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Due to the high energies and long distances to the sources, astrophysical observations provide a
unique opportunity to test possible signatures of Lorentz invariance violation (LIV). Superluminal
LIV enables the decay of photon at high energy. The High Altitude Water Cherenkov (HAWC)
Observatory is among the most sensitive gamma-ray instruments currently operating above 10 TeV.
HAWC finds evidence of 100 TeV photon emission from at least four astrophysical sources. These
observations exclude, for the strongest of the limits set, the LIV energy scale to 2.2 x 10*! eV, over
1800 times the Planck energy and an improvement of 1 to 2 orders of magnitude over previous limits.



Introduction. — The precise measurements of very high
energy (VHE) photons can be used as a test for funda-
mental physics, such as the Lorentz symmetry. As for
any other fundamental principle, exploring its limits of
validity has been an important motivation for theoretical
and experimental research. Lorentz invariance (LI) pow-
erfully constrains fundamental interactions of particles
and fields. Moreover, theories that go beyond the stan-
dard model of particles (SM), such as quantum gravity
or string theories, can motivate Lorentz invariance vio-
lation (LIV) [1-11]. Therefore, the dedicated experi-
mental tests of such effects may also help to clear the
path to a unification theory of the fundamental forces
of nature. Small LIV effects might occur with unre-
lated magnitudes in different sectors such as gravitational
wave propagation, interactions of gravity and matter, or
light propagation. In the photon sector, some effects of
LIV are expected to increase with energy and over long
distances due to cumulative processes in photon propa-
gation. Therefore, astrophysical searches provide sensi-
tive probes of LIV and its potential signatures, such as
energy-dependent time delay, photon splitting, vacuum
Cherenkov radiation, photon decay, and many other phe-
nomena [12-20].

The High Altitude Water Cherenkov (HAWC) Ob-
servatory is a wide field-of-view array of 300 water
tanks, each containing four photomultiplier tube detec-
tors. HAWC is located at 4100 m above sea level at
19° N near the Sierra Negra volcano, in Puebla, Mex-
ico, covering an area of 22,000 m2. Since 2015, HAWC
has operated with a live fraction duty cycle greater than
95%. HAWC recently reported detailed measurements of
gamma-ray emission above 100 TeV [21, 22], made pos-
sible thanks to the development of advanced energy re-
construction algorithms, including one using an artificial
neural network (NN).

The HAWC observations of high-energy photons in
several locations across the sky creates the unique oppor-
tunity to test LIV, through the precise measurement and
reconstruction of these VHE photons. Previous studies
of possible LIV constraints with HAWC have indicated
its special utility in LIV searches. For instance, Ref. [23]
analyzes the possibility to test energy-dependent time
delays through GRB and pulsar measurements, which
would result in strong limits on LIV in the photon sector.
In [24], the potential of LIV photons to decay to ete™
was explored. Further preliminary results were presented
in [25, 26].

Superluminal LIV allows photon to decay at high en-
ergies. Photon decay to light fermions proceeds over
short distances (centimeters or less) once above the en-
ergy threshold of the process [12-17], which would lead
to a hard cutoff at high photon energies in astrophysical
spectra [27]. Another process, photon decay into multiple
photons [19, 20, 28], also predicts a significant reduction
of the photon flux at VHEs beyond which no photons

should reach the Earth from astrophysical distances.

In this work, we study four Galactic sources to deter-
mine whether there is a hard cutoff compatible with LIV
photon decay in the observed spectra of each source. We
find that none of them favor such a phenomenon, and
we use recent observations of photons above the energy
of 100 TeV with HAWC to improve LIV limits by 1 to 2
orders of magnitude over previous values [12, 19, 29]. In
the next section, we present the highlights of LIV pho-
ton decay phenomena. Then, we describe the analysis
and present our results, assess systematic uncertainties
and sensitivity of our measurements, and finally, present
our conclusions.

