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Lorentz invariance is a fundamental symmetry of spacetime and serves as the cornerstone of modern

physics, supporting the constancy of the speed of light. A crucial implication of this principle is that

no particle can propagate faster than this universal speed limit. In this study, we present a stringent

neutrino-based test of Lorentz invariance, utilizing the highest-energy neutrino ever detected, known

as event KM3-230213A. The detection of this neutrino, with measured energy of approximately 220

PeV, allows us to establish a lower bound on the scale of second-order Lorentz invariance violation,

quantified as   GeV at 90 % confidence level.

I. Introduction

Lorentz invariance, a cornerstone symmetry of Einstein’s theory of relativity, has successfully withstood

rigorous experimental scrutiny for over a century[1]. Nevertheless, several quantum gravity (QG) theories

— which attempt to reconcile quantum mechanics with general relativity — predict subtle departures

from Lorentz invariance at energies approaching the Planck scale   GeV[2]

[3][4][5][6][7][8][9][10][11][12][13][14][15][16]. Although these Lorentz invariance violations (LIV) are anticipated

to be exceedingly small at energies significantly below  , their magnitude can potentially increase

with energy and become detectable through cumulative effects over cosmological propagation distances.

Consequently, astrophysical observations of high-energy particles emitted from distant sources offer

uniquely powerful opportunities to probe Lorentz invariance at unprecedented sensitivity.

One manifestation of LIV can be characterized as the class of energy-dependent modifications to the

dispersion relations in vacuum
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where    denotes the “sign” of LIV, differentiating between ”subluminal” ( ) and

”superluminal” ( ) cases. The parameter    represents the energy scale at which Lorentz

invariance is broken. At energies significantly below  , the sum is dominated by its lowest-order terms;

thus, only the first two leading terms (  or  ) are of practical interest for independent LIV tests,

commonly referred to as linear and quadratic LIV corrections, respectively.

Moreover, LIV alters reaction thresholds and modifies interaction cross-sections. Specifically,

superluminal LIV typically allows new particle decay channels that are forbidden in the Lorentz-invariant

scenario. As the lightest standard model particles, neutrinos offer a unique probe of LIV effects,

particularly in the superluminal scenario. Specifically, superluminal neutrinos could exhibit distinct

decay processes, such as neutrino splitting  [17][18][19] and neutrino pair production 

[17][20][21].

KM3NeT[22]  is a research infrastructure comprising two detector arrays deployed in the Mediterranean

Sea, primarily designed to detect astrophysical neutrinos. Recently, its larger detector array, ARCA,

recorded an ultra-high-energy (UHE) neutrino candidate event, designated KM3-230213A[23]. The event,

characterized by a muon track, corresponds to a neutrino energy estimated at    PeV,

making it the highest-energy neutrino observation reported to date.

In the wake of this detection, recent analyses[24][25] have placed stringent constraints on LIV within the

neutrino sector, since neutrinos of such extreme energies would struggle to propagate significant

distances to Earth if LIV effects were present. However, these studies relied on simplified assumptions,

calculating only the survival probability of a single neutrino traversing a fixed propagation distance. In

reality, KM3-230213A likely originates from the same diffuse neutrino background previously observed

by IceCube at lower energies[26][27], implying the necessity to consider statistical distributions of

neutrino energies and propagation distances. Moreover, these earlier constraints utilized only one

representative energy estimate of KM3-230213A, neglecting uncertainties in energy resolution and

statistical fluctuations inherent in the measurement.

In this work, we re-evaluate constraints on LIV by adopting a comprehensive statistical framework. We

begin with the diffuse astrophysical neutrino energy spectrum derived from a combined fit to KM3NeT,

IceCube and Auger data. This spectrum is then coupled with a physically motivated source distribution as

a function of redshift. Importantly, we incorporate the full two-dimensional posterior distribution of the
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neutrino flux inferred from the KM3-230213A event, rather than relying solely on a single representative

energy.

The paper is organized as follows. In Sec. II, we introduce the observational data and the neutrino energy

spectrum used in our study. In Sec. III and Sec. IV, we present the methods employed and the resulting

constraints obtained. Finally, we summarize our work in Sec. V.

