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Constraining gamma-ray burst parameters with the first ultra-high
energy neutrino event KM3-230213A
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Context. The detection of the highest energy neutrino observed to date by KM3NeT, with an estimated energy of 220 PeV, opens up new possibil-
ities for the study and identification of the astrophysical sources responsible for a diffuse flux of such ultra-high-energy neutrinos, among which
gamma-ray bursts are longstanding candidates.

Aims. Based on the event KM3-230213A, we derived constraints on the baryon loading and density of the surrounding environment in models of
blast waves in long-duration gamma-ray bursts.

Methods. We computed the diffuse flux from gamma-ray burst blast waves, either expanding in a constant density interstellar medium or devel-
oping in a radially decreasing density of a wind-like environment surrounding the gamma-ray burst progenitor star, by taking into account the
expected neutrino spectra and luminosity function. We used a Poisson likelihood method to constrain the blast wave model parameters by calcu-
lating the expected number of neutrino events within the 90% confidence level energy range of KM3-230213A and by using the joint exposure of
KM3NeT/ARCA, IceCube, and Pierre Auger.

Results. We constrain the baryon loading to be f, < 51 at 90% confidence, with the best-fit and 68% confidence interval being f, = 26.9’:}%;‘2‘
for a constant interstellar medium particle density of nyp = 1 cm™. In the wind-like environment case, the baryon loading is f, < 1095 at 90%
confidence, with the corresponding 68% confidence interval being f, € [8,231], which is proportional to the sixth power of a variable density
parameter of A, = 0.1.

Key words. astroparticle physics — neutrinos — stars: gamma-ray bursts

1. Introduction

The KM3NeT Collaboration reported the observation of a
neutrino with an estimated E, = ZZOfﬂg PeV with the
KM3NeT/ARCA detector in a partial configuration. It is the
highest energy neutrino observed to date. The event repre-
sents the first neutrino of presumable astrophysical origin ob-
served in the ultra-high-energy (UHE) regime. Subsequent stud-
ies explored how this event fits into the global neutrino land-
scape, taking into account the lack of positive detections re-
ported so far by the IceCube (IC; Meier| (2024)) and Pierre
Auger (Auger; |[Halim et al.| (2024)) Observatories. By combin-
ing these different (non-)observations, the most likely single-
flavour diffuse astrophysical neutrino flux required to produce
an event such as KM3-230213A is Ezd)ifrv = 7.5:137'1 x 10710

GeV cm™2 57! sr™!, assuming an E~2 neutrino flux (Adriani et al.
2025)).

Since its discovery in 2013 (Aartsen et al.[|2013)), the dif-
fuse flux of astrophysical neutrinos between TeV and PeV ener-
gies has been extensively investigated (see e.g.Halzen & Kelley
2024), and a multitude of potential sources have been scru-
tinised. Despite the identification of a few likely sources
(Aartsen et al.|[2018b; |Abbasi et al.|2022al, |Sclafani et al.|[2024),
the origin of the majority of the diffuse neutrino flux remains un-
known. The lack of observed neutrino multiplets (Abbasi et al.
2025) further suggests that the population of neutrino-producing
astrophysical objects consists of relatively dim, abundant, and
isotropically distributed sources (Murase & Waxman|2016)).

Gamma-ray bursts (GRBs) are the most energetic tran-
sient events observed in the Universe in electromagnetic wave-
bands and are potential sources of UHE cosmic rays (E 2
10" eV) (Waxman| 1995} [Vietri| [1995). Consequent neutrino
production has been predicted from interactions of cosmic-
ray protons with photons within the fireball in internal shocks
(Waxman & Bahcall| [1997). High-energy neutrinos may also
be created when the outgoing blast wave, in which parti-
cles are accelerated by external shocks, interacts with matter
and radiation fields surrounding the GRB (Waxman & Bahcall
2000; [Dai & Lul |2001)). Previous searches for GRB neutrinos
yielded no detection (Aartsen et al.| [2016; |Albert et al.| 2017}
Abbasi et al.|2022c)). These searches have focused on analysing
triggering GRBs — GRBs bright enough in gamma rays to ini-
tiate multi-wavelength follow-ups — and coincident neutrinos
from varying time frames around the prompt emission phase
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of the GRBs. Although these searches have so far not resulted
in direct detection, constraints have been put on the ratio of
energy between protons and electrons, known as ‘baryon load-
ing’ (Rees & Meszaros||1994). This method, albeit successful in
constraining individual GRB models, is not sensitive to the po-
tentially large population of GRBs undetected by gamma-ray
satellites (see e.g. Li et al.[2025)). Furthermore, the imposed con-
straint on the baryon loading depends on the GRB prompt emis-
sion model, which is uncertain, as well as on the model parame-
ters. The purpose of this paper is therefore to investigate whether
a larger population of GRBs can produce a significant fraction of
the diffuse UHE neutrino flux, with emphasis on the undetected
part of this population.

