)

4 In the table, only statistical uncertainties are reported. We assume here that the systematic uncertainties give a
sub-dominant contribution to the total uncertainties and discuss this point in the following.
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Figure 42: The orange line is the PDF of the observed number of correlations. In blue line we show the expected
number of correlations, assuming that the BL Lacs are the main emitters of high-energy neutrinos,
discussed after Eq. 114. Figure from [9].

It is important to underline that the direction of the neutrino event number 6 is not well
reconstructed. In fact this event is one of the two outliers illustrated in Fig.40 and its angular
uncertainty is of the order of 10◦, much larger than the typical value of about ∼ 1◦. Therefore
this correlation could be attributed to the poor angular uncertainty of the events. However, in
order to be conservative, we do not rule out this correlation in the rest of this analysis.

In order to generalize the procedure, we scale the uncertainties given in Table 4 of [129] by a
coefficient k, in the following manner:

∆(k) =
k

1.65
× ∆90%, (115)

where ∆90% are the uncertainties on the declination and on the right ascension quoted in the
table at 90% C.L., ∆(k) are the new uncertainties of α and δ, and k denotes the number of (one
dimensional) σ of our interval. The value of the two-dimensional confidence level is given
simply by the square of the integral of the standard normal distribution between −k and k,

C.L.(2 d.o.f, k) =
[∫ k

−k

1√
2π

e−
x2
2 dx

]2

. (116)

Table 14: Number of correlations as a function of k and the corresponding confidence level (C.L.). Table from [9].

k C.L. N. of correlations
1 0.466 0

1.5 0.751 1

2 0.911 1

2.5 0.975 2

3 0.995 4

3.5 0.999 6

4 > 0.999 6
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Some values of k, the corresponding confidence levels and the number of correlations observed
within a certain C.L. are reported in Table 14. The number of correlations within a certain C.L.
(see Table 14) is reasonably well fitted by a probability density function with an exponential
shape. Therefore the Probability Distribution Function (PDF) of the observed number of
correlations is given by the derivative of

Lobs(n) = 1− exp
( n

n∗
)

with n∗ = 0.90± 0.05. (117)

In Fig. 42 we show how many correlations are present within a certain confidence level. The
PDF is shown in Fig. 42 by an orange line. The average number of correlations is 0.9 whereas the
median value is 0.6. In the same figure the distribution of the expected number of correlations
from theoretical considerations is also illustrated (blue line).

In order to compare two different distributions, that is, the expected theoretical correlations
Lth(n) and the observed correlations Lexp(n), we use the same procedure described in [6],
adopting the following formula to evaluate the “distance” between the distributions:

L(δ) =
∫ ∞

0
Lexp(n)×Lth(n + δ) dn. (118)

We found that L(δ) is in good approximation and normally distributed, with a mean value
of µ = 9.4 and a standard deviation of σ = 2.5. The null value is excluded at 3.7σ and this
represents the difference between these two distributions. Taking into account the uncertainty
in the fit of Lth(n) we found a similar result, since the two distributions are different with a
significance of 3.7± 0.1σ. Excluding the outliers, that is, the neutrino event numbers 6 and 14,
the difference between the two distributions has a significance of 4.1σ. These considerations
are true under the hypothesis that neutrinos are produced in the BL Lacs, associated to the
γ-rays that we observe from those sources. We refer to [212] for an alternative scenario in which
high-energy neutrinos are not produced directly in the source but are given by the interaction
of cosmic rays produced in a generic AGN and the EBL.

Combining the information provided by the theoretical likelihood and the experimental
likelihood, it is also possible to find the contribution of the BL Lacs to the IceCube neutrinos
above 0.2 PeV. We can estimate the fraction ξ of the events, that can be attributed to the BL Lacs,
by means of the following likelihood function:

L f rac(ξ) ∼
∫ ∞

0
Lexp(ξ × n)Lth(n) dn (119)

In this way, we find that the fraction is ξ = 0.11 at 67% C.L. and ξ = 0.23 at 90% C.L. Considering
the present data, the probability that the BL Lacs contribute more than 50% to the through-going
muons above 0.2 PeV is less than 1%.

Number of observed correlations estimated varying the angular intervals

An alternative procedure is the following one. If we disregard the angular resolution quoted by
the IceCube collaboration, and we vary it instead, it is interesting to ask how many events have
a counterpart within a certain angular distance. Considering a neutrino event with coordinates
(α1, δ1) and a BL Lac with coordinates (α2, δ2), the angular distance d is given by the spherical
distance, defined as follows:

d ≡
√
(δ2 − δ1)2 + (α2 − α1)2 cos(δ1) cos(δ2). (120)
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Figure 43: Number of correlations found as a function of the angular distance between the position of the neutrino
events and the position of the BL Lac. Within 1 degree, only 1 correlation has been observed. The
horizontal band shows the expectations given in Eq. 114. Figure from [9].

This expression can be obtained by expanding for δ1 ≈ δ2 and α1 ≈ α2, the scalar product of
the two unit vectors in the given directions, cos(d) ≡ (n1, n2). Therefore, d subtends the region
of solid angle

Ω = πd2, (121)

and it is directly comparable with the average angular resolution θ defined in Eq. 101.
Using this procedure we find that only one event has a counterpart at distance d ≤ 1◦; it is

the through-going event number 23 of Table 4 of [129] that can be correlated with the BL Lac
J0211.2+1050. We have tested that within d ≤ 2◦ there are two possible counterparts. Finally,
for completeness, we report in Tables 15 the 4 events5 that show at least one correlation with a
BL Lac within ∼ 3◦.

In Fig. 43 we present a generalization of this analysis. Assuming that the BL Lacs are the
counterpart of the IceCube neutrino events, we wonder how much the angular resolution of the
tracks should be worsened, in order to observe a certain number of correlations.

If we want to recover the agreement with the expectation at 90% C.L., we need an average
angular distance of d ' 4◦, namely, Ω = 50 square degrees (Eq.121). This value is very different
from the angular resolution declared for the tracks, typically close to 1◦ and more precisely
equal to θ̄ = 1.2◦ ± 0.9◦ for the present through-going muons dataset, as discussed after Eq. 101.
Therefore the required angular resolution of 4◦ is in tension with the declared angular resolution
with a significance of 3σ and could only be justified invoking a very large value of the systematic
uncertainty.

7.3.5 Multiplets

Here, we discuss a more refined test of the hypothesis that BL Lacs are the main emitters of
high-energy neutrinos: We evaluate the probability of observing at least one multiplet, that

5 We note that the two correlations between the through-going muon number 6 and the BL Lacs are not present in this
table, since the angular distance between them is larger than 3◦, using the best fit coordinates of the neutrino directions.
However, the very large uncertainties would not permit us to rule out the correlations between them.
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is, two or more events from the same source. In this analysis we refer to identified BL Lacs
contained in the second Fermi-Lat catalog ([210]).

