
Journal of Physics:
Conference Series      

PAPER • OPEN ACCESS

On the high-energy cosmic neutrinos seen by
IceCube
To cite this article: G Pagliaroli et al 2016 J. Phys.: Conf. Ser. 718 062046

 

View the article online for updates and enhancements.

You may also like
EXTRAGALACTIC PLUS GALACTIC
MODEL FOR ICECUBE NEUTRINO
EVENTS
Andrea Palladino and Francesco Vissani

-

IceCube-Gen2: the window to the extreme
Universe
M G Aartsen, R Abbasi, M Ackermann et
al.

-

Letter of intent for KM3NeT 2.0
S Adrián-Martínez, M Ageron, F Aharonian
et al.

-

This content was downloaded from IP address 193.204.141.38 on 16/12/2025 at 13:23

https://doi.org/10.1088/1742-6596/718/6/062046
/article/10.3847/0004-637X/826/2/185
/article/10.3847/0004-637X/826/2/185
/article/10.3847/0004-637X/826/2/185
/article/10.1088/1361-6471/abbd48
/article/10.1088/1361-6471/abbd48
/article/10.1088/0954-3899/43/8/084001
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvsxD1xB5gwUHVFD6CMoGTNMaXXDuWnWJ-7bJdhp7fTYmYneP3Uk5avfJoYuU9-LX5hL6YTipTdpZfHNqMZx7Q1h3gYc0AvjFXG63MPpA3vyFYc9ZU5Nej72ab92O6ZIPypFwFsJLFsWe35jv4ljypTIFQrwrwYmI-o0VLpMx69m-IMZdGFkXA8Rr6Vsp9qaZUZHcm1XGa1g4EVNH2yxsK_i1SFVLA3qr10itJL-yYECqiHaRtA2DR0X_Aaqe46tIN3fUZp8Qh2ZqHB-e3pfweW9X3ANKrXn7g1BRxY6_fKPmW1ILhSEAqU9Qc3j2_ponNS60fzCpFhN3nNjj3o9ywZWP1Rzg9llJ607dkrHcYiiApTLiIVeQmx&sig=Cg0ArKJSzJ0xib3TXHH0&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/250%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3D250_IOP%26utm_id%3DIOP%2B250%2Bsubmission


On the high-energy cosmic neutrinos seen by IceCube

G Pagliaroli1,2, A Palladino1, F L Villante2,3 and F Vissani1,2
1Gran Sasso Science Institute, L’Aquila (AQ), Italy
2INFN, Laboratori Nazionali del Gran Sasso, Assergi (AQ), Italy
3University of L’Aquila, Physics and Chemistry Department, L’Aquila (AQ), Italy

E-mail: giulia.pagliaroli@lngs.infn.it

Abstract. We analyze the subset of high energy neutrino events observed by IceCube above
60 TeV, combined with the information provided by passing muons, aiming to probe the flavor
of cosmic neutrinos. First, we compare the observed track-to-shower ratio with the predictions
for a cosmic neutrino population, taking into account the different production mechanisms and
the uncertainties due to neutrino oscillations. Our results corroborate the hypotheses that
cosmic neutrinos have been seen. In addition, we show that the possibility of neutrinos decay
is disfavored at about 2σ level of significance for both the normal and inverted neutrino mass
hierarchy.

1. Introduction
The search for High Energy Starting Events (HESE) in IceCube detector provided the first
evidence for a high-energy neutrino flux of extraterrestrial origin [1, 2, 3, 4, 5]. In three year of
data taking [1], 37 events with deposited energies above 30 TeV were observed, relative to an
expected background of 8.4± 4.2 cosmic ray muon events and 6.6± 5.9 atmospheric neutrinos.

The scientific debate about the origin of these events is extremely lively. There is little doubt
that cosmic neutrinos have been seen, but their origin is not yet understood. Based on our
previous works Palladino et al. [6] and Pagliaroli et al. [7], we summarize our results concerning
the flavor ratio of cosmic neutrinos and the possibility to use the information provided by the
high-energy(HE) neutrinos observed by IceCube to constrain non-radiative neutrino decays.