Previous constraints on the diffuse UHE neutrino flux have
been set by both the IceCube and Pierre Auger observatories
(Aartsen et al.| 2021al; |Aab et al.|[2019). The lack of detection
of UHE neutrinos by these observatories made the upper limits
the strongest constraints available until the detection of KM3-
230213A.

In this paper, we use the recent observation of a UHE neu-
trino event to constrain the baryon loading of GRB blast waves
and the density of the medium in which the blast wave interacts
to produce PeV-EeV neutrinos. We used the first-ever observa-
tion of a UHE neutrino to constrain the total contribution of GRB
blast waves to the diffuse UHE neutrino flux and consequently
estimated some of the relevant model parameters. This paper is
structured as follows: In Section 2 we outline the model under
consideration for GRB blast wave neutrino production and how
a large population of these GRBs can generate a diffuse extra-
galactic neutrino flux capable of producing KM3-230213A. In
Section 3, we present an innovative technique to calculate the
diffuse UHE neutrino flux, and the statistical framework used to
put constraints on the GRB model parameters. In Section 4 we
report and discusses the obtained constraints and their implica-
tions on GRBs. Finally, we summarise our findings in Section 5
and highlight our conclusions therein.

2. Diffuse GRB neutrino flux in the PeV—EeV range

We investigated the possible constraints enforced by KM3-
230213A on specific model parameters of long-duration GRBs
(IGRBs) by considering the contribution of a large population of
IGRBs, up to redshift z = 5, to the diffuse neutrino flux at UHE:s.
Despite a more prominent prompt emission phase at lower neu-
trino energies (Waxman & Bahcall|[1997), a significant amount
of energy in IGRBs is expected to be converted to kinetic energy
in the form of protons propagating outwards from the GRB in a



The KM3NeT Collaboration: A&A, XXX, A4 (2025)

blast wave that subsequently interacts with surrounding matter
and radiation fields (Razzaque|2013)). The kinetic energy of the
blast wave, Ey, is connected to the inferred gamma-ray luminos-
ity during the prompt phase, L,, through the relation

o font", ey

L,

where f;, is the baryon loading ratio, n is the efficiency of
converting kinetic energy to gamma-ray energy, and ¢ is the
timescale for the prompt emission. In our calculations, we set
n = 0.2 (Fan & Piran|[2006) and adopted a normal distribu-
tion for log(*), fit to the distribution of IGRBs reported in
von Kienlin et al.[ (2020), as log(#*) ~ N(u, o?) with u = 144
and o = 0.50.

2.1. GRB blast wave models

After the prompt emission phase, relativistic ejecta from the
GRB drive a blast wave interacting in the gaseous media
surrounding the GRB progenitor system. The blast wave ex-
pands and cools adiabatically, and after a deceleration time
(t4ec), its evolution is described by a simple similarity solu-
tion (Blandford & McKee|1976). Synchrotron radiation by elec-
trons in the surrounding gas, accelerating and cooling in the
magnetic field in the shock region (forward shock), explains
the radio-to-gamma-ray afterglow emission from GRB after-
glows (Mészaros & Rees||[1997; [Sari et al.| [1998). Protons are
co-accelerated with electrons to UHEs in the reverse shock,
providing material to the ejecta and in the blast wave it-
self. These protons then interact with synchrotron photons to
produce UHE neutrinos through photopion interactions (see
e.g. 'Waxman & Bahcall| [1997; [Dai & Lu| 2001} [Murase|[2007}
Razzaque| [2013). In the following, we consider two different
scenarios: (1) an adiabatic blast wave interacting with the in-
terstellar medium (ISM) of constant density and (2) a wind-
type environment (WIND) around the GRB progenitor system
with its density falling as R~2, where R is the distance from
the GRB. Protons accelerated in the forward shock interact with
afterglow synchrotron photons to produce UHE neutrinos. Fur-
ther details on the GRB blast wave model and neutrino produc-
tion model used in this paper can be found in Razzaque| (2013);
Razzaque & Yang| (2015).

2.2. GRB population

To understand how a large population of IGRBs contributes to
the diffuse astrophysical UHE neutrino flux, their distributions
throughout the Universe need to be considered. We adopted
the redshift-luminosity distribution obtained from the Swift and
Fermi-GBM observations of IGRBs (Banerjee et al.| 2021) to
construct the evolution function for the IGRB population. The
distributions of IGRBs in gamma-ray luminosity and redshift
are independent of one another, i.e. W¥(L,, z) = ¥(L,)p(z), where
(L,) and p(z) denote the luminosity function and redshift distri-
bution, respectively. The luminosity function (L, ) is modelled
as a broken power law and is given by

L\ L\?
w(L,) = co [(L—Z) + E(L_Z)

where @ = 1.33, 8 = 1.42, and € = 1, and the break luminosity is
Ly =3x10% erg s~!. The normalisation constant cg is fixed by

, @)

integrating this expression over the considered luminosity range:
co=1[ f zﬁ(Ly)dL]’l. The redshift distribution function is

