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ABSTRACT: The KM3NeT collaboration has reported the detection of the highest energy
neutrino event observed to date. The energy of the event is of the order of 220 PeV hinting
towards a neutrino flux at the highest energies. In this article, the potential blazar origin
for this event is explored. The publicly available Astro-Multimessenger Modeling software is
used to model the blazar gamma-ray and neutrino fluxes. It is concluded that a population
of blazars could produce the diffuse flux compatible with the observation of the ultra-high
energy event detected by the KM3NeT/ARCA detector. At the same time, the gamma-ray
flux produced by such a population of blazars is consistent with the diffuse gamma-ray flux
measured by the Fermi Large Area Telescope.
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1 Introduction

The KM3NeT collaboration is constructing two deep-sea neutrino detectors in the Mediter-
ranean Sea: ARCA, optimised for the detection of high-energy cosmic neutrinos, offshore
Sicily at a depth of about 3500 meters, and ORCA, off the coast of Toulon at about 2500
meters depth, dedicated to neutrino oscillation studies. Both detectors consist of vertical
detection units equipped with optical modules housing photomultiplier tubes [1, 2]. Although
still under construction, both detectors are already operational and delivering first results,
demonstrating their potential in the area of multi-messenger astrophysics.

On February 13, 2023, an ultra-high energy neutrino event was observed by the
KM3NeT/ARCA detector, which was operating with 21 detection units. The event represents
the most energetic neutrino detected to date, with a reconstructed energy of 220770 PeV (3],
which likely has an astrophysical origin. Soon after the publication of the discovery, several
hypotheses have been suggested to interpret this event in an astrophysical framework. The
possibility that the event is the signature of cosmogenic neutrinos has been explored in
ref. [4], high-energy neutrinos produced in the interaction of Ultra-High Energy Cosmic
Rays (UHECRs) with the photons from the extragalactic background light and the cosmic
microwave background. Although cosmogenic neutrinos are guaranteed given the UHECR
spectra measured by the Pierre Auger [5] and the Telescope Array [6] observatories, the
large neutrino flux needed to account for KM3-230213A would imply that UHECRs should
be injected up to very high redshift (z ~ 6) with a subdominant proton component at the
highest energies [4]. The possibility that the event is due to a powerful Galactic accelerator is
discussed in ref. [7]. However, the lack of a gamma-ray counterpart as well as the need for this
cosmic-ray accelerator to reach energies up to ~ 4-10'® eV make this hypothesis very unlikely.
The possibility that the event might be produced by a single point-source is studied in ref. [8].



Several blazars, Active Galactic Nuclei (AGNi) with relativistic jets oriented towards the
Earth, are consistent with the position of the event [9]. However, at present, the event is not
associated with a specific source. Nonetheless, blazars remain well-motivated astrophysical
sources (see [10] for a review). The IceCube Neutrino Observatory has found a correlation
of ~ 3o for high-energy neutrino emission with a blazar named TXS 05064056 [11, 12]
confirming that blazar jets are accelerators of cosmic rays up to at least ~ 1 —10PeV energies.
Also, the ANTARES collaboration reported a ~ 2¢ hint of correlation between neutrino
events and radio flaring blazars [13]. Furthermore, recent phenomenological analyses [14]
have shown that blazars might emit neutrinos in the energy range between ~ 1 — 100 PeV.

In this article, the possibility that blazars accelerate cosmic rays along their jet axis and
emit ultra-high energy neutrinos is studied. The complexity of blazar emissions is discussed
under the most conservative astrophysical assumptions, so that the conclusions of this study
are not influenced by model-specific details. High-energy gamma-ray and neutrino emissions
from blazars are modelled using the publicly available Astro-Multimessenger Modeling (AM3)
software [15]. This code implements a generic one-zone model for the relativistic jets and
incorporates particle acceleration and emission processes, including both leptonic and hadronic
interactions. A statistical analysis is performed to probe the parameter space and investigate
under which condition blazars might have produced the event. In this regard, any diffuse flux
interpretation of the event must be compatible with the diffuse gamma-ray measurements
from the Fermi Large Area Telescope (Fermi-LAT) and the lack of a counterpart from other
neutrino telescopes such as IceCube and Auger [16-20]. This analysis shows that a blazar
population is consistent with observational constraints and can produce the required flux
for KM3-230213A.

