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Abstract

We consider the Lorentz violated extension of the standard model. In this
framework, there are terms that explicitly violate CP-symmetry. We examine
the CPT-even d,,-term to find the electric dipole moment of charged leptons.
We show that the form factors besides the momentum transfer, depend on a
new Lorentz-scalar, constructing by d,, and the four momenta of the lepton, as
well. Such an energy dependence of the electric dipole form factor leads to an
enhancement of the lepton electric dipole gnoment at high energy, even at the zero

|d|p

momentum transfer. We show that at o~ 1 the electric dipole moment of the
l

charged lepton can be as large as 10~ '4e cm.

Keywords: electric dipole moment, Lorentz violated extension of the standard model

Imansour@cc.iut.ac.ir
2iman@mshdiau.ac.ir
3zahra.rezaei@yazd.ac.ir


http://arxiv.org/abs/1308.1249v1

1 Introduction

As the electron is a fundamental particle, discovering the nonzero electron electric dipole
moment (eEDM), can unambiguously provide an experimental test on new physics. In
fact, electric dipole moment (EDM) for fundamental particles violates CP symmetry.
Although in the standard model there is no term which explicitly violates the CP,
through the CKM-phase, a tiny EDM can be produced for all charged leptons. There-
fore, to have the eEDM, comparable with the experimental bounds, one needs a new
theory beyond the standard model. The new sources of CP-violations in such theories
might have the same origin as the SM. For instance, in the SUSY the electron EDM
originates in new CP-violating phases. In contrast, there might be theories with ex-
plicit CP-violating terms. In the framework of the standard model extension (SME),
introduced by D. Colladay and V. Alan Kostelecky [I]-[2], there is such terms. The
phenomenological aspects of the SME have been extensively considered by many au-
thors in terrestrial [3]-[16] and astrophysical systems [17]-[27], for more than a decade.
The bounds on the LV-parameters are collected in [28]. Here we examine the CPT-even
d,,~term that violates the CP symmetry to find the charged lepton EDM. The electric
dipole form factor, as well as the others, depends not only on the momentum transfer,
but also on this new constant tensor that violates the Lorentz symmetry. Therefore, one
can expect new effects at the zero momentum transfer. In fact, the form factors should
depend on the scalars constructed by d,, and four momenta of particles. Therefore,
even at the zero momentum transfer, the form factors may depend on the energy of the
particle and some enhancement for the particle’s EDM with the energy can occur.

In Sec. II, the QED part of the SME and subsequently, the electromagnetic form
factors and their impacts on the charged lepton EDM are introduced. In Sec. III, we
explore the one-loop correction on the lepton-photon vertex, in the extended QED, and
consequently, the lepton EDM, in high and low energy limits, are obtained. In Sec. 1V,
some concluding remarks are given. In appendix A some useful identities is introduced.

The detail calculations of the vertex correction is given in appendix B.

2 Electromagnetic form factors

In the QED part of the SME the Lagrangian for a free particle is parameterized as

[1I-2]

£ = (i, 0" — M, (1)



where

| 1,
T, = vtey —duy +e,+ify” + 59AWUA :

1
M = m+a" —b"y + §HH,,O'“V + ims7y°. (2)

As in [29]-[30] was noted, the violating Lorentz parameters in I, are appeared in the
Lagrangian along with a momentum factor and therefore, at high energy limit, are more
important than the LV-parameters which is given in the mass term M. Furthermore,
in I',, at the lowest order in the Lorentz violating parameters, only f, and d,, can
produce EDM for point particles. In this article, we are looking for some enhancement,
at high energy limit, on the EDM of the charged leptons. For this purpose, since f,
is unphysical [31], we restrict ourselves to the parameter d,,. It should be noted that
although the particle Lorentz transformation symmetry is broken, the Lagrangian () is
fully covariant under the observer Lorentz transformations [1]-[2]. Therefore, under the
observer Lorentz transformation, d,,, behaves as a new Lorentz quantity. Consequently,
the most general form for the electromagnetic current between Dirac leptons, consistent

