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The Large High Altitude Air Shower Observatory (LHAASO) is one of the most sensitive gamma-ray
detector arrays, whose ultrahigh-energy (UHE) work bands not only help to study the origin and
acceleration mechanism of UHE cosmic rays, but also provide the opportunity to test fundamental physics
concepts such as Lorentz symmetry. LHAASO directly observes the 1.42 PeV highest-energy photon. By
adopting the synchrotion self-Compton model, LHAASO also suggests that the 1.12 PeV high-energy

photon from Crab Nebula corresponds to a 2.3 PeV high-energy electron. We study the 1.42 PeV photon
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decay and the 2.3 PeV electron decay to perform a joint analysis on photon and electron two-dimensional
Lorentz violation (LV) parameter plane. Our analysis is systematic and comprehensive, and we naturally
get the strictest constraints from merely considering photon LV effect in photon decay and electron LV
effect in electron decay. Our result also permits the parameter space for new physics beyond relativity.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The Large High Altitude Air Shower Observatory (LHAASO)
is a new-generation mountain observatory with unprecedented
ultrahigh-energy (UHE) photon detection capability [1,2]. Recently,
LHAASO reported more than 530 UHE photons with energies larger
than 100 TeV from twelve astrophysical gamma-ray sources within
the Milky Way, including the highest-energy photon detected at
about 1.42 PeV [1]. LHAASO also reported the detection of gamma-
ray spectrum from 5 x 10~% PeV to 1.12 PeV from Crab Nebula,
and these UHE photons exhibit the presence of a PeV electron ac-
celerator [2]. These high-energy photons not only help to study
the origin and acceleration mechanism of UHE cosmic rays, but
also provide the opportunity to test fundamental physics concepts
such as Lorentz symmetries of photons [3,4] and electrons [5].
By analysing the LHAASO 1.42 PeV highest-energy photon [1],
Ref. [3] got a photon superluminal linear Lorentz violation LV con-
straint — Ei\p,’mp) > 2.74 x 1033 eV from photon decay research.
By analysing two gamma-ray sources LHAASO J2032+4102 and
J0534+2202, LHAASO collaboration got a photon superluminal lin-
ear LV constraint E\0*" > 1.42 x 1033 eV from photon decay re-
search [4]. By analysing the Crab Nebula 1.12 PeV highest-energy
photon, Ref. [5] obtained the most strict constraint on electron
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superluminal linear modified parameter Efs,’su')) > 9.4 x 10%° GeV
from the electron decay research.

In conventional case of relativity, there are no photon decay
and electron decay phenomena in vacuum, but in LV case, things
might be different. If photon or electron does decay, it is a sign
for photon or electron LV effect. On the other hand, the UHE pho-
ton and electron data set very strict constraints on photon and
electron LV effects. In previous photon decay analyses [3,4], only
initial photon LV effect is considered, with LV effect for the out-
going electron-positron pair neglected. But since the out-going
particles obtain the whole energy-momentum of initial photon,
it is necessary to consider the LV effect of out-going electron-
positron pair. In previous electron decay analysis [5], there is a
supposition that the emitted photon is soft enough that its LV ef-
fect can be neglected. But if we check the electron decay reaction
we can find that: in some case, the out-going photon can obtain
the half energy-momentum of the initial electron, so it is also
necessary to consider the out-going photon LV effect in electron
decay.

To get a systematic and comprehensive analysis on photon and
electron LV parameter plane from LHAASO results, we restudy pho-
ton decay and electron decay. As the LV effects are very tiny, we
introduce tiny LV modifications on the photon and electron disper-
sion relations:
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photon;

{wZ =21+ Ea(£5)"] 0

E2=m?+p?[1+ nn(EiH)"] electron/positron,

where Ep; is the Plank scale, and &,, n, are the nth-order LV
parameters of photon and electron respectively. For a threshold re-
action, when the final particle momenta are parallel and the initial
momenta are antiparallel, the threshold occurs [6], so we only con-
sider the modulus of the momentum k = |k|, and p = |p|, to obtain
the threshold. If we only consider the linear modification (n = 1),
we simplify the notation: & ;=& and n; :=1n.