The article is organised as follows: the single blazar geometrical setup and the model
assumptions for the simulation of the neutrino and gamma-ray emissions are described in
section 2. The diffuse flux calculation is discussed in section 3, while sections 4 and 5 describe
how effective areas are evaluated and datasets statistically processed. The results and the
impact of systematic uncertainties are reported in section 6. Section 7 summarises the results
of the work. Finally, a statistical analysis using KM3NeT/ARCA-only information to show
that the result is compatible with the gamma-ray constraints imposed by the Fermi-LAT
collaboration is presented in appendix A.

2 Blazar simulation: source model and assumptions

In this section, details of the simulation of high-energy neutrino emitters from a single blazar
are discussed. The AM3 software, which solves time-dependent transport equations for
primary and secondary particles in astrophysical jets, is used to predict multi-messenger
emissions. It implements a single-zone model where the emission region is treated as a
compact spherical blob moving with relativistic velocity along the jet. The jet is modelled as
a relativistic outflow with a bulk Lorentz factor I'y fixed at 17.6, the mean value obtained
by [21] (also adopted as the default in the AM3 software [15]), which defines the jet speed
relative to the observer. Following [21], the jet is assumed to be observed at small angle
Oobs < 1"%, relative to its axis, leading to a Doppler boosting factor dp = I'.
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Table 1. Fixed source parameters used in the AM3 simulation. Values correspond to the average
reported in [14].

The particle acceleration is described by a power-law with spectral indices «;, and .
for protons and electrons, respectively. In the following analysis, the maximum electron
and proton energies, in the jet reference frame, are fixed at 25 GeV and 30 PeV, respectively.
These values are consistent with the average value determined by using a catalogue of 32
blazars [14]. Larger values of the maximum proton energy do not affect the conclusions of
this article, while smaller ones would prevent blazars from producing neutrinos energetic
enough to explain KM3-230213A.

The other parameters defined in the AM3 simulations are:

e Radius (R'): characteristic size of the blazar’s emission region.
e Magnetic Field (B’): strength of the magnetic field within the jet.

e Rprr: the radius of the Broad Line Region, fast-moving gas clouds responsible for
broad optical and UV lines.

® Ryiss: dissipation radius in the jet, relative to Rprr controlling external photon impact.
o I'c max: maximum Lorentz factor for electrons.
e ', max: maximum Lorentz factor for protons.

e Electron Luminosity (L¢): luminosity associated with the relativistic electrons in the
jet.

e Proton Luminosity (L,): luminosity associated with the relativistic protons in the jet.

e Baryonic Loading (n = L,/L.): this parameter characterises the ratio of proton to

electron luminosity.

Since it is not feasible to account for the variability of each parameter across the whole
blazar population, some of the above-mentioned parameters are fixed at the average values
reported in [14], which are consistent with the parameter ranges derived from the catalogue
of 324 nearby blazars in [21]. These values are summarised in table 1 and define the baseline
AMS3 source template.

In the following, the baryonic loading (7), and the proton spectral index (cy,) are treated
as free parameters. The baryonic loading modifies the normalisation of the gamma-ray and
neutrino spectra while the spectral index determines their shape. These two parameters
effectively capture the full variability of these spectra among the sources.

The AM3 software implements all the main processes for the production of secondary
particles. They are summarised in the following.
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Figure 1. Differential luminosity for gamma-rays and neutrinos (all-flavour) as a function of the
energy. The values of the baryonic loading and the proton spectral index have been fixed at 10 and
1.8, respectively.

