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A photon at E ≃ 251 TeV from GRB 221009A was detected by the Carpet Collaboration in 2022
using a partial dataset. Very recently, Carpet has completed its full data analysis reporting further
support for its previous photon now at E ¼ 300þ43

−38 TeV. Within standard propagation models, this
observation is in strong tension with conventional expectations since such a photon is absorbed by the
CMB. Further, we show that this detection is strongly disfavored within the explored scenarios
involving axionlike particles (ALPs) alone. Instead, we find that the considered photon is compatible
with specific Lorentz invariant violation (LIV) frameworks with the LIV scale obeying in the linear
case ELIV;1 < 1.22þ0.19

−0.22 × 1021 GeV at 95% CL and in the quadratic case ELIV;2 < 2.03þ0.17
−0.22 × 1013 GeV

at 95% CL. Finally, we outline scenarios where standard photon-ALP oscillations are combined with
LIV-induced modifications of photon propagation, which provide a consistent interpretation of the
observations of GRB 221009A concerning the highest-energy photons detected by the LHAASO and
the Carpet Collaborations.
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Introduction—The exceptionally bright gamma-ray burst
GRB 221009A—named the brightest of all times (BOAT)
[1]—was detected on October 9, 2022, by the Swift
observatory [2] and by the Fermi Gamma-ray Burst
Monitor (Fermi-GBM) [3]. It lies at redshift z ¼ 0.151
[4–6]. Concerning its highest-energy photons, the observa-
tional situation is as follows. More than 5000 photons have
been recorded by the Water Cherenkov Detector Array
(WCDA) of the LHAASO Collaboration at E > 500 GeV
during the first 2000 s after the Fermi-GBM trigger time
(henceforth, the trigger) [7]. Moreover, 142 photonlike
events have been registered by the KM2A detector—also of
the LHAASO Collaboration—in the energy range 3 TeV ≤
E ≤ 20 TeV over the time lapse 230 s ≤ t ≤ 900 s after the
trigger, 8 of which with E > 10 TeV [8]. In addition,
preliminary evidence for a single photonlike event of energy
E ≃ 251 TeV at t ¼ 4536 s after the trigger has been
reported by the Carpet Collaboration [9]. The Carpet
observatory consists of photon detectors, an inner small-
area muon (ISAM) detector, and four outer large-area muon

(OLAM) detectors—all of which were operative at the time
of GRB 221009A—but the first reported result was based
only on the data collected by the ISAM detector over
4536 s [9,10].
Very recently, the Carpet Collaboration completed the

analysis of the data collected by the whole detector over one
day instead of 4536 s. The updated result is a single
photonlike event of energy E ¼ 300þ43

−38 TeV coincident—
with chance probability of about 9 × 10−3—with GRB
221009A in its arrival direction and time. The probability
that this event is a misidentified hadron is about 3 × 10−4

[11]. Furthermore, the Carpet Collaboration has shown that
the same emitted power law photon flux, which ultima-
tely fits the photons observed by both the WCDA and
KM2A detectors, is in order-of-magnitude agreement with
the Carpet event when extrapolated to much higher energies
[11]. Finally, why has the Carpet event not been observed
by LHAASO and HAWC? According to the Carpet
Collaboration [11], its photonlike event was close to the
limit of the field of view of the LHAASO experiment,
whereas the line of sight to GRB 221009A of the HAWC
detector was beneath the horizon [12]. Below, we take this
result at face value.
We stress that the observation of photons of E > 10 TeV

from GRB 221009A at redshift z ¼ 0.151 is in tension
with conventional physics for standard emission models.
In fact, they tend to be fully absorbed through the
γγ → eþe− process by the extragalactic background light
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(EBL)—namely the infrared, optical, and/or ultraviolet
photons emitted by all galaxies during their whole evolu-
tion—as well as by the CMB and the radio background
[13–45], with the CMB becoming the dominant absorption
process at the Carpet energies [17,18]. As a consequence,
the observation of the highest-energy photons from GRB
221009A challenges standard propagation models—as also
stressed in [8] and [46] for LHAASO photons—and
provides clues of new physics. Such a situation is further
exacerbated for the Carpet event.
Elsewhere, we have shown that the 8 photon-like events

of E > 10 TeV detected by LHAASO yield a hint at the
existence of a viable axionlike particle (ALP). In addition,
we have demonstrated that such a result cannot be obtained
by Lorentz invariance violation (LIV) [47].
Here, relying upon the newly reported Carpet result, we

