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Detection prospects for multi-GeV neutrinos from collisionally heated GRBs
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Neutrinos with energies ranging from GeV to sub-TeV are expected to be produced in gamma-ray bursts
(GRBs) as a result of the dissipation of the jet kinetic energy through nuclear collisions occurring around or
below the photosphere, where the jet is still optically thick to high-energy radiation. So far, the neutrino
emission from the “inelastic collisional model” in GRBs has been poorly investigated from the
experimental point of view. In the present work, we discuss prospects for identifying neutrinos produced
in such collisionally heated GRBs with the large volume neutrino telescopes KM3NeT and IceCube,
including their low-energy extensions, KM3NeT/ORCA and DeepCore, respectively. To this aim, we
evaluate the detection sensitivity for neutrinos from both individual and stacked GRBs, exploring bulk
Lorentz factor values ranging from 100 to 600. As a result of our analysis, individual searches appear
feasible only for extreme sources, characterized by gamma-ray fluence values at the level of
F, > 1072 ergcm™2. In turn, it is possible to detect a significant flux of neutrinos from a stacking sample
of ~900 long GRBs (that could be detected by current gamma-ray satellites in about five years) already
with DeepCore and KM3NeT/ORCA. The detection sensitivity increases with the inclusion of data from

the high-energy telescopes, IceCube and KM3NeT/ARCA, respectively.
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I. INTRODUCTION

Gamma-ray bursts (GRBs) are the most luminous
astrophysical phenomena currently observed in the
Universe. They appear with a rate of the order of few
per day, at random locations in the sky [1-3]. The released
energy amounts up to ~10%* erg [4,5] in a time lasting from
a fraction of a second to several thousands of seconds.
Since their serendipitous discovery in the late 1960s [6],
gamma-ray satellites have been detecting the so-called
GRB prompt radiation, a nonthermal high-energy emission
characterized by a gamma-ray energy flux peaking at few
hundreds keV in the observer frame and that occasionally
extends in a long tail up to the GeV band [7]. When
broadband data are available, a typical GRB spectrum,
dN/dE, can be fitted between ~10 and 10* keV by two
smoothly connected power laws, also known as the Band
function [1], with typical low and high-energy spectral
slopes @ ~ —1.0 and f ~ —2.5, respectively.

The origin of the emission mechanism powering GRBs
has been object of active debates since the early days of
their discovery. The commonly accepted picture is the so-
called fireball model [8], where a mildly relativistic outflow
is launched by the compact central engine, most likely a
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newly formed black hole [7]. Substantial efforts have been
made to model the jet outflow dynamics and the subsequent
radiative processes, giving rise to a variety of scenarios,
such as internal shocks [8,9], dissipative photospheres [10],
and magnetic reconnection phenomena occurring above the
photosphere [11-14].

Internal shock models are particularly suited for the
description of the prompt emission: the powerful and
collimated jet produced in the explosion converts a fraction
of its kinetic energy into internal energy through shocks
occurring among nonuniform shells characterized by differ-
ent Lorentz factor values [15], at a typical distance of
10" cm from the central engine [16]. Part of the energy
that gets dissipated at the shocks is expected to be
converted into nonthermal particles, through the acceler-
ation of hadrons and leptons, that hence radiate via
synchrotron and inverse Compton (IC). In spite of its
ability to explain most of the high-energy properties of the
prompt emission phase, including time variability and
energetics, some of the observed GRB spectra appear in
conflict with this scenario. Indeed, the synchrotron model
predicts GRB spectra with a ~ —1.5, while the fitted values
are often significantly harder. For example long GRBs
(LGRBs), characterized by a gamma-ray duration longer
than 2 seconds, show on average a ~ —1.0 [17-21]. Some
GRBs are even showing spectra beyond the so-called
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synchrotron line-of-death (i.e., a > —2/3) [22], especially
short GRBs (SGRBs) with observed gamma-ray duration
shorter than 2 seconds [23,24].

The inconsistencies between the synchrotron model and
the observations have revived photospheric models, where
the emission takes place closer to the photosphere of the jet.
Actually, the photospheric emission is a natural conse-
quence of the fireball model, the fireball being an optically
thick expanding plasma made of particles and photons [8].
Photospheric emission from highly relativistic outflows
was earlier considered as an explanation for the prompt
emission of GRBs [25,26]. However, these models did not
have a significant impact for many years, as the observed
GRB spectra appeared to be nonthermal since their very
first observations. In photospheric models, the emission is
expected to be constituted by a freely expanding radiation-
dominated outflow with a thermal spectrum (Planck-like)
peaked at ~1 MeV in the observer frame. Thus, to explain
the observed nonthermal emission, the photospheric com-
ponent was proposed either to be reprocessed into a
nonthermal emission arising from optically thin regions
(e.g., [27]) or to be the result of projection effects. In the
former case, several mechanisms have been suggested to
operate below the photosphere, e.g., kinetic energy dis-
sipation due to shocks [28-30], collisional processes
[31,32], or magnetic energy dissipation due to field line
reconnection [33-36]. In the geometrical interpretation, in
turn, the observed emission would result in a superposition
of spectra generated by photons emitted from a vast range
of radii and angles which are detected simultaneously,
rendering the inferred photosphere location angle depen-
dent [37,38]. Overall, it appears clear that radiation
produced at this stage is an unavoidable component in
GRB emission.

The first clear observation of a narrow thermal compo-
nent in a GRB spectrum occurred in 2009, within the bright
long GRB 090902B, detected by the Gamma-ray Burst
Monitor (GBM) and Large Area Telescope instruments
onboard the Fermi observatory [39]. A time-resolved
spectral analysis of such bursts revealed an initial peaked
component, with a spectral shape resembling the Planck
function, interpreted as a clear sign of photospheric origin,
followed by a later broadening of the spectrum described
by a Band function with @ = —0.6 [30]. This would suggest
that the photospheric emission lasts during the whole burst
duration, with the contribution of an additional component
making the spectrum nonthermal. This picture has been
corroborated by the discovery of other GRBs with a
nonthermal spectrum overlapping the thermal one, e.g.,
GRB 100724B [40] and GRB 110721A [41]. Given the
complexity of the emission observed from the prompt
phase of GRBs, both in terms of spectral and temporal
features, it is likely that different radiative stages occur. A
key issue that still remains to be addresses is to which
extent photospheric emission has to be complemented by

additional processes and how to identify these different
spectral components from observations.

