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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 momgti¥V'’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 numbdps): 11.30.Er, 12.60.Cn, 13.40.Em

One of the outstanding questions that remains unanswerdthe tuning is necessary to suppress these contributions. For
in present day particle physics is the origin@® violation  instance, in the minimal supersymmetric standard model, one
[1]. Even 35 years after its discovery, our knowledge is stillhas to appeal to assumptions about the siz€ Bf phases
mainly limited to the neutral kaon system. However, to[16] and the spectrurfil7], or the cancellation among differ-
acheive a consistent picture 6fP violation, it is extremely ~ent contributiong18]. In this regard, EDM’s should most
desirable to observe its effects in other systems. In relativistaturally arise at two-loop order. .
tic quantum field theories, & P-violating interaction can In this note, we shall stick to the more conservative pos-

induce P and T violating electric dipole momentEDM's) sibility that CP violation is still restricted to the CKM matrix
as in the SM but a small mixing of right-handed charged

for elementary particles. So, one promising possibility be_(gurrents is allowed in the quark sector. This consideration is
ond the kaon system is provided by the observation of th _ : .
y y 'S provi y Vet artly motivated by the recent result ari/e [19] which

neutron and the electron EDM’s. The current experimentaP . .
bounds on them are, respectivelgl(e)|<4.3x 10"’ e cm Indicates that we should surely take the CKM mechanism

[2], |d(n)|<1.1X 10 2 e cm [3]. Recently, the bound on seriously. We would like to investigate how far we can go

o6 I with only CKM CP violation. We observe that with mixed
d(n) has been pushed to &30~ e cm[4] and significant left- and right-handed charged currents the chirality flip re-

improvement is expected to be available in the near fuwr%uired by the EDM operator is not necessarily to be imple-
[5]. ) ) . mented by a small external quark mass but could be done by
Because of its fundamental importance and experimentaln internal quark mass. It is then possible to obtain terms that
progress there has been continuing theoretic interest ifre not suppressed by external quark masses and thus gain an
searching for mechanisms to induce EDM’s. In the standar@nhancement in EDM’s as compared to the SM case. Theo-
model (SM) of electroweak interactions, the only retically, the model considered here may arise, for example,
CP-violating parameter is th€€ P phase in the Cabibbo- as a special case of left-right symmetric modg?§] in
Kobayashi-MaskawéCKM) matrix of the quark left-handed which the only theCP source is assumed to be in the usual
charged currentgs]. There is no contribution to quafland CKM matrix. These models have received heated attention
thus neutronEDM'’s at one-loop order because the relevant[21] due to recent experimental evidence for neutrino oscil-
amplitude is proportional to the moduli of the CKM matrix. |ations[22] and a possible anomaly in t@e—bb decay[23].
Naively, the first contribution should come from the two-  \ye consider the light quark EDM’s from which the neu-

loop amplitude that is rich enough in flavor structure. How-y.on EDM is constructed by using the 8B) relation
ever, as first pointed out by Shabalin] and confirmed af-

terwards by otherd8-10], the two-loop contribution to 4 1
quark EDM’s actually vanishes strictly. The same null result d(n)= §d(d)— §d(u). (H)
was also witnessed in th&* EDM [11,12). This is surpris-

ing in the sense that there is no symmetry which would de-P iol h s f | dist hvsi il not
mand the vanishing of EDM’s at the lowest nontrivial order. ossible enhancements from long distanceé physics will no

Actually, when QCD is turned on, quark EDM's already be considered herf24]. The effective Lagrangian for the

arise at three-loop ordgrl3—15. The numerical result is EDM interaction is defined as

indeed too small to be observable in the near future. It seems, .

therefore, that the CKM _mechanism 6fP violation would Log=— I—davsff JUFAT, )
be irrelevant to an experimental search for EDM’s, although 2 "

there has been no clear reason why this must be so. Beyond

the SM, many new possibilities are open@® violation.  whereF*” is the electromagnetic tensor adds the EDM of
Generally, the EDM’s are induced at one-loop order thathe fermiony. As mentioned previously, th€ P-violating
usually turns out to be too large. As a result, some degree dfiteraction is assumed to be
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LT T T to the quark EDM'’s arising from charged Higgs bosons in
e - *. the two Higgs doublet model with only CKML P violation,
.’ Pie o kY
e :j ? o [y k“l e g 1
e e _9 + e L et
@ @) (5 Lh="5 2 Vailal Cait Cliye)diH +HC., (5)

FIG. 1. The Feynman diagram that contributes to the EDM OfWhere C . and C'. are real couplinas depending on the
the up-type quarki,. A background electromagnetic field is under- al a piing P 9

stood to be attached to internal lines in all possible ways. Thenasses ofi, andd;. We found that the C(.)ntribution to the
dashed lines represelt™ and G* bosons. The diagram for the EDM of the quarku, has a separate form:
down-type quarkd, is obtained by substitutionsy—i andj, k

