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Large High Altitude Air Shower Observatory (LHAASO) opens the window of ultra-high-energy (UHE)
photon detection, broadens the path of testing basic physical concepts such as Lorentz symmetry, and brings
the possibility of potential high-energy physical phenomenon research such as photon decay and electron
decay. Currently, the UHE photons from LHAASO observation set strict constraints on photon and electron
Lorentz symmetry violation (LV) effects. To obtain a global impression of the photon-electron LV parameter
plane, we make a detailed analysis for photon decay and electron decay. Our discussion gives the
corresponding decay thresholds and energy-momentum distributions in different LV parameter configu-
rations. We get corresponding constraints on the photon LV parameter, electron LV parameter and the
photon-electron LV parameter plane from LHAASO observation. For the space allowed for LV effect, that is
beyond relativity, we also provide corresponding boundaries from LHAASO observation.
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I. INTRODUCTION

Large High Altitude Air Shower Observatory (LHAASO)
is a new generation gamma-ray and cosmic-ray observatory
with work bands at TeV and PeV energies [1-3]. LHAASO
consists of three detector arrays; a large fraction of detectors
started the operation in 2019, and the whole detector
construction was finished in 2021. The commissioning of
LHAASO brings ultra-high-energy (UHE) photon detection
into a new stage. 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 from the gamma-ray source LHAASO J2032 +
4102 at the direction of the Cygnus [4]. LHAASO reported
the detection of the Crab Nebula gamma-ray spectrum from
5% 107* PeV to 1.12 PeV, and these UHE photons are
shown to exhibit the Crab Nebula as a PeV electron
accelerator [5]. LHAASO discoveries 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
[6-10].

High-energy particles from the Universe offer the oppor-
tunity to detect the highest-energy particles that people can
observe. LHAASO opens the window of UHE photon
detection, broadens the path of testing basic physical
concepts such as Lorentz symmetry, and brings the research
opportunity for potentially high-energy phenomenon such
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as photon decay and electron decay. In the classic case,
photon decay y — e™ + e~ and electron decay e* — e* +
y are forbidden, but in the Lorentz symmetry violation (LV)
case, things might be different. Photon decay is a photon LV
phenomenon proposed by Coleman and Glashow [11,12],
and there are strict constraints on the photon superluminal
LV scale from the observation of high-energy photons. If the
LV effects make the velocity of electrons bigger than the
velocity of photons, electron decay may occur. It can be
analogous to a charged particle propagating in a medium:
when the speed of the charged particle is bigger than the
light speed in the medium, the charged particle can radiate
an electromagnetic field, and this phenomenon is called
Cherenkov radiation. The electron decay caused by LV can
be called electron vacuum Cherenkov radiation. Early in
2001, Stecker and Glashow used the observation of Mrk
501 to constrain the maximum electron velocity [13].
Between 2002 and 2006, Jacobson et al. [14—17] studied
potential electromagnetic LV phenomena, and offered con-
straints for photon decay and electron decay. Jacobson,
Liberati and Mattingly [18] argued that synchrotron radi-
ation from the Crab Nebula imposes a stringent constraint
on any modification of the dispersion relations of the
electron that might be induced by quantum gravity. Ellis,
Mavromatos and Sakharov [19] pointed out further that the
photon dispersion relation might have a linear form of LV
correction while the dispersion relation of the electron is
severely constrained; therefore synchrotron radiation from
the Crab Nebula can be used to discriminate between
models of space-time foam. There have also been studies
on the LV constraints using data related to Crab Nebula
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observations (such as Refs. [20,21]). The observation of
photon or electron decay would indicate a signature for
new physics such as the LV effect to challenge the
current physical framework. On the other hand, the high-
est-energy photon and electron set very strict constraints on
LV effects.