Lorentz Invariance Violation — The introduction of a
Lorentz violating term in the SM Lagrangian or sponta-
neous Lorentz symmetry breaking can induce modifica-
tions to the particle dispersion relation, compared to the
standard energy-momentum relationship in special rela-
tivity [11, 14, 30]. Although there are various forms of
modified dispersion relation (MDR) for different particles
and underlying LIV-theories, several of them lead to sim-
ilar phenomenology, which can be useful for LIV tests in
extreme environments such as the astroparticle scenarios
we consider here [12, 14, 28, 30-32]. Phenomenologically,
the LIV effects can be generalized as a function of energy
and momentum. In this way, a family of effective MDRs
can be addressed for different particles. The MDR for

photons is!,

E'W2 —pf = i|an|p7”+2, (1)
where (E.,py) is the photon four-momentum, «,, is the
LIV parameter, n is the leading order of the correction
from the underlying theory, and p, ~ E, at first order in
oy, [33-38]. The sign usually refers to the so-called super-
luminal (4), and subluminal (—) dominant phenomena.
For n > 0, limits on the LIV parameter a,, can be inter-
preted in terms of some LIV energy scale,
B =o'/ (2)

Strong constraints on El(ff\), have been set in astroparticle
physics by several techniques [18, 29, 39-46], and below
we further constrain it with HAWC observations.

Photon decays. — Kinematically forbidden processes in
classical relativity can be allowed in LIV scenarios, such
as vacuum Cherenkov radiation, spontaneous photon
emission, photon decay, and photon splitting [12, 28, 30—
32, 47]. The last two could have strong effects on astro-
physical photons due to the long distances and the VHE
of those processes. Here we consider decay into both
ete™, and into multiple gamma rays.

1 Hereafter, natural units are used, ¢ = i = 1.



Considering the photon decay, v — eTe™, due to
superluminal LIV, the resulting decay rates are fast
and effective at energies where the process is allowed
[12, 48, 49]. This creates a hard cutoff in the gamma-
ray spectrum with no high-energy photons reaching the
Earth from cosmological distances above a given thresh-
old. The threshold for any order n is given by

2
4m?

< , (3)
E(E}? —4m2?)

Qp

where m, stands for the electron mass [12]. Egs. (2)
and (3) show that the lower limits on Eg})v (upper limits
on «;,) become more stringent with the increase in the
observed photon energy by a factor of E71+2/ " (Ey (n+2)

for upper limits on ).

From Egs. (2) and (3), we can find EI(JII\)/ forn =1
and 2,

L ‘ E,N\°

E > 957 x 10%eV (T&/) : (4)
2) B, \*

Erp 2 9.78 x 101 7eV (T&/) : (5)

Hence, a lower limit for E(Lnl)v in the photon sector di-

rectly emerges from any observed high energy cosmic
photon event. Different fermion decay channels can be
explored, but only the lightest v+ — ete™ channel is con-
sidered in this paper. Photon decay in flight from the
source leads to a straightforward way to bound LIV that
depends primarily on the energy of observed photons, and
secondarily on the energy resolution and uncertainties of
the detector.

A second superluminal LIV decay process considered
in this work is photon splitting to multiple photons,
v — N~. Refs. [19, 28] show that the dominant split-
ting process is the photon decay into three photons (3+),
which has been studied in a model of quantum electro-
dynamics including LIV and n=2.

The decay rate of photon splitting is [19, 20, 28|

E 19
[yo8y =5 X 10_14ﬁ7 (6)
m.Ery

which is significantly smaller than the photon decay rate
considered in the previous section. However, this process
has no threshold, and is kinematically allowed whenever
Ef > pf. It becomes significant when photons propa-
gate through cosmological distances and also predicts a
cutoff at the highest energy part of the photon spectra of
astrophysical sources. Despite the lack of a kinematical
energy threshold, the strong photon energy dependence
of Eq. (6) produces an effective one: an energy region nar-
row compared to HAWC’s energy resolution in which the

probability for photons to arrive from a source sharply
drops.

Because we observe photons from distant sources, we
equate the mean free path of a photon to the distance
between the source and observer, L, that is we take
LT = 1, with I translated to units of kpc~!. The cor-
responding LIV limit, as a function of the highest photon
energy, is given by,

@) L 0.1 B 1.9
E . 109 — —L .
B sser (L) (B)7 @

Once again, this photon decay in flight from the source
leads to a direct way to bound the LIV energy scale that
mainly depends on the highest energy photons observed.
It is interesting to note that the higher-order process of
Eq. (7) produces a stronger limit than the lower order
photon decay of Eq. (5).

Refs. [19, 20, 28] discuss a different method of setting
limits on subluminal LIV with n = 2 using modifications
to the Bethe-Heitler interaction of photons in the atmo-
sphere. However, unlike the photon splitting process, this
does not result in a sharp effective threshold. Thus set-
ting a limit using this effect must use different analysis
techniques than the ones we have used to analyze the
HAWC data, and we must defer such analysis to a later
publication.