Jpe quande d : d(Ue) = IM(Ve V5V VEH(M) —H(m)],  (6)

—a, B.
if C,; andC,; are related by the following relations:
_9 m +
LW_EHE’I Va|ua'}/'u(P|_C9+ PRSQ)dIWﬂ-f—HC (3) Calzxml+yma! C’mzxml_yma (7)

HereH is also a function of the masses of bosong,and

U, but the crucial point is that it depends exclusivelyrop

) . : %r m; . x andy are mass-independent constants that depend
quarks.V,; is the entry i) of the CKM matrix. ¢, o the detail of the model. It is this separate structure that
=Cos0, sy=sin¢, where ¢ is the mixing angle of the left- o545 {0 the complete cancellation when summation over in-
right gauge boson®/ ¢, andW™ is to be identified as the (omga) flavors is taken and when the unitarity of the CKM
usual charged weak boson. The mixing angle is constraineghatrix is assumed. We can see from E4). that the above

by low-energy processes to he|<10 >~10° [25]. We  rejations are not respected any longer when the left-right
stress again that we have assumed that the@Rlysource is  mjxing is introduced. Therefore, we shall probably obtain a

case, EDM’s will generally be induced at one-loop order due  oyr result should depend og, and s, to the fourth

to the mismatch between two CKM matrices in the left- andpower. If the charged current is purely left-handeg=0),
right-handed currents and due to the new phase iNMfig e return to the vanishing result in the SM. The purely right-
mixing [26,27. We have also safely neglected contributionshanded casec(,=0) is related by a parity reflection, i.e., by
from extra heavier charged gauge bosons. Since we work ifeversing the sign of EDM. If the current is purely vectorial
renormalizable gauges, we need to specify the interactiopcez s,) or purely axial-vectorial ¢,= —s,), we still arrive
Lagrangian for the would-be Goldstone bosdBS. The  at a vanishing result. Therefore, the final, possibly nonvan-
easiest way to do so is by examining+the canfellatiqn of th@shing result should be proportional to?(— S§)C039- Let us
gauge parameter dependence betw&enandG™ contribu- oy examine qualitatively what quark mass dependence
tions to a physical process, e.g4d;— U,d,. We find should be expected. TheP source is in the CKM matrix
which arises from diagonalization of quark mass matrices. If
any two up-type or down-type quarks are degenerate, there

Here P =3%(1—vs), Pr=3(1+1vs) and the Greek and
Latin letters denote, respectively, the up- and down-typ

g 1

EG=—2 P 2 Vil cy(m,P —mPg) will be no CP violation and thus no EDM’s. This implies,
W for example, that the contribution t(u.) from Fig. 1 must
+5s,(m,Pgr—m;P.)]d;G* +H.c. (4)  be antisymmetric im; andm, . Hence the pair of diagrams

related by mirror reflection«<k contribute the same to

To simplify the computation of diagrams involving= ex-  d(Ue) Which is proportional to Im{, V7, V,,;Ve;) while the
change, we shall use the background fig28—3Q (or the = Re(Ve ViV, Ve)) partis cancelled as required by hermitic-
nonlinear[31]) R, gauge with=1. The relevaniWWtw~A ity [9]. To proceed further, we make use of the hierarchical
vertex (A is the background electromagnetic field given  structure in quark massesy;>my>my>m>mgs>m, .
in Ref.[10]. At the moment, all quarks except the top are treated as light

The Feynman diagram that contributes to the quarkon the same footing as compared to the reference sogle
EDM'’s is shown in Fig. 1. There are four groups of contri- We shall be concerned with the first nontrivial terms which
butions, namelyWwG, GW, WW, and GG, where the first are of lowest order in light quark masses. Higher order terms
and second letters refer to the bosons exchanged in the outate safely ignored even if they are possibly enhanced by
and inner loops, respectively. The fing} in the effective  factors ofm{ since (n3/mg)(m¢/mg)<1, whereq can be
EDM operator can only come from vertices since thereany quark except the top. The external quark nmag®r my
would be noP violation if no ys were involved in these is also ignored from the beginning. Then, the chirality flip is
vertices. Details concerning renormalization and calculato be made by internal quark masses so that the result de-
tional techniques will not be presented here. We refer thgpends on them to some odd power. We first consider the
interested reader to R€fL0] although completely new terms contribution to the EDM of thes quark,d(u). In this case,
will appear in the current case as a consequence of the leftr, can be heavy(t) or light (c) but d; and d, are always
right mixing. In that work, we studied possible contributions light. Because of the unitarity of the CKM matrix, the de-
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sired terms must involvd; andd, masses simultaneously in viving result must involvem; so that we expect(d)
order to survive the summation over the flavor pgik)( ocmBmiz.

