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Could a Primordial Black Hole Explosion Explain the Extremely High-Energy
KM3NeT Neutrino Event?
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A black hole is expected to end its lifetime in a cataclysmic runaway burst of Hawking radiation,
emitting all standard model particles with ultrahigh energies. Thus, the explosion of a nearby primordial
black hole (PBH) has been proposed as a possible explanation for the ~220 PeV neutrino-like event
recently reported by the KM3NeT Collaboration. If the event originated from a PBH, the source would

need to lie at (1-7) x 107> pc—depending on the assumed effective area—thus within the Solar System.
At such proximity, the resulting flux of gamma rays and cosmic rays would be detectable at Earth. By
incorporating the time-dependent field of view of gamma-ray observatories, we show that LHAASO

should have recorded O(10%) events between fourteen and seven hours prior to the KM3NeT detection.
IceCube and KM3NEeT itself should likewise have detected of order a few hundred events in the range
1 TeV < E, <1 PeV during the 24 h preceding the burst. The absence of any such multimessenger signal,
particularly in gamma-ray data, strongly disfavors the interpretation of the KM3-230213A event as arising
from evaporation in a minimal four-dimensional Schwarzschild scenario.
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Introduction—The detection of a O(100 PeV) neutrino
event by the KM3NeT/ARCA facility [1] has sparked a
surge of theoretical investigations, each striving to unravel
the underlying mechanisms and astrophysical origins of
this signal. Providing a consistent explanation requires
addressing a critical question: why have other observatories
—most notably the IceCube detector [2], having a volume
10 times larger and operated for 15 times longer than
KM3NeT—failed to register similar ultra-high-energy
occurrences? Specifically, if the KM3NeT event, KM3-
230213A, arose from an isotropic diffuse flux, it would
challenge existing IceCube [3-5] and Pierre Auger [6,7]
limits, with recent studies finding a ~2.5¢6-3.5¢ tension
depending on different assumptions [8—12]. Likewise, a
long-term steady source is unlikely, as a decade of
continuous observations by IceCube has not revealed an
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emitter at the corresponding event declination [13].
However, if the KM3NeT event originated from a transient
source, the apparent tension with IceCube data diminishes
significantly, easing to a more modest discrepancy at the
~20 level [10]. Recent discussions about KM3-230213A
and possible explanations for its origin can be found in
Refs. [9,14-41].

A pivotal factor in unraveling the origin of KM3-
230213A lies in the conspicuous absence of accompany-
ing gamma rays or other high-energy particles
[9,22,30,32,33,39,41-43]. As a result, any proposed novel
source capable of generating the ultra-high-energy (UHE)
neutrino observed by KM3NeT must either effectively
suppress the production of high-energy photons or originate
from regions sufficiently distant to attenuate the photon flux
during its propagation to Earth due to interactions with
intergalactic matter or radiation fields [43].

Nevertheless, it has been recently suggested that the
evaporation of an asteroid-mass nearby primordial black
hole could be responsible for the KM3NeT neutrinolike
event [28]. Primordial black holes (PBH), hypothesized to
have formed in the early Universe are foreseen to undergo
evaporation via Hawking radiation [44]—a semiclassical
effect in which the strong curvature dynamics of collapse
generate a particle flux. The spectrum of this radiation is
thermal [45], with a temperature determined by the proper-
ties of the PBH. For a nonrotating, uncharged black hole,
this temperature is inversely proportional to its mass
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[45,46]. As a result of their continuous particle emission,
PBHs are predicted to undergo a runaway evaporation
process, initially gradual but rapidly accelerating as their
mass diminishes. Consequently, only during the terminal
phase of this evaporation would particles be emitted with
energies comparable to the one observed by KM3NeT on
13 February 2023 at 01:16:47 UTC.

For a PBH to be fully evaporating now its initial mass
must be of O(10'%) g, assuming only the presence of
standard model (SM) degrees of freedom. The formation of
a black hole with such a low mass necessitates a collapse
mechanism fundamentally different from that of stellar
origin, which typically yields black holes with masses
several times that of the Sun. In contrast, a range of
theoretical scenarios has been proposed to account for
the formation of these light PBHs, including collapse from
inhomogeneities, phase transitions, topological defects and
bubble collisions [47].