Limit Calculation. — Since the emphasis here is on
the upper extremes of the spectrum, several details of
the HAWC analysis are changed compared to previous
analyses such as that of the Crab Nebula spectrum [21].
First, we concentrate on the NN energy estimator as it
is expected to have better energy resolution (.1 — .15 in
log,q E/TeV above 50 TeV) [21]. Second, we re-bin the
two highest bins of estimated energy, subdividing both
the (100, 178) and the (178,316) TeV bins into three finer
bins each of equal size in log space.

We consider the Crab and other three other sources
which have evidence of emission above 100 TeV in recon-
structed energy [22, 50]. For spectral assumptions, we
consider a log-parabola for the Crab, eHWC J1907+063,
and eHWC J2019+4368, and a cutoff-exponential model
for eHWC J1825-134, as shown in Fig. 1. These choices
are consistent with the more detailed information on the
sources found in [21, 22| . In analogy with [22], we use
the best-fit source position for reconstructed NN energy
> 56 TeV. Finally, to desensitize the results to imper-
fect modeling of the point spread function, the analysis
is carried out in bins with fixed radius about the central
position (a so-called top hat bin), chosen for each source
to be large enough that the results no longer depend on
the choice of top hat radius; see the Supplemental Mate-
rial [51].

This analysis provides a lower energy limit, E., beyond
which there is weak or no evidence for the continuation of
emission for each source. This lower limit on a hard cutoff
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Figure 1. Comparison of the best-fit spectra with those

expected were a hard cutoff found at 100 TeV. From top
to bottom at 1 TeV: the spectra for the Crab, J1825-134,
J1907+063, and J2019+368. The bands represent statistical
uncertainties of the fits.

also serves as an upper limit on observed photon energy,
E,. We perform a fit to the chosen energy spectrum
shape and compare the fit likelihood with that of the fit
of an energy spectrum convolved with a hard cutoff at
energy E.. The hard cutoff is convolved with both the
HAWC energy resolution and an additional smoothing of
0.1 in log,y(E/TeV) width to avoid bin edge effects [51].
The smoothed hard cutoff is therefore wider than the
actual HAWC energy resolution. Because the hard cutoff
model accounts for photons which are mis-reconstructed
with energy higher than E., this test is independent of
any assumed spectral shape above E.. Comparisons of
the best-fit spectra with those expected with a hard cutoff
at 100 TeV are shown in Fig. 1. The source spectra are
discussed in detail in [21].

First, we consider whether sources show an actual pref-
erence for such a hard cutoff. Specifically, we find the
profile likelihood (with spectral fit parameters optimized
for each E.) as a function of E. and consider the sta-
tistical significance of each value of E¢; see [51]. The
statistical test is to calculate the log-likelihood ratio (de-
tails in [51]) of the fit with no cutoff and the fit including

such a cutoff,
D—om|(—LE) (8)
L(E; — o0)

where Eq is the best fit value of FE., and the null hypoth-
esis is the LI limit B, — co. We calculate the p-value
of observing D or greater (50% of D values are 0 since
upward fluctuations canf drive E. above oo [52]). The
resulting p-values in the Table I indicate that none of
the sources prefer a cutoff. Details of the binned likeli-
hood and treatment of background and forward folding
for resolution effects are given in [51].

Because our spectra do not indicate a significant pref-

p-value E.(95%) E.(30)

1.000 244 158
0.990 218 162
1.000 152 104
0.828 120 88

Source

cHWC J1825-134

eHWC J1907-+063
eHWC J0534-+220 (Crab)
eHWC J2019-+368

Table I. HAWC sources and Photon Energy Limits (TeV).

erence for F. < oo, we proceed to set a lower limit on
E., which would occur in LIV photon decay signatures.
We consider here two confidence levels (CL): 95% and
99.73% (“30”). The corresponding values of 2 Aln £ (us-
ing Wilks’ theorem) for the intervals are 2.71, and 7.74.
These limits are intrinsically one-sided, as we lose sta-
tistical power to identify a finite E. for large values of
E.. The results shown in Table I indicate that we have
evidence for greater than 100 TeV emission at >95% CL
from all four sources and 3o evidence from three of them.
More statistical detail can be found in [51].

