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Observation of an ultra-high-energy cosmic 
neutrino with KM3NeT

The KM3NeT Collaboration*

The detection of cosmic neutrinos with energies above a teraelectronvolt (TeV) offers 

a unique exploration into astrophysical phenomena1–3. Electrically neutral and 

interacting only by means of the weak interaction, neutrinos are not deflected by 

magnetic fields and are rarely absorbed by interstellar matter: their direction 

indicates that their cosmic origin might be from the farthest reaches of the Universe. 

High-energy neutrinos can be produced when ultra-relativistic cosmic-ray protons or 

nuclei interact with other matter or photons, and their observation could be a 

signature of these processes. Here we report an exceptionally high-energy event 

observed by KM3NeT, the deep-sea neutrino telescope in the Mediterranean Sea4, 

which we associate with a cosmic neutrino detection. We detect a muon with an 

estimated energy of 120−60
+110 petaelectronvolts (PeV). In light of its enormous energy 

and near-horizontal direction, the muon most probably originated from the 

interaction of a neutrino of even higher energy in the vicinity of the detector. The 

cosmic neutrino energy spectrum measured up to now5–7 falls steeply with energy. 

However, the energy of this event is much larger than that of any neutrino detected  

so far. This suggests that the neutrino may have originated in a different cosmic 

accelerator than the lower-energy neutrinos, or this may be the first detection of a 

cosmogenic neutrino8, resulting from the interactions of ultra-high-energy cosmic 

rays with background photons in the Universe.

Cosmic neutrinos may be produced either in the vicinity of the cosmic- 
ray source or along the cosmic-ray propagation path, leading to the 
production of secondary unstable particles, which subsequently decay 
into neutrinos. Cosmic rays interacting in the Earth’s atmosphere pro-
duce atmospheric neutrinos, which form an experimental background 
to cosmic neutrinos. To detect cosmic neutrinos, very-large-volume 
neutrino observatories monitor natural bodies of water or ice for the 
Cherenkov light induced by the passage of the charged particles that 
result from neutrino interactions in or near the detector. The KM3NeT 
research infrastructure comprises two detector arrays of optical sen-
sors deep in the Mediterranean Sea4. The ARCA detector is located 
offshore Portopalo di Capo Passero, Sicily, Italy, at a depth of about 
3,450 m and connected by means of an electro-optical cable to the 
shore station of the INFN, Laboratori Nazionali del Sud (LNS). The 
geometry of ARCA is optimized for the study of high-energy cosmic 
neutrinos. The ORCA detector is located at a depth of about 2,450 m, 
offshore Toulon, France, and is optimized for the study of neutrino 
oscillations. Both detectors are under construction but already opera-
tional. Once completed, they will comprise 345 (230 for ARCA and 115 
for ORCA) vertical detection lines, each holding 18 optical modules. 
Each module hosts 31 3-inch photomultiplier tubes (PMTs) pointing 
in all directions and ensuring 4π coverage9. Both detectors can iden-
tify all flavours of neutrino interactions: those producing long-lived 
muons, denominated ‘tracks’, and those producing electromagnetic 
and hadronic cascades at the neutrino interaction vertex, denominated  
‘showers’.

Of interest in this article are neutrino interactions that produce 
high-energy muons, which can travel several kilometres in seawater 
before being absorbed. These muons lose energy as they propagate 
mainly because of stochastic radiative processes such as bremsstrahl-
ung, pair production and photonuclear reactions. The average energy 
loss per unit path length is proportional to the muon energy. Elec-
tromagnetic cascades arise from these stochastic energy losses; the 
number of charged particles that produce Cherenkov radiation in the 
cascades is proportional to the amount of energy lost by the muon in 
the process. The recorded time of arrival and time-over-threshold of 
the signals on the PMTs (denoted as ‘hits’) are used to reconstruct the 
muon direction and energy.

Although atmospheric neutrinos are more abundant at lower ener-
gies (≈TeV), cosmic neutrinos should become dominant at energies 
above 100 TeV. The neutrino energy is thus a crucial parameter for 
establishing a cosmic origin. The IceCube Collaboration announced the 
discovery of PeV cosmic neutrinos in 2013 (ref. 10). The most energetic 
neutrinos reported so far are a 6.05 ± 0.72 PeV electron antineutrino 
observed at the energy of the Glashow resonance11 and a muon neutrino 
above 10 PeV from the observation of a 4.4-PeV muon5.