If this scenario could hold, the KM3NeT event would
provide the first tantalizing indirect evidence for the
existence of PBHs and lend observational support to the
long-theorized phenomenon of Hawking radiation.
Additionally, detecting a nearby PBH would support the
idea that BHs formed in the early Universe, potentially
strengthening their role as a significant dark matter com-
ponent with extended mass distributions, allowing some to
evaporate today [48]. This is why in this Letter we carefully
examine the feasibility of this hypothesis using a reductio
ad absurdum approach.

We estimate the distance from Earth a PBH would have
to be in order to produce a neutrino flux consistent with the
KM3NeT observation to be ~(1-7) x 1073 pc. We show
that, in this case, gamma-ray and cosmic-ray observatories
should have detected a substantial number of associated
photon and proton events in the hours preceding the final
burst. Specifically, the large high altitude air shower
observatory (LHAASO) [49] would have been sensitive
to this emission of gamma-rays between 14 and 8 h before
the KM3NeT event, as the corresponding sky region lay
within its field of view during that period. The final burst
would have been within the field of view of the high-
altitude water Cherenkov (HAWC) gamma-ray observatory
[50], although HAWC was not operational at that time [51].

Additionally, IceCube [2] should have observed a rising
neutrino flux with energies above ~100 GeV starting about
four hours before the final burst, and would have detected
~300 events at the time of the burst itself. Moreover,
KM3NeT/ARCA itself would have observed ~150 events
in the 11-24 h prior to the event in the energy range of
1 TeV < E,<1PeV. Given the absence of any such
signals, we conclude that attributing the KM3NeT event
to PBH evaporation appears to be highly unlikely and is
therefore strongly disfavored as a plausible explanation.

PBH evaporation—An observer far from a Schwarzschild
black hole will detect a flux of thermal radiation for a given

particle species j, characterized by the instantaneous emis-
sion rate per energy bin dE [45]

dzN] _ & FSj (E)
dEdt  2mexp(E/T) — (=1)%"

(1)

where g; and s; denote the internal degrees of freedom and
spin of the particle, respectively [52]. The black hole
temperature is inversely proportional to its mass M,
T = (82GM)™"' ~ 1 GeV(10'3 g/M). The spectrum in
Eq. (1) differs from a purely Planckian distribution due to
the presence of the black hole’s gravitational potential, which
acts as an energy-dependent barrier that partially back-
scatters some emitted particles. This spin-dependent effect
is encoded in the absorption probability I’ (E), a trans-

mission coefficient of a wave through the effective potential.

From energy conservation considerations, the black hole
mass is expected to decrease at a rate that depends on its
initial mass and the number of available degrees of free-
dom. The time evolution of the black hole mass can be
estimated by calculating the mass loss due to the emission
of each particle species, integrated over phase space and
summed over all species [53-55]

dm d>N; e(M)
— = dEE—t1=-—>—= 2
dr Zj: / dEd: ~  GPME )

where e(M) is a function that encodes the contribution of
all emitted particles at a given mass. Assuming the
emission of only SM degrees of freedom, &(M) ~ 4 x
103 for M < 10'° g, and decreasing for larger masses. The
mass loss rate in Eq. (2) implies that the black hole initially
evaporates very slowly, but the process accelerates over
time, leading to a runaway evolution that culminates in a
final explosive phase. Furthermore, as the black hole’s
temperature increases with time, the energies of the emitted
particles also grow, potentially reaching values far beyond
those observed to date.

There are, however, important caveats to the discussion
of the PBH mass loss rate. First, the derivation of the
Hawking spectrum neglects backreaction effects on the
spacetime. While this remains a challenging problem,
studies in simplified scenarios suggest that, within the
semiclassical approximation where fields are treated quan-
tum mechanically and the spacetime classically, the mass
loss rate follows dM/dt « —M~% [56]. We will therefore
adopt Eq. (2) as our working assumption. This approxi-
mation is expected to break down as the black hole mass
approaches the Planck scale Mp, where the adiabaticity
condition, T/T? < 1, fails [59]. Although this regime is
not relevant for our purposes, we conservatively stop the
evolution at M ~ 100Mp. A further complication is the
information loss problem stated in terms of entropies: the
von Neumann entropy of Hawking radiation eventually
exceeds the Bekenstein-Hawking entropy of the black hole
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FIG. 1. Time integrated Hawking spectrum times energy
squared for three different time intervals: At = 1 day to 1 min
(dotted lines), 1 min to 1073 ms (dashed lines), and 10~ ms to
0 s (solid lines) before complete evaporation, assuming a PBH
located at a distance of 2.4 x 10~ pc from Earth. We consider the
spectra of neutrinos (red), electrons and positrons (yellow),
muons (green), photons (blue), and protons (dark blue). The
purple band indicates the energy range associated to the KM3-
230213A event at 90% CL.