LHAASO observations promote the LV effect constraint
to a new stage. For photon decay, the LHAASO
Collaboration got a photon superluminal linear LV con-
straint E(Ly\’,sum > 1.42 x 10** GeV through the analysis of
two gamma-ray sources LHAASO J2032 + 4102 and
J0534 + 2202 [6]. From photon decay analysis, Ref. [7]

got a photon superluminal linear LV constraint E/;™ >
2.74 x 10** GeV from the LHAASO 1.42 PeV highest-
energy photon, and this constraint, which has an improve-
ment of 2 to 4 orders of magnitude over previous constraints
to photon decay, is the strictest constraint that can be gotten
from LHAASO observation. From photon decay and photon
splitting y — Ny research, Ref. [8] proposed corresponding
constraints for linear and quadratic photon energy scales
though the analysis of LHAASO’s three sources and an
UHE photon event. As a gamma-ray detector, LHAASO
cannot directly obtain the energy of electrons in the
astrophysical source, but through detecting the spectrum
of the Crab Nebula with detailed analysis, LHAASO shows
that the Crab Nebula operates as an electron PeVatron [5].
According to the synchrotron self-Compton model [22,23],'
the Crab Nebula high-energy gamma ray is produced via
inverse-Compton process by UHE electrons. Through sys-
tematic analysis, LHAASO got a simple relation between
the upscattered photon E” and the parent electron E®: E® =
2.15(E7/1 PeV)*77 PeV [5]. Thus, for the Crab Nebula
1.12 PeV highest-energy photon, the energy of the parent
electron is 2.3 PeV [5], which is the highest-energy electron
that we got from LHAASO observation. By analyzing the
Crab Nebula 1.12 PeV highest-energy photon, Ref. [9]
obtained the most strict constraint on electron superluminal

linear scale E\5™ > 9.4 x 102 GeV, and this constraint
improves previous bounds on electron LV effect by 10*
times. Considering both photon and electron LV effects in
photon decay and electron decay research, Ref. [10] got a
joint constraint on the photon-electron LV parameter plane
from LHAASO’s highest-energy photon and electron, and
this joint constraint can naturally derive the strictest con-
straint on photon and electron LV effects respectively.
These are some assumptions in these constraints from
LHAASO data. For photon decay, usually only the photon
LV effect is considered, but the LV effect of the outgoing
electron-positron pair is neglected. In usual electron decay

"The synchrotron self-Compton model is a likely mechanism
to produce the observed 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.

analysis [9], there is a supposition that the emitted photon
is soft enough that its LV effect can be neglected. Since the
outgoing particles obtain the whole energy-momentum of
the initial photon, it is necessary to consider the LV effect
with more careful consideration. Therefore we make a more
detailed analysis for photon decay and electron decay
by various cases, and discuss the physical implications
of these cases. We show the corresponding decay thresholds
in different parameter configurations and the different
energy-momentum distributions in different decay cases.
We demonstrate how the highest-energy photon and elec-
tron constrain the photon LV parameter, electron LV
parameter and the photon-electron LV parameter plane.

II. RESEARCH AND DISCUSSION

We generally expect that LV effects have observable
effects in extremely high energy, and the LV modifications
would be suppressed by the Planck scale Ep ~1.22 x
10" GeV. So we use the LV parameter &, and 7, to modify
the dispersion relation of photons and electrons (or posi-
trons):

photon;

Iy

(1)
E? =m?+ p? [1 + 1, (ELPI) n} electron/positron,

where Ep is the Plank scale, and &,, 5, are the nth-order
LV parameters of photons and electrons respectively. By
convenience, if we only consider the linear modification,
we set & =&, n; =n. For a decay process of a high-
energy particle, the threshold occurs when the final
particle momenta are parallel to the initial particle
momentum [24]. So it is reasonable for us to only consider
the modulus of the momentum k = [k|, and p = |p|.
Choosing this model-independent method, we can study
LV phenomena without causing ambiguities from differ-
ent theory models [25].

Besides photon LV parameter £, and electron LV
parameter 7,, it is also common to use the LV scale
E{/\fn to modify the dispersion relation of photons and
electrons (or positrons):

2 g2 K \"
o =1 ()]

E? =m?+p? [1 -5 (L) ”} electron/positron,

e
ELV.n

photon;

(2)

where E{/\fn are the hypothetical energy scale of photons/
electrons at which the nth-order LV effect becomes signifi-
cant, and the LV scales E{/\fn for subluminal and super-

luminal cases are different. s,ﬁ/ ¢ = 4+1 means that the higher
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the energy the slower the photon speed (subluminal), and
s7/® = —1 means faster photon speed (superluminal). For
linear modification, we set E{/\fl = E{/\f and s{/ ¢ = g7/¢ and
the correspondence between LV parameters and LV scales is

d g 1 .
£ = m photon;

(3)

1 e
L
rIEPl Eiv

electron/positron.

