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Branching ratio and CP violation of B\pp decays in the perturbative QCD approach
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Physics Department, Hiroshima University, Higashi-Hiroshima 739-8526, Japan

Kazumasa Ukai†

Physics Department, Nagoya University, Nagoya 464-8602, Japan

Mao-Zhi Yang‡

Physics Department, Hiroshima University, Higashi-Hiroshima 739-8526, Japan
~Received 24 April 2000; revised manuscript received 7 November 2000; published 6 March 2001!

We calculate the branching ratios andCP asymmetries forB0→p1p2, B1→p1p0, and B0→p0p0

decays, in a perturbative QCD approach. In this approach, we calculate nonfactorizable and annihilation type
contributions, in addition to the usual factorizable contributions. We find that the annihilation diagram contri-
butions are not very small as previously argued. Our result is in agreement with the measured branching ratio
of B→p1p2 by the CLEO Collaboration. With a non-negligible contribution from annihilation diagrams and
a large strong phase, we predict a large directCP asymmetry inB0→p1p2, andp0p0, which can be tested
by the current runningB factories.
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I. INTRODUCTION

The charmlessB decays have aroused more and mo
interest recently, since they are a good place to studyCP
violation and are also sensitive to new physics@1#. The fac-
torization approach~FA! is applied to hadronicB decays and
is generalized to decay modes that are classified in the
of final states@2–4#. The FA gives predictions in terms o
form factors and decay constants. Although the predicti
of branching ratios agree well with experiments in mo
cases, there are still some theoretical points unclear. Fir
relies strongly on the form factors, which cannot be cal
lated by the FA itself. Second, the generalized FA shows
the nonfactorizable contributions are important in a group
channels@3,4#. The reason for this large nonfactorizable co
tribution needs more theoretical study. Third, the stro
phase, which is important for theCP violation prediction, is
quite sensitive to the internal gluon momentum@5#. This
gluon momentum is the sum of momenta of two quar
which go into two different mesons. It is difficult to defin
exactly in the FA approach. To improve the theoretical p
dictions of the nonleptonicB decays, we try to improve the
factorization approach, and explain the size of the nonfac
izable contributions in a new approach.

We shall take a specific channelB→pp as an example
The B→pp decays are responsible for the determination
the anglef2 in the unitarity triangle which have been studie
in the factorization approach in detail@2–4#. The recent mea-
surements ofB→p1p2 by the CLEO Collaboration at
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tracted much attention for these kinds of decays@6#. The
most recent theoretical study@7# attempted to compute th
nonfactorizable diagrams directly. But it could not also p
dict the transition form factors ofB→p.

In this paper, we would like to study theB→pp decays
in the perturbative QCD approach~PQCD! @8#. In the B
→pp decays, theB meson is heavy, sitting at rest. It deca
into two light mesons with large momenta. Therefore t
light mesons are moving very fast in the rest frame ofB
meson. In this case, the short distance hard process d
nates the decay amplitude. We shall demonstrate that the
final state interaction is not important, since there is n
enough time for the pions to exchange soft gluons. T
makes the perturbative QCD approach applicable. With
final pions moving very fast, there must be a hard gluon
kick the light spectator quarkd or u ~almost at rest! in theB
meson to form a fast moving pion~see Fig. 1!. So the domi-
nant diagram in this theoretical picture is that one hard glu
from the spectator quark connecting with the other quarks
the four quark operator of the weak interaction. Unlike t
usual FA, where the spectator quark does not participat
the decay process in a major way, the hard part of the PQ
approach consists of six quarks rather than four. We thus
it six-quark operators or six-quark effective theory. Applyin
the six-quark effective theory toB meson exclusive decays
we need meson wave functions for the hadronization
quarks into mesons. Separating that nonperturbative dyn

x

x

FIG. 1. One of the decay processes which contributes toB

→pp decay.b̄ quark decays to produce a fast movingū quark. In
general, this quark andd quark are not lined up to form a pion. A
gluon exchange is necessary in order that these quarks are line
to form a pion. The part enclosed by dotted line describes the
quark effective operator.
©2001 The American Physical Society09-1
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ics from the hard one, the decay amplitudes can be calcul
in PQCD easily. Most of the nonperturbative dynamics
included in the meson wave functions, but in the correct
that soft gluon straddle the six-quark operators, there
some nonfactorizable soft gluon effects not to be absor
into the meson wave functions. Such effects can be sa
neglected in theB meson decays@9#.

Li performed the calculation ofB̄0→p1p2 in Ref. @10#
using the PQCD formalism, where the factorizable tree d
grams were calculated and the branching ratios were
dicted. In another paper@11#, Dahm, Jakob, and Kroll per
formed a more complete calculation, including t
nonfactorizable annihilation topology and the three de
channels ofB→pp decays. However, the predicted branc
ing ratios are about one order smaller than the current
periments by CLEO@6#. In connection with this, Feldman
and Kroll concluded that perturbative contributions to t
B→p transition form factor were much smaller than nonp
turbative ones@12#. As we shall show later, the pion wav
function must be consistent with chiral symmetry relation

2qm^0uūgmg5d~x!up2~q!&

5~mu1md!^0uūg5d~x!up2~q!&. ~1!

This introduces terms that were not considered in the ab
calculations. In this paper, considering the terms nee
from chiral symmetry, we calculate theB→p transition
form factors and also the nonfactorizable contributions in
PQCD approach. We then show that our result for
branching ratioB→p1p2 agrees with the measuremen
Among the new terms, it is worthwhile emphasizing t
presence of annihilation diagrams which are ignored in F
We find that these diagrams cannot be ignored, and furt
more they contribute to large final state interaction phase

II. THE FRAMEWORK

The three scale PQCD factorization theorem has been
veloped for nonleptonic heavy meson decays@13#, based on
the formalism by Brodsky and Lepage@14#, and Botts and
Sterman@15#. The QCD corrections to the four quark oper
tors are usually summed by the renormalization group eq
tion @16#. This has already been done to the leading lo
rithm and next-to-leading order for years. Since theb quark
decay scalemb is much smaller than the electroweak sca
mW , the QCD corrections are non-negligible. The third sc
1/b involved in the B meson exclusive decays is usua
called the factorization scale, withb the conjugate variable o
parton transverse momenta. The dynamics below 1/b scale is
regarded as being completely nonperturbative, and can
parametrized into meson wave functions. The meson w
functions are not calculable in PQCD. But they are univer
and channel independent. We can determine it from exp
ments, and it is constrained by QCD sum rules and lat
QCD calculations. Above the scale 1/b, the physics is chan
nel dependent. We can use perturbation theory to calcu
channel by channel.

