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Neutrino transition dipole moments in light of the KM3NeT event
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In 2023, KM3NeT observed the highest-energy neutrino seen to date. The most probable estimate places
the energy of the neutrino at an extreme value of 220 PeV, and energies up to 2.6 EeV are contained in the
90% probability interval. Even though the source of the signal cannot be ascertained with the available data,

this observation already opens unique possibilities to test new physics. Here, we study the implications for
the transition magnetic dipole portal connecting active and sterile neutrinos. We remain agnostic regarding
the origin of the neutrino and focus on local effects. Concretely, we study the impact of efficient active-

sterile transitions on the energy degradation experienced by the neutrino along its path to the detector at
Earth. We find that the ultrahigh-energy neutrino event does not add relevant information for sterile
neutrinos with masses less than a TeV. However, the observation becomes important at higher masses and

can provide the leading constraint in that regime.

DOI: 10.1103/6£5)-5j71

I. INTRODUCTION

The KM3NeT Collaboration has recently reported the
observation of a tracklike neutrino event, labeled KM3NeT-
230213A, with an estimated energy well above all pre-
viously detected neutrino events [1]. With a likely energy
exceeding 100 PeV, this is by far the most energetic
neutrino detected to date, and its unexpected observation
has sparked significant interest across both astrophysics
and particle physics. On the astrophysical side, such an
event may shed light on the nature of the most powerful
cosmic accelerators; on the particle physics side, it provides
arare probe of new phenomena at energy scales beyond the
reach of terrestrial experiments.

Several interpretations have been put forward for the
origin of this event. Perhaps the simplest explanation is that
KM3-230213A could be part of the diffuse flux of cosmo-
genic (Greisen-Zatsepin-Kuzmin) neutrinos, generated when
ultrahigh-energy cosmic rays interact with the cosmic micro-
wave or infrared backgrounds via photopion production.
A flux of such neutrinos is expected in the PeV to EeV
range and remains compatible with current experimental
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constraints [2—4]. Alternatively, the event might originate
from a concrete source. Dedicated searches for astrophysical
counterparts within the reconstructed angular uncertainty
revealed 17 candidate blazars, three of which showed
multiwavelength activity (radio, x-ray, and gamma-ray
flares) temporally coincident with the neutrino detection,
though no definitive association could be established [5].
Another possibility is that the event originated from a
transient flare shorter than one year, which would reconcile
the KM3NeT detection with IceCube’s nonobservation more
easily than other interpretations [6].

Explanations invoking new physics have also been
explored. These include scenarios such as neutrinos from
primordial black holes [7-9] (see, however, [10]), decaying
dark matter [11-14], or exotic contributions to neutrino
production in cosmic-ray collisions [15]. Even if the astro-
physical origin remains uncertain, the extreme energy of
KM3-230213A makes it a powerful probe of new physics
affecting neutrino propagation or detection, including
Lorentz-invariance violation [16—18], exotic matter effects
[19], resonance-assisted active-sterile oscillations [20],
neutrino self-interactions [21], and dark matter—neutrino
scattering [22-24].

As emphasized previously in the context of future
neutrino observatories, such as GRAND [25], POEMMA
[26], or IceCube-Gen2 [27], in [28], neutrinos offer a
unique opportunity to test the transition dipole moment
between active and sterile neutrinos with TeV-scale masses.
The detection of KM3NeT-230213A provides the first real
data at these extreme energies and gives us an unexpected
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opportunity to explore this portal. In this work, we study
the implications of the event for the transition dipole
scenario and assess the corresponding constraints. We
prefer to remain agnostic as to the origin of the neutrino
and instead focus on local effects. The transition dipole
interaction leads to repeated upscattering of the active
neutrino into a sterile state, followed by prompt decay back
into an active neutrino and a photon. While this process
does not remove the neutrino from the beam, it degrades its
energy efficiently. As the event is already highly unusual
and reconstructed at an extreme energy, a significant energy
degradation along the trajectory to the detector is not
plausible. We, therefore, constrain the parameters of the
dipole portal by requiring that energy losses induced by
local interactions do not substantially reduce the neutrino
energy before detection.

This work is organized as follows: In Sec. II, we discuss
the KM3-230213A event and summarize the aspects of the
observation that are important for our analysis. Next, in
Sec. III, we introduce the transition dipole portal and
compute the key contribution to the cross section at
Earth. We then move on and estimate the limit on the
dipole portal strength u based on the optical depth in
Sec. IV. Finally, we present our conclusions in Sec. V.

