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Penguin diagrams in theDIÄ1Õ2 rule and e8Õe with s models
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We study the correlation betweene8/e and theDI 51/2 rule in the frame-work of the nonlinears model
including scalar mesons. Using this model we estimate the chiral corrections by resumming to all orders in
chiral perturbation theory, the contribution of a class of diagrams within the factorization approximation. With
these matrix elements and changing the scalar meson mass, we find that there is a correlation betweene8/e and
theDI 51/2 amplitude. However, it is difficult to explain bothe8/e and theDI 51/2 amplitude simultaneously.
In order to be compatible withe8/e, typically, about half of theDI 51/2 amplitude can be explained at most.
Our result suggests there may be a substantial nonfactorizable contribution toCP conservingK→pp
amplitudes.

PACS number~s!: 12.39.Fe, 14.40.Cs
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I. INTRODUCTION

According to recent measurements of directCP violation
in K→pp decays,e8/e is O(1023) @1,2#. Theoretical pre-
diction ranges between 1024 and 1023. It strongly depends
on the hadronic matrix elements of QCD@3# and the elec-
troweak~EW! penguin operators@4–6#.

An interesting possibility is suggested as an explana
for largee8/e5O(1023) in the standard model@7#. The au-
thors argue that the mechanism which enhances theDI
51/2 amplitude may also enhancee8/e and it naturally leads
to the measured values. The enhancement comes from
Feynman diagram which includes the scalars meson as an
intermediate state. The mechanism was found in the fra
work of the linears model @8,9#. Though the qualitative
picture of the linears model may be correct, for a quantita
tive analysis, some improvement can be made. In the lin
s model employed in Ref.@9#, the s meson mass can b
written in terms of the physical quantitiesFK , Fp , MK , and
Mp and its mass is predicted to be about 900 MeV. SU~3!
breaking ratiomu /ms is also determined by the same inp
and numerically it is around 1/30. The enhancement facto
a QCD penguin operator is written asFK /(3Fp22FK)
5(Mss22Mp

2 )/(Ms
22MK

2 )•(FK
2 /Fp

2 ).2. These relations
and numbers are specific predictions of the linears model.
Because the dynamical property of the linears model is not
the same as that of QCD, these relations and numbers
be taken as semiquantitative@7#.
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In this paper, we study the matrix elements of the QC
and EW penguin operators with the nonlinears model in-
cluding scalar mesons. The model is built with chiral sy
metry as a guide. It is more general than the linears model
and less dependent on dynamical assumption. The co
that it has more parameters. They can be determined with
experimental measured quantities, i.e., decay width, m
spectrum, etc. Stills meson mass is left as a free parame
because the spectroscopy ofs mesonf 0(400– 1200) allows
a wide range for the mass.~See Refs.@10–15# for scalar
meson mass spectroscopy.! We study how QCD and EW
penguin matrix elements depend on the mass of thes meson.

Here we write a few words on the difference between o
approach and the conventional treatment of the resonanc
chiral perturbation theory~CHPT!. CHPT is a systematic
treatment, in the sense of the small momentum expans
and describes low-energy processes involving pions and
ons. However, higher order terms in CHPT are of great
portance if the threshold of thes meson is near to kaon
mass. Thus it is very interesting to explore the nonlineas
model with scalar resonances in kaon decays. Corresp
dence between the nonlinears model with resonances an
CHPT was well discussed in Refs.@16,17# at order ofp4 and
the results indicate that the resonance contributions domi
the low-energy coupling constants in the strong part of
p4 chiral Lagrangian. In our approach, we compute the f
contribution of thes meson to the factorizable part of QC
and EW penguin operators using the nonlinears model with
scalar resonances, so that a certain class of higher o
terms ofpn(n.4) in momentum expansion is included. W
show how these higher order terms contribute to observa
kaon decays.

As a phenomenological application, we computee8/e and
the DI 51/2 amplitude in the isospin limit. We use the Wi
son coefficients for four-Fermi interaction atm
50.8– 1.2 GeV in the next to leading log~NLL ! approxima-
©2000 The American Physical Society02-1
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tion @18–20#. The four-Fermi operator is factorized int
products of color singlet currents~or densities! and they are
identified with those of thes model @21#. The density3
density type operators are enhanced for small strange q
mass by a factor of (1/ms)

2. Therefore numerical values fo
the strange quark mass are important. As for the stra
quark mass, we choose the range which is suggested b
QCD sum rule@22# and lattice simulations@23#. We also
study the correlation betweene8/e and theDI 51/2 ampli-
tude. This is done by varying thes mass, strange quark mas
ms , and factorization scalem. By studying the dependenc
of e8/e and theDI 51/2 amplitude on thes meson mass, we
search for the range of the mass which may reproduce
e8/e and theDI 51/2 amplitude.