In addition to the hard gluon exchange with the specta
quark, the soft gluon exchanges between quark lines give
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the double logarithms ln2(Pb) from the overlap of collinear
and soft divergences,P being the dominant light-cone com
ponent of a meson momentum. The resummation of th
double logarithms leads to a Sudakov form fac
exp@2s(P,b)#, which suppresses the long distance contrib
tions in the largeb region, and vanishes asb.1/LQCD . This
form factor is given to sum the leading order soft glu
exchanges between the hard part and the wave function
mesons. So this term includes the double infrared logarith
The expression ofs(Q,b) is concretely given in Appendix
B. Figure 2 shows thate2s falls off quickly in the largeb, or
long-distance, region, giving so-called Sudakov suppress
This Sudakov factor practically makes PQCD approach
plicable. For the detailed derivation of the Sudakov fo
factors, see Refs.@8,17#.

With all the large logarithms resummed, the remaini
finite contributions are absorbed into a perturbativeb quark
decay subamplitudeH(t). Therefore the three scale facto
ization formula is given by the typical expression

C~ t !3H~ t !3F~x!

3expF2s~P,b!22E
1/b

t dm̄

m̄
gq@as~m̄ !#G , ~2!

whereC(t) are the corresponding Wilson coefficients,F(x)
are the meson wave functions and the variablet denotes the
largest mass scale of hard processH, that is, six-quark effec-
tive theory. The quark anomalous dimensiongq52as /p
describes the evolution from scalet to 1/b. Since logarithm
corrections have been summed by renormalization gr
equations, the above factorization formula does not dep
on the renormalization scalem explicitly.

The three scale factorization theorem in Eq.~2! is dis-
cussed by Liet al. in detail@13#. In Sec. III, we shall give the
factorization formulas forB→pp decay amplitudes by cal
culating the hard partH(t), channel dependent in PQCD
We shall also approximateH there by theO(as) expression,
which makes sense if perturbative contributions inde
dominate.

In the resummation procedures, theB meson is treated a
a heavy-light system. The wave function is defined as

FIG. 2. b-Q dependence ofe2s. Nonperturbative region onb
;O(L21) is suppressed by this exponent. Since the pion w
function has two Sudakov factor accompanied with two lig
quarks, this suppression becomes much stronger.
9-2
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FB5
1

A2Nc

~p” B1mB!g5fB~k1 ,kb!, ~3!

whereNc53 is color’s degree of freedom andfB(k1 ,kb) is
the distribution function of the four-momenta of the lig
quark (k1) andb quark (kb)

fB~k1 ,kb!5
1

pB
2

1

2A2Nc
E d4y

~2p!4
eik1•y

3^0uT@ d̄~y!p” Bg5b~0!#uB~pB!&. ~4!

Note that we use the same distribution functionfB(k1 ,kb)
for the p” B term and themB term from heavy quark effective
theory. For the hard part calculations in the next section,
use the approximationmb.mB , which is the same orde
approximation neglecting higher twist of (mB2mb)/mB . To
form a bound state ofB meson, the conditionkb5pB2k1 is
required. SofB is actually a function ofk1 only. Through-
out this paper, we takep65(p06p3)/A2, pT5(p1,p2) as
the light-cone coordinates to write the four momentum. W
consider theB meson at rest, then that momentum ispB

5(mB /A2)(1,1,0T). The momentum of the light valenc
quark is written as (k1

1 ,k1
2 ,k1T), where thek1T is a small

transverse momentum. It is difficult to define the functi
fB(k1

1 ,k1
2 ,k1T). However, in the next section, we will se

that the hard part is always independent ofk1
1 , if we make

some approximations. This means thatk1
1 can be integrated

out in Eq. ~4!, the functionfB(k1
1 ,k1

2 ,k1T) can be simpli-
fied to

fB~x1 ,k1T!5pB
2E dk1

1fB~k1
1 ,k1

2 ,k1T!

5
pB

2

pB
2

1

2A2Nc
E dy1d2yT

~2p!3
ei (k1

2y12k1T•yT)

3^0uT@ d̄~y1,0,yT!p” Bg5b~0!#uB~pB!&,

~5!

wherex15k1
2/pB

2 is the momentum fraction. Therefore,
the perturbative calculations, we do not need the informa
of all four momentumk1 . The above integration can be don
only when the hard part of the subprocess is independen
the variablek1

1 .
The p meson is treated as a light-light system. At theB

meson rest frame, pion is moving very fast. We define
momentum of the pion which contains the spectator li
quark as P25(mB /A2)(1,0,0T). The other pion which
moves to the inverse direction, then has momentumP3

5(mB /A2)(0,1,0T). The light spectator quark moving wit
the pion ~with momentum P2), has a momentum
(k2

1 ,0,k2T). The momentum of the other valence quark
this pion is then (P2

12k2
1 ,0,2k2T). If we define the mo-

mentum fraction asx25k2
1/P2

1 , then the wave function o
pion can be written as
07400
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A2Nc

g5@p” pfp~x2 ,k2T!1m0fp8 ~x2 ,k2T!#, ~6!

wherefp(x2 ,k2T) is defined in analogy to Eqs.~4!, ~5! and
fp8 (x2 ,k2T) is defined by

fp8 ~x2 ,k2T!5
P2

1

2A2Nc
E dy2d2yT

~2p!3
ei (x2P2

1y22k2T•yT)

3^0uT@ d̄~0!g5u~0,y2,yT!#up~P2!&. ~7!

