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A flavor and energy inference analysis is presented for each high-energy neutrino event
observed by the IceCube observatory during six years of data taking. For each event the
main observables in the IceCube detector are the deposited energy and the event topology
(showers or tracks) produced by the Cherenkov light by the transit through a medium of
charged particles created in neutrino interactions. Using Bayesian inference and Markov
chain Monte Carlo it is possible to reconstruct from these observables the properties of
the astrophysical neutrino which generated such event. In the end, in the contest of a
multi-messenger astrophysics, it is speculated that some aspects of IceCube data may
be manifestations of quantum-gravity-modified laws of propagation for neutrinos. A
speculation which, as testified by some recent publications, has attracted an increasing
interest.
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1. Introduction

The largest neutrino telescope to date is the IceCube Neutrino Observatory at the
geographic South Pole. After six years of data taking', from early 2010 to early
2016 for a total of 2078 days, 74 cointened "high-energy starting event” (HESE)
with deposited energies above 30 TeV have provided the evidence for the existence
of an extraterrestrial neutrino flux. The discovery of this flux has motivated a
vigorous program of studies to unravel their origin? and their properties® 2.

In previou works IceCube data have been analyzed and discussed in detail (see
Ref.236 and references therein) using a maximum-likelihood approach over the
whole collection of events. Although useful informations about the energy behavior
and the flavor composition has already been explored, it has never been performed
an inference analysis of the properties of each single astrophysical neutrino.

This inference analysis for the energy of the astrophysical neutrinos will be then
used in order to suggest that some aspects of IceCube data might be manifestations
of quantum-gravity-modified laws of propagation for neutrinos. The prediction of a
neutrino emission associated with gamma ray bursts (GRBs) is generic within the
most widely accepted astrophysical models”. After a few years of operation Ice-
Cube still reports® no conclusive detection of GRB neutrinos, contradicting some
influential predictions® 12 of the GRB-neutrino observation rate by IceCube. From
the viewpoint of quantum-gravity/quantum-spacetime research it is interesting to
speculate that the IceCube results for GRB neutrinos might be misleading because
of the assumption that GRB neutrinos should be detected in very close temporal
coincidence with the associated -rays: a sizeable mismatch between GRB-neutrino
detection time and trigger time for the GRB is expected in several much-studied
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models of neutrino propagation in a quantum spacetime (see Refs. and refer-

ences therein).

2. Neutrino inference analysis and assumptions on the
astrophysical flux

IceCube detects neutrinos by observing Cherenkov light produced by charged par-
ticles created in neutrino interactions as they transit the ice within the detector.
At this range of energies, the way neutrinos interact is deep-inelastic scattering
with nuclei in the detector material. There are two possible interactions: charged-
current (CC) or neutral-current (NC) interactions. In both a cascades of hadrons is
created at the neutrino interaction vertex and for CC interaction this shower is ac-
companied by an outgoing charged lepton which may itself trigger another overlaid
cascades. IceCube events have two basic topologies: tracks and showers. Consider-
ing the energy involved for this analysis we assume tracks are made only by v, CC
interactions and by v, CC interactions in which the tau lepton decays in v, puv,.
Showers instead are those events without visible muon tracks and are formed by
particle showers near the neutrino vertex. While the particle content of showers
created by final-state hadrons, electrons, and taus is different, the IceCube detector
is currently insensitive to the difference. This means that a shower is produced in
ve CC interaction, v, CC interactions (where the produced 7 does not decay in the
muonic channel), and in all-flavor NC interactions. In Table 1 we summarize all
parameters and the sequence of events that, given a neutrino with energy E,, cause
an observed-deposited energy Eé’g;: in the detector. In a certain sense, we need
to go backwards through the whole chain of events in order to infer the neutrino
energy F, from the observed-deposited energy E(‘i’g;'_ and its topology.

As usually done in literature, let D denote the observed data, in our case the
observed-deposited energy Egg;: and the event topology (track or shower), and 6
denote the model parameters, which are summarized in the first column of Table
1. Formal inference then requires setting up a joint probability distribution f(D,6)
(here and in the rest of this paper we will refer simply as f to all distributions).
This joint distribution comprises two parts: a prior distribution f(6) (see the second
column of Table 1) and a likelihood f(D|6). Defining f(6) and f(D|6) gives the full

probability distribution
f(D,0) = f(D|0) - f(0). (1)

Having observed D, one can then obtain the distribution of 8 conditional on D by
applying the Bayes theorem

1Dl 50)
IO = T3 D16) - 7(0) i )

This is called the posterior distribution of # and is the object of our Bayesian-

inference analysis. From the posterior distribution of # one can then obtain the
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Table 1. Table of all parameters used in this analysis along with their associated prior probability distribution.
The last column shows the references where these parameters are discussed in detail.