The neutrino event KM3-230213A

An extremely high-energy muon traversing the ARCA detector was 
observed on 13 February 2023 at 01:16:47 UTC. This event is referred to 
here as KM3-230213A. At that time, 21 detection lines were in operation. 
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Methods

The detector

The KM3NeT detectors4 are three-dimensional arrays of photosen-
sors installed at great depths in the Mediterranean Sea. The sensors 
detect the Cherenkov radiation induced in seawater by relativistic 
charged particles. They are housed in optical modules9, which are 
44-cm-diameter pressure-resistant glass spheres, each with 31 3-inch 
PMTs. Each optical module contains data-acquisition electronics 
and calibration instrumentation. The modules of the ARCA detector, 
located at a depth of 3,450 m offshore Portopalo di Capo Passero, Sicily, 
in the Mediterranean Sea, are chained together in groups of 18, spaced 
by 36 m, along 700-m-long vertical detection lines anchored to the 
seabed and kept taut by the buoyancy of the optical modules and top 
buoys. An electro-optical cable runs along the detection lines, power-
ing the optical modules and transporting data through optical fibres. 
Detection lines are placed on the seafloor with an average horizontal 
spacing of 95 m. At the time of the event, the ARCA detector consisted 
of 21 detection lines. The instrumented volume, that is, the smallest 
cylinder containing all optical modules, was about 0.15 km3. In its final 
configuration, the array will comprise 230 detection lines.

The data-acquisition system is based on the ‘all-data-to-shore’ con-
cept: all analogue signals from the PMTs above a certain tunable thresh-
old are digitized offshore and all digital data are sent to shore, where 
they are processed in real time. The data contain the time stamp of the 
leading edge and the pulse length of the time-over-threshold signal 
from a discriminator, jointly referred to as ‘hit’. The time-over-threshold 
is proportional to the number of converted photoelectrons on the PMT. 
Although the linear behaviour holds relatively well for pulses up to a 
few tens of photoelectrons, above 30 photoelectrons, a saturation 
effect is observed, producing a flattening of the time-over-threshold 
measurements with increasing charge9.

Trigger algorithms search for clusters of hits correlated in space and 
time. Local coincidences of hits are identified on each optical module 
within a 25-ns time window. Then, three different clustering algorithms 
are applied, assuming that hits come from light propagating according 
to a possible track or shower origin. A space-time coincidence between 
at least five hits on five modules within 250 m, under the assumption 
that light expands from a point-like source, constitute a cluster for the 
nominal shower trigger, allowing for a 25-ns delay to light propagation 
in water. A similar condition is applied for the track trigger, but this 
time considering that the light source is a track that moves in the detec-
tor at the speed of light in vacuum, and searching for hits in a cylinder 
of radius 120 m. A low-threshold shower trigger is also applied, requir-
ing coincidences of eight hits on three modules within 110 m. When 
one or more clusters are found, all data from an O µ(10)- s time window 
are recorded as an event for offline calibration and processing. Trig-
gering criteria are designed to detect events at the lower-energy thresh-
old. In the case of KM3-230213A, 3,659 individual (overlapping) trigger 

clusters were found in the time window and ̂N = 3,672trig
PMT

 PMTs par-
ticipated to form at least one of those trigger clusters. PMTs that have 
recorded hits but that do not participate in any trigger cluster are pre-
dominantly caused by optical backgrounds that are very far away and/
or not time-correlated with the physical event. It is for this reason that 

̂Ntrig
PMT

 is used as observable for the energy estimate.
Data-quality criteria are applied to reject periods with detector insta-

bilities from the analysis sample.

Detector simulation

High-energy neutrino events (100 GeV < Eν < 100 EeV) were simu-
lated with gSeaGen v7.4.3 (refs. 48,49), using GENIE50 to simulate the 
neutrino interaction by means of the HEDIS package51,52. The deep- 
inelastic scattering model CSMS11 (ref. 53) was used. PROPOSAL54 
and TAUSIC55 were used by gSeaGen to propagate muons and taus 
up to the detector.

The accurate simulation of the light produced by a muon of a given 
energy is crucial to the muon energy estimate. KM3NeT uses proprie-
tary code, which simulates the continuous and stochastic energy losses 
owing to bremsstrahlung, pair production, photonuclear interactions, 
delta rays and ionization, as well as the multiple Coulomb scattering 
and deep-inelastic scattering. Differential cross-sections for the main 
processes are extracted from refs. 56,57. The light produced by the 
muon and the secondary particles is simulated by sampling photon 
tables that contain the probability density functions of the arrival time 
of Cherenkov light on a PMT as a function of the distance from the emis-
sion point and the PMT orientation with respect to the particle58. For 
secondary particles, equivalent tabulated values for electromagnetic 
shower light are used. The amount of photons generated depends on 
the type and energy of the particle and has been adjusted according 
to Geant4 simulations59.