Note that as you shall see below,m0 given as

m05
mp

2

mu1md
~8!

in Eq. ~6! is not the pion mass. Since thism0 is estimated
around 1–2 GeV using the quark masses predicted from
tice simulations, one may guess contributions ofm0 term
cannot be neglected because ofm0!” mB . In fact, we will
show thism0 plays important roles to predict theB→pp
branching ratios in Sec. IV.

The normalization of wave functions is determined
meson’s decay constant

^0ud̄~0!gmg5u~0!up~p!&5 ipm f p . ~9!

Using this relation, the normalization offp is defined as

E dx2d2k2Tfp~x2 ,k2T!5
f p

2A2Nc

. ~10!

Moreover, from Eq.~9! you can readily derive

^0ud̄~0!g5u~0!up~p!&52 i
mp

2

mu1md
f p , ~11!

so definingm0 such as Eq.~8!, the normalization offp8 is the
same one to Eq.~10!.

The transverse momentumkT is usually conveniently
converted to theb parameter by Fourier transformation. Th

initial conditions off i
(8)(x), i 5B, p, are of nonperturba-

tive origin, satisfying the normalization

E
0

1

f i
(8)~x,b50!dx5

f i

2A2Nc

, ~12!

with f i the meson decay constants.

III. PERTURBATIVE CALCULATIONS

With the above brief discussion, the only thing left is
computeH for each diagram. There are altogether eight d
grams contributing to theB→pp decays, which are shown
in Fig. 3. They are the lowest order diagrams. In fact t
diagrams without hard gluon exchange between the spec
quark and other quarks are suppressed by the wave funct
The reason is that the light quark inB meson is almost a
rest. If there is no large momentum exchange with ot
quarks, it carries almost zero momentum in the fast mov
p, that is the end point of pion wave function. In the ne
9-3
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section, we will see that the pion wave function at the z
point is always zero. The Sudakov form factor suppresses
large number of soft gluons exchange to transfer large
mentum. It is already shown that the hard gluon is rea
hard in the numerical calculations ofB→Kp @18#. The value
of as /p is peaked below 0.2. And in our following calcula
tion of B→pp decays this is also proved.

Let us first calculate the usual factorizable diagrams~a!
and~b!. The four quark operators indicated by a cross in
diagrams are shown in the Appendix A. There are two kin
of operators. OperatorsO1 , O2 , O3 , O4 , O9 , and O10
are (V2A)(V2A) currents, the sum of their amplitudes
given as

FIG. 3. Diagrams contributing to theB→pp decays. The dia-
gram ~b! corresponds to Fig. 1.
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Fe5216pCFmB
2E

0

1

dx1dx2 E
0

`

b1db1b2db2 fB~x1 ,b1!

3$@~11x2!fp~x2 ,b2!1~122x2!fp8 ~x2 ,b2!r p#

3as~ te
1!he~x1 ,x2 ,b1 ,b2!exp@2SB~ te

1!2Sp
1 ~ te

1!#

12r pfp8 ~x2 ,b2!as~ te
2!he~x2 ,x1 ,b2 ,b1!

3exp@2SB~ te
2!2Sp

1 ~ te
2!#%, ~13!

where r p5m0 /mB5mp
2 /@mB(mu1md)#. CF54/3 is a

color factor. The functionhe(x1 ,x2 ,b1 ,b2) and the Sudakov
form factorsSB(t i) andSp(t i) are given in Appendix B. The
operatorsO5 , O6 , O7 , and O8 have a structure of (V
2A)(V1A). The sum of their amplitudes is

Fe
P5232pCFmB

2r pE
0

1

dx1dx2 E
0

`

b1db1b2db2 fB~x1 ,b1!

3$@fp~x2 ,b2!1~21x2!fp8 ~x2 ,b2!r p#

3as~ te
1!he~x1 ,x2 ,b1 ,b2!exp@2SB~ te

1!2Sp
1 ~ te

1!#

1@x1fp~x2 ,b2!12~12x1!fp8 ~x2 ,b2!r p#

3as~ te
2!he~x2 ,x1 ,b2 ,b1!exp@2SB~ te

2!2Sp
1 ~ te

2!#%.

~14!

They are proportional to the factorr p . There are also fac-
torizable annihilation diagrams~g! and~h!, where theB me-
son can be factored out. For the (V2A)(V2A) operators,
their contributions always cancel between diagram~g! and
~h!. But for the (V2A)(V1A) operators, their contributions
are sum of diagram~g! and ~h!.

Fa
P5264pCFmB

2r pE
0

1

dx2dx3 E
0

`

b2db2b3db3as~ ta!

3ha~x2 ,x3 ,b2 ,b3!@2fp~x2 ,b2!fp8 ~x3 ,b3!

1x2fp~x3 ,b3!fp8 ~x2 ,b2!#exp@2Sp
1 ~ ta!2Sp

2 ~ ta!#,

~15!

These two diagrams can be cut in the middle of the d
grams. They provide the main strong phase for nonleptonB
decays. Note thatFa

P vanishes in the limit ofm050. So the
m0 term in the pion wave function does not only have mu
effect on the branching ratios, but also theCP asymmetries.
In addition to the factorizable diagrams, we can also cal
late the nonfactorizable diagrams~c! and ~d! and also the
nonfactorizable annihilation diagrams~e! and ~f!. In this
case, the amplitudes involve all three meson wave functio
The integration overb3 can be performed easily usingd
function d(b32b1) in diagrams~c!,~d! and d(b32b2) for
diagrams~e!,~f!.
9-4
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Me5
32

3
pCFA2NcmB

2E
0

1

dx1dx2 dx3 E
0

`

b1db1b2db2

3fB~x1 ,b1!fp~x2 ,b2!

3fp~x3 ,b1!x2as~ td!hd~x1 ,x2 ,x3 ,b1 ,b2!

3exp@2SB~ td!2Sp
1 ~ td!2Sp

2 ~ td!#, ~16!

Ma5
32

3
pCFA2NcmB

2E
0

1

dx1dx2 dx3 E
0

`

b1db1b2db2

3fB~x1 ,b1!$2@x2fp~x2 ,b2!fp~x3 ,b2!

1~x21x3!fp8 ~x2 ,b2!fp8 ~x3 ,b2!r p
2 #

3as~ t f
1!hf

(1)~x1 ,x2 ,x3 ,b1 ,b2!exp@2SB~ t f
1!