For photon decay y — e~ +e™, considering a high-energy pho-
ton with momentum k that decays into an electron with mo-
mentum xk (x € [0,1]) and a positron with momentum (1 — x)k,
using photon and electron dispersion relations Eq. (1) and the
energy-momentum conservation relation, only considering the lin-
ear (n = 1) modification, and expanding it to the leading-order of
the LV parameters and the leading-order of (m/k)%, we get [7]:

£k m? n xk
k(+2—]=xk[14 —— + = — < 1—x} 2
[ +2Ep1] Xk[ +2(X]€)2+25p1]+{x X} (2)
After simple algebraic operations, Eq. (2) becomes [7]:

2E
Tt =x(1 =l — (1 =02+, 3)

Finding the threshold of the photon decay is equivalent to finding
the minimum value of k on the left side of the Eq. (3). When & — 0
and n — 0, k > +o00, and it is the classic case where photon can-
not decay, and that is to be expected, since any case must go back
to classical case when the LV effects do not at work. Then we get
the thresholds in different LV parameter configurations [7-9]:

oo (@ &-n<0 and 26 —n<0;
2
ki, = (Sz"éf,‘;‘-)m (b) £€>0 and 2&8—1n>0;
(M)l/?; © n<&<o.

(E-m?

In case (a), kfh = 400 means that there is no photon decay. In case
(b), the momenta of the out-going particles are equally distributed,
that is to say, the out-going electron/positron gains half momen-
tum from photon, so it is necessary to consider the out-going
electron/positron LV effect. In case (c), the momentum distribu-
tion is not equal, and it is also necessary to consider the out-going
particle LV effects since they get the whole momentum from pho-
ton.

When the photon energy exceeds the threshold, the photon de-
cay can occur and result a rapid drop in photon energy. On the
other hand, observing a photon, whose energy is Ep, means that
E, does not reach the decay threshold ktph: kfh > Ep. In different
LV parameter configurations, it is same as [7]:

no extra constraints (@) &£—n<0 and 2§ —1n<0;
0<26—y<E () £>0 and 26-n>0;
P

0<t—n< /%;Pm (© n<é&<o0.

From Fig. 1, we clearly see that:

e In photon decay research, the highest-energy photon sets very
strict constraint on & > 0 range, while the £ < 0 range still
has possible parameter space. The LHAASO 1.42 PeV highest-
energy photon sets very strict constraint on photon-electron
LV parameter plane:
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Fig. 1. Photon decay constraint on photon-electron LV parameter plane from highest-
energy photon (a := m?Ep/E3).

no extra constraints (@ &—n<0 and

26 —1n <0
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26 —1n>0;
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e If we presuppose that there is no electron LV effect (n = 0),
this assumption is what we usually use when we study pho-
ton decay, the constraint on photon LV parameter is & <
4m2Ep /Eg, and it is a strict constraint on photon superlumi-
nal linear LV modification. Considering the LHAASO 1.42 PeV
highest-energy photon, we get £ < 4.45 x 1076, With the
experimental errors considered, the constraint given by the
1.427313 PeV highest-energy photon is & < 4.457103 x 1075.

o If we presuppose that there is no photon LV effect (¢ = 0), the
constraint on electron LV parameter is n > —8m2Ep1/Eg, and
it is a strict constraint on electron subluminal linear modifi-
cation. Considering the LHAASO 1.42 PeV highest-energy pho-
ton, we get n > —8.90 x 1075, With the experimental errors
taken into account, the constraint given by the 1.42+912 pey

—0.13
highest-energy photon is 1 > —8.90%5-35 x 1076.

Different from highest-energy photon, it is hard to ascertain
the highest-energy electron from LHAASO data. The Crab Nebula
UHE photon spectrum from LHAASO observation means that the
Crab Nebula operates as an electron PeVatron [2]. According to the
synchrotion self-Compton model [10,11],' the Crab Nebula gamma-
ray above ~ 1 GeV is produced via inverse-Compton process by
UHE electron, so the Crab Nebula 1.12 PeV highest-energy photon
means the energy of the parent electron can naturally be consid-
ered as > 1 PeV [5]. Through systematic analysis, LHAASO got a
simple relation between the upscattered photon E¥ and the parent

1 The synchrotion self-Compton model is a likely mechanism to produce the ob-
served 1.12 PeV photon, and there are also possibilities that the photon might be
produced in some other mechanisms: for example, hadronic interaction of high-
energy protons (or nuclei) via neutral pion decay.
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electron E€: E€ = 2.15(EY /1 PeV)?77 PeV [2]. Thus, for the Crab
Nebula 1.12 PeV highest-energy photon, the energy of the parent
electron is 2.3 PeV [2]. Under the assumption of the synchrotion
self-Compton model, 2.3 PeV electron is the highest-energy elec-
tron that we can get from LHAASO data.

