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Abstract The electric dipole moments of leptons (I-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 1-EDMs. We find that the Lorentz
violation parameter magnitudes constraint using LEP data to
the level of |d¢, | < 3.6 x 10717, |d},| < 9.5 x 10717,
and |d£V| < 1.5 x 107 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 (I-EDMs). Predictions of the Stan-
dard Model (SM) for I-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

|d,| < 8.7 x 1072 (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 10749 (e.cm) [2]. Moreover, the Muon g-2 experiment at
Brookhaven National Laboratory (BNL) bounds the muon-
EDMs [5] as:

d,| < 1.8 x 107" (e.cm), )

while the several experiments have plans to improve it in
the order of 1072! (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 x 10723 (e.cm) [8]. About tau-EDMs, the present limit is
obtained by the correlation of spin-momentum in the process
ete™ — y* — vt~ [9] in the Belle experiment by

ld:| < 10717 (e.cm), 3)

which Belle II experiment should improve it two order of
magnitude, namely 1019 (e.cm) [10]. Hence, any obser-
vation of 1-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 (AMDMSs) [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 I-EDMs at tree levels [21]. In this paper,
we introduce the LV parameter, which can induce the -EDMs
in the QEDE framework and show the connection between
this LV parameter and 1-EDMs at high energy limit. We
consider the electron-positron annihilation (ete™ — [T]7)
with new vertex of -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 1-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, d,,,,, in QEDE that can appear
the CP violation to find the 1-EDMs. We consider the
electron-positron annihilation vial-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 I-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 (A = c = 1):

LOEDE — 5T, D" — M)y, (4)

where

) 1
Cp=vyu+ C/w)/v - d;wVUVS +eu+ lfuys + Eg)»v,uakv,

1
M=m+a,y" — bﬂy“y5 + EHMUO’MU +imsy”. 5)

The terms with parameters {a,,, b, €., fu, &vu} Violate
CPT symmetry while those with {c;,, dyv, Hy,} preserve
CPT symmetry. The LV parameters that appear in the I', 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 f,, and d,,, can produce the I-EDMs
[21] in non-relativistic limit, where f, can absorb with a
redefinition of fermion field [35]. Therefore, we consider
only d,,, parameter as a source of CP violation in the QEDE
theory. The effective QEDE theory in the presence of the LV
parameter, d,,, would be given by

1- <« _
LoZpE = i5Vv" Dyl —miy
1 - Wy
+s duysy” DY, ©)
where the d,,, 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].

@ Springer

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

Fula®) = F (42)‘[)@ + J/s;/”d,w] + Fz(qz),[ iM]

2m1
2 2
q q
Fi(q? [ _ 4 g4 “]
+F3(g7)-| (qu 2m1y“)y5+2m, Y
2 q" 2
+F4(g7). Opv s Vs + (Fo)ulg), @)
mj

where g, = p;L — py is the transition momentum and 1, is
the lepton mass. F7 is the usual electric charge, > magnetic
dipole moment, F3 anapole (axial charge), and Fy electric
dipole moment form factors. It should be mention that the
F; form factor denotes all the new form factors that can be
defined with d, 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 I-EDMs (d;) at high energy limit, which is given by

Fi(g> =0
@ = =0) (8)
m
where
275a [ p.df.p
Fi(p.d) = T A PP ©
187 mj

Therefore, the connection between 1-EDMs (d;) and LV
parameter (d,,,,) would be as follows:

_ 275« { p.d*.p }

4|l ===
il 36 ml3

(10)

where « is the fine structure constant and d° denotes the sym-
metric part of d,, parameter. In fact, the effects -EDMs is
valid when (%)2 | d* |< 1in the LV theory. The Eq. (10)
shows that the I-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 1-EDMs measurements and colliders.

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

The process eTe™ — [TI~, where | = u, 7t is one of
the simple reaction in the QED and most important in high
energy physics. We attempt to explore the LV effects through
I-EDMs (d)) in the cross section of this process. We take
into account the Lagrangian density related to 1-EDMs in the
effective theory as

1
Lopp! = =iz difryso "y Fu, (11)
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Fig. 1 Photon-Lepton interaction with the I-EDMs vertex (d;)

where o*¥ = %[y“, y"], and Fy, is the electromagnetic
field. One can easily find the CP-odd EDM vertex that is
shown by a cross circle in Fig. 1 is —ied;o""y°q,, where
d; refers to the I-EDMs. It is worthwhile to note that there
is also a weak Dipole Moments (WDM) vertex (d;") as well
as the 1-EDM vertex (d;), whereas the wDM is coupled to
the weak boson field (ZO) [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 d; 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:

IM|* = |Msy + Mal> = [Msy | + |Mal* +2IM%), Myl

(12)
where
62
Msy = —?<ﬁ(p’)y“u(p)> X (ﬁ(k)mv(k/)>
g2
_ (1M _
(403602 (@ — M) <v(p)y (ay ys)u(p))
X ("_t(k)yu(av - Vs)v(k/)>, (13)
24,
My = —%(ﬁ(p/)y“u(p)> <ﬁ(k)0wq“y5v(k/)>-