2Sp
1 ~ t f

1!2Sp
2 ~ t f

1!#1@x2fp~x2 ,b2!fp~x3 ,b2!

1~21x21x3!fp8 ~x2 ,b2!fp8 ~x3 ,b2!r p
2 #

3as~ t f
2!hf

(2)~x1 ,x2 ,x3 ,b1 ,b2!#

3exp@2SB~ t f
2!2Sp

1 ~ t f
2!2Sp

2 ~ t f
2!#%. ~17!

Note that when doing the above integrations overxi andbi ,
we have to include the corresponding Wilson coefficientsCi
evaluated at the corresponding scalet i . The expression of
Wilson coefficients are channel dependent which are sh
later in this section. The functionshi , coming from the Fou-
rier transform ofH, are given in Appendix B. In the abov
equations, we have used the assumption thatx1!x2 ,x3 .
Since the light quark momentum fractionx1 in B meson is
peaked at the small region, while quark momentum fract
x2 of pion is peaked at 0.5, this is not a bad approximati
After using this approximation, all the diagrams are fun
tions ofk1

25x1mB /A2 of B meson only, independent of th
variable ofk1

1 . For example, by calculating the diagrams~b!
we shall demonstrate it.

^p~P2!p~P3!uO2
u†uB~pB!&

}E d4k1d4k2fB~k1!fp8 ~k2!
q•P3

q2 l 2

5E d4k1d4k2fB~k1!fp8 ~k2!

3
~P2

12k1
1!pB

2

$2~P2
12k1

1!k1
21k1T

2 %$2~k2
12k1

1!k1
21 l T

2%

.E d4k1d4k2fB~k1!fp8 ~k2!

3H pB
2P2

1

~2P2
1k1

21k1T
2 !~2k1

2k2
11 l T

2!
1OS LQCD

mB
2 D J ,

~18!
07400
n

n
.
-

where the momenta are assigned in Fig. 3. The calcula
from the second formula to the last one is approximated
^k1&!^k2&. This approximation is equal to taking the mo
menta of spectator quark in theB meson as k1

5(0,k1
2 ,k1T). We neglect the last term which is a high

order one in terms of 1/mB expansion. Therefore the integra
tion of Eq.~5! is performed safely. Though we calculated t
above factorization formulas by one order in terms ofas ,
the radiative corrections at the next order would emerge
forms of as

2ln(m/t), where m’s denote some scales, i.e
mB , 1/b, . . . , in thehard partH(t). Selectingt as the larg-
est scale inm’s, the largest logarithm in the next order co
rections is killed. Accordingly, the scalet i ’s in the above
equations are chosen as

te
15max~Ax2mB,1/b1,1/b2!, ~19!

te
25max~Ax1mB,1/b1,1/b2!, ~20!

td5max~Ax1x2mB ,Ax2x3mB,1/b1,1/b2!,

t f
15max~Ax2x3mB ,1/b1,1/b2!,

t f
25max~Ax2x3mB ,Ax21x32x2x3mB ,1/b1,1/b2!,

ta5max~Ax2mB ,1/b2,1/b3!. ~21!

They are given the maximum values of the scales appea
in each diagram.

In the language of the above matrix elements for differ
diagrams Eqs.~13!–~17!, the decay amplitude forB0

→p1p2 can be written as

M~B0→p1p2!

5 f pFeFjuS 1

3
C11C2D2j tS C41

1

3
C31C101

1

3
C9D G

2 f pFe
Pj tFC61

1

3
C51C81

1

3
C7G

1Me@juC12j t~C31C9!#

1MaFjuC22j tS C312C412C61
1

2
C82

1

2
C9

1
1

2
C10D G2 f BFaj tF1

3
C51C62

1

6
C72

1

2
C8G , ~22!

where ju5Vub* Vud , j t5Vtb* Vtd . The decay width is ex-
pressed as

G5
GF

2mB
3

128p
uMu2. ~23!

The Ci8s should be calculated at the appropriate scalet i us-
ing Eqs.~C1!,~D1!. The decay amplitude of the charge co
jugate decay channelB̄0→p1p2 is the same as Eq.~22!
9-5
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except replacing the Cabibbo-Kobayashi-Maskawa~CKM!
matrix elementsju to ju* andj t to j t* under the phase con

ventionCPuB0&5uB̄0&.
The decay amplitude forB0→p0p0 can be written as

2A2M~B0→p0p0!

5 f pFeFjuS C11
1

3
C2D1j tS 1

3
C31C41

3

2
C71

1

2
C8

2
5

3
C92C10D G1 f pFe

Pj tFC61
1

3
C52

1

6
C72

1

2
C8G

1MeFjuC22j tS 2C31
3

2
C81

1

2
C91

3

2
C10D G

2MaFjuC22j tS C312C412C61
1

2
C82

1

2
C9

1
1

2
C10D G1 f BFaj tF1

3
C51C62

1

6
C72

1

2
C8G . ~24!

The decay amplitude forB1→p1p0 can be written as

A2M~B1→p1p0!

5 f pFeF4

3
ju~C11C2!2j tS 2C1012C92

3

2
C72

1

2
C8D G

2 f pFe
Pj tF3

2
C81

1

2
C7G

1MeFju~C11C2!2
3

2
j t~C81C91C10!G . ~25!

From the above equations~22!,~24!,~25!, it is easy to see tha
we have the exact Isospin relation for the three decays

M~B0→p1p2!2A2M~B0→p0p0!

5A2M~B1→p1p0!. ~26!