As is clear from Fig. 41, most through-going muons come from the region 0◦ ≤ δ ≤ 30◦.
This is expected for the high-energy neutrino signal, due to the absorption in the Earth; this
conclusion is consistent with the discussion given in [129]. Therefore we limit our analysis to
the cleaner subset of BL Lacs that are contained in this part of the Northern sky. Repeating the
same calculation of Sec. 7.3.4, for the subset of 23 events included in the interval of declination
0◦ ≤ δ ≤ 30◦, we find that the number of events that can be attributed to cosmic neutrinos
is equal to, Nsignal(0◦ ≤ δ ≤ 30◦) = 16.9± 2.1 at 1σ. Using Eq. 112 we find that the number of
signal events, expected to show a correlation due to their common origin, is equal to

Ncorr(0◦ ≤ δ ≤ 30◦) = 8.5± 2.0, (122)

at a C.L. of 1σ , which becomes 8.5± 3.2 at 90% C.L.
In this angular region, 43 BL Lacs are present in the Fermi-LAT catalog ([210]). Assuming

that the probability of emitting a neutrino is proportional to the luminosity of the sources, as
argued in [89], we define a weight wi as follows:

wi =
Li

Ltot
, (123)

where Li and Ltot, taken from [210], are the luminosity of a single source and the sum of
luminosity of the 43 sources, respectively. In order to evaluate the expected number of
multiplets, as a function of the number of individual correlations, we perform several cycles
of random extractions of 43 numbers, each one with a probability of extraction equal to wi.
Each one of these extractions can be thought of as a simulated experiment. Then, we count the
frequency of occurrence of a multiplet with at least two or three events from the same source.6

The outcome is illustrated in Fig. 44. With the expected number of individual correlations,
shown as a vertical band in the figure, the probability of non observation of a multiplet from a
single source is between 25-75%. Thus, the fact that we do not observe any multiplet is not yet
an issue. The lack of such an observation would become significant if the expected number of
events was instead of the order of about 15-20. Therefore, this test will become important when
the current 6-year statistics are doubled, or when we have 2-3 years of data from IceCube-Gen2,
due to the bigger effective area of the incoming detector described in [213].

This analysis strongly depends on the class of objects considered and the absence of
multiplets is not (yet) a problem assuming that high-energy cosmic neutrinos, above 0.2 PeV,

6 In order to test the stability of our procedure, we also repeated the same calculation using a uniform extraction of the
numbers, finding a very similar result.

Table 15: Four events are reported here that show correlation with BL Lacs within 3◦. The angular distance is
defined in Eq. 120. Table from [9].

ID µ event BL Lac d
23 J0211.2+1050 < 1◦

1 J0152.8+0146 < 2◦

2 J1942.8+1033 < 3◦

18 J2153.1-0041 < 3◦



124 multi-messenger astronomy: neutrinos and γ-rays

At least 2

At least 3

0 10 20 30 40
0%

25 %

50 %

75 %

100%

Number of correlations

E
xt
ra
ct
io
n
w
it
h
m
u
lt
ip
le
ts

Total number = 43

90% C.L.

Figure 44: Probability of observing one multiplet as a function of the number of correlations. We consider the 43
BL Lacs contained in the 2FHL Fermi-LAT catalog in the region 0◦ ≤ δ ≤ 30◦. The luminosities of BL
Lacs are taken into account in the calculation of the expectations. The expected number of correlations,
assuming that the BL Lacs are the main emitters of high-energy neutrinos (Eq. 122), is indicated by the
vertical band. Figure from [9].

are fully produced by BL Lacs. We refer to [204] for a scenario in which, on the contrary, the
absence of multiplets represents an issue even with the present IceCube data.

7.3.6 Summary and discussion

The BL Lacs are potentially good candidates for emitters of high-energy neutrinos. The existing
upper bound on neutrino flux emitted from the resolved blazars, obtained by the IceCube
collaboration ([94]), is not incompatible with the assumption that the BL Lacs account for the
full high-energy part of the spectrum, measured by means of the through-going muons above
0.2 PeV, described in [129].

We have performed a refined test of this hypothesis. Among the through-going muon
dataset, approximately two thirds of the events should be attributed to the astrophysical
neutrinos. Assuming that these are produced in BL Lacs, we find that half of them, that
is, approximately one third of the complete dataset, should be correlated with a BL Lac of
the second Fermi-LAT catalog (2FHL). This leads us to expect some ten correlations with an
uncertainty of about 25%. However we found that only the event number 6 has a BL Lac
counterpart at 81% C.L. Even enlarging the search window, in order to reach 99% C.L., we
find only three possible correlations. Generalizing, the average number of tracks that can be
correlated with known BL Lacs is well below expectations.

This represents a serious issue for the hypothesis that the BL Lacs are the main sources of
neutrinos above 0.2 PeV. Assuming that the systematic uncertainty (quoted in [129] only for the
most energetic event) is smaller than the statistical uncertainty, this hypothesis turns out to be
disfavored at about 3.7σ. Moreover, the direction of event number 6, that shows a correlation
within 81% C.L., is not well reconstructed, since the uncertainty on its direction is of the order
of 10◦. Therefore the correlation with the BL Lac could simply be a coincidence due to poor
angular resolution. If the result discussed above is not due to a statistical fluctuation and there
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are no unaccounted systematic effects, the most plausible inference is that the BL Lacs are not
the main emitters of the high-energy neutrinos above 0.2 PeV.

In view of the significance of this conclusion, it is important to discuss possible ways-out
from the strong bound on the possible high-energy neutrino emission that we have obtained,
that implies the conclusion that the observed neutrinos with energy above 200 TeV receive only
a minor contribution from BL Lacs. We have shown that this hypothesis could be reconciled
with the observations if the angular resolution of the tracks in IceCube was not as good as
is quoted. The angular resolution of track-like events should be of ∼ 4◦ to reconcile the
expectations with the observations. The required departure is quite large and this makes this
interpretation less plausible. For this reason, we are inclined to believe that this result argues in
favor of the hypothesis that the high-energy neutrinos come from a population of faint neutrino
emitters, meaning that most of the neutrino-emitting sources are not resolved with the present
instrument; from a truly diffuse source (e.g., the halo of our Galaxy as argued in [214]); or from
a type of source where γ-rays are heavily reprocessed and the radiation shifted at much lower
energies. We note that it is also not possible to exclude the theory that BL Lacs themselves, as
identified by γ-ray astronomy, are the sources of the highest-energy neutrinos seen by IceCube,
if the neutrinos are emitted in a significantly wider angular range; this would imply a drastic
departure from the spine-layer model of [91, 90, 89]. Finally, we remark that we cannot even
exclude the possibility that BL Lacs are good emitters of neutrinos below 0.2 PeV, since this
energy region has not been investigated in the present work.

In this section, we have also tested the probability of observing at least two events from
the same source, assuming that BL Lacs are the high-energy neutrino emitters. Our result is
that the non observation of multiplets does not represent an issue for the BL Lac hypothesis
nowadays, but will become crucial in the future, especially after IceCube-Gen2 begins collecting
data.