For electron decay e~ — e~ + y, considering a high-energy
electron with momentum k that decays into an electron with mo-
mentum yk (y € [0,1]) and a photon with momentum (1 — y)k,
similarly to photon decay, we get:

m> k. > nyk
k[1+212+__] Yt i T 2y
1 — y)k

+a -y + S 022 (4)

Pl

and [7]:
2F

Tt =Y+ - y(1 - g, (5)

When & — 0 and 1 — 0, k — 400, and it is the classic case where
electron cannot decay. We get the thresholds in different LV pa-
rameter configurations [7-9]:

00 () n<0 and &—n>0;
kg, = { (BE)13 () >0 and &+3n>0;
()13 () g-y<0 and &+3n<0.

In case (i), kfj, = +oo means that there is no electron decay. In
case (j), the out-going electron gains almost all of momentum. In
case (k), the out-going photon gets a part of momentum from ini-
tial electron, so it is necessary to consider the photon LV effect in
electron decay.

When the electron energy exceeds the threshold, the electron
decay can occur and result a rapid drop in electron energy. On the
other hand, observing an electron, whose energy is E., means that
Ee does not reach the decay threshold kf; : kf, > Ee. In different LV
parameter configurations, it is same as [7]:

no extra constraints

2
m-Ep|
<
N 2F3

i) n<0 and &€-n>0;
() n>0 and £+43n>0;

— BN g —p<0 () £-7<0 and

£+3n<0.

From Fig. 2, we clearly see that:

e In electron decay research, the highest-energy electron sets
very strict constraint on 1 > 0 range, while the n < 0 range
still has possible parameter space. The LHAASO 2.3 PeV
highest-energy electron sets very strict constraint on photon-
electron LV parameter plane:

no extra constraints (i) n<0 and
§—n>0;

n<13x1077 (j) >0 and
E+3n>0;

—/-1.0x108(E +n) <&—n<0 (k) £€—n<0 and
£+4+3n<0.

e If we presuppose that there is no electron LV effect (n = 0),
the constraint on photon LV parameter is & > —4m?Ep/E2,
and it is a strict constraint on photon subluminal linear LV
modification. Considering the LHAASO 2.3 PeV highest-energy
electron, we get £ > —1.0 x 107,
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Fig. 2. Electron decay constraint on photon-electron LV parameter plane from
highest-energy electron (b :=m?Ep/E2).

o If we presuppose that there is no photon LV effect (§ = 0),
this assumption is what we usually use when we study elec-
tron decay, the constraint on electron LV parameter is n <
szpl/(2Eg), and it is a strict constraint on electron superlu-
minal linear LV modification. Considering the LHAASO 2.3 PeV
highest-energy electron, we get n < 1.3 x 1077,

Considering the photon decay and electron decay at the
same time, we get: (i) the highest-energy photon and elec-
tron set very strict constraints on 1st, 2nd and 4th quadrants
of photon-electron plane. (ii) The limitation pole is (n,&) <
(m?Ep/(2E3), m*Epi/(4E3) +4m?Epy /E}). Considering the LHAASO
1.42 PeV highest-energy photon and 2.3 PeV highest-energy elec-
tron, we can get (1, £) < (1.3 x 1077, 4.5 x 10~%). (iii) In the 3rd
quadrant, the parameter space still has a lot of options.