IV. NUMERICAL CALCULATIONS AND DISCUSSIONS
OF RESULTS

In the numerical calculations we use@19#

LMS
( f 54)

50.25 GeV, f p50.13 GeV, f B50.19 GeV,

MB55.2792 GeV, MW580.41 GeV,

tB651.65310212 s, tB051.56310212 s ~27!

and

mu54.5 MeV, md51.8mu , ~28!
07400
which is relevant to takingm051.5 GeV. For thep wave
function, we neglect theb dependence part, which is no
important in numerical analysis. We use

fp~x!5
3

A2Nc

f px~12x!$11aA@5~122x!221#%,

~29!

with aA50.8, which is close to the Chernyak-Zhitnitsk
~CZ! wave function@20#. For this axial vector wave function
the asymptotic wave function@21#, aA;0 , is suggested from
QCD sum rules@22#, diffractive dissociation of high momen
tum pions@23#, the instanton model@24#, and pion distribu-
tion functions@25#, etc., but we adoptaA50.8 according to
the discussion in Ref.@26#. fp8 is chosen as asymptotic wav
function

fp8 ~x!5
3

A2Nc

f px~12x!$11ap@5~122x!221#%,

~30!

with aP50. ForB meson, the wave function is chosen as

fB~x,b!5NBx2~12x!2 expF2
MB

2 x2

2vb1
2

2
1

2
~vb2b!2G ,

~31!

with vb15vb250.4 GeV@27#, andNB591.745 GeV is the
normalization constant. In this work, we setvb15vb2 for
simplicity. We would like to point out that the choice of th
meson wave functions as in Eqs.~29!–~31! and the above
parameters cannot only explain the experimental data oB
→pp, but alsoB→Kp @18,26#, Dp, etc., which is the re-
sult of a global fitting. However, since the predicted branc
ing ratio of B→pp is sensitive to the input paramete
f B , m0 , aA, aP, andvb1 , we will at first give the numeri-
cal results with the above parameters, then we give the
lowed parameter regions off B , m0 , aA, aP, andvb1 con-
strained by the experimental data ofB→p1p2 presented by
CLEO.

The diagrams~a! and~b! in Fig. 3, calculated in Eq.~13!
correspond to theB→p transition form factorFBp(q2

50), whereq5pB2P2 . Our result isFBp(0)50.25 to be
consistent with QCD sum rule one. This implies that PQC
can explain the transition form factor in theB meson decays
which is different from the conclusion in Ref.@12#. In that
paper, becausem0 was not considered, perturbative contrib
tions toFBp(0) were predicted to be much smaller than no
perturbative ones.

Although we take the CZ-like wave function (aA50.8)
for fp , one finds that the above parameters give the p
electromagnetic form factor to be consistent with the exp
mental data. The pion electromagnetic form factorFp(Q2)
in PQCD is given as@28,29#
9-6
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Fp~Q2!516pCFE
0

1

dx2dx3E
0

`

b2db2 b3db3as~ t !

3he~x3 ,x2 ,b3 ,b2!$x2Q2fp~x2 ,b2!fp~x3 ,b3!

12m0
2~12x2!fp8 ~x2 ,b2!fp8 ~x3 ,b3!%

3exp@2Sp
1 ~ t !2Sp

2 ~ t !#, ~32!

where 2Q2 is the momentum transfer in this system, t
scalet is chosen ast5max(Ax2Q,1/b2,1/b3), andmB’s are
replaced byQ in the he ,Sp

1 and Sp
2 . One may suspect tha

aroundx1 ,x2;0, the gluon and virtual quark propagato
give rise to IR divergences which cannot be canceled by
wave functions. However, in PQCD, the transverse mome
kT save perturbative calculations from the singularit
around x1,2;0. There are still IR divergences aroundkT
;0, but the Sudakov factor which can be calculated fr
QCD corrections does suppress such a region, i.e., non
turbative contributions, sufficiently. We show theQ2 depen-
dence ofFp(Q2) @Eq. ~32!# in Fig. 4 with the experimenta
data@30#. This figure shows that the parameters we used
not conflict with the data. We also showFp(Q2) for aA

50.8,0.4, and 0. It indicates thatFp(Q2) is fairly insensitive
to aA.

The CKM parameters we used here are

uVudu50.974060.0010, uVub /Vcbu50.0860.02,

~33!

uVcbu50.039560.0017, uVtb* Vtdu50.008460.0018.

We leave the CKM anglef2 as a free parameter.f2’s defi-
nition is @31#

f25argF2
VtdVtb*

VudVub* G . ~34!

In this parametrization, the decay amplitude ofB→pp can
be written as

FIG. 4. Q2 dependence forFp(Q2) with the data@30#. The
solid, dashed, and dotted lines correspond toaA50.8,0.4, and 0,
respectively.
07400
e
ta
s

er-

o

M5Vub* VudT2Vtb* VtdP5Vub* VudT@11zei (f21d)#,
~35!

wherez5uVtb* Vtd /Vub* VuduuP/Tu, andd is the relative strong
phase between tree~T! diagrams and penguin diagrams (P).
z and d can be calculated from PQCD. For example, inB0

→p1p2 decay, we getz530%, andd5130°, if we use the
above parameters. Here in PQCD approach, the str
phases come from the nonfactorizable diagrams and an
lation type diagrams@see ~c!–~h! in Fig. 3#. The internal
quarks and gluons can be on mass shell providing the str
phases. This can also be seen from Eqs.~B8!–~B11!, where
the modified Bessel functionK0(2 i f ) has an imaginary part
Numerical analysis also shows that the main contribution
the relative strong phased comes from the annihilation dia
grams,~g! and~h!, in Fig. 3. From the figure, we can see th
they are factorizable diagrams.B meson annihilates toqq̄
quark pair and then decays topp final states. The interme
diateqq̄ quark pair represents a number of resonance sta
which implies final state interaction. In perturbative calcu
tions, the two quark lines can be cut providing the imagina
part. The importance of these diagrams also makes the
tribution of penguin diagrams more important than pre
ously expected.

This mechanism of producingCP violation strong phase
is very different from the so-called Bander-Silverman-So
~BSS! mechanism@32#, where the strong phase comes fro
the perturbative penguin diagrams. The contribution of B
mechanism to the directCP violation in B→p1p2 is only
in the order of few percent@5,7#. It is higher order correc-
tions (as suppressed! in our PQCD approach. Therefore i
our approach we can safely neglect this contribution. T
corresponding charge conjugateB̄ decay is

M̄5VubVud* T2VtbVtd* P5VubVud* T@11zei (2f21d)#.
~36!