Synchrotron radiation: electrons accelerated in the jet produce synchrotron radiation.

e Inverse Compton Scattering (ICS): both synchrotron self-Compton and external
Compton scattering contribute to the observed high-energy radiation from the jet:
e +v—>e +7.

e Bethe-Heitler Pair Production: protons interacting with photons in the jet produce
electron-positron pairs: p+~v — p+et +e”.

e Pair production: photon-photon interactions lead to the creation of electron-positron
pairs: Y+ —eT +e .

e Pion Decay from photomeson interactions: high-energy protons in the jet interact with
ambient photons, producing pions that decay into gamma-rays and neutrinos:

p+m 2v+ X

p+v— —
n+mt vpt+et +ve+u,+X

Modelling these processes using AM3 allows for the computation of the differential photon
flux and the differential neutrino flux from a single simulated blazar. A benchmark case
of the luminosity (in unit of ergs™!) is shown in figure 1 for a single blazar as a function
of the energy, using n = 10 and o, = 1.8 (these values correspond to the best-fit values
found by this analysis, see below for more details). For completeness, the different processes
are shown separately to evaluate their individual contribution to the overall gamma-ray
spectrum and to the overall neutrino spectrum. The low-energy cutoff comes from the energy
range adopted for the simulations.



3 Diffuse flux calculation

The blazar diffuse flux is calculated through the gamma-ray luminosity function, following [22].
The luminosity function at z = 0 is defined as:

]2

dN A LA™ L2\ 1 [Cpn—1(Ly)
L = I = = it ’Y> ) —0.5 -2
§lysz = O01) = =0 dr ~ m(i0) I, ((L) * (L* e ’
(3.1)

where L. is the 0.1 — 100 GeV rest-frame gamma-ray integrated luminosity in units of GeV s™*

and V, is the comoving volume. I'py, represents the photon flux index that follows a Gaussian
distribution, with ¢ and o denoting the mean and dispersion of the distribution, respectively.
i is expressed in terms of L, as:

i(Ly) = o+ B % [logio(Ly) — 46]. (3.2)
The luminosity function at a given redshift z is then given by:
S(Ly,2,T) =8(Ly,z2=0,T) x e(z, L), (3.3)
where
e(z,Ly) = (14 z)kallet, (3.4)

with kq(Ly) = ks + 7y(logio(L,) — 46).

All the numerical values of the parameters (A, Ly, v1, Y2, k«, ¢, Ty, l1«, 5, 0) are reported
in table 2. Since in the model used in this analysis there is no I'y, parameter, the final
luminosity function S(L, z) is given by

3.5
S(Lv,z) = . deh S(LW,Z,th). (3.5)

This is the same approach used in ref. [23]. The diffuse blazar flux is calculated with

v 6 1052 ergs™!
B = [ de [ U ar, (L, 2)
10 1043 ergs
dN s dv.
ER— ) L TV (E,z) Ve .
<GB addr B om Ly z)e (), (3.6)

where %(E,n, ap, Ly, z) describes the single blazar gamma-ray and neutrino spectra
from AMS3 including the correction for energy redshift. %(z) represents the Jacobian
of the transformation from V. to z. 7¥(F),z) is the neutrino optical depth equal to zero
because they propagate unimpeded, and 77(F, z) is the gamma-ray optical depth which

is implemented following ref. [24].

4 Effective areas

Figure 2 reports the comparison between the effective areas (Aeg(F)) between the
KM3NeT/ARCA and the IceCube detectors in terms of the neutrino energy. Aqs(F) are
reported for all-flavours averaged between neutrinos and anti-neutrinos. Furthermore, they
are averaged over the whole sky.
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Table 2. Values of the parameters for the luminosity distribution function [22].
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Figure 2. Comparison between the KM3NeT/ARCA with a configuration of 21 detection lines [3]
and IceCube [17] effective areas in terms of energy. The effective areas are summed over all-flavours
and averaged between neutrinos and anti-neutrinos.