The 95% CL limits are reinterpreted as limits on E.,.
Then Egs. (4), (5), and (7) directly lead to lower limits
to ES{, and ES{/, while we derive upper limits on ag
from Eq. (3), when n = 0. Because a hard photon decay
cutoff due to LIV would be at the same energy for any
source, we also combined the likelihood profiles of all four
sources and found an E. limit of 285 TeV, some 11%
higher than the limit from eHWC J1825-134 alone [51].
In this way, HAWC can exclude the LIV energy scale of
the new physics, EI(}I)V, to greater than 103'eV, over 1800
times the Planck energy scale (Ep; &~ 1.22x 10%® eV), and
more constraining than the best previous values [12, 29].
We calculate limits on E£2I)v from photon splitting only
for individual sources, because the limit depends on the

source distance to the observer [53]. These limits are

more powerful than the EIEQI{, limits from photon decay

and more constraining than previous values [19, 20].

We present the HAWC 95% CL LIV limits in Table II.
For comparison, Fig. 2 shows previous strong limits on
photon decay using VHE photons from HEGRA [12, 29|,
CANGAROO [17], and HESS [15]. We also show lim-
its due to LIV energy-dependent time delay searches
with the Ferms-LAT [18], and limits due to photon split-
ting [19, 20]. For a more comprehensive list of these limits
and those presented in this work including corresponding
values of o, see the Supplemental Material [51].

We derived the limits above for the LIV coefficients
within the general MDR framework, although related
limits can also be evaluated in the framework of the
Standard Model Extension (SME) [11, 54]. The SME
provides a general field-theoretic framework that consid-
ers all observer-scalar operators, which are products of
the SM and LIV coefficients. The SME coefficients are
in general nonisotropic tensors, but their isotropic parts
can be written in terms of the corresponding MDR coef-



E. L a0 Efl BR B sy
TeV kpc 10717 103%ev 10%eV  10%eV
J1825-134 244 155 1.75 1.39  0.58 12
J1907+063 218 2.37 2.2 099 0.47 10.1
J0534+220 152 2 452 034 0.23 4.99
J2019+368 120 1.8 7.25 0.17 0.14 3.15

Combined 285 - 129 2.22 0.8 -

Source

Table II. HAWC sources and 95% CL lower limits on E., LIV
coefficients, and the distance to the observer, L. a are upper

limits while EI(}\), are lower limits. Systematic uncertainties
are given in the Supplemental Material [51].

ficients as described in the Supplemental Material (which
also gives constraints from this work on directionally de-
pendent SME coefficients). In the SME scenario for n=1
(or any odd n), photon decay in SME occurs only for one
of the two possible photon polarizations, which involves a
drop in photon flux by a factor of 2, see [51] for a further
discussion. In addition, odd n implies also the effect of
birefringence which has been strongly constrained in the

SME [55], over 10 orders of magnitude stronger than the

constraints to photon decay by the ESI{, excluded here.

Sensitivity and Systematic Uncertainties. — We stud-
ied the sensitivity of our method by simulating source
instances of the HAWC fit spectra with hard cutoffs, and
by computing the expected limits of the HAWC best fit
spectra without hard cutoffs. These are nearby Galactic
sources, for which background light absorption [56-59] is
negligible for the distances in Table II. Our simulations
of hard cutoffs at 50, 100, and 200 TeV in all spectra re-
sulted in combined fits to E,. within 8% or better of the
simulated hard cutoff energy. The expected combined fit
limits had a median of 240 TeV, with 2/3 of the results
between 213 and 279 TeV (—11 to +16%), suggesting a
statistical uncertainty of about 15%. The actual limit of
285 TeV is +15% higher than the expected median, just
over lo.

Following [21, 22|, we considered a number of sys-
tematic uncertainties affecting the LIV limits. We sum-
marize them in Table III, emphasizing the effects on E,
from the combined limit as this is the most powerful.
Varying simulation parameters in analyzing actual data
had relatively minor effects on the results (—4 to 7%),
obtained by adding the effects of all simulation parame-
ters in quadrature. The most important parameters were
phototube efficiency, the time structure of calibration
pulses vs. real showers, and charge resolution [21]. Using
the best spectrum model (best log likelihood among log
parabola or powerlaw with exponential cutoff) produced
results within 1% of using the 2nd-best spectral shape
for all sources. We also considered the effects of apply-
ing a different central source position using all energy
bins above 1 TeV instead of above 56 TeV as the center
of the top hat fit, and found the effects to be less than
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Figure 2. HAWC 95% CL LIV limits for n = 0, 1 and 2.
‘We show previous strong constraints due to photon decay, as
well as based on an energy-dependent time delay (Atrrv) and
photon splitting (3v). For n = 1, HAWC limits are orders of
magnitude above Ep;. (~ 10%% &V ).

