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We explore the possible enhancement of the di@Btviolating parameteg’/e in the general left-right
model based on the SU(2X SU(2)zxX U(1) gauge group. The mixing matrix of right-handed quak!@s,wI ,
is observable in the left-right model, and provides a new source o€ ®wwiolating phase. We calculate the
parametete’/ € in the left-right model and show that the new phases ik, can yield a sizable contribu-
tion to the directCP violation, enough to satisfy the recent measurements o&¢'Rel from Fermilab KTeV
and CERN NA48 experiments.
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[. INTRODUCTION SM. If we make a demand of manifest symmetry between
left- and right-handed sector¥gy,, should be identical to
The quantity Re¢'/¢€) is a measure of dired® P viola-  the usual CKM matrix. Then effects of the right-handed cur-
tion in the neutral kaon system. The experimental situation ofent interaction are suppressed by a large mass of the heavier
Re(e'/€) has settled down by the recent measurements bgharged gauge bosoWg and we cannot expect a sizable
the KTeV [1] and NA48[2] Collaborations. The present contribution to theC P-violating phenomena from the right-
world averagd2] including the earlier NA313] and E731 handed sector. Assigning no left-right symmetry manifested,

[4] results reads meanwhile, VEKM contains three mixing angles and six
phases in general, and it may result in exa@iP violations
Re(e'/€)=(19.3-2.4)x 10 4, (1) in various processes. The kaon decay amplitudes generically
accompany the product of CKM matrix elemenis
which leads to the conclusion that the parametereRef) is = VisVig with i=u,c,t. In the SM, theCP phase dominantly

nonzero and rules out the superweak model involving na@ppears in(13) elements of the CKM matrix for the kaon
direct CP violation. A more accurate value af /e will be  System and the&€ P-violating effects are suppressed by the
obtained as NA48 and KTeV experiments further proceegmaliness of|Vi4|~10"% in spite of the order 1 phase,
and a new experiment, KLOE, at the Fraschtfactory has  dckm- Thus it is possible to enhance t@é-violating effect

started[5]. in the general LR model if\{|>|\{], although suppressed
The theoretical prediction of the standard mod&M) by Myy-
originated in the Cabibbo-Kobayashi-Maskaw&KM) In this work, we consider the general version of the LR

phase is still controversial. Recently, Pallante and Pich haveiodel assuming no symmetry between left- and right-handed
pointed out that the final-state interactions make it possibléectors. We find that the enhancement of &) in the LR

for the SM prediction to be fitted with the currently mea- model is consistent with the present experiments and show
sured values of Re(/€) [6], while the earlier predictions the corresponding parameter space. This paper is organized
show more than a @ deviation from the present measure- as follows: In Sec. Il, the basic formalism of theS=1
ments[7]. Since the hadronic matrix elements have largegffective Hamiltonian in the LR model is presented. We cal-
theoretical uncertainties, however it is not yet settled whethegulate the contribution of the right-handed sector to the pa-
the measured’/ e originates only by the SM. Moreover, itis rametere’/e in Sec. Ill and perform the numerical study
well known that the baryogenesis of our universe ne@fs  under the constraints from measukgdandAmy in Sec. IV.
violation beyond that given by the SM. Therefore, it is inter- Finally, we conclude in Sec. V.

esting to consider the new source®P violation from new

physics beyond the SM and its implication @"/e. The Il. AS=1 EFFECTIVE HAMILTONIAN
supersymmetric contribution to R€(e) has been exten- IN THE LR MODEL

sively studied in the literaturg8] and other models are also  TheK — 77 processes are described by thé=1 effec-

attempted9,10]. tive Hamiltonian written by
The left-right (LR) model based on the SU(Z2X

SU(2)rxU(1) gauge group is one of the natural extensions
of t(he)RSM Eli].gln g'][heg LRpmodeI, the right-handed CKM HeAf?il:T; .21 [ACi() Qi) +AEC! (1) Q] (w)]
matrix V& Which describes mixing of right-handed quarks -
is an observable quantity while it is not observable in the 10

—st [NECH()Qy(1) FAFC] (W)Q] ()] ]
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where Q; are the SM operatorg); their chiral conjugate andCg(x’) behave like logarithmic functions wheri<1 so
operators, and; and C/ are corresponding Wilson coeffi- that the suppression by tim,y_ is weaker tharg.