Figure 2 shows the KM3NeT/ARCA effective area calculated for the detector configuration
comprising 21 detection lines, corresponding to the setup at the time of the event discovery.
Only track-like events are considered, hereafter referred to simply as tracks, i.e. events
involving the production of a muon traversing the detector and emitting Cherenkov light.
In particular, the bright track selection described in ref. [3] is used. This selection requires
a minimum number of triggered photomultipliers, Ntl?il\g/[T > 1500, a reconstructed track
length Liyack = 250m, and a track-reconstruction log-likelihood ratio exceeding 500. This
selection ensures that only good quality events with a brightness comparable to that of the
KM3-230213A event are included in the calculation of the expected number of signal events.

For the IceCube detector, the effective area reported in ref. [17] is adopted. This effective
area is derived using the extreme high-energy (EHE) event selection, which involves cuts on
the total deposited charge and the number of hits, and on the quality of the reconstructed
tracks, with an additional background suppression provided by the IceTop veto. Both event
selections are characterized by an extremely low expected background rate, which is neglected
in the following analysis. For both detectors, the effective areas are dominated by horizontal



and downgoing events, since upgoing events are significantly attenuated by the Earth at
energies £ 2 10PeV. The total exposure is defined as

e (B) = 4r | Ticus AP'(E) + Tic AG(E)| (4.1)

where Tins = 335 days and Tic = 12.6 yr denote the KM3NeT and IceCube detector live
times, respectively.

5 Likelihood analysis

In order to interpret the KM3-230213A event in terms of a diffuse neutrino flux from blazars,
the following constraints must be satisfied:

e the diffuse neutrino flux from blazars should be compatible with the non-observation of
high-energy neutrino events reported by the IceCube and Auger collaborations;

e the diffuse gamma-ray flux from blazars cannot be larger than the extragalactic back-
ground gamma-ray flux measured by the Fermi-LAT collaboration, also known as the
EGB spectrum [16].

For the neutrino part, the likelihood function describing the neutrino emission is defined
as the Poisson probability of observing ns = 1 event with an expected number of events
given by A*%(n, ay)

L,(n,0p) = \tot (n, ap)e*)‘mt(”’ap), (5.1)

where A*'(n, o) is estimated as

N, ap) = [ 5 E) (B, a,)dE, (5.2)
where €' (E) is the total exposure introduced in the previous section. As in [25], measurements
from both detectors are combined for energies above 10 PeV. In this work, the exposure of
Pierre Auger [18] is not included, because IceCube currently provides higher sensitivity in
the energy range where blazars are assumed to emit neutrinos. In order to suppress the
parameters producing a diffuse gamma-ray flux overshooting the Fermi-LAT measurements,
a Gaussian penalty term is introduced in the likelihood function as in ref. [26]:

f(n,ap)—0.86\2
£~,(77,0ép) = 6_% ( 011 ) , (5_3)
where f represents the integrated fraction of the diffuse gamma-ray spectrum between
50 — 2000 GeV:
2000 GeV
_ Jsocev 4B Pgiq(E,n, o)

f(77’ ap) - FI;y CLAT 9 (54.)

2

and Fg. . ;ap = 2.4- 10 %photoncm™2s !sr~! is the total diffuse flux measured by the

Fermi-LAT telescope [27]. This fraction has been estimated in ref. [27] to be (86%ﬂ%§).

Although the value ascribed to blazars is subject to significant uncertainties due to specific



assumptions [28], in this analysis this fraction is used solely to avoid exceeding the Fermi-
LAT measurements. Therefore, this uncertainty does not affect the final conclusions of the
present work. The total likelihood of the model is the product of the photon and neutrino
likelihood functions:

ﬁtot(Th ap) = Eu(n7 ap)‘C"/(nv ap)' (55)
The parameter space is explored using the test statistic (TS) defined as:

Liot (7, ap) )

Liot (1, o) (5:6)

TS(n,ap) =2- ln(
where 7 and d, are the parameters that maximise the overall likelihood. According to Wilks’
theorem [29], the test statistic follows a chi-squared distribution with 2 degrees of freedom,
as the number of free parameters.