Therefore the averaged branching ratio forB→pp is

Br5~ uMu21uM̄u2!/2

5uVubVud* Tu2@112z cosf2 cosd1z2#. ~37!

From this equation, we know that the averaged branch
ratio is a function of CKM anglef2 , if z cosdÞ0.

The averaged branching ratio ofB0→p1p2 decay which
is predicted from the formulas in the previous section
shown as a function off2 in Fig. 5. To considerm0 required
from chiral symmetry is essentially different from the prev
ous paper@11#. This figure shows thatm0 enhances the
branching ratio to agree with the experimental data. Ther
a significant dependence on the CKM anglef2 . The branch-
ing ratio of B0→p1p2 is larger whenf2 is larger. The
reason is that the penguin contribution is not small. T
CLEO measured branching ratio ofB→p1p2 @6#

Br~B→p1p2!5~4.321.4
11.660.5!31026, ~38!
9-7
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is in good agreement with our predictions. This prefers
lower value off2 . However, the predicted branching ratio
sensitive to the parameters of input. Especially it is sensi
to f B , m0 and the meson wave functions. Therefore, it
unlikely to use this single channel to determine the CK
anglef2 .

The branching ratios ofB→pp are sensitive to some
input parameters. We give the parameter regions allowed
the experimental data in Eq.~38!. Relevant parameters ar
m0 , aP, andvb1 . Others are specified in the beginning
this section. Here we check the sensitivity of our calculat
on parameterm0 , aP, andvb1 . First we fix m051.5 GeV
and show the allowed region foraP andvb1 . This is shown
in Fig. 6~a!. One finds that the branching ratio is fairly in
sensitive toaP. Second we fixaP50 and show the allowed
region forvb1 andm0 . This is shown in Fig. 6~b!. We see
that the allowed region forvb1 and m0 is quite large. The
dependence onaA for the branching ratio ofB→p1p2 is
given in Fig. 7. As discussed in Ref.@26#, the central value
of the experimental dataRD5Br(B2→D0p2)/Br(B̄d

0

→D1p2) requiresaA50.8, but this figure indicates thatB
→p1p2 decay mode gives no significant restriction onaA.
Therefore, these figures show that the above set of par
eters we choose for Fig. 5 is in the allowed region, and t
parameter space producing the experimental data, Eq.~38!, is
quite large.

The branching ratio ofB1→p1p0 has little dependence
on f2 . It is easy to understand since there is only one do
nant contribution from tree diagrams. The QCD peng
contribution is canceled by isospin relation and the el
troweak contribution is very small giving only a slight d
pendence onf2 . The branching ratio of this decay is pre
dicted as 331026, using the parameters we list in th
beginning of this section.

For the decay ofB0→p0p0, the situation is similar to
that ofB0→p1p2. There are large contributions from bo
tree and penguin diagrams. We show the averaged branc
ratio of B0→p0p0 as a function off2 in Fig. 8. Although
the branching ratio is small, the dependence off2 is signifi-
cant. The predicted branching ratio ofB0→p0p0 is less than
1026. This is difficult for the B factories to measure th

FIG. 5. Averaged branching ratios~in unit of 1026) of B0(B̄0)
→p1p2, m051.5 GeV ~solid line!, m050 GeV ~dashed line!.
The two dotted lines indicate the 1s region of CLEO experiments
in Eq. ~38!.
07400
a

e

by

n

m-
t

i-
n
-

ing

separate branching ratios ofB0 and B̄0. In this case, the
proposed isospin method to measure the CKM anglef2 @33#
does not work in theB factories, since it requires the mea
surement ofB0→p0p0 and B̄0→p0p0.

Using Eqs.~35!,~36!, the directCP violating parameter is

ACP
dir 5

uMu22uM̄u2

uMu21uM̄u2
5

22z sinf2 sind

112z cosf2 cosd1z2
. ~39!

FIG. 6. Here we check the sensitivity of our calculation
parameterm0 , aP, andvb1 . Others are defined in the beginning o
Sec. IV. The shaded areas are allowed by the data, Eq.~38!, for
arbitraryf2; ~a! we fix m051.5 GeV and show the region foraP

andvb1; ~b! we fix aP50 and show the allowed region forvb1 and
m0 .

FIG. 7. Dependence onaA for the branching ratio~in unit of
1026) of B→p1p2. aA50.8,0.4,0 in descending order, respe
tively.
9-8
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The directCP asymmetry is nearly proportional to sinf2.
We show the directCP violation parameters~percentage! as
a function off2 in Fig. 9. Unlike the averaged branchin
ratios, the predictedCP violation in B decays does not de
pend much on the wave functions. They cancel each betw
the charge conjugate states shown in the above equation
directCP violation parameter ofB0→p1p2 andp0p0 can
be as large as 40 and 20 % whenf2 is near 70°. Because
there is no annihilation diagram contribution inB1

→p1p0, the penguin contribution is negligible. The dire
CP violation parameter ofB1→p1p0 is also very small. It
is a horizontal line in Fig. 9.

For the neutralB0 decays, there is more complicatio
from theB0-B̄0 mixing. TheCP asymmetry is time depen
dent @5,34#:

ACP~ t !.ACP
dir cos~Dmt!1ae1e8 sin~Dmt!, ~40!

whereDm is the mass difference of the two mass eigensta
of neutralB mesons. The directCP violation parameterACP

dir

is already defined in Eq.~39!, while the mixing-relatedCP
violation parameter is defined as

ae1e85
22 Im~lCP!

11ulCPu2
, ~41!

where

FIG. 8. Averaged branching ratios~in unit of 1027) of B0

→p0p0 as a function of CKM anglef2 .

FIG. 9. DirectCP violation parameters~in percentage! of B0

→p1p2 ~dotted line!, and B1→p1p0 ~solid line!, and B0

→p0p0 ~dashed line! as a function of CKM anglef2 .
07400
en
he

s

lCP5
Vtb* Vtd^ f uHeffuB̄0&

VtbVtd* ^ f uHeffuB0&
. ~42!

Using Eqs.~35!,~36!, we can derive as

lCP5e2if2
11zei (d2f2)

11zei (d1f2)
. ~43!