with the Lorentz covariance and the Ward identity, can be written as follows

<MW > = a@)Gu(d*)ulp), (3)

where g, = pj, — p, and

2 2

q q
F _ 1 = d,~
m 3 (q” 2m%)75 2m a

Ouwq”
G.(¢*) = Fl[w+75v”dw] + Fyi ;‘ a

v

+ F4 Uuu2q—m75 +Fda (4)

in which m is the charged lepton mass and F;’s ¢ = 1 — 4 are the usual electric charge,
magnetic dipole, anapole (axial charge) and electric dipole form factors, respectively.
Meanwhile, F; stands for all the new terms in the current that vanishes at d = 0. This

part contains the new form factors which can be defined, for a symmetric and traceless

d,, as follows
Fa = (iF5+ FG'VS)[duaUaV - duagau]%
+ (Fr+ Fyys)lg - d - vqu — ¢ dpa®)- (5)

All the form factors are Lorentz scalars and depend on the scalars ¢, p-d-p/, p' - d - p,
p-d-pandp -d-p. One can easily see that the electric dipole form factor Fj leads to

a nonzero EDM for a charged lepton as

14| 2=0
de =__9ar= .
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It should be noted that in the ordinary standard model Fj (g, — %fyu)%] shows the
anapole term in the matrix element of a conserved four-current for a free spin—% fermion
[32]. Meanwhile, in the SME the Dirac equation is modified ( see (I3))) and therefore
the current conservation leads to a new term for the anapole as given in ().

In the Lorentz conserving QED only virtual quarks, in the loops, can violate the
CP-symmetry that in turn, leads to a tiny nonzero value for F,. However, in the LV
counterpart of the QED not only F} is nonzero, even at the leading order, but also it
depends on the new scalars such as p - d - p’ that can enhance the lepton’s EDM at
the high energy limit. It should be noted that the other new form factors given in ()
have also some contribution to the lepton’s EDM as well. For instance, the Fig-term can
couple to an external field A, = (¢,0,0,0) as

g, A" iF

gﬁ6)(q2)A“ = 1 F575(dpac® — d"oq,) o %%(dooam + d"o0; + dojo?")qi Ag. (7)

Meanwhile, in the limit p and p’ < m one has

N (1-%57) ¢
U(p)—\/E((lJr%)g), (8)

therefore, the spin dependent part of the current, at the zero momentum transfer and

up to the first order of the LV-parameter, can be easily casted into
a(p)Go” (¢*)u(p) = —F5(0)[dono’ + d;i€o’€la. (9)

It should be noted that since Q,(f) depends on the LV-parameter, then the spinors in the
current, at the first order of the LV-parameter d, are the free ones. In the high energy

limit, the spinors can be given as
(10)

though the spin dependent part of the current does not change. Therefore, the form

factor Fg leads to the electric dipole interaction as

6F6|q2:0

- de &= (dOOS €+ S’Ldz]g]) (]_1)

Before calculating the form factors, some comments are in order. As (B]) shows, the
Lorentz vector Fy is constructed by the Lorentz tensor d,,. Therefore, up to the first

order of d,,, only the form factors Fi-F; depend on the LV-parameter. In fact, at the



leading order, all the new form factors are d-independent and, at the zero recoil, they
are of the order of ;£. Thus, the form factors such as the Fg, see Eq.(II)), lead to
de ~ %% or |d| ~ 107 for the eEDM of the order of 107*"¢ ¢m. Meanwhile, at
the leading order, Fy|,2—¢ ~ %% that in turn results in d. ~ %62'%2. In the other
words, in the relativistic limit, the;e is an enhancement on the eEDM t};rough the form
factor Fj. It should be noted that, in any case it is assumed that % < 1 and the LV

parameter d,, is symmetric and can be taken traceless [1]-[2].