6 Results and discussion

The 1,2,3 0 TS contours are shown in figure 3. The best fit indicates values of 7j = 10 and
ap ~ 1.8. The result also suggests that 1 values larger than 100 are strongly disfavoured above
the 3o level. Furthermore, the analysis favours hard spectral indices, o, < 2, which maximise
the expected number of events in KM3NeT/ARCA and IceCube within the considered
energy range AFE.

The statistical analysis is dominated by the neutrino contribution to the likeli-
hood (eq. (5.1)) and yields a predicted neutrino spectrum, shown in figure 4, which closely
matches the joint E~2 fit reported in ref. [25]. The 1o band for the blazar diffuse flux is
compatible with the differential upper limits reported by IceCube [17] and Auger [19]. The
spectrum is also consistent with the diffuse neutrino flux upper limits derived from other
IceCube data samples [31-33] and from the ANTARES collaboration [34]. In this scenario,
blazars contribute negligibly to the diffuse neutrino flux at energies < 1PeV. The corre-
sponding gamma-ray spectrum is compatible with the 2FGL resolved source catalogue [16],
with blazars contributing ~ 42% of the EGB as shown in figure 5. Although this value is
lower than the 86% fraction adopted in eq. (5.3), this does not indicate any tension with
the gamma-ray flux. In fact, the total diffuse gamma-ray flux is dominated by leptonic
contributions (see figure 1), and this analysis cannot constrain all the parameters listed in
table 1, such as the electron luminosity. Therefore, the adopted blazar fraction (eq. (5.4))
is regarded as an upper limit to avoid overproducing gamma rays.

It is also verified that variations of a factor ~ 2 in the benchmark values reported in
table 1 for the magnetic field (B), the radius (R’'), and the electron spectral index (a.) affect
the diffuse flux calculation at the < 5% level; therefore, source-to-source variations do not
significantly alter the conclusions of this analysis.

This suggests that blazars may contribute significantly to the UHE neutrino emission
leading to KM3-230213A. Notably, even when considering only KM3NeT data (see appendix A
for details), the inferred diffuse neutrino spectrum remains consistent with EGB measurements.
In this case, the most stringent constraints arise from diffuse neutrino observations in the
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Figure 3. Test statistic contour plot in terms of baryonic loading (1) and the proton spectral
index (a,) for the joint KM3NeT/ARCA and IceCube analysis. The best-fit value is reported with a
red star.

~ 1-10 PeV range, where blazars nearly saturate the upper limits. To explain such a high
neutrino flux, blazars would need to be approximately a hundred times more luminous,
corresponding to baryonic loadings n ~ 103.

Impact of systematic uncertainties. The analysis presented already exploits the infor-
mation provided by the observation of a single extreme event, and is driven by the statistical
uncertainty on the neutrino flux derived from an unique observation. Consequently, the domi-
nant sources of systematic uncertainty are associated with the determination of the detectors
effective areas. Uncertainties in the effective areas arise primarily from the response of the
digital optical modules to incident photons, as well as from the absorption and scattering
properties of the propagation medium, namely water for KM3NeT and ice for IceCube. These
effects lead to an overall uncertainty on the effective areas estimated to be at the level of
~ 10%, as reported in ref. [35]. An additional contribution originates from the uncertainty
on the neutrino interaction cross section, which is known with a precision of approximately
20% at energies above 10 GeV [17]. Combining these contributions conservatively, the total
systematic uncertainty affecting the results presented in this manuscript is estimated to be at
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Figure 4. Neutrino diffuse spectral energy distribution for blazars in terms of the energy for a
single neutrino flavour. The dark blue solid line represents the best fit, while the shaded region
is the 1o band. The prediction is compared with the KM3-230213A equivalent flux [3], the joint
E~2 flux obtained by [25] including IceCube-Extreme High-Energy [30] and Auger non-observations,
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the ANTARES upper limits [34] are reported. The pink and purple shaded regions represent the
IceCube single-power-law (SPL) fits for High-Energy Starting Events (HESE) [31] and Northern Sky
Tracks (NST) [32], respectively.

the level of ~ 30%, therefore subdominant with respect to the statistical uncertainty. Such
an uncertainty does not alter the main conclusions of the analysis.

