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We explore the possible enhancement of the directCP-violating parametere8/e in the general left-right
model based on the SU(2)L3SU(2)R3U(1) gauge group. The mixing matrix of right-handed quarks,VCKM

R ,
is observable in the left-right model, and provides a new source of theCP-violating phase. We calculate the
parametere8/e in the left-right model and show that the new phases fromVCKM

R can yield a sizable contribu-
tion to the directCP violation, enough to satisfy the recent measurements of Re(e8/e) from Fermilab KTeV
and CERN NA48 experiments.
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I. INTRODUCTION

The quantity Re(e8/e) is a measure of directCP viola-
tion in the neutral kaon system. The experimental situation
Re(e8/e) has settled down by the recent measurements
the KTeV @1# and NA48 @2# Collaborations. The presen
world average@2# including the earlier NA31@3# and E731
@4# results reads

Re~e8/e!5~19.362.4!31024, ~1!

which leads to the conclusion that the parameter Re(e8/e) is
nonzero and rules out the superweak model involving
direct CP violation. A more accurate value ofe8/e will be
obtained as NA48 and KTeV experiments further proce
and a new experiment, KLOE, at the FrascatiF factory has
started@5#.

The theoretical prediction of the standard model~SM!
originated in the Cabibbo-Kobayashi-Maskawa~CKM!
phase is still controversial. Recently, Pallante and Pich h
pointed out that the final-state interactions make it poss
for the SM prediction to be fitted with the currently me
sured values of Re(e8/e) @6#, while the earlier predictions
show more than a 2s deviation from the present measur
ments @7#. Since the hadronic matrix elements have la
theoretical uncertainties, however it is not yet settled whet
the measurede8/e originates only by the SM. Moreover, it i
well known that the baryogenesis of our universe needsCP
violation beyond that given by the SM. Therefore, it is inte
esting to consider the new source ofCP violation from new
physics beyond the SM and its implication one8/e. The
supersymmetric contribution to Re(e8/e) has been exten
sively studied in the literature@8# and other models are als
attempted@9,10#.

The left-right ~LR! model based on the SU(2)L3
SU(2)R3U(1) gauge group is one of the natural extensio
of the SM @11#. In the LR model, the right-handed CKM
matrix VCKM

R which describes mixing of right-handed quar
is an observable quantity while it is not observable in
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SM. If we make a demand of manifest symmetry betwe
left- and right-handed sectors,VCKM

R should be identical to
the usual CKM matrix. Then effects of the right-handed c
rent interaction are suppressed by a large mass of the he
charged gauge bosonWR and we cannot expect a sizab
contribution to theCP-violating phenomena from the right
handed sector. Assigning no left-right symmetry manifest
meanwhile, VCKM

R contains three mixing angles and s
phases in general, and it may result in exoticCP violations
in various processes. The kaon decay amplitudes generic
accompany the product of CKM matrix elementsl i
5Vis* Vid with i 5u,c,t. In the SM, theCP phase dominantly
appears in~13! elements of the CKM matrix for the kao
system and theCP-violating effects are suppressed by th
smallness ofuVtdu;1023 in spite of the order 1 phase
dCKM . Thus it is possible to enhance theCP-violating effect
in the general LR model iful t

Ru@ul t
Lu, although suppresse

by mWR
.

In this work, we consider the general version of the L
model assuming no symmetry between left- and right-han
sectors. We find that the enhancement of Re(e8/e) in the LR
model is consistent with the present experiments and s
the corresponding parameter space. This paper is organ
as follows: In Sec. II, the basic formalism of theDS51
effective Hamiltonian in the LR model is presented. We c
culate the contribution of the right-handed sector to the
rametere8/e in Sec. III and perform the numerical stud
under the constraints from measuredeK andDmK in Sec. IV.
Finally, we conclude in Sec. V.

II. DSÄ1 EFFECTIVE HAMILTONIAN
IN THE LR MODEL

TheK→pp processes are described by theDS51 effec-
tive Hamiltonian written by

Heff
DS515

GF

A2
F(

i 51

2

@lu
LCi~m!Qi~m!1lu

RCi8~m!Qi8~m!#

2(
j 53

10

@l t
LCj~m!Qj~m!1l t

RCj8~m!Qj8~m!#G ,

~2!
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where Qi are the SM operators,Qi8 their chiral conjugate
operators, andCi and Ci8 are corresponding Wilson coeffi
cients. We follow the convention of Refs.@12,13# for the
explicit form of operatorsQi . For simplicity, we set the left-
right mixing to be zero in this work. The new Wilson coe
ficientsCi8 at the scalem5mWR

are determined by matchin

the Feynman diagrams withWR boson exchanges to the e
fective Hamiltonian ~2!. The relevant Feynman rules in
volved in the diagrams ofg-penguin and gluon-penguin ar
obtained by the (L↔R) exchange of their chiral conjugate
of the SM. Consequently, we have the effectiveg- and
gluon-penguin vertices as

~ s̄gd!R52 il i
RGF

A2

e

8p2

gR
2

gL
2

D0~xi8!

