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KM3NeT’s detection of a muon track produced by a ~220 PeV neutrino provides an opportunity to
probe physics at center-of-momentum energies greater than those probed by the LHC or other existing
particle accelerators. In this study, we use this single event to place an upper limit on the neutrino-nucleon
cross section of ¢,y < 2605 at Ecy ~ 20 TeV. This result can be used to constrain a variety of scenarios
beyond the Standard Model. With future very large volume neutrino telescopes, constraints on the neutrino-
nucleon scattering cross section are expected to become substantially more stringent and, in some
scenarios, could become competitive with accelerator probes of new physics.
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Introduction. Recently, the KM3NeT Collaboration
reported the detection of a muon track with an energy of
120’_“6150 PeV [1]. Given the exceptional energy and approx-
imately horizontal direction of this track, it is very unlikely
to be of atmospheric origin and has instead been interpreted
as the product of an astrophysical neutrino. This event
represents the highest energy neutrino detected to date (for
further discussion, see Refs. [2-5]).

The energy of the observed muon can be used to
estimate the energy of the parent neutrino. From simu-
lations, the median energy of the neutrino responsible for
this event has been estimated to be 220 PeV, with a
corresponding 68% confidence interval of 110 to 790 PeV
[1]. This corresponds to an energy of Ecy & \/2m,E, ~
14.4-38.5 TeV in the center-of-momentum frame of the
neutrino-nucleon collision, placing it beyond the range of
energies studied at the LHC and other accelerator
experiments.

Neutrinos arriving from near the horizon traverse more
matter than downgoing neutrinos, increasing the proba-
bility of their interaction. This factor is especially impor-
tant for ultrahigh-energy neutrinos, as the resulting muons
can travel as far as tens of kilometers before falling below
the energy threshold of large volume neutrino telescopes.
In addition, the Earth becomes opaque to neutrinos at
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extremely high energies, leading to the suppression of
upgoing neutrino-induced events. This causes the angular
distribution of neutrino-induced events to depend on the
total neutrino-nucleon cross section at a given energy, and
allows high-energy neutrino telescopes to be sensitive
to any new physics that might contribute to this cross
section [6—17].

In this paper, we consider the ultrahigh-energy event
reported by the KM3NeT Collaboration in this context.
From this single event, we find that we can place
significant constraints on the total neutrino-nucleon cross
section at Ecy; ~ 20 TeV (see Fig. 1). In particular, the fact
that this muon track is nearly horizontal can be used to
place an upper limit of 6,y < 266°M at the 95% confidence
level (for analogous measurements at somewhat lower
energies derived from IceCube data, see Refs. [10-12]).
This information, in turn, can be used to place constraints
on a variety of exotic physics scenarios, including those
featuring large or warped extra dimensions [18-25],
leptoquarks [26-35], leptogluons [35], string excitations
[36,37], supersymmetric resonances [38], new gauge
bosons [39], or nonperturbative electroweak interactions
[40-43] (for an early review, see Ref. [44]).

The angular distribution of ultrahigh-energy neutrino
events. In the deep-inelastic scattering regime, the
Standard Model neutrino-nucleon cross section is approx-
imately given by [46]

SM cC | NC =33 am?2 E, 0402
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FIG. 1. Measurements of the total high-energy neutrino-nu-

cleus cross section compared to the Standard Model prediction
[45]. In gray, we show the measurements from IceCube showers
[10,12] and tracks [11]. For measurements of the charged-current
cross section, we have rescaled the results by (655 + o)) /6%,
as predicted by the Standard Model. The vertical dashed line
denotes the center-of-momentum energy of proton-proton colli-
sions at the LHC. In black, we show the measurement of the total
neutrino cross section as derived in this analysis from the
KM3NeT event. For the first time, neutrino telescopes allow
for a constraint of this cross section beyond the energy range of
particle accelerators..

The corresponding cross section for antineutrinos exhibits a
similar energy dependence and is only slightly smaller in
magnitude. Due to the growth of this cross section with
energy, ultrahigh-energy neutrinos are efficiently absorbed
as they propagate through the Earth, with a mean free path
that is given by

0.402
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where p is the local matter density and pg, = 2.84 g/cm?
is the mean mass density of the Earth’s crust. This
scattering suppresses the flux of upgoing ultrahigh-energy
neutrinos in telescopes such as KM3NeT and IceCube. At
E, =~ 220 PeV, neutrinos traverse more than one mean free
path of Earth for all incoming angles more than 3° below
the horizon.

