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Addressing the origin of the observed diffuse astrophysical neutrino flux is one of the main
challenges in the context of the neutrino astronomy nowadays. Among several astrophysical
sources, Gamma-Ray Bursts (GRBs) are considered interesting candidates to be explored. Indeed,
being the most powerful explosions observable in the Universe, they are potentially able to achieve
the energetics required to reproduce the neutrino flux. Thus, they are expected to provide at least
some contribution to the astrophysical diffuse neutrino flux. Within the framework of the fireball
model, mesons can be produced during photo-hadronic interactions occurring in the internal
shocks between shells emitted by the central engine; from their decays, high-energy gamma rays
and neutrinos are expected to be generated. Within this scenario, the results of a stacked search
for astrophysical muon neutrinos performed in space and time coincidence with 784 GRBs in the
period 2007-2017 using ANTARES data are presented. The neutrino flux expectation from each
GRB detectable by ANTARES was calculated in the framework of the classical internal shock
model. Given the absence of coincident neutrinos, the contribution of the detected GRB population
to the neutrino diffuse flux is constrained to be less than 10% around 100 TeV. In addition, the
systematic uncertainties on the diffuse flux are computed by propagating to the stacked limit the

uncertainties on the model parameters for each individual burst.
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1. Introduction

High-energy astrophysical neutrinos have been discovered few years ago [1], opening a new
window to the study of the Universe. Identifying the sources of these neutrinos is one of the key
scientific targets of the astroparticle physics community nowadays.

Among several astrophysical sources, Gamma-Ray Bursts (GRBs), the most powerful known
explosions in the Universe (with energy release between 10°' and 10°* ergs in few seconds) [2], are
considered one of the most promising candidate sources of astrophysical neutrinos. Indeed, within
the framework of a hadronic scenario, if hadrons are accelerated in GRBs, neutrinos are expected
to be produced by the interactions between protons (or heavier nuclei) and the intense radiation
field of the jet. Multi-messenger searches targeted at GRBs appear very promising; being transients
and extremely energetic explosions, GRBs allow to strongly reduce the background accumulated
during their very short duration. In addition, neutrinos, being electrically neutral, stable and weakly
interacting particles, are ideal messengers in the search for distant astrophysical objects. Thus,
unlike protons or charged nuclei, they are not diverted in their path from their source to the Earth.
Furthermore, unlike photons, neutrinos are not absorbed while propagating towards the Earth. For
these reasons, searching for a temporal and spatial coincidence of GRB photons and high-energy
neutrinos is crucial to safely identify this kind of sources as hadronic factories and to shed light on
the composition of their jets.

Over the past years, the neutrino telescopes of the Northern and Southern hemispheres, re-
spectively ANTARES [3] and IceCube [4], have been searching for neutrino signals coincident
with GRBs in time and direction (see [5, 6] for previous ANTARES studies on GRBs and [7-9] for
IceCube). The lack of detections from these searches has allowed to set progressively stronger upper
limits, thus limiting also the possible contribution of these sources to the observed astrophysical
diffuse neutrino flux. Nonetheless, current limits do not yet provide significant constraints on the
validity of the internal shock model, once the many uncertainties on the several parameters that
affect the predictions are taken into account.

For this reason, the innovative search for astrophysical muon neutrinos from GRBs, already
presented in [10], is here summarised. This work focuses on improving the predictions on the
expected neutrino fluences from GRBs, by considering the wealth of information accumulated
so far thanks to the many astronomical observations, rather than assuming some fixed standard
values that do not correctly reproduce the properties of the source sample. Contextually, the
different uncertainties due to the poor knowledge of the source dynamics are taken into account and
propagated on the produced neutrino spectrum, with the aim of providing a clear understanding of
the assumptions and limitations behind the set upper limits.

2. GRB selection and parameters

In order to reduce the very abundant background coming from atmospheric muons, up-going
track-like events are used in this analysis, hence only GRBs arisen below the ANTARES horizon at
trigger time have been selected.
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Figure 1: Sky distribution and fluence of the selected 784 GRBs in equatorial coordinates.

A sample of 784 long GRBs (Tgg > 2 s)!, occurred in the years 2007-2017, is considered in
the present analysis (their spatial distribution in the equatorial sky is shown in Fig. 1).

The GRB parameters needed for the search (time, direction) and the simulation of expected
neutrino fluxes, e.g. photon spectrum, fluence and redshift, are collected from published results of
Swift?, Fermi?® and Konus-Wind#. For more details regarding the selection criteria see [10].

3. Computation of the neutrino flux from internal shocks and its uncertainties

The neutrino fluxes expected for each GRB of the sample have been computed by the event
generator ‘Neutrinos from Cosmic Accelerator’ (NeuCosmA) [12, 13], which operates within the
framework of the fireball model [14], namely the most commonly accepted scenario to explain the
physics of GRBs. In such a model, mesons can be produced during photo-hadronic interactions
occurring in the internal shocks between shells emitted by the central engine; from their decays,
high-energy gamma rays and neutrinos are expected to be generated. These processes constitute
the so-called prompt phase of the emission. Nonetheless, if GRBs were purely leptonic sources,
the observed radiation would be completely ascribed to processes involving primary electrons, such
that there would be no possibility to produce neutrinos in these sources.