3 s̄~q2gm2qmq” !~11g5!d, ~3!

~ s̄Gad!R52 il i
R GF

A2

gs

8p2

gR
2

gL
2

E0~xi8!

3 s̄a~q2gm2qmq” !~11g5!Tab
a db , ~4!

wherexi85mi
2/mWR

2 andi 5u,c,t. The loop functionsD0(x)

andE0(x) are the same as those of the SM and given in R
@13#. In addition, the effectiveZ-penguin vertex with the in-
ternalWR boson exchanges is given by

~ s̄Zd!R5 il i
R GF

A2

e

2p2
m

Z

2
cosuW

sinuW

gR
2

gL
2
CR~xi8!s̄gm~11g5!d,

~5!

with the new loop function

CR~x!5
x

16S 3

12x
1

422x1x2

~12x!2
ln xD ~6!

in the leading order of the suppression bymWR
. Since the

Z f f̄ and ZW1W2 vertex is left-right asymmetric, the loo
function of the (s̄Zd)R vertex is different from that of the
Z-penguin vertex in the SM. We do not include the contrib
tions from the charged Higgs boson here, which is accept
because we have the freedom to let the charged Higgs b
be sufficiently heavy.

The relative strength of new effective vertices to the S
ones is generically given by

U ~ s̄Vd!R

~ s̄Vd!SM
U5Ul i

R

l i
LUgR

2

gL
2

FV
R~xi8!

FV
L~xi !

, ~7!

whereF(x) is a generic loop function. Actually, the gener
suppression factor involved in the right-handed sector
given by bg[(gR

2/gL
2)(mWL

2 /mWR

2 ) in the LR model. Note

that the ratio of Eq.~7! goes to the generic suppression fac
;ul i

R/l i
Lubg if F(x);x. We point out that the new vertice

can be enhanced by the factorul i
R/l i

Lu while suppressed by
the large mass ofWR . The loop functionsD0(x8), E0(x8),
05500
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andCR(x8) behave like logarithmic functions whenx8!1 so
that the suppression by themWR

is weaker thanbg .
We also have an extra neutral gauge boson in the

model and the correspondings̄Z8d vertex. Due to theZ8
propagator, its contribution to the Wilson coefficients is a
ditionally suppressed by the factor ofmZ

2/mZ8
2

,0.02 from

the present bound onmZ8 @14#. Hence we ignore thes̄Z8d
vertex in this work.

There are two kinds of box diagram contributing to t
termsCi8Qi8 ; one has twoWR exchanges and the other on
WR and one ordinaryWL exchange. The box diagram con
taining twoWR bosons is computed as

@~ s̄d!~ q̄q!#RR52 il i
R GF

A2

gL
2

4p2
uVjq

R u2bg

gR
2

gL
2
B̃~xi8 ,xj8!

3~ d̄PLgms!~ q̄PLgmq!, ~8!

where the functionB̃(xi8 ,xj8) ( i , j 5u,c,t) is found in Ref.
@13#. We find that this contribution is additionally suppress
by bg as well as the loop function factor (gR

2/gL
2)

3@B̃(xi8 ,xj8)/B̃(xi ,xj )#. For the box diagram with oneWR

boson and oneWL boson exchange, the chiral structu
makes the contributions proportional to the masses of in
nal quarks as well as the CKM factors such that@( s̄d)
3(d̄d)#LR}l i

RuVid
L u2mi

2 . Thus this is additionally suppresse
by the mass ratiomi

2/mW
2 ;(102421028) ( i 5u,c) or the

CKM factor uVid
L u2;1025 ( i 5t). Consequently, the contri

butions from box diagrams are much smaller than those fr
penguin diagrams and are not considered in this work.

Matching the full theory to the effective theory given b
Eq. ~2! at the scalem5mW , we have the Wilson coefficient
at next-to-leading order~NLO!:

C18~mW!5
11

2

as~mW!

4p
bg ,

C28~mW!5S 12
11

6

as~mW!

4p
2

35

18

a

4p Dbg ,

C38~mW!52
as~mW!

24p

gR
2

gL
2
Ẽ0~xt8!,

C48~mW!5C68~mW!5
as~mW!