To conclude, some important remarks are in order: First, we highlight that our result
complements and strengthens the recent upper bound on the blazar emission derived by
IceCube in [94]. Second, we have argued that a correct understanding of the true spectrum of
the extragalactic neutrinos is of utmost importance for multi-messenger astronomy. Third, we
note that multi-messenger adopted in this section has great scientific potential and will allow
us to proceed in the study of the origin of astrophysical neutrinos observed by IceCube, also for
other types of astrophysical sources.

7.4 neutrinos from star forming galaxies

In Sec.2.2.4 we provided a brief discussion of a specific class of Star Forming Galaxies (SFGs),
namely the starburst galaxies (SBG), as promising source of high energy neutrinos. Let us recall
some interesting aspects, that are relevant to proceed in the discussion.

A SBG is a special kind of galaxy that presents an extremely high star formation rate, of the
order of 10− 100 M�/year, while normal galaxies have 1− 5 M�/year [215]. This very intense
star forming activity is so high that makes the time-scale of exhausting the gas much shorter
than the typical dynamical time-scale of the galaxy itself. Thanks to its activity a SBG is full of
young stars, thus supernova events are likely to be present with a rate of the order of 0.03− 0.3
per year; moreover a SBG must have a large amount of gas available to inject the star forming
processes. The simultaneous presence of cosmic rays, accelerated in shock waves created by the
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exploding core-collapse SNe, and targets, i.e. a large amount of gas (moreover a high density
dust can be present in some subclasses of SBG), makes this kind of galaxies a promising source
of ultra high energy cosmic neutrinos, produced by the pp mechanism described in Sec.1.3.
This kind of galaxies is mainly observed in infrared so far, because the bulk of its emission (UV
emitted by young stars) is absorbed and re-emitted in this band. For this reason it is not useful
to search correlations between high energy neutrinos and γ-rays from SBG, as done for BL Lacs
in the previous section. Anyway it is always possible to search correlations with radiations in
other energy band.

In this section we generalize the discussion, including also the contribution of Star Forming
Galaxies with obscured or low-luminosity AGNs (SF-AGN). The contribution of these sources is
relevant at low redshift, as we will see in Sec.7.4.1, and it should be included in the computation
of the expected flux of high energy neutrinos.

From here on, we do not distinguish between SBG and SF-AGN and we will consider both
sources, referring to them with the generic name of Star Forming Galaxies (SFG).

the flux of extragalactic neutrinos As already done for the BL Lacs scenario, we
focus on the throughgoing muons flux, since there are reasons to believe that it is the true
extragalactic component of high energy neutrinos, as largely explained in the thesis and
especially in Sec.6.2 and 6.3.

Let us recall that after 6 years of observation the νµ + ν̄µ spectrum from the Northern
hemisphere is well interpreted by an unbroken power law with a spectral index α = 2.13± 0.13,
as described in Sec.5.1. Assuming that high energy neutrinos are produced by pion decays,
the all flavor flux can be estimated multiplying it for a factor 3, as expected from neutrino
oscillations (see Sec.3.1.3). Using these hypotheses the all flavor flux of extragalactic neutrinos
is given by:

dφEG

dEν
= φ0 ×

10−18

GeV cm2 sec sr

(
E

100 TeV

)−α

(124)

with φ0 = 2.7+0.9
−0.8 and α = 2.13± 0.13 [129].

Using this flux and the effective area reported in Sec.4.5.1 it is possible to evaluate the
expected number of HESE, as done in Tab.11. Here we evaluate also the uncertainties given by
the spectral shape and the Poisson uncertainty. Therefore, the expected number of HESE, that
can be attributed to the extragalactic component of high energy neutrinos, is equal to:

NEG
HESE = 25± 6

The total number of HESE observed in 4 years are 54 (see Appendix D.2). Therefore we expect
that the extragalactic component contribute for about the 50% of these events, as remarked in
Sec.6.3.

7.4.1 SFG only: unbroken power law

In the simplest scenario we assume that the Star Forming Galaxies (SFG) are the only emitters
of high energy neutrinos. We consider both starburst galaxies (SBG) and star forming AGN
(SF-AGN). Let us remark that SFGs produce neutrinos with a power law spectrum, since the
dominant mechanism in this astrophysical environment is the pp mechanism, described in
Sec.1.3.
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Table 16: Normalization at 1 TeV of the γ-rays flux expected from SFG, in units of 10−14

GeV cm2 sec sr

αSFG φ1 TeV
0

2.00 10.3
2.15 5.3
2.30 2.0

the flux of γ-rays from sfg We consider the theoretical prediction of the flux of γ-rays
expected from SFGs that are given in [97]. More specifically, we consider the flux of γ-rays
produced at the source (not absorbed).

The extragalactic gamma rays background (EGRB), expected from Star Forming Galaxies,
has been computed in [97] adopting the Herschel PEP/HerMES IR luminosity function up to
z ' 4 [216] and the relation connecting the IR luminosity to the γ-ray luminosity presented by
the Fermi Collaboration [217]. The luminosity function provides a fundamental tool to probe
the distribution of galaxies over cosmological time, since it allows us to access the statistical
nature of galaxy formation and evolution. It is computed at different redshifts and constitutes
the most direct method for exploring the evolution of a galaxy population, describing the
relative number of sources of different luminosities counted in representative volumes of the
universe. At z < 0.5 the EGRB is dominated by normal galaxies (60%) and SF-AGN (40%). The
abundance of normal galaxies steeply decreases for z ≥ 0.5 and they are practically negligible
at z ≥ 1.5, while SF-AGN become the 80% of the total EGRB (at GeV energies and below, since
at higher energy the contribution given by blazars is the dominant one, as we have seen in the
previous section) and starburst galaxies contribute to the remaining 20%. In agreement with
previous estimations, the SBG contribution increases with the redshift, becoming about 20%30%
of the total at z > 2. This approach is quite similar to the one used in Sec.7.3.2 for the BL Lacs.

We use the normalization at 1 TeV for different spectral indices, taking them from Fig.5 of
[97]. The uncertainty on these normalizations is order of 30%-40%. The best-fit values of the
normalizations at 1 TeV, as a function of the spectral index α, are reported in Tab.16 in units of

10−14

GeV cm2 sec sr

These units are different from the units of Eq.124, that are the typical units used by the IceCube
collaboration, where the normalization of the flux is given at 100 TeV (see also Sec.5.1 for
IceCube dataset).

the flux of neutrinos from sfg Assuming pp mechanism of production and hadronic
origin of γ-rays (i.e. from the decay of π0), the flux of neutrinos, expected from the theoretical
γ-rays flux emitted by SFG, is given by:

φν(E) = rK
νγ × φhadr

γ (E)

where rK
νγ has been derived from [21] and it is given in Eq.11:

rK
νγ = 1.20− 0.79(α− 2) + 0.26(α− 2)2

This function is equal to 1 with an uncertainty of 25% in the range 2.0 ≤ α ≤ 2.5. Let us recall
that the shape of the neutrino spectrum is the same of the primary protons in proton-proton
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Figure 45: Likelihood of the spectral index αSFG assuming that extragalactic neutrinos are fully produced by SFG
with an unbroken power law spectrum.

interaction. Moreover we are assuming, in first approximation, an hadronic efficiency of 100%
for the SFG, that seems to be adequate above the TeV.