cients. We follow the convention of Ref§12,13 for the We also have an extra neutral gauge boson in the LR
explicit form of operator®; . For simplicity, we set the left-  model and the correspondiraz’d vertex. Due to thez’
right mixing to be zero in this work. The new Wilson coef- propagator, its contribution to the Wilson coefficients is ad-
ficientsC/ at the scalmszR are determined by matching ditionally suppressed by the factor m§/m§,<0.02 from

the Feynman diagrams witWg boson exchanges to the ef- the present bound om,, [14]. Hence we ignore thez'd
fective Hamiltonian(2). The relevant Feynman rules in- vertex in this work

volved in the diagrams of-penguin and gluon-penguin are e are two kinds of box diagram contributing to the
obtained by the l(<+R) exchange of their chiral conjugates termsC/ Q! : one has twdNg exchanges and the other one

of the SM. Consequently, we have the effectiye and Wpg and one ordinaryV, exchange. The box diagram con-

gluon-penguin vertices as taining twoWg bosons is computed as
2

- ROF Ge g R — Ge of &
(syde=—IN"7 57 2 Do) [(se(@a)]re=~IN" 5 5 Vgl Bg 220 )
-, - -
Xs(9%y,—q,8)(1+ ys)d, 3 X(dPLy,s)(aPLy“a), 8
(sGd)g=—i )\IRGF s gR Eo(X)) where thg functior~B.(xi’ ,xj’) (i,.j:g,c,t) |s found in Ref.
V2 87 [13]. We find that this contribution is additionally suppressed

— R by By as well as the loop function factor g§/g?)
XSa(077, = Au8) (14 75) Tapdg, ) X[B(x/ .x)/B(x; ,x;)]. For the box diagram with on@&/g
boson and onéVN, boson exchange, the chiral structure
makes the contributions proportional to the masses of inter-

hal quarks as well as the CKM factors such tliésd)
X (dd) ] g AR VE,|2mZ . Thus this is additionally suppressed
by the mass ratlcmzlm\,\p(lO*4 10°8) (i=u,c) or the

wherex;’ = mi2/m\2,\,R andi=u,c,t. The loop functiond y(x)

andEy(x) are the same as those of the SM and given in Ref
[13]. In addition, the effectiveZ-penguin vertex with the in-
ternal W boson exchanges is given by

rGF € ,Cosby gR CKM factor |Vi4|2~10"° (i=t). Consequently, the contri-
(SZd)R I \/— 2 272 mz sin Gy g CrlXi )37#(1+ 5)d, butions from box diagrams are much smaller than those from
(5) penguin diagrams and are not considered in this work.
Matching the full theory to the effective theory given by
with the new loop function Eq. (2) at the scaleu=m,y, we have the Wilson coefficients
5 at next-to-leading ordeiNLO):
==[ 3 AT 6) 11 ag(my)

CRO= 36l Tx 12 Ci(mw)= > —,— By,
in the leading order of the suppression bMvR- Since the c 3 11 ag(my) 35 «
Zff andZWrW~ vertex is left-right asymmetric, the loop 2(Mw) 6 4w 184x
function of the 6Zd)y vertex is different from that of the
Z-penguin vertex in the SM. We do not include the contribu- Cl(my)=— as(Mw) gREO( X',
tions from the charged Higgs boson here, which is acceptable 24
because we have the freedom to let the charged Higgs boson
be sufficiently heavy. ag(my) gR~

The relative strength of new effective vertices to the SM Ca(Mw)=Cg(Mw) = L o
ones is generically given by g