We check the constraints on photon-electron LV parameter
plane by LV scale parametric method:

w? =k*(1—sPK) photon;
ELV

6
E2:m2+p2(1—5e ( )

2y electron/positron,
ELV

where EEV and Ej, are the LV scale of photon and electron at
which the LV effects become significant. s/¢ = +1 means that the
higher the energy the slower the speed of particles (subluminal),
and sP/¢ = —1 means faster (superluminal). Using the correspon-
dence between these two different parametric methods, we get
previous strictest constraints on photon and electron LV param-
eters from the joint constraint on photon-electron LV parameter
plane (Fig. 3):

e There are very strict constraints on 1st, 2nd and 4th quadrants
of photon-electron plane, and these strict constraints are same
as the strict constraints on superluminal case (one of sP/¢€ is
—1). The limitation pole (17, &) < (m?Ep/(2E2), m?Ep/(4E2) +
4m2Ep1/E ) is same as the limitation pole on superluminal
LV scale (Ee v P ER ) > (2E3/m?, AE3E3 /(16m2E3 + m*E3)).
Using the LHAASO 1.42 PeV highest-energy photon and
2.3 PeV highest-energy electron, we get (Efy,"", ERS"P) >
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Fig. 3. Joint constraint on photon-electron LV parameter plane from highest-energy
photon and electron (a :=m?Ep/Ej and b :=m?Ep/E3).

(9.4 x 10%* eV, 2.7 x 1033 eV). The 3rd quadrant is the sublu-
minal case (sP =s® = +1), and this parameter space still has a
lot of options.

e In case of no electron LV effect (n = 0), the low limita-
tion on photon LV parameter (£ > —4m?Ep/E2) is from elec-
tron decay, and it is a photon subluminal LV scale limita-
tion: EE\’,S”b > E3/(4m?). Using the LHAASO 2.3 PeV highest-

energy electron, we get Ef\f”b > 1.2 x 10% eV. The upper
limitation (¢ < 4m*Epi/E;) is from photon decay, and it is a

photon superluminal LV scale limitation: E}"" > E3/(4m?).
Using the LHAASO 1.42 PeV highest-energy photon, we get
EN™P > 2.74 x 10%% eV,? that is same as the strictest con-
straint from Ref. [3]. This sameness is natural as these two
parametric methods have no essential difference but in differ-
ent expressions [12], and this strictest constraint is got under
the supposition 1 = 0.

e In case of no photon LV effect (¢ = 0), the low limitation
on electron LV parameter (7 > —8m?Ep/E}) is from photon
decay, and it is an electron subluminal LV scale limitation:

E‘f\f”b > E3/(8m?). Using the LHAASO 1.42 PeV highest-energy

photon, we get Ef\‘,s“b > 1.37 x 10*3 eV.> The upper limita-
tion (n < m?Ep/(2E2)) is from electron decay, and it is an
electron superluminal LV scale limitation: Ej,"P > 2E2/m?.
Using the LHAASO 2.3 PeV highest-energy electron, we get
Ejy"? > 9.4 x 10%* eV, that is same as the strictest constraint
from Ref. [5]. This sameness is natural as these two para-
metric methods have no essential difference but in different
expressions [12], and this strictest constraint is got under the
supposition & = 0.

2 With the experimental errors taken into account, the constraint given by the

1.427013 PeV highest-energy photon is Ef;"P > 2.7410:83 « 1033 ev.

3 With the experimental errors taken into account, the constraint given by the

1.42+313 PeV highest-energy photon is E5™ > 1.3770:41 x 1033 ev.

Physics Letters B 835 (2022) 137536

Restudying the photon decay and electron decay, we know
that it is necessary to consider both photon and electron LV ef-
fects. We perform a joint analysis on the photon-electron two-
dimensional LV parameter plane. This analysis is based on the
1.42 PeV highest-energy photon directly observed by LHAASO and
the 2.3 PeV highest-energy electron that corresponds to the Crab
Nebula 1.12 PeV photon observed by LHAASO through the syn-
chrotion self-Compton model. LHAASO 1.42 PeV highest-energy
photon and 2.3 PeV highest-energy electron set very strict con-
straints on 1st, 2nd and 4th quadrants of photon-electron plane,
whereas the 3rd quadrant still has permissible parameter space
for new physics beyond relativity. This joint analysis of photon-
electron LV parameter plane is systematic and comprehensive, and
we naturally get the previous results of strictest constraints on
photon and electron LV effects.
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