(1+2)*7
5.6’
1+ (%)
with pg = 5.5 Gpc™3 yr~!. The values for both expressions are
the best-fit values from Banerjee et al.| (2021). The luminosity
(L,) considered is the intrinsic isotropic luminosity as inferred
from observed GRBs in the 8 keV—40 MeV Fermi-GBM and
Swift energy range. The lower and upper bounds we used for
the luminosity function are 10* erg s=! and 10°* erg s™!, and
we integrated the IGRB population out to redshift zm,x = 5, as
the number of GRBs decreases significantly at high redshift, and
the contributions from far-away GRBs (z>5) to a diffuse flux
become negligible.

p(z) = po 3

2.3. Diffuse neutrino flux

The final step in our model consists of combining the individual
neutrino fluxes from long GRBs with their cosmological evo-
lution and gamma-ray luminosity distribution. The total diffuse
flux expected on Earth is

1 dv

Zmax
D (E,, Ex 13 0 =f ——
y (Ev, Ex,no; 0) . Trids

“

Ly
x [ w88 B .

L,

where the 1/(1 + z) factor corrects for the time dilation between
distant IGRBs and the measured flux. The term S, is the neutrino
fluence, i.e. integrated flux of all flavours over a time ¢ > #4.. for
a GRB of luminosity (L, ) at a redshift z, where an adiabatic blast
wave is evolving in the ISM of constant density ny. We denote all
other model parameters with 6. A similar expression holds for a
wind-type medium by replacing ny with the wind parameter A..
A detailed calculation of §, can be found in [Razzaque| (2013)
and in Appendix A. To compute the diffuse flux, we integrated
over the comoving volume. The differential comoving volume
element is given by

dV_ dre
dz  1+z

dt

— |, 5
2|9 &)

where d; is the luminosity distance (Hogg|[1999). The cosmic
time, dt/dz, is given by

dr -1

A2 Hy(1+2) QT+ + Oy
For the calculations in this work, we used Q,, = 0.286, Q) =

1-Q, = 0714, and Hy = 69.32 km s~! Mpc‘1 (Ade et al.
2014).

Q)

3. Analysis method

To calculate the total diffuse neutrino flux from the GRB blast
wave models outlined above, we used the nested sampling al-
gorithm as implemented in the UltraNest package (Buchner
2021). In this approach, the parameter-free MLFriend algo-
rithm is applied to sample a constrained likelihood and itera-
tively converge on the global maximum through a bootstrapping
method (Buchner|2016,|2019). By defining the total integrand of
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our diffuse neutrino flux as the likelihood, the integration is per-
formed by Bayesian inference with the aforementioned nested
sampling. The computed marginal likelihood, also known as ev-
idence, corresponds to the evaluated integral, i.e. the total diffuse
neutrino flux. With this approach, we continuously varied all in-
tegration parameters associated with the diffuse flux calculation
without making any a priori assumptions.

The most likely diffuse UHE neutrino flux responsible for
producing KM3-230213A has been calculated and reported
in |Adriani et al.| (2025)). By considering that no events have
been reported in the IceCube Extremely-High-Energy (IC-EHE)
or sensitive Auger selections, the UHE neutrino flux of a

single flavour was estimated to be E*®M. = (757131 x

10719 GeVem™2s7!sr! in the 90% reconstructed energy
range (Aiello et al.[2025). To constrain the baryon loading and
the density parameters of the GRB blast wave model, we re-
peated the calculation of (Adriani et al.|2025) by including the
total exposures from IC-EHE and Auger. The total number of
expected events of a single flavour from the diffuse GRB flux for
the combined three experiments is

Enax

4
Nexp(Ex, no; 6) = ?ﬂf EO(E,, Ex, no; 0)dE,, @)

Enmin

where &' = ¥, T?A%. is the summed total exposure of all
three experiments. The term 7 denotes the total lifetime asso-
ciated with the selection, and A.g is the corresponding effec-
tive area. The running index is d e{ KM3NeT, IC-EHE, Auger},
and the factor 1/3 corrects for considering all three neutrino
flavours both in the diffuse flux and in the effective areas used.
We set the integration limits as £ € [1 GeV, 100 EeV]. The
KM3NeT exposure EXM3NT ig agsociated with the bright track
selection reported in/Aiello et al.|(2025)). The corresponding life-
time is 335 days, associated with the 19 and 21 detection unit
KM3NeT/ARCA detector configuration, out of the foreseen 230
days (Aiello et al.|2024), and the effective area is all-flavour sky-
averaged and averaged between neutrinos and anti-neutrinos.
The IC-EHE exposure E'C~EHE i extracted from the 9-year anal-
ysis by |Aartsen et al.| (2018a) with a lifetime of 3145.5 days.
The Pierre-Auger sky-averaged exposure, &', is computed
in|Adriani et al.[(2025) by considering the Earth-skimming, low-
zenith downward-going, and high-zenith downward-going sam-
ples with the effective area from the data release (Aab et al.
2019). The corresponding lifetime is 6574.5 days, taken from the
data release (Halim et al.|2024). No neutrino events have been
reported above tens of PeV in either the IC-EHE or Auger analy-
ses. As we are using publicly available data, the exact treatment
of systematics and the potential background of these analyses
have been omitted.