In the present work, we investigate the so-called inelastic
collisional model [31], where a baryonic jet gets signifi-
cantly heated as it propagates away from the central engine
because of inelastic pn collisions among a proton compo-
nent and a slower neutron one, taking place in the
subphotospheric region of the jet. These collisions, besides
being responsible for energy dissipation, are also expected
to originate neutrinos in the multi-GeV energy range
[42—47]. On the other hand, internal shock models predict
the existence of TeV-PeV neutrinos as a result of py
interactions among shock accelerated protons and the
radiation field located in the optically thin region of the
jet [8,16,48-51]. Hence, if neutrinos were revealed in
coincidence with a GRB, they would allow to discriminate
among the leptonic and hadronic nature of radiation;
additionally, the measurement of their characteristic energy
could be the key to identify the origin of the GRB prompt
radiation (e.g., internal shocks vs photospheric emission).
Thus, it is crucial to investigate neutrino emissions in a
broad energy range. To date, temporal and spatial associ-
ations among GRBs and neutrinos have only been searched
for in the high-energy domain, mostly because the large
volume neutrino telescopes operating during the last years,
IceCube [52] and ANTARES [53] (which was recently shut
off), were designed to be mainly sensitive to TeV-PeV
neutrinos. So far, these searches have not found any y — v
association (refer to [54-56] for ANTARES analyses and
[57,58] for the IceCube ones). Thus, after about 50 years
from the discovery of GRBs, the lack of y — v associations
still prevents us from undoubtedly establishing the mecha-
nism responsible for the GRB prompt emission.

Low-energy neutrinos produced in collisionally heated
GRBs, i.e., those explained by the inelastic collisional
photospheric model, might contribute to solve the puzzle.
Some investigations in this direction have lead to the
theoretical calculations of detection prospects of such
neutrinos with IceCube [52], the South Pole neutrino
observatory, and its low-energy extension, namely
DeepCore [59], sensitive to neutrinos with energies as
low as E, ~ 10 GeV. From a sample of bursts observed by
BATSE [3], predictions estimated a non-negligible chance
for detecting 10-100 GeV neutrinos in 5-10 years by using
combined IceCube and DeepCore data [46]. Other authors
[47] showed that few neutrino-induced events can be
detected by analyzing ~1000-2000 GRBs stacked in a
decade. Motivated by this, a first all-flavor search for
transient emission of 1-100 GeV neutrinos was carried out
using three years of data collected by the IceCube-
DeepCore detectors. No significant emission was found
in this sample, and upper limits on the expected volumetric
rate of the transient neutrino sources were obtained, by
assuming neutrino spectra consistent with the subphoto-
spheric emission [60,61]. However, it is worth noting that
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this analysis is time dependent and it only refers to
individual GRBs characterized by a duration up to approx-
imately 600 s, a mean neutrino energy of 100 GeV, and a
bolometric energy of 10°% erg. Recently, an extension of
this analysis has been presented [61].

We investigate here for the first time about the possi-
bility to reveal multi-GeV neutrinos from collisionally
heated GRBs with the new generation neutrino telescope,
KM3NeT [62], currently under construction at two sites in
the depth of the Mediterranean Sea. This detector will be
sensitive to neutrinos down to few GeV energies thanks to
the denser and compact array named KM3NeT/ORCA. We
consider both individual and stacked searches on LGRBs
and SGRBs, additionally exploring different bulk Lorentz
factor values, ranging from low-luminous GRBs (i.e., those
with I' ~ 100) to high-luminous ones (I" ~ 600).

The paper is structured as it follows. In Sec. II we present
the inelastic collisional model, detailing the gamma-ray
production expected within such framework, as well as the
spectral properties of the predicted neutrino fluxes. In Sec. III
we describe the effective areas of neutrino detectors able to
investigate the model predictions, both the currently operative
ones and those under construction, focusing on the low-
energy extensions for which we derived analytical para-
metrizations. In Sec. IV, we discuss the neutrino signal and
background characteristics, focusing on those parameters that
are crucial for clearly assessing GRB-neutrino detections.

Afterwards, in Sec. V, we derive detector sensitivities
with respect to both individual and stacking GRB-neutrino
searches, the latter spanning over a GRB sample expected
to be collected by the operative gamma-ray satellites in
about five years. Finally, we discuss our results in Sec. VI.

II. GAMMA-RAY AND NEUTRINO PRODUCTION
IN THE GRB INELASTIC COLLISIONAL MODEL

The basic assumptions of the inelastic collisional model
considered in this work [31,42,63] are (i) the presence of a
dense, hot, and neutron-rich central engine [42,64] and
(ii) a nonmagnetized baryonic jet (see [32] for an extension
of the model including also a magnetized jet). These two
requirements are not far from being realized since GRB jets
are possibly produced by hydrodynamic processes taking
place in the accretion disk around a black hole or a neutron
star, and the dissociation of nuclei by gamma-ray photons
in the inner regions of the disk could produce free neutrons
[7]. Initially, neutrons and protons accelerate as a single
fluid because of frequent nuclear collisions, while at a
later expansion stage the jet evolves into the two-fluid or
compound state: a slower neutron component with Lorentz
factor I',, is embedded in a faster proton flow with I > T,,.
This compound flow develops when the timescale for
pn collisions becomes longer than the jet expansion time,
at radius R, [42-44,64]. The jet becomes transparent to
radiation at the photosphere [Ry, ~ (10 —20)R,], where
the thermal emission is effective, as modified by the

subphotospheric collisional process. Such a heating mecha-
nism, which is realized in the region of the jet between R,
and Ry, injects energy into electron-positron pairs via two
branches occurring at comparable heating rates: (i) electrons
are heated by Coulomb collisions with protons and con-
sequently radiate and (ii) inelastic pn collisions. As a result,
nuclear and Coulomb collisions in GRB jets create a hot
e™ plasma, that radiates its energy producing an escaping
radiation with a well-defined spectrum. In the follow-
ing, we will focus on inelastic nuclear collisions, as this
channel is responsible for neutrino production within the
photosphere.