demonstrate that for the E ¼ 300þ43
−38 TeV photonlike event

its observability is very difficult to explain with ALPs but
can with LIV in specific settings. We note that so far only
lower bounds on the LIV scale have been derived by
employing—among other methods—the very-high-energy
(VHE, 100 GeV < E < 100 TeV) photon emission from
astronomical sources in general, and since 1998 from
gamma-ray bursts (GRBs) in particular [48–68].
The aim of this Letter is to show under what assumptions

specific LIV models do explain the Carpet event. More
generally, we offer scenarios in which photon-ALP oscil-
lations occur in certain LIV frameworks so that a consistent
interpretation of the observations of GRB 221009A
emerges including the highest-energy photons detected
by the LHAASO Collaboration. We emphasize that
many more details and all unproven statements (for lack
of space) made in this Letter are justified in Supplemental
Material [69].
General strategy—In order to carry out a quantitative

analysis of the Carpet event, we need to know the emitted
photon flux F emðEÞ. As already stated, it has been shown
by the Carpet Collaboration that a good fit to F emðEÞ is
given by a higher-energy extrapolation of the one reported
by LHAASO [7,8] (see Fig. 7 of [11]). The expected
photon flux F expðEÞ is obtained upon multiplication of
F emðEÞ by the photon survival probability PðE; γ → γÞ,
which quantifies the EBL, CMB, and radio absorption, as
well as new physical effects [147]. Yet, by definition, the
expected photon flux is F expðEÞ≡ dNγðEÞ=ðdE dAdtÞ,
where dNγðEÞ is the number of expected photons in the
energy range dE about E within the effective detector area
dA during the exposure time dt. Hence, we get

dNγðEÞ
dE dAdt

¼ PðE; γ → γÞF emðEÞ: ð1Þ

So—when PðE; γ → γÞ is known—we obtain the number
of expected Carpet photons Nγ by integrating Eq. (1) over
the Carpet energy range 262 TeV ≤ E ≤ 343 TeV and

multiplying it by both the Carpet effective area of ∼60 m2

and the exposure time of one day [11].
Conventional physics—PCPðE; γ → γÞ is computed in

Supplemental Material [69], and the above procedure based
on Eq. (1) gives NγðCPÞ ∼ 10−96. We restate that at this
energy the leading photon absorption is due to the CMB,
which makes our result robust since its uncertainty is much
smaller than that affecting the EBL.
Axionlike particles (ALPs)—They are very light neutral

pseudoscalar bosons (see Supplemental Material [69])
quite similar to the axion [148–150], but their mass ma
and two-photon coupling gaγγ are unrelated. ALPs are
attracting an ever growing interest since they are a generic
prediction of superstring theory (for a detailed motivation
see [151,152], and for a very incomplete list of references
see Refs. [153–170]). Moreover, they explain some
astrophysical anomalies [47,171,172] and are among
the best dark matter candidates [173] (general reviews
on ALP are [174–177]). Because we are interested in
their interactions with photons alone, the corresponding
Lagrangian is [178]

Laγγ ¼ −
1

4
gaγγFμνF̃μνa ¼ gaγγE ·Ba; ð2Þ

where a is the ALP field, while E and B are, respectively,
the electric and magnetic components of the electromag-
netic tensor Fμν whose dual is F̃μν. ALP-induced astro-
physical effects arise in the presence of an external B field,
and so E is the electric field of a propagating photon.
Therefore, the last term in Eq. (2) yields an off-diagonal
mass matrix in the photon-ALP sector so that the interaction
eigenstates differ from the mass eigenstates. This fact gives
rise to two effects [179,180]: (1) photon-ALP oscillations,
and (2) change of the photon polarization state, which are
potentially detectable in high-energy and VHE astrophysics
both on astrophysical spectra [47,171,172,181–190] and on
photon polarization [191–200]. The key point is that
photon-ALP oscillations largely reduce the EBL, CMB,
and radio absorption, thereby allowing a considerably
greater number of VHE photons to be expected (see
Supplemental Material [69]). Moreover, when E ≫ ma—
which is presently the case—the photon-ALP beam propa-
gation equation along the y axis becomes [180]