We constructed the likelihood by considering the simple

Poisson probability of observing one event in any of the three
experiments given the predicted number of events from the con-
sidered GRB model:
L(Ex, ng; 0) = Poisson (nops; Nexp(Ex, no; ). (®
We performed a 2D scan by varying the two parameters of inter-
est, fyn € [1072,10"7], which corresponds to varying the ratio
of kinetic energy to gamma-ray luminosity through Eq. (I) and
ngo € [1, 100] while keeping all other model parameters fixed. We
then calculated the likelihood as defined in Eq. (8 at each point
in this parameter space.

To constrain the two scan parameters, we adopted the
Bayesian interpretation of probability and defined the posterior
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Fig. 1. Posterior probability density of the 2D scan in f,n and ny for
the ISM model. The solid (dashed, dotted) lines show the 1o~ 207, 30)
contours.

probability density as

P(fpm, 105 0) = P(Ey/Ly,n0;0) = anL(Ex /Ly, no; 6), )

where we introduced the normalisation constant a,, such that the
full posterior parameter space integrates to unity. We assumed
uniform priors on both varying parameters.

The corresponding 1D marginalised probability distributions
can be used to extract the best-fit and confidence intervals. Our
results do not indicate well-defined constraints on the parame-
ters. This is caused by the high degeneracy in the posterior dis-
tribution, which can be seen from Fig. E] and the intrinsic un-
certainty in the convergence of the nested sampling algorithm.
Since the expected number of events increases with both param-
eters of interest (f31, ng), we calculated the conditional posterior
probability density as

p(fpning) .
[ p(fon. no)dfin

The resulting conditional probability density functions are
shown in Fig. 2]

p(fomlng) = (10)

4. Results and discussion

In order to calculate the diffuse flux from the population of GRB
blast waves while varying both the baryon loading and the den-
sity of the surrounding medium, we fixed the remaining model
parameters in 6. This procedure is described in Appendix A, and
the corresponding values are listed in Table

Table 1. Fixed GRB blast wave model parameters.

GRB model Ty €p € & 1) k a
ISM 10> 001 01 1.0 100 25 4
WIND 108 001 0.1 1.0 100 25 4

The I'y parameter was fixed to a constant, as it determines
the deceleration time (fge.) of the model, which serves as the
lower-limit of the time-integration over flux in Eq. (A.27).
The parameter €, = 0.1 and ¢ = 0.1 — 0.01 are standard
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choices in GRB afterglow modelling (see e.g. Kumar & Zhang

Miceli & Naval 2022) based on particle-in-cell simula-
tions (Sironi & Spitkovsky|[2011}; [Sironi et al|2013). Addition-

ally, the value of eg was chosen after performing a parameter
space scan in f1 versus €g similar to that described above while
fixing nyp = 1 cm™>. The resulting posterior is shown in Fig.
[B.1]} This yielded a best-fit value of €5 that is degenerate with
fbm, but it agrees well with broad-band modelling of very-high-
energy GRBs (Barnard et al.|2023). Using the conditional pos-
terior from Eq. (10), we estimated the best-fit value of f,n that
corresponds to one observed event in the combined exposure of
KM3NeT, IceCube-EHE, and Auger. The best fit with its asso-
ciated 90% confidence level is found to be fn = 5"4j}71 for

fixed ny = 1 cm™. These values were extracted from the con-
ditional posteriors show in Fig. [2] where we observed a clear
highest posterior density point defining the best-fit value and a
smooth distribution covering the 68% and 90% credible inter-
val. The diffuse neutrino flux, assuming these best-fit parame-
ters, and the corresponding 68% containment region, is shown
in Fig. 3] Fixing the efficiency parameter to n = 0.2, we con-
strained the baryon loading to be f, < 51 at a 90% confidence
level for the ISM model.

For the WIND model, we find the best-fit value and 90%
confidence interval to be f,n = 29.5fgg9 for A, = 0.2. This cor-
responds to a baryon loading of f, =~ 148. Conversely, when
fixing f, = 50, we found A, = 0.17*3% at a 90% confidence
level. For this model, the density parameter, A., has a signifi-
cantly larger impact on the diffuse flux than the baryon loading.
We also note that increasing the two parameters simultaneously
does not necessarily give a higher flux. The GRB blast wave in
the WIND model loses significant amounts of energy through
adiabatic expansion before the deceleration time, where UHE
neutrino production proceeds photo-hadronically, and thus the
flux is reduced. If the density of the surrounding material is too
high or the baryon loading is significant, too much of the kinetic
energy in the blast wave is lost in the initial interactions with the
surrounding medium. As a consequence, the remaining shock
energy will not be sufficient to accelerate the protons to UHE,
reducing the subsequent UHE neutrino flux. This is not the case
for the ISM mode, where the UHE neutrino fluence increases
with fj.