The flux of neutrinos expected from SFG is given by:

dφSFG
ν

dEν
(αSFG) = rK

νγ φ1 TeV
0 (αSFG)×

10−14

GeV cm2 sec sr

(
E

1 TeV

)−αSFG

and it is a function of the spectral index αSFG, due to the correlation between the normalization
and the spectral index. We evaluate the agreement between this flux and the flux measured by
IceCube of Eq.124 building a likelihood function for the spectral index αSFG. In order to do that
we use the effective areas of Sec.4.5.1, by means of which it is possible to evaluate the number of
HESE expected by star forming galaxies and to compare it with the measured one. We obtain a
useful analytical approximation for the expected number of events, that is valid in the scenario
of unbroken power law:

NSFG
HESE(αSFG) =

T
1 year

× rK
νγ φ1 TeV

0 (αSFG)× Γ(αSFG)

where T = 4 years is the present exposure time for the last available HESE dataset [149] and

Γ(αSFG) = 1.12
( αSFG

2.15

)−12.8

where the previous expression has been obtained using the HESE effective areas. Let us notice
that in this simple model the expected number of neutrinos from SFG is only a function of the
spectral index α, due to the correlation between φ1 TeV

0 and α, as reported in Tab.16.

Likelihood

Using the previous equation it is possible to build a likelihood function with only 1 free
parameter, i.e. the spectral index αSFG, requiring the agreement between the number of HESE
expected from the extragalactic component (NEG

HESE ± δNEG
HESE = 25± 6) and the number of HESE

produced by SFG with a certain αSFG. Therefore the likelihood function is simply given by a
Gaussian expression:

L1(α) ∝ exp
{
− [NEG

HESE − NSFG
HESE(αSFG)]2

2× (δNEG
HESE)

2

}
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The result is illustrated in Fig.45. We obtain a strong constraint on the spectral index α that
should be between 2.135 ≤ α ≤ 2.175 (within 1σ) in order to reproduce the number of HESE
that are likely to be of extragalactic origin. The best fit is given by

α = 2.152

that is very close to α = 2.15 predicted by Waxman and Loeb starting from theoretical assump-
tion [95].

In this simple scenario, fully hadronic, we have found that SFG have the potential to explain the
HESE observations, on the bases of spectral considerations.

7.5 general considerations on the correlation
We conclude the chapter with a general consideration on the correlation between cosmic
neutrinos and sources. Assuming that there is an astrophysical source that emits high energy
neutrinos, a certain number of correlations between the source (observed in γ-rays or other
energy bands) and the IceCube neutrinos must be present. The number of correlations depends
upon the fraction of visible (i.e. identified) sources with respect to the expected total number of
sources. In the case of BL Lacs we have estimated that this fraction is equal to 0.5± 0.1 (see
Sec.7.3.2). Here we describe a general procedure that can be applied to any source, not only BL
Lacs or SFG.

Let us define the variabile ε as the fraction of identified sources (in a certain energy band)
with respect to the total one. We expect that the number of correlations would correspond to

Ncorr = ε× (NEG
HESE ± δNEG

HESE)

The probability to observe no correlations is given by the i) Poissonian probability to observe
zero events multiplied by ii) the Gaussian distribution of the expected number of events with
extragalactic origin, as follows:

P0(ε) =
∫ ∞

0
exp[−ε× n]

1√
2π (δNEG

HESE)
2

exp
[
− (n− NEG

HESE)
2

2× (δNEG
HESE)

2

]
dn (125)

using a Poissonian approach and taking into account the uncertainty on the “extragalactic”
events. Therefore it is possible to define the equivalent Gaussian treatment as:

Er f
(

Nσ√
2

)
= 1− P0(ε) (126)

where Er f is the error function, defined as:

Er f (z) =
2√
π

∫ z

0
e−t2

dt

The Eq.126 gives directly the number of sigma at which a certain value of ε is excluded. The
function Nσ(ε) is represented in Fig.46. We notice that ε < 0.1 at 90% confidence level. This
means that, if no correlation is seen, we need to have a class of emitters such that most of them
(∼ 90%) is unidentified.



130 multi-messenger astronomy: neutrinos and γ-rays

0.0 0.2 0.4 0.6 0.8 1.0

0

1

2

3

4

ξ

N
σ

>90% C.L.

Nσ

0

1

2

3

4

Figure 46: Plot of the function Nσ(ε) (using Eq.126 and Eq.125) on the left panel, assuming that no correlations
have been observed. On the left panel it is represented the Nσ(ε) as a function of the observed number
of correlations k, using Eq.127. The numbers of σ of exclusion are reported in the legend.

This procedure can be generalized considering what happens if the number of observed
correlations is different from zero because this could occur in the near future. Using the
Poissonian statistic the probability to observe k correlations, given ε× n expected correlations,
is equal to:

P(k|ε× n) =
e−ε×n(ε× n)k

k!
Therefore Eq.125 becomes the following:

P0(ε, k) =
∫ ∞

0

e−ε×n(ε× n)k

k!
× 1√

2π (δNEG
HESE)

2
exp

[
− (n− NEG

HESE)
2

2× (δNEG
HESE)

2

]
dn (127)

The results are represented in the right panel of Fig.46, combining Eq.127 and Eq.126.
Nowadays there is no evidence of correlations between high energy neutrinos and known

astrophysical sources, although there are promising candidates to produce the neutrinos
observed by IceCube. This scenario seems to favor a class of astrophysical objects in which
most of the sources are unseen with ordinary radiation. This statement is true, within 2σ (blue
region of right panel of Fig.46), even if few correlations between high energy neutrinos and
known sources would be observed. Indeed, also in this case, it would be a preference for small
values of ε, namely ε ≤ 0.30.
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a.1 viviani’s theorem
The sum of the distances from any interior point to the sides of an equilateral triangle equals
the length of the triangle’s altitude.