(14)

Here,a, =1—4 sin? 0., and 6,, denotes the Weinberg angle.
One can compute the averaged squared amplitude for each
parts as follows:

2 2
- m m
|MSM|2 = €4<1 + E—IZ + (1 — E—lz) cos? 9)
4
g
+ 2
(4cosO,)*(1 — éﬂ

x((a%—i— D21 +cos20)+8agcose>, (15)

2
- m
|My|* = 4e*d? E*(1 — E—’2) sin% @, (16)

e- - e- J-

e+ i+ e+ I+

Fig. 2 ete™ — IT1~ process with the I-EDMs vertex (d;)

where E is the total energy of particles and 0 is the deviation
angle from collision direction in the center of mass frame.
Therefore, the corresponding total cross section can be driven
as follows:

2
oete” = 1T17) = dra (1
3s
271052d12
3
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 d; —> 0. In the high energy regime, /s >>
Mz, the distribution of cross section in the SM is maximum
osM = %, and the modification term corresponding the
1-EDMs effect (o) is given by

1 52 >
16sin? 20 (s — M2)?

)

271052d12(p, dyw)

3 (18)

o4(p,dw) =

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

Ao _ GEXP—OSM' | 04 , (19)
osM osM osm
where | g4 | = %sdlz, and d; obeys of Eq. (10). The electron-
g,

positron g(ﬁ)/[llider (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 1072 and 10~2 for muon and tau, respectively. By
using Egs. (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 d,,,, from the LEP experiment where /s =
207 GeV

l osm (pb) oexp (pb) dyy
m 2.628 2.618 £0.014 <7.5x10710
T 2.628 2.502 £ 0.029 <2.5%107°
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Table 2 Upper bounds on d,,,, from the next generation colliders

dyy ILC CLIC FCCee
m <6.0x 1071 <27 x 10713 <1.1x 10710
T <2.0x 1077 <9.1x10710 <3.5x%x 1077

Itis 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 7-channel) plus the extra ones, which
are from the electron-EDMs vertex at leading order.

The corresponding SM magnitude is represented by

IMsm| = IM(y,s)+M(y,1)
+M(Z,5)+ M(Z, 1), (20)

where it can be driven easily as follows:

2
Mgy = —%[E(P’)V“u(p) x ﬁ(k)yu”(k/>]

qs

2
—2—2 [ﬁ(p’)y“u(p) x ﬁ(k)mvac’)]
t

g2

(4c0s0,)2 (g7 — M2)

x [ﬁ(p’))/“(au — y5)u(p) x i(k)yy (ay — Vs)v(k’)]

g2

(4c0s0,)2 (g7 — M2)

x [ﬁ(p’)V“(au — y5)u(p) x v(k)yu(ay — Vs)v(k’)].

(21)
The electron-EDMs contributions can be written as
Myl = 12Mq(y, s) +2Mu(y, 1)
+Maa(y,s) + Maa(y, 1), (22)

where M4(y) and My4(y) refer to one and two electron-
EDMs vertexes, respectively. The corresponding magnitude

@ Springer

e e - -
e e e o
y.2
>/\M< v.z >/\Yw< y
o o o o+
o o+ o+ o+
e o
& e
>MYN< v

e+ e+
o+ o+

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

is given by
2e2doq? [ _ -
Mg == [(v(p’)y“u(za)) x (u(k)dwysv("/))]
N
2e2deqf‘

. [(ﬁ(p’)y*‘u(p)) x (ﬁ(k)owysv(k’))]

t

2 2d2 B
e [(ﬁ(p’)o“"ysu(p))

x(a(k)ouﬂy5v<k’)>]

2¢2d?q q'3 _
- [(u(p’)a““ﬁu(p))

q;

x(ﬂk)au,aysv(k/))} (23)

here, g; and ¢g; 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

do . do n do n do 24)
dQ \dQ)sy, \dQ/), \dQ)syuxa’

where (Z_gz)SMXd 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

do o?
oy _ % po, 25
<d9>5M 16E2 @ >
,\2
where F () = 31tccoossge

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

do _ _zotzde2
), s
s

12 2 u2 t2
x(——+2—+2u——+2s+2—>, (26)
u u N N
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d 2d2 2 12 t2
il = 2% 2% g8 4160 — 105
A2 ) syva 16s u u K

g*ad?(@? - 1)

6471s(4cos6,)?
—252 — 8u? + 812 + 16¢ 102
><< s SuT kS o, 2),(27)
u—MZ s—MZ

whiche = gsin6,, E = 2E,,,,and 8 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

do n do . azdSG(9)+a2d62H(9)
), \dQ)sywa 2 16

a?d?
+ ¢ _K(6,)J () (28)
64 x 16 ’
with
GO) = cos> 0 + cos2 6 + 23 cos b + 13’
1+ cos6
HO) = —5c0s3 0 + 13c0s2 0 + 21 cosd — 9’
14 cos6
16(—2cos? 6 +4cos6 — 1)
J(©O) = e
1 +cosd + 55
10(1 — cos 0)?2
. (29)
_ Mz
4E?