As we have introduced, current astronomical observa-
tions allow an opportunity to revisit photon decay and
electron decay. The LHAASO 1.42 PeV highest-energy
photon, that is directly observed, and the LHAASO 2.3
PeV highest-energy electron, that is indirectly inferred, set
very strict constraints on photon and electron parameters.
Observing high-energy photons/electrons (whose energy is

E,/.) means that E, . does not reach the photon/electron

decay threshold k7/°: ki[> E, .. Next, we discuss the
photon decay and electron decay by various cases, and

discuss the different physics implications of different cases.

A. Photon decay

LHAASO reported the highest-energy photon at about
1.42 PeV from the gamma-ray source LHAASO J2032 +
4102 at the direction of the Cygnus [4]. This LHAASO
1.42 PeV highest-energy photon constrains the photon-
electron plane by constraining photon decay. In the classic
case, the photon decay y — et + ¢~ is forbidden, but in
the LV case, this reaction might occur in some LV
parameter configurations. If a high-energy photon with
momentum k decays into an electron with momentum xk
(x € [0, 1]) and a positron with momentum (1 — x)k, using
the energy-momentum conservation relation, we get

Ephoton(k) = Eelectron (Xk) + Epositron[(l - x)k} (4)

With photon/electron dispersion relation Eq. (1) expand-
ing to the first order of the LV parameters and to the
leading order of (m/k)?, Eq. (4) reduces to [15]

& k\"] m?2 N [ Xk \"
5 () T = ai 5 ()]

+{x < 1 —x}. (5)

After simple algebraic operations, the above formula
becomes [15]

m2 n
R = (1)l = (1= 0] (6)

Eq. (6) means that finding the photon decay threshold is
equivalent to finding the minimum value of k on the left

side of Eq. (6), and correspondingly, maximizing the right
side of Eq. (6). The x value satisfying Eq. (6) reflects the
momentum distribution after photon decay, where x = 1
(or 0) means that the electron (or positron) obtains the
most momentum and x = 1/2 means that the momentum
distribution is equal among the electron and the positron.

If we only consider the linear (n = 1) modification,
Eq. (6) becomes [15]

szPI
B

(1= = ((1=x)>+ ). (7)

When & — 0 and # — 0, the maximum value of the right
side tends to zero, and kg, — +o0. This corresponds to the
situation where photons cannot decay in the classic case as
expected, since any situation must return back to the
classical case when the LV effects approach zero. Next
let us see how the highest-energy photon E, sets constraints
on LV linear modification parameters under different cases.

1. Case I. E# 0, n=0

Case I means that there is only photon linear LV
modification; then Eq. (7) becomes [26]

szPI
k3

=x(1-x)& (8)

(1) When & < 0, the right side of Eq. (8) cannot be
positive within the allowed range of values, so there
is no photon decay, i.e., the photon decay threshold is

Kl = +oo. 9)

In this situation, it is always k, > E,, so the highest-
energy photon does not set extra constraints.

(2) When & > 0, the maximum value on the right side of
Eq. (8) is £/4, and the corresponding photon decay
threshold is [15,26]

Am*Ep\ /3
6= () (10

This threshold is taken at x = 1/2, i.e., the mo-
menta of the outgoing particles are equally distrib-
uted. If photon decay does occur in this situation,
there is a superluminal linear LV modification for
photons. Conversely, finding a high-energy photon
(whose energy reaches E,) means that £, dose not
reach the threshold & > E,. The highest-energy
photon sets a constraint on photon LV parameter
0 < & < 4m?Ep/ E3, which corresponds to a super-
luminal constraint (s* = —1) for the photon LV
scale E]y"" > E3 /(4m?). Considering the LHAASO
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1.42 PeV highest-energy photon, we get 0 < & <
4.45 x 107® and EI3® > 2.74 x 10** GeV, * which
is the same as the strictest photon superluminal
LV constraint [7]. This same result is natural as
the strictest constraint is gotten under the same
assumption that = 0.

2. CaseIl. E=0, n#0

Case II corresponds to the situation with only electron
linear LV modification; then Eq. (7) becomes

m2
;”:xu—1m1—m2+ﬁm. (11)

(1) When n > 0, the right side of Eq. (11) is always less
than zero within the allowed range of values, i.e.,
there is no photon decay. We can take the photon
decay threshold as

K = +oo. (12)

In this situation, it is always k}, > E,,, so the highest-
energy photon does not set extra constraints.

