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Enhanced contribution to quark and neutron electric dipole moments with small mixing
of right-handed currents and CKM CP violation
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We study the light quark and the neutron electric dipole moments~EDM’s! under the assumptions that the
CP source is still in the usual CKM matrix and that there is a small mixing of right-handed charged currents
in the quark sector. We find that the EDM’s arise already at two-loop order that are much larger than the
standard model result even for a small mixing.

PACS number~s!: 11.30.Er, 12.60.Cn, 13.40.Em
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One of the outstanding questions that remains unansw
in present day particle physics is the origin ofCP violation
@1#. Even 35 years after its discovery, our knowledge is s
mainly limited to the neutral kaon system. However,
acheive a consistent picture ofCP violation, it is extremely
desirable to observe its effects in other systems. In relati
tic quantum field theories, aCP-violating interaction can
induceP and T violating electric dipole moments~EDM’s!
for elementary particles. So, one promising possibility b
yond the kaon system is provided by the observation of
neutron and the electron EDM’s. The current experimen
bounds on them are, respectively,ud(e)u,4.3310227 e cm
@2#, ud(n)u,1.1310225 e cm @3#. Recently, the bound on
d(n) has been pushed to 6.3310226 e cm @4# and significant
improvement is expected to be available in the near fut
@5#.

Because of its fundamental importance and experime
progress there has been continuing theoretic interes
searching for mechanisms to induce EDM’s. In the stand
model ~SM! of electroweak interactions, the onl
CP-violating parameter is theCP phase in the Cabibbo
Kobayashi-Maskawa~CKM! matrix of the quark left-handed
charged currents@6#. There is no contribution to quark~and
thus neutron! EDM’s at one-loop order because the releva
amplitude is proportional to the moduli of the CKM matri
Naively, the first contribution should come from the tw
loop amplitude that is rich enough in flavor structure. Ho
ever, as first pointed out by Shabalin@7# and confirmed af-
terwards by others@8–10#, the two-loop contribution to
quark EDM’s actually vanishes strictly. The same null res
was also witnessed in theW6 EDM @11,12#. This is surpris-
ing in the sense that there is no symmetry which would
mand the vanishing of EDM’s at the lowest nontrivial orde
Actually, when QCD is turned on, quark EDM’s alread
arise at three-loop order@13–15#. The numerical result is
indeed too small to be observable in the near future. It see
therefore, that the CKM mechanism ofCP violation would
be irrelevant to an experimental search for EDM’s, althou
there has been no clear reason why this must be so. Be
the SM, many new possibilities are open toCP violation.
Generally, the EDM’s are induced at one-loop order t
usually turns out to be too large. As a result, some degre
0556-2821/2000/61~7!/076002~4!/$15.00 61 0760
ed

ll

s-

-
e
l

e

al
in
rd

t

-

lt

-
.

s,

h
nd

t
of

fine tuning is necessary to suppress these contributions.
instance, in the minimal supersymmetric standard model,
has to appeal to assumptions about the size ofCP phases
@16# and the spectrum@17#, or the cancellation among differ
ent contributions@18#. In this regard, EDM’s should mos
naturally arise at two-loop order.

In this note, we shall stick to the more conservative p
sibility that CP violation is still restricted to the CKM matrix
as in the SM but a small mixing of right-handed charg
currents is allowed in the quark sector. This consideratio
partly motivated by the recent result one8/e @19# which
indicates that we should surely take the CKM mechani
seriously. We would like to investigate how far we can
with only CKM CP violation. We observe that with mixed
left- and right-handed charged currents the chirality flip
quired by the EDM operator is not necessarily to be imp
mented by a small external quark mass but could be don
an internal quark mass. It is then possible to obtain terms
are not suppressed by external quark masses and thus ga
enhancement in EDM’s as compared to the SM case. Th
retically, the model considered here may arise, for exam
as a special case of left-right symmetric models@20# in
which the only theCP source is assumed to be in the usu
CKM matrix. These models have received heated atten
@21# due to recent experimental evidence for neutrino os
lations@22# and a possible anomaly in theZ→bb̄ decay@23#.

