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The detection of cosmic neutrinos with energies above a teraelectronvolt (TeV) offers
aunique exploration into astrophysical phenomena' >, 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
nucleiinteract with other matter or photons, and their observation couldbea
signature of these processes. Here we report an exceptionally high-energy event
observed by KM3NeT, the deep-sea neutrino telescope in the Mediterranean Sea*,
which we associate with a cosmic neutrino detection. We detect amuon with an

+110

estimated energy of 1207, petaelectronvolts (PeV). Inlight of its enormous energy
and near-horizontal direction, the muon most probably originated from the
interaction of aneutrino of even higher energy in the vicinity of the detector. The
cosmic neutrino energy spectrum measured up to now’” 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 neutrino®, resulting from the interactions of ultra-high-energy cosmic
rays with background photonsin 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
intoneutrinos. Cosmicraysinteractingin 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 Sea*. 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 41t coverage®. 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 radiationin the
cascades is proportional to the amount of energy lost by the muonin
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
establishinga cosmicorigin. The IceCube Collaboration announced the
discovery of PeV cosmic neutrinosin2013 (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 resonance™ and amuon neutrino
above 10 PeV from the observation of a 4.4-PeV muon’.

The neutrino event KM3-230213A

An extremely high-energy muon traversing the ARCA detector was
observed on13 February 2023 at 01:16:47 UTC. This event is referred to
here asKM3-230213A. At that time, 21 detection lines were in operation.

*A list of authors and their affiliations appears at the end of the paper. ®e-mail: km3net-pc@km3net.de
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Fig.1|Views ofthe event.a, Side and top views of the event. The reconstructed
trajectory of the muonisshownasaredline, along withan artist’s representation
of the Cherenkov light cone. The hits ofindividual PMTs are represented by
spheres stacked along the direction ofthe PMT orientations. Only the first
five hitsoneach PMT areshown. Asindicated inthe legend, the spheresare
colouredaccording to the detectiontimerelative to the first triggered hit. The
size of the spheres is proportional to the number of photons detected by the

The detector wasinthis configuration from23 September 2022 until 11
September2023, whenseven further lineswere installed. After remov-
ing data acquired in the detector commissioning phase and during
detector calibration periods, 287.4 days of datataking were selected for
analysis with this configuration. During this period, about 110 million
events were triggered and KM3-230213A is the highest-energy event
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits
wereregistered by the 21 detectionlines. Owingto the largeamount of
detected light, the PMTs closest to the muon trajectory are saturated.
Asexpected for very-high-energy muons, atleast three large showers,
probably because of energy-loss processes, are observed along the
track (more details are provided in the Supplementary Materials).
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corresponding PMT. The locations of the secondary cascades, discussed in

the Supplementary Material, are indicated by the black spheres along the muon
trajectory. The northdirectionisindicatedbyared arrow.A100-mscaleand
the Eiffel Tower (330 m height, 125 mbase width) are shown for size comparison.
b, Zoomed-inview of the opticalmodules that are close to the first two observed
secondary showers inthe event. Here light-blue spheres represent hits that
arrive within —5to 25 nsof the expected Cherenkov arrival times.

The muon trajectory is reconstructed from the measured times and
positions of the first hits recorded on the PMTs, using a maximum-
likelihood algorithm, described in Methods. KM3-230213A isthe event
withthe best track log-likelihood amongallthose collected inthis detec-
tor configuration, indicative of a highly relativistic muon travelling
several hundreds of metres through the detector. The direction of KM3-
230213Ais reconstructed as near-horizontal, originating 0.6° above
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated
tobe1.5°(68% confidencelevel), dominated by the present systematic
uncertainty on the absolute orientation of the detector. The origin of
this uncertainty is described in Methods. A dedicated sea campaign
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Fig.2 |Number of PMTsin the event. The normalized distributions of thenumber
of PMTs participating inthe triggering of the event for simulated muonenergies
0f10,100 and 1,0(?(3AAPT¢3V. The verticaldashed line indicates the observed value
inKM3-230213A, Vi, =3,672.The dashedhistograms represent the distributions
from the nominalsimulations, whereas, in the filled histograms, systematic
uncertainties are included by weighting the simulations according to anormal
distribution, centred at the nominal value of the nuisance parameterand with a
+10% uncertainty. Atthe highest energy, the distributions seem to be truncated
around AEMT = 6,000 because the track crosses the detector inits periphery.

is planned in the future to improve the knowledge of the positions of
the detector elements on the seafloor; a recalibration of all data will
then be performed and will allow us to approach the intrinsic statisti-
cal uncertainty on the muon direction of 0.12° (median, as described
in Methods).

The muon energy atthe detector is estimated by counting the num-
ber of PMTs that participate in the triggering of the event, A'l. This
quantity is robust against limitations of the detector simulations, as
described in Methods, and against contamination from the optical
backgroundsin seg'\\//lvgter. The observed number of triggered PMTs for
KM3-230213Ais A/ wig = 3,672, corresponding to about35% of the active
PMTs in the detector at the time of the event. This is muchlarger than
for any other neutrino-induced event observed so far in the detector.

Distributions of A"ty as afunction of the muon energy, for modelled
muons arriving from the same position and direction of KM3-230213A,
are obtained from Monte Carlo simulations. These are used to build
frequentist confidence intervals'>'® on the true muon energy, as
described in Methods. Systematic uncertainties are included in the
estimation by varying the simulated optical module efficiencies, and
the scattering and absorptionlength of light, with respect to the nom-
inal values. The A/ distributions for simulations of 10-PeV, 100-PeV
and1,000-PeV muons are shownin Fig. 2. The estimated muon energy
is120*X9 PeV, witha90% confidencelevelinterval of 35-380 PeV. Uncer-
taintiesonthe muon energy estimate are dominated by theknowledge
of the absorption length of light in the seawater.

The considered range of variations for photon absorption (+10%) is
derived from the observed variations of the water transparency in dedi-
cated measurements™. Several studies in recent data have confirmed
this. The number of first hits with small residuals (that is, compatible
with adirect photon path from the track to the PMT) has been studied
in KM3-230213A. At large distances, this number is sensitive to the
absorption length. Data were found to be in the £10% range obtained
from simulations with modified absorption. A similar studywascarried
out using downgoing atmospheric muons, which also confirmed that
deviations from nominal are at most on the order of 10%. Finally, the
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absorption canbe determined from the observed rate of photonsfrom
radioactive “°K in the seawater, which scales linearly with the absorption
length. Afirst-principles computation® using the nominal absorption
model predicts 5.1 £ 0.6 kHz, for which the uncertainty comes from
the PMT efficiency and the number of photons created in the decay.
The observed countrateis 5.6 kHz after accounting for dark noise and
afterpulses, which is within the assigned 10% uncertainty range.

