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While the evidence of high-energy neutrinos was established a decade ago and confirmed indepen-
dently by the observation of an ultra-high-energy neutrino recently announced, the origin of these
neutrinos is not yet fully identified. Gamma-ray bursts (GRBs) have long been one of the most
promising candidate emitters of such neutrinos. Despite not having led to a significant detection
in neutrinos so far, the observations were focusing on GRBs that were bright in gamma rays.
Dividing the GRBs detected so far into various subpopulations based on their signal in gamma
rays and searching for neutrinos from each of the subpopulations separately may lead to more
relevant constraints on the sources. The ANTARES telescope offers a great opportunity to test
this assumption because of the more than 15 years of data that were collected. In this contribution,
we present the sensitivity to different subpopulations of GRBs and describe the various efforts

that will lead to the first catalogue of neutrino constraints from GRBs.
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1. Introduction

A decade ago, the discovery of an astrophysical neutrino flux at high energies was reported
by the IceCube Collaboration [1], recently corroborated by the observation of an ultra-high-energy
neutrino from the KM3NeT experiment [2]. Understanding the origin of this flux represents one of
the main goals of the current astroparticle physics community. The search is directed toward sources
that can explain the observed high energies, and several possible sources have been identified by
IceCube in recent years [3—5]. Different classes of progenitors are considered and, searching among
the most powerful accelerators that can explain the observed neutrino energies and that could also
be sources of Ultra-High-Energy Cosmic Rays (UHECR), Gamma-Ray Bursts (GRBs) are among
the most promising candidates. GRBs are short bursts of gamma radiation occurring a few times
per day in the detectable Universe and releasing a vast amount of energy, between 10°° and 10°* erg.
GRBs are also events of particular interest as they were the leading actors of the new era of multi-
messenger astrophysics, with the 2017 observation of GW170817, a gravitational wave (GW) signal
from a neutron star merger event, followed by the GRB170817A Gamma-Ray Burst [6]. This event
represented the first clear identification of an electromagnetic counterpart to a gravitational wave
event. Many details remain unresolved about the processes underlying these extreme phenomena.
Some models describing the formation and evolution of GRBs predict the presence of hadronic
processes. Shock-accelerated protons and ions can interact with the intense radiation field of the
collimated jet generated in GRBs and, as a result of the photomeson production of pions, generate
an associated burst of neutrinos, with a wide range of possible energy values, from MeV to PeV [7].

Neutrinos are ideal messengers for the search and understanding of the processes at the core
of these distant astrophysical objects. Being electrically neutral, stable, and weakly interacting par-
ticles, they are invisible to the presence of magnetic fields and interstellar matter: their direction of
origin is consequently an excellent indicator of the source location. Detecting neutrinos in temporal
and spatial coincidence with GRBs would unequivocally identify them as hadronic factories, bring
new information about their internal mechanisms and the composition of their jets, and support the
hypothesis that GRBs are sources of UHECR.

To detect cosmic neutrinos, very-large neutrino telescopes are needed. The ANTARES neutrino
telescope [8], located in the depths of the Mediterranean Sea and operating from 2007 to 2022, was
for several years the largest neutrino observatory in the Northern Hemisphere. It consisted of a three-
dimensional array of 885 optical modules (OMs) based on photomultiplier tubes (PMTs), distributed
over 12 vertical lines and corresponding to an instrumented volume of about 0.015 km>. The OMs
detect the faint Cherenkov light of secondary charged particles produced by neutrino interactions,
reconstructing their direction, energy, and flavor. Given the performance and characteristics, the
detector is sensitive mainly to neutrinos in the energy range between TeV and PeV. The various
analyses looking for neutrinos spatially and temporally coincident with GRBs conducted in recent
years by ANTARES [9] and IceCube [10], including the recent search by KM3NeT for neutrinos
coincident with the brightest GRB ever observed, i.e., GRB221009A [11], have found no significant
association with compatible results among the various experiments. The non-detection, however,
has allowed increasingly stringent upper limits to be placed on the contribution of these sources
to the diffuse flux and significant constraints on the various theoretical models. In this work, the
search for astrophysical neutrinos from GRBs is extended, with respect to the previous searches,
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including for the first time the entire ANTARES dataset.