A. Inelastic nuclear collisions

The region between R, and Ry, is characterized by
inelastic nuclear collisions between protons and neutrons,
significantly affecting the jet dynamics (subphotospheric
collisional heating), namely

{p+nﬁp+p+f
p+tn—on+n+nat

as well as
p+rp—-ptntat
p+p—-p+p+a . (2)
n+n—->p+n+na

The rate of pn collisions per unit volume is given by [31]
N = nn, Iy oc. (3)

where 6 = 3 x 1072 c¢cm? [7] is the nuclear cross section, n
and n, are, respectively, the proton and neutron number
densities, ¢ is the speed of light in vacuum, and I, is the
relative Lorentz factor of the neutron and proton compo-
nent of the jet, i.e.,

1/T T r
M= — ")~ 4
) (rn + r) 2T, )

with ' > T,. Each collision between protons and neutrons
dissipates a fraction of kinetic energy, and quasithermal
nucleons are produced with E{ =~k gm,c? in the
comoving frame of the interacting flow.! Here k, ~ 0.5
is the nucleon inelasticity (i.e., the ratio between the
inelastic and the total interaction cross section) [47], and
m,, the proton mass. A comparable amount of energy
converts to mildly relativistic pions. Charged pions
immediately decay into muons (in 26 ns), in turn unstable
towards the production of electron/positron pairs:

'Neutrons that survive these collisions travel to larger dis-
tances before decaying, possibly affecting the afterglow radiation
from GRBs [65].
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= pF /0, > e +u,/0,. (5)

In addition, from the neutral pion decay, high-energy
gamma rays are produced, that quickly convert to e™:

R e (6)

Such e* pairs, together with the ones produced by the
aforementioned Coulomb collisions, can either up-scatter
the thermal photons produced at the jet launch site to higher
energies (via IC) and/or radiate via synchrotron emission,
modifying the radiation spectrum and thus introducing a
nonthermal component. The photon spectrum emitted by a
collisionally heated jet was first derived by [31] through
accurate Monte Carlo simulations of the radiative transfer
in the expanding jet. The resulting GRB spectra were
shown to peak at ~1 MeV and to extend at higher energies
with a photon index f# ~ —2.5, well reproducing the prompt
observations [1,22].

B. Neutrino production at the source

From hadronic collisions in the subphotospheric region
of GRB jets, neutrinos are also produced [see Eq. (5)].
Charged pions on average carry 2/3 of the energy trans-
ferred by the protons in hadronic nuclear pn collisions. By
considering that neutrinos take ~3/4 of 7z energy, we can
evaluate the average fraction of pion energy that is given to
neutrinos, f,, as

3
Py )

Neutrinos therefore carry away a significant fraction of the
energy By g5 dissipated in inelastic nuclear collisions,
where the subscript s refers to the source rest frame, which
is related to the comoving one through the Lorentz boost
E, =T'E.. The corresponding energy of the neutrino burst
(which does not suffer any adiabatic cooling) is

1
E = quk,diss,s = EEk,diss.S' (8)

Therefore, the energy channeled into radiation produced by
the GRB jet is the remaining

/
EY,S = fad(] - fv)Ek,diss,s ~ TadEk,diss,s: (9)

where f,q < 1 describes the reduction in radiation energy
due to adiabatic cooling in the expanding opaque jet below
the photosphere.

Hence, the ratio among the neutrino and the radiation
burst energies (or their isotropic equivalents) is given by

E, EX 1
Ey,s E;/S(s) f ad

(10)

w =

Assuming that half of the energy is dissipated in the
adiabatic expansion (i.e., f,q = 0.5), we expect

E,, = 2E,, — Ei = 2B (11)

By defining the ratio &y among the energy dissipated in
inelastic nuclear collisions and the gamma-ray energy
produced in the GRB jet as

5 - Elif,?jiss.s (12)
N —E;,ng )

the benchmark scenario with f,4 = 0.5 would imply
&y =4 [see Eq. (9)].

In the present work, we consider only muon neutrino
(and the corresponding antineutrino) emissions, since their
interactions in charged current with nucleons inside large
volume neutrino telescopes are well identified, resulting in
long muon tracks. By considering the energy carried by v,
and v, only, Eq. (11) can be written as

. 2 .
B, ~ 5B (13)

Thus, the energy going in muon neutrinos is estimated to be
~67% of the gamma-ray energy. Such a linear scaling
implies that the absolute gamma-ray energy and the model
parameter &y in Eq. (12) are crucial, as they influence the
neutrino spectral normalization [47].

The energy of the emitted neutrinos is a function of the
Lorentz factor of the jet, I, and of the relative Lorentz
factor of the proton and neutron components [given in
Eq. (4)], through [31,45-47]

r 1—‘rel
ED ~0.1T" Frelmpcz - El/ ~ 100 GeV (%) (7) . (14)

This relation implies an average expected neutrino energy
of E, ~10-100 GeV for Lorentz factors I' ~ 100-1000.
Therefore, measuring the neutrino energy would provide a
direct handle on the Lorentz factor of the jet, which is a key
in resolving GRB dynamics.

The neutrino spectra arising from subphotospheric colli-
sionally heated model are quasithermal, hence their shape
is bell-like. The exact details of neutrino spectra have been
obtained with detailed Monte Carlo simulations including
cooling processes of secondary mesons and leptons (had-
ronic losses, radiative cooling and adiabatic expansion) by
[47]. The resulting spectra are further discussed in Sec. V.

083023-4



DETECTION PROSPECTS FOR MULTI-GeV NEUTRINOS FROM ...

PHYS. REV. D 105, 083023 (2022)

III. CURRENT AND FUTURE LOW-ENERGY
NEUTRINO DETECTORS

The search for multi-GeV neutrinos from GRBs with
Cherenkov telescopes needs a compact arrays of 3D
photomultiplier sensors, in order to detect the Cherenkov
light induced by the propagation of the relativistic particles
produced in neutrino interactions.

The IceCube observatory, operating at the South Pole, is
complemented by DeepCore [59], an array characterized by
a higher concentration of digital optical modules (DOMs),
optimized for the detection of neutrinos with energies down
to 10 GeV. DeepCore is constituted by 15 strings located in
aradius of 125 m at a depth from ~2100 to ~2450 m in the
ice. Eight strings are very close to the bottom center of
IceCube, with a DOM-to-DOM vertical spacing varying
between 7 and 17 m. The DeepCore detector is operational
since about 10 years. A low-energy in-fill extension to
IceCube has also been proposed, named PINGU [66], that
will be characterized by an effective mass of about 6 Mton
for neutrino energies above few GeV. So far, no public
effective area is available for PINGU, thus it will not be
considered in the following estimations.