Figure 3 is an illustration of the position of KM3-230213A in the
(thr'}g, cos(zenith angle)) phase space. Simulated Monte Carlo events
are shown in Fig. 3a, with the expected annual rates of atmospheric
muons'® and cosmic neutrinos®in ARCA. The distribution for the ARCA
datais shown in Fig. 3b, also highlighting KM3-230213A. Events are
selected choosing well-reconstructed tracks, as defined on the basis
of the observed track length in the detector (track length larger than
250 m) and the track reconstruction likelihood: log-likelihood ratio
larger than 500, selecting 0.02% of all reconstructed atmospheric
muon and neutrino tracks and 2% of the cosmic tracks assuming the
flux from ref. 5.

Given the reconstructed energy and direction, an upper limit on
the background of atmospheric muons is estimated using dedicated
simulations, as described in Methods. A muonwith the observed direc-
tionwould have traversed about 300 km water-equivalent of material,
which exceeds the maximal range of any atmospheric muon (<60 km
water-equivalent for 100-EeV muons). The upper limit on the muon
contamination at 100 PeV, considering an error on the zenith angle
estimate as large as 2°,is107° events per year. This number becomes on
the order of107° events peryear if the muon energy is instead 10 PeV. In
the very unlikely scenario that the detector is misaligned and the true
zenith angle would deviate by 5o from nominal (thatis, arrival direction
5.6° above the horizon), muons would need to travel through 28 km
water-equivalent and the upper limit on the rate becomes10™* muons
peryear and 107 for muon bundles in which several parallel muons from
the same cosmic-ray air shower could reach the detector.

Atmospheric neutrinos could reach the detector, but their number
decreases substantially above PeV energies. The expected rate of atmos-
pheric neutrinos above 100 PeV is on the order of (1-5) x 107 events
per year, dominated by the prompt atmospheric component owing to
the decay of short-lived hadrons from cosmic-ray interactions in the
atmosphere. The probability that KM3-230213A is of cosmic origin is
much greater than any hypothesis involving an atmospheric origin,
and various estimations are provided in Methods and Supplementary
Materials. Beyond Standard Model hypotheses on its origin have not
beeninvestigated here.

The measured muon energy serves as a lower limit on the incoming
neutrino energy. Given the estimated muon energy and its uncertainty,
the median neutrino energy that produces suchmuonsin the simula-
tions of the ARCA detector is 220 PeV; 68% (90%) of simulated events
from the whole sky fall in the 110-790 PeV (72 PeV-2.6 EeV) energy
range, under the assumption that the incoming neutrino energy spec-
trum is =<£, 2.

Anisotropic flux of neutrinos at ultra-high energies would give rise
to events detected near the horizon: downgoing neutrinos are hidden
in an overwhelming background of atmospheric muons, whereas the
upgoing neutrino flux is severely suppressed, because neutrinos of
such large energies would interact in the Earth. The arrival direction
of KM3-230213A matches this scenario.

Celestial origin

The equatorial coordinates (J2000) and the detection time of KM3-
230213A are:RA =94.3°, dec. = -7.8°, MJD = 59988.0533299. The differ-
ent containment radii are: R(50%) =1.2°, R(68%) =1.5°,R(90%) =2.2°and
R(99%) = 3.0°, dominated by the systematic uncertainty on the absolute
orientation of the detector (see Methods). The celestial position of
KM3-230213Ais shownin Fig. 4, together with the differenterror region
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Fig.3|Backgroundrates. a, Expected yearly rate of atmospheric muons and
cosmic neutrinos (according to the best-fit flux of ref. 5) in ARCA per bin of
N‘:?{g and cos(zenith angle). The solid (dashed) lines mark the boundary of the
phase space outside which 5% (1%) of the muonand neutrino distributions are
contained.KM3-230213Ais shown by the cross. b, Number of events collected

contours. Searches were performed for a potential source counterpart
withina3°radius around the event coordinates with publicly available
multiwavelength data. Four hypotheses were tested: galactic, local
Universe, transient and extragalactic origin.

Asthedirection of the eventis compatible with the extension of the
galactic interstellar medium (about 10° above and below the galactic
plane), galactic counterpart was searched forin high-energy (4FGL-DR4
(ref.17)) and very-high-energy (TeVCat'®) gamma-ray catalogues, as
well as in the 3BHWC survey data®. Despite the presence of the Orion
molecular cloudsinthe error region, no catalogued source was found
inthe 99%error region. The direction of the event was cross-matched
with the MANGROVE catalogue® for distances up to 100 Mpc to explore
alocal origin: 40 galaxies were found. For each galaxy, optical transient
sources were searched forinthe ZTF publicstreamin a +6-month time
window, using the FINK broker?. No transient source was identified.
Also, no coincident detection of transient objects (such as gamma-ray
bursts, tidal-disruption events, supernovae) was found in the GCN
noticesand circulars (https://gcn.nasa.gov/), in the Astronomer’s Tel-
egram (https://astronomerstelegram.org/) andinthe Transient Name
Server (https://www.wis-tns.org/).

Extragalactic neutrino sources should be dominated by active
galactic nuclei, and blazars are of particular interest considering the
very-high energy of KM3-230213A. To compile a census of potential
blazar counterparts within the 99% confidence region of KM3-230213A,
archival multiwavelength data were also explored. The following cata-
logues were cross-matched to investigate a possible blazar counterpart:
the 4FGL-DR4 Fermi-LAT gamma-ray catalogue", the first eROSITA
X-ray catalogue®, the Wide-field Infrared Survey Explorer (WISE) opti-
cal catalogue®, the RFC 2024 b (https://astrogeo.org/rfc/) and NRAO
VLA Sky Survey (NVSS)?* radio catalogues and Roma-BZCAT%. Four
different strategies were pursued, leading to a total of 12 objects. The
selection criteriaare described in Methods, together with the proper-
ties of these sources. The celestial positions of the selected sources are
shown in Fig. 4. Given the large number of blazars in the sky, none of
these associations can be considered compelling so far, and further
investigations will be needed.