7 Conclusions

The KM3NeT collaboration has reported the highest-energy neutrino event detected to date,
with an estimated energy of ~ 220 PeV. In this article, the possibility that this event might
have originated from the diffuse neutrino flux produced by blazars is considered. This is
theoretically well motivated since blazars are the most luminous objects in the gamma-ray
sky. In order to constrain the spectrum of a single blazar, the publicly available AM3 software
is used. In order to extrapolate this result to the whole blazar population, the luminosity
function inferred by the Fermi-LAT collaboration is used. The constraints imposed by the
IceCube non-observation and the gamma-ray measurements from Fermi-LAT are also taken
into account. Results demonstrate that the diffuse neutrino flux due to blazars is compatible
with all constraints and may explain the KM3-230213A event considering a joint fit combining
information with the IceCube diffuse flux measurement. In appendix A, the case of the
KM3NeT/ARCA exposure alone is discussed. In this case, the diffuse emission from blazars
remains consistent with Fermi-LAT gamma-ray constraints, though it is in tension with the
IceCube upper limits at the ~ 2.5-3 0 level.

,10,
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A Likelihood analysis with only KM3NeT information

In this section, the results of the likelihood analysis are reported, considering only the
KM3NeT/ARCA exposure in eq. (5.1).

The 1,2 and 3 o TS contours are shown in figure 6. In this case, the best-fit value is
n ~ 103 and ap =~ 1.75. The best-fit spectral index is close to the value obtained when the
IceCube exposure is included in the likelihood analysis. However, in this case the baryonic
loading value maximizing the likelihood is ~ 2 orders of magnitude higher than for the joint
analysis. The two results are compatible within about 2.5-3 o.

The best fit and 1o bands for neutrinos and photons are shown in figures 7 and 8,
respectively, and are compared with the corresponding measurements discussed in the main
text. The neutrino spectrum is compatible with the one reported by [3] although it is in tension
with the IceCube measurements reported in the ~ 100 — 1000 TeV energy range. Furthermore,
the flux is in tension with the Auger and IceCube upper limits at energies above ~ 100 PeV.
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Figure 6. Test statistic contour plot in terms of baryonic loading (1) and the proton spectral
index () for the KM3NeT/ARCA-only analysis. The best-fit value is reported with a red star.

This suggests that more luminous sources are required to enable the detection of ~ 1 event in
KM3NeT/ARCA. However, the corresponding gamma-ray flux is consistent with Fermi-LAT
constraints; in fact, the fraction produced by blazars is ~ 77%, as shown in figure 8.
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Figure 7. Neutrino diffuse spectral energy distribution for blazars in terms of the energy for a single
neutrino flavour. The dark blue line represents the best fit while the shaded region is the 30 band. The
prediction is compared with the KM3-230213A equivalent flux [3], the joint £~ flux obtained by [25] in-
cluding IceCube-Extreme High-Energy [30] and Auger non-observations, and the updated IceCube [17]
and Auger differential upper limits [19]. For comparison, the diffuse neutrino flux measured by the
IceCube Neutrino Observatory with several samples [31-33]and also the ANTARES upper limits [34]
are reported. The pink and purple shaded regions represent the IceCube single-power-law (SPL) fits
for High-Energy Starting Events (HESE) [31] and Northern Sky Tracks (NST) [32], respectively.
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Figure 8. Gamma-ray diffuse spectral energy distribution for blazars as a function of the energy. The

solid line represents the best fit while the shaded region represents the 3¢ band. The result is compared
with ExtraGalactic Background (EGB) measurements of Fermi-LAT and the 2FGL sources [16].
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