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Abstract The electric dipole moments of leptons (l-EDMs)
could arise from the electrodynamics part of standard model
extension (SME). In this work, we investigate the cross sec-
tion of electron-positron collision in the Lorentz violation
(LV) background via the l-EDMs. We find that the Lorentz
violation parameter magnitudes constraint using LEP data to
the level of |deLV | < 3.6 × 10−17, |dμ

LV | < 9.5 × 10−10,
and |dτ

LV | < 1.5 × 10−6 for electron, muon, and tau, respec-
tively. Moreover, we show the time-location dependence of
muon-EDMs and tau-EDMs in the LV background. There-
fore, upper bounds for combinations of LV parameters are
obtained by current and future terrestrial experiments.

1 Introduction

An important field in experimental researches for exploring
physics beyond the Standard Model (BSM) is the electric
dipole moments of leptons (l-EDMs). Predictions of the Stan-
dard Model (SM) for l-EDMs, which violates the CP symme-
try, are very tiny to detect by the current experiments [1,2].
For example, the present upper bound of electron-EDMs is

|de| < 8.7 × 10−29 (e.cm), (1)

by ACME Collaboration in ThO molecules at the 90% con-
fidence level [3,4], while the prediction of SM as an order
of 10−40 (e.cm) [2]. Moreover, the Muon g-2 experiment at
Brookhaven National Laboratory (BNL) bounds the muon-
EDMs [5] as:

|dμ| < 1.8 × 10−19 (e.cm), (2)

while the several experiments have plans to improve it in
the order of 10−21 (e.cm), such as the Fermilab Muon g-2
[6] and the J-PARC Muon g-2/EDM [7]. The Paul Scherrer
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Institute (PSI) also plans to probing the order of magnitude
as 6×10−23 (e.cm) [8]. About tau-EDMs, the present limit is
obtained by the correlation of spin-momentum in the process
e+e− → γ ∗ → τ+τ− [9] in the Belle experiment by

|dτ | < 10−17 (e.cm), (3)

which Belle II experiment should improve it two order of
magnitude, namely 10−19 (e.cm) [10]. Hence, any obser-
vation of l-EDMs can be a signal of the new physics BSM
[11–13].

On the other hand, D. Colladay and V. A. Kostelecky
put forward a Standard Model Extension (SME) that have
some extra terms in SM to interpret the violating the sym-
metries of Lorentz and CPT by several constant coeffi-
cients which called Lorentz violation (LV) parameters [14].
SME have been provided for a long time a framework to
study of phenomenological effects of LV, for example, the
anomalous magnetic dipole moments (AMDMs) [15–17]
and EDMs of particles [18–21] are considered. Furthermore,
many researches in terrestrial [22–26] and astrophysical [27–
30] systems have extensively considered, where the compre-
hensive list of constraints can be found in Ref. [31].

There is a CP violation source in the QEDE can give the
contributions to the l-EDMs at tree levels [21]. In this paper,
we introduce the LV parameter, which can induce the l-EDMs
in the QEDE framework and show the connection between
this LV parameter and l-EDMs at high energy limit. We
consider the electron-positron annihilation (e+e− → l+l−)
with new vertex of l-EDMs, where the collision experiments
in high energy physics provide a way to test of LV theory
[32,33]. Consequently, we investigate that the breaking of
Lorentz symmetry comes from l-EDMs, leads to modifica-
tion of the cross section in the center of mass frame and
constraints the corresponding LV parameter by the current
and future terrestrial experiments.
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The paper is organized as follows. In Sect. 2, we briefly
introduce the CPT-even term, dμν , in QEDE that can appear
the CP violation to find the l-EDMs. We consider the
electron-positron annihilation via l-EDMs (i.e. muon and tau)
at leading order in Sect. 3 to investigate the cross section
effects at high energy limit. We find new bounds on the cor-
responding LV parameters from the colliders such as LEP,
ILC, CLIC, and FCCee. We derive the angular distribution
of Bhabha scattering in the presence of Lorentz violating
by implying electron-EDMs in Sect. 4 and estimate the new
bound on the corresponding LV parameter with using the
available terrestrial experiments. Moreover, we obtain con-
straints on combination of LV parameter with considering
the time and location dependence of l-EDMs in the LV back-
ground. We make some final remarks in the last section.