The paper is organized as follows: In Sec. II, we summ
rize the outline of the computatione8/e and theDI 51/2
amplitude. In Sec. III, we derive the matrix elements of pe
guin operators. In Sec. IV, numerical results ofe8/e and
DI 51/2 are summarized. In Sec. V, we discuss the impli
tion of our results. Some useful formulas are collected in
appendixes.

II. DIÄ1Õ2 RULE AND e8Õe IN THE STANDARD MODEL

In this section, we summarize our notations and show
outline of computation ofe8/e and theDI 51/2 amplitude.
Some details of definitions of isospin amplitudes can
found in Appendix A. We start with the effective Hami
tonian forDS51 nonleptonic decays@18#,

Heff5
GF

&
VudVus* (

i 51

10

$zi1tyi%Qi1H.c., ~1!

where t52(VtdVts* )/(VudVus* ). The isospin amplitudes o

K→pp are defined aŝ I uHeffuK0&5iaI expidI , ^I uHeffuK̄0&
52iaI* exp(idI). e8 is expressed in terms ofa0 anda2

e85
1

&

Rea2

Rea0
S Im a2

Rea2
2

Im a0

Rea0
DexpH i S d22d01

p

2 D J .

~2!

In the factorization approximation,aI ’s are written as

ReaI5
GF

&
ReVudVus* (

i 51

5 F S z2i 211
z2i

Nc
D ^I uQ2i 21uK0&

1S z2i1
z2i 21

Nc
D ^I uQ2i uK0&G 1

i
, ~3!

Im aI52
GF

&
Im VtdVts* (

i 51

5 F S y2i 211
y2i

Nc
D ^I uQ2i 21uK0&

1S y2i1
y2i 21

Nc
D G^I uQ2i uK0&

1

i
, ~4!

where the matrix elementŝI uQiK
0& are defined in the large

Nc limit. As we discuss in detail in the next section, w
compute the hadronic matrix element in the largeNc limit;
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i.e., we factorize the four-Fermi operators into products
color singlet currents~densities!. The currents~densities! are
identified with those of the chiral Lagrangian. The factoriz
tion scale is chosen at 0.8-1.2 GeV, i.e., below charm qu
massmc . In the factorization approximation, this choice
mandatory because abovemc , the real part of the Wilson
coefficient of QCD penguin operators is zero and it is bo
belowmc due to the incomplete cancellation of the Glasho
Iliopoulos-Macroni ~GIM! mechanism. Regarding Wilso
coefficients, we use the NLL approximation@18–20# and
compute them at the factorization scale. Combining the m
trix elements with the Wilson coefficients,aI ’s are given as

Rea05
GF

A6
l

X

i F2z213z42z113z6

Y6

X G ,
Rea25

GF

)
l

X

i
@z11z2#,

Im a05
2)GF

&

X

i
~Al2!2lhF y41

y72y91y10

2
1y6

Y6

X

1
2

3
y8

Ỹ82
3

4
Y6

X
G ,

Im a25
2)GF

2

X

i
~Al2!2lhF2y71y91y101

2

3
y8

Ỹ8

X
G ,

~5!

where matrix elements are denoted byX, Y6 , and Ỹ8 . X is
the matrix element of current3current type operators,Y6
corresponds to the matrix element of a density3density
QCD penguin operator, andỸ8 is the matrix element of the
EW penguin operator. Their derivation and precise definit
will be given in the next section and are summarized
Tables I and II.

TABLE I. The matrix elements, whereX5 i& f (Mk
22Mp

2 ). Ỹ8

andY6 are defined in the text.

p0p0 up1&3up2& up0&3up1&

Q1 2X 0 X/&
Q2 0 X X/&
Q3 0 0 0
Q4 X X 0
Q5 0 0 0
Q6 Y6 Y6 0
Q7 3X/2 0 23X/2&

Q̃8
0 Ỹ8 Ỹ8 /&

Q9 23X/2 0 3X/2&
Q10 2X/2 X X/&
Q11 X 0 X/&
2-2
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III. NONLINEAR s MODEL INCLUDING SCALAR
MESONS AND THE MATRIX ELEMENTS OF QCD