From the analytical expressions in Appendix A, we observed
that for the ISM model, the time-dependent bulk Lorentz factor
I' is independent of I'y. Thus, the initial bulk Lorentz factor only
enters the expression for the deceleration time; varying the value
of 'y has a negligible impact on the total UHE neutrino flux (see
Fig.[B-2). For the WIND model, the I'y parameter does influence
the UHE neutrino flux.

In both of the GRB blast wave models, we only con-
sidered neutrinos produced photo-hadronically by the interac-
tion of accelerated UHE protons in the jet with photons from
the afterglow. These py interactions dominate over the hadro-
nuclear (pp, pn) interactions due to the significantly diluted par-
ticle density in the environment surrounding the GRB progen-
itor (Waxman & Bahcall|[1997; [Aartsen et al|2016). Moreover,
we only considered the primary single-pion production channel

in the py interactions. The authors of references (2007)
and (2013)) have compared the full pion-production

cross-section while considering higher multiplicities, and they
found that the contribution is small below E, ~ 10'8 eV.

In this analysis, we chose to fit the product of baryon load-
ing and the efficiency parameter 7 rather than the baryon loading
directly. They are related by Eq. (). Thus, our results are inter-
pretable for other values of the efficiency parameter 7.

fbf]; A+ =0.2
1071 100 10! 102 103
o8 N N N 10—2.7

w 1079+ — ISM B 68% CL
& . — WIND 90% CL
§ 10 1 L10-28
810710
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n-10—1.1_ F10~>
©
51013
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8 10 .04
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Fig. 2. Conditional posterior probability density for f,n calculated by
fixing the density parameter to np = 1 cm > (A, = 0.2) for the ISM
(WIND) model. The solid lines show the distribution of the conditional
posterior, and the dark (light) shaded area shows the 68% (90%) confi-
dence region. The ISM blast wave model is indicated by the teal colour
and corresponding lower and left axes. The WIND blast wave model is
shown in purple with the right and upper axes. For the ISM model, the
best fit and 90% confidence level is f,n = 5.47%7. For the WIND model,

itis fyp = 29.5fg‘§9.

Previous analyses constrained the baryon loading from non-
observations of sub-PeV neutrinos (see e.g.|Aartsen et al.[2016).
These analyses primarily focused on the neutrino emission from
the GRB prompt phase and not from the subsequent afterglow.
In the models investigated by [Aartsen et al.| (2016), the baryon
loading factor f;, varies as a function of the Lorentz factor I'y.
In the internal shock model considered therein, f;, is found to be
< 10 at a 90% confidence level, which is more constraining than
our result. However, this is only for I'y < 300. Since the consid-
ered ISM model does not depend strongly on I'y (see Appendix
B), when comparing with the value T’y = 10%® used for our cal-
culations, the 90% confidence level from |Aartsen et al.| (2016)
is f, < 200. For the internal collision-induced magnetic recon-
nection and turbulence model considered therein
2011)), the constraints are consistent with our findings also for
lower I’y values. The photospheric model, which is severely
constrained in [Aartsen et al| (2016)), is disfavoured by the non-
observation of a dominant thermal component in the GRB spec-
tra (Goldstein et al.[2012). Finally, we note that the baryon load-
ing factor may be different in the initial prompt emission phase
of the GRBs and the afterglow. Although the fraction of baryons
in the prompt phase will contribute to the particle spectra in the
afterglow emission, interactions with the surrounding environ-
ment and hadro-nuclear interactions in the prompt phase itself
can alter the baryon-to-electron energy ratio during the evolu-
tion of the jet. Furthermore, if the GRB jet is dominated by the
magnetic field (Cyutikov & Blandford|[2003)), there will be fewer
baryons to produce neutrinos in the prompt phase. Constraints on
f» from the prompt (afterglow) phase may therefore not directly
relate to the afterglow (prompt) emission.

Abbasi et al.| (2022¢) found that the prompt emission of
GRBs observed in the electromagnetic spectrum contributes to
less than 1% of the observed diffuse neutrino flux below 10 PeV
and that emission from the afterglow on timescales up to 10* s is
< 24%. Although our analysis focuses on the > 10 PeV energy
range associated with KM3-230213A, we see from Fig. El that
the diffuse neutrino flux below 10 PeV for both models is well
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Fig. 3. Energy-squared per-flavour diffuse astrophysical neutrino flux assuming (v, : v, : v; = 1 : 1 : 1) flavour equipartition. The teal (purple)
dashed line corresponds to the diffuse flux from the ISM (WIND) blast wave models described in the text, with the corresponding 68% confidence
interval. The reported KM3-230213A flux (Aiello et al.|2025) and corresponding 90% neutrino energy range is indicated by the grey cross. The
joint fit flux considering non-observation in the IceCube-EHE and Auger samples in the same energy range (Adriani et al[2025) is shown by the
blue cross. The 68% confidence level contours from the IceCube NST (Abbasi et al.[2022b) and HESE (Abbasi et al.|2021)) diffuse flux analyses
are shown with the magenta and purple contours, respectively. The corresponding segmented fit analyses are shown by the magenta and purple
crosses, and the IceCube Glashow resonance event (Aartsen et al.|2021b) is shown with an orange cross. The dotted lines show the upper limits
from the ANTARES (Albert et al.|2024), IceCube-EHE (Aartsen et al.[2018a), and Auger (Halim et al.2024) analyses.