The photon tables account for light absorption, scattering and chro-
matic dispersion. Absorption is modelled on the basis of in situ meas-
urements14; the scattering model for seawater accounts for pure-water 
scattering, following the Einstein and Smoluchowski description60,61, 
and particle scattering, accounting for the wavelength dependence 
using the Kopelevich parameterization62 and considering the Petzold 
data63 for the angular dependence. The angular acceptance and average 
quantum efficiency of the PMTs are also accounted for in the tables, as 
derived from detailed simulations of the PMT and the structure of the 
optical module64, and from laboratory measurements65.

The simulation of the stochastic energy losses has been cross-checked 
by comparing the total simulated amount of energy lost by the muon 
over a given distance with the same quantity computed using the PRO-
POSAL software54. Agreement at better than the 10% level was found 
over the whole energy range of interest. Moreover, PROPOSAL has 
also been used to check that varying the theoretical models used to 
describe energy losses66–69 yields differences that are within the sto-
chastic fluctuations of the energy-loss processes.

Because no external data are available in this energy range to validate 
the simulation procedure, the particle-propagation and light-simulation 
code has also been compared with state-of-the-art Geant4-based59 simu-
lation and with a custom GPU-based photon-tracking code (https://
github.com/PLEnuM-group/PhotonPropagation.jl) in which the same 
water model and detector response have been implemented in an inde-
pendent way. The output of these simulations are in good agreement; 
when using the alternative simulations for the energy measurement, 
the result is within 10% of the nominal value.

After light simulation, the readout is simulated. The conversion from 
photoelectrons on the cathode of the PMT to a time-over-threshold 
measurement and the transit-time distributions of the PMTs repro-
duce laboratory measurements65. The gain, gain spread and relative 
PMT efficiencies come from in situ measurements70. Afterpulses in 
the PMTs are at present not simulated. Optical background rates and 
the status of each PMT in the detector are simulated using the rates 
measured in the detector, following the run-by-run approach pioneered 
by the ANTARES Collaboration71,72. Subsequently, the simulated data 
are subjected to the same trigger and reconstruction algorithms that 
are applied to the data. Comparisons between data and Monte Carlo 
simulations are provided in Extended Data Fig. 1 for a loose event selec-
tion in which the sample is dominated by atmospheric muons. Wrongly 
reconstructed atmospheric muons that appear as upgoing events in 
the zenith distribution are completely removed once the selection on 
the reconstruction log-likelihood is applied.

Event reconstruction

The directional reconstruction of the muon track is performed with 
the standard algorithm, which is based on the arrival time of the Cher-
enkov photons at the PMTs73. Under the hypothesis that a muon travel-

ling in direction 
→
d  is at position →p0

 at time t0, the arrival time of the 
Cherenkov light at position →q  is
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in which D is the distance of closest approach of the muon to →q  and z 
is the distance the muon travels before emitting a photon under angle 
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; vg is the group velocity of light at a reference 

wavelength of 460 nm.
The reconstruction algorithm maximizes the likelihood of the arrival 

time residuals

L ∏ p r d φ θ= ( , , , ), (2)
i

i i i i

in which p denotes the probability density function of the arrival time 
residual ri, obtained from interpolated photon tables, at a distance di 
from the emission point. The angles φi and θi describe the orientation 
of the PMT with respect to the track direction. The photon tables are 
the same as those that have been described above for the simulation 
of light from the muon trajectory. They include the contribution of 
optical background.

The algorithm uses only the first hit on each PMT, as they carry most 
of the information on the muon direction. As a result of this choice, 
the reconstruction is robust against PMT afterpulses and other details 
of modelling of later hits. For the likelihood maximization, only the 
first hits in a cylinder of radius 175 m and axis defined by the prefit 
direction are used. This is the standard setting, which was chosen as 
it optimizes the speed of the algorithm. In the case of KM3-230213A, 
there are hits outside this cylinder, but it was tested that including them 
alters the reconstructed track by less than the statistical uncertainty 
on the direction.

To mitigate the effect of local minima on the likelihood function, the 
maximization is preceded by a prefit, scanning in 4π sr over assumed 
track directions. This procedure generates a set of starting points for 
the likelihood maximization. The track with the largest likelihood is 
retained.

For ascertaining the quality of the events, the log-likelihood ratio, 
L Llog( / )b  is used, with bL  the likelihood computed for the case of only 

optical background hits. This quantity effectively quantifies the num-
ber of hits whose arrival time matches the expectation from the track 
hypothesis. Typical well-reconstructed muons have a value ≳50, with 
a tail of larger values resulting from well-reconstructed events with 
many hits. KM3-230213A has a log-likelihood ratio of 1,415.2, which is 
the highest value observed in the 21-line ARCA data.