II. THE EVENT KM3-230213A

We will briefly review the properties of the event
KM3NeT-230213A that are of interest to us in the follow-
ing. The track topology and arrival direction indicate that
the event was induced by a muon neutrino undergoing a
charged-current interaction outside the instrumented vol-
ume, producing a high-energy muon that traversed the
detector. The probability of a background origin is very
low, and a cosmic origin is preferred. Further interpretation
remains contingent upon future detections of similar events.

The ultrahigh-energy neutrino event was reconstructed
using the Cherenkov light emitted by the muon traversing
the detector volume. The detector’s optical modules capture
the spatial and temporal distribution of the photons, from
which the muon’s trajectory, direction, and light yield
profile are reconstructed. The total light yield and the
track length are correlated with the muon energy loss in the
detector volume, thus providing a lower bound on the muon
energy in the detector. From the reconstructed muon
energy, the Collaboration performed an extrapolation to
the original production of the muon that accounts for
energy losses outside the detector. This leads to a deter-
mination of the initial muon energy of ~120 PeV. Taking
into account the energy transfer in a charged-current
interaction and assuming an origin from an all-sky flux
with a spectrum o« E~2, the best estimate for the parent
neutrino energy is 220 PeV, while the 90% containment is
placed at 72 PeV to 2.6 EeV. We will take the best estimate
as our default choice for the neutrino energy and use the

90% upper and lower limits to estimate the effect of the
energy uncertainty on our observables.

The arrival direction of the event is almost horizontal. The
best fit gives a zenith angle of approximately 0.6° above the
horizon and an azimuth of 259.8°. The primary contributor to
the directional uncertainty in the reconstruction of event
KM3-230213A is the limited knowledge of the detector’s
absolute orientation on Earth. Although the positions of the
optical modules are continuously monitored via an acoustic
positioning system, this system alone does not determine the
detector’s global orientation. The absolute positioning of
acoustic emitters is obtained during dedicated sea cam-
paigns, currently yielding an estimated angular uncertainty
of approximately 1° around each axis. This uncertainty
propagates to a 90% confidence region of 2.2° in the
reconstructed celestial coordinates of the event, making it
the dominant systematic uncertainty. Simulations of muons
with energies between 1 and 1000 PeV indicate that the
statistical uncertainty in direction reconstruction is signifi-
cantly smaller, <0.3°, and thus negligible compared to the
systematic pointing error. Planned upgrades, including the
deployment of new acoustic emitters with < 1 m absolute
positioning accuracy, aim to refine the detector alignment.
This will allow for a recalibration of the data and an improved
source localization in the future.

For our purposes, one of the key questions is how much
matter the neutrino encounters before it reaches the
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FIG. 1. Depth of the detector D along the neutrino track in units
of mwe as a function of the angle with respect to the nominal
direction (green solid line). The underwater relief provided by [1]
has been taken and p o = 2.6y has been considered. Similar
results have been included for comparison purposes, taking into
account a medium consisting solely of water (blue dashed line) or
rock (red dashed line).
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detector. This is mainly a function of the angle, but, to get
an accurate value, we also need to take the local geometry
of the Mediterranean seabed into account. We use the
underwater relief provided by [1] and use their suggested
value of the density of rock p,ock = 2.6Pwawer- The depth of
the detector D in units of meter water equivalent (mwe) is
shown in Fig. 1 as a function of the angle 6 with respect to
the nominal arrival direction. For comparison, the depths
for a path through pure water and pure rock are also shown.
As can be seen, these nicely bracket the true result. The
neutrino starts to encounter rock only for 6 < 1.8°. For
angles < — 1°, the amount of water encountered is small
compared to the amount of rock, and the line approaches
this limit. Overall, D varies between ~6.0 x 10*mwe and
~1.5 x 10°mwe for angles in the 90% confidence region.