Currently, another low-energy neutrino detector is
under construction in the Northern hemisphere, off the
Mediterranean France coast at about 2450 m depth, namely
the KM3NeT/ORCA neutrino telescope. Its optical modules
are being arranged in the dense configuration required for
detecting events with energies as low as few GeV. This range
is three orders of magnitude lower that the typical energy
scale probed by the high-energy detector KM3NeT/ARCA
(currently under construction offshore Sicily, in Italy),
designed for neutrino astroparticle physics studies [62]. At
the time of writing, KM3NeT/ORCA is taking data with ten
strings, with an average horizontal spacing between strings of
about 20 m and a vertical spacing between DOMs of about
9 m [62,67,68]. Once completed, KM3NeT/ORCA will
consist of 115 strings, arranged in a circular footprint with a
radius of about 115 m.

The primary goal of low-energy neutrino detectors is to
unveil the intrinsic properties of neutrinos, as the mass
hierarchy, by investigating neutrino oscillation studies in
the atmospheric sector. Still, the low energy domain offers
interesting possibilities for exploring astrophysical science
cases, e.g., the collisional heating mechanism powering the
GRB prompt emission presented above. Hence we proceed
by investigating the KM3NeT/ORCA and DeepCore
performances in the context of multi-GeV GRB analyses.
The following part of the current section presents an
analytical parametrization of the detector effective areas,
while the next section details about the expected back-
ground rate in each detector.

A. Detector effective areas

The present study is performed by considering instru-
ment response functions of each detector at trigger level: in

— AX*P"°(E,,) ~ 15(E,,/100GeV) bcm?

Agsr [cm?]

100.

10 20 30 40 50 60 70 80 90 100

E,, [GeV]
FIG. 1. DeepCore effective area at trigger level for neutrino
energies between ~10 and 100 GeV. Black points represent

published values from the IceCube Collaboration [59], while the
red solid line shows the best fit obtained with Eq. (16).

particular, effective areas for v, + 7, events in IceCube-
DeepCore and KM3NeT/ORCA-KM3NeT/ARCA are
taken by [59] and [62], respectively, accordingly with
the actual detector configurations. Note that the KM3NeT/
ORCA effective area at trigger level is not directly available
from literature, but it can be obtained by knowing its
effective volume V¢ towards muon neutrino events, which
has been published for the complete detector configuration
up to energies of ~20 GeV [62]. By defining the muon
neutrino charged current cross section o,cc (E), the medium

density p (i.e., the water density at KM3NeT/ORCA site),
and the Avogadro constant N4, we derived the KM3NeT/
ORCA effective area as

Aeff<E) = auﬁc (E>pNAchf (E) . (15)

Since our GRB-v flux evaluation requires values up to
~1 TeV, we further extrapolate the KM3NeT/ORCA
effective area behavior at higher energies than available
by using the same energy dependence as in DeepCore.2
A best fit procedure to the DeepCore effective area
results in

E
ADeepCore E -15 vy
et (E) 100 GeV

1.6

) cm?,  (16)
as shown in Fig. 1. Hence, we expect the KM3NeT/ORCA
effective area at trigger level to correspond in the energy
range 10-100 GeV to (see Fig. 2)

E
AENE,) =12 (15 ey

1.6
2
IOOGeV) em”. (17)

*This assumption can be considered valid as both detectors are
characterized by a dense configuration of optical modules.
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ASEA(E) = 0yee(E)pNAVert(E)
ACA(E) = 12(E,,/100 GeV)L cm?
JR— Alelfe;epCore(E)
& 101
IS
S
%
<
10°/
20 40 60 80 100
E, [GeV]

FIG. 2. KM3NeT/ORCA effective area at trigger level for
neutrino energies between ~10 and 100 GeV (orange line) as
compared to the DeepCore effective area (red line). The orange
solid line, extending up to ~20 GeV, shows the computation
resulting from Eq. (15), namely starting from the detector
effective volume Vi (E) [69]. In turn, the orange dashed line
ED” > 20 GeV represents its extrapolation, by adopting the same

energy dependence as in DeepCore.

These parametrizations show that DeepCore and
KM3NeT/ORCA are expected to have comparable per-
formances. Note that performances at trigger level are
the highest possibly achievable by experiments, later
reduced by the efficiency of the event selection at analysis
level. However, since none of the detectors under inves-
tigation has yet implemented any analysis tailored at identi-
fying low-energy neutrinos from cataloged GRBs, we will
conservatively adopt the trigger level performances in the
following, in the forms of Egs. (16) and (17). Note also that
triggering strategies are subject to change: e.g., recently, a
new approach has been developed for KM3NeT/ORCA
[68,69], which is expected to increase the trigger efficiency
in the few GeV neutrino energy range with respect to the
case here considered.

IV. SIGNAL AND BACKGROUND ESTIMATION
FOR GRB-NEUTRINO DETECTIONS

Quantitative estimations concerning detection prospects
of low-energy neutrinos emerging from collisionally heated
GRBs with current (DeepCore and IceCube) and under
construction (KM3NeT/ORCA and KM3NeT/ARCA)
neutrino telescopes are here presented. As at multi-GeV
energies the atmospheric background is severely limiting
the identification of cosmic signals, in this search we will
consider only upward going neutrinos. Indeed, Earth-
filtered events allow us to reduce significantly the atmos-
pheric muon background. Additionally, we will consider
only events due to v, charged current (CC) interactions: the
muon originated in such interactions indeed results into a
long track that allows to define with good accuracy the
direction of the incoming neutrino. In turn, a worse direc-
tional reconstruction is expected for showerlike events, e.g.,

those originated by v, and v, CC interaction channels, as
well as by all flavor neutral current interactions. The
addition of this event topology in the present work would
require to extend the search cone around each source
(particularly for large values of I', see Sec. V), implying
a higher background level affecting the analysis, while at
the same time allowing to probe the entirety of the neutrino
flux reaching Earth. The exact balance among these two
effects deserves a detailed investigation, that we defer to a
future work because instrumental performances at such low
energies are currently not available for all neutrino tele-
scopes under exam.

For the purposes of this analysis, synthetic GRB char-
acteristics are considered: in particular, as we aim at
evaluating the neutrino flux expected on Earth from a
GRB population powered by the collisional heating mecha-
nism, we define a source sample reflecting the observed
properties of the population. Therefore, by collecting
satellite’s published data, we built distributions of several
quantities, as the time interval over which a burst emits
from 5% of its total measured gamma-ray emission to 95%
(also known as Tyy), and the gamma-ray fluence F,, that
are key parameters for the background and signal estima-
tion, respectively. Under the hypotheses of the inelastic
collisional model (explained in Sec. II), the neutrino signal
would be produced in spatial and temporal coincidence
with the prompt phase of GRBs. For this reason we
conservatively define a temporal search window around
each burst as wide as Ty = 0.37 .