Muons produced through charged-current neutrino inter-
actions can travel a significant distance before losing the
bulk of their energy. In the energy range of interest, muons
traveling through water lose energy at an average rate of
(dE,/dx) = (0.3 PeV/km) x (E,/PeV) [47]. Further tak-
ing into account the stochasticity of the energy losses in this

regime, we find that an EeV muon, for example, will
typically travel through ~6-12 km of water before its
energy falls below 10 PeV [48]. Since this significantly
exceeds KM3NeT’s depth of 3.4 km, a large fraction of
ultrahigh-energy events are expected to originate from
directions near the horizon.

To determine the predicted angular distribution of
ultrahigh-energy muon tracks from charged-current neu-
trino interactions at KM3NeT, we perform simulations
using TauRunner [49]. This framework implements deep
inelastic scattering at next-to-leading order through the
Cooper—Sarkar—Mertsch—Sarkar (CSMS) model [50]. The
baseline CSMS cross section is known to omit corrections
of O(10%), which set the scale for the theoretical
systematic uncertainties of our result. Specifically, next-
to-next-to-leading order QCD corrections and final-state
radiation indicate that the CSMS cross section must be
reduced by ~12% [51], whereas accounting for direct
W-boson production can increase the total cross section
by ~6% [17,52,53].

We adopt the preliminary reference Earth model [54] for
the Earth with a 4 km layer of water and place the KM3NeT
detector at a depth of 3.4 km. Then, we inject an isotropic
flux of muon neutrinos and simulate their scattering and
muon energy losses. Since KM3NeT has only detected a
single ultrahigh-energy event, our analysis remains valid
even if it originated from a localized source. Because
ultrahigh-energy transient sources are isotropically distrib-
uted, the probability of detecting a near-horizontal event is
still dictated by Earth attenuation.

We take the initial energy of the neutrinos to follow a
log-normal distribution centered around 220 PeV and with
a width of o ~0.43. We have checked that a two-piece
normal profile can improve our upper bound by roughly
20%. Thus, a log-normal profile represents a conservative
estimate of the unknown experimental likelihood profile,
without qualitatively altering the physical conclusions.
Following the analysis of the KM3NeT Collaboration,
we discard any muons with energy less than 10 PeV.
We take KM3NeT’s geometric area and efficiency to be
isotropic and independent of energy.

In Fig. 2, we show the simulated angular distribution of
> 10 PeV muon tracks in KM3NeT resulting from an
isotropic flux of neutrinos, assuming the log-normal energy
distribution centered at 220 PeV.

These results are shown assuming only Standard Model
interactions (filled green) and for total cross sections that
are larger than the Standard Model prediction by factors of
10 and 50, respectively. Upgoing tracks in this energy range
are strongly suppressed by neutrino absorption in the Earth,
while the distribution is enhanced near the horizon due to
the larger available target volume. Given this distribution
(assuming only Standard Model interactions), it is unsur-
prising that the first neutrino-induced muon track in this
energy range was observed near the horizon. If the total

L091701-2



CONSTRAINING THE NEUTRINO-NUCLEON CROSS SECTION ...

PHYS. REV. D 114, L091701 (2026)

Upgoing Horizontal Downgoing
- : o= 100'5]]\\,/[
0.02 - ol
o |
. % 1
] = o = 5005}
> % | v
= . 1
2 ]
© h 1
S I
S 0.01 — I
R~ -
4 +SM
OuN
0.00 T I T T T I T T I T T I T T I 1T

80 100 120 140 160 180
Zenith angle (deg.)

FIG.2. Angular distribution of >10 PeV muon tracks predicted
at KM3NeT from the charged-current interactions of an isotropic
flux of ~220 PeV neutrinos. Results are shown for the Standard
Model cross section (filled green), and for a total cross section
that is larger by a factor of 10 (orange) or 50 (blue). The vertical
dashed line denotes the zenith angle of the 220 PeV KM3NeT
event, 0., = 90.6°, which is only slightly above the horizon. The
horizontal direction of this track is compatible with the angular
distribution predicted for the Standard Model cross section, but
such events would have been more likely to be downgoing if the
cross section were larger.

neutrino cross section were substantially larger, however,
horizontal events would be suppressed, and a larger fraction
of events would instead come from downgoing directions.