III. THE TRANSITION DIPOLE PORTAL

Sterile neutrinos can interact with the Standard Model
(SM) via a transition magnetic dipole moment. The
interaction Lagrangian reads

Lin = pvp0,,F**N +H.c., (3.1)
where v; denotes a left-handed SM neutrino, F* is the
field strength tensor of electromagnetism, N is the right-
handed neutrino, and the strength of the interaction is
controlled by the parameter p. The sterile neutrino gets a
mass m, from a Majorana mass term. Here and in the
following, we assume that this mass is larger than the active
neutrino one. In this case, the dipole portal allows for
upscattering of an SM neutrino into a sterile state and the
subsequent decay of a sterile state to a photon and an active
neutrino. Depending on the mass and the strength of y this
leads to a whole range of testable phenomena that can be
leveraged to constrain the strength of the transition dipole
moment by lab experiments as well as astrophysical and
cosmological observables; see, e.g., [29-36]. Because of the
limited energy in these experiments, it is relatively easy to
constrains small m,. However, LEP and LHC are able to push
the limits up to masses of ~100 GeV and ~1 TeV, respec-
tively. Currently, there are no limits on higher masses.

An active neutrino can upscatter to a heavier sterile
neutrino in collisions with SM particles. For high masses,
the interaction with electrons does not provide the required
center-of-mass energy, and, therefore, one needs to con-
sider neutrino scattering on nuclei. Depending on the
momentum transfer to the nucleus the cross sections can
be split into three regimes: (i) coherent scattering on the
whole nucleus, (ii) diffractive scattering where a nucleon is
kicked out of the nucleus, and (iii) deep inelastic scattering
(DIS) where the momentum transfer is large enough to
probe the internal structure of the nucleon such that the
interaction is best modeled as a scattering on the partonic
constituents of the nucleon directly. The elastic and
diffractive scattering regimes turn out to be subleading at

the large energies we are interested in. We model them
following the method outlined in [28,29] and include them
in our analysis. To avoid cluttering the manuscript, we
relegate their description to the Appendix and focus on the
DIS cross section here.

The differential cross section for upscattering in a
collision with a massless pointlike fermion is given by

dr s2t ' '

where s and ¢ are Mandelstam variables and g denotes the
charge of the fermion. In order to arrive at the total cross
section for scattering on nucleons, we need to fold this with
the parton distribution functions (PDFs). This leads to

ow) =3 [N ["a G0 63

where § =2m E, x denotes the partonic center-of-mass
energy and x gives the fraction of the total nucleon energy
carried by the parton. The function f; is the PDF of species
i as a function of x and depends on both x and the
momentum transfer Q = \/—t. The lower limit of integra-
tion Xy, = (E, — \/E2 —m?)/m, can easily be found
from kinematics, as can the limit #, = m? — 5. The remain-
ing limit #; is given by the breakdown of the DIS
approximation. We adopt the conventional choice Q2. =
—t; = 4 GeV? [37]. We use the Mathematica implemen-
tation of the PDF set [38] available at [39]. In Fig. 2,
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FIG. 2. The nucleon-averaged neutrino cross sections of con-
version to a sterile neutrino per unit of u squared as a function of
m, for the extremal and favored values of the E, at a confidence
level of 90%. The collision target here is fixed as H,O for
demonstration.
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we show ¢ including all contributions as a function of m
for three representative values of £, and an H,O target.

IV. LIMITS ON u

The extreme energy of the KM3NeT-230213A event
allows us to set new constraints on the transition dipole
moment y. While the origin of the neutrino is unknown, its
trajectory toward the detector is reasonably well con-
strained. As discussed in Sec. II, the amount of matter
traversed by the neutrino before reaching the detector is
substantial. This makes the event sensitive to new physics
effects inducing interactions with matter along the path.

In the transition dipole portal, an active neutrino can
upscatter into a heavier sterile state, which subsequently
decays promptly into a photon and an active neutrino. As a
result, the neutrino is not removed from the beam. Instead,
the process leads to a regeneration of the active neutrino
albeit at a a significantly lower energy. For ultrahigh-energy
neutrinos, each upscattering event typically transfers an
50% of the neutrino energy to the emitted photon, such that
the regenerated active neutrino carries approximately half
of the incoming energy.

The cumulative effect of these interactions can be
described by an energy transport equation. In the con-
tinuum limit, the evolution of the neutrino energy E along
the path length [ is given by

1 dE AE 1
Ed-"E ['(E, )~ ZF(E, D), (4.1)
where I'(E,l) = o(E, mg, u,[)n(l) is the interaction rate
and n(l) denotes the effective nucleon number density
along the trajectory.

If the energy and spatial dependence of the interaction
rate factorize, I'(E, ) = o(E)n(l), the transport equation
can be rearranged and integrated, yielding

Ef 2 L
/ ——dE:/ n(ldl =,
E, G(E)E 0

where Ej and E denote the neutrino energy at the surface
of Earth and at the detector, respectively, and X is the
known column depth along the neutrino trajectory.