To illustrate the quality of the reconstruction, Extended Data Fig. 2 
presents the photon arrival time residuals, which represent the dif-
ference between the measured time and the expected time from the 
reconstructed muon trajectory hypothesis, shown here for the first 
hits on the PMTs. Many hits are compatible with the muon hypoth-
esis with nanosecond accuracy, even for PMTs located far from the 
track. Hits arriving after the main peak are because of photons that 
have scattered in the water and/or that were emitted under some 
angle other than θC from the muon track. These contributions are 
accounted for in the reconstruction and the large log-likelihood 
ratio value reflects the agreement of these residuals with the detailed  
expectation.

Pointing of the telescope

The directional uncertainty on the event is dominated by uncertainty 
on the absolute orientation of the detector on Earth.

Compasses and accelerometers in the optical modules allow for an 
estimation of their orientation. The detection lines move with the sea 
current, which can displace the top modules by O(10) m. The continu-
ous monitoring of the optical module positions is therefore mandatory. 
For this purpose, a system of autonomous acoustic emitters is used, 
located in and up to 1 km outside the detector on the seabed74. The 
acoustic signals are recorded by piezoelectric sensors in the optical 

modules. A χ2 fit of the arrival times of the sound is used to determine 
the orientation and shape of the detection line as parameterized by a 
mechanical model. In this way, the relative positions of the optical 
modules can be determined to within 0.15 m. Acoustic signals are pro-
cessed at 10-min intervals; the results of the fit are interpolated to 
provide the relative positions of the optical modules over time75. At 
the time of the event, the string tilts changed steadily by about 2° over 
a time span of 2 h, corresponding to less than 0.1° in 10 min. The uncer-
tainty on the position of the detector elements owing to the interpola-
tion of the acoustic data is thus negligible.

The acoustic system measures distances between the optical mod-
ules and acoustic emitters but this does not constrain the absolute 
orientation of the telescope on Earth. During sea campaigns, the posi-
tions of the detection lines and acoustic emitters are measured. The 
emitter positions are used to determine the nominal absolute orienta-
tion. These data are at a present accurate to approximately 10 m. This 
is supported by comparisons with two bathymetry datasets (for the 
vertical positions) and internal cross-checks with the acoustic system 
(for the horizontal positions). The position uncertainty translates, after 
conservatively rounding the result, to an uncertainty of 1° on rotations 
of the detector around each of the three axes.

An independent cross-check of the pointing was performed by means 
of a measurement of the directional deficit of atmospheric muons 
owing to the absorption of cosmic rays in the Moon, similar to ref. 76. 
This anti-signal of the Moon was studied in 335 days of data when the 
detector consisted of 19 and 21 detection lines. The Moon shadow signal 
was found at a significance of 3.2σ. In evaluating the Moon shadow for 
different assumed rotations around the vertical axis, in the range ±3° 
in steps of 0.25°, the largest significance was found for the nominal 
orientation. The corresponding uncertainty is evaluated by means of 
simulations to 0.24°.

A comparison of detector-line depths determined with the acoustic 
system and the two bathymetry datasets yields further evidence that 
the system is aligned to within 1°.

Propagating the 1° uncertainty to the celestial coordinates of the 
event yields a circular 68% confidence region on the sky with a radius of 
1.5°. This uncertainty is the dominant source of (systematic) uncertainty 
in the determination of the celestial coordinates of KM3-230213A.

Simulations of muons in the same location as KM3-230213A were 
performed at energies from 1 to 1,000 PeV to evaluate the statistical 
uncertainty on the direction estimation. At 100 PeV, 50% (90%) of the 
muons are reconstructed within 0.12° (0.28°) from the nominal direc-
tion. The azimuthal uncertainty increases with energy, so that, for an 
energy of 500 PeV, 50% (90%) of the muons were reconstructed within 
0.17° (0.38°). These uncertainties are negligible with respect to the 
1.5° 68% confidence region and are mentioned here only to indicate 
the future potential of a fully aligned detector.

We foresee upgrading the detector in the next sea campaign by using 
new acoustic emitters whose absolute position will be measured with 
<1-m accuracy in each direction. This, as well as the extra collected 
data for the Moon shadow analysis, will allow for a recalibration of 
the data and a more precise determination of the celestial origin of 
KM3-230213A.

Energy estimate

The energy of a muon above a few TeV can be estimated by measuring 
its energy loss. Radiative energy losses produce showers of charged 
particles along the muon trajectory that induce excess Cherenkov 
photons along the track. The photons arrive on the PMTs very close in 
time, producing a large number of photoelectrons that translate into 
hits with a large time-over-threshold. In the case of KM3-230213A, the 
large number of photons induced by the muon saturates most of the 
PMTs within about 100 m from the track, and hits are recorded even 
up to a distance of 300 m. This saturation effect is visible in more than 
25% of the PMTs that participated in the triggering of KM3-230213A 



and is reproduced in simulations. Several subsequent hits are observed 
on the PMTs and at least some of them could be attributed to after-
pulses, which are not modelled in the Monte Carlo simulations. The 
number of PMTs that participate in the triggering of the event, trig

PMT
N , 

is used as an observable in the energy estimation to overcome this 
possible issue. This observable does not exploit the full information 
from the event, as it does not account for the time-over-threshold 
information, but is robust against the limitations of the simulations 
because PMTs are only counted once if several hits are recorded.