Giventhatahypothetical astrophysical source associated with KM3-
230213A may have also produced lower-energy neutrinos, data from
the ARCA and ORCA detectors, as well as public data from the ANTARES
and IceCube detectors, were checked for the presence of a neutrino
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inthe ARCA detector over the 287 days of datataking with 21 detection lines,
with the same selection cuts. Two upgoing, lower-energy eventsare visible as
wellasKM3-230213A, whichare candidate neutrino events, subject to future
analysis.

signal compatible with a point-like source hypothesisin the vicinity of
KM3-230213A. Details onthe datasets, search approaches and results
aregivenin Methods. Thelargestexcesswas foundinthelceCube data
at a distance of 2.4° from KM3-230213A with a pre-trial P-value of
1.6 x10~*and a post-trial P-value of 0.07. No significant excess was
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Fig.4|Sky mapinthedirection of KM3-230213A.KM3-230213Ais indicated
by the red star, with the error regions within R(68%), R(90%) and R(99%) shown
as dotted, dashed and solid contours, respectively. The directions of the
selected source candidates are shown as coloured markers, whose colours and
markertype indicate the criterionaccording to which the source was selected.
Thesourcesare numbered according to their proximity to KM3-230213A, as
reported in Methods.
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energy-squared per-flavour astrophysical flux derived from the observation
of KM3-230213A with measurements and theoretical predictions, assuming
equipartition (ve:v,:v, = 1:1:1). The blue cross corresponds to the flux needed
toachieve one expected event after the track selection described in the text,
inthe central 90% neutrino energy range associated with KM3-230213A,
illustrated with the horizontal span; the verticalbarsrepresent the 10,20 and 30
Feldman-Cousins confidenceintervals on this estimate. The purple and pink
shaded regionsrepresent the 68% confidence level contours of the IceCube
single-power-law (SPL) fits (Northern Sky Tracks, NST*) and High-Energy
Starting Events (HESE)’, respectively: the darker-shaded regions are the
respective 90% central energy range at the best fit (dashed line), whereas the

observed atthe coordinates of KM3-230213A and 90% confidence level
upper limits on the one-flavour neutrino flux normalization at 1 GeV,
@)Y, assuming a neutrino spectrum of @,,,(F) = ® SV (E(GeV)) 2,
were set and are reported in Methods. The most stringent limit on the
point-sourceoriginis 1.2 x 107° GeV ' cm s\, Although these searches
are also sensitive to very-high-energy events, the signal for an £ 2spec-
trum is expected in the TeV-PeV range and the reported limits are
therefore applicable in this area.

Cosmic neutrino flux

To associate a flux to the event, the exposure of the detector for very-
high-quality and high-energy tracks is computed through simulations.
The exposure corresponds to selection criteria that require a good
track-reconstructionlikelihood (log-likelihood ratio larger than 500),
a long track length within the detector (larger than 250 m) and
Nig >1,500.

Considering the central (90%) 72 PeV-2.6 EeV energy range, the
steady isotropic flux that would produce one event is

E2Q(F)=5.8"%'x10% Gevem 2s tsr),

for which the confidence intervals are computed according to
ref. 26. The 95% and 99.7% confidence level intervals are [0.30-29.8]
and [0.02-47.7]1 x10° 8 GeV em2 s st7!, respectively. This represents
the KM3NeT standalone flux measurement in the 335 days of livetime
of ARCAwith19 and 21 detection lines.

In Fig. 5, the flux measurement is compared with measured and
predicted neutrino fluxes and limits. The KM3NeT standalone flux
measurement exceeds present limits fromIceCube? and Auger®®. A pos-
sibleinterpretationis that the KM3NeT event is anupward fluctuation.
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lighter-shaded regionsare extrapolations to higher energies. The purple and
pinkcrossesare the piece-wise fit from the same analyses, whereas the orange
crosscorresponds to the IceCube Glashow resonance event™. The dotted lines
are upper limits from ANTARES (95% confidence level*), Pierre Auger (90%
confidence level, foran E 2 neutrino spectrum?®, corrected to convert from
limitsin half-decade to one-decade bins) and IceCube (90% confidence level,
estimated assumingan £ neutrino spectruminsliding one-decade bins?’). The
grey-shaded band comprises avariety of cosmogenic neutrino expectations
following several models of cosmic-ray acceleration and propagation, whereas
the yellow-shaded band comprises severalscenarios of diffuse transient and
variable extragalactic sources, both reported in the Supplementary Material.

In such a scenario, described in Methods, one event such as KM3-
230213Awouldbeexpected in 70 years of observation with this detec-
tor configuration, and the event is an upward fluctuation at the level
of 2.20.

The expected event rates in ARCA for various extrapolations of the
flux measured by IceCube are discussed in the Supplementary Mate-
rial. Considering extrapolations of the power-law fit of the IceCube
measurements, these would yield atmost 0.12 eventsin the 335 days of
analysed KM3NeT datawith19 and 21 detection lines after the selection
for track events described above. The observation of KM3-230213A,
marginally consistent with such expectation, may hint at the emergence
of anew componentin the flux.

Aviable alternative hypothesis is cosmogenic neutrino produc-
tion®*** in whichneutrinos are generated by the interaction of cosmic
rays withextragalactic backgroundlight or the cosmic microwave back-
ground. The expected number of cosmogenic events in the selected
data varies between 1.5 x 1073 (ref. 31) and 0.47 (ref. 32), depending on
the assumed injection spectrum and cosmic-ray mass composition,
as well as the cosmological evolution of sources™ *°. The envelope of
a selection of cosmogenic models is shown as a grey-shaded band in
Fig. 5. Other scenarios of diffuse emission from neutrino production
in the source environment are shown as the yellow-shaded band in
Fig. 5. Among these are transient emitters such as gamma-ray-bursts
and tidal-disruption events****** low-luminosity BL Lacs** and
flat-spectrum radio quasars*.

Overall, the detection of a muon neutrino with an energy greater
than100 PeV provides evidence for the existence of ultra-high-energy
neutrinosinnature. The new multiPMT optical module design and the
excellent optical properties of Mediterranean seawater have allowed
the characterization of the neutrino interaction and have facilitated
this breakthrough in neutrino astronomy.
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Methods

The detector

The KM3NeT detectors* are three-dimensional arrays of photosen-
sorsinstalled 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 modules®, which are
44-cm-diameter pressure-resistant glass spheres, each with 313-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,
inthe 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. Anelectro-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 21detection lines. The instrumented volume, that is, the smallest
cylinder containingall optical modules, was about 0.15 km?. Inits final
configuration, the array will comprise 230 detection lines.

The data-acquisition systemis based on the ‘all-data-to-shore’ con-
cept:allanalogue signals from the PMTs above a certain tunable thresh-
old are digitized offshore and all digital data are sent to shore, where
they are processedinreal time. The data contain the time stamp of the
leading edge and the pulse length of the time-over-threshold signal
fromadiscriminator, 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 charge’.

Trigger algorithms search for clusters of hits correlated in space and
time. Local coincidences of hits areidentified on each optical module
withina25-nstime window. Then, three different clustering algorithms
areapplied, assuming that hits come from light propagatingaccording
toapossible track or shower origin. A space-time coincidence between
at least five hits on five modules within 250 m, under the assumption
thatlight expands from a point-like source, constitute a cluster for the
nominal shower trigger, allowing for a25-ns delay to light propagation
in water. A similar condition is applied for the track trigger, but this
time considering that thelight sourceis atrack that movesin the detec-
tor at the speed of light in vacuum, and searching for hitsinacylinder
ofradius 120 m. Alow-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 datafrom an O(10)-us time window
arerecorded as an event for offline calibration and processing. Trig-
gering criteriaare designed to detect events at the lower-energy thresh-
old.Inthe case of KM3-230213A, 3,659 individual (overlapping) trigger
clusters were found in the time window and ng =3,672 PMTs par-
ticipated toformatleast one of those trigger clusters. PMTs that have
recorded hits but that do not participate inany trigger cluster are pre-
dominantly caused by optical backgrounds that are very far away and/
ornottime-correlated with the physical event. Itis for this reason that
Ntrig is used as observable for the energy estimate.