We consider the light quark EDM’s from which the ne
tron EDM is constructed by using the SU~6! relation

d~n!5
4

3
d~d!2

1

3
d~u!. ~1!

Possible enhancements from long distance physics will
be considered here@24#. The effective Lagrangian for the
EDM interaction is defined as

Leff52
i

2
dc̄g5smncFmn, ~2!

whereFmn is the electromagnetic tensor andd is the EDM of
the fermionc. As mentioned previously, theCP-violating
interaction is assumed to be
©2000 The American Physical Society02-1
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LW5
g

A2
(
a,i

Va i ūagm~PLcu1PRsu!diWm
11H.c. ~3!

Here PL5 1
2 (12g5), PR5 1

2 (11g5) and the Greek and
Latin letters denote, respectively, the up- and down-ty
quarks. Va i is the entry (a,i ) of the CKM matrix. cu
5cosu, su5sinu, whereu is the mixing angle of the left-
right gauge bosonsWL,R

6 , andW6 is to be identified as the
usual charged weak boson. The mixing angle is constra
by low-energy processes to beuuu,1022;1023 @25#. We
stress again that we have assumed that the onlyCP source is
the single phase in the usual CKM matrix. If this is not t
case, EDM’s will generally be induced at one-loop order d
to the mismatch between two CKM matrices in the left- a
right-handed currents and due to the new phase in theWL,R

6

mixing @26,27#. We have also safely neglected contributio
from extra heavier charged gauge bosons. Since we wor
renormalizable gauges, we need to specify the interac
Lagrangian for the would-be Goldstone bosonsG6. The
easiest way to do so is by examining the cancellation of
gauge parameter dependence betweenW6 andG6 contribu-
tions to a physical process, e.g.,ū1d1→ū2d2. We find

LG5
g

A2

1

mW
(
a,i

Va i ūa@cu~maPL2mi PR!

1su~maPR2mi PL!#diG
11H.c. ~4!

To simplify the computation of diagrams involvingW6 ex-
change, we shall use the background field@28–30# ~or the
nonlinear@31#! Rj gauge withj51. The relevantW1W2A
vertex (A is the background electromagnetic field! is given
in Ref. @10#.

The Feynman diagram that contributes to the qu
EDM’s is shown in Fig. 1. There are four groups of cont
butions, namelyWG, GW, WW, and GG, where the first
and second letters refer to the bosons exchanged in the
and inner loops, respectively. The finalg5 in the effective
EDM operator can only come from vertices since the
would be noP violation if no g5 were involved in these
vertices. Details concerning renormalization and calcu
tional techniques will not be presented here. We refer
interested reader to Ref.@10# although completely new term
will appear in the current case as a consequence of the
right mixing. In that work, we studied possible contributio

FIG. 1. The Feynman diagram that contributes to the EDM
the up-type quarkue . A background electromagnetic field is unde
stood to be attached to internal lines in all possible ways. T
dashed lines representW6 and G6 bosons. The diagram for th
down-type quarkde is obtained by substitutions:a→ i and j, k
→a, b.
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to the quark EDM’s arising from charged Higgs bosons
the two Higgs doublet model with only CKMCP violation,

LH5
g

A2

1

mW
(
a,i

Va i ūa~Ca i1Ca i8 g5!diH
11H.c., ~5!

where Ca i and Ca i8 are real couplings depending on th
masses ofua anddi . We found that the contribution to th
EDM of the quarkue has a separate form:

d~ue!5Im~VekVak* Va jVe j* !@H~mk!2H~mj !#, ~6!

if Ca i andCa i8 are related by the following relations:

Ca i5xmi1yma , Ca i8 5xmi2yma . ~7!