Simulations of muons of various energies traversing the detector in 
the same direction and location as the reconstructed event were used 
to estimate the energy of KM3-230213A. The optical properties of water 
(scattering and absorption lengths) and the detection efficiency of the 
optical modules were varied in the simulation to account for systematic 
uncertainties, within the known limits for these parameters. The estimate  
of the muon energy Eµ is derived from the likelihood L N

→
E ξ( , ; )µ trig

PMT , in 

which 
→
ξ  are nuisance parameters that affect the N trig

PMT distribution. 
The likelihood L is estimated from the aforementioned Monte Carlo 
simulations at discrete combinations of Eµ and the three nuisance 
parameters. A Gaussian term is added to the likelihood to constrain 
each of the nuisance parameters to within 10% (1σ) of the nominal value. 
The energy estimate is the value that maximizes the constrained like-
lihood. The maximum-likelihood values for given N trig

PMT are shown in 
Extended Data Fig. 3 left, with the 68% confidence level interval with 
and without systematic uncertainties, computed from Wilks’ theorem13. 
The log-likelihood profile for = 3,672trig

PMT
N̂  is shown in the right panel 

of Extended Data Fig. 3, with the 1σ, 2σ and 3σ confidence levels, with 
and without systematics.

Scattering of light does not influence the energy estimate by more 
than several percent. Similarly, it was found that the optical module 
efficiency has a <10% level effect on this estimation. The most relevant 
effect comes from light absorption: a +10% (−10%) modification of the 
absorption length yields a −0.21 (+0.25) shift in the logarithm of the 
estimated energy. Finally, it was checked that modifying the muon 
direction and location in the simulations, within the estimated sys-
tematic uncertainties from the detector calibration, does not affect 
the energy measurement.

The incoming neutrino energy is estimated using Monte Carlo simu-
lations in which neutrino interactions are simulated over a large volume 
surrounding the detector. Because the neutrino interaction point is 
unknown, a flat prior is assumed on the muon propagation length in 
case the interaction occurred in the sensitive volume of the detector, 
up to 350 m away from the instrumented volume. If instead the inter-
action occurred outside the sensitive volume, the muon propagation 
distance distribution is taken from the large-scale Monte Carlo produc-
tions obtained with the standard KM3NeT simulation chain. Neutrino 
events are weighted according to a power-law spectrum with a spectral 
index equal to −2 to finally estimate the neutrino energy distribution 
that would produce muons at the detector distributed according to 
the energy estimate and its uncertainty.

Background evaluation

Atmospheric muons from cosmic-ray extensive air showers constitute 
most of the events reconstructed in neutrino telescopes. The prob-
ability that KM3-230213A is an atmospheric muon is constrained from 
its reconstructed direction and energy. The muon flux drops rapidly 
with energy; given that the primary flux of ultra-high-energy cosmic 
rays extends up to at most several hundred EeV (refs. 77,78), muons at 
sea level cannot exceed an energy of few tens of EeV, as muons carry 
on average around 10% of the primary energy. However, the flux of 
atmospheric muons at high energies is affected by several uncertain-
ties, such as those on the flux and spectrum of primary cosmic rays, 
on the composition of this flux, on the hadronic interactions of cosmic 
rays and of their interaction products. For this reason, a conservative 
estimate of the surviving muon background has been obtained using 

a toy model in which several muons have been injected on the surface 
of the sea according to a power-law spectrum with spectral index −2.7 
and normalization at 100 PeV equal to 10−17 GeV cm−2 s−1 sr−1. These 
assumptions yield an overestimation of the muon flux by at least one 
order of magnitude over the whole energy range of interest, so that a 
conservative estimate of the rate of muons reaching the detector can 
be obtained.

Muons in the EeV range and beyond have a maximal range of about 
60 km in water. Requiring that they must reach the detector still with at 
least an energy of 10 PeV reduces their effective range to about 30 km. 
Given the curvature of the Earth and the measured zenith angle, a 
muon should have entered the water at a distance of approximately 
140 km from the detector. The direction of the event points towards 
the Malta Escarpment, a cliff rising above the abyssal plain: an atmos-
pheric muon travelling in this direction should cross it to reach the 
detector. In Extended Data Fig. 4, bathymetric data have been used to 
show the path travelled by a particle along the reconstructed direction. 
Assuming an average density of 2.6 g cm−3 for rock in the seabed, the 
total amount of matter to be traversed is then on the order of 300 km 
water-equivalent for the reconstructed direction and becomes smaller 
than 60 km only if the absolute orientation of the detector is wrong by 
more than 2° in zenith.