T\ R| ~2 =R/’ adMmu)— 1 o 2
(Vg | _|Ai]9R (X)) @ Cima=| - S G—CR(x{))g—S,
(sVd)su| [AHg? Fyx) 7 S O o
2
gR ’ = ’ 4 ’
whereF(x) is a generic loop function. Actually, the generic (M) = = | 4Ca(x{)+Do(x{)— Cr(X))|,
suppression factor involved in the right-handed sector is C Sint Oy
given by B,= (gR/gL)(mWL/mWR) in the LR model. Note )
that the ratio of Eq(7) goes to the generic suppression factor _ a0 4Co(x) + D (X!
~INFINF By if F(x)~x. We point out that the new vertices o(Mw) = g2 gf[ RO+ Do(x0)],
can be enhanced by the fac{a/\}| while suppressed by , ,
the large mass oiVg. The loop functionDy(x’), Eq(x’), Cg(my)=Cy(my) =0. 9
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We ignore the running from the scale= My, t0 My for  tween Al=1/2 and Al=3/2 contributions in this model,
simplicity and perform the matching only at=my,. The which yields enhancement of the coefficielhtg. We note
complete renormalization-groufRG) evolution of the Wil- that)\ﬁ may be the complex number, and contributions of the
son coefficients€; ,C/) from the scaleu=my, to u=mis  right-handed sector to Rel/ ) depend on two CKM param-
governed by a 2820 anomalous dimension matrix. Since eters Irr}\t and Irr?\R as a result, while the SM contribution
the strong interaction preserves chirality, new opera@fs consists of the Iy alone. This means that direct bounds on
are not mixed with the SM operators and evolve separatelyight-handed CKM elements are hardly obtained.

Thus the anomalous dimension matrix is decomposed into

two 10X 10 matrices which are identical to each other. The IV. NUMERICAL STUDY
10x10 anomalous dimension matrix has been calculated by _ _
several authors at NLQ15]. Here we use the numerical It is well known that thex-K mixing puts stringent con-

values listed in Ref[12], obtained under the naive dimen- straints on the LR modeﬂl?]: The parameteky and the
sional reduction(NDR) scheme. Finally, the values of the mass differencémy are obtained from the off-diagonal el-
Wilson coefficients at the scaje=m, are determined after ementM,, in the neutral kaon mass matrix. The leading

solving the RG equation. contribution of the LR model toM;, comes from the box
diagram with onéW, and oneWg gauge boson as internal
Il. €'/e IN THE LR MODEL lines. One can find the relevaAtS=2 effective Hamiltonian
' . and related formulas in Ref18]. If the left-right symmetry
The complex parameter’ is defined as manifests, the mass of th&/r boson should be greater than
1.6 TeV[19] to satisfy the experimental my and ex data
1 (A ) [13,20
€ =—Im i(mwl2+ 65— 60), (10) ! !
V27 Ao

Amc=3.51x10"1° GeV,

where A, _q, are the isospin amplitudes i— 7 decays
and &, are the corresponding strong phases. The ratio

Re(e’/e) is obtained from the measured rat‘yp)o—A(KL LR
o Tro)/A(K 7079 and 7.=A(K,—m" 7 )A(Ks The bound onmy, can be lowered by assumingcyy

—xtm) as # Ve [21,22 and it is the case considered here.
In the general LR model, the gauge couplings of SY(2)
' and SU(2% groups are not necessarily the same but are ex-
~1-6 Re(?), (11) pected to be of the same order to avoid the fine-tuning and
maintain the perturbativity. For the numerical analysis, we let
where the deviation dfyyy/ 7| from 1 indicates the direct g2/g&=1 here. We limit the contribution of the LR model to
CP violation in K— 7r7r decays. Using the Hamiltonian in

€x=(2.280+0.013 X 10" 3, (14

2
700

7+

Eqg. (2), we can express the parameter Ré€) with the s r a
CKM factors, ; 5 o
45 |
Re(e—) =NFImAE+ NRImAR— NRImAR, (12) 0 F
e o . .
w 35 F o
where the coefficientNiL(R)'s are given by N0 F ° B
< 30 [ g - E
N = e |R3L\ (2 cUQ 0=+ 3 cHQl ). Swl ] s 20 .
1wy o b o : B 0o
o B 5 © a °©
in terms of the evolved Wilson coefficien® (x=m,) and b D g ° o o o B
hadronic matrix element$Q{)),,. The explicit form of : o 8 5 oo & ° E e 3
hadronic matrix element<Q;), is listed in Refs[13,16]. The 10 | L. ©c B ° g E " og
parametew is defined by the ratio of isospin amplitudes, as . i g B E B i E E
w=ReA,/ReA,. The (—) sign of the last term in Eq12) is SE L o o4 2 °
owing to the convention of the effective Hamiltonian of Eq. E ﬁ g E i % % i i i i
(2). The value ofN} predicted in the SM is reduced by © TS0 1000 1200 1400 1600 1800 2000
cancellation between | =1/2 andA| = 3/2 contributions, as My, (GeV)

