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KM3NeT constraint on Lorentz-violating
superluminal neutrino velocity
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Lorentz invariance is a fundamental symmetry of spacetime and foundational to modern physics. One
of its most important consequences is the constancy of the speed of light. This invariance, together
with the geometry of spacetime, implies that no particle can move faster than the speed of light. In this
article, we present the most stringent neutrino-based test of this prediction, using the highest-energy
neutrino ever detected to date, KM3-230213A. If we assume an extragalactic source as the origin, the
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arrival of this event, with an energy of 220"375 PeV, sets a constraint on 8§ = ¢ — 1<4.2"32x 10722,

Lorentz invariance, which states that physical phenomena look the same
for all inertial observers, is a key component underlying the Standard
Model of particle physics. Lorentz invariance violation (LIV), while so far
unobserved, is predicted by models of quantum gravity'™ which are
parametrized by effective field theories such as the Standard Model
Extension (SME)*”.

Since an observation of LIV would provide compelling evidence of
such new physics, it has experimentally been tested in various ways: for
example, using electronic transitions’, gamma-ray bursts’, high-energy
neutrino oscillations'’, and top quark production at colliders'".

Lorentz invariance also predicts the constancy of the speed of light and,
therefore, that the speed of light in vacuum is the upper bound on the speed
of any massive particle; if one is found to be superluminal, that would
unambiguously indicate LIV. As such, superluminality has been probed
with particles such as electrons and cosmic rays'>". Neutrinos, as the
lightest known massive particles, can provide another probe of LIV as they
propagate. Several experimental searches for superluminal neutrino pro-
pagation have been performed, for instance, at OPERA'® and MINOS'""%
while conclusive evidences of superluminal propagation, and therefore LIV,
has not been observed, limits have been set.

We characterize superluminal propagation'®”’ by a parameter

d=2 -1,

where c, is the neutrino speed in units of the speed of light. Note that in our
definition, § is consistent with the definition in refs. 15,19 but twice that of
the definition used in ref. 21. A superluminal neutrino rapidly loses energy
primarily via the process of pair emission of electrons v — v + " + ¢ '****,
In this work, we assume that the electron is not also superluminal, which has
been independently constrained in, for instance, ref. 14. The calculation of
the decay width I' = I'(E, §), where E is the neutrino energy, is presented in
refs. 19,20 and used, for instance, in ref. 21 to set a limit on 6. It is generally
possible to set a limit on § using any neutrino if we know its energy and

propagated distance. Astrophysical neutrinos, which are neutrinos origi-
nating from outside the Solar System, are uniquely useful for this purpose
because they arrive at high energies and from long distances, both of which
serve to competitively constrain the size of the LIV effect, via the § para-
meter. Indeed, there have been many previous efforts using astrophysical
neutrinos to constrain LIV; see, for example, refs. 22-32.

KM3NeT" is a research infrastructure comprising two detector arrays
in the Mediterranean Sea which, among other scientific aims, is being built
to detect such astrophysical neutrinos. The larger detector array is known as
Astroparticle Research with Cosmics in the Abyss (ARCA). Using photo-
detectors, ARCA is able to detect the Cherenkov light induced by the passage
of relativistic charged particles produced in neutrino interactions; based on
the timing, sensor position, and amount of light collected, ARCA can
reconstruct its energy and direction. Moreover, ARCA can reconstruct
different event morphologies, discriminating primarily between muons and
particle showers. It offers the ability to measure the particle types and fla-
vours of neutrino interactions. Recently, ARCA observed a muon indicative
of an ultra-high-energy (UHE) neutrino event, termed KM3-230213A%,
with an estimated neutrino energy

Eype = 2200370 PeV

which is the highest-energy neutrino ever observed to date. In particular, for
KM3-230213A, a median muon energy of 120 PeV is reconstructed by
observing the number of triggered photodetectors, and comparing the
observation to Monte Carlo simulations of similar high-energy muons. To
translate this muon energy to a neutrino energy, Monte Carlo simulations of
neutrinos with an E* energy spectrum producing a muon of 120 PeV, are
generated; Eyyg is the median energy of these simulated neutrinos. For
details, see ref. 34. The minimum neutrino energy is the reconstructed muon
energy of 120 PeV; this conservative bound still leads to limits with the same
order of magnitude as those assuming the median neutrino energy Eype.
While the source of KM3-230213A is not yet known, its high energy and
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Fig. 1| Upper limits. We plot the value of § scanning over a wide range of L assuming
we hold the energy constant at Eyyg. The bands correspond to the 68% and 90%
confidence intervals in the energy estimation of KM3-230213A™'. We also indicate in
the vertical dashed lines some length scales of interest: the size of the Milky Way,
intergalactic distances (1 Mpc), and the size of the observable Universe.

likely extragalactic™*** (L > 1Mpc) nature, assuming an astrophysical source
as the origin, already allows us to set a strong constraint on §. In this work,
we find that in a likely scenario, § <4.2152 x 10722, further reducing the
parameter space in which LIV can exist.