Even assuming a flux that overshoots by one order of magnitude the 
total flux of atmospheric muons, and including the uncertainties on the 
zenith angle reconstruction for KM3-230213A, the upper limit on the 
muon rate is ≪10−10 events per year when assuming a direction within 
2σ of the best-fit value. For a mis-reconstruction at a 5σ level error, the 
upper limit is still ≪10−4 events per year for the single-muon hypothesis 
and ≪10−3 events per year for muon bundles of low multiplicity in which 
only a few parallel muons from the same cosmic-ray air shower could 
reach the detector. This estimation is confirmed when extrapolating 
the expected rate of events from Monte Carlo simulations16 accounting 
for muon absorption in water following ref. 79.

Bundles of downgoing (zenith angles smaller than 60°) atmospheric 
muons, or muons from simultaneous but unrelated cosmic-ray air 
showers, can produce a large amount of light in the detector. Such 
events could be mis-reconstructed as a horizontal track. Such coin-
cidences would, however, not have good hit-residuals distributions 
on all PMTs over many detection lines, in contrast to what is observed 
for KM3-230213A. This is further corroborated by the detection of 
several showers along the muon path and their collinearity (as shown 
in the Supplementary Material): given the good time resolution of the 
detector elements, a nanosecond-level temporal coincidence between 
the arrival time of muons at the detector and the emission of showers 
along their track would be needed to create such a light pattern in the 
detector, which is extremely unlikely.

Considering the reconstructed arrival direction, neutrinos from 
cosmic-ray interactions in the atmosphere are not substantially 
absorbed at least up to some tens of EeV. However, the flux of these 
atmospheric neutrinos falls steeply with energy. The conventional 
component, arising from pion and kaon decays in the cosmic-ray exten-
sive air shower, fades away at an energy of about 100 TeV–1 PeV. In that 
energy range, a prompt component is expected to arise from the decay 
of short-lived charmed hadrons and become the dominant contribution 
to the atmospheric flux. Reference neutrino conventional and prompt 
fluxes were computed using the MCEq software80 and the Sibyll 2.3c 
hadronic interaction model81, for the location of the ARCA detector: 
the expected event rates above 100 PeV in the detector are on the order 
of (1–5) × 10−5 events per year, depending on the chosen model of the 
primary cosmic-ray flux82. Estimations of prompt fluxes are affected 
by large uncertainties83; even considering the most optimistic estima-
tions, the event rate from prompt atmospheric neutrinos is less 5 × 10−3 
events per year. An alternative possibility could be that the detected 
muon does not come from the interaction of a νµ from the prompt 
component but rather arises from the decay of a tau lepton from the 
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prompt atmospheric ντ flux. The branching ratio of charmed hadrons 
to ντ is about a tenth of that to muon neutrinos, hence the expected flux 
in the atmosphere is one order of magnitude lower. However, above 
EeV energies, the tau decay length (>50 km) increases the effective 
volume for the detection of these neutrino interactions. Nonetheless, 
the prompt flux still remains too low to explain the observed event, 
with an estimated event rate from atmospheric prompt tau neutrinos 
≤10−5 events per year for the flux estimated with the Sibyll 2.3c hadronic 
interaction model.

Search for point-like neutrino sources

Data of different configurations of the ARCA and ORCA detectors, 
as well as the public data of the ANTARES and IceCube experiments, 
have been analysed to evaluate a possible directional excess of neu-
trinos close to KM3-230213A. Details on the analysed datasets and 
respective analysis methods are given in Extended Data Table 1. 
Depending on the available frameworks, either an ON/OFF method 
or a maximum-likelihood approach (binned or unbinned) was used. 
In the latter case, the inspected region was divided into pixels cover-
ing equal areas (about 0.1° × 0.1°) in solid angle by using the HEALPix 
tool84 with a value of Nside parameter of 512 and the likelihood was 
maximized in each pixel. The results are summarized in Extended 
Data Table 2.

Searches for counterpart candidates

Four selection methods have been applied to astronomical catalogues 
to build a counterpart blazar candidate sample. The searches were 
performed within 3° from KM3-230213A (99% event error region).

Method 1. Archival wavelength data were used to pinpoint a blazar 
counterpart: X-ray sources from the first eROSITA catalogue22 were 
cross-matched with the radio NVSS catalogue24, selecting 18 sources 
with radio flux greater than 10 mJy. Infrared data collected by WISE23 
were used to further refine the list of possible counterparts. Blazars 
populating the ‘WISE blazar strip’85 were selected, narrowing the list 
of candidate blazars to seven objects.