3 Charged Lepton EDM in the standard model ex-

tension

To obtain the F;’s in the electromagnetic current, we examine the lepton-photon vertex
in the QED part of the SME. In this section, as a crosscheck, we assume both symmetric
and antisymmetric parts of d,, are nonzero, however, at the end we show that the lepton
EDM as a physical quantity depends only on the symmetric part of d,,. The effective

lagrangian for the only non vanishing LV-parameter d,,, is

electron

—even A= s i /s <_>V
Lerect = UV Dyt —miy + o duysyt DY (12)
The Lagrangian (I2]) leads to the equation of motion for a free lepton as

(#—m+duwp” 57" )ulp) = 0. (13)

Meanwhile, the modified Gordon identities can be obtained as follows

/ N v v ) adal/ + / y d y v
ﬂ%u=ﬂ(p+p)”u+ﬂw” Tt ai (p+7) s+ T—a q Ysu, (14)
2m 2m 2m 2m
and
; » \v ) adcw y d o ‘l‘ AYe
aw%uzawwaw“ b+ p) LIV AL T b+ p) u. (15)
2m 2m m 2m

Therefore, to the leading order of the LV-parameter d", the lepton-photon vertex

ie(y* + d""~s7,) can be written as

P+ | iowq”
2m + 2m )u
(d,uu - duu)qu -(U,u,adow + O'Vada,u)(p + p,>u
+1
2m 2m

(v, + 757 dy)u = U

+ af

Jvsu.  (16)



In (I6) the antisymmetric tensor df, = (d., — d,,) can couple to an electric field
as d{& which is a constant and, as is expected, it has not any contribution to the
EDM. Meanwhile, to avoid a nonstandard time derivatives in the canonical quantization
procedure of the fermion fields, I'y in (2]) must be equal to vy or d,0 = 0 [29]-[30]. In
fact, to support I'g = 7 in (1)), one needs a field redefinition ¢ = Ay [33]-[34] where its
existence was shown in [35] and is given in [36] for I'y = ¢,07”. In our case, to leading
order of d,,, we introduce A = 1+ %duwovﬂ%. Therefore, the lagrangian (I2]) in terms

of the new field x transforms into

—even (. =g ~
Lottron™ = 5X7wy" DX = MXX; (17)

where

ﬁuu = N + D;u/)/t')u
Duu = dul/ - nw/dOO + 770ud1/0 - 770udu0>
m = m(l + ida00a0’75). (18)

One can easily see that D,y = 0. Here, for simplicity, we assume d,o = 0 then D,,, = d,,,,

m = m and the fermion propagator for the new field is

1
S = 19
F(p) /PP’ —m (19)

Since the electromagnetic current, at the tree level, has not any contribution on
the lepton EDM, then to find a nonzero value for the EDM we consider the one loop
correction on the lepton-photon vertex in the framework of the QED part of SME. As
is shown in Fig. 1, there are five places which are affected by the LV parameter d. To

evaluate the one loop correction in the QED extension (QEDE), one has

v Y e 7 —2q(p') (—iel® " —iel)u
Mo = [ s ooty (el ) Se (KT S (k) (el Julp), (20)

in which I'yppp = a(p)G*(¢*)u(p), Sp is given in (I and I'* = (v 4 d"y57,).
Replacing Sr with its expansion up to the first order of d cast the vertex function into

" A% e K m) (R m)
Uospe = /W(p—k‘)zu(p){r 2 — QF k:z—m2ro‘
+ Fag{;/;%m)w;/;jtm) .d.k5§f2+m>1“
+ ragz/ ™)k ;/;/+m)rﬂ§€2 gr Yu(p). (21)
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Flgure 1: The one loop diagrams for lepton-photon vertex in the extended QED up to the first order of the lorentz violation parameter.
The solid circle on each diagram shows the first order LV-contribution from the extended QED. a-c represent the LV-correction on the
vertex while d and e show the corrected propagators.