2 EDMs of leptons in the QEDE theory

The Lagrangian density of QEDE is parameterized for Lep-
tons as follows (h̄ = c = 1):

LQEDE = ψ̄(i�μ
←→
D μ − M)ψ, (4)

where

�μ = γμ + cμνγ
ν − dμνγ

νγ 5 + eμ + i fμγ 5 + 1

2
gλνμσλν,

M = m + aμγ μ − bμγ μγ 5 + 1

2
Hμνσ

μν + im5γ
5. (5)

The terms with parameters {aμ, bμ, eμ, fμ, gλνμ} violate
CPT symmetry while those with {cμν, dμν, Hμν} preserve
CPT symmetry. The LV parameters that appear in the �μ are
dimensionless and depend on the momentum of particle, and
others in the M have dimensions of mass and are momentum
independent by renormalization in the QEDE theory [34].
The LV parameters fμ and dμν can produce the l-EDMs
[21] in non-relativistic limit, where fμ can absorb with a
redefinition of fermion field [35]. Therefore, we consider
only dμν parameter as a source of CP violation in the QEDE
theory. The effective QEDE theory in the presence of the LV
parameter, dμν would be given by

LEDM
QEDE = i

1

2
ψ̄γ μ←→

D μψ − mlψ̄ψ

+i
1

2
dμνψ̄γ5γ

μ←→
D νψ, (6)

where thedμν parameter not only modifies Dirac equation but
also breaks the spin degeneracy, while there are two disper-
sion relations and spinors for both particles and antiparticles
[36,37].

The general form factors can be written in the presence of
dμν is:

Fμ(q2) = F1(q
2).

[
γμ + γ5γ

νdμν

]
+ F2(q

2).
[
i
σμνqν

2ml

]

+F3(q
2).

[
(qμ − q2

2ml
γμ)γ5 + q2

2ml
dμνγ

ν
]

+F4(q
2).

[
σμν

qν

2ml
γ5

]
+ (Fd)μ(q2), (7)

where qμ = p′
μ − pμ is the transition momentum and ml is

the lepton mass. F1 is the usual electric charge, F2 magnetic
dipole moment, F3 anapole (axial charge), and F4 electric
dipole moment form factors. It should be mention that the
Fd form factor denotes all the new form factors that can be
defined with dμν parameter and given in Ref. [21]. Calcu-
lating the vertex function correction at leading order in the
QEDE framework shows that the F4 form factor leads to
non-zero l-EDMs (dl ) at high energy limit, which is given by

dl = − F4(q2 = 0)

2ml
, (8)

where

F4(p, d) = 275α

18π

{
p.ds .p

m2
l

}
. (9)

Therefore, the connection between l-EDMs (dl ) and LV
parameter (dμν) would be as follows:

| dl | = 275α

36π

{
p.ds .p

m3
l

}
, (10)

where α is the fine structure constant and ds denotes the sym-
metric part of dμν parameter. In fact, the effects l-EDMs is
valid when (

p
ml

)2 | ds |≤ 1 in the LV theory. The Eq. (10)
shows that the l-EDMs could be found at tree level, whereas
it could enhance at high energy in the LV background. This
feature encourage us to find the upper bounds of LV param-
eter by considering the current and future experiments for
both l-EDMs measurements and colliders.

3 Lepton-pair production via l-EDMs in the LV
background

The process e+e− → l+l−, where l = μ, τ is one of
the simple reaction in the QED and most important in high
energy physics. We attempt to explore the LV effects through
l-EDMs (dl ) in the cross section of this process. We take
into account the Lagrangian density related to l-EDMs in the
effective theory as

LEDM
ef f = −i

1

2
dlψ̄γ5σ

μνψFμν, (11)
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Fig. 1 Photon-Lepton interaction with the l-EDMs vertex (dl )

where σμν = i
2 [γ μ, γ ν], and Fμν is the electromagnetic

field. One can easily find the CP-odd EDM vertex that is
shown by a cross circle in Fig. 1 is −iedlσμνγ 5qν , where
dl refers to the l-EDMs. It is worthwhile to note that there
is also a weak Dipole Moments (wDM) vertex (dw

l ) as well
as the l-EDM vertex (dl ), whereas the wDM is coupled to
the weak boson field (Z0) [38,39]. In this work, however, we
ignore it because its effect in our regime is so small.