Method 2. Following the approach suggested in ref. 86, measure-
ments from Very Long Baseline Interferometry (VLBI) from the Radio 
Fundamental Catalog (RFC 2024b (https://astrogeo.org/rfc/)) were 
used. All sources above its present completeness cutoff of 100 mJy at 
8 GHz were selected, resulting in five objects with median VLBI flux den-
sity ranging from 0.1 to greater than 2 Jy, as in Extended Data Table 3.

Method 3. The Roma-BZCAT25 has been used to search for active galac-
tic nuclei correlations. This blazar catalogue contains 3,561 sources, 
compiling the results of multifrequency observations. Three blazars 
were found in this catalogue.

Method 4. The 4FGL-DR4 catalogue17 is the latest compilation of 
gamma-ray sources observed by the Fermi-LAT instrument in 14 years 
of survey data in the 50 MeV–1 TeV energy range: four sources were 
selected.

The main properties of the selected sources and the respective selec-
tion method(s) are described in Extended Data Table 3.

Exposure and tension computation

The KM3NeT/ARCA all-sky exposure is defined as:

E E T A E( ) = 4π × × ( ) (3)KM3NeT KM3NeT
eff
KM3NeT

in which TKM3NeT = 335 days (covering the 19 and 21 detection line con-
figurations of ARCA) and Aeff

KM3NeT  is the sky-averaged effective area, 
shown in Extended Data Fig. 5, averaged between neutrinos and anti-
neutrinos. This effective area has been estimated for the track selection 
described in the text ( > 1,500trig

PMT
N , track length longer than 250 m 

and track-reconstruction log-likelihood ratio larger than 500). The 
expected number of events for a per-flavour ν ν+  all-sky flux Φ is then 
simply:

‐

‐

∫n E Φ E E= ( ) × ( )d , (4)
E

E

expected
KM3NeT KM3NeT

min
KM3 230213A

max
KM3 230213A

E

in which the integration bounds are fixed to the central 90% neutrino 
energy range associated with KM3-230213A.

The all-sky exposures E( )Auger
E  and E( )IceCube

E , averaged between 
neutrinos and antineutrinos, have been estimated using published 
material. The effective area of the Pierre Auger Observatory was taken 
from the data release from ref. 87, for the three analysis samples 
(Earth-skimming, low-zenith downward-going, high-zenith downward- 
going), with a livetime of 18 years. The IceCube/EHE all-flavour effective 
area was taken from the 9-year analysis sample88.

Assuming a per-flavour single-power-law diffuse neutrino flux 
Φ(E) = φ(E(GeV))−2, we may estimate the most probable flux normaliza-
tion ̂φ given one observed event in KM3NeT and zero events in Auger 
and IceCube/EHE samples, using a maximum-likelihood estimator with 
Poisson likelihoods: ̂φ = 7.5 × 10 GeV cm s sr−10 −2 −1 −1.

For such a flux, 0.59 and 0.40 events would be expected in Ice-
Cube and Auger, respectively, which is compatible with their null 
observations. The corresponding expected number of events in 
KM3NeT is about 0.013 events, hence hinting at a 2.2σ upward fluc-
tuation. The joint Poisson probability of such a configuration (one 
event in KM3NeT and zero in IceCube and Auger) is about 0.5%  
(2.6σ).

Inclusion & ethics statement

The scientific objectives of the KM3NeT Collaboration are the search 
for and observation of sources in the Universe of high-energy cos-
mic neutrinos and the measurement of characteristics of neutrinos 
generated in the Earth’s atmosphere. For this, the Collaboration 
is building a network of neutrino detectors at the bottom of the 
Mediterranean Sea. At the same locations, the network also pro-
vides nodes for the connection of instruments for Earth and sea 
science studies. Building the detectors with instrumented volumes 
of up to several cubic kilometres will take several years. Scientific 
analyses of the recorded data are conducted under the supervi-
sion of the Collaboration; after several years, the data will be made  
available to others as described in the KM3NeT data dissemination  
plan.

The scientists and engineers in the KM3NeT Collaboration that have 
come together because they share the scientific interest and come 
from different backgrounds, cultures and countries. This diversity is 
considered a strength of the Collaboration and a basis for high-quality 
research. To nurture the diversity, the Collaboration has developed a 
code of conduct and ethical behaviour built on a set of shared values 
and describing rules of good conduct.

The formal rules for the Collaboration are described in a Memoran-
dum of Understanding (MoU) signed by the funding authorities of 
the institutes employing the individuals participating in the KM3NeT 
Collaboration.