II. Observational data and neutrino spectrum

The best estimate of the energy of the ultra-high-energy (UHE) neutrino event observed by KM3NeT is

220 PeV, with a 90 % (68 %) confidence interval of [72 PeV, 2.6 EeV] ([110 PeV, 790 PeV]). Assuming an 

  spectrum within the energy range of [72 PeV, 2.6 EeV], a joint fit using the data from this single

event observed by KM3NeT, along with the non-observations by IceCube and Auger, yields a per-flavor

neutrino flux of   GeV cm-2 s-1 sr-1[28]. Assuming a Gaussian distribution

for the logarithm of the neutrino flux strength, we can obtain the 90 % confidence interval for the

aforementioned flux. The energy of the observed ultra-high-energy neutrino, along with the 90 % (68 %)

confidence interval for the flux obtained from the joint fit, is represented by the light blue (blue) crosses

in Fig. 1. We take the 90 % confidence region on the   plane to be the area enclosed by four

quarter ellipses centered at    and defined by the upper and

lower limits of the corresponding confidence interval, which is illustrated in the light blue shaded area in

Fig. 1 on the logarithmic coordinate plot.

For the neutrino energy spectrum in the absence of LIV, we consider three forms. The first form is the 

 spectrum, with the specific normalization obtained from the combined fitting of KM3NeT, IceCube,

and Auger UHE data as mentioned above. This normalization is taken to be the best-fit result

which is shown by the dashed blue line in the left panel of Fig. 1. The second form of spectrum we

consider is a single power law (SPL)

the normalization    and spectral index are obtained by combined fitting the UHE data of KM3NeT,

IceCube, and Auger and the high-energy (below tens of PeV) measurements performed by IceCube. The

high-energy measurements of IceCube include three samples: High-Energy Starting Events (HESE),
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Enhanced Starting Track Event Selection (ESTES), and Northern-Sky Tracks (NST). Each of the three

samples is combined separately with the UHE data to obtain three sets of different parameters   and  ,

from which we take the best-fit parameters. In the middle panel of Fig. 1, the blue dashed line represents

the fitting result corresponding to NST, while the purple crosses in this panel represent the NST data

points. The third form of spectrum we consider is a broken power law (BPL)

The best-fit result obtained by jointly fitting the HESE and UHE data is shown using the blue dashed line

in the right panel of Fig. 1, with the pink crosses representing the HESE data points. All detailed fitting

results, including both SPL and BPL, can be found in[28].

Figure 1. The constraints on the   LIV energy scale are illustrated. From left to right, the three panels

represent the neutrino energy spectra under the absence of LIV: the   spectrum, the SPL spectrum

corresponding to the NST data, and BPL spectrum corresponding to the HESE data, each represented by a blue

dashed line. The different colored solid lines represent the neutrino energy spectra obtained at various LIV

energy scales. The purple (pink) cross in the middle (right) panel represent data points for NST and HESE,

respectively. Common blue (light blue) crosses in all three panels denote the 68 % (90 %) energy confidence

interval for the KM3-230213A event, as well as the 68 % (90 %) confidence intervals for the flux obtained from

joint fitting of the UHE data of KM3NeT, IceCube, and Auger. The light blue shaded region represents the 90 %

confidence region on the   plane.

III. Method

In this work, the method we use to derive constraints is to consider the suppressive effect of LIV on the

high-energy end of the neutrino spectrum[29][17]. We assume that in the absence of LIV, the neutrino

spectrum follows one of the aforementioned fit results, which aligns well with the UHE data. If LIV is

ϕ γ1

( ) = ϕ ×Φ1f

ν+ν̄̄̄
Eν

⎧

⎩
⎨
⎪⎪

⎪⎪

,( )
Eν

100 TeV

−γ1

,( )
Eν

Eb

−γ2
( )

Eb

100 TeV

−γ1

≤ ,Eν Eb

> .Eν Eb

(4)

n = 2

E−2

−Eν E2
ν Φ1f

ν+ν̄

qeios.com doi.org/10.32388/3FPL9U 4

https://www.qeios.com/
https://doi.org/10.32388/3FPL9U


present, the neutrino spectrum will rapidly decline at high energies, leading to a significant deviation

from the UHE data. When the spectrum, considering a certain LIV energy scale, deviates from the

corresponding 90 % confidence region of the UHE data (as shown by the light blue shaded area in Fig. 1),

the LIV energy scale is considered inconsistent with the UHE data at the 90 % confidence level, thereby

allowing us to derive a 90 % confidence limit for the LIV energy scale.

A. Redshift effect

In practice, for the    spectrum and SPL spectrum, we extract    energy values 

 as the energies of neutrinos when they are emitted from the source, according

to the energy spectrum forms given in Eqs. 2 and 3, respectively. As for the distances these   neutrinos

travel to Earth, we assume that their redshift distribution follows that of the star formation rate[30].

Therefore, we can obtain the initial conditions for these    neutrino events 

.

In the absence of LIV, due to cosmological redshift, neutrinos also lose energy during their propagation.

The energy loss due to redshifting can be expressed as

where we choose the cosmological constants to be    km s-1 Mpc-1,  , and  .