The proof of Viviani’s theorem is quite direct. Consider an equilateral triangle whose side has
length a; its area is ah/2 =

√
3/4a2. If we consider a point internal to the triangle, and we join it

to the three vertices, we form 3 triangles with height s, t, u, whose areas sum to a(s + t + u)/2.
Since this equates the

√
3/4a2, the sum of the height is a constant. Similarly for the case of a

point external to the triangle, considering heights with sign.
Viviani’s theorem is largely used in particle physics to visualize various quantities. One can

display the allowed regions of Mandelstam’s variables (with signs) in a 2→ 2 body reaction or
in a 1→ 3 decay, that satisfy

s + t + u =
4

∑
i=1

m2
i

possibly studying the density of the plan, i.e. the Dalitz plot1 [218]. This theorem is largely
used also in neutrino physics. E.g., this was used to display the regions allowed by unitarity
constraints on the mixing elements of the electron neutrino νe or of the mass state that leads
atmospheric neutrino oscillations ν3,

∑
i=1,2,3

|U2
ei| = 1 or ∑

`=e,µ,τ
|U2

`3| = 1

that are compatible with the observations [219]. It is also possible to depict the minimum value
of the parameter mββ probed in neutrino-less double beta decay [220]. The probabilities of
cosmic neutrino oscillations, that in the Gribov-Pontecorvo regime are just constants, satisfy a
similar relation,

∑
`′=e,µ,τ

P``′ = 1

Also flux fractions of cosmic neutrinos, either in the source (production point) or after oscilla-
tions, can be shown in similar manner, [221]

∑
`=e,µ,τ

ξ`
0 = 1 or ∑

`=e,µ,τ
ξ` = 1 where, e.g., ξ` =

Φ`(Eν)

Φe(Eν) + Φµ(Eν) + Φτ(Eν)

even if we need to assume the hypothesis that all fluxes Φ`, given by the sum of neutrinos and
antineutrinos, have all the same energy distribution (e.g. power law) up to a normalization
factor.

1 Recall the relations with the energies in a 1 → 3 decay, s = (p − p1)
2 = M2 + m2

1 − 2ME1 and t = (p − p2)
2 =

M2 + m2
2 − 2ME2 and the fact that the invariant phase space satisfies dF ∝ dE1dE2 ∝ dsdt.
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a.2 allowed regions in the gaussian approximation
This procedure is useful to represent the allowed regions in the triangle of flavor [1]. Let us
consider the two dimensional Gaussian likelihood,

L =
exp

[
− 1

2 (~v− 〈~v〉)t Σ−2 (~v− 〈~v〉)
]

2π
√

det(Σ2)
where ~v =

(
x
y

)
, Σ2 =

(
σ2

x σ2

σ2 σ2
y

)

A confidence level (0 < C.L. < 1) defines the allowed region L > Lmax (1− C.L.). Its contour is
an ellipse that can be obtained from the following parametric expression,(

x(ϕ)
y(ϕ)

)
=

(
〈x〉
〈y〉

)
+
√
−2 log(1− C.L.)

(
cos θ sin θ
− sin θ cos θ

)(
σ+ cos ϕ
σ− sin ϕ

)
where ϕ = [0, 2π] and where we defined,

θ =
1
2

arctan

[
2σ2

σ2
y − σ2

x

]
, σ2
± =

2(σ2
x σ2

y − σ4)

σ2
x + σ2

y ± (σ2
y − σ2

x)
√

1 + tan2 2θ

In the flavor triangle, we have known linear combinations of P0, P1, P2,

x = (ξµ − ξe)/
√

3 ≡ x0 + xiPi and y = ξτ ≡ y0 + yiPi

a.3 galactic and equatorial coordinates
In order to study the correlations between the direction of neutrino events and the position
of possible astrophysical sources, it is important to know the celestial coordinate systems, in
particular the equatorial coordinates and the galactic coordinates.

equatorial coordinates In the equatorial coordinate system, in spherical coordinates, the
fundamental plane is formed by projection of the Earth’s equator onto the celestial sphere,
forming the celestial equator. The primary direction is established by projecting the Earth’s orbit
onto the celestial sphere, forming the ecliptic, and setting up the ascending node of the ecliptic
on the celestial equator, the vernal equinox. Right ascensions (α) are measured eastward along
the celestial equator from the equinox, and declinations (δ) are measured positive northward
from the celestial equator. Projections of the Earth’s north and south geographic poles form the
north and south celestial poles, respectively. The origin at the center of the Earth means the
coordinates are geocentric. The fundamental plane and the primary direction mean that the
coordinate system, while aligned with the Earth’s equator and pole, does not rotate with the
Earth, but remains relatively fixed against the background stars. A right-handed convention
means that coordinates are positive toward the north and toward the east in the fundamental
plane.

galactic coordinates The galactic coordinate system is a celestial coordinate system in
spherical coordinates, with the Sun as its center, the primary direction aligned with the approxi-
mate center of the Milky Way galaxy, and the fundamental plane parallel to an approximation



a.3 galactic and equatorial coordinates 133

of the galactic plane but offset to its north. It uses the right-handed convention, meaning that
coordinates are positive toward the north and toward the east in the fundamental plane. The
galactic coordinates use the Sun as the origin. Galactic longitude (`) is measured with primary
direction from the Sun to the center of the galaxy in the galactic plane, while the galactic
latitude (b) measures the angle of the object above the galactic plane. It is positive to the north,
negative to the south. For example, the north galactic pole has a latitude of +90

◦.

change of coordinates Given equatorial coordinates δ (declination) and α (right ascen-
sion) the galactic coordinates (b and `) can be computed from the formulas:

cos b cos(l − 33◦) = cos δ cos(α− 282.25◦)

cos b cos(l − 33◦) = sin δ sin 62.6◦ + cos δ sin(α− 282.25◦) cos 62.6◦

sin b = sin δ cos 62.6◦ − cos δ sin(α− 282.25◦) sin 62.6◦

Here we report a useful code written for Mathematica. Using the equatorial coordinates asc

for the right ascension and dec for the declination, the code calculates the galactic longitude
coordl and the galactic latitude coordb.

coordb = 180/Pi* ArcSin[Sin[dec]*Cos[62.6*Pi/180] -

- Cos[dec]*Sin[(asc - 282.25*Pi/180)]*Sin[62.6*Pi/180]];

coordl1 = (Sin[dec]*Sin[62.6*Pi/180] +

+ Cos[dec]*Sin[asc - 282.25*Pi/180]*Cos[62.6*Pi/180])/ Cos[coordb*Pi/180];

coordl2 = Cos[dec]*Cos[asc - 282.25*Pi/180]/Cos[coordb*Pi/180];

coordl = Array[0 &, Length[coordb]];

For[j = 1, j <= Length[coordb], j++,

If[coordl1[[j]] >= 0, coordl[[j]] = ArcCos[coordl2[[j]]]*180/Pi + 33,

coordl[[j]] = -ArcCos[coordl2[[j]]]*180/Pi + 33]]

For[j = 1, j <= Length[coordb], j++, If[coordl[[j]] >= 180, coordl[[j]] = -360 + coordl[[j]],

Null]]

In Fig.47 it is reported a representation of IceCube neutrino events in equatorial coordinates
(top panel) and galactic coordinates (bottom panel).
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Figure 47: Representation of IceCube neutrino events in equatorial coordinates (top) and galactic coordi-
nates (bottom). Figures from [151].



