Potential constrains on Lorentz invariance violation
from the HAWC TeV gamma-rays
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Astrophysical scenarios provide a unique opportunity to test the possible signatures of Lorentz
Invariance Violation (LIV) due to the high energies and the very long distances they involve. An
isotropic correction to the photon dispersion relation, by hypothetical Lorentz invariance violation, has a consequence that photons of sufﬁcient energy are unstable and decay very fast. The
High Altitude Water Cherenkov (HAWC) observatory is sensitive to gamma-rays in the 100 GeV
to 100 TeV energy range, making it a very useful tool to study LIV. In this work we present potential stringent limits for the LIV energy scale at ﬁrst and second order correction by the potential
observations of primary very high energy photons in HAWC energy range.
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1. Introduction

2. Lorentz Invariance Violation (LIV)
A Lorentz violating correction to the dispersion relation can be introduced by a not explicitly
Lorentz invariant term at the free particle Lagrangian [12]. At the lowest order, the new dispersion
relation for a free particle takes the form
(n)

(n)

Sa = Ea2 − p2a = m2a ± αa,n An+2 with αa,n = 1/(ELIV )n (= εLIV /Mn )

(2.1)

for an a-particle with energy and momentum E and p. The αa,n factor parametrizes the LIV correction which could be none-universal for all type of particles. A can take the form of E, p or
a combination of both (see for instance Refs. [22, 23, 24, 25, 26, 27]). The effects of LIV are
expected to increase with energy and be negligible at the lower standard energies at which non
LIV-signatures has been found [28]. To fulfill such purpose, an energy scale, M, is introduced. It
is common to associate, M with EPl , where EPl is the Plank energy scale ∼ 1019 GeV. However,
without loss of generality, the LIV correction can be just named ELIV , as we do hereafter. Several
and different techniques have been implemented in the search of LIV signatures in astroparticle
physics, and some of them have been used to derive strong constraints to the LIV energy scale,
(n)
ELIV (or the LIV-parameter, αn ) see for instance Refs. [29, 30, 31, 32, 33, 34, 35, 36, 37].
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Lorentz symmetry stands as one of the cornerstones of fundamental physics. Nonetheless, as
for any other fundamental principle, exploring its limits of validity has been an important motivation for theoretical and experimental research in the past. In addition some Lorentz Invariance
Violation (LIV) can be motivated by beyond the Standard Model theories, such as quantum gravity
and string theories (see for instance Refs. [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11]). Among the possibilities,
some signatures of such violation could emerge from the corrected free particle dispersion relation
and tested by astrophysical sources of very high energy (VHE) photons [12, 13, 14, 15, 16, 17].
The High Altitude Water Cherenkov (HAWC) observatory is a wide field of view array of
300 water Cherenkov detectors that cover an area of 22,000 m2 . HAWC is located at 4100 m
above sea level at 19o N near the Sierra Negra volcano, in Puebla, Mexico [18]. Some effects of
LIV are expected to increase with energy and the very long distances due to cumulative processes
in the photon propagation (see for instance [19]). Due to the high altitude and design, HAWC is
capable to detect gamma rays with energies between 300 GeV to 100 TeV, which makes it a very
useful tool to search LIV signatures in gamma-rays [20]. Astrophysical objects as GRB, Pulsars
and AGN, could be sources of such high energetic photons. Previous works have studied the
potential LIV constrains through the possible GRB and Pulsar measurements by HAWC, resulting
in strong potential limits to LIV in the photon sector [21]. Therefore, in this note we explore the
potential limits that HAWC could provide due to the measurements of very high energy events
and the derived consequences of the Lorentz invariant violating photon decay, which can leads
to a stringent limit to LIV scale in the photon sector. In Section 2, the highlights of the theory
are presented. In Section3, we show the potential limits derived from this method and finally we
present the conclusions.
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In addition to the very high energy regime, the very long distances of astrophysical scenarios
can lead to a significant LIV effect due to cumulative processes. That is the case of kinematically
forbidden processes that are allowed in LIV scenarios, such as photon decay, photon splitting and
spontaneous photon emission (or vacuum cherenkov radiation) [12, 14, 15, 16, 17, 38]. Particularly,
photon decay is of special interest for gamma-ray physics, since it allows us to use astrophysical
sources of VHE photons as tests to probe fundamental physics. Previous works [39, 40, 16] have
reported a decay rate for any n-case in the expansion of Eq. (2.1.) at leading order in the LIVparameters and for a very high energy photon scenarios, given by
e2 |4m2 − αn kn+2 |
√
=
×
4π 4k 1 + αn kn