(2) When 5 < 0, the maximum value on the right side of
Eq. (11) is —5/8, and the photon decay threshold is

—8m2E 1/3
k{h:(”;"'> . (13)

This threshold is taken at x = 1/2, i.e., the momenta
of the outgoing electron and positron are equally
distributed. If photon decay does occur in this
situation, there is a subluminal linear LV modifica-
tion for electrons. Conversely, finding the highest-
energy photon sets a constraint on electron LV
parameter —8m?Ep/E; < 5 < 0, which corresponds
to a subluminal constraint (s* = +1) for electron LV
scale Ey'"® > E/(8m?). Considering the LHAASO
1.42 PeV highest-energy photon, we get —8.90 x
1076 <57 <0 and ESY™ > 1.37 x 10** GeV. *

3. Case Ill. E=n# 0

Case III corresponds to the situation that the photon and
electron LV modification parameters are the same and both
are linear modifications; then Eq. (7) becomes [26]

Considering the experimental errors of the LHAASO highest-
energy photon 1.42f8"11§ PeV, we get 0 < & < 4.45;11% x 1076
and EyP > 274708 < 10%* GeV.

*Considering the experimental errors of the LHAASO highest-
energy photon 1.42f8'1'§ PeV, we get —8.9052"8;’ x107 < <0
and Efy® > 1.37704) x 10** GeV.

m?Ep
kflzx(l—x)[l—(l—x)2—x2]§. (14)

(1) When & = 5 < 0, the right side of Eq. (14) is always
negative (< 0) within the range of values, so there is
no photon decay, i.e., the photon decay threshold is

K, = +oo. (15)

In this situation, it is always &, > E,, so the highest-
energy photon does not set extra constraints.

(2) When & =5 > 0, the maximum value on the right
side of Eq. (14) is &/8, and the photon decay
threshold is [15,26]

8m2Ep \ 1/3
K, = ( n ”) . (16)

This threshold is taken at x = 1/2, i.e., the momenta
of the outgoing particles are equally distributed. If
photon decay does occur in this situation, there are
superluminal linear modifications for both photons
and electrons. Conversely, finding the highest-energy
photon sets constraints on photon and electron LV
parameter 0 < & =5 < 8m?Ep/E;, which corre-
sponds to superluminal constraints (s" = s® = —1)
for both the photon and electron LV scale E]y" =
E/y" > E3/(8m?). Considering the LHAASO 1.42
PeV highest-energy photon, we get 0 <& =5y <
8.90 x 1076 and Ejy" =E[y" > 1.37x10% GeV.*

4. Case IV.E#0,n #0

Case IV corresponds to the most general situation: the
electron and photon LV parameters take arbitrary values.
Introducing a new variable z = (2x — 1)? can make the
analysis simple, so that x=(1+/z)/2, (1—-x)=
(1 —4/z)/2 and x(1 —x) = (1 —z)/4 [15]. The relevant
range of z is [0, 1], where z =0 corresponds to the
symmetric configuration x = 1/2 and z = 1 corresponds
to x =1 or 0 [15]. In terms of z, Eq. (7) becomes [15]

m2Ep] 1-z2 1-272
¢ 4 ST

7. (17)

(1) When £ —5n <0 and 2 — 5 < 0, the right side of
Eq. (17) is less than zero (i.e., <0) within the
allowed range of values, so there is no photon decay
[14,15], i.e., the photon decay threshold is

*Considering the experimental errors of the LHAASO highest-
energy photon 1.427013 PeV, we get 0 < & =75 < 8.9073% x
1076 and Ejy® = E{y® > 1.3770491 x 10%* GeV.
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K = +oo. (18)

In this situation, it is always k}, > E,, so the highest-
energy photon does not set extra constraints.