Data-quality criteriaare applied toreject periods with detector insta-
bilities from the analysis sample.

Detector simulation

High-energy neutrino events (100 GeV < £, <100 EeV) were simu-
lated with gSeaGen v7.4.3 (refs. 48,49), using GENIE® to simulate the
neutrino interaction by means of the HEDIS package®*2 The deep-
inelastic scattering model CSMSI1 (ref. 53) was used. PROPOSAL>*
and TAUSIC> were used by gSeaGen to propagate muons and taus
up to the detector.

The accurate simulation of the light produced by amuon of agiven
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 onaPMT as afunction of the distance from the emis-
sion point and the PMT orientation with respect to the particle®®. 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 simulations®.

The photontablesaccount for light absorption, scattering and chro-
matic dispersion. Absorption is modelled on the basis of in situ meas-
urements™; the scattering model for seawater accounts for pure-water
scattering, following the Einstein and Smoluchowski description®®®,
and particle scattering, accounting for the wavelength dependence
using the Kopelevich parameterization® and considering the Petzold
data®for the angular dependence. The angular acceptance and average
quantum efficiency of the PMTs are also accounted for in the tables, as
derived fromdetailed simulations of the PMT and the structure of the
optical module®, and from laboratory measurements®.

The simulation of the stochastic energy losses has been cross-checked
by comparing the total simulated amount of energy lost by the muon
overagiven distance with the same quantity computed using the PRO-
POSAL software®*. 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 losses®* yields differences that are within the sto-
chastic fluctuations of the energy-loss processes.

Because no external dataare available inthis energy range to validate
thesimulation procedure, the particle-propagationand light-simulation
code hasalsobeen compared with state-of-the-art Geant4-based* 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 beenimplementedinaninde-
pendent way. The output of these simulations arein good agreement;
when using the alternative simulations for the energy measurement,
the result is within 10% of the nominal value.

After lightsimulation, the readoutis 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 measurements®. The gain, gain spread and relative
PMT efficiencies come from in situ measurements’. 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
measuredinthe detector, following the run-by-runapproach pioneered
by the ANTARES Collaboration”2 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 providedin Extended Data Fig.1foraloose event selec-
tionin whichthe sampleis 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.

Eventreconstruction

The directional reconstruction of the muon track is performed with
the standard algorithm, whichis based on the arrival time of the Cher-
enkov photons atgw PMTs”. Under the hypothesis thatamuon travel-
lingin direction d is at position E)o attime ¢,, the arrival time of the
Cherenkov light at position ¢ is
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D 4
t=ty+ U, ,

otz/c sin(6 Ug 0
inwhich Dis the distance of closest approach of the muon to ? andz
isthe distance the muontravels before emitting aphoton under angle

2 > > D . . .
Oc.z=d - (¢ ~Py) - Tangc Vs1S thegroup velocity of light at areference
wavelength of 460 nm.

Thereconstruction algorithm maximizes the likelihood of the arrival

time residuals
c=[]p(r, d,$,6), 2)
i

inwhich p denotes the probability density function of the arrival time
residual r, obtained from interpolated photon tables, at a distance d;
from the emission point. The angles ¢,;and 6, 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,
thereconstructionis robustagainst 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,
thereare hits outside this cylinder, but it was tested thatincluding them
alters the reconstructed track by less than the statistical uncertainty
onthedirection.

To mitigate the effect oflocal minima on the likelihood function, the
maximization is preceded by a prefit, scanning in 41t 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,
log(L/Ly)isused, with £, thelikelihood 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 250, with
atail of larger values resulting from well-reconstructed events with
many hits. KM3-230213A has alog-likelihood ratio of 1,415.2, which is
the highest value observed in the 21-line ARCA data.

Toillustrate 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 6. from the muon track. These contributions are
accounted for in the reconstruction and the large log-likelihood
ratio valuereflects the agreement of these residuals with the detailed
expectation.

Pointing of the telescope
The directional uncertainty on the event is dominated by uncertainty
onthe 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 ©(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,
locatedin and up to 1 km outside the detector on the seabed™. The
acoustic signals are recorded by piezoelectric sensors in the optical

modules. A y*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 time”. At
thetime of the event, the stringtilts changed steadily by about 2° over
atimespanof2 h, correspondingtoless than 0.1°in 10 min. The uncer-
tainty onthe 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.

Anindependent cross-check of the pointing was performed by means
of ameasurement 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 asignificance of 3.20. 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 systemis aligned to within 1°.

Propagating the 1° uncertainty to the celestial coordinates of the
eventyieldsa circular 68% confidence region on the sky with aradius of
1.5°. This uncertainty is the dominant source of (systematic) uncertainty
inthe determination of the celestial coordinates of KM3-230213A.

Simulations of muons in the same location as KM3-230213A were
performed at energies from1to 1,000 PeV to evaluate the statistical
uncertainty on the direction estimation. At 100 PeV, 50% (90%) of the
muonsare 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-maccuracy 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 amuon above afew 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 onthe PMTs very closein
time, producing a large number of photoelectrons that translate into
hits with alarge 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
uptoadistance of 300 m. This saturation effect is visible in more than
25% of the PMTs that participated in the triggering of KM3-230213A



andisreproduced insimulations. 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, A"P,
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 detectorin
the samedirection and location asthe reconstructed event were used
toestimate the energy of KM3-230213A. The optical properties of water
(scattering and absorption lengths) and the detection efficiency of the
opticalmodules were varied inthe simulation to account for systematic
uncertainties, withinthe knownlimits for these parameters. T_h)e estimate
ofthe rguon energy E, is derived from the likelihood L(E, § ;Nfr!}g), in

which ¢ are nuisance parameters that affect the AP} distribution.

Thelikelihood L is estimated from the aforementioned Monte Carlo
simulations at discrete combinations of £, and the three nuisance
parameters. A Gaussian term is added to the likelihood to constrain
each ofthe nuisance parameters to within10% (10) of the nominal value.
The energy estimate is the value that maximizes the constrained like-
lihood. The maximum-likelihood values for given A/t are shown in
Extended Data Fig. 3 left, with the 68% confidence level interval with
and without systematic uncertainties, computed from Wilks’ theorem®.
Thelog-likelihood profile for ,/(/’tprhi/lgT =3,672isshownintheright panel
of Extended Data Fig. 3, with the 10, 20 and 30 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 hasa<10%level effect on this estimation. The most relevant
effect comes fromlight 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.