while the Weinberg angle function can be described by

4(1 —4sin?6,)% — 1

K6o) = sin? 26,

(30)

The expressions (25-29) indicate that the electron-EDMs
(d.) 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 d, —> 0. To deter-
mine the upper bound for the corresponding LV parameter
(dzv)’ 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 dj,, < 3.6 x 10717

can be obtained by the beam direction cos6é = 0. Here, we
2

set (Z—g)SM ~ 2% and (Z—g)d ~ 8a2d3, which cause the
corresponding deviation should be as 4sd3. 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 d;,, from future experiments, where cos¢=0

ILC CLIC FCCee

2.5x 107V 1.2 x 10720 5.0 x 10716

5 Time and location dependence on I-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 lf)cation dependence of LV parameter. It is given
by X = Ry X,

CoS y cos 2t cos x sin 2t  —sin x
Rij = — sin Qt cos Qt 0 . 31
sin x cos 2 sin x sin 2t cos x

Here, X; = (x, y, Z) is the rotating basis and X, =(X,Y,2)
is the non-rotating basis, where 7 refers to along the north
direction parallel to the Earth’s axis and Z is normal to surface
of the Earth [47]. It should note that & ~ 27/(23h 56m) is
the Earth’s sidereal rotation frequency, and x denotes to the
angle between Z and 2. 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, 1-
EDMs in Eq. (10) can be expressed by
1
m}

dy = 4.8 x 10710

x {pédoo + prdex + pidyy + pid: } (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 (I = w) in LV background as

2
BV =24 x 10710 20
my

X {2(100 +dyx +dyy } (e.cm), (33)

which muon is traveling in the x—y plane with energy pg >>
my, p; =0, and p)% = pf The expression 2dgo + dyx + dyy
with transforming such as d;; = R;; R d;; can be found as

2doo + dyx + dyy = 2dp7 + (1 —sin? x cos® Qn)dy x
+(1 — sin’ X sin? Qt)dyy + sin’ xdzz

1

-3 sin® x sin2Q (dyy + dyx)
1

—5 sin2y cos Qt(dxz +dzx)

|
—3 sin2y sinQt(dyz +dzy), (34)

@ Springer
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here the time dependence leads to day-night asymmetry for
muon-EDMs (d,,). For muon inside a ring with an energy
around 3 GeV in the location of x ~ 49.1°, one can estimate
a bound on the combination of LV parameter (d,,,) for muon
particle as the order of:

drr 4 0.36(dxx +dyy) +0.28dz7 < 4.15 x 1078, (35)

whereas the upper experimental bound on muon-EDMs is
1.8x 101 (e.cm). For experiments J-PARC and PSI, where
po(= 0.3 GeV ~ m,,), we obtain

2
dl=PARC — 4.8 x 10—162—25100 (e.cm), (36)
"
where muon-EDMs is independent of time (and location)
and also impose the upper bounds on the corresponding
LV parameter, namely dy, < 2.08 x 1077, and dj, <
2.08 x 107 for the sensitivity of J-PARC and PSI exper-
iments, respectively. These bounds on d,, parameters may
consider in the muon sector from the terrestrial experiments,
see Ref. [31]. These bounds show that by improving the sen-
sitivity of d;, 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
(I = 1), which probed from electron-positron collider in the
Belle experiment. One can rewrite the corresponding EDMs
as follows:

2
dBele — 4.8 x 10—16’%{4100 + dzz}(e-cm% (37)

T

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

doo +d.; =drr + sin? x cos” Qrdyx
+ sin? X sin’ Qtdyy + cos? xdzz

1

—‘,—5 Sin2 x sin2Qt (dxy +dyx)
1

+§ sin2x cos Qt(dxz + dzx)

1
+§ sin2y sin Qt(dyz +dzy), (38)

where the upper bound for tau sector is found at x ~ 36.2°
[9] as

drr 4+ 0.17(dxx + dyy) +0.65dz7 < 2.08 x 107%, (39)

whereas this combination can be restricted by 107° 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 I-EDMs at tree

@ Springer

level. The operator d,, in the QEDE that could reflect the
CP violation and 1-EDMs at the non-relativistic limit. The
1-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
d¢ 1 < 3.6 x 10717, |d} | < 9.5 x 10719 and |d] | <
1.5 x 107° 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 1-EDMs (d;) which
are limited the components of d;,,, in muon sector as order
of drr + 0.36(dxx + dyy) + 0.28dz7; < 4.15 x 1078,
d#T < 2.08 x 1077, and d#T < 2.08 x 1072 from BNL,
J-PARC, and PSI experiments, respectively. Similarly, the
combinations of LV in tau sector (dj,) are bounded as
drr + 0.17(dxx + dyy) + 0.65dz7 < 2.08 x 10™* and
drr +0.17(dxx +dyy) +0.65dz7 < 2.08 x 10~ through
Belle, and Belle II experiments. The bounds in both muon
and tau sectors of d,,, are first time from terrestrial experi-
ments and may be strong ones with the accurate experiment
data in future.
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