Constraints on the total high-energy neutrino-nucleon
cross section. Our analysis is based on an unbinned
likelihood constructed from the predicted angular distri-

bution,
P, 1 (6 = Bopy)?
— [ dcosg-—* 0= Bon)
£ / cos dcosQ\/27rA96Xp{ 2A6> - ()

where dP,/d cos 0 is the muon angular distribution shown
in Fig. 2, which is marginalized over neutrino energy. Then,
Ops = 90.6° is the observed zenith angle of the KM3NeT
event, and A@ = 1.5° its uncertainty. This likelihood
quantifies the overlap between the arrival direction of
the observed event and the predicted angular distribution.

In Fig. 3, we plot the change in the log-likelihood as a
function of the total neutrino-nucleon cross section, as
evaluated at E, = 220 PeV and scaled to the value pre-
dicted by the Standard Model. At low cross sections, the
Earth becomes transparent and the angular distribution
becomes isotropic. As a result, the likelihood saturates at
a constant baseline. This offset exists because a near-
horizontal event is much better explained by a distribution
that peaks near the horizon, rather than by an isotropic flux.
At the 68% confidence level, the KM3NeT event yields a

5 -
4
Q]
%D 3 - 95% C.L.
2
1 -
] KM3NeT
0 - T T IIIIIII T T IIIIIII T T IIIIIII T T
0.01 0.1 1 10
JVN/J%\V/[
FIG. 3. Change in the log-likelihood as a function of the total

neutrino-nucleon cross section at E, = 220 PeV. The dots
represent points computed in the Markov chain Monte Carlo
chain and the solid line interpolates between them. The likelihood
is maximized near the Standard Model value of the total
cross section and the KM3NeT event allows us to constrain
o, < 2665,12,4 at the 95% confidence level.

constraint of o,y /oM = 0.873%, entirely consistent with

the Standard Model prediction. At the 95% confidence
level, this analysis yields a one-sided upper limit of
o,n/ oM < 26. If the cross section had exceeded this limit,
a large fraction of any ultrahigh-energy neutrino-induced
muon tracks would be downgoing, in tension with the near-
horizontal direction of the KM3NeT event (see Fig. 2).

A wide range of exotic physics scenarios have been
proposed that would increase the total neutrino-nucleon
cross section and consequently alter the predicted angular
distribution of ultrahigh-energy muon tracks in large vol-
ume neutrino telescopes. That being said, we are not aware
of any well-motivated physics scenarios that are not already
ruled out by the LHC that would lead to cross sections as
large as o,y = 2665N. As neutrino telescopes observe more
events in this energy range, however, measurements of the
neutrino-nucleon cross section are expected to become
significantly more precise, potentially leading to constraints
that will be competitive with those derived from accelerator-
based experiments.

With this in mind, it is interesting to consider the
projected sensitivity of future very large volume neutrino
telescopes (for previous studies in this direction, see
Refs. [16,55]). Proposals for such telescopes include
IceCube-Gen2 [56], Pacific Ocean Neutrino Experiment
[57], TRoplcal DEep-sea Neutrino Telescope [58], High-
energy Underwater Neutrino Telescope [59], Giant Radio
Array for Neutrino Detection 200k [60], Beamforming
Elevated Array for COsmic Neutrinos 1k [61], Tau Air-
shower Mountain-Based Observatory [62], Trinity 18 [63],
Radar Echo Telescope for Neutrinos [64] and POEMMA30
[65]. The next generation of high- and ultrahigh-energy
neutrino telescopes is expected to exceed the sensitivities of
IceCube and KM3NeT by ~1-2 orders of magnitude across
a wide range of energies [66].
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FIG. 4. Change in the log-likelihood as a function of the total
neutrino-nucleon cross section at E, = 220 PeV, as projected
from the observation of 10 or 100 neutrino-induced muon track
events with IceCube-Gen2. A measurement of ten such events is
projected to result in a constraint of o,/ of}\\ﬁl < 6.5 at the
95% confidence level. With 100 events, this constraint is
projected to improve to o,y /c°M < 1.5.