Theincoming neutrino energy is estimated using Monte Carlo simu-
lations inwhich neutrinointeractions are simulated over alarge 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 maway from the instrumented volume. If instead the inter-
action occurred outside the sensitive volume, the muon propagation
distance distributionis taken fromthe 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 muonis 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,
onthe composition of this flux, on the hadronicinteractions of cosmic
rays and of their interaction products. For this reason, a conservative
estimate of the surviving muon background has been obtained using

atoy modelin which several muons have beeninjected on the surface
oftheseaaccording toapower-law spectrumwith spectralindex -2.7
and normalization at 100 PeV equal to 107 GeV cm™2s ' sr™’. These
assumptions yield an overestimation of the muon flux by at least one
order of magnitude over the whole energy range of interest, so thata
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 kminwater. Requiring that they must reach the detector still with at
leastanenergy 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 datahavebeen used to
showthe pathtravelled by a particle along the reconstructed direction.
Assuming an average density of 2.6 g cm™for rock in the seabed, the
total amount of matter to be traversed is then on the order of 300 km
water-equivalent for thereconstructed direction and becomes smaller
than 60 kmonlyifthe absolute orientation of the detector is wrong by
more than 2°in zenith.

Evenassuming 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 «107° events per year when assuming a direction within
20 of thebest-fit value. For amis-reconstructionataSolevel error, the
upper limitis still «10™* events per year for the single-muon hypothesis
and «10~®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 simulations'® 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
onall 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
inthe Supplementary Material): given the good time resolution of the
detector elements, ananosecond-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 alight patterninthe
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-1PeV. In that
energy range, apromptcomponentis expected to arise fromthe decay
of short-lived charmed hadrons and become the dominant contribution
to the atmospheric flux. Reference neutrino conventionaland prompt
fluxes were computed using the MCEq software®® and the Sibyll 2.3¢c
hadronic interaction model®, for the location of the ARCA detector:
the expected event rates above 100 PeVinthe detectorare onthe order
of (1-5) x107° events per year, depending on the chosen model of the
primary cosmic-ray flux®. Estimations of prompt fluxes are affected
by large uncertainties®; even considering the most optimistic estima-
tions, the event rate from prompt atmospheric neutrinosisless 5 x 107
events per year. An alternative possibility could be that the detected
muon does not come from the interaction of a v, from the prompt
component but rather arises from the decay of a tau lepton from the
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prompt atmospheric v, flux. The branchingratio of charmed hadrons
tov;isaboutatenth of that to muonneutrinos, 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 neutrinointeractions. Nonetheless,
the prompt flux still remains too low to explain the observed event,
with anestimated event rate from atmospheric prompt tau neutrinos
<107 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 amaximum-likelihood approach (binned or unbinned) was used.
Inthelatter case, the inspected region was divided into pixels cover-
ing equal areas (about 0.1° x 0.1°) in solid angle by using the HEALPix
tool®* with a value of N, 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 catalogue® were
cross-matched with the radio NVSS catalogue®, selecting 18 sources
with radio flux greater than 10 mjy. Infrared data collected by WISE*
were used to further refine the list of possible counterparts. Blazars
populating the ‘WISE blazar strip™® 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 GHzwereselected, resultingin five objects with median VLBI flux den-
sity ranging from 0.1to greater than 2Jy, as in Extended Data Table 3.

Method 3. The Roma-BZCAT* 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 catalogue” is the latest compilation of
gamma-ray sources observed by the Fermi-LAT instrumentin14 years
of survey datain the 50 MeV-1TeV energy range: four sources were
selected.

Themainproperties 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:

8KM3NeT(E) =41 % TKM3NeT x AeKﬁM?)NeT (E) (3)

in which TKM3NeT = 335 days (covering the 19 and 21 detection line con-
figurations of ARCA) and AXM3NeT 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 (APt >1,500, track length longer than 250 m
and track-reconstruction log-likelihood ratio larger than 500). The
expected number of events for a per-flavour v + v all-sky flux @ is then
simply:

FKM3-230213A
ax
KM3NeT _ J"
expected  } -km3-230213A
min

EXMINET(F) x d(E)dE, (4)
in which the integration bounds are fixed to the central 90% neutrino
energy range associated with KM3-230213A.

The all-sky exposures £A'8¢"(F) and £'““*¢(F), 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 alivetime of 18 years. The IceCube/EHE all-flavour effective
area was taken from the 9-year analysis sample®,

Assuming a per-flavour single-power-law diffuse neutrino flux
®(E) = p(E(GeV)) 2, we may estimate the most probable flux normaliza-
tion ¢ given one observed event in KM3NeT and zero events in Auger
and IceCube/EHE samples, using amaximum-likelihood estimator with
Poisson likelihoods: ¢ =7.5x107° GeVem™ st srl,

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 2.20 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%
(2.60).

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.

Thescientists and engineersinthe KM3NeT Collaboration that have
come together because they share the scientific interest and come
from different backgrounds, cultures and countries. This diversity is
considered astrength 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 formalrules for the Collaboration are described inaMemoran-
dum of Understanding (MoU) signed by the funding authorities of
theinstitutes 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/
zeno0do.13366058)% under an open license. Source dataare provided
with this paper.

Code availability

Sample codetoanalyse the available datato reproduce part of the above
findingsisavailable as aZenodo repository at https://doi.org/10.5281/
zeno0do.13366058 (ref. 89) under an open license.



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.
63.

64.
65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Aiello, S. et al. (KM3NeT Collaboration), gSeaGen: the KM3NeT GENIE-based code for
neutrino telescopes. Comput. Phys. Commun. 256, 107477 (2020).

Distefano, C., Garcia, A. & Kalaczynski, P. gSeaGen v7.4.3. Zenodo https://doi.org/10.5281/
zeno0do.10926624 (2024).

Andreopoulos, C. et al. The GENIE neutrino Monte Carlo generator. Nucl. Instrum. Methods
Phys. Res. A 614, 87-104 (2010).

Alvarez-Ruso, L. et al. Recent highlights from GENIE v3. Eur. Phys. J. Spec. Top. 230,
4449-4467 (2021).

Garcia Soto, A. et al. Complete predictions for high-energy neutrino propagation in
matter. J. Cosmol. Astropart. Phys. 09, 025 (2020).

Cooper-Sarkar, A. et al. The high energy neutrino cross-section in the Standard Model
and its uncertainty. J. High Energy Phys. 2011, 42 (2011).

Koehne, J.-H. et al. PROPOSAL: a tool for propagation of charged leptons. Comput. Phys.
Commun. 184, 2070-2090 (2013).