B A B S O R P T I O N O F N E U T R I N O S A N D
γ - R AYS

b.1 absorption of neutrinos in earth
In order to evaluate the absorption of neutrinos crossing the Earth, the density profile of the
Earth ρ(r) is required, where r is the distance from the center of Earth. This is necessary to
calculate the column density L(θ), where θ is the zenith angle, that has the dimensions of `−2

(` = length), as follows:

L(θ) = 2
∫ R sin θ

0
ρ[|~r(θ, z)|] 1

mN
dz

where mN is the mass of a nucleon, R is the radius of the Earth and r the distance from the
center of the Earth, that depends by θ and the path z in the following manner:

|~r| =
√

R2 + 2Rz cos θ + z2 (128)

Using the column density L(θ) the absorption is simply given by:

P(Eν, θ) = Exp{−L(θ) · [σCC(Eν) + σNC(Eν)]}

where σCC(Eν) and σNC(Eν) are the cross section of deep inelastic scattering. In the case of an
isotropic flux of neutrinos, such as the cosmic neutrinos, it is also interesting to evaluate a mean
probability of absorption that depends only by energy, performing an integration on the angle:

P(Eν) =
∫ 1

0
P(Eν, θ) d cos(θ)

Using the PREM model for the density profile of the Earth [144] (see the Fig.49), the survival
probability of neutrinos is 0.91 at 10 TeV, 0.66 at 100 TeV, 0.37 at 1 PeV and 0.18 at 10 PeV [3]. The
function P(Eν) can be approximated by a power law into the energy range 50 TeV ≤ E ˚ ≤ 5 PeV,
giving the function:

P(Eν) =
2
3

(
Eν

100 TeV

)−0.27

Let us notice that for electron antineutrinos with energy of ∼ 6.3 PeV the Glashow resonance
channel is opened, besides the deep inelastic scattering channel. In this case the Earth becomes,
in good approximation, opaque to neutrinos.

b.2 absorption of γ-rays: study of the function f (x)

The evaluation of the effects of absorption via Eq. 94 rests on the estimation of the properties of
the background radiation field and on the calculation of a single universal function. Note in
passing that, even if we are interested to use these results to γ-rays emitted from the Galactic
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Figure 48: Schematic representation of the quantities of Eq.128, namely r, R, z and θ.

Figure 49: Density profile of the Earth as a function of the distance from the center.

Center, the results concerning γ-ray absorption can be applied to a very large variety of cases
and situations.

In this appendix, we study f (x) in details, providing a table of (virtually exact) numerical
values for this function and discussing the bases of the approximation given in Eq. 95. The
following material is useful to verify our results and to compare with other results in the
literature, but has been confined in this appendix, so that it can be skipped by the uninterested
Reader.

The pair creation process [222]

γ + γbkg −→ e+ + e−
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Table 17: Table of values of the function f (x) as given in Eq. 129. In bold, the value of x in which the function
reaches the maximum and half of the maximum.

x f (x) x f (x)
10−10 7.32× 10−9 10−1 6.32× 10−1

10−9 6.57× 10−8 0.503 1.076
10−8 5.81× 10−7

1 9.07× 10−1

10−7 5.05× 10−6 1.77 0.538
10−6 4.29× 10−5

5 3.27× 10−2

10−5 3.54× 10−4
10 2.92× 10−4

10−4 2.78× 10−3
20 1.78× 10−8

10−3 2.04× 10−2
30 9.65× 10−13

10−2 1.31× 10−1
50 ' 0

0.0756 0.538

in the background of thermal photons with temperature Ti gives the opacity factor [223],

τi =
1
π
× r2

e Li × T3
i × f

(
m2

e
Ti Eγ

)
that can be rewritten introducing the thermal photon density nγ,i = 2ζ(3)T3

i /π2. The function
f (x) is defined as,

f (x) = x2
∫ 1

0
dβ R(β) ψ

(
x

1− β2

)
(129)

Here β is the velocity of the outgoing electron in the center of mass frame, and the two auxiliary
functions are,

R(β) =
2β

(1− β2)2

[
(3− β4) log

(
1 + β

1− β

)
− 2β(2− β2)

]
ψ(z) = − log

(
1− e−z)

with z = x/(1− β2). Solving numerically the integral in Eq. 129 we found the values reported
in Tab. 17.

First, we examine the behaviour of the integrand in β. The function R(β) ∼ 4β2 if β→ 0; on
the contrary, when β→ 1, it diverges like R(β) ∼ − log(1−β)

(1−β2)2 . The divergence is compensated by

the behavior of the function ψ( x
1−β2 ), that follows from ψ( x

1−β2 ) = ∑∞
n=1

e
−n x

1−β2

n at high values
of x

1−β2 . Finally, ψ( x
1−β2 ) ≈ − log x

1−β2 at small values of x
1−β2 .

At this point, we study the behaviour of f (x) in x:
For high x we can consider only the first term of the expansion of ψ( x

1−β2 ), so the function f (x)

is well approximated by: f (x) ≈ x2 ×
∫ 1

0 dβ R(β) exp
(
− x

1−β2

)
within an accuracy of 1% for

x > 3.
For small x the most important contribution to the integral is given when the R(β) diverges and
the ψ( x

1−β2 ) is not exponentially suppressed. This condition is realized when β <
√

1− x ≈
1− x/2 and in this region ψ( x

1−β2 ) ≈ − log x
1−β2 ; for R(β) we can use the asymptotic expression,

i.e. R(β) ' 4
log
(

2
1−β

)
(1−β2)2 . The approximation of the function f (x) is given by: f (x) ≈ −4x2

∫ 1−x/2
0
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dβ
log
(

2
1−β

)
log
(

x
1−β2

)
(1−β2)2 . This implies the behavior, f (x) ≈ −3.076 x log(x) to within an accuracy

of about 3% in the interval 10−10 ≤ x ≤ 10−5.
A global analytical approximation of the f (x), that respects the behavior for small and large

values of x, is given by Eq. 95. Its accuracy is ∼ 3% into the interval 10−10 ≤ x ≤ 10. When
x > 10 the function rapidly decreases, as we can see also from Tab. 17, where the values are
obtained by numerically integrations without any approximation.



C STAT I ST I C S

c.1 compatibility of two measurements
We have two measurements of one quantity x that are summarized by two likelihood functions
`1(x) and `2(x). We want to test whether the two measurements are compatible or not. So, we
introduce the variable that quantifies the difference of values δx and associate to this variable a
new likelihood function by mean of the following overalap integral,

` ( δx ) =
∫ +∞

−∞
dx `1(x) `2(x− δx) (130)

where the integrals are taken over the range of variation of the variable x that we assume to
be the whole real axis. In the common case when the two likelihoods are approximated by
Gaussian functions, `i(x) = g(x, µi, σi), where,

g(x, µ, σ) =
e−

(x−µ)2

2σ2

√
2πσ

(131)

it is straightforward to show that,

` ( δx ) = g
(

δx , µ1 − µ2 ,
√

σ2
1 + σ2

2

)
(132)

This result is very reasonable and admits the following interpretation: The value δx = 0, that
can be considered as the case when there is no difference between the two likelihoods, deviates
from the best fit value by the following ‘numbers of sigma’,

Nσ =
|µ1 − µ2|√

σ2
1 + σ2

2

(133)