after the Page time [60—62]. Beyond this point, nonthermal
corrections to the Hawking spectrum may arise from
unknown physics. As the black holes considered here
should have passed the Page time long ago, such effects
could, in principle, modify the emitted spectrum [62].
However, due to the current lack of consensus on their
nature or necessity [63,64], we will continue to assume that
the emission remains thermal, as given by Eq. (1), and that
mass loss follows Eq. (2).

In addition to the direct emission of particles, referred to
as primary emission, the subsequent decay of unstable
particles, as well as the hadronization of quarks and gluons
emitted by the black hole, generates an additional flux of
particles such as v, y, e*, y*, and p. This secondary
component enhances the overall particle spectrum. We have
used BlackHawk [65,66] to compute the secondary
spectra, specifically using the tables obtained using
HDMSpectra [67]. Consequently, if a PBH evaporates
sufficiently close to Earth, we expect not only a flux of
high-energy neutrinos but also other significantly boosted
particles. To illustrate this effect, Fig. 1 presents the time-
integrated Hawking spectra for three distinct time intervals
before the final evaporation: At = 1 day to 1 min (dotted),
1 min to 1073 ms (dashed), and 1073 ms to 0 (solid),
assuming a PBH located at a distance of 2 x 10~ pc from

Earth. The spectra are shown for all neutrino species (red),
electrons and positrons (yellow), muons (green), photons
(blue), and protons (dark blue). For muons, we account for
their possible decay during propagation to Earth. As aresult,
their contribution becomes significant only during the final
stages of evaporation, since only then they are produced with
very highenergies, E,+ 2 10 PeV, which may allow them to
reach Earth before decaying. Additionally, the proton flux,
arising from the decay and hadronization of highly boosted,
strongly interacting particles, also exhibits high energies,
although its magnitude is approximately 1 order of magni-
tude lower than that of the other components.

Since the detection of charged particles and photons is
governed by electromagnetic interactions, the number of
events expected from a PBH evaporation, assuming it is
sufficiently close, should be several orders of magnitude
higher than the corresponding neutrino events. This con-
sideration might lead to the naive expectation that attrib-
uting the KM3-230213A event to a PBH evaporation is in
strong tension with the absence of signals in other observa-
tories. However, there are important subtleties that must be
taken into account before drawing such a conclusion.

KM3-230213A as an evaporating PBH—Let us assume
that the KM3NeT event originated from a neutrino pro-
duced by the evaporation of a nearby PBH. Under this
hypothesis, our first objective is to determine the distance to
Earth, dppy, at which the PBH evaporated. Following
IceCube [68], the total number of neutrino-induced events
expected in KM3NeT is given by

N i [aEENe A (B oo RAm). (3)
evt_4ﬂ_d12)BH 0 dEds eff \~» UPBH PBH />

where (d’N,/dEdt) includes both primary and secondary
neutrino contributions, 7 is an initial remaining evaporation
lifetime, and A.(E, Sppy, RAppy) denotes the detector’s
effective area, depending on neutrino energy and the PBH
celestial coordinates, specified by its declination dpgy and
right ascension RAppy. Vacuum neutrino oscillations are
incorporated in the determination of number of events, as
described in detail in the companion paper [69].