(2) When ¢ > 0 and 2 — 5 > 0, the maximum value on
the right side of Eq. (17) is (2£—1#)/8, and the
photon decay threshold is [14,15]

8m2Em\ 1/3
K. = L 19
o (25 - n) (19)

This threshold is taken at z = 0, thatis x = 1/2 [15]
when the momenta of the outgoing particles gen-
erated by photon decay are equally distributed. In this
situation, k> E, means 0 < 2& —n < 8m*Ep/E;
[15]. Considering the LHAASO 1.42 PeV highest-
energy photon, we get 0 < 2 — 75 < 8.90 x 1076,

(3) When 5 < £ < 0, the maximum value on the right
side of Eq. (17) is —(& —n)?/(8n), and the photon
decay threshold is [14,15]

-8 2E 1/3

This threshold is taken at z =¢&/n [15], that is
= (1 + +/&/n)/2. In this situation, k}, > E, means

8m2E;
kin = (7=

Detail near the origin

—-8nm2E,
ken= (‘Eﬂ’"’nzn)lfi

ken = o

—— n+y-8an-£=0
n — n-2§+8a=0

FIG. 1. Photon decay constraint on the photon-electron LV
parameter plane from highest-energy photon (a: = m*Ep,/ E?,)).
In global figure the value range of horizontal and vertical
coordinates is —1073 ~ 1073, and in the detail figure around
the origin the value range of horizontal and vertical coordinates is
—-107 ~107°.

0 < &—n < y/—8m?Epm/E; [15]. Considering the

LHAASO 1.42 PeV highest-energy photon, we
get 0 < &—n < /=890 x 10~%.

Figure 1 shows the constraints from the high-energy
photon, where the shaded portion is the prohibited param-
eter space. The discussion of photon decay y — e + e~
can be extended to other outgoing charged particles y —
XT + X~ [27]. The difference is that the electron mass
should be changed to another outgoing particle mass. Since
the photon energy must exceed the outgoing particle energy,
in usual discussion we just consider the outgoing particles
as an electron-positron pair.

B. Electron decay

The Crab Nebula gamma-ray spectrum detected by
LHAASO ranges from 5 x 107 PeV to 1.12 PeV, and
these UHE photons demonstrate that the Crab Nebula
operates as an electron PeVatron [S]. As we introduced
above, by adopting the synchrotron self-Compton model
[22,23], LHAASO determined that the 1.12 PeV upper limit
energy of the Crab Nebula gamma-ray spectrum means that
the energy of the parent electron in the Crab Nebula reaches
2.3 PeV [5]. The synchrotron self-Compton model implies
that the Crab Nebula gamma ray above 1 GeV is produced
via inverse-Compton process by UHE electrons. In the
analysis of the inverse-Compton process, there is no LV
effect being considered, as the inverse-Compton process is
hardly affected by LV effect due to a very tiny variation in
the allowed phase space for the cross section [9]. Next, we
use the Crab Nebula 2.3 PeV electron indirectly obtained
from LHAASO to constrain the photon-electron LV param-
eter plane by constraining electron decay. In the classic case,
the electron decay e~ — e~ + y is forbidden, but in the LV
case, this reaction might occur in some LV parameter
configurations. When a high-energy electron with momen-
tum k decays into an electron with momentum yk
(y € [0, 1]) and a photon with momentum (1 — y)k, using
photon/electron dispersion relation Eq. (1) and the energy-
momentum conservation relation, we get

Eelectron(k) = Eelectron(yk) + Ephoton[(] - y)k] (21)

With expansion to the first order of the LV parameters and to
the leading order of (m/k)?, Eq. (21) reduces to

gy GH
_yk{ o5 (3]
()] e
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After simple algebraic operations, the above formula
becomes [15]
mZ Egl B yn+2 _

Y n
ez = o (1 =y)"&, (23)

which means that finding the electron decay threshold is
equivalent to finding the minimum value of k on the left side
of Eq. (23), and correspondingly, maximizing the right side
of Eq. (23). The y value satisfying Eq. (23) reflects the
momentum distribution after electron decay, where y = 1
(or 0) means that the electron (or photon) obtains the most
momentum and y = 1/2 means that the momentum dis-
tribution is equal among the electron and the photon after the
electron decay.

If we only consider the linear (n = 1) modification,
Eq. (23) becomes [15]

m2EP1

=Y+ Dn=y(1-y)% (24)

When & — 0 and 5 — 0, the maximum value of the right
side tends to zero, and kg, — +o0. This corresponds to the
situation where electrons cannot decay in the classic case.
Next let us see how the highest-energy electron E, sets
constraints on LV linear modification parameters in
different cases.

1. CaseI. E#0, =0

Case I means that there is only photon linear LV
modification; then Eq. (24) becomes

szPl

(1) When £ > 0, the right side of Eq. (25) is less than
zero (< 0) within the allowed range of values, so
there is no electron decay, i.e., the electron decay
threshold is

kg, = +o0. (26)

In this situation, it is always kg, > E., so the highest-
energy electron does not set extra constraints.