Usually, people believe that the penguin diagram contri
tion is suppressed comparing with the tree contribution,
z!1, such thatlCP.exp@2if2#, ae1e852sin 2f2, andACP

dir

.0. That is the previous idea of extracting sin 2f2 from the
CP measurement ofB0→p1p2. However,z is not very
small. From Fig. 10, we can see thatae1e8 is not a simple
2sin 2f2 behavior due to the so-called penguin pollution.

If we integrate the time variablet, we will get the total
CP asymmetry as

ACP5
1

11x2
ACP

dir 1
x

11x2
ae1e8 , ~44!

with x5Dm/G.0.723 for theB0-B̄0 mixing in SM @19#.
The integratedCP asymmetries ofB0→p1p2 and B0

→p0p0 are shown in Fig. 11. Unlike the averaged branc

FIG. 10. CP violation parametersae1e8 ~in percentage! of B0

→p1p2 ~solid line!, andB0→p0p0 ~dotted line!, as a function of
CKM anglef2 .

FIG. 11. The integratedCP asymmetries~in percentage! of B0

→p1p2 ~solid line!, andB0→p0p0 ~dotted line!, as a function of
CKM anglef2 .
9-9
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ing ratios, theCP asymmetry is not sensitive to the wav
functions, since these parameter dependences canceled
is rather stable. If we can measure the integratedCP asym-
metry from the experiments, then we can use this figure
determine the value off2 .

V. SUMMARY

We performed the calculations ofB0→p1p2, B1

→p1p0, andB0→p0p0 decays, in a perturbative QCD ap
proach. In this approach, we calculate the nonfactoriza
contributions and annihilation type contributions in additi
to the usual factorizable contributions. The predicted bran
ing ratios of B0→p1p2 are in good agreement with th
experimental measurement by the CLEO Collaboration.

We found that the annihilation contributions were not
small as expected in a simple argument. The annihila
diagram, which provides the dominant strong phases, p
an important role in theCP violation asymmetries. We ex
pect large directCP asymmetries in the decay ofB0

→p1p2 andB0→p0p0. The ordinary method of measu
ing the CKM anglef2 will suffer from the large penguin
pollution. The isospin method does not help, since theB
factories cannot measure well the small branching ratio
B0→p0p0. Working in our PQCD approach, we give th
predicted dependence ofCP asymmetry on CKM anglef2 .
Using this dependence, the current runningB factories in
KEK and SLAC will be able to measure the CKM anglef2 .
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APPENDIX A: WILSON COEFFICIENTS

In this appendix we present the weak effective Ham
tonianHeff which we used to calculate the hard partH(t) in
Eq. ~2!. The Heff for the DB51 transitions at the scal
smaller thanmW is given as

Heff5
GF

A2
FVubVud* ~C1O1

u1C2O2
u!2VtbVtd*

3S (
i 53

10

Ci Oi1CgOgD G . ~A1!

We specify below the operators inHeff for b→d:

O1
u5d̄agmLub•ūbgmLba , O2

u5d̄agmLua•ūbgmLbb ,

O35d̄agmLba•(
q8

q̄b8gmLqb8 ,
07400
t. It

to

le

h-

s
n
ys

f

,

k
n

p-

-

O45d̄agmLbb•(
q8

q̄b8gmLqa8 ,

O55d̄agmLba•(
q8

q̄b8gmRqb8 ,

O65d̄agmLbb•(
q8

q̄b8gmRqa8 , ~A2!

O75
3

2
d̄agmLba•(

q8
eq8q̄b8gmRqb8 ,

O85
3

2
d̄agmLbb•(

q8
eq8q̄b8gmRqa8 ,

O95
3

2
d̄agmLba•(

q8
eq8q̄b8gmLqb8 ,

O105
3

2
d̄agmLbb•(

q8
eq8q̄b8gmLqa8 .

Herea andb are theSU(3) color indices;L andR are the
left- and right-handed projection operators withL5(1
2g5), R5(11g5). The sum overq8 runs over the quark
fields that are active at the scalem5O(mb), i.e.,
(q8e$u,d,s,c,b%).

The PQCD approach works well for the leading twist a
proximation and leading double logarithm summation. F
the Wilson coefficients, we will also use the leading log
rithm summation for the QCD corrections, although the ne
to-leading order calculations already exist in the literatu
@16#. This is the consistent way to cancel the explicitm de-
pendence in the theoretical formulas.

At mW scale, the Wilson coefficients are evaluated
leading order as

C2w51,

Ciw50, i 51,8,10,

C3w52
as~mW!

24p
E01

a

6p

1

sin2 uW

~2B01C0!,

C4w5
as~mW!

8p
E0 ,

C5w52
as~mW!

24p
E0 ,

C6w5
as~mW!

8p
E0 ,

C7w5
a

6p
~4C01D0!,
9-10
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C9w5
a

6p F4C01D01
1

sin2 uW

~10B024C0!G , ~A3!

where

B05
1

4 S x

12x
1

x

~x21!2
ln xD ,

C05
x

8 S x26

x21
1

3x12

~x21!2
ln xD ,

D052
4

9
ln x1

219x3125x2

36~x21!3
1

x2~5x222x26!

18~x21!4
ln x,

E052
2

3
ln x1

x~x2111x218!

12~x21!3
1

x2~4x2216x115!

6~x21!4
ln x,

~A4!

with x5mt
2/mW

2 .
If the scalemb,t,mW , then we evaluate the Wilso

coefficients att scale using leading logarithm running equ
tions ~C1!. In numerical calculations, we useas

54p/@b1 ln(t2/LQCD
(5) 2)# which is the leading order expres

sion with LQCD
(5) 5193 MeV, derived fromLQCD

(4) 5250 MeV.
Here b15(3322nf)/3, with the appropriate number of ac
tive quarksnf . nf55 when scalet is larger thanmb .

The Wilson coefficients evaluated att5mb54.8 GeV
scale using the above equations are

C1520.27034, C251.11879,

C350.01261, C4520.02695,

C550.00847, C6520.03260, ~A5!

C750.00109, C850.00040,

C9520.00895, C1050.00216.