As is already mentioned, the most important term for the EDM, in the high energy
limit, is Fy. In fact, this form factor at the zero recoil depends on the scalar p-d - p
which enhances the value of the EDM in the higher energies. Therefore, to evaluating
the vertex function, we only retain those terms which are proportional to p-d - p. To

simplify (21I]), we introduce two identities as follows
duy"sla = 7 duwy" V5 Ya
= 2d,7"s, (22)
and
rer,r, = rvyJl's—T% 7"l
= 27Va(dua + dop) — 2d,7Y" s — 27, (1 + d3). (23)

Then, the expression for F}, after manipulating some algebra that is given in appendix

B, can be obtained at the zero recoil and up to the first order of d, as in

S
no_ 275a{p.d .p}7 (24)
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in which d is the symmetric part of the LV parameter d,,. Consequently, one finds

A5 .
g = Tx10P TPy (25)
me
for the electron’s EDM and
dS .
d, = 3x 10—15% e cm, (26)
m

for the muon’s EDM. One should note that, at the low energy limit where the EDM of
the electron as a stable particle is measured, the correction given in (25) in comparison
with (1)) is irrelevant. In contrast, the heavy charged leptons due to their short lifetimes
should be measured in apparatus like the storage ring, as is suggested in [38] for the
charged leptons and in [39] for the other heavy charged particles. Therefore, for instance,
([26) can be used to put an upper bound on the LV-parameter d for the muon. In the
storage ring, muons are in the xy plane therefore, besides p, = 0 both p, and p,, in

average, are equal to zero. Therefore, at the high energy limit (26]) leads to

2(d d
d, = 3x 10_151M ecm. (27)
2m2
To compare (7)) with different experiments, it is convenient to use the standard Sun-
centered inertial reference frame [40]-[41]. Denote a non rotating basis by (X;Y’; Z),
with Z parallel to the earths axis along the north direction and the X and Y axes lying

in the plane of the earths equator. Thus, the quantity d,, + d,, in this frame is

1
dpw +dy, = (1— sin? x cos® Qt)dx x — 5 sin? x sin 2Qt(dxy + dyx)

1 1
5 sin 2y cos Qt(dxz + dzx) — 5 sin 2 sin Qt(dy 7 + dzy)
+ (1 —sin? ysin? Qt)dyy + sin® xdz, (28)

where x is the geographic colatitude of the experiment location. As (28]) shows the
pwEDM is a time dependent quantity. Meanwhile, the time average of ([28) leads to

1.
d:m + dyy = (dXX + dyy) — 5 Sln2 X(dXX + dyy — dez), (29)
where for measurements made at different y one has

1 . )
dyz + dyy) = §(sm2 Y1 — sin? X2)(dxx + dyy —2dzz). (30)



The experimental bound on the ygEDM is about 1.8 x 107! ¢ em [42] where y = 49.1
for the E821 experiment and the muon energy is of the order of 3 GeV'. Therefore, (27])
and (29) results in

d, = 12x107"[0.71(dxx + dyy) + 0.57dzz] e cm, (31)
or
[O?l(dXX + dyy) + 057dzz] <15 x 10_7, (32)

which is the first bound on the combination of d;; components of the Lorentz violation
parameter d for muon. One should note that to see the enhancement on the eEDM at
the high energy limit one needs to examine an indirect experiment such as e e™ — 71
at the LEP. As was shown in [43], the EDM of leptons about 107" ecm ~ 1073 GeV !
may have some measurable contribution on the e“et — [~ which is comparable to
the interference term coming from the one Z-boson exchange channel. In fact, besides
the ordinary one photon exchange diagram, there are diagrams at the lowest order in
which one of the vertices is replaced by the electric-dipole one. Therefore, for the non
vanishing interference term, there is an extra power of the momentum in the amplitude
and the fractional correction with respect to the ordinary QED is of the order of d;F
where d; is the [EDM. This correction is about 20 percent for d; ~ 1072 GeV ™! and
E ~ 200 GeV . Unfortunately, the interference term is zero and the fractional correction
is of the order of (d;F)* ~ .02. Consequently, the LV-parameter d = 8.9 x 1077 for the
electron leads to a few percent fractional correction to the e”e™ — [~[T. Meanwhile,
since m,, ~ 200m,. then to have the same order of magnitude correction, through the
pEDM, the LV-parameter d for the muon should be 9 x 10719,