1%. Finally, [21] estimates the uncertainty of the abso-
lute HAWC energy scale as a —6% difference from IACT
energy scales at lower energies of 1 — 30 TeV. Combining
these in quadrature gives systematic uncertainty on E.
of 7%.

The systematic errors have been discussed as fractional
effects on E.. Eq. (3) shows that the fractional uncer-
tainty of EI(}\), will be (1 +2/n) (of a,, will be (n + 2))
times the fractional uncertainty of FE.. The resulting un-
certainties are give in the detailed results table in [51].

Simulation —4% to +7%
Spectrum choice —1%
Source location 1%
Energy scale —6%
Overall 7% to + ™%

Table III. Effects of systematic errors on FE. for combined
sources.

Conclusion. — The HAWC Observatory measurements
of the highest-energy photons can be used to probe fun-
damental physics such as violation of Lorentz invariance.
In this work, we set LIV limits by searching for LIV pho-
ton decays through the study of four sources with signif-
icant high energy emission, including the Crab Nebula.
We found that none of them favor a spectrum with a



hard cutoff and HAWC finds evidence of 100 TeV photon
emission at 95% CL from four astrophysical sources, with
30 evidence from three of them. Furthermore, the dedi-
cated search for such a signature in the spectra increases
the energy to which the existence of the most energetic
photons can be confirmed, which leads to the new and
stringent limits on LIV in Table II, showing an improve-
ment over previous limits of 1-2 orders of magnitude.
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Detalils of photon energy limit calculation

For completeness, we exhibit the Poisson binned likelihood in terms of the Poisson likelihood P( n | w).

‘C(Ec) = HP( ng | :uk(Ec) ) (9)
k

where k runs over all the bins of a source, and in the combination limits, over all sources.

The pk(Ec) = b + Sk (E.) are the Poisson expected counts in a bin of reconstructed energy according to the spectral
fit. pg is a sum of a (hadronic) background term and a signal term derived by simulation from the functional form of
the fit spectrum. In calculating D the numerator and denominator are calculated separately, that is the fit parameters

of the SED are found separately for E. and E, = cc.
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The signal Si in bin & in terms of reconstructed energy depends on the spectrum fit and the cutoff energy E.. For
example for a log parabola fit, the spectrum as a function of true energy F, modified by the cutoff, can be written as

SED(E) = ®y(E/Ey)~*#mE/Eo) (B E,) (10)

Ey is not a fit parameter, but a constant chosen to reduce the correlation among the fit parameters. The cutoff
function f is a step function at F = E. convolved with a lognormal of width 0.1; when E. = oo, f = 1.

The value of Sy is derived from the SED(E) by a parameterization of the simulation-derived energy reconstruction
matrix described in the Crab paper [21]. Conceptually, we can write Si(E.) in terms of a resolution matrix R as

Sk(Ee) =Y Ri;SED;(Ee). (11)

In this way, the spectrum is forward-folded from true energy to reconstructed energy for the binned maximum
likelihood fit, including the “migration” of events in one bin of true energy to a different bin in reconstructed energy.
These resolution parameterizations R are available only at specific true energy values. For fitting smooth spectra, this
quantization of the matrix is not problematic; however, if we were to use a hard step function for f, this produces
irrelevant spikes at bin boundaries and at changepoints of the matrix, which interfere with the optimization of E.
Smoothing f by approximately the separation between parameterization points removes this problem at the cost of
some loss of sensitivity in E..

Table IV gives the summed contents of the upper energy bins for the combined sources. The E. analysis uses the
full combined likelihood, rather than just the summed bin contents.

Elobin N b Z(b) b+migration Z
56.2 196 69.5 124 122.1 6.1

100 28 13.2 3.6 22.8 1.1
121 31 10.2 5.2 16.3 3.2
147 20 7.1 4.0 10.9 2.5
178 11 3.7 3.1 6.0 1.8
215 3 21 0.6 3.3 -0.1
261 4 09 24 1.4 1.8

Table IV. Bin contents for combined sources: lower bin edge, number of events, hadronic background, significance above
background, background + migration from lower bins, significance above background plus migration.