AND EW PENGUIN OPERATORS

The nonlinears model with higher resonances is studi
in @16,17#. In K→pp decays, in the largeNc limit, the sca-
lar meson may contribute to the matrix elements
density3density type four-Fermi operators (Q6 ,Q8). For
current3current type four-Fermi interactions, the amplitu
is proportional to the form factor of semileptonic decay, i.
f 1(MK

2 2Mp
2 )1 f 2Mp

2 . Because the form factorsf 6(q2)
near the soft-pion limit (q25Mp

2 ) are important, vector me
son contribution to the form factors is small and their effe
can be safely neglected. Therefore we include only sc
mesons in the chiral Lagrangian:

L5
f 2

4
Tr ]U]U†1B Tr M~U1U†!1

g1

4
Tr ]U]U†jSj†

1g2 Tr M~jSj1j†Sj†!1Tr~DSDS2Ms
2S2!, ~6!

whereM5diag(mu ,md ,ms), U5exp(i2p/f )5j2, and S is a
scalar nonet field,

S5
1

2 S s1d0 &d0 &k1

&d0 s2d0 &k0

&k2 &k0 &dss

D . ~7!

DS is covariant derivative and is defined by

DmS5]mS1 i @a im ,S#, ~8!

a im5
j†]mj1j]mj†

2i
5

@p,]mp#

2i f 2 1¯ . ~9!

TABLE II. Contribution to isospin amplitudes.

a0 a2

Q1
2A1

3
X A2

3
X

Q2
2

)
X A2

3
X

Q3 0 0
Q4 )X 0
Q5 0 0
Q6 )Y6 0

Q7
)

2
X 2A3

2
X

Q8
2

)
Ỹ82
)

2
Y6 A2

3
Ỹ8

Q9 2
)

2
X A3

2
X

Q10
)

2
X

A3

2
X

01400
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In the Lagrangian, the scalar mesons couple to pions thro
two terms denoted byg1 and g2 . One is a coupling in the
SU~3! limit and the other is a coupling with SU~3! breaking.
The mass splitting term for the scalar nonets and isos
breaking effect are neglected. By shifting the scalar me
fields from their vacuum expectation value,

S→S1^S&, ^S&5
g2

Ms
2 M, ~10!

we obtain the mass formulas and decay constants@16#. They
are given in Appendix B. The parameters in the chiral L
grangian can be written in terms of physical quantit
FK , Fp , MK , Mp , and quark massesmu(5md) andms :

B5
2

ms~12D!
F ~D11!Mp

2 Fp
2

8D
2

DMK
2 FK

2

2~11D!
G , ~11!

g2
2

Ms
2 5

2

ms
2~12D!

F2
Fps

2 Mp
2

4D
1

FK
2 MK

2

2~11D!
G , ~12!

g1g2

Ms
2 5

2~FK
2 2Fp

2 !

ms~12D!
, ~13!

whereD5mu /ms . For computation of the weak matrix ele
ments, we need strong interaction vertices. They can
found in Appendix C.

In our calculation using the Lagrangian Eq.~6!, a certain
class of the higher order terms in the CHPT are summed
due to the effect of the scalar resonance exchange. Thes
very important in the processK→pp if the s meson mass is
as light as the kaon mass,Ms;MK . Though systematic
treatment of momentum expansion in the CHPT is lost
class of the higher order terms in the CHPT are autom
cally summed up using Lagrangian of Eq.~6!.

Now we turn to the matrix element of QCD and EW
penguin operators. The explicit derivation is given for tw
density3density type operatorsQ6 andQ8 . Their definitions
are

Q6528 (
q5u,d,s

~ s̄LqR!~ q̄RdL!, ~14!

Q85212 (
q5u,d,s

~ s̄LqR!eq~ q̄RdL!5Q̃82
1

2
Q6 , ~15!

Q̃8528~ s̄LuR!~ ūRdL!, ~16!

where the subsidiary operatorQ̃8 is introduced. These opera
tors can be written in terms of meson fields by identifyi
the quark bilinear as the corresponding density,

q̄R
j qL

i 52BUi j 2g2@j~S1^S&!j# i j . ~17!

After some algebra, we expressQ6 in terms of the meson
fields,
2-3
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Q6528F i

&

g2
2~ms2mu!

Ms
2 S 2B1

g2
2~ms1mu!

Ms
2 D K0

FK

2
i

24&

g2
2~ms2mu!

Ms
2 S 2B1

g2
2~ms1mu!