vN ~

In light of the upper limits placed by IceCube on the
flux of ultrahigh-energy neutrinos, it seems likely that the
220 PeV event observed by KM3NeT represents a relatively
unlikely upward fluctuation [3—-5]. That being said, a future
telescope such as IceCube-Gen2 [56] could be reasonably
expected to detect many events in this energy range over the
duration of its operation. Those events could be used to
sample the angular distribution shown in Fig. 2, and to
improve the measurement of the total neutrino-nucleon
cross section at energies beyond the reach of the LHC.

To forecast the sensitivity of IceCube-Gen2 to the total
neutrino-nucleon cross section, we assume a true value
o,y = ooM and carry out a Monte Carlo to simulate the
angular distribution of observed muon tracks. In each trial,
we assume that either ten or 100 such events are observed,
each arising from an isotropic flux of 220 PeV neutrinos.
Note that the shallower depth of IceCube (which we take to
be 2.0 km) leads to a somewhat smaller fraction of
downgoing events than is shown in Fig. 2. For IceCube-
Gen2, we adopt an angular resolution of A9 = 0.5°.

In Fig. 4, we show the median projected constraint after
observing ten or 100 events and compare this to the upper
limit we derived from the KM3NeT event. We find that
IceCube-Gen2 could achieve a constraint of o,y /oM < 6.5
with ten events at the 95% confidence level, and 0.56 <
o,n/ooM <2.8 at 68% confidence. If IceCube-Gen2
observes 100 such events, an even stronger constraint of
oun/ of]\l\;[ < 1.5 (95%) could be obtained, corresponding to
0.92 <o,y/0M <1.25 at 68% confidence. Applying a
similar analysis framework and set of assumptions, existing
literature points out that such exposures can probe, for
instance, scalar leptoquarks down to Mo 2 500 GeV [55]
and leptogluons down to Mg = 3 TeV [35].

Summary and conclusions. In this work, we have used the
ultrahigh-energy muon track event recently reported by the
KM3NeT Collaboration to constrain the neutrino-nucleon
cross section at center-of-momentum energies beyond the
reach of terrestrial accelerators. The exceptional energy
(E, ~ 220 PeV) and near-horizontal direction of this event
make it a powerful probe of exotic neutrino interactions. In
particular, the predicted angular distribution of such events
is sensitive to this cross section due to the absorption of
neutrinos in the Earth.

By modeling the expected angular distribution of muon
tracks induced by ultrahigh-energy neutrinos, we have
constructed a likelihood function that quantifies the con-
sistency of the observed event with different values of the
total neutrino-nucleon cross section. From this analysis, we
find that the data are fully consistent with the Standard
Model prediction. At the 68% confidence level, we obtain
o /oM = 08155, while at the 95% confidence level
we derive a one-sided upper limit of o,y/coM < 26 at
Ecyv ~ 20 TeV. This represents the first constraint on the
neutrino-nucleon cross section at center-of-momentum
energies exceeding those directly probed by the LHC.

Although the constraint presented here is not yet com-
petitive with accelerator-based bounds for well-motivated
new physics scenarios, such measurements have the poten-
tial to provide a novel and independent probe of physics
beyond the Standard Model. In particular, scenarios that
predict large enhancements to the neutrino—nucleon cross
section—such as models with large or warped extra
dimensions, leptoquarks, leptogluons, new gauge inter-
actions, or nonperturbative electroweak effects—can be
constrained by the observed angular distribution of events
induced by ultrahigh-energy neutrinos.

Looking ahead, the prospects for improving these
measurements are highly promising. Next-generation neu-
trino observatories, such as IceCube-Gen2 and other
proposed large-volume detectors, are expected to detect
a significant number of events in this energy range. With
even a modest sample of ~10 ultrahigh-energy muon
tracks, we project that the neutrino-nucleon cross section
could be constrained at a level of 6,y/con < 6.5. This
constraint could improve to 6, /ooy < 1.5 after ~100 such
events. Such a measurement could be used to test a variety
of scenarios beyond the Standard Model, and would be
highly complementary to the information obtained from
accelerator-based experiments.
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