�
i
d
dy

þ E þMðE; yÞ
�0B@

AxðyÞ
AzðyÞ
aðyÞ

1
CA ¼ 0: ð3Þ

Here, AxðyÞ and AzðyÞ denote the two photon polarization
amplitudes along the x and z axes, respectively, and aðyÞ the
ALP amplitude.MðE; yÞ is the photon-ALP mixing matrix
(see Supplemental Material [69]), which fails to be self-
adjoint when photon absorption occurs. Since Eq. (3) is a
Schrödinger-like equation (with t → y), it follows that the
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beam is formally described as a nonrelativistic three-level
decaying quantum system, a fact that greatly simplifies the
calculations.
Now, we are in a position to investigate whether photon-

ALP oscillations alone can explain the Carpet event. We
evaluate PALPðE; γ → γÞ by accounting for the relevant
astrophysical uncertainties (see the Appendix and
Supplemental Material [69]). To maintain our previous
explanation of the LHAASO photons [47], the ALP
parameters are constrained to ma ≃ ð10−11–10−7Þ eV and
gaγγ ≃ ð3–5Þ × 10−12 GeV−1. Across this entire parameter
space, the expected photon count for the Carpet event
remains NγðALPÞ≲Oð10−4Þ. Since NγðALPÞ is mani-
festly a very small number in the Carpet case, we have to
use the Poisson statistics. Accordingly, at 95% CL, we
should satisfy NγðALPÞ ≥ 0.0513 [201], and so ALPs fail
to bridge the gap to the observation by about 2 orders of
magnitude.
Lorentz invariance violation (LIV)—Manifestly, a new

kind of physics has to be looked for in order to allow for the
observability of the Carpet event, which must coexist with
the previous ALPs in such a way to retain their explanation
of the LHAASO VHE photons. To this end, we suppose
that LIV is a good option. We first investigate whether LIV
alone accomplishes the desired task, and next we address
the merging of ALPs and LIV into consistent scenarios.
Even though LIV theory is well known [202–209], for the
reader’s convenience, we very briefly recall its implications
that are relevant for us. The widespread belief is that gravity
should be quantized, but this goal has not yet been
achieved. Nonetheless, its basic features have clearly
emerged. Quantum gravitational effects show up around
the Planck scale MP ≡ ðℏc=GÞ1=2 ≃ 1.22 × 1019 GeV,
where they give rise to an ever changing metric and
topology, which impart a foamlike structure to spacetime
[210–214]. A natural expectation is that the resulting
particle propagation exhibits a violation of Lorentz invari-
ance at a scale ELIV—which can be smaller or larger
than MP by some orders of magnitude—so that the goal
of LIV theories is to capture its low-energy relic effects
in special regimes. One of them is the deformation of
the photon dispersion relation p2 ¼ E2. A convenient
parametrization is

p2 ¼ E2

�
1þ f

�
E

ELIV

��
; ð4Þ

where fð·Þ is a model-dependent smooth function such that
fð0Þ ¼ 0 since it must vanish in the limit ELIV → ∞. At
energies E ≪ ELIV, Eq. (4) can be expanded in a power
series of E=ELIV. A drawback of this approach is that some
terms must be dropped when they give rise to unwanted
physical effects since the coefficients of the expansion
cannot be predicted. Denoting as En=En

LIV;n the first
physically allowed term, Eq. (4) reduces to

p2 ¼ E2

�
1þ ξn

En

En
LIV;n

�
; ð5Þ

with ξn ¼ 1 corresponding to subluminal propagation and
ξn ¼ −1 to superluminal propagation while ELIV;n denotes
the LIV energy scale at order n. Observe that formally the
LIV term looks like an effective photon mass square
m2

eff ≡ −ξnEnþ2=En
LIV;n. In the following, we shall restrict

our attention to the subluminal case and to the two leading
orders, n ¼ 1, 2. LIV modifies the quantum mechanical
propagators and the reaction thresholds. Our focus is on the
implications of these effects for the γγ → eþe− process
[215–219]. At Carpet energies, it turns out that for sub-
luminal propagation VHE photons from a cosmological
source interact with background photons at higher energies
where the photon density is lower, thereby increasing the
transparency of the Universe, which is quantified by the
resulting photon survival probability [220–222]. Thus, it
looks natural to inquire whether such an effect allows the
Carpet event to be expected (for superluminal propagation
the cosmic transparency is lower than in conventional
physics, and so we discard this possibility). Recall that
at E ∼ 300 TeV the standard cosmic transparency is essen-
tially determined by the CMB [17,18], hence making our
subsequent LIV bounds remarkably robust against the
uncertainties affecting EBL models, which instead domi-
nate at lower energies. Another LIVeffect that follows from
Eq. (5) is that photons acquire an energy-dependent
velocity [48,208,209]. Hence, for subluminal propagation,
they are affected by a time delay [223] and are stable
against photon decay (γ → eþe−) and photon splitting
(γ → Nγ) [208,209]. So far, we have considered LIV
effects for photons, but LIV can affect any particle. Is
the LIV modification of the dispersion relations of photons
and massive particles the same? As classical gravity acts
equally on any particle (equivalence principle), the answer
seems to be yes. However, this is not true in general since
LIV-induced quantum gravitational effects depend on the
considered framework. For instance, a LIV acting differ-
ently on electrons and photons has been found in the
Liouville string model of spacetime foam [224–227], where
only photons have a LIV-deformed dispersion relation.
More generally, a nonuniversal LIV emerges naturally in
the D-brane physics since excitations carrying nonvanish-
ing charges under the standard model gauge group are
represented as open strings with their ends attached to a
brane, while neutral excitations propagate as closed strings
in the bulk space transverse to the brane [228]: only the
latter excitations—like photons and ALPs—can possess
LIV-deformed dispersion relations.
New consistent scenarios—Hitherto we have dealt with