Ms
2 D K0p02

FKFp
2

2
ig2

2&
H S 2B1g2

2 ~ms1mu!

Ms
2 D p0k

Fp

1S 2B1
g2

22mu

Ms
2 D sK0

FK
J G . ~18!

There are four diagrams which may contribute toK0

→p0p0 amplitude Y6 . ~See Feynman diagrams in Fig
1–3! They are classified as follows.

~1! The diagram in whichK0 decays into K0p0p0

through the strong vertex and subsequentlyK0 vanishes into
vacuum through theQ6(Ttadpole).

~2! The diagram in whichK0 directly decays into
2p0(Tdirect).

~3! The diagram in whichK0 is converted intos and
subsequentlys decays into 2p0(Ts-pole).

~4! The diagram in whichK decays intok, p0 through
strong vertex andk is converted intop0(Tk-pole).
The sum of the contribution is denoted byY6 and it can be
simplified as

Y65
i&

FKFp
2 F2

g1g2

Ms
2 H B̄0

MK
2

12dp
2 1B̄

MK
2 22Mp

2

12dk
2 J

1
g2

2

Ms
2 H 4B̄0

12dp
2 S ms1mu2

~ms2mu!MK
2

2Ms
2 D 2

8B̄mu

12dk
2

2~ms2mu!X2B̄01B̄S 11
1

R2D CJ 2
g1g2

3B̄~ms2mu!2

2FK
2 Ms

4

1
g2

4~ms2mu!2

Ms
4 G , ~19!

FIG. 1. Feynman diagrams forTdirect1Ttadpole.

FIG. 2. Feynman diagrams forTs-pole1Ts-tad .
01400
where R5FK /Fp and dK(p)5MK(p) /Ms . We also intro-
duce the auxiliary quantities

B̄5B1
g2

2~ms1mu!

2Ms
2 , B̄05B1

g2
2mu

Ms
2 . ~20!

They can be written in terms of physical quantities

B̄5
MK

2 FK
2

2ms~11D!
, B̄05

Mp
2 Fp

2

4msD
. ~21!

The matrix element of the EW penguin operatorQ8 is
straightforward. Technically we splitQ6 from Q8 so that we
do not have to repeat the calculation ofQ6 . The rest is called
Q̃8 and given by

Q̃85F ig2B̄0

p2k1

Fp
2 i

g2B̄0~B̄01B̄!

&

K0p1p2

FKFp
2 G1¯ .

~22!

In the K0→p1p2 amplitude, there are two contributions t
the hadron matrix element ofQ̃8 , i.e.,~a! k-pole contribution
and~b! direct contribution. The sum is calledỸ8 and is given
by

Ỹ852 i
3

&FKFp
2

B̄0

Ms
22Mp

2 Fg1g2MK
2 22g2

2H ~ms13m̄!

2~ms2m̄!
MK

2 2Mp
2

Ms
2 J G1 i6&

1

FKFp
2 B̄0~B̄1B̄0!.

~23!

Keeping leading terms of 1/Ms the matrix elementsY6 ,Ỹ8

reduce to the well-known resultsY6
0,Ỹ8

0 @24#, which corre-
spond to those in the leading order of momentum expans
and in the largeNc limit:

Y6
0524& i ~FK2Fp!S MK

2

ms1mu
D 2

,

Ỹ8
053& iF pS MK

2

ms1mu
D 2

. ~24!

This approximation is valid only whenMK!Ms . In the next
section we will show how the values of the matrix eleme
of the density3density operators are different fromY6

0,Ỹ8
0

numerically.

FIG. 3. Feynman diagrams forTk-pole1Tk-tad .
2-4



2
2

0
1

1
1

PENGUIN DIAGRAMS IN THE DI 51/2 RULE AND . . . PHYSICAL REVIEW D 62 014002
TABLE III. Bag factor.

D51/20 Ms ~GeV! 0.55 0.6 0.7 0.8 0.9 1.0
B6

1/2 5.27 3.29 2.22 1.84 1.64 1.5
B8

3/2 0.70 0.73 0.77 0.79 0.81 0.8
D51/25 Ms ~GeV! 0.55 0.6 0.7 0.8 0.9 1.0

B6
1/2 4.81 3.06 2.12 1.78 1.61 1.5

B8
3/2 0.90 0.93 0.96 0.99 1.00 1.0

D51/30 Ms ~GeV! 0.55 0.6 0.7 0.8 0.9 1.0
B6

1/2 4.48 2.90 2.05 1.75 1.60 1.5
B8

3/2 1.13 1.15 1.17 1.19 1.20 1.2
re

te

ith
o

o

te
-
on

ar

O

ea
he

-

n

l-

on

ated
g

s
-

by

he

. In
h
th

he
,

la-
r

um
The matrix elements of the other current3current opera-
tors Qi( iÞ6,8) are also shown in Tables I and II, and a
expressed by a single amplitudeX:

X5 i& f ~MK
2 2Mp

2 !. ~25!