The neutrino spectra produced in collisionally heated
GRBs are taken from [47] under the following assump-
tions: (i) the neutrino and electromagnetic emission is
released at the photosphere (i.e., at Ry;), where the optical
depth for the pn reactions is close to unity; (ii) the relative
Lorentz factor between the proton and the neutron compo-
nentis [, = 3 [["~6I,, see Eq. (4)]; and (iii) the fraction
of gamma-ray energy dissipated in nuclear collision is
&N = 4. Note that I'; influences the characteristic energy
of emitted neutrinos, which scales as I',y/2 [Eq. (14)],
namely a faster proton flow inside the jet would imply a
higher value for the peak of neutrino spectra. In particular,
with respect to the reference case with I',;; = 3, a proton
flow with I' ~ 20I",, gives a typical neutrino energy higher
by a factor ~3 once the jet Lorentz factor I is fixed. In turn,
&n, in Eq. (12), influences the neutrino fluence normali-
zation, since it is related to the ratio among neutrino and
gamma-ray energies, as demonstrated in Sec. 11 B. The
inelastic collisional model predicts at most &y ~ 20 [47],
which corresponds to f,4 ~ 0.1 [see Egs. (9) and (12)]. In
such a case, the neutrino fluence normalization would rise
by a factor of 5 with respect to the benchmark case here
considered, thus increasing the expected GRB-emissivity
rate of neutrinos. While the spectral details of emission, and
hence the expected number of events in neutrino telescopes,
might depend on the specific values of the model param-
eters assumed, the results of the neutrino sensitivity
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computation presented in the following are quite stable
against reasonable variations of these parameters, i.e., 4 <
&y <20 and 3 < Ty < 10. In fact, the sensitivity is rather
dominated by the large variety of the GRB population in
terms of temporal and spectral properties (namely 7’9y and
F,, that affect, respectively, the number of background and
signal events).

The observed neutrino fluence produced in collisionally
heated GRBs from a source at redshift z is

1+z2 dN
F —— | dE| E— , 18
”°‘4ndi<z>/ ( dE) (18)

where d; (z) is the luminosity distance of the source and the

factor 4”1(1% takes into account the cosmological distance
HE

of the source and the dilution of the neutrino energy flux
from the source to Earth. It is also worth noting that,
as subphotospheric gamma rays constitute the prompt
emission, the neutrino fluence is proportional to the
observed gamma-ray fluence through Eq. (13), namely
F,~F,. To define the GRB of the sample of our simu-
lation, we extracted for each source the spectral parameters
F, and Ty in accordance with Fermi-GBM distributions.’
The extracted values are only accepted if their ratio falls
into the observed distribution of F,/Ty,. Such a selection
was performed in order to ensure that the simulated GRB
sample only contains physical sources, i.e., bursts with
values of the ratio F', /Ty, compatible with observed GRBs,
given that this parameter is a key in the determination of the
isotropic gamma-ray luminosity in the observer frame,

L, iso = 4md; (2) TF—9’0 Note however that fixing the value of

F,/Tqy actually implies that each GRB of the sample is
degenerate in L, j, and z (through the luminosity distance),
since different combinations of these quantities might
yield the same value of F,/Tq,. This method was applied
to SGRBs and LGRBs, separately, as to correctly character-
ize the two different populations. To obtain the muon
neutrino spectrum characteristic of each GRB of the
sample, we considered as reference model the neutrino
production simulation presented in [47]. This refers to a
high-luminous GRB with bolometric (i.e., E; =1 keV
and E, = 10 MeV) isotropic gamma-ray energy E, ;,, =
10°33 erg at z = 0.1, resulting in a gamma-ray bolometric
fluence Fj ~ 1072 ergem™. Since the fluence values
assigned to each GRB of the synthetic sample are extracted
from the Fermi-GBM catalog, that provides measurements
from e¢; = 10 keV to e, = 1000 keV, we need to first
estimate the corresponding gamma-ray fluence in the
bolometric range F, ;. This correction is also known as
k correction [70]:

3Fermi-GBM catalog: https://heasarc.gsfc.nasa.gov/W3Browse/
fermi/fermigbrst.html.
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FIG. 3. k-correction values calculated on the GRB sample

collected by Fermi-GBM during the first ten years of detector
operation, including both LGRBs and SGRBs [71]. The red
and blue dashed lines show the mean and the median of the
k-correction values, respectively.

E E
p= e ol 1 (19)

F;' Fy[elveﬂ

Given the linear scaling among neutrino and gamma-ray
fluences predicted by the collisionally heating GRB model,
we can rescale the neutrino fluence predictions from [47]
by a factor ~F,,/F;. This factor could be obtained
directly from gamma-ray spectra specifically for each
GRB. However, since the shape of the gamma-ray spectrum
does not enter additionally into our computations, and since
most of GRB spectra can be described by the same
functional form (the Band function discussed in Sec. I),
we decided to include a median correction in our analysis.
In order to do so, we collected all the k corrections
calculated based on the GRB sample observed by
Fermi-GBM during the first ten years of its operation
and with known redshift (~4.5% out of the total sample)
[71] and computed the median value of such a distribution.
Then, each time a value of gamma-ray fluence was
extracted in a synthetic GRB of the sample, this was k
corrected with the median of such distribution, i.e., k =
1.13 (see Fig. 3):

Fopg =k-F,=113-F,. (20)

In principle, different k corrections should be applied to the
two samples of LGRBs and SGRBs, because these man-
ifestly show different spectral slopes of the emitted prompt
radiation. However, the Fermi-GBM sample from which
the k-correction is extracted [71] is quite limited: it contains
only sources with known redshift (amounting to 13 SGRBs
and 122 LGRBs). As a result, the sample of SGRBs for
which the k correction has been evaluated is not statistically
relevant to derive a physically motivated k correction
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TABLE L

Energy values E;‘wmax, in GeV, at which each detector is expected to observe the highest number of

v, + b, induced events, and corresponding plane angle values 8%, in degrees, adopted to search for such events
around GRBs, corresponding to a solid angle Q = 2z(1 — cos(6*/2)).