LIV alone. Now we have to identify the contexts in which
the LIV-induced observation of the Carpet event is
consistent with the ALP-induced detection of the E >
10 TeV LHAASO photons. We assume that photon-ALP
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oscillations are Lorentz invariant also in the presence of
LIV. As a consequence, two conditions should be met:
(1) the term E ·Ba in Eq. (2) is not affected by LIV, and
(2) photons and ALPs violate Lorentz invariance by the
same amount. We stress that the emerging frameworks arise
from a LIVeffective Lagrangian containing only two terms
with equal coefficients: one for the photon and the other for
the ALP (they are dimension 5 operators in the n ¼ 1 case
and dimension 6 operators in the n ¼ 2 case) [206]. The
resulting implications for the beam propagation Eq. (3) are
discussed in Supplemental Material [69], along with the
calculation of PALPþLIV;nðE; γ → γÞ, whose LIV contribu-
tion is evaluated as in [217,229,230] for the deformed
dispersion relation (5) in the cases n ¼ 1, 2. In
Supplemental Material [69], it is also shown that consistent
ALP + LIV scenarios emerge. An intriguing possibility is
that the interaction term in Eq. (2) arises as an effect of
quantum corrections within an underlying LIV background
[231,232].
Results—Our main task is the determination of ELIV;n

for n ¼ 1, 2 in such a way that one photonlike event of
E ¼ 300þ43

−38 TeV is observed from GRB 221009A. We
follow the same strategy outlined just after Eq. (1) to
evaluate the expected number of photonsNγðELIV;nÞ, which
initiate the single air-shower event observed by Carpet. As
in the ALP case, we have to employ the Poisson statistics
since NγðELIV;nÞ is a very small number. Correspondingly,
at 95% CL, we should satisfy NγðELIV;nÞ ≥ 0.0513 [201].
We can now go back to Eq. (1), which can be rewritten as

dNγðEÞ
dEdAdt

¼ PALPþLIV;nðE; γ → γÞF emðEÞ: ð6Þ

We solve this equation in the same fashion as for Eq. (1), by
integrating over the Carpet energy range and multiplying
by the effective area and exposure time. Hence, by
imposing the condition NγðELIV;nÞ ≥ 0.0513, we get the
upper bounds on the LIV scales at 95% CL,

ELIV;1 < 1.22þ0.19
−0.22 × 1021 GeV; n ¼ 1; ð7Þ

ELIV;2 < 2.03þ0.17
−0.22 × 1013 GeV; n ¼ 2; ð8Þ

where the reported errors reflect the systematic uncertain-
ties on the Carpet spectral normalization [11] (see the
Appendix for details).
As carefully shown in Supplemental Material [69], the

above limits are in agreement with all available bounds for
n ¼ 1 and n ¼ 2 LIV. Nevertheless, one of them deserves to
be mentioned here. In conventional physics, n ¼ 1 LIV gives
rise to birefringence (that is, a rotation of the polarization
plane of photons); hence, astronomical sources at cosmo-
logical distances like GRBs should be unpolarized [233].
This is in sharp contradiction with astronomical evidence,
and the most updated bounds are ELIV;1 > 3.6 × 1034 GeV
and ELIV;2 > 1.3 × 1011 GeV [208,234,235]. While this

looks at odds with our result for n ¼ 1, it becomes viable
in the above-considered D-brane models since—in spite of
the fact that the photon dispersion relation is generally LIV
deformed—no birefringence arises because the two circular
polarization states of the photon propagate at the same speed
[203,236]. No similar limitation exists for the n ¼ 2 case.
Moreover, Ofengeim and Piran [237] have very recently

demonstrated that the time delay of more than 1 hour
between the observation of VHE LHAASO photons
and the Carpet event is explained by n ¼ 2 LIV for
ELIV;2 ¼ 1.59þ0.56