4 Conclusion

We examined the electric dipole moment of the charged fermions in the QED part of
the SME. Besides the ordinary form factors there are a lot of new form factors in the
SME framework, see (). In addition to the ¢?, the ordinary form factors, up to the
first order of the LV parameter, depend on new Lorentz scalars such as p.d.p, see (24]).
Meanwhile, the new form factors, to the leading order of the LV-parameter d, depend
only on the ¢?, see (). Therefore, the ordinary form factors in contrast with the QED
counterpart, at the zero momentum transfer, depend on the energy of the particles, see

[24). The energy dependence of the form factors lead to an enhancement of the electric



dipole moment of leptons at high energy limit, see (25)). In fact, at the high energy limit,
but low enough to satisfy ‘i—p; < 1, the eEDM can be as large as ~ 107'* e cm, see (25)).
Consequently, the LEP dataecan be used to put bounds on d, via the enhanced EDM, of
the order of 9 x 107" and 9 x 107! for the electron and muon, respectively. Using the
storage ring data for the muon, a bound on [0.71(dxx + dyy) + 0.57dzz] ~ 1.5 x 1077
has been obtained for the mu-lepton. In fact, this is the first bound on the components
|d;j| of the muon [2§].

5 Appendix A

Here we introduce some useful identities. The Dirac equation in the SME is

(¥ —m+ dup’ 7" )ulp) = 0, (33)
and
a(p)(p—m+dup"vy) = 0. (34)
These equations can be easily casted into
a(p)(fulp) = —ua@)(vs7.d.q)u(p), (35)
and
u(p')(grs)ulp) = a(p')(2mrys + v.d.q)u(p). (36)
Also one has
pulp) = (m* —2md,p"vsy" + 2p.d.pys)u(p), (37)
and
u(p)p® = ulp)(m® — 2md,,p"v57" — 2p.d.pys). (38)
The Gordon identity for a Dirac particle in a LV-background d,, can be obtained as
/ : " v ] adal/ / » 7d " v
ﬂ%u:ﬂ(ijp)”ujLﬂw” Tt ai (p+7) st + T q Vs, (39)
2m 2m 2m 2m
and
N » /\ v adal/ 5 d v I\v
Aysu = Gy 4 g 7k (p+2)"s,, yogilped v, 5l p+p)”, (40)
2m 2m 2m 2m
Some other useful identities are
ulo™ qyslu = iu(p + p') ysu + iad" g u — uc*“dy, (p + p') u, (41)
and
ala™ (p+p')Ju = iughu + iud" (p + p')ysu — Uys0**do,q” u. (42)
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6 Appendix B

In this appendix we give the details of the vertex function calculations. As a crosscheck,

we assume both symmetric and antisymmetric parts of d,,, are nonzero, however, at the

end we show that the lepton EDM as a physical quantity depends only on the symmetric

part of d,,. To this end, the equation (2I]) can be written as follows

where
d'k —ie* o K Mis
b= /W (0 —Zek)zu(p 1T Efz - :;)F Eﬁ — :2 Ta}u(p),
Ty = /%(p_—iek‘fuw/){ra gz jZQ)ru EC/;J_FZQV - ks E{ff;@ o bu(p),
and
_ d'k —ie? — a (/k, + m) ’ (/k/ + m) u (/k + m)
I's = / W(p — k)2u(p HT m’}/ -d-k 512 _ mzr 12 mzfa}u(p),

Now, we use the identities ([22)) and (23] to simplify I';’s as follows
r, o— / d*k 2ie?
(2m)* (p — k)* (K2 — m?)(k* — m?)

(p kv K = dS Ky ks — dua v Kvs — dgk® K vo®ys
o+ A, KR — gk P s — 2m(K + k), — 2mdpq®s
= 2micasd™ 45 — m fduey s + ma’di, s — mPdgs
+ (3 + duay™ys) + mds, s bu(p),

r, — / d*k —2ie?
L) @t — k)2(R2 = m?) (k2 — m?)?
a(p){y-d-ky" (K +m?) =2 py* Kk - d° - k — 2mk*d,,, k"