below that of the NST and HESE IceCube fits. Our results are
consistent with |Abbasi et al.| (2022c) regarding the contribution
of GRBs to the diffuse neutrino flux at lower energies and al-
low for the interactions of IGRB blast waves to explain the UHE
diffuse neutrino flux.

Although our focus has been exclusively on GRBs, other
classes of astrophysical objects, such as active galactic nuclei
(AGNs) may also be significant contributors to the diffuse high-
energy neutrino flux. Luminous AGNs, such as blazars, are ex-
pected to accelerate protons to UHEs in highly collimated jets,
resulting in high-energy neutrino production when these pro-
tons interact with the varying radiation fields. As the predom-
inant neutrino production channel is through pion decay, sig-
nificant emission of high-energy gamma-rays from 7° decays
will accompany neutrinos from such non-transient sources as
blazars. The measurement of the diffuse gamma-ray sky by
Fermi-LAT (Atwood et al.| 2009) places strong constraints on
the contribution of steady sources to the diffuse UHE neutrino
flux. Since GRBs are transient sources, they are not affected by
these constraints. Other types of transient sources are also can-
didates for UHE neutrino production, such as tidal disruption
events (e.g. [Lunardini & Winter] 2017) and magnetar-powered
super-luminous supernovae (e.g.|Fang et al.|2019). However, the
current sparsity of their detection in gamma rays makes the pop-
ulation and cosmic evolution of these transients less known and
their contribution to the diffuse UHE neutrino flux uncertain (e.g.
Das et al.|[2025]).

5. Conclusions

We have calculated the contribution of different GRB blast wave
models to the diffuse neutrino flux and constrained the IGRB
model parameters with respect to the diffuse UHE neutrino flux
most likely associated with KM3-230213A (Aiello et al.|2025).
The total neutrino fluence from individual IGRBs was calculated
following the blast wave models presented by Razzaque| (2013))
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and the IGRB luminosity function used was fitted to Swift and
Fermi-GBM observations by [Banerjee et al.| (2021). The total
diffuse flux was calculated using the nested sampling algorithm
implemented in the UltraNest python package, allowing the
variation of all integration model parameters, which takes into
consideration a broader population of IGRBs up to z = 5 follow-
ing the fitted luminosity function.

We considered two different models for UHE neutrino pro-
duction from GRB blast waves: one in which the density of the
surrounding matter remains constant around the GRB progenitor
and another in which the density decreases radially. For the GRB
blast wave model with constant ISM density ny = 1 cm™3, the
baryon loading is constrained to be f, < 51 at 90% confidence.
Assuming a larger value for the ISM density, f; is significantly
more constrained. The corresponding best-fit baryon loading,
f» = 27, would produce a diffuse UHE neutrino flux consistent
with the detection of one UHE event (i.e. KM3-230213A) within
the cumulative exposure of KM3NeT, IceCube-EHE and Auger.
When assuming the GRB blast wave interacts with a wind-type
medium with radially decreasing density, the baryon loading is
less well defined, as the density parameter (A.) dominates. It is
constrained to be f, < 1065 at 90% confidence for A, = 0.1. By
fixing the baryon loading factor to f, ~ 50, i.e. typical values
from prompt emission models (Aartsen et al|2016), we found
the best-fit value of the density parameter A, = 0.01770% at
90% confidence.

Our results show that a large population of 1GRBs can
give rise to the diffuse UHE neutrino flux associated with
KM3-230213A. Moreover, both GRB models we considered are
shown to be consistent with existing limits on their contribu-
tion to the diffuse neutrino flux at lower energies. Although
the true diffuse neutrino flux at UHEs may come from ad-
ditional sources (see Mészaros| 2017), GRB blast waves can
contribute significantly to the UHE neutrino flux required for
KM3-230213A whilst remaining consistent with previous lim-
its on GRB model parameters (Aartsen et al.||2016)). Future ob-
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servations by upcoming large radio detectors such as GRAND
(Alvarez-Mutfiiz et al.|[2020), Askaryan detectors such as RNO-
G (Aguilar et al.|2021)), and combined Askaryan and Cherenkov
detectors such as IceCube-Gen2 (Aartsen et al.|2021a) can con-
tribute to better characterisation of the UHE neutrino flux. Our
modelling of the UHE neutrino flux corresponding to KM3-
230213A motivates further observations of the electromagnetic
sky and exploration of the role of GRBs as multi-messenger
sources.
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Appendix A: Individual GRB neutrino fluence