Accordingly, there are two distributions from SM and new
physics with dl for un-polarized e+e− annihilation process at
leading order, which are shown in the Fig. 2. The total squared
amplitude at tree level can be written by using perturbation
method as follows:

|M |2 = |MSM + Md |2 = |MSM |2 + |Md |2 + 2|M∗
SMMd |,

(12)

where

MSM = − e2

q2

(
v̄(p′)γ μu(p)

)
×

(
ū(k)γμv(k′)

)

− g2

(4 cos θω)2(q2 − M2
Z )

(
v̄(p′)γ μ(av − γ5)u(p)

)

×
(
ū(k)γμ(av − γ5)v(k′)

)
, (13)

Md = −e2dl
q2

(
v̄(p′)γ μu(p)

)(
ū(k)σμαq

αγ 5v(k′)
)

.

(14)

Here, av = 1−4 sin2 θω and θω denotes the Weinberg angle.
One can compute the averaged squared amplitude for each
parts as follows:

|MSM |2 = e4
(

1 + m2
l

E2 + (
1 − m2

l

E2

)
cos2 θ

)

+ g4

(4 cos θω)4(1 − M2
Z

4E2 )2

×
(

(a2
v + 1)2(1 + cos2 θ) + 8a2

v cos θ

)
, (15)

|Md |2 = 4e4d2
l E

2(1 − m2
l

E2 ) sin2 θ, (16)

Fig. 2 e+e− → l+l− process with the l-EDMs vertex (dl )

where E is the total energy of particles and θ is the deviation
angle from collision direction in the center of mass frame.
Therefore, the corresponding total cross section can be driven
as follows:

σ(e+e− → l+l−) = 4πα2

3s

(
1 + 1

16 sin2 2θ

s2

(s − M2
Z )2

)

+2πα2d2
l

3
, (17)

while s refers to the Mandelstam variable and there is any
distribution from the crossing terms. Equation (17) shows
that one can find the usual cross section in the SM frame
by applying dl −→ 0. In the high energy regime,

√
s >>

MZ , the distribution of cross section in the SM is maximum
σSM = 4πα2

3s , and the modification term corresponding the
l-EDMs effect (σd ) is given by

σd(p, dμν) = 2πα2d2
l (p, dμν)

3
. (18)

Therefore, by taking LV parameter dμν , the effects of l-
EDMs at high energy would be importance. To show that,
let us considering the deviation of cross section induced by
l-EDMs as
∣∣∣∣
σ

σSM

∣∣∣∣ =
∣∣∣∣
σEX P − σSM

σSM

∣∣∣∣ ∼
∣∣∣∣

σd

σSM

∣∣∣∣ , (19)

where | σd

σSM
| = 1

2 sd
2
l , and dl obeys of Eq. (10). The electron-

positron collider (LEP) at CERN reported the experimental
cross section from pair production of both muon and tau
channels, for example, at center of mass

√
s = 207 GeV

[40,41]. The deviation introduced in Eq. (19) should be as
order of 10−3 and 10−2 for muon and tau, respectively. By
using Eqs. (10) and (19), one can find that the upper bounds on
corresponding LV parameters, which are gathered in Table 1.

Table 1 Upper bounds on dμν from the LEP experiment where
√
s =

207 GeV

l σSM (pb) σEX P (pb) dμν

μ 2.628 2.618 ± 0.014 < 7.5 × 10−10

τ 2.628 2.502 ± 0.029 < 2.5 × 10−6
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Table 2 Upper bounds on dμν from the next generation colliders

dμν ILC CLIC FCCee

μ < 6.0 × 10−11 < 2.7 × 10−13 < 1.1 × 10−10

τ < 2.0 × 10−7 < 9.1 × 10−10 < 3.5 × 10−7

It is important to note that one can predict the upper bounds
on LV parameters from future colliders, see Table 2, such
as ILC (International Linear Collider) [42], CLIC (Compact
Linear Collider) [43,44], and FCCee (Future Circular Col-
lider) [45] as the next generation of colliders that proposed
with center of mass 500 GeV, 3 TeV, and 400 GeV, respec-
tively.