Due to the redshift effect, the observed neutrino energy is  . For the   or SPL

spectra, the observed neutrinos still maintain the same spectral index and follow a power law

distribution. Therefore, after appropriate normalization, the neutrino instances sampled from these two

types of spectrum, when propagated without LIV, will match the energy spectrum shown by the blue

dashed lines in the left and middle panels of Fig. 1. We have also verified this conclusion through actual

simulations. However, for the BPL case, the propagated neutrinos do not follow the BPL energy

distribution, because the break position of the neutrino spectrum,  , varies with

the redshift. Therefore, for the case of BPL, we will multiply the energy    obtained from the BPL

sampling by the corresponding redshift factor   to obtain its initial energy  .

We have also verified that in the absence of LIV, the neutrinos obtained in this way indeed satisfy the

energy spectrum indicated by the blue dashed line in the right panel of Fig. 1 after propagation.
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B. Superluminal neutrino decay

In the presence of LIV, superluminal neutrinos will undergo decay, primarily through two processes, 

 and  . The threshold for   is given by

while the threshold for    is far below the range of neutrino energies we are considering, so we

ignore the threshold effect of this process. The decay rate of these two processes are given by[31][29]

and[17]

respectively. Whenever neutrinos decay during propagation, they produce lower-energy neutrinos. For

the    process, we take the energy lost by the neutrino to be 78%  [31], while for the 

 process, we assume that the neutrino transforms into three new neutrinos (antineutrino), each

with energy   of the original. Under a certain LIV energy scale  , we simulate the energy loss due to

redshift and decay of the extracted neutrinos    during propagation,

obtaining the energy of each neutrino   when it reaches the Earth. We then statistically analyze the

energy distribution to study the effects of LIV on the shape of the energy spectrum.

The violation of CPT symmetry  [17]  in the    LIV scenario implies that if neutrino (antineutrino) is

superluminal, then antineutrino (neutrino) must be subluminal. Furthermore, subluminal neutrinos

(antineutrinos) cannot undergo decay; the only energy loss occurs due to redshift. Therefore, in the 

 case, the final shape of the energy spectrum will be influenced by the initial ratio of superluminal

particles to subluminal particles, typically assuming a 50% for both. Additionally, this consideration

must be taken into account when simulating the energy loss of neutrinos, as the   process will

produce antineutrinos.

IV. Results

Assuming that neutrinos are all superluminal, the constraints on the    LIV energy scale are

illustrated in Fig. 1. The different colored solid lines represent the neutrino energy spectra obtained at
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various LIV energy scales. It can be seen that in the case of the   spectrum, when the LIV energy scale

is lowered to    GeV, the resulting neutrino energy spectrum is tangent to the 90% credible

region in the   plane, allowing us to establish a lower limit for the second-order LIV energy

scale at    GeV at 90% confidence level. For the SPL spectrum scenario, the fitted energy

spectrum corresponding to the NST data gives a lower limit of   GeV (as shown in Fig. 1) at 90%

confidence level. Additionally, the SPL spectrum fitted from the HESE data does not intersect with the

90% credible region, while the spectrum fitted from the ESTSE data is very close to the edge of this

region. Therefore, we do not use either of them to impose constraints on the LIV energy scale. For the BPL

spectrum scenario, the fitted energy spectrum corresponding to the HESE data gives a lower limit of 

 GeV (as shown in Fig. 1) at 90% confidence level. And the lower limit obtained by using the

NST and ESTSE data fitted BPL spectrum are   GeV and   GeV, respectively. Based on

the above results, we conservatively establish the 90% confidence lower limit for the   LIV energy

scale as   GeV.

Using an   spectrum as an example, the simulation results for   LIV scenario are shown in Fig. 2.

Different colored lines represent the final energy spectra obtained at various LIV energy scales. It can be

observed that due to the presence of a significant number of subluminal particles, the energy spectrum

does not show a substantial decrease at the high-energy end, consistently passing through the 90%

credible region of the UHE data. This indicates that the observational data available cannot impose strict

constraints on the   LIV scenario.
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Figure 2. The impact of   LIV on the neutrino energy spectrum in the case of an 

 spectrum is shown. The different colored solid lines represent various LIV energy scales.

The meanings of the blue and light blue crosses, as well as the light blue shaded region, are

the same as in Fig. 1.

V. Conclusions

In this work, we utilized the recently observed UHE neutrino event KM3-230213A, along with the energy

spectrum obtained from the joint fitting of IceCube and Auger data, to impose constraints on the LIV

energy scale. Our results indicate that the existing data do not provide a high-confidence constraint on

the   LIV energy scale. For the   LIV energy scale, we establish a lower limit of   GeV at

90% confidence level.
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