We provide a more detailed analytical summary of the UHE neu-
trino flux produced in a single GRB blast wave and the total en-
ergy released in UHE neutrinos. The deceleration timescale is

3E (1 +2)°

1/3
tdeC(Z’ Ek) - {647rn0mp(;51"g] ’

(A1)

where Ej is the kinetic energy in the blast wave, ng is the num-
ber density of the ISM, m,, is the proton mass, c is the speed of
light, and Ty is the initial bulk Lorentz factor of the outflow. The
bulk Lorentz factor after the deceleration timescale evolves in
the constant density ISM as

t 3/8
dec) ) (AZ)

Ty = To (4
(n =Ty 1
and the radius and magnetic field strength of the blast wave in-
creases correspondingly as

B 2T2(fact
R() = 1—+Z’ (A.3)
and
B'(1) = [32negnom,c*1'*T(1), (A4)

respectively. The constant a = 4; ez denotes the fraction of the
forward-shock energy from the blast wave converted into mag-
netic energy; and the timescale is 7 > #4.c. In the WIND model,
we instead consider the deceleration timescale

Ek(l + Z)
taec(z, Ex) = ———————, A5
dec(, Ex) 167TAmpc3l"g (A-5)
and the bulk Lorentz factor as
Tdec 174
T(H) =T (—) , A6
(n=To( % (A6)

with A = 3.02 x 10*A, cm~!. Consequently, the density of
the surrounding medium in the WIND model is n(R) = AR™?,
whereas it is constant for the ISM model.

Within this blast wave model, electrons accelerated in the
shock exhibit distinct behaviours in different regimes charac-
terised by different electron Lorentz factors

’ mF

Y = egm—l"(t), (A7)
, _ 6rm.c(l +72)

Ye T BT (A-8)
, 6me |'*

Ys = [O—TB—W} > (A9)

corresponding to minimum, cooling, and saturation electron
states, respectively. The primed notation indicates the blast wave
comoving frame. The €, parameter describes the kinetic energy
in the blast wave converted into random electron energy, m, is
the electron mass, o7 is the Thomson cross section, and ¢ is the
number of gyroradii for the accelerated electrons. These elec-
trons produce a flux of synchrotron photons as

_ N PtY) T2
dnd? hv (1+2

(A.10)

v

where N, = (4/3)7R3()n(f) is the total number of electrons in
the blast wave and

- 423 [

is the luminosity distance. The synchrotron power of electrons
with Lorentz factor y’ is given by

dz*

Q,(0+2)P +Q,

(A.11)

co

P(Y) = 6—TB'2y'2, (A.12)
7T
and the characteristic synchrotron frequency is
3B (1) , » 1)
h = —— t eCT T/, A13
V=3B, Y M A13)

with normalising magnetic field strength By = 4.41 x 10 G.

py interactions

The density of observed synchrotron photons is parametrised in
the different regimes and calculated as

(€ /e)3?(e/e) for € <€ <€
X (es’/e,%)‘w2 for € <€ <eg,
(€/€)™ > for €, <€ <é€,
(A.14)

21+ 2)F,,
(€)= r2cle

where k is the spectral index of the electron distribution, m, ¢, s
correspond to the different regimes, and €’ = (hv)’ = hv(1+2)/T.
The rate of py interactions for protons with Lorentz factor y}, in
the blast wave with this synchrotron photon field is

Kp(Y)) = — f €€ py(€) de'ny—e), (A.15)
g Je, g/ €7

where €, is the photon energy in the rest frame of the proton and
€}, = myc® + mzc?/2my, is the threshold for pion production. The
cross-section for py — nx* interactions is

T py(€) = oolis* €2 [Tas + (s —my)* ™", (A.16)
with s = m2c* + 2€/m,c?, 09 = 3.11 x 107 cm?, and s = 0.11
GeV is the width of the Delta resonance. Finally, we calculate
the optical depth for py interactions as

R
pr()’;,) = pr()’;,)z (t)

T
2Dk ——, A7
e py(y,,)l . ( )

where a is the same constant as in Eq.[A.3]

Proton population

The majority of the multi-messenger emissivity from an indi-
vidual GRB blast wave is driven by the interactions of protons
accelerated by the shocks in the blast wave. In this model, the
differential number density of protons as a function of proton
energy is given by

Ecr

E)=— SR
n(Ep) VE2In(y,,/T)

(A.18)

where v, ; is the saturation proton Lorentz factor given by

’

_eB@®
PS5 gmue 1+

(A.19)
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Here, ¢ is the number of gyroradii for the protons. The energy of
the cosmic rays in the blast wave after the deceleration timescale
tgec 18

4 202
Ecr = 5zrepnor3(t)m,,c 2 -1, (A.20)
with €, being the fraction of the blast wave energy that goes
into proton acceleration. If this population of blast wave protons
could escape their source environment as cosmic rays, their en-
ergy would be