4 Bhabha scattering via electron-EDMs in the LV
background

To calculate the un-polarized differential cross section for
Bhabha scattering in the QEDE, the contributions should be
considered are shown in Fig. 3. There are the usual SM distri-
butions (s-channel and t-channel) plus the extra ones, which
are from the electron-EDMs vertex at leading order.

The corresponding SM magnitude is represented by

|MSM | = |M(γ, s) + M(γ, t)

+M(Z , s) + M(Z , t)|, (20)

where it can be driven easily as follows:

MSM = − e2

q2
s

[
v̄(p′)γ μu(p) × ū(k)γμv(k′)

]

− e2

q2
t

[
ū(p′)γ μu(p) × v̄(k)γμv(k′)

]

− g2

(4 cos θω)2(q2
s − M2

Z )

×
[
v̄(p′)γ μ(av − γ5)u(p) × ū(k)γμ(av − γ5)v(k′)

]

− g2

(4 cos θω)2(q2
t − M2

Z )

×
[
ū(p′)γ μ(av − γ5)u(p) × v̄(k)γμ(av − γ5)v(k′)

]
.

(21)

The electron-EDMs contributions can be written as

|Md | = |2Md(γ, s) + 2Md(γ, t)

+Mdd(γ, s) + Mdd(γ, t)|, (22)

where Md(γ ) and Mdd(γ ) refer to one and two electron-
EDMs vertexes, respectively. The corresponding magnitude

Fig. 3 Bhabha scattering with the electron-EDMs vertex for both s-
channel and t-channel

is given by

Md = −2e2deqα
s

q2
s

[
(v̄(p′)γ μu(p)) × (ū(k)σμαγ 5v(k′))

]

−2e2deqα
t

q2
t

[
(ū(p′)γ μu(p)) × (v̄(k)σμαγ 5v(k′))

]

−2e2d2
e qsαq

β
s

q2
s

[
(v̄(p′)σμαγ 5u(p))

×(ū(k)σμβγ 5v(k′))
]

−2e2d2
e qtαq

β
t

q2
t

[
(ū(p′)σμαγ 5u(p))

×(v̄(k)σμβγ 5v(k′))
]
, (23)

here, qs and qt refer to transition momentum in s-channel
and t-channel, receptively. By applying the straightforward
method to calculate the un-polarized cross section for the
QED process, the total differential cross section in the center
of mass can be rewritten by

dσ

d�
=

(
dσ

d�

)

SM
+

(
dσ

d�

)

d
+

(
dσ

d�

)

SM×d
, (24)

where ( dσ
d�

)SM×d refers to the differential cross section
related to interface of SM and electron-EDMs. The usual
differential cross section at the lowest order of SM in the
Bhabha scattering calculated in Ref. [46] as
(
dσ

d�

)

SM
= α2

16E2 F(θ), (25)

where F(θ) =
(

3+cos2 θ
1−cos θ

)2

.

The new contributions of electron-EDMs terms can be
found as follows:

(
dσ

d�

)

d
= −2

α2d2
e

s

×
(

− t2

u
+ 2

s2

u
+ 2u − u2

s
+ 2s + 2

t2

s

)
, (26)
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(
dσ

d�

)

SM×d
= α2d2

e

16s

(
− 2

s2

u
− 8u + 8

t2

u
+ 16t − 10

t2

s

)

+ g2αd2
e (a2

v − 1)

64πs(4 cos θω)2

×
(−2s2 − 8u2 + 8t2 + 16tu

u − M2
Z

+ 10t2

s − M2
Z

)
, (27)

which e = g sin θω, E = 2Ec.m , and θ is the collision angle in
the Bhabha scattering. By using the usual Mandestam vari-
ables, the modifications in the angular distributions come
from the electron-EDMs is given by