Since  KM3NeT-230213A was reconstructed at an
extreme energy, it is not plausible that the neutrino
experienced a large number of such energy-degrading
interactions before reaching the detector. We, therefore,
conservatively require that the cumulative energy loss
along the trajectory does not exceed an order-ten effect
and demand E; > 0.1E),. This requirement can be used to
estimate an upper bound on the transition dipole moment y
by evaluating the above integral for a given trajectory and
observed final neutrino energy.

The resulting exclusion contours in the (my, u) plane are
shown in Fig. 3. The red, blue, and green bands correspond

(4.2)
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FIG. 3. Bounds for u for the KM3NeT event as a function of m.

Each color band collects the upper limits for different trajectories,
ie, —2.2°<6<22° being the angle with respect to the
nominal direction (solid line). The red region corresponds to
E, =72 PeV, the blue region to E, = 220 PeV, and the green
region to E, = 2.6 EeV. The golden line based on IceCube
observations is taken from [28]; the purple solid, dashed, and dot-
dashed lines based on LEP (d, and d,;) and LHC, respectively,
are taken from [29].

to the lower (72 PeV), nominal (220 PeV), and upper
(2.6 EeV) estimates of the neutrino energy, respectively,
whose limits are given by the arrival directions within the
90% confidence region, namely, @ = +2.2° and 0 = —2.2°
relative to the nominal trajectory. For reference, the golden
line indicates the limit [28] derived based on IceCube
results [40], while the purple lines based on LEP and LHC
searches are taken from [29]. One can see that the strength
of the bound depends both on the assumed neutrino energy
and on the trajectory through Earth. As expected, larger
path lengths correspond to a stronger attenuation and,
therefore, tighter limits on y, while shorter trajectories
weaken the constraint. Similarly, increasing the neutrino
energy enhances the available center-of-mass energy in the
scattering and improves the sensitivity, which explains why
the green curves (E, = 2.6 EeV) yield the most restrictive
bounds. In contrast, for the lower energy estimate
(E, =72 PeV, red curves), the constraint is weaker by
more than an order of magnitude. Overall, across all angles
and energies, the limits obtained from KM3NeT-230213A
surpass the existing IceCube and collider bounds in the
region of sterile neutrino masses above the TeV scale,
thereby extending the reach of neutrino dipole searches into
a previously inaccessible parameter space. This is particu-
larly exciting, since future e™ e~ colliders are not expected
to probe significantly higher sterile-neutrino masses than
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present collider bounds in the dipole-portal scenario. Note,
however, that a future muon colliders could extend the
sensitivity to multi-TeV masses [41].

We emphasize that the limits derived here are based on a
single event and should, therefore, be interpreted with
caution. Nevertheless, they demonstrate the potential of
ultrahigh-energy neutrino observations to explore new
physics at energy scales well beyond current collider reach.
Future detections of similar events will allow these limits to
be refined and established on firmer statistical grounds.

V. SUMMARY

The measurement of event KM3-230213A opens unique
opportunities for the study of physics beyond the SM. In
this work, we investigated its implications for the transition
dipole portal to sterile neutrinos. The high energy of the
incident neutrino implies that the production of sterile
neutrinos with masses in the multi-TeV range becomes
kinematically allowed for the first time. The improvement
in the mass reach compared to IceCube is roughly one order
of magnitude, which can easily be understood from the fact
that s o 1/E, and the KM3NeT event was approximately 2
orders of magnitude more energetic than the highest
neutrinos seen at IceCube. This allows us to test new
regions of the parameter space and put new constraints on
the interaction strength pu.

Since the origin of the neutrino is poorly constrained at
the moment, we focus on local effects and study the energy
loss caused by interaction with material at Earth. We
compute the interaction rate of ultrahigh-energy neutrinos
along the path to the detector. This depends both on the new
physics parameters that enter into the cross section and on
the trajectory to the detector. We compute the cross section
taking different contributions from elastic scattering on
nuclei, diffractive scattering on nucleons, and deep inelastic
scattering into account. The exact trajectory also has a
significant impact. Even though the neutrino event was
observed close to the horizon, the amount of water and rock
that the neutrino had to traverse on its way to the detector
is significant; e.g., for the preferred arrival direction, it
corresponds to approximately 4 x 10° meter water equiv-
alent. Note, however, that, due to errors in the determi-
nation of the arrival direction, the depth of the effective
detector can vary by a factor ~20 within the 90% confidence
level interval. It is expected that this uncertainty can be
reduced considerably in the future, since it is dominated by
a systematic error in the determination of the overall
orientation of the detector, which can be reduced by a
dedicated measurement campaign.