Results and discussion
We evaluate the limit on & using the procedure described in ref. 20. First, we
calculate the decay width I as given in ref. 19 and determine a decay length
¢,/T. The width has a strong energy dependence, I'(E, §) « E*8*, which can be
estimated from dimensional analysis as done in ref. 19 or obtained via a full
matrix element calculation as done in ref. 20. Secondly, we consider the
propagated distance L as ten times the decay length, L = 10¢,/I". The choice of
ten decay lengths is purely conventional, as done in ref. 20, but also con-
servative - assuming fewer decay lengths travelled for the same L will yield
more stringent limits on §. Finally, we compute the § which is required to
produce this L value at a fixed energy Eyyg. The result of this calculation,
scanning over a wide range of L, is shown in Fig. 1.

Conservatively taking the minimum distance travelled to be of Galactic
scale, which means L = 4 x 10” m, around the radius of the Milky Way, we
can set the limit

+3.9 —21
<1877 %107,

where the range stems from the 68% confidence interval in the energy
measurement ™.

Given the event direction™, a more likely scenario would be an inter-
galactic lengthscale, L = 1Mpc, which results in the limit

§<4.2792x 1072,

To place this into context, we can cast a limit on § in terms of a minimal d =4
SME parameter ¢ if we assume the isotropic limit and the rest frame of
the cosmic microwave background (CMB), as discussed in ref. 36. The
relation is straightforward, /2 = — ¢, yielding the limit

W> 211121072

which can be compared to other limits, for instance, in table D34 of ref. 7.
We emphasize that the assumption of an isotropic frame here is a simpli-
fying assumption; in general, LIV will be anisotropic in most inertial
reference frames. For details, see ref. 36.

Table 1| A comparison of various limits on § set with the same
method of using 10 decay lengths

Method Energy scale Limit on é
IceCube TXS 0506+056 ~290 TeV 24x107"®
Stecker et al. (ref. 21) 60TeV-2 PeV 2x52x107%
KM3-230213A ~220 PeV 1.8x10°2
(conservative)

KM3-230213A ~220 PeV 42x102

(extragalactic)

The exception is the limit set by ref. 21, which is detailed in that respective work; the factor of 2
accounts for the difference in the definitions of 6. Limits here are obtained assuming that the electron
is not superluminal. For context, we have also included the energy scale used to set these limits.

In Table 1 we show the upper limits on 6, calculated using the same
method described above, for other high-energy events and baselines of note.
In particular, we consider the best values obtained using IceCube observa-
tions of TXS 0506-+056"7*,

Competitive limits of around 10™"*—10*" have also been obtained with
more sophisticated methods such as in refs. 14,21,29. For comparison in
Table 1, we also show the most competitive limit, from ref. 21, for which a
Monte Carlo approach is used to model spectral distortions in neutrino
observations. This approach is more dependent on the astrophysical flux
modelling compared to our method.

As done in ref. 19, there is also the possibility of setting a limit using a
defined terminal energy, which is the energy scale after which significant
losses do not occur. We have confirmed that this method yields a similar
limit to within one order of magnitude: & < 2.6 x 107> at Eyyg for the likely
extragalactic scenario.

The effect of cosmological redshift can also be considered, which
manifests as an effective energy loss that contributes in addition to the pair
emission. If we assume that the neutrino source distribution follows the star
formation rate, which peaks at redshift of a few Z”, this represents a O(1)
factor of energy loss and will not have a significant effect that competes with
the electron pair emission on intergalactic distances. If we assume larger
redshifts from even more distant sources, ignoring this additional energy
loss effect in the calculation of our ¢ limit renders it more conservative.

Finally, the criteria for the primary energy loss mechanism, electron pair
emission, is energy-dependent. A superluminal neutrino behaves as a particle
with an effective mass E+/3; therefore, the energy E of the neutrino must
satisfy E > 2m,/~/3 for pair emission to be possible, where 1, is the electron
mass. Therefore, as § is constrained to be successively smaller, we approach
the regime where pair emission may require arbitrarily high neutrino
energies, and this mechanism cannot be used to further constrain 6. For
instance, already at § = 1072 we require E > 100 PeV, where E is the energy at
which the neutrino decays, necessarily higher than the energy Eyug at
detection (which is assumed in Fig. 1). Despite this limitation, observable
effects, such as distortions in cosmogenic neutrino energy spectra, may still
be expected and used to set even tighter limits at ultra-high energies®.

Conclusion

We report on a limit on the LIV parameter & (and SME parameter ¢¥) using
KM3-230213A, the most energetic neutrino ever detected to date. Our
result, to our knowledge, improves upon the current best limits by one order
of magnitude, while making minimal and conservative assumptions about
the origin of the neutrino.

Repeated searches for LIV, and corresponding limits set, serve as a
critical, ongoing, test of one of the cornerstones of modern physics. At the
fundamental level, an observation of LIV would change our understanding
of causality and spacetime structure, and permit models of quantum gravity
that predict LIV'*”. At the more phenomenological level, LIV could affect
well-known phenomena like the GZK cutoff*, and the neutrino dispersion
relation. These possibilities clearly warrant a comprehensive search for LIV;
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to this end, our limit shows that Lorentz invariance is, so far, on solid ground
— and that avenues for LIV to occur are shrinking.

Given electron pair emission in vacuum as the primary energy loss
mechanism, our constraints cannot be significantly improved upon using
this method without detecting a neutrino of significantly higher energy, or
relieving some of our conservative assumptions. The competitiveness of our
limit highlights the growing role that UHE neutrinos, and neutrino tele-
scopes, can play in testing fundamental symmetries.

Data availability
The data required to reproduce the results in this work consists of the energy
of KM3-230213A, which is detailed in ref. 34.
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