It is important to emphasize that, unlike searches for
diffuse neutrino fluxes in observatories such as IceCube or
KM3NeT, the dependence on the event’s right ascension
must be explicitly taken into account. This is because, for
transient sources with durations shorter than one hour,
the instantaneous orientation of the detector relative to the
source plays a crucial role in determining the possible
arrival directions of high-energy neutrinos, thereby
significantly affecting the effective area. We use the
publicly available code from the planetary neutrino
monitoring network (PLEvM) [70-72] to determine the
instantaneous effective areas. The procedure to obtain
Actr(E, Sppy, RApgy) is provided in detail in Ref. [69].
For the KM3NeT case, we scale the PLEvM effective area
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FIG. 2. Field of view in equatorial coordinates covered by gamma-ray experiments HAWC [50,78] (purple) and LHAASO [49,79]
(light green), together with the regions where the effective areas of KM3NeT (orange) and IceCube (light blue) are 25% below their
maximum value for an energy equal to the measured by KM3NeT. The colored regions denote the instantaneous field of view of these
experiments at the time of the KM3NeT event, 13th of February 2023 at 01:16:47 UTC [1] (red star). The area encompassed by the
dashed lines represents the corresponding regions nine hours earlier.

by 0.2 to account for the reduced ARCA volume at the time
of the event [41]. As a cross-check, we also use the zenith-
binned A,y from the full detector configuration [73],
rescaled by the same factor, as well as the all-sky-averaged
A reported in Ref. [1].

Discarding, for the moment, contributions from particles
other than neutrinos, and adopting the equatorial coordi-
nates of the evaporating PBH as reported by the KM3NeT
Collaboration, we should integrate over a time interval
corresponding to the experiment’s livetime of 7 = 335 day.
However, since KM3NeT/ARCA is optimized for neutri-
nos above ~TeV, only the final day of PBH evaporation
contributes significantly, see Fig. 1. To estimate dpgy, we
integrate N%, over E, €[l PeV,1 EeV| to cover the
relevant energy range of the event and set NY, =
Using the rescaled PLEvM effective area, we obtain
dpgyy = 2.4 x 107 pc, while the all-sky-averaged and
rescaled zenith-binned Ay yield distances of 0.8 x 107>
and 6.6 x 107 pc, respectively [74]. At such proximity, a
substantial flux of other particles, including gamma-rays,
UHE electrons, positrons, protons, and potentially muons,
would also be expected.

Assuming that the PBH emits only SM degrees of
freedom, we compute the time-integrated spectra of pho-
tons and protons, as well as the expected number of events
in observatories such as LHAASO [49] and HAWC [50].
These gamma-ray facilities, which are sensitive to photons
with energies above ~100 GeV, would be capable of
detecting such a burst. Furthermore, given the assumed
proximity of the evaporating PBH, attenuation of the
gamma-ray flux during propagation is not expected to be
significant. Although other instruments, such as Fermi [75]
and the Pierre Auger Observatory [76], could also be

sensitive to the resulting UHE fluxes, we consider that
focusing on the high-energy gamma-ray observatories
mentioned above is sufficient to test this hypothesis.

A key consideration in estimating the number of detect-
able events at these observatories is their limited field of
view (FOV). For example, LHAASO has an instantaneous
FOV of approximately 60°, which restricts its sky coverage
at any given time. Consequently, it is essential to determine
which portion of the sky each observatory was monitoring
during the period leading up to the PBH evaporation. This
is illustrated in Fig. 2, where we show the FOVs of
LHAASO and HAWC at the time of the KM3NeT event.
For comparison, we also indicate the regions of the sky
where the effective areas of IceCube and KM3NeT are at
most 25% lower than their maximum values, for neutrinos
with energies equal to that of the KM3-230213A event. We
find that, at the time of the final evaporation, which is set to
coincide with the KM3NeT event, the corresponding region
of the sky was not within the field of view of LHAASO.
However, it did lie within the field of view of HAWC at that
time, which was not operational at that time [51].

This result suggests that the hypothesis identifying
KM3-230213A as the signature of an evaporating PBH
could still be viable. However, given the significant
proximity of the PBH to Earth, the particle flux in the
hours preceding the final burst may be substantial enough
that gamma-ray observatories could have detected a flux of
high-energy photons originating from the direction of
KM3-230213A. For instance, nine hours before the event,
the signal would lie within LHAASO’s FOV, see Fig. 2,
dashed lines. To estimate the number of such events, we
need to relate the source position at (5, RA) to the local
zenith angle at a given time. For this, we use the relation
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FIG. 3. Expected number of events at Earth during the final day

before the evaporation of a PBH located at the KM3-230213A
sky position, assuming a distance of 2.4 x 10~ pc. Shown are
photon (green) and proton (brown) counts in LHAASO, HAWC
photons (lilac dashed), and neutrino events in IceCube (light
blue) and KM3NeT for E, €[l TeV, 1 PeV] (dark blue) and
E, e[l PeV,1 EeV] (red). Bands reflect events obtained when
varying the PBH distance from 10 to 7 x 10~ pc.