8p

gR
2

gL
2
Ẽ0~xt8!,

C58~mW!5S 2
as~mW!

24p
Ẽ0~xt8!1

1

sin2uW

a

6p
CR~xt8!D gR

2

gL
2

,

C78~mW!5
a

6p

gR
2

gL
2 F4CR~xt8!1D̃0~xt8!2

4

sin2uW

CR~xt8!G ,

C98~mW!5
a

6p

gR
2

gL
2 @4CR~xt8!1D̃0~xt8!#,

C88~mW!5C108 ~mW!50. ~9!
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We ignore the running from the scalem5mWR
to mW for

simplicity and perform the matching only atm5mW . The
complete renormalization-group~RG! evolution of the Wil-
son coefficients (Ci ,Ci8) from the scalem5mW to m5mc is
governed by a 20320 anomalous dimension matrix. Sinc
the strong interaction preserves chirality, new operatorsQi8
are not mixed with the SM operators and evolve separa
Thus the anomalous dimension matrix is decomposed
two 10310 matrices which are identical to each other. T
10310 anomalous dimension matrix has been calculated
several authors at NLO@15#. Here we use the numerica
values listed in Ref.@12#, obtained under the naive dimen
sional reduction~NDR! scheme. Finally, the values of th
Wilson coefficients at the scalem5mc are determined afte
solving the RG equation.

III. e8Õe IN THE LR MODEL

The complex parametere8 is defined as

e85
1

A2
ImS A2

A0
Dei (p/21d22d0), ~10!

whereAI 50,2 are the isospin amplitudes inK→pp decays
and d0,2 are the corresponding strong phases. The r
Re(e8/e) is obtained from the measured ratioh00[A(KL
→p0p0)/A(KS→p0p0) and h6[A(KL→p1p2)/A(KS
→p1p2) as

Uh00

h6
U2

'126 ReS e8

e D , ~11!

where the deviation ofuh00/h6u from 1 indicates the direc
CP violation in K→pp decays. Using the Hamiltonian i
Eq. ~2!, we can express the parameter Re(e8/e) with the
CKM factors,

ReS e8

e D5Nt
LIml t

L1Nt
RIml t

R2Nu
RImlu

R , ~12!

where the coefficientsNi
L(R)’s are given by

Ni
L(R)5

GFv

2ueuReA0
S (

i
Ci

(8)^Qi
(8)&02

1

v (
i

Ci
(8)^Qi

(8)&2D ,

~13!

in terms of the evolved Wilson coefficientsCi
(8)(m5mc) and

hadronic matrix elementŝQi
(8)&0,2. The explicit form of

hadronic matrix elementŝQi& I is listed in Refs.@13,16#. The
parameterv is defined by the ratio of isospin amplitudes,
v[ReA2 /ReA0. The (2) sign of the last term in Eq.~12! is
owing to the convention of the effective Hamiltonian of E
~2!. The value ofNt

L predicted in the SM is reduced b
cancellation betweenDI 51/2 andDI 53/2 contributions, as
the electroweak penguin contributions are enhanced by l
top quark mass. In the LR model,WR is much heavier than
the top quark and the electroweak penguin contributions
relatively small asxt8!1. Thus there is less cancellation b
05500
ly.
to
e
y
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tween DI 51/2 and DI 53/2 contributions in this model
which yields enhancement of the coefficientsNi

R . We note
thatlu

R may be the complex number, and contributions of t
right-handed sector to Re(e8/e) depend on two CKM param
eters Iml t

R and Imlu
R as a result, while the SM contributio

consists of the Iml t
L alone. This means that direct bounds

right-handed CKM elements are hardly obtained.

IV. NUMERICAL STUDY

It is well known that theK-K̄ mixing puts stringent con-
straints on the LR model@17#. The parametereK and the
mass differenceDmK are obtained from the off-diagonal e
ement M12 in the neutral kaon mass matrix. The leadin
contribution of the LR model toM12 comes from the box
diagram with oneWL and oneWR gauge boson as interna
lines. One can find the relevantDS52 effective Hamiltonian
and related formulas in Ref.@18#. If the left-right symmetry
manifests, the mass of theWR boson should be greater tha
1.6 TeV @19# to satisfy the experimentalDmK and eK data
@13,20#,

DmK53.51310215 GeV,

eK5~2.28060.013!31023. ~14!

The bound onmWR
can be lowered by assumingVCKM

R

ÞVCKM
L @21,22# and it is the case considered here.