IV. NUMERICAL RESULTS

In this section, we first estimate the hadronic parame
B6,8 corresponding to the matrix elementQ6 and Q8 in the
factorization approximation. We compare our results w
those from the linears model. As an application, we als
computee8/e and Rea0,Rea2. This is done in the isospin
limit.

The conventional bag factorsB6
1/2,B8

3/2, as they are often
referred to are defined by the following equation in our n
tation:

B6
1/25

Y6

Y6
0

, B8
3/25

2Ỹ82X

2Ỹ8
02X

. ~26!

As explained in Sec. III, usingMp , MK , Fp , FK as
inputs, our model can be described by three free parame
in the LagrangianMs , ms , D5mu /ms and another param
eter m in the matching process which is the factorizati
scale.

We find that our model predicts that the factorizable p
of B6

1/2 ranges around 1.6–3.0 depending on thes meson
massMs . The quark mass dependence is not significant.
the other hand,B8

3/2 ranges around 0.7–1.1 depending onD.
We variedD in the range of 1/2021/30 and smallerD gives
a larger value ofB8

3/2. Ms dependence is negligible forB8
3/2.

The numerical value is given in Table III.
Let us now compare our results with those from the lin

s model @9#. The factorizable bag factors are given by t
following equations:

B6
1/25

FK

3Fp22FK
;2, ~27!

B8
3/2.

FK

Fp
;1.2. ~28!
01400
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Because there are only four parameters in the linears model
Lagrangian, after usingMp,K ,Fp,K there are no free param
eters left, so that the model predictsD51/30 and Ms

;0.9 GeV.
From Table III we find thatB8

3/2 from our model withD
51/30 and that from the linears model are consistent. It ca
be seen that the factorizable part ofB6

1/2 for Ms50.9 GeV is
around 1.5, which is smaller than the linears model result.

Next we apply our result toe8/e and Rea0,Rea2. For
numerical computation ofe8/e, we use the experimental va
ues for ReaI .

We have calculated the next to leading order Wils
coefficients in the naive dimensional regularization~NDR!
scheme. We could reproduce the numerical values tabul
in Ref. @18# to a good extent. We chose the followin
values for the computation: mt5165.00 GeV, mW
580.20 GeV, mb54.40 GeV, mc51.30 GeV, 1/aQED

5129.0, sin2(uW)50.230, LQCD
(5) 50.226 GeV,LQCD

(4) 50.325
GeV, aMS(mZ)(5)50.11799. We list the Wilson coefficient
zi ,yi at scalesm51.2, 1.0, 0.8 GeV in Table IV. In this cal
culation, we used the anomalous dimensions at the NLO
Buraset al.

As was explained in Sec. II, in the leading order in t
largeNc expansion, ReaI ,Im aI are obtained by multiplying
Wilson coefficientszi(m),yi(m) with the matrix elements of
Q1(m),...,Q10(m) in our model, wherem is the factorization
scale which is assumed to be 0.8–1.2 GeV.

Here we should make one point about the quark mass
the largeNc limit, we approximate the matrix elements wit
the Q6(m) operator by the product of matrix elements wi
scalar quark operator at scalem. Using the PCAC~partial
conservation of axial vector current! relation, we then
convert them toFKMK

2 /ms(m). Here, the scale of the
strange quark mass should be the same scalem. There-
fore, when we substitute the mass parameterms in our
final result, we should run the quark mass to t
factorization scale m50.8, 1.0, 1.2 GeV. For example
ms(2 GeV)580– 120 MeV corresponds toms(0.8 GeV)
5136– 204 MeV.

Figure 4 shows the dependence ofh from our model on
the scalar resonance massMs . Here, we takems

MS(2 GeV)
580,120,180 MeV, which cover the recent QCD calcu
tions@22,23#, and the scalem is chosen to be 0.8 GeV. Uppe
and lower lines correspond to the maximum and minim
values ofe8/e, respectively. We find that whenMs is larger
2-5
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TABLE IV. List of Wilson coefficientsyi ,zi .