We estimated a limit on u as a function of the sterile
neutrino mass by requiring that interactions with Earth do
not induce a excessive degradation of the neutrino energy
before detection. For m; <1 TeV, there are already quite

stringent limits from collider searches and IceCube. These
are more constraining where they apply. However,
they cannot test masses in the multi-TeV regime, which
leaves room for the KM3NeT observation to contribute,
and we find that our limits are the most constraining there.
This is very exciting and demonstrates that the observa-
tion of even a single ultrahigh astrophysical neutrino can
add to our understanding of physics beyond the stan-
dard model.
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APPENDIX: ELASTIC AND DIFFRACTIVE
SCATTERING

In this appendix, we provide ingredients to compute the
cross sections for coherent and diffractive scattering of
high-energy neutrinos into heavy sterile neutrinos by a
transition magnetic dipole moment following the presen-
tation in [28,29]. The DIS contribution is discussed in
Sec. III.

1. General formalism

The squared matrix element for neutrino upscattering via
virtual photon exchange reads

2,2
e
IM|? = 'uq—4L””Wm,, (A1)

where  is the transition dipole moment, g> = —Q? is the
momentum transfer squared, and L* and WH are the
leptonic and hadronic tensors, respectively.

The leptonic current from the dipole vertex is

7= (N|J*lv) = 2, (p)Pro*“uy (p')qa  (A2)
leading to the spin-summed leptonic tensor
L = 4Tr[15PRO-Ma‘Ia(Iﬁ/ + mS)O—UﬁLI/i}' (A3)

The hadronic tensor can be written in terms of the structure
functions W and W, as

055004-5



ALEJANDRO MUNOZ-OVALLE and STEFAN VOGL

PHYS. REV. D 113, 055004 (2026)

v

1

"
e = (—gﬂw%) W)+

k-q k-q
ke —74"> (k" —761”> W2 (0%).

(A4)

where M is the mass of the scattering target, i.e., a nucleus or nucleon in this context, and k its initial four-momentum.
The hadronic vector current J,, for a nucleon or nucleus can be written in the general form

W1310) = 50 |1 FA(Q) + i (0wt

(AS)

From this expression, one obtains the corresponding form factors entering the hadronic tensor W, = ji(j# )T in

Eq. (A.4). They can be expressed as

Wi(0%) = 20°[F\(Q%) + F2(Q%)]%, (A6)
QZ
W) = 8| + 2 1300 . (A7)
Thus, the differential cross section for elastic and coherent scattering can then be written as
do _ el [—2M%m} — 12(2s — 2M?* — m2) — 1(25> — 4M*s — 2m?%s + 2M* + m?)] (A8)
dt tz(Mz —_ S)2 s s s s
+ L%'uz [AM*m$ — 2 (4s — m?) — 13 — t(4s> — 8M?s — dm?s + 4AM* + 4M>m?)) (A9)
4t(M3 — Ms)? : : ! :
2(1F1F2/l2
———= [-2m} + tm? + ], Al10
t(Mz—s)z[ ms+ms+ ] ( )

where s and ¢ are the usual Mandelstam variables, the
momentum transfer Q is related to ¢ via t = —Q?, s, and m;
denotes the sterile neutrino mass.

2. Elastic scattering regime

In the elastic regime (Q* <0.5 GeV?), the neutrino
scatters elastically off the entire nucleus. The cross section
is enhanced by the nuclear charge Z, but we need to take
the finite size of the nucleus and its internal structure
into account. This can be done by introducing nuclear form
factors. We use

Fi(Q%) = ZFws(Q%). (A11)

F,(0?) ~0, (A12)

where Fygs(Q?) is a simple Woods-Saxon nuclear form
factor defined by

_ 3za macoth(zQa)sin(Qry)—rycos(Qry)
i tatad® Qrysinh(zQa) '

(A13)

Fys(0?)

with @ = 0.523 fm and r, = 1.126A'/3 fm, where A is the
nuclear mass number.