Antonioli, P. et al. A three-dimensional code for muon propagation through the rock:
MUSIC. Astropart. Phys. 7, 357-368 (1997).

Zyla, P. A. et al. (Particle Data Group), Review of particle physics. Prog. Theor. Exp. Phys.
2020, 083C01(2020).

Abramowicz, H. et al. (ZEUS Collaboration), Measurement of the energy dependence of
the total photon-proton cross section at HERA. Phys. Lett. B 697, 184-193 (2011).

de Jong, M. & van Campenhout, E. The probability density function of the arrival time of
Cerenkov light. Preprint at https://arxiv.org/abs/2305.19626 (2023).

Agostinelli, S. et al. Geant4—a simulation toolkit. Nucl. Instrum. Methods Phys. Res. A
506, 250-303 (2003).

Einstein, A. Theorie der Opaleszenz von homogenen Flussigkeiten und
Flussigkeitsgemischen in der Nahe des kritischen Zustandes. Ann. Phys. 338,

1275-1298 (1910).

Smoluchowski, M. V. Molekular-kinetische Theorie der Opaleszenz von Gasen im kritischen
Zustande, sowie einiger verwandter Erscheinungen. Ann. Phys. 330, 205-226 (1908).
Kopelevich, O. V. in Ocean Optics Vol. 19 (ed. Monin, A.) Ch. 8 (Nauka, 1983).

Petzold, T. J., Volume Scattering Functions for Selected Ocean Waters (Scripps Institution
of Oceanography, 1972).

Hugon, C. M. F.in Proc. 34th International Cosmic Ray Conference 1106 (SISSA, 2015).
Aiello, S. et al. (KM3NeT Collaboration), Characterisation of the Hamamatsu
photomultipliers for the KM3NeT neutrino telescope. J. Instrum. 13, PO5035 (2018).
Abramowicz, H. & Levy, A. The ALLM parameterization of o,,(y*p) - an update. Preprint at
https://arxiv.org/abs/hep-ph/9712415 (2004).

Abt, . et al. Investigation into the limits of perturbation theory at low Q? using HERA deep
inelastic scattering data. Phys. Rev. D 96, 014001 (2017).

Kelner, S. R., Kokoulin, R. P. & Petrukhin, A. A. About cross section for high-energy muon
bremsstrahlung. CERN Document Server https://cds.cern.ch/record/288828/files/MEPHI-
024-95.pdf (1995).

Sandrock, A. & Rhode, W. Coulomb corrections to the bremsstrahlung and electron pair
production cross section of high-energy muons on extended nuclei. Preprint at https://
arxiv.org/abs/1807.08475 (2018).

Melis, K. et al. (on behalf of the KM3NeT Collaboration) in Proc. 35th International Cosmic
Ray Conference 1059 (SISSA, 2017).

Ageron, M. et al. (ANTARES Collaboration), ANTARES: the first undersea neutrino
telescope. Nucl. Instrum. Methods Phys. Res. A 656, 11-38 (2011).

Albert, A. et al. (ANTARES Collaboration), Monte Carlo simulations for the ANTARES
underwater neutrino telescope. J. Cosmol. Astropart. Phys. 01, 064 (2021).

Melis, K., Heijboer, A. & De Jong, M. (on behalf of the KM3NeT Collaboration) in Proc. 35th
International Cosmic Ray Conference 950 (SISSA, 2017).

Viola, S. et al. (on behalf of the KM3NeT Collaboration) in Proc. 34th International Cosmic
Ray Conference 1169 (SISSA, 2015).

Gatius Oliver, C. et al. (on behalf of the KM3NeT Collaboration) in Proc. 38th International
Cosmic Ray Conference 1033 (SISSA, 2023).

Aiello, S. First observation of the cosmic ray shadow of the Moon and the Sun with
KM3NeT/ORCA. Eur. Phys. J. C 83, 344 (2023).

Abreu, P. et al. (Pierre Auger Collaboration), The energy spectrum of cosmic rays beyond
the turn-down around 10" eV as measured with the surface detector of the Pierre Auger
Observatory. Eur. Phys. J. C 81, 966 (2021).

Abbasi, R. U. et al. (Telescope Array Collaboration), The energy spectrum of cosmic rays
measured by the Telescope Array using 10 years of fluorescence detector data. Astropart.
Phys. 151,102864 (2023).

Klimushin, S. 1., Bugaev, E. V. & Sokalski, I. A. Parametrization of atmospheric muon
angular flux underwater. Phys. Rev. D 64, 014016 (2001).

Fedynitch, A. et al. in Proc. 18th International Symposium on Very High Energy Cosmic Ray
Interactions 08001 (EDP Sciences, 2015).

Fedynitch, A. et al. Hadronic interaction model SIBYLL 2.3c and inclusive lepton fluxes.
Phys. Rev. D100, 103018 (2019).

Gaisser, T. K. Spectrum of cosmic-ray nucleons, kaon production, and the atmospheric
muon charge ratio. Astropart. Phys. 35, 801-806 (2012).

Benzke, M. et al. Prompt neutrinos from atmospheric charm in the general-mass variable-
flavor-number scheme. J. High Energy Phys. 2017, 21 (2017).

Gorski, K. M. et al. HEALPix: a framework for high-resolution discretization and fast
analysis of data distributed on the sphere. Astrophys. J. 622, 759-771(2005).

Massaro, F. et al. The WISE gamma-ray strip parameterization: the nature of the
gamma-ray active galactic nuclei of uncertain type. Astrophys. J. 750, 138 (2012).

Plavin, A. V. et al. Growing evidence for high-energy neutrinos originating in radio blazars.
Mon. Not. R. Astron. Soc. 523, 1799-1808 (2023).

Aab, A. et al. (Pierre Auger Collaboration), Limits on point-like sources of ultra-high-energy
neutrinos with the Pierre Auger Observatory. J. Cosmol. Astropart. Phys. 11, 004 (2019).

88. Meier, M. (on behalf of the IceCube Collaboration), Recent cosmogenic neutrino search
results with IceCube and prospects with IceCube-Gen2. Preprint at https://arxiv.org/abs/
2409.01740 (2024).

89. Aiello, S. et al. (KM3NeT Collaboration), Data for the KM3-202313A high energy event
observation. Zenodo https://doi.org/10.5281/zenodo.13366058 (2025).

90. EMODnet Bathymetry Consortium, EMODnet Digital Bathymetry (DTM 2022). https://doi.
org/10.12770/ff3aff8a-cff1-44a3-a2c8-1910bf109f85 (2022).

91.  Muller, R. et al. (on behalf of the KM3NeT Collaboration) in Proc. 38th International Cosmic
Ray Conference 1018 (SISSA, 2023).

92. Aiello, S. et al. (KM3NeT Collaboration), Search for neutrino emission from GRB 221009A
using the KM3NeT ARCA and ORCA detectors. J. Cosmol. Astropart. Phys. 08, 006 (2024).