(
dσ

d�

)

d
+

(
dσ

d�

)

SM×d
= −α2d2

e

2
G(θ) + α2d2

e

16
H(θ)

+ α2d2
e

64 × 16
K (θω)J (θ), (28)

with

G(θ) = cos3 θ + cos2 θ + 23 cos θ + 13

1 + cos θ
,

H(θ) = −5cos3 θ + 13cos2 θ + 21 cos θ − 9

1 + cos θ
,

J (θ) = 16(−2 cos2 θ + 4 cos θ − 1)

1 + cos θ + M2
Z

2E2

+10(1 − cos θ)2

1 − M2
Z

4E2

, (29)

while the Weinberg angle function can be described by

K (θω) = 4(1 − 4 sin2 θω)2 − 1

sin2 2θω

. (30)

The expressions (25–29) indicate that the electron-EDMs
(de) provides the new angular distributions in the differen-
tial cross section, which may sensitive to new physics. It
is worthwhile to mention that the usual Bhabha scattering
distribution can be recovered by using de −→ 0. To deter-
mine the upper bound for the corresponding LV parameter
(deLV ), we use the Eq. (10) and the maximum energy beam√
s = 207 GeV by the LEP collaboration on precision tests

for Bhabha scattering which is available in Refs. [40,41]. The
upper bound on LV parameter, namely deLV < 3.6 × 10−17

can be obtained by the beam direction cosθ = 0. Here, we

set ( dσ
d�

)SM ∼ 2
α2

s
and ( dσ

d�
)d ∼ 8α2d2

e , which cause the

corresponding deviation should be as 4sd2
e . This bound finds

from the terrestrial experiment can be compatible with sim-
ilar ones achieved in Ref. [31]. Moreover, we suggest upper
bounds from future colliders, see Table 3, which are very
tight compare with astrophysical bounds, one can see Ref.
[31].

Table 3 Upper bounds on deμν from future experiments, where cosθ=0

ILC CLIC FCCee

2.5 × 10−17 1.2 × 10−20 5.0 × 10−16

5 Time and location dependence on l-EDMs in the LV
theory

We use a transformation between the non-rotating (the stan-
dard Sun-centered) and rotating (the Earth) frames to show
the time and location dependence of LV parameter. It is given
by x̂i = Ri J X̂ J ,

Ri J =
⎛
⎝

cos χ cos �t cos χ sin �t − sin χ

− sin �t cos �t 0
sin χ cos �t sin χ sin �t cos χ

⎞
⎠ . (31)

Here, x̂i = (x̂, ŷ, ẑ) is the rotating basis and X̂ J = (X̂ , Ŷ , Ẑ)

is the non-rotating basis, where Ẑ refers to along the north
direction parallel to the Earth’s axis and ẑ is normal to surface
of the Earth [47]. It should note that � ∼ 2π/(23h 56m) is
the Earth’s sidereal rotation frequency, and χ denotes to the
angle between Ẑ and ẑ. Since LV parameters are determined
by the non-rotating frame, it is valuable to show them with
function of time and location parameters. At this point, l-
EDMs in Eq. (10) can be expressed by

dl = 4.8 × 10−16 1

m3
l

×
{
p2

0d00 + p2
xdxx + p2

ydyy + p2
z dzz

}
(e.cm), (32)

where by taking into account the values of muon particle
inside a storage ring for instant at BNL, one can rewrite the
muon-EDMs (l = μ) in LV background as

dBNL
μ = 2.4 × 10−16 p2

0

m3
μ

×
{

2d00 + dxx + dyy

}
(e.cm), (33)

which muon is traveling in the x–y plane with energy p0 >>

mμ, pz = 0, and p2
x = p2

y . The expression 2d00 + dxx + dyy
with transforming such as di j = Ri I R j J dI J can be found as

2d00 + dxx + dyy = 2dT T + (1 − sin2 χ cos2 �t)dXX

+(1 − sin2 χ sin2 �t)dYY + sin2 χdZ Z

−1

2
sin2 χ sin 2�t (dXY + dY X )