The migration into a bin is calculated for each bin assuming an E. placed at the lower bin boundary, so that only
the spectrum below the bin contributes to migration into the bin. The significance for all bins 100 TeV or above is 19
(background only) or 10 (excess over background + migration from below 100 TeV).

Table V below shows the fixed radius chosen for the various sources. For comparison, the HAWC point spread

function is typically 0.1-0.2 degrees at high energy [21]. The Crab is an isolated but strong point source; the other
sources are extended, and are in busier regions, leading to a different optimization of the chosen radius.

Source radius
eHWC J1825-134 0.4
eHWC J1907+063 0.9
eHWC J0534+220 (Crab) 0.6
eHWC J2019+368 0.8

Table V. Angular bin radius (degrees).

Fig. 3 shows the Combined log-likelihood profile as a function of the energy cutoff. The top and lower points show
the lower limits at 95% CL value and 30 CL, respectively. Table I presents the lower limit results for E. at 95% for

each source and the combined analysis. Then, by using Egs. (2), (3), and (7), we reinterpret the 95% CL limits as
limits on the LIV parameters in Tables IT and VI.
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Figure 3. Combined profile likelihood as a function of the Energy cutoff; the upper orange solid point shows the 95% CL lower
limit.

Details of LIV limits

To aid comparison, Table VI details previous strong limits on the decay of very-high energy photons from the
HEGRA [12, 29], the Tevatron [13], CANGAROO [17], Themistocle [14], and HESS [15]. We also show limits due to
LIV energy-dependent time delay searches with the Fermi-LAT [18], as well as the limits due to superluminal photon
splitting [19, 20].

The source distances L in Tables IT and VI used in calculating the limits on (3-y) are based on reference [53]. In the
case of eHWC J1825-134, two pulsars lie within the top hat radius used to set the photon energy limit. The Egl)v
limit depends on distance as L%!, and we have conservatively chosen the distance to the nearer pulsar, though this

makes only a 7% difference in the (37) limit.

E. L a ! a2 aey B, Bk By ey
Source TeV kpe 1077 107%2eV~! 107%8eV=2 1078eV 2 10516y 10%eV 10236V
eHWC J1825-134 244 1.55 1.752:%8  7.19%:72 295378 0.705:2  1.391%% 0.583:85 12183
eHWC J1907+4063 218 2.37 2.2230 10.13%2%  4623%% 0.99§;$Z 0.995:22 0.47%:58 10.112°2
eHWC J0534+220 (Crab) 152 2 4.52%85 29.733%% 19607390  4.015:58  0.340:3% 0.230:35  4.995%
eHWC J2019+368 120 1.8 7.25537 60.45395 50405855  10.1%233 0.1792% 0.14915 3.1559
Combined 285 - 1.29447 451538 158292 - 2.222:52 0.83:% -
Crab (HEGRA) 2017 [12] ~56 - - 667 1.3 x 10° - 015  .028 -
Tevatron 2016 [13] 0.442 - 6x10° - - - - - -
Crab (HEGRA) 2013 [29] ~56 - 40 - - - - - -
RX J1713.7-3946 (HESS) 2008 [15] 30 - 180 - - - - - -
Crab (CANGAROO) 2001 [17] 50 - 40 - - - - - -
Crab (Themistocle) 1997 [14] 20 - 300 - - - - - -
GRB09510 (Fermi-LAT) 2013 v > ¢ [18] - - - 746 1.2 x 10® - 0.0134 0.0009 -
GRB09510 (Fermi-LAT) 2013 v <c [18 - - - 1075 5.9 x 107 - 0.0093 0.0013 -
Crab (Tibet) 2019 [20] 140 2 - - - 5.9 - - 4.1
Crab (HEGRA) 2019 [19] 52 - - - 59 - - 1.3

Table VI. HAWC Sources and 95% CL lower limits on E¢, LIV coefficients, and the distance, L, from the source to the observer.
ap, are upper limits while EIE’;\), are lower limits. Subscript 3 stands for photon splitting. Errors on the HAWC limits represent
the propagation of the systematic errors in Table III of the main text. We show previous strong constraints to LIV photon
decay (top) as well as the best limits based on an energy-dependent time delay (middle) and superluminal photon splitting