93. IceCube Collaboration, All-sky point-source IceCube data: years 2008-2018. Harvard
Dataverse, V1, UNF:6:Bl1pJQ7rl8vTfAwxAIXClg==. https://doi.org/10.7910/DVN/VKL316
(2024).

94. Albert, A. etal. (ANTARES Collaboration), First all-flavor neutrino pointlike source search
with the ANTARES neutrino telescope. Phys. Rev. D 96, 082001 (2017).

95. Barbano, E. et al. in Proc. 38th International Cosmic Ray Conference 1540 (SISSA, 2023).

96. Lamoureux, M. & de Wasseige, G. Multi-observations multi-energy neutrino transient
analysis. Zenodo https://doi.org/10.5281/zenodo.13208670 (2024).

Acknowledgements The KM3NeT Collaboration acknowledges the generous hospitality and
support of the Laboratori Nazionali del Sud, Italy. We acknowledge the financial support of:
KM3NeT-INFRADEV?2 project, financed by the European Union Horizon Europe Research and
Innovation Programme under grant agreement no. 101079679; Funds for Scientific Research
(FRS-FNRS); Francqui Foundation; Belgian American Educational Foundation; Czech Science
Foundation (GACR 24-12702S); Agence Nationale de la Recherche (contract ANR-15-CE31-0020);
Centre National de la Recherche Scientifique (CNRS); Commission Européenne (FEDER fund
and Marie Curie Program); LabEx UnivEarthS (ANR-10-LABX-0023 and ANR-18-IDEX-0001),
Paris ile-de-France Region, Normandy Region (Alpha, Blue-waves and Neptune), France; the
Provence-Alpes-Cote d’Azur Delegation for Research and Innovation (DRARI), the Provence-
Alpes-Cote d’Azur region, the Bouches-du-Rhéne Departmental Council, the Metropolis of
Aix-Marseille Provence and the City of Marseille through the CPER 2021-2027 NEUMED project;
the CNRS Institut National de Physique Nucléaire et de Physique des Particules (IN2P3);

Shota Rustaveli National Science Foundation of Georgia (SRNSFG, FR-22-13708), Georgia. This
work is part of the MuSES project, which has received financing from the European Research
Council (ERC) under the European Union’s Horizon 2020 research and innovation programme
(grant agreement no. 101142396). This work was supported by the European Research Council,
ERC Starting grant MessMapp, under contract no. 949555; the General Secretariat of Research
and Innovation (GSRI), Greece; Istituto Nazionale di Fisica Nucleare (INFN) and Ministero
dell’'Universita e della Ricerca (MUR), through PRIN 2022 programme (grant PANTHEON
2022E2J4RK, Next Generation EU) and PON R&l programme (Avviso n. 424 del 28 febbraio
2018, Progetto PACK-PIRO1 00021), Italy; IDMAR project Po-Fesr Sicilian Region az. 1.5.1.

A.D.B., W.LI., M.B., A.N., G.P,, I.C.R. and A.Sim. have been supported by the Italian Ministero
dell’'Universita e della Ricerca (MUR), Progetto CIRO1 00021 (Avviso n. 2595 del 24 dicembre
2019); KM3NeT4RR MUR Project National Recovery and Resilience Plan (NRRP), Mission 4
Component 2 Investment 3.1, financed by the European Union - NextGenerationEU, CUP
157G21000040001, Concession Decree MUR no. n. Prot. 123 del 21/06/2022; Ministry of Higher
Education, Scientific Research and Innovation, Morocco, and the Arab Fund for Economic and
Social Development, Kuwait; Nederlandse organisatie voor Wetenschappelijk Onderzoek
(NWO), the Netherlands; the grant ‘AstroCeNT: Particle Astrophysics Science and Technology
Centre’, carried out within the International Research Agendas programme of the Foundation
for Polish Science financed by the European Union under the European Regional Development
Fund; the programme ‘Excellence initiative-research university’ for the AGH University in Krakow;
the ARTIQ project: UMO-2021/01/2/ST6/00004 and ARTIQ/0004/2021; Ministry of Research,
Innovation and Digitalisation, Romania; Slovak Research and Development Agency under
contract no. APVV-22-0413; Ministry of Education, Research, Development and Youth of the
Slovak Republic; MCIN for PID2021-124591NB-C41, -C42, -C43 and PDC2023-145913-100 financed
by MCIN/AEI/10.13039/501100011033 and by ‘ERDF A way of making Europe’, for ASFAE/
2022/014 and ASFAE/2022 /023 with funding from the EU NextGenerationEU (PRTR-C17.101)
and Generalitat Valenciana, for grant AST22_6.2 with funding from Consejeria de Universidad,
Investigacion e Innovacion and Gobierno de Espafia and European Union - NextGenerationEU,
for CSIC-INFRA23013 and for CNS2023-144099, Generalitat Valenciana for CIDEGENT/2018/034,
/2019/043, /2020/049, /2021/23, for CIDEIG/2023/20, for CIPROM/2023/51 and for GRISOLIAP/
2021/192 and EU for MSC/101025085, Spain; Khalifa University internal grants (ESIG-2023-008
and RIG-2023-070), United Arab Emirates; the European Union’s Horizon 2020 research and
innovation programme (ChETEC-INFRA - project no. 101008324).

Author contributions The KM3NeT research infrastructure is being built, operated and
maintained by the KM3NeT Collaboration. Authors contributed to the design, construction,
deployment and operation of the detector, as well as to the data taking, detector calibration,
development of the software, data processing, Monte Carlo simulations and various analyses
required for this work. The final manuscript was reviewed and approved by all authors.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-024-08543-1.

Correspondence and requests for materials should be addressed to The KM3NeT Collaboration.
Peer review information Nature thanks the anonymous reviewers for their contribution to the
peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.



Article

108

| Kimospﬁeﬁc muons
Atmospheric neutrinos
- Cosmic neutrinos
m=== Monte Carlo SUM
¢ data

104 !

102

10°

1072

Events/bin

2.0 25 3.0 3.5 4.0
logio ( Number of triggered PMTs )

1.0 1.5

Extended DataFig.1|ComparisonbetweendataandMonteCarlo
simulations. The distribution of the A\ observable is shown onthe left and
the reconstructed zenith angle onthe right. Simulated atmospheric muons are
showninblue and atmospheric neutrinos are shown in yellow. A40% systematic

- Atmosbher{c muons

107

[ Cosmic neutrinos
=== Monte Carlo SUM
$ data

108

10°

104

103

Events/bin

///////////////,

102

10l 4

10°

60 80 100 120 140 160 180
Zenith (°)

20 40

uncertainty on their normalizationisalso included in the histograms. The
expected distribution fora cosmic neutrino flux described by the best fit from
thelceCubeNorthern Sky Tracks®isshown for comparisoninred.