−1

2
sin 2χ cos �t (dX Z + dZ X )

−1

2
sin 2χ sin �t (dY Z + dZY ), (34)
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here the time dependence leads to day-night asymmetry for
muon-EDMs (dμ). For muon inside a ring with an energy
around 3 GeV in the location of χ ∼ 49.1◦, one can estimate
a bound on the combination of LV parameter (dμν) for muon
particle as the order of:

dT T + 0.36(dXX + dYY ) + 0.28dZ Z < 4.15 × 10−8, (35)

whereas the upper experimental bound on muon-EDMs is
1.8×10−19 (e.cm). For experiments J-PARC and PSI, where
p0(= 0.3 GeV ∼ mμ), we obtain

d J−PARC
μ = 4.8 × 10−16 p2

0

m3
μ

d00 (e.cm), (36)

where muon-EDMs is independent of time (and location)
and also impose the upper bounds on the corresponding
LV parameter, namely dμ

T T < 2.08 × 10−7, and dμ
T T <

2.08 × 10−9 for the sensitivity of J-PARC and PSI exper-
iments, respectively. These bounds on dμν parameters may
consider in the muon sector from the terrestrial experiments,
see Ref. [31]. These bounds show that by improving the sen-
sitivity of dμ and muon energy in the ring, one has the tight
bounds on combination of LV parameter.

Moreover, we employ a similar analysis for tau-EDMs
(l = τ ), which probed from electron-positron collider in the
Belle experiment. One can rewrite the corresponding EDMs
as follows:

dBelle
τ = 4.8 × 10−16 p2

0

m3
τ

{
d00 + dzz

}
(e.cm), (37)

where we consider the tau particle produces with px = py =
0, and energy p0 >> mτ . The combination of LV parameter
can be extracted in the non-rotating frame by

d00 + dzz = dTT + sin2 χ cos2 �tdX X

+ sin2 χ sin2 �tdYY + cos2 χdZ Z

+1

2
sin2 χ sin 2�t (dXY + dY X )

+1

2
sin 2χ cos �t (dXZ + dZX )

+1

2
sin 2χ sin �t (dY Z + dZY ), (38)

where the upper bound for tau sector is found at χ ∼ 36.2◦
[9] as

dT T + 0.17(dXX + dYY ) + 0.65dZ Z < 2.08 × 10−4, (39)

whereas this combination can be restricted by 10−6 for the
Belle II experiment [10].

6 Conclusion

Standard Model Extension as a frame to follow the effects
of Lorentz violation has provided to the l-EDMs at tree

level. The operator dμν in the QEDE that could reflect the
CP violation and l-EDMs at the non-relativistic limit. The
l-EDMs could be enhanced in the LV background, specif-
ically when considering cross section of electron-positron
annihilation. It is shown in this paper that the cross section
depends on the energy of particle in the LV background.
By utilizing the LEP data, we found that the bounds on
|deLV | < 3.6 × 10−17, |dμ

LV | < 9.5 × 10−10, and |dτ
LV | <

1.5 × 10−6 for electron, muon, tau particles, respectively.
Furthermore, we estimated that these bounds may be tight
in future colliders, see Tables 2 and 3. Finally, we discussed
about time and location dependence of l-EDMs (dl ) which
are limited the components of dμν in muon sector as order
of dTT + 0.36(dXX + dYY ) + 0.28dZ Z < 4.15 × 10−8,
dμ
T T < 2.08 × 10−7, and dμ

T T < 2.08 × 10−9 from BNL,
J-PARC, and PSI experiments, respectively. Similarly, the
combinations of LV in tau sector (dτ

LV ) are bounded as
dTT + 0.17(dXX + dYY ) + 0.65dZ Z < 2.08 × 10−4 and
dTT + 0.17(dXX + dYY )+ 0.65dZ Z < 2.08 × 10−6 through
Belle, and Belle II experiments. The bounds in both muon
and tau sectors of dμν are first time from terrestrial experi-
ments and may be strong ones with the accurate experiment
data in future.
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