Here H is also a function of the masses of bosons,ua and
ue , but the crucial point is that it depends exclusively onmk
or mj . x and y are mass-independent constants that dep
on the detail of the model. It is this separate structure t
leads to the complete cancellation when summation over
ternal flavors is taken and when the unitarity of the CK
matrix is assumed. We can see from Eq.~4! that the above
relations are not respected any longer when the left-ri
mixing is introduced. Therefore, we shall probably obtain
nonvanishing result in the current case.

Our result should depend oncu and su to the fourth
power. If the charged current is purely left-handed (su50),
we return to the vanishing result in the SM. The purely rig
handed case (cu50) is related by a parity reflection, i.e., b
reversing the sign of EDM. If the current is purely vectori
(cu5su) or purely axial-vectorial (cu52su), we still arrive
at a vanishing result. Therefore, the final, possibly nonv
ishing result should be proportional to (cu

22su
2)cusu . Let us

now examine qualitatively what quark mass depende
should be expected. TheCP source is in the CKM matrix
which arises from diagonalization of quark mass matrices
any two up-type or down-type quarks are degenerate, th
will be no CP violation and thus no EDM’s. This implies
for example, that the contribution tod(ue) from Fig. 1 must
be antisymmetric inmj andmk . Hence the pair of diagram
related by mirror reflectionj↔k contribute the same to
d(ue) which is proportional to Im(VekVak* Va jVe j* ) while the
Re(VekVak* Va jVe j* ) part is cancelled as required by hermiti
ity @9#. To proceed further, we make use of the hierarchi
structure in quark masses,mt@mW@mb@mc@ms@mu,d .
At the moment, all quarks except the top are treated as l
on the same footing as compared to the reference scalemW .
We shall be concerned with the first nontrivial terms whi
are of lowest order in light quark masses. Higher order ter
are safely ignored even if they are possibly enhanced
factors ofmt

2 since (mq
2/mW

2 )(mt
2/mW

2 )!1, whereq can be
any quark except the top. The external quark massmu or md
is also ignored from the beginning. Then, the chirality flip
to be made by internal quark masses so that the result
pends on them to some odd power. We first consider
contribution to the EDM of theu quark,d(u). In this case,
ua can be heavy~t! or light ~c! but dj and dk are always
light. Because of the unitarity of the CKM matrix, the d
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ENHANCED CONTRIBUTION TO QUARK AND NEUTRON . . . PHYSICAL REVIEW D61 076002
sired terms must involvedj anddk masses simultaneously i
order to survive the summation over the flavor pair (jk).
Therefore, we expectd(u)}mjmk(mj2mk) up to logarithms
associated with each term. For the EDM of thed quark, we
should first discriminate two cases; namely, the quarksua
and ub are both light (u,c) or one of them is heavy (t).
Sincedi is always light, the desired terms must involve
mass; otherwise they will be cancelled upon summing o
the flavori. Therefore, ifua andub are both light as well, we
expect this part of the contribution to be proportional
mamb(ma2mb)mi

2 so that it can be ignored. Now suppo
ua is the heavy top. Although the amplitude is original
antisymmetric with respect toma andmb , this antisymmetry
is not preserved by the expansion according to the hiera
mt@mW@mq . Similar arguments then indicate that the su
tw
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d

rs
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viving result must involvemb so that we expectd(d)
}mbmi

2 .
The above analysis gives no information about poss

enhancements by factors ofmt
2 or logarithms. An explicit

calculation is therefore necessary. The relevant amplit
consists of two sets of terms, one proportional to (cu

2

2su
2)(cu

21su
2), the other proportional to (cu

22su
2)cusu . The

first set is of a separate form as shown in Eq.~6! and can-
celed by the unitarity of the CKM matrix upon summin
over the flavor pair (jk). One or two terms in the second s
are accidentally of the separate form and thus also cance
but others are not. These latter terms produce the follow
leading contributions which are least suppressed by li
quark masses:
d~u!51
eGF