Therefore, we expedt(u)«m;m,(m;—my) up to logarithms The above analysis gives no information about possible
associated with each term. For the EDM of thuark, we  enhancements by factors af? or logarithms. An explicit
should first discriminate two cases; namely, the quarks  ca|cylation is therefore necessary. The relevant amplitude
and u, are both light (1,c) or one of them is heawyt).  ongists of two sets of terms, one proportional i (

Sinced; is always light, the desired terms must involve its >, > > . 2
mass; otherwise they will be cancelled upon summing over 57)(Ci+s7), the other proportional tocg—sg)c,s, . The

the flavori. Therefore, ifu, andug, are both light as well, we |rs|t dsett) IS r?f a sgpgrateffor:m gil\jhown n Es). and can-
expect this part of the contribution to be proportional to€!€d by the unitarity of the matrix upon summing
m,Mg(m,—mp) miz so that it can be ignored. Now suppose over thg flavor pair jk). One or two terms in the second set

u, is the heavy top. Although the amplitude is originally &€ accidentally of the separate form and thus also canceled,
a;tisymmetric with respect tm,, andmy, this antisymmetry but others are not. These latter terms produce the following
is not preserved by the expansion according to the hierarch$ading contrl?utlons which are least suppressed by light
m>my,>m,. Similar arguments then indicate that the sur-duark masses:

1 1 m 5 1 m?
+0+0+| Q ﬂ‘l—zmm—z +Qq —7—2—6Inm—2
W W

eGi. , ., 43
d(u)=+ @&nbms(%_sa)cese 1_8Qd

5 a? 5 3 19 27?1 0
T Qul =57 3] 7Qa]+| m7Qut 5Qu| F{Qu — 5+ 37| 73|+
. E?s P 81,1, m7 Lo 15 L m?
=t 5o MpMg(Cy—S5)CySe| Qu g 7 4nm\2N Qq 75 6nm\2N ,
e 2 2_ 2 2m? > 1 omy
d(d)=— ———ommc(Ccy—55)CySy| (—4Qu+3Qq) +| Qu 5= 37+ Qq —ytg T
32w My
+0+ L,m 3, m|, 5, 3,m
R R R i R R
eG:_

s o 1 @ 3 m 5 x2 3 m 1 m
=— SMpMe(Cy—S5)CaSe| Qu E————In—2 +Qq Z+€+—In—+—ln—2 : (8

3274

Some explanations are in ordéf.is the usual rephasing o S0
invariant of CP violatio32], which iscc,C452s,53 sindin d(u)~—-4Xx10" 1oz eom
the original parametrization of the CKM matrj%]. In the

above formulas, only the largest terms are kept. The two S
terms in the braces fal(u) originate from the top and the d(d)~+6x10 % fz
charm quarks, respectivelgi{d) is contributed totally by the 10
top quark. The four terms in each square bracket of the first s
equalities ford(u) andd(d) arise fromwG, GW, WW, and d(n)~ +8x 100322 e cm. (9)
GG exchanges in loops. We found no leading terms which 1072

2 . .
are enhancgd bgn; C?f dllogar|thms. The absence "ftz €N" These numbers are generally too small to be observable in
hancement is consistent with general arguments based QRe near future if there is no significant enhancement from

gauge invariance and naive dimensional analy8%. For  |ong distance physics, but they are still much larger than the
numerical analysis, we take the following input parametersyajyes in the SM15],

Ge~1.2x10°°GeV 2, $~5x10"° m~175GeV, m,
~4.5GeV, m,~1.5 GeV, m;~200 MeV, my~80 GeV.
We obtain

e cm,

m
_— -35____ U
d(u) 2X10 5 MeVe cm,
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mixing was also observed in the deday-svy [34]. Finally,

our study provides a good explanation of the result in the

SM. There are two points which are responsible for the van-
To summarize, we have considered the light quark and thgshing result at two-loop order. One is the unitarity of the

neutron EDM's under the assumptions that @ source is  cKkM matrix, the other is the pure chirality structure of

still in the usual CKM matrix and that there is a small mixing charged currents. This pure chirality structure diminishes

of right-handed charged currents in the quark sector. Wgrher the nonvanishing result at three-loop order by intro-
found that the EDM’s arise already at two-loop order. Theducing a small or d quark mass to flip the chirality of the

effect is of normal size in the sense that compared to ne

physics effects studied in the literature, it is small only beilil:_D'vI operator.
cause theC P parameted and the mixing angle are most Y.L. would like to thank the High Energy Physics Group
stringently constrained in the current case, which bring dowr®f Michigan State University for its hospitality where part of
EDM'’s by a factor of 16. The enhancement over the SM is the work was done. He is grateful to C.-P. Yuan for his
also significant. This phenomenon caused by the left-rightnterest and helpful discussions.
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~— —35____ Y
d(d) 8X10 10 MV ecm.
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