(2) When ¢ < 0, the maximum value on the right side of
Eq. (25) is —&/4, and the electron decay threshold is

—4m?Ep\ /3
G- () @7)

This threshold is taken at y = 1/2. If electron decay
does occur in this situation, there is a subluminal
linear LV modification for the photon. Conversely,
finding a high-energy electron (whose energy reaches

E.) means that E. does not reach the threshold
kg, > E.. The highest-energy electron sets a con-
straint on the photon LV parameter —4m?Ep,/
E} < & <0, which corresponds to a subluminal
constraint (s” = +41) for the photon LV scale
EI3™ > E3/(4m?). Considering the LHAASO
2.3 PeV highest-energy electron, we get —1.0 x
1079 < £ <0 and E[3™ > 1.2 x 10% GeV.

2. Case Il. E=0, n #0

Case II means that there is only electron linear LV
modification; then Eq. (24) becomes

szPl
B

y(y+ 1. (28)

(1) When 5 < 0, the right side of Eq. (24) is negative
(< 0) within the allowed range of values, so there is
no electron decay. The electron decay threshold is

ke, = +c0. (29)

In this situation, it is always kj > E., so the highest-
energy electron does not set extra constraints.

(2) When 5 > 0, the maximum value on the right side of
Eq. (28) is 25, and the electron decay threshold is

m?Ep\ 1/3
kfh—< 2qu> : (30)

This threshold is taken at y = 1, i.e., the outgoing
electron gains almost all of the momentum of the
parent electron. If electron decay does occur in this
situation, there is a superluminal linear LV modifi-
cation for the electron. Conversely, finding the
highest-energy electron sets a constraint on electron
LV parameter 0 < 5 < m*Ep/(2E2), which corre-
sponds to a superluminal constraint (s = —1) for the
electron LV scale E{y" > 2E3 /m?. Considering the
LHAASO 2.3 PeV highest-energy electron, we get
0<n<13x1077 and Ejy® > 9.4 x 10 GeV,
which is the same as the strictest electron super-
luminal LV constraint [9]. This same result is natural
as the strictest constraint is gotten under the same
assumption of £ = 0.

3. Case Ill. E=n# 0

Case III corresponds to a simple assumption: the photon
and electron LV modification parameters are the same, and
both are linear modifications, and then Eq. (24) becomes
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szPl
k3

=2y%¢. (31)

(1) When & =5 < 0, the right side of Eq. (31) is no
more than zero (< 0) within the range of values, and
there is no electron decay, that is, the electron decay
threshold is

kg, = +o0. (32)

In this situation, it is always k§ > E., so the highest-
energy electron does not set extra constraints.

(2) When & =5 > 0, the maximum value on the right
side of Eq. (31) is 2&, and the electron decay

threshold is
e szPl 1/3
K, = ( o ) . (33)

This threshold is taken at y = 1, that is, the outgoing
electron gains almost all of the momentum of the
parent electron. If electron decay does occur in this
situation, there are superluminal linear modifications
for both the photon and electron. Conversely, finding
the highest-energy electron sets constraints on both
the photon and electron LV parameter 0 < £ =7 <
m?Ep/(2E3), and they are superluminal constraints
(s = s®* = —1) for both the photon and electron
LV scale EVy"" =Ey"" >2E3/m?. Considering the
LHAASO 2.3 PeV highest-energy electron, we
get 0<é=n<13x10"7 and E/y" =Ey">9.4x
10% GeV.

4. Case IV. E£0, n # 0

Case IV corresponds to the most general situation: the
photon and electron LV parameters take arbitrary values.
After simple algebraic operations, we get the following:

(1) Whenn < 0and & — 5 > 0, the right side of Eq. (24)

is negative (< 0) within the range of values. Thus
there is no electron decay [15], i.e., the electron
decay threshold is

kG, = +oo. (34)

In this situation, it is always kg, > E,, so the highest-
energy electron does not set extra constraints.