3. Diffractive scattering regime

In the diffractive regime, neutrinos scatter quasielasti-
cally on individual nucleons within the nucleus. Finite-size
effects and the internal structure of the nucleons can be
incorporated by introducing form factors for the nucleons.
The hadronic current is parametrized as

A HA
(N'1JIN) = a(K) | PF1(Q%) + i 50 Fa(02) |ulk),

(A14)

yielding structure functions
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(Q°F1(Q%) + F5(0%),  (Al5)

SN

WI(QZ) =

Wa(0%) = — (SMPF2(02) + Q°F2(02).

=0 (A16)

The nucleon form factors F7™" and F4™" are related to the
Sachs charge and magnetic form factors G and G4;" by [42]

2
GE"(0) = F{"(0%) = 123 FE"(0), (A1)
Gi(0Y) = F"(0%) + FL(0Y).  (AI9)

Similar to [28,29], we adopt the dipole parametrization of
the form factor which is known to provide a good fit to
scattering data [42]:

) Q2 -2
60(0) = 1+ gy 5eve)

up = 2.793, u, = —1.913, (A19)
with the assignments
GL = Gp, Gi =0, Gy =p,,Gp.  (A20)

[1] KM3NeT Collaboration, Observation of an ultra-high-
energy cosmic neutrino with KM3NeT, Nature (London)
638, 376 (2025).

[2] K. Kotera and A. V. Olinto, The astrophysics of ultrahigh
energy cosmic rays, Annu. Rev. Astron. Astrophys. 49, 119
(2011).

[3] IceCube Collaboration, Differential limit on the extremely-
high-energy cosmic neutrino flux in the presence of astro-
physical background from nine years of icecube data, Phys.
Rev. D 98, 062003 (2018).

[4] KM3NeT Collaboration, Astronomy potential of km3net/
arca, Eur. Phys. J. C 84, 885 (2024).

[5] KM3NeT, MessMapp Group, Fermi-LAT, Owens Valley
Radio Observatory 40-m Telescope Group, and SVOM
Collaborations, Characterising candidate blazar counter-
parts of the ultra-high-energy event KM3-230213A, arXiv:
2502.08484.

[6] A. Neronov, F. Oikonomou, and D. Semikoz, KM3-
230213A: An ultra-high energy neutrino from a year-long
astrophysical transient, arXiv:2502.12986.

[7] A. Boccia and F. TIocco, Could the KM3-230213A event be
caused by an evaporating primordial black hole?, Phys. Rev.
D 112, 063045 (2025).

[8] A.P. Klipfel and D.I. Kaiser, Ultrahigh-energy neutrinos
from primordial black holes, Phys. Rev. Lett. 135, 121003
(2025).

[9] L. A. Anchordoqui, F. Halzen, and D. Lust, Neutrinos from
primordial black holes in theories with extra dimensions,
Phys. Rev. D 112, 083034 (2025).

[10] L. E. T. Airoldi, G. F. S. Alves, Y. F. Perez-Gonzalez, G. M.
Salla, and R.Z. Funchal, Could a primordial black hole
explosion explain the KM3NeT event?, Phys. Rev. Lett.
136, 041002 (2026).

[11] K. Kohri, P. K. Paul, and N. Sahu, Super heavy dark matter
origin of the PeV neutrino event: KM3-230213A, Phys.
Rev. D 112, L031703 (2025).

[12] D. Borah, N. Das, N. Okada, and P. Sarmah, Possible origin
of the KM3-230213A neutrino event from dark matter
decay, Phys. Rev. D 111, 123022 (2025).

[13] K. Murase, Y. Narita, and W. Yin, Superheavy dark matter
from the natural inflation in light of the highest-energy
astroparticle events, J. Cosmol. Astropart. Phys. 10 (2025)
109.

[14] B. Barman, A. Das, and P. Sarmah, What KM3-230213A
events may tell us about the neutrino mass and dark matter,
Phys. Rev. D 112, 075014 (2025).

[15] G.FE.S. Alves, M. Hostert, and M. Pospelov, Neutron portal
to ultra-high-energy neutrinos, arXiv:2503.14419.

[16] P. Satunin, Ultra-high-energy event KM3-230213A con-
straints on Lorentz invariance violation in neutrino sector,
Eur. Phys. J. C 85, 545 (2025).

[17] Y.-M. Yang, X.-J. Lv, X.-J. Bi, and P.-F. Yin, Constraints on
Lorentz-invariance violation in the neutrino sector from the
ultrahigh-energy event KM3-230213A, Phys. Rev. D 111,
123037 (2025).