I'=100 I' =300 I' = 600
Detector E}, max [GeV] 0 [deg] E}, max [GeV] 0" [deg] E}, max [GeV] 0" [deg]
KM3NeT/ORCA 27 26 73 13 121 9
KM3NeT/ARCA . . 129 9 227 6
DeepCore 27 26 78 13 165 8
IceCube 156 8 258 5

different than that of LGRBs. Hence, we will adopt the
median value for both populations.

In the data sample of up-going events collected by a
neutrino telescope, the background is mainly constituted
by atmospheric neutrinos [72]. The Honda model is
adopted as a reference for the atmospheric neutrino flux
[73]. The number of events expected in coincidence with
the burst depends on (i) its duration, namely the temporal
window defined by T and (ii) the search angular window
around the GRB position, i.e., the solid angle Q =
27(1 —cos(0/2)), where 0 is the aperture of the search
cone. The aperture of the search cone should be carefully
chosen as to maximize the detection prospects of a signal
against the background. Given a model, determined by a
specific value of I, we adopted the same aperture cone
angle for all the simulated GRBs, the angle changing
with the value of I'. We conservatively set it to 6* =
39W(E§wmax), where 6,,(E,) = 0.7°/(E,[TeV])®7 [74] is
the kinematic angle between the incoming neutrino and the
emerging muon directions, while Ej .. is the energy at
which each neutrino telescope would observe the maxi-
mum number of neutrinos expected according to the model
(which depends on I'). To obtain this value, we convolved
the energy-dependent effective area Aeff(Ey#) of the detec-
dN(E,,)
@, d5
predicted by the model, obtaining the so-called parent
function, and then we multiplied it by the width of each
energy bin AE,JM, as follows:

tors with the expected differential energy fluence

dN(E,))
N, (B,) = An(B,) (g 5 8B @D

Then, for each distribution N,, (Evﬂ) we looked for the
energy Ej ,x corresponding to the maximum number of
expected events for each I" and each detector. The values so
determined are given in Table I, together with the corre-
sponding opening angle of the angular window. For the
low-energy neutrino telescopes, namely KM3NeT/ORCA
and DeepCore, the solid angle opened around each GRB
changes from Q ~ 0.2 sr to Q ~ 0.02 sr for Lorentz factor
values from I' =100 to I' = 600, respectively. Indeed,

according to the model, the greater the value of I" and the
higher the mean energy of the emitted neutrinos [see
Eq. (14)], hence the higher the energy peak of the
detectable neutrino sample. For values of I' > 300, where
the energy peak in the neutrino spectrum is expected
beyond 100 GeV, joint analyses that include both low
and high-energy neutrino detectors (namely KM3NeT/
ARCA and IceCube) are possible. In the search performed
with high-energy neutrino telescopes, the solid angle where
background evaluation is performed is rather within the
range Q=~0.02 sr and Q~0.01 sr. In the combined
investigations, different angular windows are set for the
different detectors in order to optimize the search, as given
in Table 1. For further details on the choice of the aperture
cone we defer the reading to the Appendix. In the
following, we will evaluate the perspectives of a search
over a sample comprehensive of neutrino interactions in
low (DeepCore and KM3NeT/ORCA) and high (IceCube
and KM3NeT/ARCA) energy specialized detectors.

V. PROSPECTS FOR NEUTRINO DETECTIONS

We here estimate whether it would be promising to look
for GRB low-energy neutrino emissions with existing and
under construction telescopes. Two possibilities are
explored in the following: (i) the search for neutrinos from
individual GRBs is discussed in Sec. V A, with reference to
an extremely bright GRB, that would represent the most
optimistic scenario for individual detection of low-energy
neutrinos; (ii) the quasidiffuse neutrino search from a
population of GRBs with a stacking technique imple-
mented over approximately 5 years of data acquisition is
presented in Sec. V B.

A. Detection prospects from an individual
extreme GRB

For the purposes of exploring the maximum discovery
potential of the collisional heating mechanism in terms of
individual neutrino emissions, we here consider the case of
a very fluentic GRB, namely with F, ~2 x 107 ergem™.
This value is comparable to that of the GRB with the
highest fluence present in the Fermi-GBM catalog, i.e.,

GRB130427A. The expected differential neutrino fluence
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FIG. 4. (a) The v, + 7, energy fluence for a GRB with observed gamma-ray fluence F, ~ 2 x 1073 ergem™ for I' = 100 (cyan),
I' = 300 (orange), and I" = 600 (green). (b) Number of signal events per GeV expected in KM3NeT/ORCA (solid lines) and DeepCore
(dotted lines) for the neutrino energy fluences shown in (a). These results are all given at trigger level.

depends on the value of Lorentz factor, particularly because
of the maximum energy [see Eq. (14)]: in Fig. 4(a) we show
this dependence for different values of T, i.e., I' = 100,
I' =300, and I" = 600. For comparison with predictions
from the internal shock model, refer to Fig. 1 of [55], where
the neutrino fluence expectations for GRB130427A are
shown. In order to compute the expected number of signal
events in each detector, we proceeded by evaluating the
parent function for each of them, as shown in Fig. 4(b) for
DeepCore and KM3NeT/ORCA. By integrating it over the
energy, we derived the results given in Table II concerning
the number of muon tracks induced by neutrino inter-
actions. Though the GRB considered in this example is
characterized by a high fluence (comparable to the highest
fluence ever observed among all GRBs in the Fermi-GBM
catalog), the number of signal events observable in each
neutrino telescope is quite limited (ng < 1), even when the
events measured with low-energy detectors are integrated
with those collected by high-energy ones. Nonetheless, we
suggest to implement a combined search among low and

TABLE II. Number of events from v, + 7, interactions ex-
pected from a GRB with gamma-ray fluence F,~2x
1073 ergem™ in low-energy detectors (KM3NeT/ORCA and
DeepCore) alone, or in a combined search with high-energy
detectors (KM3NeT/ARCA and IceCube, respectively). These
results are all given at trigger level.

Detector I =100 I =300 " = 600

KM3NeT/ORCA 4 x 1072 7 %1072 1x 107!

KM3NeT/ORCA 9x 1072 2x 107!
+KM3NeT/ARCA

DeepCore 5% 1072 9x 1072 1 x107!

