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1 Comparison with existing measurements, limits, and
models

The expected number of events in KM3NeT /ARCA is a convolution of the all-flavour exposure
ERM3NT (s66 Methods) and the considered per-flavour v + ¥ differential flux ®:

KM3NeT _ /5KM3NeT<E) x ®(E)dE. (1)

expected

The exposure is computed selecting events with log-likelihood ratio larger than 500 and tljil\g”
larger than 1500. The integration bounds may be chosen either to cover the full energy range or
to correspond to the central 90% neutrino energy range associated with KM3-230213A.

Supplementary Table 1 collects the expected number of events in KM3NeT/ARCA when
considering some IceCube best-fit single power-law flux measurements at lower energies and
various diffuse models. In particular, the table highlights that the KM3-230213A observation is
rather improbable in the scenario where the true neutrino spectrum was a simple extrapolation of
IceCube HESE single power-law best fit, therefore hinting at the emergence of a new component
in the flux.

2 Evidence for secondary cascades

The muon trajectory is reconstructed using the first hit observed on each PMT, assuming that
the light is emitted from the muon at the Cherenkov angle . Indeed, at any position in the
detector, the earliest photons are those that are from the muon under this angle.

In KM3-230213A, the vast majority of the light is not directly induced by the muon, but by
secondary electron-positron cascades that are created along its path. In these cascades, many
particles are collinear with the muon and Cherenkov photons are therefore preferentially emitted
at O¢, allowing an accurate reconstruction of the muon trajectory using the first hits detected on
each PMT. Electron-positron cascades initiated by the muon also contain non-collinear particles,
which emit photons in other directions. For large, stochastic energy losses resulting in energetic
cascades, these can be detected by studying photons arriving later than those emitted at 6.



The scattering length is large in seawater and photons may be assumed to travel straight from
the muon trajectory to the PMT even at large distances in the instrumented volume. The point
of emission along the trajectory can then be computed from the time of detection. Adopting the
same notation as in Methods, if the photon is emitted at a distance z along the trajectory at
position @ = gy + 2d, the detection time is given by

t=to+z/c+ |7 — W|/v,. (2)

Solving for z leads to a quadratic equation, which has two solutions corresponding to an emission
before and after the Cherenkov emission. The latter case dominates as the former would require
the photons to travel large distances through water.

The distribution of the computed emission points of the detected photons is shown in Supple-
mentary Fig. 1. For this figure, as well as for Supplementary Fig.2, all hits are used; not only the
first hits on each PMT as is done in the reconstruction and the Extended Data. Three distinct
peaks are visible at z = 199, 297, and 477 m. At these positions along the trajectory excess pho-
tons have been emitted, which indicates the production of discrete high-energy cascades due to
stochastic energy losses of the muon. It has been checked that the peaks are not artifacts of the
detector geometry by observing that simulations show a variety of peaks at different locations.

A fraction of the detected photons can thus be associated with each one of the three secondary
cascades. This is illustrated in Supplementary Fig. 2, where the detected hits are displayed as a
function of their time of occurrence and of the vertical position of the PMT along the detection
line. Depending on the distance from the detection line to the muon trajectory and to each of
the cascades, and on the amount of saturation of the PMTs, the hits from the three cascades
can be distinguished.
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Supplementary Figure 1: Distribution of the computed emission point of photons in KM3-
230213A along the reconstructed muon trajectory, represented by the distance to py, the location
of the muon at t = ¢, as described in the text. To indicate the effect of the detector acceptance,
the dashed line shows the average expectation, obtained from simulations of 100 PeV muons
with the same direction and position as KM3-230213A.



Supplementary Table 1: Expected number of track events (with the event selection reported
in the text) in 335 days of analysed ARCA data in the 19 and 21 detection-line configuration,
considering a variety of diffuse astrophysical fluxes, in the full energy range of selected events,
or only in the most-probable energy range for KM3-230213A. The different sections report the
results for: IceCube single power-law best fits extrapolated to higher energies for different sam-
ples, i.e. HESE, NST, and Enhanced Starting Track Event Selection (ESTES); expectations from
various cosmogenic models; expectations from source models.

Expected events in ARCA19-21
Tested flux in full energy range ‘ in 72 PeV — 2.6 EeV
IceCube single power-law best fits

IceCube/NST [1] 0.12 0.014
IceCube/ESTES [2] 0.052 3.4 x1073
IceCube/HESE [3] 0.019 51 x 1074

Cosmogenic models

Aloisio et al. [4] 0.47 1.6 x 1072

Muzio et al. (2023) [5] 0.44 0.25

Ehlert et al. [6] 0.25 0.21
Zhang et al. [7] 0.25 9.5 x 1072
Pierre Auger Collaboration [§] 5.3 x 1072 3.4 x1073
Muzio et al. (2022) [9] 0.11 1.0 x 102
Boncioli et al. [10] 1.3 x 1072 4.1 x 1073
Heinze et al. [11] 2.7x1073 7.7 x 1074
Condorelli et al. [12] 2.0x 1073 4.6 x 1074
Berat et al. [13] 1.5 x 1073 4.0 x 1074

Source (transient) diffuse models

Pulsar (Fang. et al [14]) 1.3 0.47

LL-BLLacs (Rodrigues et al. [15]) 0.56 0.26
TDE (Winter et al. [16]) 0.42 5.5 x 1072
LL-GRBs (Boncioli et al. [10]) 0.15 2.5x 1073
Sample FSRQ (Rodrigues et al. [17]) 1.2 x 1072 4.6 x 1075
LL-GRB (Tamborra et al. [18]) 1.0 x 1072 5.9 x 1074
Sample LL-BLLac (Rodrigues et al. [17]) 5.0 x 1073 3.3x10°°
s-GRB (Tamborra et al. [18]) 2.8 x107° 6.6 x 1077
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Supplementary Figure 2: Arrival times of the photons in KM3-230213A as a function of the
height along three of the 21 detection lines. Each horizontal segment represents a detected PMT
signal. The length of the line represents the amount of time during which the PMT signal is over
threshold. The height in the detector is shown as the floor number, which indicates the optical
module index (from 1, bottom, to 18, top). The curved lines indicate the expected light arrival
time as a function of the height for light emitted from the muon (black) and from cascades
located at z = 199,297, and 477 m (red, blue and green, respectively). The style of the line
indicates the distance d that the light needs to travel from the muon or the cascade as shown in
the legend.
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