(bottom).
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Standard Model Extension limits

We derived the LIV limits presented in this work in a modified dispersion relation (MDR) framework, although
related limits can also be evaluated within the Standard Model Extension (SME) [11, 54]. The SME provides a general
field-theoretic framework that considers all observer-scalar operators, which are products of the Standard Model of
particle fields and LIV coefficients that may be related to the expectation values of the vectors or tensors of the new
physics [11]. The new terms can be classified into those that break Charge conjugation, Parity transformation, and
Time reversal Symmetry (CPT) and those that preserve CPT. They are called CPT odd and CPT even, respectively.
In the MDR framework, such classification can be made through the leading order of the correction, when n is odd or
even. Additionally, the SME can be separated into the sectors of the SM, such as the photon sector,

LS, = (kP EyFy + (kap) A" Fpy (12
where A, is the gauge field and the field strength tensor is F,, = 0,4, — 0, A,. kr and kar are dimensionless fourth
rank tensors and Lorentz-violating coeflicients. kr is dimensionless, while k4 has a mass dimension. By considering
only kr, and assuming to have vanishing double trace, to share the symmetries of the Riemann curvature tensor, and
restricting the theory to the nonbirefringent and isotropic sector, the number of independent parameters reduces from
256 to 1, K¢y [15]. In this context, Refs. [15, 29| report limits to photon decay. The corresponding translation to the
MDR coefficient is &y = —ag/2 (n=0).

Furthermore, the Lorentz-violating deformation of the photon sector in the SME coefficient can be studied through

the decomposition in mass dimension (d) and spherical decomposition (jm) of the Lorentz-violating photon dispersion
relation from Eq. (12) [54],

By~ (1-¢" % VTP (@7 + ©F) sy (13)
where
Zpd Yim 9k,@k)05?;jm» Zpd Ym0k, x)k Ev))jm (14)
d jm d jm

The reinterpretation of the HAWC limits in Tables II and VI, on these SME coefficients is given as follows. For

n =2 (or any n even), and considering only (°, if there is directional independence (jm = 0 0), cé?):gt;l) = —\/T ap,
while in a directional dependent scenario, >, Yjm (k. pr)c 27)]2:4) —a, /2, where @), = right ascension (RA); and

0, = 90°— declination (Dec)y, of the source k in a standard Sun-centered inertial reference frame [18]. For n =1 (or

any n odd), photon decay in SME occurs only for one of the two possible photon polarizations [54]. A search for this
effect involves, instead of a hard cutoff at a threshold, a drop in photon flux by a factor of two at a hard threshold.
This is naturally more difficult to search for, and the corresponding 95% CL E. from eHWC J1825-134 drops from
244 to 30 TeV. Considering only ¢* and directional independence (jm = 0 0), the corresponding translation to the
MDR coefficient is k(V)OO V7 1. In the SME, odd n also implies the effect of birefringence which has been strongly

constrained [55], over 10 orders of magnitude stronger than this HAWC limit to photon decay by k?v)oo’ even using
the 285 TeV combined result.

We give the corresponding HAWC limits on SME coefficients, &y, k§‘5/))00, — (?300, and (— ij Yim (O, cpk)cglgjm),
in the Table VII.

. (5 d

E¢ | -Rir k ‘))00 EI;UO Z]m }/J’m(eka SOk) (I)Jm
Source d=14 d=6 d=6(3v)| 0k Pk d=4 d=6 d=6(3v)

eV [10718 107 2%V 1107 eV~ 107%%V 2 107 %%V 2| © ° 10718V ! 10719V 2 107 %%V 2

eHWC J1825-134 |244| 8.77 6.86 3.11 5220 12.4  |103.45 276.41  8.77 1470 3.5

eHWC J19074063(218| 11 - 3.9 8200 17.5 83.75 286.95 11.5 2310 4.93

J0534-+220 (Crab) |152| 22.6 - 8.01 34700 71.2 67.96 83.6 22.6 9780 20.1

eHWC J2019+368[120| 36.3 - 12.9 89300 178 53.26 304.94  36.3 25200 50.3

Combined |285| 6.43 | - | 228 2810 - | - - - - -

Table VII. HAWC Sources and 95% CL lower limits on E. and two-sided LIV limits in the framework of the SME. (3v) stands
for the limits derived due to photon splitting.
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