0<d<100 m

Hits per bin
o
7

—— 100<d<150 m

'|-- —— 150<d<1000 m

= | | 1 1 | 1 1 | | | l L
920 0 20 40 60 80 100 120

Time residual (ns)

Extended DataFig.2| Timeresidual distribution. The time residual is relativistic muon. The distributions at various distances d from the track are
defined as the difference between the time of arrival of the detected photons shown, with colouredlines asindicated inthelegend. In this figure, only the
inthe event and the expected time from Cherenkov radiation, induced by a firsthitoneachPMTisused.



Article
5000F  pi o I Y T R
! N =3672 A [\ S R
i - Y APMT i :
5 E = 120+110 Pev 8l . ng = 3672 ]
- u -60 L [y == Stat. only | .
4000 . H
I B y — Stat. + syst. B 1
[ ., 8- k .: _
So [ S [ i 1
iF 3000_ é i :- 1
: ! 4----------- - - —m - - m———— - g —mmm - - -
[ 68% CL ] i ! ]
2000 B Stat. only ] L ! 1
I Stat. + syst. | 2 ',' _
100 F N ]
3456 10 20 30 100 20 058770 20 3040 100 200 1000
E, [PeV] E, [PeV]

Extended DataFig.3|Energy measurement. Left, the true muonenergy £,
maximizing thelikelihood value foragiven N't’?{'gT isshownasablueline. The
blue bands show thelo confidencelevel, computed from the likelihood
distribution using Wilks’ theorem": in dark blue when only statistical
uncertainties are considered, inlight blue when systematic uncertainties are
alsoincluded. The observed value N:?;T: 3,672 correspondsto the horizontal

dashed line. The resulting muon energy estimate isalsoreported (including
systematic uncertainties). Right, log-likelihood profile for N’T:\g =3,672:the
dashedblue curverepresentstheresults whenonly the statistical uncertainty
isconsidered, whereas the solid blue curve shows the results whenincluding

systematic uncertainties. The dashed horizontal lines represent the 1,20 and
3o confidencelevel according to Wilks’ theorem.



— 0

€ —— Nominal direction

- +1.5° in altitude

E) —-1000

©

]

z —-2000

o

[}

o

= —3000

+—

a

a

—-4000
0 20 40 60 80 100 120 140 160
Distance to ARCA [km]

Extended DataFig. 4 |Illustration of the topography. Using bathymetric ARCAsiteandtheyaxisandgreylinesrepresent the depth with respectto
datafrom EMODnet®, asectional view along the incoming directionand thesealevel. The shaded area shows the effect of avariation of +1.5°in the
positionof theeventisshown, with theseashowninblue and the seabed and directionreconstruction, corresponding to the 68% error region fromthe

therockbeneathinbrown. The xaxisindicates the total distance from the evaluation of systematic uncertainties.



Article

10° 4 "
] -t

gl el
£ ’_|—'
© ]
8 10?°
@© ]
()] ]
P 1
O 1004
()] ]
by ]
L |

1071 E

102 E

10° 100 10’ 108 10° 1010 1011

Neutrino energy [GeV]

Extended DataFig. 5| All-flavour sky-averaged effective areafor KM3NeT/ARCA. The areainthe 21detectionline configurationis shown as afunction of
neutrino energy. This effective areais 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

Dataset Method
Detector Covered Period Livetime Type of Data| Analysis Approach Radius
dd/mm/yyyy [days] [deg]
ARCA6-21  12/05/2021 - 11/09/2023 640 offline | binned likelihood [91] 3
ORCA6-18 11/02/2020 - 31/08/2023 1005 offline ON/OFF [92] 4
ORCA18-23 01/09/2023 - 29/07/2024 126 online ON/OFF [92] 4
ANTARES 29/01/2007 - 31/12/2017 3125 public unbinned likelihood 3
[ceCube 06,/04/2008 - 08/07/2018 3577 public [93] | unbinned likelihood 3

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 framework® is used, without including the energy information in the likelihood.
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Extended Data Table 2 | Results of the searches for a cosmic point-like neutrino source in the direction of KM3-230213A

Dataset Nsig — logo(p-value) Flux Upper Limit (RA, Dec) Distance P-value
(GeVlem =257  [deg, deg] [deg]
ARCAG6-21 0.4 0.044 1.8 x 107® (94.3, —7.8) 0.0 -
1.3 1.308 1.9 x 1078 (96.7, —6.8) 26 0.44
ORCAG6-18 0 - 21%il" - - -
ORCA18-23 0 - 28R 10® - - -
ORCA-combined | - - 2.0 x 1077 - - -
ANTARES 0 - T1x10° (943, —78) 0.0 -
1.9 1.936 1.7x 10" (944, -53) 25 053
IceCube 1.4 0.327 12 % 107" (94.3, —7.8) 0.0 -
15.1 3.782 6.3x107° (939, -10.1) 24 007

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 1GeV, ®39§V, assuming a neutrino spectrum of @, y(E) = CDJ,?%V(E(GeV))’z. 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 MOMENTA®,



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

Source RA Dec Dist Name Association Methods
[deg] [deg] [deg]
R(68%)
#1 194.263708 —8.373833 0.57 NVSS J061703—082225 WISE J061702.95—082229.5, 1RXS J061702.4—082229 (1)
2 94.0571 —6.8983  0.94 4FGL J0616.2—0653 (4)
R(90%)
#3 |95.741858 —6.94777 1.66 RFC J0622—0656 (2)
#4 196.230542 —7.593528 1.92 NVSS J062455—073536 4FGL J0624.8—0735 (4)
#5 194.586114 —9.907146 2.12 RFC J0618—0954 (2)
R(99%)
#6 191.998747 —8.58055 2.41 RFC J0607—0834 4FGL J0608.0—0835, 5BZQ J0607—0834 1,2 3,4)
#7 192416542 —6.251611 2.43 CRATES J0609—0615 5BZQ J0609—0615, WISEA J060939.96—061506.0 3)
#8 |91.681443 —7.408397 2.63 RFC J0606—0724 5BZQ J0606—0724 (1352..3)
#9 94.174198 —10.685682 2.88 RFC J0616—1041 WISE J061641.80—104108.4, PMN J0616—1040, 4FGL J0616.7—1049 (1,2,4)
#10 ]91.666542 —6.572528 2.89 NVSS J060639—063421 WISEA J060640.00—063419.6, 1eRASS J060640.2—063424 (1)
#11 |91.359125 —7.992167 2.92 CRATES J0605—0759 WISEA J060526.16—075931.7, RFC J0605—0759, 1eRASS J060527.0—075925 (1)
#12 191.288708 —7.96: 2.99 NVSS J060509—075747 WISEA J060509.22—075747.1, 1eRASS J060509.0—075739 (1)

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.