2. The flavor ratio of HE cosmic neutrinos
Cosmic neutrinos are surely due to non-thermal processes. Thus we expect that their fluxes
averaged over the directions, are approximated by a power law distribution of the kind

Φ`(E) =
F` · 10−18

cm2 s sr GeV
·
(

100 TeV

E

)α
, (1)

where the factors F` are (non-negative) adimensional coefficients and α is the spectral index.
Different production mechanisms can generate a different blend of neutrinos and antineutrinos
that can be expressed in term of a given flavor fractions at the source defined as:

ξ0` ≡ F 0
` /Ftot, (2)

where the index 0 indicates that these quantities are defined at the source before oscillations
and Ftot = Fe + Fµ + Fτ .
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In the following we investigate four specific assumptions for the flavor composition at the
source (ξ0e : ξ0µ : ξ0τ ) which are related to specific production mechanisms. We consider
i) (1/3 : 2/3 : 0) for π decay (yellow);
ii) (1/2 : 1/2 : 0) for charmed mesons decay (blue);
iii) (1 : 0 : 0) for β decay of neutrons (green);
iv) (0 : 1 : 0) for π decay with damped muons (red),
where we made reference to the color code used in Fig. 1. The blend of neutrinos is modified
during propagation by neutrinos oscillations and a different flavor composition will arrive to the
Earth [8]. Following Eq.(2), we can define the flavor fractions at Earth (i.e., in the detection
point), as:

ξ` ≡ F`/Ftot. (3)

For neutrinos travelling over cosmic distances the oscillation probabilities P``′ are energy
independent and the flavor fractions at Earth are thus given by

ξ` =
∑
`′

P``′ ξ
0
`′ with P``′ =

∑
i=1,3

|U2
`i U

2
`′i|,

where U is the neutrino mixing matrix. By using this prescription the expected flavor ratios
at Earth are within the ranges (ξe : ξµ : ξτ ) ∼ (0.24 − 0.55 : 0.24 − 0.40 : 0.21 − 0.35) due to
the different production mechanisms (the oscillation parameters are fixed to their best-fit values
[9]).

3. Expected Track-to-Shower Ratio
The HESE events observed by IceCube encompass two different topologies: ‘shower’ topology
(also known as cascade), that includes neutral current (NC) interactions of all neutrino flavors
and charged current (CC) interactions of νe and ντ ; ‘track’ topology produced by CC interactions
of νµ. Thus the track-to-shower ratio is the observable quantity that is most directly related
to the flavor ratios at Earth discussed in the previous section. We can calculate the number of
showers NS and tracks NT in the IceCube detector produced by an isotropic flux Φ` of neutrinos
and antineutrinos of flavor ` following [6]. The number of showers and tracks is obtained as:

NS = T {Fe ce + Fτ cτ + Fµ cµ(1− pT)}
NT = TFµ cµ pT , (4)

where T is the observation time and the coefficients

c` =
4π · 10−18

cm2 s sr GeV

∫
dE

(
100 TeV

E

)α
A`(E) (5)

are determined by the detector effective areas A`(E) [3] and the energy dependence of the fluxes.
The factor pT ' 0.8 in Eq.(4) represents the probability that a muon neutrino interacting in
IceCube produces a track event, thus cµ(1−pT) is the contribution of muon neutrinos to showers
due to neutral current interactions. This probability is derived in [6] and is mildly dependent
on energy.

Note that we use the effective areas calculated by IceCube, thus implementing the correct
relationship between the neutrino energy and the energy deposited in the detector. We can test
the validity of our calculations by comparing the expected numbers of events with those shown
in Suppl. Tab. IV of [1]. As an example, for the best fit astrophysical spectrum with α = 2 we
obtain NS = 14.8 and NT = 3.6 to be compared with NS = 14.4 and NT = 3.8.
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The track-to-shower ratio can be obtained as a function of the neutrino flavor ratios at Earth
as:

NT

NS
=

ξµ
A+B ξµ + C ξτ

, (6)

where the numerical coefficients are approximately given by:

A =
ce

pT · cµ
' 2.27 + 1.12(α− 2) + 0.46(α− 2)2

B =
1− pT
pT

−A ' 0.25−A (7)

C =
cτ − ce
pT · cµ

' −0.58− 0.77(α− 2)− 0.39(α− 2)2

and the spectral index is within the range 2.0 ≤ α ≤ 2.6.
An important contribution to the track-to-shower ratio theoretical uncertainty is provided

by errors in neutrino oscillations parameters. 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 [9]. 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 (PD) distributions are reported
in Fig.(1) with a color code showing the different production mechanisms described in the
previous section.

Figure 1. 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. (8).