Supposing µ1 > µ2 (and quite similarly if µ1 < µ2) we can use the tail of the likelihood ` to
estimate the statistical significance of a similar (or stronger) discrepancy,

p-value = 2
∫ 0

−∞
dy `(y) (134)

that corresponds to Nσ if the Gaussian case applies and of course should be used only when
the outcome is less than 1. This quantifies the significance of null hypothesis, that the two
measurements are compatible. If the function ` does not deviate strongly from a Gaussian
distribution, we can generalize the procedure and use the above p-value to quantify the
difference between two likelihood functions with different medians µ1 > µ2.
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c.2 extraction of a parameter in a two component model
Suppose that we have a set of measurements of a certain observable quantity x, with values
x = x1, x2, x3..., and to know that they come from two different populations, with known
distributions λ(x) and µ(x), normalized to 1. We ask which is the optimal combination of these
distributions that reproduces the set of measurements. This can be answered introducing the
fraction of events of the first type 0 ≤ f ≤ 1, corresponding to a fraction of 1− f events of the
second type, and using the following χ2,

exp
(
−χ2( f )

2

)
= ∏

i
[ f λi + (1− f )µi ] where λi = λ(xi) and µi = µ(xi) (135)

This χ2 can be used to estimate the fraction f . Suppose there is a minimum for some value
f = f̄ internal to the physical interval 0 < f̄ < 1 and such that

χ2( f ) =
( f − f̄ )2

δ f 2 + o(( f − f̄ )2) (136)

it is easy to obtain the following analytical expressions,

∑
i

ξi( f̄ ) = 0 and δ f 2 =
1

∑i ξi( f̄ )2 where ξi( f ) =
λi − µi

µi + f (λi − µi)
(137)

The two quantities f̄ and δ f characterize which is the optimal combination of the two popula-
tions that resembles more closely the given set of measurements, and they are usually quoted
as f = f̄ ± δ f .

c.3 hypothesis test
The hypothesis tests are used to verify if a certain dataset is compatible with a theoretical
cumulative distribution fth(x). Given a dataset of N measurements, x1, ..., xN , the experimental
cumulative distribution fexp(x) is a step function, that increases by 1/N at each xi as follows:

fexp(x) =


0 if x < x1
i
N if xi ≤ x < xi+1
...
1 if x ≥ xN

There are different ways to compare the experimental and the theoretical cumulative. One of
this is the Kolmogorov-Smirnov test, that measures the maximum distance between the two
function:

dmax = Max | fexp(x)− fth(x)| (138)

An illustration of this test is reported in Fig.50. The p-values of the Kolmogorov-Smirnov test
are tabulated, as a function of dmax and N.

With the software Mathematica it is possible to compute the Kolmogorov-Smirnov test using
the command:
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Figure 50: Illustration of the KolmogorovSmirnov statistic. Red line is the cumulative distribution
function ( fth(x)), blue line is an experimental cumulative distribution function ( fexp(x)). The
black represents the maximum distance between the two lines, i.e. the dmax of Eq.138. Credit:
Wikipedia

KolmogorovSmirnovTest[dataset, pdfth, "TestDataTable"]

where dataset is the experimental dataset and pdfth is generated by the command:

pdfth=ProbabilityDistribution[fth[x],{x,a,b}]

where fth[x] represents the distribution that you want to test. Mathematica automatically
calculates the cumulative functions, that are necessaries for the hypothesis test. This procedure
is completely general and it can be used for each hypothesis test (Cramer Von Mises, Anderson
Darling, Pearson χ2 etc...).
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D DATA S E T

d.1 throughgoing muons dataset

Table 18: Summary of highest energy events above 200 TeV in 6 years of data taking. The “signalness”(given in
the third column) is defined as the ratio of the astrophysical expectation over the sum of the atmospheric
and astrophysical expectations for a given energy proxy (the reconstructed energy of the muons) and the
best-fit spectrum. The “signalness”decreases up to about 10% when taking into account a prompt flux at
the conservative upper limit of 1.06×ERS (cf. Sec. 5.1.3). The angular errors (given in the 6th − 7th and
9th − 10th columns) are statistical errors only and do not include systematics. Table from [129].

ID MJD Sign. En.(TeV) Decl.(deg) R.A.(deg)
50%C.L. 90 % C.L. 50%C.L. 90 % C.L.