Parameters Prior probability distribution Ref.

Flux parameters

r  (anti-neutrino/neutrino ratio) o(r—1) 16
1/3, L=e
¢ (neutrino flavor) 1/3, L=p 7
1/3, L=
~v  (spectral index) 0(y—2) 1,18
E, (neutrino energy) E;%/ ((60Tev)~! — (3PeV)~1) 1,18
Deep-inelastic scattering parameters
A1+ Az -In(e — A3), k=NC
k  (neutrino-nucleon interaction) ! 2~ In( 8) 19,20
1— A1 — Az -In(e— A3), k=CC
y  (inelasticity parameter) do(Ey)/dy 19,21
7-decay parameters
0.18, j=7— vreve
0.18, j=7—= vrpy,
012, j=7—>v,m
j  (7-decay channel) j T 22
0.26, j=7—=vsp
013, j=7—=vra1
013, j=7—->v:X (X#mp,a1)
4/3(1— 23) , if j =7 = vreve or vrpuyy
(axr +br-2)0(l =17 —2), fj=7—> v
z  (energy fraction E,_/E;) (ap+bp-2)0(1—r,—2), ifj=T7—vp 22-24
(aa; +bay -2)0(1 —71ay —2), fj=7—=>vraq
1/0.30(0.3 —=2), ifj=7—>v:X (X #mp,a1)
z'  (energy fraction Ey/E;) 4—122" +122'2 — 423, if j =T = vreve or vrpuy, 22,28
Deposited Energy
E;Z;i (observed deposited energy) N(EZZZZ | Bdep., E,.,.) 3,5

expected value of a given parameter by integrating over the remaining parameters
or study the dependence between parameters z and y by applying the product rule
f(zly, D) = f(z,y|D)/ f(y|D).

From Eq. 2, one recovers the maximum likelihood approach as a special case
that holds under particular conditions, such as many data points and vague priors,
which clearly are not satisfied in this analysis.

In theory, Bayesian methods are straightforward: the posterior distribution con-
tains everything you need to carry out inference. In practice, the posterior distri-
bution can be difficult to estimate precisely. A useful tool to derive the posterior
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distribution of Eq. 2 is the Markov Chain Monte Carlo (MCMC) technique. In
a MCMC instead of having each point being generated one independently from
another (like in a Monte Carlo), the sequence of generated points takes a kind of
random walk in parameter space. In particular, for this work we performed the
MCMC using the Gibbs sampling algorithm?®, in order to explore the entire pa-
rameter space of the posterior distribution. This allows us to derive the unknown
and potentially complex distribution f(6|D) and estimate all neutrino properties
we are interested in.

3. Astrophysical neutrinos affected by in-vacuo dispersion

Focusing only on shower events, for which the energy inference is less problematic,
and focusing on the class of scenarios whose predictions for energy (E,) dependence
of At (the mismatch between GRB-neutrino detection time and trigger time for the
GRB) can all be described in terms of the formula * (working in units with the
speed-of-light scale ¢ set to 1)

E E

Y D(z) £ 6x—=D 3
=D £ x5 D(e). 3)
one finds that 9 IceCube neutrinos fit the requirements for candidate GRB neu-
trinos affected by in-vacuo dispersion. The properties of these 9 candidates are

summarized in Fig. 1. The correlation between |At|/(1+ z) and E*/(1 + 2) ® for
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Fig. 1. Points here in figure correspond to the 9 GRB-neutrino candidates picked up by the
selection criteria, characterized in terms of their values of At/(1+ z) and E*/(1+ z). Filled points
correspond to ”late neutrinos” (At > 0), while unfilled points correspond to ”early neutrinos”
(At < 0).

2Here the redshift- (z-)dependent D(z) carries the information on the distance between source
and detector, and it factors in the interplay between quantum-spacetime effects and the curvature
of spacetime. With Mp we denote the Planck scale (~ 1.2-1028¢V) while the values of the
parameters nx and dx characterize the specific scenario one intends to study.

bE* is a ”distance-rescaled energ” defined as E - D(z)/D(1).
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the 9 GRB-neutrino candidates highlighted in Fig.1 is of 0.866. We then ask?26:27
how often a time-randomization procedure produces 9 or more GRB-neutrino can-
didates with correlation > 0.866, and remarkably we find that this happens only in
0.11% of cases.
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