Wilson coeff. m580.2 GeV m51.2 GeV m51.0 GeV m50.8 GeV

y1 0.0 0.0 0.0 0.0
y2 0.0 0.0 0.0 0.0
y3 0.0014715 0.03058 0.03335 0.03722
y4 20.0019375 20.05871 20.05884 20.05844
y5 0.0006458 0.00311 20.00168 20.01384
y6 20.0019375 20.09797 20.11672 20.16226
y7 /aQED 0.1262367 20.03714 20.03822 20.04038
y8 /aQED 0.0 0.14352 0.17174 0.23136
y9 /aQED 21.0606455 21.46549 21.54058 21.69377
y10/aQED 0.9 0.57829 0.68795 0.89882
z1 0.0526643 20.45108 20.52381 20.64505
z2 0.9812457 1.23913 1.28816 1.37464
z3 0.0 0.00674 0.01353 0.03059
z4 0.0 20.01980 20.03704 20.07439
z5 0.0 0.00569 0.00784 0.00844
z6 0.0 20.01950 20.03698 20.08023
z7 /aQED 0.0 0.00940 0.01249 0.01989
z8 /aQED 0.0 0.00349 0.01551 0.04725
z9 /aQED 0.0 0.01127 0.02019 0.03993
z10/aQED 0.0 20.00219 20.00893 20.02287
sh

s

;
f

eV

or-
he
f

om

y

V,

th
than 0.8 GeV in order forh to lie within 0.27–0.52, which is
favored by other measurements of Cabibbo-Kobaya
Masukawa~CKM! parameters,ms

MS(2 GeV! should take a
rather small value 0.09–0.12 GeV. These values are con
tent with recent lattice QCD calculations@23# but smaller
compared with QCD sum rule results@22#. On the other
hand, asMs becomes smaller theQ6 amplitude is enhanced
in order for h to lie within 0.27–0.52, the larger value o
ms

MS(2 GeV) is preferred.
Finally, in Fig. 5, we show the correlation ofa0 /a0

exp and
e8/e by changing the scalar meson mass from 0.6 to 1 G

FIG. 4. Allowed regions forMs-h from e8/e data at 2-s con-
fidence level. They are shown for three different values for
strange quark mass, i.e.,ms~2 GeV!580, 120, 180 MeV.
01400
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is-

.

We take three different values ofms
MS(2 GeV), which are

80, 100, and 120 MeV. We take three values for the fact
ization scalem, which are 0.8, 1.0, and 1.2 GeV. We used t
experimental values of ReaI for the numerical analysis o
e8/e. TheCP violation parameterh is chosen to be 0.3 in the
figure. The shaded region is the experimental data fr
KTeV and NA48 fore8/e at the 2-s confidence level.

We find thate8/e can be easily explained in our model b
a suitable choice of the parameters. Typical values ofMs

andms
MS(2 GeV) are around 0.8 GeV and around 120 Me

respectively, almost independent of the factorization scalem.

e
FIG. 5. Correlation of a0 and e8/e. The stars on the

lines correspond toMs50.6, 0.7, 0.8, 0.9, 1.0 GeV,ms~2 GeV!
580, 100, 120 MeV atfactorization scalem50.8,1.0, 1.2 GeV.
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On the other hand, Rea0 in our model are smaller than ex
periment. We find that it is quite sensitive to the factorizati
scalem, and asm gets smaller, Rea0 becomes larger toward
the experimental value. Form50.8 GeV, a0 /a0

exp is around
0.5–0.6.

The sensitivity of thea0 amplitude onm can be under-
stood as follows. The Wilson coefficientz6(m) vanishes
when the GIM cancellation between the charm penguin
the up penguin loop is exact. In our calculation, since
take the modified minimal subtraction~MS! scheme, the can
cellation is exact above the charm threshold. Therefo
z6(m) takes nonzero value only whenm,mc . Since the fac-
torization scale is very close to the charm threshold, the
sult of z6(m) changes quite a lot.