DeepCore + IceCube 3x 107! 8 x 107!

high-energy neutrino detectors, i.e., KM3NeT/ORCA +
KM3NeT/ARCA and DeepCore + IceCube, in order to
increase the expected signal event rate. Only in the case
with I' = 100 the high-energy detectors can not provide a
significant contribution, given that the expected signal is
entirely below 100 GeV. According to our calculations, in
order to measure ng > 1 from a single GRB in at least one
of the considered detectors, this source should be charac-
terized by an extreme fluence, as F, > 1072 ergem™. So
far, no such kind of GRBs has ever been observed, but we
cannot exclude in the future a serendipitous occurrence of a
nearby and very energetic explosion.

B. Stacking detection prospects

The signal detection rate can be greatly increased when
summing up the contribution of many GRBs. However, the
same holds for the background, such that stacking techniques
are necessary in order to obtain a significant detection level.
In fact, selecting events restricted in an angular cone around
sources allows the signal to stand out with respect to the
background. In our case, since the cone aperture around each
GRB is not optimized individually, a source ordering in
cumulative detection significance oy, is required when
sources are summed up. Thanks to the stacking procedure,
the cumulative significance results higher since Poissonian
fluctuations of the cumulative background are smaller than
the sum of background fluctuations expected from a single
source. Additionally, our stacking techniques profit of the
transient nature of the sources under investigation. We here
present a study on expected performances of current and
under construction neutrino detectors after ~5 years of
stacking analysis in a half-sky search for tracks (namely
only up-going muon neutrinos).

We started by building two synthetic populations of
GRBs detectable by current gamma-ray satellites in 5 years
of operation, one for long and one for short GRBs, each
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reproducing the observed rate per year in the half of the sky
equal to Nggrg = 75 yr~! and Njgrg = 175 yr~'.* Each
GRB of the sample is described by values of F, and Ty,
randomly extracted from Fermi-GBM observed distribu-
tions and selected as explained in Sec. IV. For each
extracted source, we estimated the expected neutrino
fluence for three different values of Lorentz factor, i.e.,
I' = [100, 300, 600]. The average source in the sample is
way less fluentic than the one considered in the previous
section, being characterized by a median value of F, ~ 8 X
107® ergem™ for LGRBs and F, ~ 6 x 1077 ergem™ for
SGRBs. The linear scaling among gamma-ray and neutrino
fluence predicted by the inelastic collisional model implies
a peak value in the neutrino spectrum at the level of 2 x
1073 GeVem™ and 1 x 107 GeV cm™2, respectively, to
be compared with what shown in Fig. 4(a) for an extremely
fluentic GRB. The stacking approach appears therefore to
be a necessary condition to test the model.

The expected background occurring inside the detector in
coincidence with the signal from each GRB is estimated in a
temporal window as wide as T'gq &= 0.3T9, and in an angular
window defined by values reported in Table I. Once the GRB
sample was populated by N objects, we proceeded in the
following way: (i) we selected the GRB with the highest level
of significance, defined as ¢ = n,/,/ny; (ii) starting from
such a GRB, we added one by one the others, choosing each
time the GRB that provides the maximum increase of the
total level of significance o, defined as

_ N 1ot — 211\1:1 ns,i (22)
V nb,tot \/ ZE\LI nb,i

We repeated the full procedure 1000 times, obtaining the
median value of significance after stacking 875 LGRBs or
375 SGRBs (acquired in ~5 years of half-sky gamma-ray
observations), with an uncertainty band calculated through
percentiles at one and two standard deviations.

By requiring o,y > 3 and ng, > 1 as minimum con-

ditions to define a detection, we conclude the following:

(1) A detection of subphotospheric neutrinos is possible
if LGRBs are included in the search, since SGRBs
alone would not provide signal enough to satisfy the
requirements above, in spite of the lower back-
ground level expected with respect to LGRBs.

(2) The model with I' =100 is characterized by a
median value of 6, lower than unity.

(3) Higher values of I" result into a higher probability of
detecting multi-GeV neutrinos in 5 years of obser-
vation with KM3NeT/ORCA and DeepCore.

(4) Such a possibility is increased if high-energy de-
tectors are integrated in the search.

Gtot(N)

“Such values were obtained from the Gamma-Ray Bursts
Interplanetary Network database https://heasarc.gsfc.nasa.gov/
w3browse/all/ipngrb.html.

The results obtained with I' =300 for all detectors are
shown in Fig. 5. Though a higher statistical significance
can in principle be obtained by assuming I' = 600 (lower
amount of background entering the search, mostly because
of the smaller angular search window selected, see Table I),
we here present only the results for I' = 300, since this
value is expected to more realistically describe the entire
population of GRBs (see e.g., [75]). With such a value, we
obtain that there is a good chance to significantly detect
multi-GeV neutrinos by stacking ~900 LGRBs under the
hypothesis that their prompt gamma-ray emission is explai-
ned by the collisional heating model. As visible, the overall
detection significance is characterized by an extended
uncertainty band, which is mostly due to the high range
of values allowed for the intrinsic properties of the GRB
population, namely 7oy and F,. While reflecting the
observed distributions, the spread in GRB luminosity can
lead to quite different sample realizations, which might
impact the analysis results into a nonsignificant outcome.
The situation improves when combining low and high-
energy detectors, as shown by the case with I' = 300 in
Figs. 5(e) and 5(f), such that a sensitivity above 3o is
generally expected to be achieved after analyzing few
hundreds of GRBs.

Note that the stacking procedure here implemented, once
applied within the framework of the classical internal shock
scenario of the fireball model, provides results in terms of
expected signal neutrinos and analysis significance com-
patible to the limits set by the IceCube and ANTARES
collaborations with respect to such a model [56,57].
Though minor differences arise because of the adoption
of trigger level effective areas and full efficiency for
neutrino detectors in this work, the comparison highlights
the validity of the methods here developed and the con-
sequent conclusions. In view of the promising results here
obtained, we strongly encourage to perform optimized
stacking analyses for testing the inelastic collisional model,
and either confirm its occurrence or constrain the amount
of GRBs possibly powered by this mechanism.