p2 sin θ dθ

Z θmax
0

∑ |pE 0 + (p − k cos θ )E| ,

(2.2)

p±

where
E=

p

p2 + m2 ,

E0 =

p
k2 + p2 + m2 − 2kp cos θ .

(2.3)

It was also shown that photon decay is allowed after a threshold that depends on the LIV parameter,
the photon energy and the mass of the decay products. Above such energy, the decay rate is so
efficient that leads to a cut-off in the photon spectrum and no high-energy photons will reach the
Earth from cosmological distances. There are emission and decay rates on vacuum Cherenkov
radiation and photon decay obtained from different LIV approaches. For instance, expressions
from the minimal Standard-Model extension with spontaneous breaking of Lorentz symmetry [11]
and from the introduction of Lorentz violating operators of dimensions four and six can be found
in Refs. [41, 42, 43]. In Ref. [16] a general expression for the threshold is derived for any n-case
in the expansion of Eq. (2.1.), thus, photon decay is forbidden if
"
(n)

ELIV > Eγ

Eγ2 − 4m2
4m2

#1/n
,

(2.4)

where Eγ stands for the high energy photon energy and m = me , that is γ → e+ e− . Hence, a lower
limit for ELIV in the photon sector directly emerges from any observed high energy cosmic photon
event.

3. Limits on LIV
The implementation of the previous generic approach to photon decay on vacuum proves that
this process if allowed is very efficient. The process strongly restricts the possible propagation of
the photon to very short distances from source and the outcome of this is a direct and very simple
way to bound LIV energy scale that meanly depends in the energy resolution and uncertainties
of the detector. Following this line of thought, assuming a certainty of a photon event and an
uncertanty of the 25% in the energy measured by HAWC, potentially compatible with current
analysis and energy estimators (see for instance [44]), the implementation of Eq (2.4) leads to
stringent potential limits presented in Fig. 1 for n =1, 2. Eq (2.4) is shown in the continuous
diagonal (blue) line, it indicates the LIV value, as a function of the VHE photon energy, at which
photon decay could be allowed. Thus, the excluded region is given by the measurements of the
2
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(n)
Γγ→l − l +
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photon energy, in the horizontal axis, and the value at which it hits the diagonal (blue) line. The
green band illustrates the energy uncertainty of the possible 60 TeV event and the lower limit of
it is used to limit the region where photon decay is not possible, since photons at that energy are
measured. For comparison, constrains to the the photon sector by other methods and measurements
are shown [21, 31, 33, 34, 16]. To exemplify the HAWC potential to constrain LIV, three different
values are shown: 60, 100 and 200 TeV from bottom to top. The constrains get even more stringent
if photons with higher energies are observed.

4. Conclusions
The HAWC observatory has been collecting data continuously since 2014 and it was completed in March of 2015. Improvements to the energy uncertainties and the understanding of systematics are work in progress. However, it can be expected that HAWC measurements can be used
as a test to probe fundamental physics such as LIV or set limits to the LIV Energy scale.
The present work attempt to set the reference for a none conventional but simple method to
establish stringent limits due to the highest energy photon events detected with HAWC. As it was
discussed, the High Altitude Water Cherenkov observatory has the potential to set competitive
and stringent LIV limits with this and different analysis techniques by the accurate observation of
very-high energy photons.

3
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Figure 1: ELIV excluded region and limits from LIV photon decay into electron positron pairs. In the left
ELIV potential limits from HAWC for n=1 and assuming energy uncertainties of 25%. In the right ELIV
potential limits from HAWC for n=2 and assuming energy uncertainties of 25%. For comparison, current
limits from other telescopes and different approaches are also shown. Potential limits are displayed in
discontinued lines.
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