In contrast, the Wilson coefficienty6(m) vanishes when
the GIM cancellation between the top penguin charm p
guin loop is exact. Since the top decouples already be
MW , this cancellation is completely violated andy6(m)
takes nonzero value from the start and keeps growing all
way down to the factorization scale. Since log(MW /1.2 GeV)
and log(MW /0.8 GeV) are almost identical,y6(m) is not so
sensitive to the factorization scale. Regarding Rea2, our re-
sult is about 1.5 times larger than the experimental value

V. SUMMARY AND DISCUSSION

In this paper, we study the correlation of theDI 51/2
amplitude ande8/e in the framework of the nonlinears
model including the scalar mesons. We have calculated
matrix elements of the QCD and EW penguin operators
ing that model and within the factorization approximation

We cannot find the scalar meson mass region which
compatible with bothe8/e and theDI 51/2 amplitude simul-
taneously. The reason is as follows. We can read from Fi
that the maximum allowed value for (e8/e)/h is about 0.01.
The bag factorB6

1/2 required fore8/e is at most 2–3, which
corresponds toMsmin.0.6– 0.7 GeV. In the range of th
scalar meson mass, abouthalf of theDI 51/2 amplitude may
be explained. Therefore, if we impose thee8/e constraint, we
cannot explain the wholeDI 51/2 amplitude. Moreover
e8/e is rather stable for the change of the factorization sc
This suggests that the prediction ofe8/e may be more reli-
able. Though there is strong correlation between theDI
51/2 amplitude ande8/e, we conclude that the understandin
of the DI 51/2 rule may not be complete.

Finally, we argue what kind of effects may remedy t
problem. Because QCD penguin operatorQ6 is born just
below mc , the coefficient is not stable about the change
the factorization scale around 1 GeV. In the scheme,
which GIM cancellation is incomplete abovem>mc , the
leading order results of the Wilson coefficient ofQ6 become
larger by a factor of 2@24#. This effect was not incorporate
in the Wilson coefficients of the NLL approximation em
ployed here. Therefore the same effect may further enha
the Wilson coefficient ofQ6 used in our analysis. We als
note that the real part of theDI 53/2 amplitude is larger by a
factor of 1.5 than the experimental value. This may tell
that there is some suppression~enhancement! coming from
01400
d
e

e,

e-

-
w

e

he
s-

is

5

e.

f
n

ce

s

the low-energy evolution~pion loops! for CP-conserving
DI 53/2 (DI 51/2) amplitudes@25–29#. A plausible expla-
nation is that the nonfactorizable contributions are ve
large. Including these effects may help for the entire und
standing of bothe8/e and theDI 51/2 rule.
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APPENDIX A: DIÄ1Õ2 RULE

Here we summarize isospin amplitudes

G@Ks→p0p0#5Br~Ks→p0p0!31/ts , ~A1!

G@Ks→p1p2#5Br~Ks→p1p2!31/ts , ~A2!

G@K1→p0p1#5Br~K1→p0p1!31/t1 , ~A3!

where

ts5~0.892760.0009!10210 sec, ~A4!

t15~1.238660.0024!1028 sec, ~A5!

1

t1
55.3142310214 MeV, ~A6!

Br~Ks→p0p0!531.3960.28%, ~A7!

Br~Ks→p1p2!568.6160.28%, ~A8!

Br~K1→p0p1!521.1660.14%, ~A9!

uI 50&5A1

3
up0p0&1A2

3
up1p2&, ~A10!

uI 52,I 350&52A2

3
up0p0&1A1

3
up1p2&,

~A11!

uI 52,I 351&5up0p1&, ~A12!

whereup1p2& and up0p1& are the symmetrized states d
fined as

up1p2&5~ up1&3up2&1up2&3up1&)/&, ~A13!

up1p0&5~ up1&3up0&1up0&3up1&)/&. ~A14!
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We can write the decay rates in terms of the isos
amplitudes:

^p0p0uHwuKs&5 i&HA1

3
Rea0 expid0

2A2

3
Rea2 expid2J , ~A15!

^p1p2uHwuKs&5 i&HA2

3
Rea0 expid0

1A1

3
Rea2 expid2J , ~A16!

^p1p0uHwuK1&5 iA3

2
a2 , ~A17!

where iaI exp(idI)5^IuHwuK0&, I 50,2, anduKs&.1/&(uK0&
2uK̄0&). With the definition, we can write

G~Ks→p0p0!5P
2

3
uRea0 expid02& Rea2 expid2u2

1

2
,

~A18!

G~Ks→p1p2!5P
2

3
u& Rea0 expid01Rea2 expid2u2

1

2
,

~A19!

G~K1→p0p1!5P
3

4
Rea0

2, ~A20!

where imaginary parts are neglected.P is a phase space fac
tor of two body decay and is defined as:

P5
1

16pMK
A124Mp

2 /Mk
2 ~A21!