4. Observed Track-to-Shower Ratio in IceCube
The predicted Track-to-Shower ratio for a cosmic population of high-energy neutrinos can be
compared with the Track-to-Shower ratio observed by IceCube in the HESE data-set. This set
of events collected by IceCube in three years of data-taking consists of a total number of nT = 4
tracks and nS = 16 showers. These include on average bT = 2.1 and bS = 0.7 background
events expected from atmospheric neutrinos (1.7 tracks and 0.7 showers) and muons (0.4 tracks
and no showers) [1]. The number of tracks NT and showers NS which have to be ascribed to
cosmic sources can be estimated from the Poisson likelihood functions: L(Ni) ∝ λni

i ×e−λi where
λi = Ni + bi and the index i = T, S is used to refer to track and shower events. By using the
above data, we obtain NT = 3.1±2.1 and NS = 16.3±4.1. A completely equivalent information

XIV International Conference on Topics in Astroparticle and Underground Physics (TAUP 2015) IOP Publishing
Journal of Physics: Conference Series 718 (2016) 062046 doi:10.1088/1742-6596/718/6/062046

3



can be obtained by the recently published IceCube data on passing muons [4] that provided an
independent evidence for a νµ flux of astrophysical origin. In Ref.[4], the passing muon data
are fitted allowing the spectral index of the cosmic muon neutrino flux Φµ(Eν) to vary, leading
to a best-fit value of α = 2.2 and a normalization Fµ = 1.7 ± 0.7, see eq. (1). For α = 2
the corresponding flux normalization becomes Fµ = 1.01 ± 0.35 that can be translated into a
number of tracks from cosmic neutrinos by using eq. (4). We included also this information
in our analysis by constructing a combined likelihood, given by the product of the 2 Poisson
likelihoods for NT and NS and of the Gaussian likelihood for Fµ. We then extract the bound:

NT

NS
= 0.18+0.13

−0.05 [all data] (8)

by taking into account the equivalence between Fµ andNT expressed by eq. (4) and marginalizing
with respect to the total number of events. The likelihood distribution for the track-to-
shower ratio of cosmic neutrinos is shown by the shaded region in Fig.1 showing that the
IceCube data provide a best-fit track-to shower ratio in the middle of the expected region for a
cosmic population. The observational error is comparable to the difference between the various
predictions and does not allow to discriminate the production mechanism.

5. Results for Decaying Neutrinos
Following the previous procedure we extend the analysis of high energy neutrinos data provided
by IceCube to constrain the hypothesis of neutrinos decay [7]. Indeed, non-radiative decay
processes of the kind νi → νj + X can be tested using HE cosmic neutrinos. Here 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. 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 are not dependent on the neutrinos production mechanism. If
we assume normal mass hierarchy, the stable eigenstate is necessarily ν1 since m1 < m2 < m3

and 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 and the final flavor ratios are
expected to be (|Ue3|2 : |Uµ3|2 : |Uτ3|2) ∼ (0.02 : 0.57 : 0.41). In this context of the neutrino
decay scenarios and fixing the spectral index α = 2, Eq.(6) becomes:

NT

NS
=

|Uµj |2

2.3− 2.0 |Uµj |2 − 0.6 |Uτj |2
, (9)

where the index j indicates the stable mass eigenstate. For normal mass hierarchy, the
stable state is ν1 and substituting the best-fit values of the oscillation parameters, we obtain
(NT/NS)NH = 0.12. For inverted mass hierarchy, the stable state is ν3 and the track-to-shower
ratio becomes (NT/NS)IH = 0.62. Accounting for the errors in neutrino oscillations parameters
the track-to-shower ratios fluctuate inside their Probability Density distributions as showed in
Fig.(2) with a color code blue (resp. red) for normal (resp. inverted) mass hierarchy. These
distributions are obtained by assuming the spectral index α = 2.2 which, as discussed above,
represents the best-fit value for the astrophysical component in the IceCube passing muons data
[4].

Despite the large fluctuations, 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. The normalized likelihood distribution
corresponding to HESE data-set discussed in the previous section is reported with a solid black
line in Fig.(2). By repeating the analysis with the preliminary 4 years data [13], under the
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Figure 2. 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 black lines are the normalized likelihood functions for the track-to-shower ratio
obtained by combining the 3 years HESE events (solid) or 4 years HESE events (dashed) with the IceCube
passing muon data.

hypothesis that the background is proportional to the exposure time, we obtain the likelihood
function described by the dashed line in Fig. (2) and we find the range:(

NT

NS

)
exp

= 0.24+0.13
−0.07 [1460 days] (10)

which is compatible with the value found by analyzing the three year dataset. Summarizing our
results, neutrino decay is excluded at about 2σ for both normal and inverted mass hierarchies.
In the normal mass hierarchy scenario, this result represents at the present the most sensitive
bound on neutrino lifetimes.
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