t
cos @ = sinAsin é + cos A cos § cos (27[; - RA) , (4

where A is the detector’s latitude, ¢ is the local sidereal time,
and T is the duration of one sidereal day [6]. To determine
the expected number of events one day prior to the final
burst, we use the effective areas of LHAASO for photons
and protons considering the water Cherenkov array detector
(WCDA), provided in Ref. [80], across different bins of
local zenith angle. If the local zenith angle falls outside
LHAASO'’s field of view, we assume the effective area to
be zero.

In Fig. 3, we show the expected number of events
during the final day of a PBH evaporation located at KM3-
230213A’s coordinates and at a distance of 2.4 x 10~ pc.
Photon (green) and proton (brown) events for LHAASO,
photon events for HAWC (lilac dashed), and neutrino
events for IceCube (light blue) and KM3NeT in the energy
ranges E, €[l TeV,1 PeV| (dark blue dot-dashed) and
[T PeV, 1 EeV] (red) are displayed. The colored bands
indicate the variation obtained by varying the PBH distance
between 107 and 7 x 107> pc. Although LHAASO would
not have observed the final hour, it would nonetheless have
detected a very large number of earlier events: roughly
O(108) photons and O(10°) protons, in the 147 h window
preceding evaporation. IceCube would also register a sub-
stantial neutrino flux, collecting approximately ~300 events

during the final moments. KM3NeT itself would record a
significant number of events both in the 11-24 h interval and
in the last hour, for neutrino energies E, € [1 TeV, 1 PeV],
surpassing IceCube’s expectations in those time windows.
Despite KM3NeT being considerably smaller in instru-
mented volume than IceCube, its effective area is enhanced
for this scenario because the KM3-230213A direction
remains horizontal for IceCube but becomes upgoing for
KM3NeT during part of the day, boosting KM3NeT’s
sensitivity at O(TeV-PeV) energies [81].

Given the unlikelihood that such a significant pre-burst
signal would go undetected, we conclude that the hypoth-
esis identifying KM3-230213A as the result of an evapo-
rating PBH is strongly disfavored by the nonobservation of
correlated signals in other messengers.

Final thoughts—The discovery of the evaporation of a
nearby PBH would represent a major milestone in funda-
mental physics, providing direct evidence for Hawking
radiation and thus confirming our understanding of
quantum field theory in a dynamic curved spacetime.
Furthermore, such an observation could offer new insights
into longstanding problems, such as the information loss
paradox, through the direct measurement of the black hole
time evolution. The UHE neutrino event reported by the
KM3NeT Collaboration in February 2023 sparked consid-
erable interest, raising the intriguing possibility that it could
be the first observational hint of PBH evaporation.
However, our analysis demonstrates that this interpretation
does not withstand scrutiny when viewed within the
broader observational framework. Given that an evaporat-
ing PBH is expected to emit the full spectrum of SM
particles, a genuine signal would likely manifest across
multiple messengers—not solely in the neutrino channel.
By accounting for the time-dependent field of view of
gamma-ray observatories, we have found that the
LHAASO experiment should have detected over O(10%)
UHE photon events from the same region of the sky, several
hours prior to the KM3NeT detection. The absence of such
a signal strongly disfavors the PBH evaporation hypothesis.

More generally, our results apply to any source that emits
both photons and neutrinos and is sufficiently close to Earth
for photon attenuation to be negligible. To this end, we have
developed a general framework for identifying transient
sources in current and future neutrino telescopes, high-
lighting the critical role played by the source’s equatorial
coordinates in determining detectability. Our findings
underscore the importance of multimessenger observations
in both identifying and localizing transient events. A
detailed analysis of this methodology and its broader
implications will be presented in a companion paper [69].

Note added—Recently, Refs. [14,17] appeared, propos-
ing that the KM3NeT event could be explained by
quasi-extremal or higher-dimensional PBH, respectively.
While both studies acknowledge the tension with the
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nonobservation of gamma rays, our analysis complements
these efforts by quantitatively demonstrating that this
tension excludes the minimal scenario of a four-dimen-
sional Schwarzschild PBH evaporating in close proximity
to Earth.
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