The neutrino fluxes computed with NeuCosmA are normalised through several quantities,
including the intensity of the photon flux and the ratio between the fireball energy going into
protons with respect to that going into electrons, the so-called baryonic loading, f,. Note that
the latter parameter is an unknown of the problem, possibly constrained by neutrino observations.
From the theoretical point of view, a reasonable value for it could be f, =~ 10 [13], which will
be considered fixed for each GRB of this analysis. The adopted version of NeuCosmA assumes a
one-zone collision, namely it simulates average shell properties, such as an average shock speed or
Lorentz factor I (i.e. the bulk Lorentz factor of the jet). A single representative collision is realised

1Ty is the time in which 90% of the gamma-ray fluence is emitted, during the so-called prompt phase.

2Swift catalogue in https://swift.gsfc.nasa.gov/archive/grb_table/

3Fermi-GBM in https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html. Fermi-LAT in [11].

4Konus-Wind information is only available through the GCN archive: http://gcn.gsfc.nasa.gov/gcn3_
archive.html
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Figure 2: Distribution of minimum variability timescales obtained analysing 1213 GRB light curves [16—
18]. The solid red line indicates the Gaussian fit of the distribution. The dashed red line is the mean of the
distribution, from which a mean value of #, = 0.5 s is obtained. The dashed green lines indicate the standard

deviation of the distribution. The dashed blue indicates the default value #, = 10 ms, previously adopted e.g.
in [5] and [9].

at the so-called internal shock radius, located at a distance
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from the central emitter. Note that the internal shock radius strongly affects the characteristic

energy range of emitted neutrinos, while simultaneously scaling the normalisation of the neutrino
spectrum. In addition, as Eq. (1) shows, it depends on some intrinsic parameters of the emission
regions, like the boost Lorentz factor I, and the minimum variability timescale t,, and it also
requires the knowledge of redshift of sources. All these parameters are difficult to determine, since
the former cannot reliably be figured out on a source-by-source basis and, regarding the latter,
the host galaxy of the GRB can often fail to be identified by the multi-wavelength follow-up. To
overcome such uncertainties, instead of using default benchmark values, a novel technique that
allows to infer them is here presented. In particular, for the Lorentz factor, its correlation with the
mean isotropic gamma-ray luminosity L, 5o, as found by [15] is used:
0.30
Sy ) : e)

I'=249 | ——"—+
(1052 erg/s

However, the application of this method is not free from uncertainties, as the isotropic luminosity is
also often unknown, given that it requires the knowledge of the redshift (because of the luminosity
distance dp = dp(z)). As redshift is only known in 11% of the cases, a method accounting for
the observed redshift distribution of long GRBs was applied in order to estimate respectively i) the
Iuminosity distance, ii) the isotropic gamma-ray luminosity and iii) the bulk Lorentz factor, for each
GRB in the selected sample. Specifically, 1000 random extractions of the z value are performed
for GRBs with unknown z, according to the redshift distribution of long GRBs, as observed by
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Swift since 2005 until now >. A similar procedure of random extraction according to a known
distribution of values is adopted for the minimum variability timescale #,, that is known only in the
33% of the cases. For this reason, a distribution of estimated values of ¢, for long GRBs is built,
as shown in Fig. 2 [16-18]. Hence, by using the extracted values of z and #,, 1000 fluxes for each
GRB (for which z and/or ¢, are unknown) are simulated, in order to estimate the average neutrino
fluence expected from each GRB, and its uncertainty obtained by spanning the unknown parameter
values over their allowed ranges. The method allows also to investigate how these uncertainties
affect the neutrino spectra and to identify the parameter that contributes the most. As the neutrino
flux is expected to be extremely sensitive to the Lorentz factor [19], a treatment of the additional
systematics associated with adopting a different method for deriving I" (e.g. [20]) is also presented
in [10].

As result of such a procedure, it has been observed that (i) I" is the parameter which impacts
the most the GRB-neutrino flux predictions, (ii) #, contributes more than redshift to the uncertainty
on the neutrino flux predictions from GRBs. Indeed, when letting ¢, free to vary, the estimated
uncertainty on the neutrino flux expected from the model spans up to several orders of magnitude.