[18] P.W. Cattanco, Constraints on Lorentz invariance
from the event KM3-230213A, Eur. Phys. J. C 85, 529
(2025).

[19] P.S.B. Dev, B. Dutta, A. Karthikeyan, W. Maitra, L. E.
Strigari, and A. Verma, ‘Dark’ matter effect as a novel
solution to the KM3-230213A puzzle, arXiv:2505.22754.

[20] V. Brdar and D. S. Chattopadhyay, Does the 220 PeV event
at KM3NeT point to new physics?, arXiv:2502.21299.

[21] Y. He, J. Liu, X.-P. Wang, and Y.-M. Zhong, Implications
of the KM3NeT ultrahigh-energy event on neutrino self-
interactions, arXiv:2504.20163.

[22] R. Mondol, S. Bouri, A.K. Saha, and R. Laha, Road
through Darkvess: Probing dark matter-neutrino interactions
using KM3-230213A, arXiv:2506.19910.

[23] I. Esteban and A. Ibarra, Attenuation of the ultra-high-
energy neutrino flux by dark matter scatterings, arXiv:
2508.02869.

[24] T. Bertdlez-Martinez, G. Herrera, P. Martinez-Miravé, and J.
Terol Calvo, The highest-energy neutrino event constrains
dark matter-neutrino interactions, arXiv:2506.08993.

[25] GRAND Collaboration, The giant radio array for neutrino
detection (GRAND): Science and design, Sci. China Phys.
Mech. Astron. 63, 219501 (2020).

055004-7


https://doi.org/10.1038/s41586-024-08543-1
https://doi.org/10.1038/s41586-024-08543-1
https://doi.org/10.1146/annurev-astro-081710-102620
https://doi.org/10.1146/annurev-astro-081710-102620
https://doi.org/10.1103/PhysRevD.98.062003
https://doi.org/10.1103/PhysRevD.98.062003
https://doi.org/10.1140/epjc/s10052-024-13137-2
https://arXiv.org/abs/2502.08484
https://arXiv.org/abs/2502.08484
https://arXiv.org/abs/2502.12986
https://doi.org/10.1103/qxcj-fpwn
https://doi.org/10.1103/qxcj-fpwn
https://doi.org/10.1103/vnm4-7wdc
https://doi.org/10.1103/vnm4-7wdc
https://doi.org/10.1103/5kt2-5pvj
https://doi.org/10.1103/w9dp-dfkx
https://doi.org/10.1103/w9dp-dfkx
https://doi.org/10.1103/vvqq-1z2t
https://doi.org/10.1103/vvqq-1z2t
https://doi.org/10.1103/shsw-mct6
https://doi.org/10.1088/1475-7516/2025/10/109
https://doi.org/10.1088/1475-7516/2025/10/109
https://doi.org/10.1103/t58k-sjq5
https://arXiv.org/abs/2503.14419
https://doi.org/10.1140/epjc/s10052-025-14240-8
https://doi.org/10.1103/6zzg-tv4s
https://doi.org/10.1103/6zzg-tv4s
https://doi.org/10.1140/epjc/s10052-025-14264-0
https://doi.org/10.1140/epjc/s10052-025-14264-0
https://arXiv.org/abs/2505.22754
https://arXiv.org/abs/2502.21299
https://arXiv.org/abs/2504.20163
https://arXiv.org/abs/2506.19910
https://arXiv.org/abs/2508.02869
https://arXiv.org/abs/2508.02869
https://arXiv.org/abs/2506.08993
https://doi.org/10.1007/s11433-018-9385-7
https://doi.org/10.1007/s11433-018-9385-7

ALEJANDRO MUNOZ-OVALLE and STEFAN VOGL

PHYS. REV. D 113, 055004 (2026)

[26] POEMMA Collaboration, The POEMMA (probe of ex-
treme multi-messenger astrophysics) observatory, J. Cos-
mol. Astropart. Phys. 06 (2021) 007.

[27] IceCube Collaboration, Neutrino astronomy with the next
generation IceCube Neutrino Observatory, arXiv:1911
.02561.

[28] G.-y. Huang, S. Jana, M. Lindner, and W. Rodejohann,
Probing heavy sterile neutrinos at neutrino telescopes via the
dipole portal, Phys. Lett. B 840, 137842 (2023).

[29] G. Magill, R. Plestid, M. Pospelov, and Y.-D. Tsai, Dipole
portal to heavy neutral leptons, Phys. Rev. D 98, 115015
(2018).