Note that the quasidiffuse signal flux expected to arise as
a result of the collisionally heating mechanism in the 875
LGRBs of our sample would result at the level of ~2 x
107 GeVem™2s~!sr7! at E, ~ 100 GeV. This value is
much smaller than the atmospheric neutrino background
flux at the same energy, which is rather of the order of
~5x107* GeVem™2s7!sr!. These numbers highlight
the challenging task of pure diffuse searches in revealing
the presence of a tiny signal, like that from the GRB
population, on top of the huge atmospheric background. In
turn, as Fig. 5 demonstrates, the stacking approach provides
amore promising perspective than the pure diffuse analysis.
In particular, the IceCube and DeepCore detectors could
already have collected enough data to constrain the model
here investigated and eventually confirm our finding, with
the analysis technique here presented. This result encourages
dedicated stacking analyses, optimized for energies lower
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FIG. 5. Level of significance ng ./ /My o (left y axis) achieved by stacking 875 LGRBs (equivalent to ~5 years of half-sky search)
with I' = 300, under the assumption that the gamma-ray prompt emission is originated by pn collisions at subphotospheric radii
(inelastic collisional model). The level of signal and background in each detector (indicated in the right y axis for the median result) are
estimated at trigger level. Results are shown for the following neutrino detectors: (a) KM3NeT/ORCA, (b) DeepCore,
(c) KM3NeT/ARCA, (d) IceCube, (¢) KM3NeT/ORCA + KM3NeT/ARCA, (f) DeepCore+IceCube. The shaded red and gray
regions indicate the uncertainty bands at one and two standard deviations, respectively, obtained with percentiles. The horizontal dashed
black lines highlight the levels of significance n o/ /Ty o0 = 3 and ng i/ /Mg of = 5.

than 1 TeV, which have not been implemented yet relative to
the GRB population at such low energies.

VI. SUMMARY AND CONCLUSIONS

In this work, we considered GRB jets consisting of
protons and neutrons, where a fraction of the outflow
kinetic energy is converted to thermal energy and radiation

via inelastic nuclear collisions occurring in the photo-
sphere. This hypothesis significantly deviates from the
classical model explaining the GRB observed radiation
through particles accelerated at internal shock in the
optically thin region of the jet. In the photospheric scenario,
a thermal spectrum is released near the photosphere and
this is then modified by a dissipation mechanism related to
the above mentioned pn collisions. Such collisionally
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heated GRBs could produce multi-GeV neutrinos, namely
neutrinos with energies much lower than those produced in
photohadronic mechanisms so far investigated in the
context of astrophysical neutrino data analyses. Hence we
tested the possibility to detect low-energy neutrinos, on top of
the expected atmospheric background, with current and
under construction neutrino telescopes. As a result of our
investigation, we found that these detectors are able to
explore the occurrence of inelastic collisions in GRB jets
by means of a stacking analysis of up-going tracks with data
collected in coincidence with ~900 LGRBs. As previous
experimental studies conducted with neutrino data indicate,
it is likely that such a number of LGRBs will actually be
selected for analyses after more or less 10 years of data taking
[54,56-58]. We remark that the search for up-going events
requires detectors in different hemispheres to probe the entire
population of GRBs so as to guarantee full sky coverage.

According to our results, short GRBs alone do not
provide enough signal. Concerning individual GRBs, we
conclude that only nearby and very energetic GRBs (rare
events) can produce at least one signal event in the avai-
lable detectors. The key role of neutrinos in assessing the
origin of the prompt radiation emerging from GRBs
demonstrates the importance of dedicated searches in the
multi-GeV domain, which we encourage to start, by
combining data collected both by low and high-energy
detectors (DeepCore + IceCube and KM3NeT/ORCA +
KM3NeT/ARCA). A detection of such a neutrino emission
would allow us to establish the baryonic nature of GRB
jets, although within the context of a model that does not
directly involve particle acceleration. In fact, so far, the lack
of a correlation among gamma-ray signals from GRBs and
neutrinos did not allow to distinguish among the possible
leptonic or hadronic nature of radiation from GRB jets.
Furthermore, the detection of multi-GeV neutrinos in
coincidence with GRBs would provide information on
the occurrence of photospheric dissipation, as well as the
on the jet composition.
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APPENDIX: ANGULAR WINDOWS AROUND
GRBS IN THE BACKGROUND EVALUATION

In the present section, we discuss the selection of
the angular window around each GRB adopted for the
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FIG. 6. Median angular resolutions of v, charged current events
for KM3NeT/ORCA (green) [77], KM3NeT/ARCA (red) [76],
DeepCore (orange), and IceCube (blue) [78]. Note that the
KM3NeT/ORCA angular resolution refers to a partial configu-
ration with six strings, being the only available from the literature.
The shaded gray region shows the interval among 6,, and 36,,,
being 0,,, the kinematic angle between the incoming neutrino and
the muon inside the detector. The vertical dashed lines indicate

the energy values E; - at which each detector is expected to

observe the highest number of muon neutrinos events (see
Table I). The three panels differ in the vertical lines, which
depend on the model for the signal: in particular, (a) I = 100,
(b) I' = 300, and (c) I = 600.
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background estimation. In order to reduce the very abun-
dant background from atmospheric muons, only up-going
events are considered, thus the remaining background in
our study is constituted by the irreducible atmospheric
neutrinos flux [72], as described by the Honda model [73].

As in Cherenkov telescopes neutrinos are not detected
directly, rather via the secondary particles produced in
neutrino interactions (we here consider tracks of muons
originated in CC v, interactions), two effects need to be
carefully considered when inferring the original direction
of the neutrino: (i) the kinematic angle between the primary
neutrino and the induced muon and (ii) the quality of
directional reconstruction of muons. Both these factors
contribute to the angular resolution of the detector. Their
effects depend on the energy of the involved particles,
leading to an improved angular resolution with increasing
energy. In Fig. 6 we show the energy-dependent kinematic
angle 6,, [74], in the form of a band extending from 6, to

36,,, as compared to the most updated median angular
resolutions available from literature for KM3NeT/ARCA
[76], KM3NeT/ORCA [77], DeepCore, and IceCube [78].
Note that the median angular resolution already includes
both kinematics and detector effects. Three panels are
reported in order to compare the parametrizations of the
instrumental angular resolutions with the values of the
kinematic angle at Efjwmax, where each detector is expected
to observe the highest number of v, events for different
values of bulk Lorentz factor of the jet, again I' = 100,
I' = 300, and I = 600 (see Sec. IV and Table I). We can see
that, in all cases, the choice of 36, as plane angle of the
cone opened around each GRB is a conservative one, as it is
larger than the median angular resolution of neutrino
detectors at E;‘wmax). For this reason, in the background
estimation, we conservatively decided to open around each
GRB an angular window defined by a solid angle Q =
272(1 —cos(0*/2)) with 6* = 30, (ijmax).
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