2.,
myc ')/p,sr

E,, = (A21)

1+z

To avoid having a population of runaway high-energy protons,
we introduce an exponential cut-off term o exp(-E,/E,;) to
suppress the proton spectrum after saturation. Including this cut-
off, if the protons could freely escape the blast wave environment
and make it to Earth, their flux would be

c (R 2 _
Jy(E,) = o (Z) n(E,)e ErlErs, (A.22)

Neutrino flux

The protons accelerated within the GRB blastwave shocks will
interact with the synchrotron photons and produce neutrinos
through pion production and consequent decays

-+, (A.23)

- et +ve+7,,

resulting in the 1 : 2 : 0 flavour ratio associated with photopion
interactions. Although neutrinos are also produced through neu-
tron beta decay, this process is subdominant and consequently
ignored in our calculations. We assume an equal probability of
producing 7 and #° with mean inelasticity (x) ~ 0.2, resulting
in a pion flux

1 (E, E(1
J,,(E,,)z@J,,( )r,,y(ﬁ).

(x) myc2(x)l

The consequent flux of muons is found by integrating over the
kinematics of the process governed by the mass ratio as

'd E
J[I(E[l) = j()‘ %fﬂ*—m*(x)‘]n (7”) 5

where x = E,/E;. The resulting neutrino fluxes from all relevant
decay channels are calculated by considering similar mass ratios
and integrating over the kinematics of the interactions

(A.24)

(A.25)

E,

1
d E,
Jy (Ev) = f _xfzﬁ—w (x)Jn(_); X ==
. 0o X . X E,

Ydy 'd E,
J,.(Ey) = f 2 f —)‘ﬁlwe(x,y)fﬁ,l(xm(—);
o Y Jo X Xy

Ydy d E,
J5,(Ey) = f s f —xf,ﬁ_%(x,y)fn_m(x)ln(—),
o Yy Jo X Xy

where x = E,/E; and y = E, /E, in the last two expressions. The
scaling functions f are parametrisations of the decays as derived
in |[Lipari| (1993). The final step is to integrate the total neutrino

(A.26)
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flux from a single GRB blastwave over its duration. The emis-
sion happens only after the deceleration time 74, and decreases
as time increases,

Sy(Ey) = foo J,(E,)dt. (A.27)

Idec

This is the fluence of an individual GRB blastwave and gives the
total energy released in neutrinos from photopion interactions.

Appendix B: Dependence on other model
parameters

In the main text, we focused on what happens to the predicted
neutrino flux as we vary the baryon loading and the density of
the surrounding medium, while fixing the remaining model pa-
rameters. It is also worth investigating how changing the other
parameters influences the UHE neutrino flux. We see from Eq_[I]
that modifying the efficiency of energy conversion from kinetic
energy to gamma-ray luminosity 7 is directly proportional to
changing the ratio between kinetic energy and gamma-ray lu-
minosity Ey/L, itself. Thus, we chose to constrain the product
of the baryon loading and this efficiency parameter in the main
text.

Since previous searches and literature focus on fitting the
bulk Lorentz factor I', we also consider how this parameter in-
fluences our model and flux prediction. From the analytical ex-
pressions in Appendix A, we see that the model depends on the
initial bulk Lorentz factor I'y, which determines the deceleration
timescale f4ec and consequently the bulk Lorentz factor I'. For
the ISM model, the time-dependent bulk Lorentz factor I'(¢) is
independent of the initial bulk Lorentz factor I'y, and, since the
model GRB flux only depends on I'(#) and not on 74, the ef-
fects of varying I’y are minimal. The deceleration timescale #4.
only enters the calculation via the lower integration bound of
the single-GRB fluence of Eq. and the impact on the dif-
fuse UHE neutrino flux is small. This can be seen in Fig.
where we fixed the value of the ISM density to np = 1 cm™,
and fitted instead for varying I'y. The same relation holds for
the WIND model. In this case, the deceleration time #4.. de-
pends more strongly on the initial bulk Lorentz factor, #ge. o l"a“,
and the time elapsed before UHE neutrino production is shorter.
However, as this dependence only enters in Eq.[A.27] it does not
significantly affect the diffuse UHE neutrino flux, especially con-
sidering the competing effect of reduction in the UHE neutrino
flux with increasing f;, as described in the main text.

A similar fit was performed for the magnetic energy param-
eter €g. In this scenario, we once again fixed ng = 1 cm™ and
performed a scan for f,n and eg. The resulting posterior proba-
bility density is shown in Fig. [B.I] We see from this parameter
scan that the variables are quite degenerate, so choosing a dif-
ferent value for €g than the one used in the main analysis will
significantly change the constraints on f;.
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Fig. B.1. Posterior probability density of the 2D scan in f,n and €p for
the ISM model with ny = 1 cm™. The solid (dashed, dotted) lines show
the 10 (20, 307) contours.
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Fig. B.2. Posterior probability density of the 2D scan in f,n and I'y for
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