−0.35 × 1012 GeV. Observe that this value
of ELIV;2 is consistent with our upper bound.
A full account of our results is exhibited in Figs. 1 and 2,

where we plot the photon survival probability and the
expected spectral energy distribution [SED≡ νFνðEÞ ¼
E2F expðEÞ] in the various cases.
As benchmark values, we take ma ¼ 10−10 eV, gaγγ ¼

4 × 10−12 GeV−1, ELIV;1 ¼ 3 × 1020 GeV, and ELIV;2 ¼
5 × 1012 GeV, all consistent with the above constraints.
In Fig. 2, we include the uncertainty on the intrin-
sic Carpet spectrum. In Figs. 1 and 2, the colored regions

FIG. 1. Photon survival probability PðE; γ → γÞ versus energy
E, taking into account ALP and LIVeffects separately (upper and
central panels) and in combination (lower panel). Curves corre-
spond to our benchmark values, while shaded bands illustrate the
range of predicted values for the corresponding scenarios (lighter
bands for LIV with n ¼ 1, darker bands for n ¼ 2) as obtained
from the parameter variations described in the Appendix. Con-
ventional physics is shown in all panels for comparison.
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illustrate the range of predicted photon survival probability
and, respectively, SED in the ALP-only, LIV-only, and
ALP + LIV scenarios, as obtained by varying the relevant
parameters within their allowed ranges (see the Appendix
for details), indicating that the qualitative behavior is stable
across the explored configurations.
Discussion and conclusions—The GRB 221009A is

unique in several respects. Not only is it the brightest
GRB of all times—to such an extent to ionize the upper
ionosphere—but also the one whose emitted photons have
reached the highest energies. As shown elsewhere [47], the
photons of E > 10 TeV detected by the LHAASO
Collaboration [8] provide a hint at the existence of an
ALP with mass ma ≃ ð10−11–10−7Þ eV and two-photon
coupling gaγγ ≃ ð3–5Þ × 10−12 GeV−1. In this Letter, we
have interpreted the photonlike event of E ¼ 300þ43

−38 TeV
observed by the Carpet Collaboration [11] as a LIV
effect.

Within conventional physics an additional emission
component—such as the proton synchrotron or hadronic
origin—from GRB 221009A is insufficient to account for
the Carpet result since it could mitigate the problem by a
few orders of magnitude, but a correction of more than 90
orders of magnitude would be compelling. We have also
shown that ALPs cannot account for the GRB 221009A
observation at E ¼ 300þ43

−38 TeV within the considered
parameter space. In addition, we find no qualitative change
in the main conclusions across the full range of model
parameters explored in this analysis when the uncertainties
associated with the Carpet spectrum are included.
Besides, it looks tantalizing that the combination of our

result with that of Ofengeim and Piran [237] shows that
n ¼ 2 LIV in four-dimensional space accounts for both the
Carpet photonlike event and its time delay with respect to
the VHE LHAASO ones.
Before closing this Letter, there is one more point worth

mentioning. Our consistent scenarios are not ad hoc, in that
ALPs explain not only the VHE photons detected by
LHAASO but also two other astrophysical anomalies
[171,172]. As systematically discussed in Supplemental
Material [69], this represents a unique feature of our
proposal as compared to others. In addition, the alternative
explanations put forward so far face significant challenges.
Indeed, unconventional attempts based on standard physics
such as the proton beam model [46] and the neutron beam
model [11,238] appear unable to account for the observa-
tions within a realistic physical setup (see Supplemental
Material [69]).
In conclusion, the combined ALP + LIV frameworks

presented in this Letter provide a consistent interpretation
of the GRB 221009AVHE emission, suggesting a potential
first indication of LIV in the considered contexts. Needless
to say, our findings require further confirmations by future
observations. Only time will tell whether the above two
clues are real discoveries.
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End Matter

Appendix—We describe the procedure used to construct
the bands shown in Figs. 1 and 2 for the ALP-alone,
LIV-alone, and ALP + LIV scenarios. The three cases
rely on different modeling assumptions: the ALP scenario
is obtained from a systematic scan over the relevant
parameter space, the LIV scenario is constrained by
physically allowed intervals bounded by the independent
upper bounds from Eqs. (7) and (8) and lower limits
from observations, and the combined ALP + LIV case is
derived from a single consistent propagation model in
which both effects are simultaneously included within
their respective allowed parameter ranges.
We emphasize that this 95% inclusion construction is

distinct from the 95% confidence level used in the Poisson
inference for the LIV bounds.