2. Analysis method

The presented analysis studies the capabilities of the ANTARES neutrino telescope to detect
a high-energy neutrino signal associated with GRBs. The search for astrophysical neutrinos is
performed by looking for neutrino events within +500 seconds from the GRB trigger time. This
conservative time window Afgrp has been derived in [12], taking into account the upper limit
of GRB durations as observed by BATSE [13] and bounds on precursor neutrino (and/or GW)
emission. The GRB parameters used in the analysis are obtained from the Fermi Gamma-ray Burst
Monitor (GBM) catalog [14]. As this study focuses on up-going track-like (i.e., muon) events,
the selected GRBs are located below the local horizon for ANTARES, i.e., the events have the
reconstructed zenith angle greater than 90°. We require that all the processed events are taken
during reliable data collection periods (runs) and that the estimated angular uncertainty on the track
direction must be below 1°.

To measure the detector performance in separating presumable signal from background, we
optimize the event selection on two different parameters: the track-fit quality A and the angular
distance @, between the GRB’s position and the reconstructed event direction. In this study, the main
(and irreducible) background component is represented by atmospheric neutrinos from below the
local horizon, while a smaller contribution is characterized by wrongly reconstructed down-going
atmospheric muons. Higher values of A indicate a higher event reconstruction quality, and therefore
a higher suppression of atmospheric muons wrongly reconstructed as up-going events. On the other
hand, varying @ accounts for the angular spread of events around the burst direction. The value of
a, with a baseline at the 10 error on the GRB position, defines the dimension of our search cone or
Region of Interest (Rol).

2.1 Background and signal estimation

For a realistic estimate, the number of background events y; is computed from real recon-
structed event data. The distribution of background events is assumed to be uniform within a 10°
search cone around the position of the GRB, i.e., the maximum dimension of the Rol. The same
assumption is adopted for its rate in the 1000-second search time window. Given the small number
of up-going events, the dimension of the Rol, and to have a robust estimate, a large sample is
needed. This requires averaging the number of background events over large periods and, therefore,
over different detector conditions, which are strongly related to seasonal variations of the optical
background in seawater. As a consequence, y;, is assessed by using all runs’ data within +1 year
from the GRB trigger, and with a similar burst fraction. This quantity, correlated to the detector’s
noise level, is defined by measuring how frequently, in a given run, the PMT counting rate is 20%
higher than the baseline level for that run. Then y; is obtained by counting the number of events
surviving the cuts on A and «, and rescaling it to the 1000-second time window.

For each source, Monte-Carlo simulations of all flavor signal events are performed for each
data run separately, to account for the different environmental conditions, detector configuration,
and performance. Here we assume that the signatures of the signal flux originate from a 10° band
centered at the GRB zenith. This choice is justified within this preparatory study as the detector
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response varies only on angular scales much larger than 5°, and we are only interested in the
sensitivity dependence on the source’s elevation. The expected number of signal events u;, in the
search region is evaluated by varying the cuts on A, and the Rol radius @, which acts on the space
angle between the reconstructed muon direction and the parent simulated neutrino direction. The
simulated flux from GRBs assumes a single power-law spectrum of E~2, consistent with expectation
from standard Fermi-acceleration theory, and ¢g = 10~® normalization factor at 1 GeV. Figure 1
shows the distributions of the expected number of background and signal events computed with the
dataset relative to GRB150907B, which amounts to 150 days of data taking. As foreseen, more
background events are selected toward larger values of @ and lower A.,;. The accepted signal
events increase rapidly (and saturate) with the dimension of the search cone, while being constant
for varying Acy;-
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Figure 1: Expected background u; (left) and signal ug;, (right) distribution in the Rol and Afgrp, as
function of the A,; and search cone radius «, for GRB150907B.

2.2 Search optimization

The obtained pp(Acur, @) and pgig(Acur, @) distributions are used to compute the values

assumed by the test statistic

Ls+s(N; p, ﬁsig)
Lp(N; up)

where N is the number of observed events, Ls,p and Lg are the likelihood functions for the Poisson
distributed N under the background-only and background-plus-signal hypothesis, respectively. The
signal strength value that maximizes Ls. g is denoted by fi;,. The distribution of the test statistic
is used to evaluate the Model Discovery Potential MPD%P here employed to find, for each GRB,
the optimal selection to suppress the background and obtain ANTARES sensitivity to the source’s
signal. The MDP is defined as

TS(N;up) =2log (1

/’liﬁg- (,ub (Acur> Cl))
Msig (Acut> @, ¢ = ¢po(E/GeV) _2) ’

where ,ufl?'g is the minimum signal strength that leads 50% of the times to a 5o significant detection,
given the background expectation up. The cut on the A and @ parameters that minimize the

MDP = 2)
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Figure 2: Minimum signal strength ,ufl.‘z, needed for a 5o significant detection with a 50% probability (left)
and MDP (right), as a function of the A.,, and a parameters. The event selection optimal point is marked
by a white cross and corresponds to the MPDP minimum.