In the general LR model, the gauge couplings of SU(2L
and SU(2)R groups are not necessarily the same but are
pected to be of the same order to avoid the fine-tuning
maintain the perturbativity. For the numerical analysis, we
gL

2/gR
251 here. We limit the contribution of the LR model t

FIG. 1. The ratio of thee8/e from the right-handed sector to tha
of the standard model with respect to the mass ofWR boson in the
vacuum saturation limit under the assumption that Imlu

R50.
6-3



a
-

n
ne

e

s
s

t

KM

at
d

-

p

t

JANG, LEE, PARK, AND SONG PHYSICAL REVIEW D66, 055006 ~2002!
the eK to be within the measured error, which implies th
the indirectCP violation is originated principally by the left
handed sector. The box diagrams of the SM are known
describe about 70% of the measuredKL-KS mass difference
and the remaining part is attributed to unknown contributio
including nonperturbative effects. So we assume that the

FIG. 2. Dependences ofe8/e on the CKM parameter Iml t
R for

each value ofmW
R

in the vacuum saturation limit under the assum

tion that Imlu
R50.

FIG. 3. Parameter set of (Imlu
R ,Iml t

R) which satisfy the presen
DmK ,eK data and the recente8/e data formWR

5800 GeV.
05500
t
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s
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contributionsDmK
R are required not to exceed 30% of th

measuredDmK here.
The vacuum insertion method withBi

(DI )51 provides a
good approximation ofe8/e in the SM. But the parameter
B1

(1/2) , B2
(1/2) , B1

(3/2) show large deviations from the value
expected in the vacuum saturation limit. In the SM,Bi 51,2 do
not play roles inCP violation since Imlu

L is extremely small.
However, the term Imlu

R from the right-handed sector is no
necessarily small and it can contribute toe8/e considerably.
Here, we consider the special case of Imlu

R50 for the time
being in order to investigate the enhancement ofe8/e. We
calculate the ratioR[Re(e8/e)R /Re(e8/e)SM in the vacuum
saturation limit and plot it with varyingmWR

from 800 GeV

to 2 TeV in Fig. 1. Constraints by theDmK andeK data are
considered. This plot indicates the enhancement by the C
factor Im l t

R/Im l t
L since contributions to Re(e8/e) come

from the CKM elements Iml t
L,R alone in this case. We show

the dependence ofe8/e on Im l t
R with respect tomW

R
in

Fig. 2.
For the realistic prediction without the assumption th

Im lu
R50, we calculatee8/e by scanning all the angles an

phases ofVCKM
R which are constrained by theDmK and eK

data. In this paper, we adopt the values ofB1
(1/2) , B2

(1/2) , and
B1

(3/2) extracted in Refs.@12,13# by a phenomenological ap
proach

B1
(1/2)516.5, B2

(1/2)56.6, B1
(3/2)50.453, ~15!

-

FIG. 4. Distributions of thee8/e prediction with respect tolu
R

andl t
R which satisfy theDmK andeK data formWR

5800 GeV.
6-4
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and those ofB6
(1/2) andB8

(3/2) summarized by@12,13,16#

B6
(1/2)51, B8

(3/2)51. ~16!

Figure 3 plots the all possible parameter sets
(Imlu

R ,Iml t
R) which satisfy the recente8/e data of Eq.~1! at

the 2-s level under theDmK and eK constraints formWR

5800 GeV, which is close to the present lower bound of
extra W gauge boson from experiment. Correlations of t
parameters Imlu

R and Iml t
R with e8/e are shown in Fig. 4.

We find that the values of Iml t
R center on a nonzero value

while the values of Imlu
R are distributed centering on zero

Thus we conclude that Iml t
R is principally responsible for

the new contributions to thee8/e. We note that there exist
few points far from the accumulated region, which indica
the fine-tuned combinations of parameters, and they sh
be less meaningful.

V. CONCLUSION

We explore the possibility that the LR model provid
sizable directCP violation of the kaon system without af
fecting theK-K̄ mixing system. It implies the scenario th
the eK is explained by the SM sector and thee8/e is ex-
05500
f

e
e

ld

plained by the right-handed sector. In conclusion, we sh
that the recent measurement ofe8/e is explained in the
framework of the general left-right model without fine
tuning. We pointed out the possibility that the contributio
of the LR model can be larger than expected;~i! enhance-
ment by CKM factors,~ii ! the weaker suppressions for th
effective vertices than the tree level suppression factorbg ,
and~iii ! less cancellation betweenDI 51/2 andDI 53/2 con-
tributions. On the other hand, it is likely for the LR model
give interesting predictions on other observables, i.e.,
peronCP violation @23#, K→pnn̄ decays, etc. in the param
eter space studied here. Measurements of these observ
enable us to obtain more information onVCKM

R and test the
LR model.
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