Data availability

Raw experimental data from the KM3NeT detectors are not made 
publicly accessible, owing to the high complexity and volume of the 
data. Processed data and code to reproduce part of the above find-
ings are available as a Zenodo repository (https://doi.org/10.5281/
zenodo.13366058)89 under an open license. Source data are provided 
with this paper.

Code availability

Sample code to analyse the available data to reproduce part of the above 
findings is available as a Zenodo repository at https://doi.org/10.5281/
zenodo.13366058 (ref. 89) under an open license.
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Extended Data Fig. 2 | Time residual distribution. The time residual is 

defined as the difference between the time of arrival of the detected photons  

in the event and the expected time from Cherenkov radiation, induced by a 

relativistic muon. The distributions at various distances d from the track are 

shown, with coloured lines as indicated in the legend. In this figure, only the 

first hit on each PMT is used.



Article

Extended Data Fig. 3 | Energy measurement. Left, the true muon energy Eµ 

maximizing the likelihood value for a given N trig
PMT is shown as a blue line. The 

blue bands show the 1σ confidence level, computed from the likelihood 

distribution using Wilks’ theorem13: in dark blue when only statistical 

uncertainties are considered, in light blue when systematic uncertainties are 

also included. The observed value ̂N = 3,672trig
PMT

 corresponds to the horizontal 

dashed line. The resulting muon energy estimate is also reported (including 

systematic uncertainties). Right, log-likelihood profile for N̂ = 3,672trig
PMT

: the 

dashed blue curve represents the results when only the statistical uncertainty 

is considered, whereas the solid blue curve shows the results when including 

systematic uncertainties. The dashed horizontal lines represent the 1σ, 2σ and 

3σ confidence level according to Wilks’ theorem.



Extended Data Fig. 4 | Illustration of the topography. Using bathymetric 

data from EMODnet90, a sectional view along the incoming direction and 

position of the event is shown, with the sea shown in blue and the seabed and 

the rock beneath in brown. The x axis indicates the total distance from the 

ARCA site and the y axis and grey lines represent the depth with respect to  

the sea level. The shaded area shows the effect of a variation of ±1.5° in the 

direction reconstruction, corresponding to the 68% error region from the 

evaluation of systematic uncertainties.
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Extended Data Fig. 5 | All-flavour sky-averaged effective area for KM3NeT/ARCA. The area in the 21 detection line configuration is shown as a function of 

neutrino energy. This effective area is computed after applying the event selection described in the text and is averaged between neutrinos and antineutrinos.



Extended Data Table 1 | Datasets and methods used in the searches for a cosmic point-like neutrino source in the direction of 
KM3-230213A. Refs. 91–93

For each investigated dataset, the corresponding detector, covered period, livetime, type of data, analysis method and radius of the circular inspected region centred at the location of  

KM3-230213A are reported. The ‘Type of data’ column refers to fully calibrated data (offline) or using preliminary calibrations (online). KM3-230213A was removed from the ARCA6-21 dataset. 

The ANTARES dataset is taken from https://antares.in2p3.fr/data/data-set-for-the-2007-2017-antares-search-for-cosmic-neutrino-point-sources/; it is analysed with a method from ref. 94,  

with the difference that no energy information is considered in the likelihood and that a two-dimensional Gaussian is used to describe the signal spatial distribution. For the IceCube data,  

the IceCubePy framework95 is used, without including the energy information in the likelihood.



Article

Extended Data Table 2 | Results of the searches for a cosmic point-like neutrino source in the direction of KM3-230213A

For each investigated dataset, the corresponding results are shown in terms of the number of signal events (either observed in the ON region or fitted by the likelihood maximization), pre-trial 

P-value and 90% confidence level upper limit on the one-flavour neutrino flux normalization at 1 GeV, +Φν ν
1GeV, assuming a neutrino spectrum of =+ +

−Φ E Φ E( ) ( (GeV))ν ν ν ν
1GeV 2. In the case of 

likelihood scan (ARCA6-21, ANTARES, IceCube), results are given both for the location of KM3-230213A (RA = 94.3°, dec. = −7.8°) and for the most significant direction in the inspected region, 

together with equatorial coordinates and distance from the event. For the most significant direction, the post-trial P-value (P-value) is also provided. The fifth row reports the combined limit of 

the two ORCA analyses obtained with the dedicated framework MOMENTA96.



Extended Data Table 3 | Potential blazars pinpointed using the strategies described in Methods, located within 68%, 90% 
and 99% error regions around KM3-230213A

Their positions are given in equatorial (J2000) coordinates. Sources are numbered according to their distance from KM3-230213A, corresponding to the source listed in the ‘Name’ column. The 

‘Association’ column includes catalogued objects at other wavelengths that are associated with this source. The last column indicates the method that led to the identification of the source.