= 2m(y-d-kFy" ket Ayt Ky dk) +Am(E + k) k- d -k
+ 2m(y-d -k Eyt — k- d° - k) — 2mPd,ak* ysu(p),

and

L, = / d*k —2ie?
(2m)* (p — k) (K — m?)*(k* — m?)
a(p kA - d- K (K2 +m?) =2 gy KK - d -
+ 2m(K? + m*) oK'+ 2m(ky - d - K A+ A Ky d- K E)
— dmk' - d* - K q, — SmK - d* - Kk, — 2mPK - d° - K"
+2mPy* Fy - d - E Y ysulp),

11
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Now, we evaluate the integrals using the standard procedures. We use the method of
Feynman parameters to rewrite the denominators as follows

1

bz

— —1 50
()~ R — ) (k2 — 2 /dxdydz5(:ﬂ+y+z )D4’ (50)
and
L —/d:)sd dzo(x + +z—1)6—y (51)
(p _ k)2(/f’2 _ m2)2(k2 _ m2) - Yy Yy D4’
where D = [2 — A + ie and
A=1—-2*m*—ayi® , Il=k—zp+yq (52)

Here we are interested in the momentum dependent part of the F, form factor. Mean-
while, Eq.(41]) shows that the F; comes as the coefficient of (p + p’)#~s. Therefore, we
only retain those momentum dependent terms, in I'; to I's, which are proportional to
(p + p')#v5. One can see that only I's and I's have such terms which after performing

the integrals on the momenta they can be obtained as follows

2¢? r
Dopap = (12 /d$dyd25($ ty+z—1)maE){-2-my(l —y)

+ m(z+y)(z =2y +2)][y°q-d°- q—2zyq-d° - p+ 2Pp-d° - p]

— 2m[2yPzp - AP+ 2z 4 y)ep - A7 p — Ayz(z +y)p - - p)

+ Amlyq-d® - q—2yzq-d° - p+2p-d - plzt(p+ P sulp),  (53)
where at ¢*> = 0 is

2¢? r

u(p ) {—2m[—y(1 —y) + (z + y)(z — 2y + 2)]2°
— 2m[2y%z + 2(z +y)?z — dyz(z + y)]
+ 4m2*}p-d® - p(p +p')*ysu(p), (54)

and

2e?
Lspap = W /dxdydz5(x +y+z-— 1)%71(17/){

— 2mly(z —y+ 1)+ 2(z2 =2y +2)][Z°p-d&°-p+ (1 —y)’q-d° - q
2:(1—y)g-d*- gl +2m2(z + y)(1 — y)*p' - d* - P/
2z+y—12A—y)p-d® -p+4z(1—y)(z+y—Dp - d° - pl

— 4Amz((1 = y)g+zp) - d° - (1 = y)g + 2p) }(p + p')"y5u(p), (55)

+ 4
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where at ¢ = 0 one has

2e? Y —
Lspdp = ) /da:dydzé(x +y+z2— 1)mu(p H—2mly(z —y+1)
+ 2z =2y + 222 +2m2(z + y)(1 — )’ +2(z +y — 1)*(1 — )

+ 4z(1—y)(z4+y— D] —4m2"}p- & - p(p + p')'ysulp), (56)

where the subscript p - d - p stands for the momentum dependent parts of the form
factors. It should be noted that in our manipulations we retained both the symmetric
and the antisymmetric parts of d,,. However, as is expected the results only depend

on the symmetric part of d,,. Now the total contribution on the EDM form factor can

be found by adding (54) and (56]) as

2¢2
F2p-d-p + F3p~d~p = @ / d[lﬁ'dydz&(l’ +y+z— ].)
+ (z—y)Py(l—y) - 2" =P +y)(z -2y + 2)
— z2xy(z —2y+2)+2yBz(1—y)(z+y—1)+ (1 — y)z]

— 2z2°}p - d® - p(p + p' ) ysu(p), (57)

2m .,

which after performing the integrals on the Feynman parameters, leads to

2e* 275 <
Pepdp + Lapar = _@u(p/)(lgms)ﬂd p(p+p)ysulp) + IR, (58)

in which IR stands for the infrared terms. By comparing (58) and (41]), one can easily
see that

_275a p.d®.p

F o= -2 .
4 187 m?

(59)
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