[30] V. Brdar, A. Greljo, J. Kopp, and T. Opferkuch, The neutrino
magnetic moment portal: Cosmology, astrophysics, and
direct detection, J. Cosmol. Astropart. Phys. 01 (2021) 039.

[31] G. Chauhan, S. Horiuchi, P. Huber, and 1. M. Shoemaker,
Probing the sterile neutrino dipole portal with SN1987A and
low-energy supernovae, Phys. Rev. D 110, 015007 (2024).

[32] O.G. Miranda, D. K. Papoulias, O. Sanders, M. Tértola,
and J. W.F. Valle, Low-energy probes of sterile neutrino
transition magnetic moments, J. High Energy Phys. 12
(2021) 191.

[33] T. Schwetz, A. Zhou, and J.-Y. Zhu, Constraining active-
sterile neutrino transition magnetic moments at DUNE near
and far detectors, J. High Energy Phys. 07 (2020) 200.

[34] P.D. Bolton, F. F. Deppisch, K. Fridell, J. Harz, C. Hati, and
S. Kulkarni, Probing active-sterile neutrino transition mag-
netic moments with photon emission from CEvNS, Phys.
Rev. D 106, 035036 (2022).

[35] I. M. Shoemaker and J. Wyenberg, Direct detection experi-
ments at the neutrino dipole portal frontier, Phys. Rev. D 99,
075010 (2019).

[36] P. Coloma, P. A. N. Machado, I. Martinez-Soler, and 1. M.
Shoemaker, Double-cascade events from new physics in
Icecube, Phys. Rev. Lett. 119, 201804 (2017).

[37] J. Blumlein, The theory of deeply inelastic scattering, Prog.
Part. Nucl. Phys. 69, 28 (2013).

[38] A.D. Martin, W.J. Stirling, R.S. Thorne, and G. Watt,
Parton distributions for the LHC, Eur. Phys. J. C 63, 189
(2009).

[39] https://mstwpdf.hepforge.org.

[40] IceCube Collaboration, Measurement of the high-energy
all-flavor neutrino-nucleon cross section with IceCube,
Phys. Rev. D 104, 022001 (2021).

[41] V. Brdar, Y.-Y. Li, S.R. Mir, and Y.-L. Wang, Collider
prospects for the neutrino magnetic moment portal, J. High
Energy Phys. 10 (2025) 230.

[42] C.F. Perdrisat, V. Punjabi, and M. Vanderhaeghen, Nucleon
electromagnetic form factors, Prog. Part. Nucl. Phys. 59,
694 (2007).

055004-8


https://doi.org/10.1088/1475-7516/2021/06/007
https://doi.org/10.1088/1475-7516/2021/06/007
https://arXiv.org/abs/1911.02561
https://arXiv.org/abs/1911.02561
https://doi.org/10.1016/j.physletb.2023.137842
https://doi.org/10.1103/PhysRevD.98.115015
https://doi.org/10.1103/PhysRevD.98.115015
https://doi.org/10.1088/1475-7516/2021/01/039
https://doi.org/10.1103/PhysRevD.110.015007
https://doi.org/10.1007/JHEP12(2021)191
https://doi.org/10.1007/JHEP12(2021)191
https://doi.org/10.1007/JHEP07(2020)200
https://doi.org/10.1103/PhysRevD.106.035036
https://doi.org/10.1103/PhysRevD.106.035036
https://doi.org/10.1103/PhysRevD.99.075010
https://doi.org/10.1103/PhysRevD.99.075010
https://doi.org/10.1103/PhysRevLett.119.201804
https://doi.org/10.1016/j.ppnp.2012.09.006
https://doi.org/10.1016/j.ppnp.2012.09.006
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://mstwpdf.hepforge.org
https://mstwpdf.hepforge.org
https://mstwpdf.hepforge.org
https://doi.org/10.1103/PhysRevD.104.022001
https://doi.org/10.1007/JHEP10(2025)230
https://doi.org/10.1007/JHEP10(2025)230
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001

	Neutrino transition dipole moments in light of the KM3NeT event
	I. INTRODUCTION
	II. THE EVENT KM3-230213A
	III. THE TRANSITION DIPOLE PORTAL
	IV. LIMITS ON &mu;
	V. SUMMARY
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX: ELASTIC AND DIFFRACTIVE SCATTERING
	1. General formalism
	2. Elastic scattering regime
	3. Diffractive scattering regime

	References