4. Stacked muon neutrino fluence from 784 GRBs

By summing over all the individual neutrino fluences, the total fluence E%,” F,, + 20 expected
from the cumulative contribution of the selected 784 GRBs in the period 2007-2017 is calculated
(see Fig. 3). The quasi-diffuse neutrino flux E?,# ¢y, + 20 induced by the same sources is shown too;
it is obtained by rescaling the total fluence with the average expected rate of long GRBs distributed
over the full sky, following previous analogous studies [5, 7-9].
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Figure 3: Total neutrino fluence E%,” F,, expected from the 784 GRBs in the sample selected in the period
2007-2017 (left-hand axis) and corresponding quasi-diffuse neutrino flux E%,H ¢y, (right-hand axis). The
shaded region indicates the error band, obtained from the sum of the individual maximum (E%,H F,, +20)
and minimum (E‘z,# F,, - 207) fluences for each GRB in the sample.

5The introduction of such a distribution in the analysis does not introduce any bias, as it can be shown that the Swift
z-distribution is representative of the entire sample of long GRBs detected by any instrument from 1997 until today.
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5. Signal and background estimation

For each source in the sample, a Monte Carlo (MC) simulation of the expected neutrino signal
is performed, while the respective background is estimated directly from off-source data collected
by ANTARES. Only track-like events reconstructed within 10° in radius from the expected GRB
position and in temporal correlation with the duration of the prompt gamma-ray emission are
selected, namely those falling within a search time window around the GRB occurrence (Tsearch ~
Tyg). Both in signal and background estimations, the different environmental conditions in the deep
sea and the variation of data-taking efficiency are taken into account, as explained in more details
in [10].

6. Analysis method

The statistical analysis is built in order to maximise the chance of signal detection based on
the internal shock model: a comparison between the expected signal and background probability
density functions is needed in order to discriminate between both. This is achieved by considering
respectively MC reconstructed track events from both v,-v, charged current interactions and
hadronic showers for signal, while data are adopted for the latter. A strategy based on pseudo-
experiments, simulating with high statistics a measurement’s result, and on the optimisation of
the cut on the track reconstruction quality maximising the Model Discovery Potential (MDP), is
implemented. See [10] for further details.

7. Results and conclusion of the stacking analysis

ANTARES data from the end of 2007 to 2017 are analysed accordingly to the results of the
optimisation procedure, searching for neutrino events in spatial and temporal coincidence with the
prompt phase of GRBs. The optimal number of GRBs to stack was obtained, yielding the highest
MDP at 30. Nonetheless, as a negligible reduction of the MDP3;, would have been obtained
when stacking the entire catalogue, the flux from the whole sample of 784 GRBs was investigated,
corresponding to a MDP3, = 0.03’:%'_ %)é and a number of signal events ng(Ngrp = 784) = 0.03’:%'_ (1)2.
After unblinding ANTARES data, no event was found in spatial and temporal coincidence with the
GRB sample to pass the selection criteria, for an equivalent livetime of the search of 18.9 hours. The
absence of signal allows to derive 90% confidence level (CL) upper limits on the computed neutrino
fluence, which read as 1.3%:;; x 1072 GeV cm~2 and 0.8‘:%% x 107! GeV cm™2, corresponding to
1.3t%.‘é x 1072 GeV cm™2 57! sr7! and 1.0i%‘_2 x 1078 GeV cm=2 s7! sr7!, respectively, in terms of
quasi-diffuse flux E%H ¢y, in the energy range from ~ 60 TeV to ~ 10 PeV. The quasi-diffuse expected
flux and corresponding upper limit, as calculated from the mean expected fluence, are shown in
Fig. 4(a) and compared to previous ANTARES limits [5]. The results are also compared with the
latest IceCube all-sky search [9], where no statistically significant signal from GRBs was found.
Finally, the expected quasi-diffuse neutrino flux from the selected 784 GRBs and the corresponding
upper limit are compared, in Fig. 4(b), with the diffuse astrophysical flux observed by IceCube
[21, 22]. From such a comparison, it is possible to conclude that, within standard assumptions
of energy partition among accelerated hadrons, leptons and magnetic fields (i.e. baryonic loading
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Figure 4: (a) Comparison between the ANTARES 90% CL upper limit (red dashed line) with respect to
the expected quasi-diffuse flux for 784 GRBs (red solid line) and the previous ANTARES 90% CL upper
limit (green dashed line) [5]. The solid blue line represents the quasi-diffuse flux expected from 1172 GRBs
analysed by IceCube, while the dash-dotted blue line shows the corresponding IceCube 90% CL upper limit
[9]. (b) GRB quasi-diffuse flux expected for the 784 selected GRBs (red solid line) and the corresponding
ANTARES 90% CL upper limit (dashed red line). The red shaded regions show the uncertainty around the
GRB quasi-diffuse flux, as in Fig. 3, and also around the computed upper limit. IceCube best fits for v,
tracks in 10 years [21] and for HESE events in 7.5 years of collected data [22] are shown in blue and green,
respectively.

equal to 10), GRBs are not the main sources of the astrophysical neutrino flux, possibly contributing
less than 10% at energies around 100 TeV. This result confirms previous searches performed by
IceCube [7-9]. Consequently, the parameter space still allowed to the internal shock model is
characterised by sizeably smaller baryonic loading of GRB jets.
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