2

32p4
d̃mb

2ms~cu
22su

2!cusuH F S 43

18
QdD10101S QuS 1

24
1

1

4
ln

mt
2

mW
2 D 1QdS 2

5

72
2

1

6
ln

mt
2

mW
2 D D G

2F S QuS 2
5

2
1

p2

3 D2QdD1S 2
5

4
Qu1

3

2
QdD1S QuS 2

19

3
1

2p2

3 D2
1

3
QdD10G J

51
eGF

2

32p4
d̃mb

2ms~cu
22su

2!cusuFQuS 81

8
2p21

1

4
ln

mt
2

mW
2 D 1QdS 155

72
2

1

6
ln

mt
2

mW
2 D G ,

d~d!52
eGF

2

32p4
d̃mb

2mc~cu
22su

2!cusuF ~24Qu13Qd!1S QuS 52
2p2

3 D1QdS 2
1

2
1

p2

6
1

1

2
ln

mb
2

mW
2 D D

101S QuS 2
1

2
1

p2

6
2

3

4
ln

mt
2

mW
2 D 1QdS 2

5

4
1

3

4
ln

mt
2

mW
2 D D G

52
eGF

2

32p4
d̃mb

2mc~cu
22su

2!cusuFQuS 1

2
2

p2

2
2

3

4
ln

mt
2

mW
2 D 1QdS 5

4
1

p2

6
1

3

4
ln

mt
2

mW
2

1
1

2
ln

mb
2

mW
2 D G . ~8!
e in
om
the
Some explanations are in order.d̃ is the usual rephasing
invariant of CP violation@32#, which isc1c2c3s1

2s2s3 sind in
the original parametrization of the CKM matrix@6#. In the
above formulas, only the largest terms are kept. The
terms in the braces ford(u) originate from the top and the
charm quarks, respectively;d(d) is contributed totally by the
top quark. The four terms in each square bracket of the
equalities ford(u) andd(d) arise fromWG, GW, WW, and
GG exchanges in loops. We found no leading terms wh
are enhanced bymt

2 or dilogarithms. The absence ofmt
2 en-

hancement is consistent with general arguments base
gauge invariance and naive dimensional analysis@33#. For
numerical analysis, we take the following input paramete

GF;1.231025 GeV22, d̃;531025, mt;175 GeV, mb

;4.5 GeV, mc;1.5 GeV, ms;200 MeV, mW;80 GeV.
We obtain
o

st

h

on

:

d~u!;24310234
su

1022
e cm,

d~d!;16310232
su

1022
e cm,

d~n!;18310232
su

1022
e cm. ~9!

These numbers are generally too small to be observabl
the near future if there is no significant enhancement fr
long distance physics, but they are still much larger than
values in the SM@15#,

d~u!;22310235
mu

5 MeV
e cm,
2-3
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d~d!;28310235
md

10 MeV
e cm. ~10!

To summarize, we have considered the light quark and
neutron EDM’s under the assumptions that theCP source is
still in the usual CKM matrix and that there is a small mixin
of right-handed charged currents in the quark sector.
found that the EDM’s arise already at two-loop order. T
effect is of normal size in the sense that compared to n
physics effects studied in the literature, it is small only b
cause theCP parameterd̃ and the mixing angleu are most
stringently constrained in the current case, which bring do
EDM’s by a factor of 107. The enhancement over the SM
also significant. This phenomenon caused by the left-ri
J

.

.
,
-
.

07600
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mixing was also observed in the decayb→sg @34#. Finally,
our study provides a good explanation of the result in
SM. There are two points which are responsible for the v
ishing result at two-loop order. One is the unitarity of th
CKM matrix, the other is the pure chirality structure o
charged currents. This pure chirality structure diminish
further the nonvanishing result at three-loop order by int
ducing a smallu or d quark mass to flip the chirality of the
EDM operator.
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