MDP define our optimal selection for a given GRB. In Figure 2, the obtained values of ﬂgg for
GRB150907B are shown, along with the MPD®P distribution and its minimum highlighted by a
white cross. The optimal selection of events is found for A > A.,; = —5.75 and @ < 5.03.

3. GRB classification

GRB phenomenology is extremely rich, with every individual GRB being unique. They are
traditionally classified based on their T90 duration, i.e., the time interval during which 90% of
the burst’s cumulative flux is detected, in “short” (T90<2s) and “long” (T90>2s). These two
classes match up (with some outliers [15]) to two different progenitors, respectively, the merger
of binary stars and the collapse of a massive star. However, this distinction does not capture the
full complexity of GRBs. Additional parameters, such as the spectral hardness or the presence
of supernovae, can provide means to further classify them. Examples of different populations are
extended emission GRBs, low luminosity GRBs, and choked GRBs. Different classes of GRBs
may indicate differences in their underlying physics, with some of them being more likely to have
a higher neutrino flux.

In the current analysis, a graph-based clustering (GHCA) algorithm is used to perform a data-
driven clustering of GRBs and identify subpopulations of GRBs with similar features [16, 17].
Using this method, four groups of GRBs are extracted from the data, based on the following
features: T90, prompt fluence, mean to peak flux, X-ray afterglow flux, spectral index, and initial
X-ray temporal decay index. Values for these GRB features are taken from the Fermi GBM and
Swift [18] catalogs. No physical interpretation of the subpopulations is attempted at this stage, as
the analysis is still in a preliminary phase. This classification is intended to be used in the future
to perform population-specific stacking analyses and have more targeted sensitivity estimates, in
contrast with the more common approach, where GRBs are stacked together despite their highly
variable y-ray emission and properties.
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4. Sensitivity results

With the analysis strategy described above, we obtained an estimate of the sensitivity of the
ANTARES detector as a function of the source’s zenith. Through the MDP optimization, the best
selection cuts (Ag,’:,l, a°P") for each zenith angle between 90° and 180° (up-going sky) are found.
Then, pseudo-experiments are generated that randomly draw GRB trigger times #; and number of
observed events n,ps ~ Poisson(up (t;, zen)). For each pseudo-experiment, we can derive the 90%

confidence level (CL) upper limit on the signal flux normalization ¢’

t
g (nobs: b (Aciyr - ")

Hsig (AL @oP! ¢ = ¢, (E/GeV)™2)

cut

3)

90% _
by =

In this equation ,u??;” is the 90% CL Feldman-Cousin upper limit [19] on the number of signal
events given the number of expected background events u, at the optimal cuts’ values. In Figure 3,
it is shown the sensitivity distribution with its median and =10 band (shaded), accounting for the
spread in ¢80% values due to the variability introduced by the different trigger times.

In addition, we selected one GRB (in the up-going sky) from each class obtained with the
method described in Section 3. The sensitivity of the detector to each of them is also shown.
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Figure 3: Median sensitivities of ANTARES to a GRB neutrino signal as a function of the source zenith
angle, varying between 90° and 180°(i.e., below the local horizon). The +10 region is represented by the
shaded band. The sensitivities of the four GRBs belonging to the four groups identified with the method in
Section 3 are shown with different colors.

5. Summary and perspectives

This work presents a framework to search for high-energy neutrino emission from Gamma-Ray
Bursts using the full ANTARES dataset from 2007 to 2022. The developed time-dependent analysis,
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focusing on up-going track-like events, searches for the optimal values of the cuts on the track-fit
quality parameter A and search cone radius @, that minimize the Model Discovery Potential. These
values are then used to compute the achievable sensitivity of the ANTARES detector as a function
of the source zenith, as seen in Figure 3. Additionally, a data-driven classification of GRBs was
implemented to identify subpopulations with potentially different physical properties, laying the
basis for targeted population-specific analyses. Future studies will include down-going events and
shower-like topologies, extending the accessible sky and neutrino flavors.

This work is part of a larger effort to define the first catalog of Neutrino Energy Distributions
for GRBs, analogous to Spectral Energy Distributions (SEDs) in astronomy studies. This project
aims to constrain the neutrino spectra of individual GRBs by using combined data from ANTARES,
IceCube, and KM3NeT.
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