(2) Whenn > 0and ¢ 4 3 > 0, the maximum value on
the right side of Eq. (24) is 27, and the electron decay
threshold is [14,15]

m*Ep\ /3
kfh:< 2’7"‘) . (35)

2E;
kin = (")

—4(§+ 2E;
kin = ((es—"r:;? R

— n-§-yV-4b(n+§) =0
— n-1b=0

n

FIG. 2. Electron decay constraint on photon-electron LV param-
eter plane from highest-energy electron (b: = m?>Ep/E2)). In the
global figure the value range of horizontal and vertical coordinates
is =1073 ~ 1073, and in the detail figure around the origin the
value range of horizontal and vertical coordinates is =107 ~ 1073,

This threshold is taken at y = 1. In this situation,
k& > E. means 0 <n < m?Ep/(2E2) [15]. Con-
sidering the LHAASO 2.3 PeV highest-energy
electron, we get 0 < < 1.3 x 107",

(3) When £—75n <0 and &+ 35 <0, the maximum
value on the right side of Eq. (24) is —(£—7)?/
(46 +4n), and the electron decay threshold is
[14,15]

- 2 1/3

6= (T e

(&-n)

This threshold is taken at y = (£ —1#)/(2&+ 2n)
[15]. In this situation, kg > E. means
—/—4m?Ep(n + &)/ E2 < E—n < 0 [15]. Consid-
ering the LHAASO 2.3 PeV highest-energy elec-
tron, we get —/—1.0x 100y + &) < &—n < 0.
The constraints from the high-energy electron are shown
in Fig. 2, where the shaded portion is the prohibited
parameter space.

C. Joint constraint from electron decay
and photon decay

In the above discussion, we have discussed how highest-
energy photons and electrons constrain the photon-electron
LV parameter plane by electron decay and photon decay
respectively. In the follow discussion, we show the joint
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— n+yV-8an-£=0
— n-2§+8a=0

— n-§-yV-4bln+§) =0
— n-1b=0

n

FIG. 3. Joint constraint on photon-electron LV parameter plane
from highest-energy photon and electron (a: = m?Ep/E;) and
b: =m*Ep/E>)). In the global figure the value range of
horizontal and vertical coordinates is —10= ~ 1073, and in the
detail figure around the origin the value range of horizontal and
vertical coordinates is —107> ~ 1075,

constraint on the photon-electron LV parameter plane. To
see more clearly, we show the joint constraint in Fig. 3.

If we presuppose that there is no electron LV effect
(n = 0), the constraint on the photon LV parameter is
—4m?Ep/E3 < & < 4m?Ep/E;. The lower limitation
—4m?Ep /E2 < £ is from the highest-energy electron,
and it is a subluminal constraint (s* = +1) for the photon
LV scale E73"™ > E3/(4m?). The upper limitation & <
4m*Ep/E; is from the highest-energy photon, and it is a
superluminal constraint (s* = —1) for the photon LV scale
E[y" > E3/(4m?). Considering the LHAASO 1.42 PeV
highest-energy photon and 2.3 PeV highest-energy electron,
we get —1.0 x 1076 < & < 4.45 x 1075, which corresponds
to E/3™ > 1.2 x 10 GeV and E/3" > 2.74 x 10 GeV.
We note that Ejy" > 2.74 x 10** GeV is the same as the
strictest photon superluminal constraint from the highest-
energy photon [7], as this strictest constraint is gotten under
the same assumption of n = 0.

If we presuppose that there is no photon LV effect
(¢ = 0), the constraint on the electron LV parameter is
—8m?Ep/E; <n < m?Ep/(2E3). The lower limitation
—8m?Ep/E; < 1 is from the highest-energy photon, and
it is a subluminal constraint (s® = +1) for the electron LV
scale  E{y"° > E;/(8m?). The upper limitation 7 <
m*Ep/(2E2) is from the highest-energy electron, and it
is a superluminal constraint (s* = —1) for the electron LV

scale Ejy" >2E3/m?. Considering the LHAASO
1.42 PeV highest-energy photon and 2.3 PeV highest-
energy electron, we get —8.90 x 107% <5 < 1.3 x 1077,
which is equivalent to ESy™® > 1.37 x 10** GeV and
ETy® > 9.4 x 10 GeV. We note that the E{y" > 9.4 x
10% GeV is the same as the strictest electron superluminal
constraint from the highest-energy electron [9], as this
strictest constraint is gotten under the same assumption
of £=0.