In all cases, we include the uncertainty associated with
the intrinsic Carpet spectrum at E ∼ 300 TeV, allowing for
a factor-of-three variation above and below the extrapolated
LHAASO flux, in line with the systematic uncertainty
reported by the Carpet analysis [11] (see also Fig. 2).
Robustness and limits of the ALP scenario: The range

of ALP parameters ma and gaγγ adopted in the main text
ensures PALPðE; γ → γÞ≳Oð10−5Þ at E ∼ 15 TeV, as
required to account for the LHAASO data [47]. This
choice incorporates the main astrophysical uncertainties,
including host-galaxy morphology, magnetic-field configu-
rations, and EBL models (see Supplemental Material [69]).
In particular, a higher EBL density or weaker magnetic
fields in the host galaxy require values of gaγγ toward the
upper end of the considered range. Conversely, ma is
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constrained to ma ≲ 10−7 eV by the efficiency of photon-
ALP conversion and to ma ≳ 10−11 eV by x-ray bounds
[83]. We have also verified that including photon-ALP
conversion in extragalactic space does not significantly
affect the results (see Supplemental Material [69]).
The colored bands in Figs. 1 and 2 are obtained by

scanning the relevant parameter space (including ma, gaγγ ,
and magnetic-field configurations), generating ∼103 real-
izations. The bands correspond to the central 95% inclusion
region, defined by excluding the lowest and highest 2.5%
of the realizations at each energy.
We find that variations in the EBL model and in the

magnetic field of the host galaxy do not qualitatively modify
the results. In particular, for ALPs at E ∼ 300 TeV, the
expected photon count remains around 2 orders of magni-
tude below the level required to account for the observation
at 95% CL, even when considering the most favorable
configurations within the explored parameter space (i.e.,
maximal coupling, magnetic-field strength, and coherence
length). This demonstrates the robustness of the conclusion
that ALPs alone cannot account for the Carpet event.
Robustness and constraints of the LIV scenario: For

the LIV case, the bands correspond to the range of LIV
scales consistent with both our derived upper limits,
obtained from the requirement to explain the Carpet event
at 95% CL (including the uncertainty on the observed flux),
and the most stringent lower bounds available in the
literature relevant to this scenario [63]. The resulting
region, therefore, reflects the physically allowed interval
for ELIV;n propagated to the corresponding observables,
rather than a statistical confidence band.
In constructing the bands, we adopt the most restrictive

upper limit on ELIV;n in Eqs. (7) and (8) including the
uncertainty in the Carpet flux. This choice defines the
most conservative case compatible with the observation;

alternative choices within the allowed range produce only
marginal variations in the resulting bands.
Additional LIV constraints are discussed in Supplemental

Material [69].
At the energies relevant for the Carpet event

(E ∼ 300 TeV), the dominant attenuation mechanism in
conventional physics is provided by interactions with the
CMB, while the role of the EBL is subleading [17,18]. As a
consequence, the determination of the LIV scale is largely
insensitive to uncertainties in EBL modeling. Moreover,
since LIVeffects enter through modifications of the photon
dispersion relation and of the pair-production threshold,
they do not directly depend on astrophysical parameters
such as magnetic-field configurations. This is in contrast
with the ALP scenario, where magnetic-field properties
play a central role in the conversion probability.
ALP + LIV scenario: For the combined ALP + LIV

case, the bands are obtained from a fully consistent
propagation model in which photon-ALP oscillations
and LIV-modified dispersion relations are included simul-
taneously in the beam evolution. We perform the same scan
over the ALP parameter space as described above, while for
each realization the LIV scale ELIV;n is varied within the
physically allowed range defined by our upper limits (from
the requirement of explaining the Carpet event at 95% CL)
and by the most stringent lower bounds available in the
literature relevant to this case.
The resulting regions, therefore, represent the envelope

of the predictions of the complete ALP + LIV framework,
obtained from an independent variation of all parameters
within their physically allowed domains. We emphasize
that this construction does not correspond to a super-
position of the separate ALP and LIV effects but arises
from a single propagation calculation in which both
mechanisms are simultaneously active.
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