53.3491931025 ~MeV1!. ~A22!

Here we use MK15493.677 MeV and M̄p5(Mp0

1Mp1)/25137.273 MeV. With these definitions, we obta

Br~K1→p0p1!

Br~Ks→p0p0!1Br~Ks→p1p2!

ts

t1
5

3

4

Rea2
2

Rea2
21Rea0

2 .

~A23!

We can extract the following ratio and values fora0 anda2 :

Rea0

Rea2
522.15, ~A24!

Rea252.11431025 ~MeV!, ~A25!

Rea054.68631024 ~MeV!. ~A26!
01400
n APPENDIX B: DECAY CONSTANTS, MASS FORMULAS

In this appendix, we collect the formulas for the dec
constants and masses which can be derived using Eq.~6!.

Mp
2 5

1

Fp
2 F4Bmu14

g2
2mu

2

Ms
2 G , ~B1!

MK
2 5

1

FK
2 F2B~ms1mu!1

g2
2~ms1mu!2

Ms
2 G , ~B2!

Fp5
f

AZp
F11

g1g2mu

Ms
2 f 2 G , ~B3!

FK5
f

AZK
F11

g1g2~mu1ms!

2Ms
2 f 2 G , ~B4!

Zp511
g1g2mu

Ms
2 f 2 , ~B5!

ZK511
g1g2~mu1ms!

2Ms
2 f 2 , ~B6!

where Zp and ZK are wave function renormalization con
stants,Fp is 92.42 MeV.

APPENDIX C: LAGRANGIAN

Here we record the part of the Lagrangian which is r
evant for calculation.

L4p52
p2]K0]K̄0

12Fp
2 2

K0K̄0]p02

12FK
2

1
p0]p0~K0]K̄01K̄0]K0!

24 S 1

FK
2 1

1

Fp
2 D

1
p02

K0K̄0

12Fp
2 FK

2 S Fp
2 Mp

2 1FK
2 MK

2 2
3g2

2~ms2mu!2

4Ms
2 D ,

~C1!

Lspp5
g1

4 FsS ~]p0!2

Fp
2 1

]K0]K̄0

FK
2 D 2S k̄0

]p0]K0

FpFK
1H.c.D G

2g2FsX~p0!2

Fp
2 mu1

K0K̄0

FK
2 S mu1ms

2 D C
2Xk̄0

p0

Fp

K0

FK
S 3mu1ms

4 D1H.c.CG1dLspp1dL4p ,

~C2!

wheredLspp anddL4p come from the covariant derivativ
term. @See Eq.~8! and Eq.~9!.# Their explicit forms are
2-8
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dLspp5
g2~ms2mu!

Ms
24FKFp

@]k̄0~K ]Jp0!1H.c.#, ~C3!

dL4p5
g2

2~ms2mu!2

16Ms
4FK

2 Fp
2 @K0]Jp0!~K̄0]Jp0!]. ~C4!

APPENDIX D: THE MATRIX ELEMENT OF Q6

We give the derivation of the matrix element ofQ6

Y65Ttadpole1Tdirect1Ts2pole1Ts2tad1Tk2pole1Tk2tad.

~D1!

The explicit expression of the parts of Eq.~19! is given by

Ttadpole1Tdirect52& i
g2

2

Ms
2FK

~ms2mu!B̄H 1

FK
2 1

1

Fp
2

2
g2

2~ms2mu!2

M4FK
2 Fp

2 2
g2

2~ms2mu!2

FK
2 Fp

2 Ms
2MK

2

1
g2

2~ms2mu!2Mp
2

FK
2 Fp

2 Ms
4MK

2 J ,
on

s.

su

R

y

01400
Ts2pole1Ts2tad5
i&B̄

FKFp
2 ~MK

2 2Ms
2 !

$2g1g2~2Mp
2 2MK

2 !

18g2
2mu%,

Tk2pole1Tk2tad5
i&B̄

FKFp
2 ~Ms

22Mp
2 !

3H 12
g2

2~ms2mu!~ms1mu!

Ms
2FK

2 MK
2

1
g2

2~ms2mu!2

2FK
2 MK

2 Ms
2 S 12

Mp
2

Ms
2 D J

3H 2g1g2MK
2 14g2

2~ms1mu!

22~ms2mu!g2
2

MK
2

Ms
2 22~ms2mu!g2

2

3S 12
Mp

2

Ms
2 D J . ~D2!
od.

ys.

B

ys.

.
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