1 55056.70 0.78 480 1.23
+0.08
−0.08

+0.18
−0.22 29.51

+0.15
−0.17

+0.40
−0.38

2 55141.13 0.52 250 11.74
+0.10
−0.18

+0.32
−0.38 298.21

+0.17
−0.22

+0.53
−0.57

3 55355.49 0.65 340 23.58
+0.91
−1.18

+2.31
−4.13 344.93

+1.14
−1.04

+3.39
−2.90

4 55370.74 0.54 260 47.80
+0.25
−0.22

+0.56
−0.48 141.25

+0.23
−0.16

+0.46
−0.45

5 55387.54 0.49 230 21.00
+0.57
−0.59

+2.25
−1.56 306.96

+0.94
−1.12

+2.70
−2.28

6 55421.51 0.89 770 15.21
+3.02
−3.10

+9.35
−7.41 252.00

+4.63
−6.48

+9.56
−16.65

7 55464.90 0.77 460 13.40
+0.24
−0.15

+0.52
−0.45 266.29

+0.22
−0.23

+0.58
−0.62

8 55478.38 0.86 660 11.09
+0.18
−0.19

+0.41
−0.49 331.08

+0.18
−0.35

+0.49
−0.80

9 55497.30 0.92 950 0.50
+0.10
−0.10

+0.25
−0.21 88.95

+0.18
−0.25

+0.48
−0.53

10 55513.60 0.80 520 3.15
+0.33
−0.25

+0.70
−0.63 285.95

+0.58
−0.42

+1.29
−1.50

11 55589.56 0.52 240 1.03
+0.07
−0.08

+0.19
−0.21 307.71

+0.08
−0.08

+0.52
−0.44

12 55702.77 0.60 300 20.30
+0.44
−0.62

+1.00
−1.43 235.13

+0.89
−0.55

+2.70
−1.76

13 55722.43 0.47 210 35.55
+0.28
−0.29

+0.69
−0.69 272.22

+0.50
−0.38

+1.23
−1.19

14 55764.22 0.46 210 5.29
+1.87
−1.96

+4.85
−4.72 315.66

+2.37
−1.39

+5.91
−5.35

15 55896.86 0.59 300 1.87
+0.57
−0.37

+1.25
−1.18 222.87

+0.90
−1.14

+1.95
−7.73

16 55911.28 0.86 660 19.10
+0.54
−0.77

+2.21
−2.21 36.65

+0.61
−0.56

+1.85
−1.71

17 56062.96 0.45 200 31.96
+0.30
−0.37

+0.81
−0.85 198.74

+0.49
−0.18

+1.44
−1.09

18 56146.21 0.55 260 1.57
+0.22
−0.18

+0.46
−0.42 330.10

+0.24
−0.36

+0.65
−0.82

19 56211.77 0.46 210 -2.39
+0.18
−0.19

+0.42
−0.51 205.11

+0.17
−0.24

+0.54
−0.66

20 56226.60 0.88 750 28.04
+0.31
−0.23

+0.67
−0.66 169.61

+0.45
−0.48

+1.16
−1.11

21 56470.11 0.87 670 14.46
+0.40
−0.39

+0.86
−0.94 93.38

+0.33
−0.34

+0.83
−0.90

22 56521.83 0.71 400 -4.44
+0.42
−0.39

+1.21
−0.94 224.89

+0.33
−0.32

+0.87
−1.19

23 56579.91 0.49 390 10.20
+0.15
−0.15

+0.34
−0.49 32.94

+0.20
−0.27

+0.63
−0.62

24 56666.50 0.90 850 32.82
+0.16
−0.14

+0.39
−0.41 293.29

+0.18
−0.40

+0.55
−1.08

25 56799.96 0.73 400 18.05
+0.75
−0.63

+1.94
−1.80 349.39

+1.13
−1.75

+2.89
−4.12

26 56817.64 0.66 340 1.29
+0.33
−0.29

+0.83
−0.74 106.26

+0.86
−0.74

+2.27
−1.90

27 56819.20 0.995 4450 11.42
+0.07
−0.08

+0.17
−0.17 110.63

+0.16
−0.28

+0.46
−0.55

28 57049.48 0.46 210 4.56
+0.19
−0.12

+0.68
−0.50 100.48

+0.23
−0.34

+0.95
−1.87

29 57157.94 0.52 240 12.18
+0.19
−0.18

+0.37
−0.35 91.60

+0.10
−0.37

+0.16
−0.74
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d.2 hese

Table 19: Summary of contained events, above 30 TeV, in 4 years of data taking. The equatorial coordinates
are reported in the 4th and 5th column, with a median uncertainty on the angular resolution
in the 6th columns. The topology of the events (track or shower) is reported in the 7th column.
Table from [149].

ID Energy(TeV) MJD Dec. (deg.) RA (deg.) Med. Ang. Res. (deg.) Topology
1 47.6+6.5

−5.4 55351.32 -1.8 35.2 16.3 Shower

2 117.0+15.4
−14.6 55351.47 -28.0 282.6 25.4 Shower

3 78.7+10.8
−8.7 55451.07 -31.2 127.9 < 1.4 Track

4 165.4+19.8
−14.9 55477.39 -51.2 169.5 7.1 Shower

5 71.4+9.0
−9.0 55512.55 -0.4 110.6 < 1.2 Track

6 28.4+2.7
−2.5 55567.64 -27.2 133.9 9.8 Shower

7 34.3+3.5
−4.3 55571.26 -45.1 15.6 24.1 Shower

8 32.610.3
−11.1 55608.82 -21.2 182.4 < 1.3 Track

9 63.2+7.1
−8.0 55685.66 33.6 151.3 16.5 Shower

10 97.2+10.4
−12.4 55695.27 -29.4 5.0 8.1 Shower

11 88.4+12.5
−10.7 55714.59 -8.9 155.3 16.7 Shower

12 104.1+12.5
−13.2 55739.44 -52.8 296.1 9.8 Shower

13 252.7+25.9
−21.6 55756.11 40.3 67.9 < 1.2 Track

14 1040.7+131.6
−131.6 55782.52 -27.9 265.6 13.2 Shower

15 57.5+8.3
−7.8 55783.19 -49.7 287.3 19.7 Shower

16 30.6+3.6
−3.6 55798.63 -22.6 192.1 19.4 Shower

17 199.7+27.2
−26.8 55800.38 14.5 247.4 11.6 Shower

18 31.5+4.6
−3.3 55923.53 -24.8 345.6 < 1.3 Track

19 71.5+7.0
−7.2 55925.80 -59.7 76.9 9.7 Shower

20 1140.8+142.8
−132.8 55929.40 -67.2 38.3 10.7 Shower

21 30.2+3.5
−3.3 55936.54 -24.0 9.0 20.9 Shower

22 219.5+21.2
−24.4 55941.98 -22.1 293.7 12.1 Shower

23 82.2+8.6
−8.4 55949.57 -13.2 208.7 < 1.9 Track

24 30.5+3.2
−2.6 55950.85 -15.1 282.2 15.5 Shower

25 33.5+4.9
−5.0 55966.74 -14.5 286.0 46.3 Shower

26 210.0+29.0
−25.8 55979.26 22.7 143.4 11.8 Shower

27 60.2+5.6
−5.6 56008.68 -12.6 121.7 6.6 Shower

28 46.1+5.7
−4.4 56048.57 -71.5 164.8 < 1.3 Track

29 32.7+3.2
−2.9 56108.26 41.0 298.1 7.4 Shower

30 128.7+13.8
−12.5 56115.73 -82.7 103.2 8.0 Shower

31 42.5+5.4
−5.7 56176.39 78.3 146.1 26.0 Shower

32 — 56211.74 — — — Coincident
33 384.7+46.4

−48.6 56221.34 7.8 292.5 13.5 Shower

34 42.1+6.5
−6.3 56228.61 31.3 323.4 42.7 Shower

35 2003.7+236.2
−261.5 56265.13 -55.8 208.4 15.9 Shower

36 28.9+3.0
−2.6 56308.16 -3.0 257.7 11.7 Shower

37 30.8+3.3
−3.5 56390.19 20.7 167.3 < 1.2 Track

38 200.516−4
−16.4 56470.11 14.0 93.3 < 1.2 Track

39 101.3+13.3
−11.6 56480.66 -17.9 106.2 14.2 Shower

40 157.3+15.9
−16.7 56501.16 -48.5 143.9 11.7 Shower

41 87.6+8.4
−10.0 56603.11 3.3 66.1 11.1 Shower

42 76.3+10.3
−11.6 56613.26 -25.3 42.5 20.7 Shower

43 46.5+5.9
−4.5 56628.57 -22.0 206.6 < 1.3 Track

44 84.6+7.4
−7.9 56671.88 0.0 336.7 < 1.2 Track

45 429.9+57.4
−49.1 56679.20 -86.3 219.0 < 1.2 Track

46 158.0+15.3
−16.6 56688.07 -22.3 150.5 7.6 Shower

47 74.3+8.3
−7.2 56704.60 67.4 209.4 < 1.2 Track

48 104.7+13.5
−10.2 56705.94 -33.2 213.0 8.1 Shower

49 59.9+8.3
−7.9 56722.41 -26.3 203.2 21.8 Shower

50 22.2+2.3
−2.0 56737.20 59.3 168.6 8.2 Shower

51 66.2+6.7
−6.1 56759.22 54.0 88.6 6.5 Shower

52 158.1+16.3
−18.4 56763.54 -54.0 252.8 7.8 Shower

53 27.6+2.6
−2.2 56767.07 -37.7 239.0 < 1.2 Track

54 54.5+5.1
−6.3 56769.03 6.0 170.5 11.6 Shower
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