the electroweak penguin contributions are enhanced by large
top quark mass. In the LR modeél is much heavier than FIG. 1. The ratio of the’/ e from the right-handed sector to that
the top quark and the electroweak penguin contributions aref the standard model with respect to the mass\afboson in the
relatively small a; <1. Thus there is less cancellation be- vacuum saturation limit under the assumption thak fm 0.
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FIG. 2. Dependences @f /e on the CKM parameter Ix[ for - od HIED 0E0 O
each value ofn,, in the vacuum saturation limit under the assump- E | | |
. R 1 E
tion that Im\{=0. ~0.002 0 0.002

m A%,
tEe .6Kd.to btg Ig\”t.hlln t.he .mea.Sl.Jred grrqr, \.Nhllcl:h tl)mpr:lels :hat FIG. 4. Distributions of thes'/ e prediction with respect tmff
the indirectC P violation Is originated principally by the left- and\R which satisfy theAmy and e, data form,, =800 GeV.
handed sector. The box diagrams of the SM are known to R

; 0 .
describe about 70% of the measukeKs mass difference contributionsAmy are required not to exceed 30% of the

and the remaining part is attributed to unknown contributions
measured\my here.

including nonperturbative effects. So we assume that the new The vacuum insertion method WiV =1 provides a
1o good approximation ot’/e in the SM. But the parameters
o B(¥? B{¥ B2 show large deviations from the values

expected in the vacuum saturation limit. In the S, ,do

not play roles inCP violation since Imt is extremely small.

However, the term I from the right-handed sector is not

necessarily small and it can contributedd e considerably.

@ Here, we consider the special case of \ip=0 for the time

being in order to investigate the enhancemenktdk. We

calculate the ratilR=Re(e'/ €)g/Re(e’/ €) g In the vacuum
saturation limit and plot it with varyingny,, from 800 GeV

to 2 TeV in Fig. 1. Constraints by themy and et data are

considered. This plot indicates the enhancement by the CKM
factor Im\/Im A} since contributions to Re(/e) come

o of from the CKM elements Imv{"® alone in this case. We show

the dependence of’'/e on Im )\F with respect tom,y in

R

Fig. 2.

For the realistic prediction without the assumption that

Im )\5=O, we calculates’/ € by scanning all the angles and

phases of\/EKM which are constrained by theémy and ex

PR data. In this paper, we adopt the values§f®, B, and

(x107) B{¥? extracted in Refs[12,13 by a phenomenological ap-
Im A7, proach

po

t

R

Im A

LA L L L L B L
D

L
a

FIG. 3. Parameter set of (K ,Im\F) which satisfy the present 1 1o o
Amy e data and the recent /e data form,, =800 GeV. B{"?=16.5, B{"?=6.6, B{*?=0453, (15
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and those oB{'? andB{*? summarized by12,13,1§ plained by the right-handed sector. In conclusion, we show
(1/2) (3/2) that the recent measurement ef/e is explained in the
Bs “=1, By =1 (16)  framework of the general left-right model without fine-

ftuning. We pointed out the possibility that the contributions

Figure 3 plots the all possible parameter sets Olof the LR model can be larger than expectéd;enhance-

R R P H ’
(Imh,;,ImA) which satisfy the recent’/e data of Eq/(1) at ment by CKM factors(ii) the weaker suppressions for the

the 2 level under theamy and ex constraints formy,, effective vertices than the tree level suppression fagipr
=800 GeV, which is close to the present lower bound of theanqijii ) less cancellation betweexi = 1/2 andA | = 3/2 con-
extraW gauge boson from experiment. Correlations of theyripytions. On the other hand, it is likely for the LR model to
parameters In; and Im\{ with €'/e are shown in Fig. 4. give interesting predictions on other observables, i.e., hy-

Wg find that the vaIuesR of wal center on a nonzero value, peronCP violation [23], K— mvv decays, etc. in the param-
while the values of I are distributed centering on zero. eter space studied here. Measurements of these observables
Thus we conclude that IN is principally responsible for enable us to obtain more information ®%,,, and test the

the new contributions to the'/e. We note that there exist a | R model.

few points far from the accumulated region, which indicate

the fine-tuned combinations of parameters, and they should

be less meaningful. ACKNOWLEDGMENTS
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