The highest-energy photon and electron set a very strict
constraint on the first, second, and fourth quadrants of the
photon-electron plane. The limitation pole is (1,¢) <
(szp]/(ZEg), szPI/(4Eg) + 4m2Ep1/E;), which corre-
sponds to the constraint on the superluminal LV scale
(E;N™, EIN®) > (2E3/m?, 4ESES/(16m*ES + m*E3)).
Considering the LHAASO 1.42 PeV highest-energy photon
and 2.3 PeV highest-energy electron, we get (1, &) < (1.3 x
107,45 x107%) and (Ejy", EIY") > (9.4 x 10% GeV,
2.7 x 10** GeV).

In the third quadrant, both the photon and electron are
subluminal modifications (s* = +1 and s® = +1), and this
parameter space needs more discussion. To get the quan-
titative result, we discuss the third quadrant constraint
boundary:

n++/=8an—E=0
n—+/—4b(n+ & —E=0 (2%) from electron,

where a:=m?Ep/E; and b:=m?Ep/E}. From
Eq. (37-1%), we get n—&=—/—8an >0, and from
Eq. (37-2%), we get n— &= +/—4b(n+ &) < 0. So these
two boundary curves have no cusp in the third quadrant, and
this trend can be seen in Fig. 3. From Fig. 3, we get that the
alternative parameter space is distributed in a very small
range, nearby the line # = £. This distribution means that
the parameters of photons and electrons are of similar
magnitudes.

If we get a concrete LV parameter of photons (or
electrons), the constraint for the electron (or photon)
parameter changes accordingly. For example, if there is a
concrete photon parameter &,, from the constraint boundary
[Eq. (37)], we get the constraint for electrons:

&y —4da—21/4a> = 2a&y < n < & —2b + 24/ b* — 2b¢&,,.

(38)

(Ix) from photon;

If we suppose that the photon LV scale is at 10** GeV, that
is & ~ —107>, considering the LHAASO highest-energy
photon and electron, we get the constraint of electrons:
—2.49 x 107 <5 < —=5.93 x 107°. By this example, we
know that the LV parameters of photons and electrons are at
the similar order, and this result is accordant with the result
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from Fig. 3. For the case that there is a concrete electron
parameter 7, the constraint of the photon parameter is

No — 2b — 24/ b* = 2bny < & < ny + 2+/—2an,.  (39)

For 7y ~ —1073, the constraint for the photon is —1.51x
1075 < & < —0.58 x 1075,

From Fig. 3 and the quantitative analysis above, we
know that the allowed space in the third quadrant is
concentrated within a small range around & = 7. It means
that the photon velocity and electron maximum velocity are
allowed to undergo similar corrections in the subluminal
direction. From the photon/electron dispersion relation
[Eq. (1)], we know that the correction of the dispersion
relation from the LV effect means the correction of photon
velocity and electron maximum velocity:

v, = % ~ ¢ [1 + ‘EELP,} photon;

(40)

2 .
Ve = % = C [1 - 2”’7 + nEiP]} electron/positron,

where ¢ is the speed of light in the classical case, v, is the
photon velocity under the LV effect, and v, is the speed of
electrons. When the electron momentum is very large, we
can ignore the electron mass term, and the electron
maximum velocity is v8™ = ¢q[1 + nELPl] From Fig. 3, only
LV parameters near £ = 7 in the third quadrant are allowed.
It means that if there are obvious LV effects, the photon
velocity variation can only be subluminal (decreasing with
increasing momentum), and the electron maximum velocity
should be also subluminal. At the same time, both photon

velocity and electron maximum velocity variations are of
similar magnitudes.

III. CONCLUSION

Restudying the photon decay and electron decay under
different cases, we know the corresponding decay thresh-
olds and energy-momentum distributions in different LV
parameter configurations. From the energy-momentum
distributions of the outgoing particles, we know that it is
necessary to consider both photon and electron LV effects.
In different LV parameter configurations, photon decay
and electron decay mean different LV modifications, and
the LHAASO observations imply different constraints on
the photon LV parameter, electron LV parameter and the
photon-electron LV parameter plane. There are strict con-
straints on the first, second, and fourth quadrants of the
photon-electron plane, and the LV energy scales are con-
strained at 10?25 GeV, which are 10°~° times higher than
the Planck energy. There is still possible parameter space for
new physics beyond relativity in the third quadrant, but the
LHAASO observation also sets strict boundaries for this
space. The allowable space for LV parameters is only near
& = n in the third quadrant, which means that the photon
and electron LV parameters are only allowed to be sub-
luminal with similar magnitudes.
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