If the scalet,mb , then we evaluate the Wilson coeffi
cients att scale using the input of Eq.~A5!, and the formulas
in Appendix D for four active quarks (nf54) ~again in lead-
ing logarithm approximation!.

APPENDIX B: FORMULAS FOR THE HARD PART
CALCULATIONS

In this appendix we present the explicit expression of
formulas we used in Sec. III. First, we show the expon
s(k,b) appearing in Eqs.~B4!–~B6!. It is given, in terms of
the variables

q̂[ ln~k/L!, b̂[ ln~1/bL! ~B1!
07400
e
t

by

s~k,b!5
2

3b1
F q̂lnS q̂

b̂
D 2q̂1b̂G1

A(2)

4b1
2 S q̂

b̂
21D

2FA(2)

4b1
2

2
1

3b1
~2gE212 ln 2!G lnS q̂

b̂
D . ~B2!

The above coefficientsb1 andA(2) are

b15
3322nf

12

A(2)5
67

9
2

p2

3
2

10

27
nf1

8

3
b1 lnS egE

2 D , ~B3!

wheregE is the Euler constant.

Note thats is defined forq̂>b̂, and set to zero forq̂

,b̂. As a similar treatment, the complete Sudakov fac
exp(2S) is set to unity, if exp(2S).1, in the numerical
analysis. This corresponds to a truncation at largekT , which
spoils the on-shell requirement for the light valence quar
The quark lines with largekT should be absorbed into th
hard scattering amplitude, instead of the wave functions.

e2SB(t), e2Sp
1 (t), and e2Sp

2 (t) used in the amplitudes ar
expressions abbreviated to combine the Sudakov factor
single ultraviolet logarithms associated with theB and p
meson wave functions. The exponents are defined as

SB~ t !5s~x1mB /A2,b1!2
1

b1
ln

ln~ t/L!

2 ln~b1L!
, ~B4!

Sp
1 ~ t !5s~x2mB /A2,b2!1s„~12x2!mB /A2,b2…

2
1

b1
ln

ln~ t/L!

2 ln~b2L!
, ~B5!

Sp
2 ~ t !5s~x3mB /A2,b3!1s„~12x3!mB /A2,b3…

2
1

b1
ln

ln~ t/L!

2 ln~b3L!
. ~B6!

The last term of each equation is the integration result of
last term in Eq.~2!.

The functionhi ’s, coming from the Fourier transform o
hard partH, are given as
9-11
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he~x1 ,x2 ,b1 ,b2!5K0~Ax1x2mBb1!@u~b12b2!K0~Ax2mBb1!I 0~Ax2mBb2!1u~b22b1!K0~Ax2mBb2!I 0~Ax2mBb1!#,
~B7!

hd~x1 ,x2 ,x3 ,b1 ,b2!5K0~2 iAx2x3mBb2!@u~b12b2!K0~Ax1x2mBb1!I 0~Ax1x2mBb2!1u~b22b1!

3K0~Ax1x2mBb2!I 0~Ax1x2mBb1!#, ~B8!

hf
(1)~x1 ,x2 ,x3 ,b1 ,b2!5K0~2 iAx2x3mBb1!@u~b12b2!K0~2 iAx2x3mBb1!J0~Ax2x3mBb2!1u~b22b1!

3K0~2 iAx2x3mBb2!J0~Ax2x3mBb1!#, ~B9!

hf
(2)~x1 ,x2 ,x3 ,b1 ,b2!5K0~Ax21x32x2x3mBb1!@u~b12b2!K0~2 iAx2x3mBb1!J0~Ax2x3mBb2!1u~b22b1!

3K0~2 iAx2x3mBb2!J0~Ax2x3mBb1!#, ~B10!

ha~x2 ,x3 ,b2 ,b3!5K0~2 iAx2x3mBb3!@u~b22b3!K0~2 iAx2mBb2!J0~Ax2mBb3!1u~b32b2!

3K0~2 iAx2mBb3!J0~Ax2mBb2!#, ~B11!

with J0 the Bessel function andK0 , I 0 modified Bessel functionsK0(2 ix)52(p/2)Y0(x)1 i (p/2)J0(x).

APPENDIX C: WILSON COEFFICIENTS RUNNING EQUATIONS ABOVE mb SCALE

In this appendix, we list formulas for renormalization group running frommW scale tot scale, wheret.mb . These
formulas are derived from the leading logarithm QCD corrections with five active quarks@16#:

C15
1

2
~h26/232h12/23!,

C25
1

2
~h26/231h12/23!,

C350.0510h20.408620.0714h26/2310.0054h20.145620.1403h0.423020.0113h0.899411/6h12/231C3w~0.2868h20.4086

10.0491h20.145610.6579h0.423010.0061h0.8994!1C4w~0.3287h20.408610.0424h20.145620.3263h0.4230

20.0448h0.8994!1C5w~20.0629h20.408610.1629h20.145620.1846h0.423010.0846h0.8994!1C6w~0.0447h20.4086

20.0063h20.145620.2610h0.423010.2226h0.8994!1C9w~20.0325h20.408610.0357h26/2320.0016h20.1456

10.2342h0.423020.25h12/2310.0141h0.8994!1C7w~20.0063h20.408610.0163h20.145620.0185h0.4230

10.0085h0.8994!,

C450.0984h20.408620.0714h26/2310.0026h20.145610.1214h0.423021/6h12/2310.0156h0.89941C3w~0.5539h20.4086

10.0239h20.145620.5693h0.423020.0085h0.8994!1C4w~0.6348h20.408610.0206h20.145610.2823h0.4230

10.0623h0.8994!1C5w~20.1215h20.408610.0793h20.145610.1597h0.423020.1175h0.8994!1C6w~0.0864h20.4086

20.0031h20.145610.2259h0.423020.3092h0.8994!1C9w~20.0627h20.408610.0357h26/2320.0008h20.1456

20.2027h0.423010.25h12/2320.0196h0.8994!1C7w~20.0122h20.408610.0079h20.1456

10.0160h0.423020.0117h0.8994!,

C5520.0397h20.408610.0304h20.145610.0117h0.423020.0025h0.89941C3w~20.2233h20.408610.2767h20.1456

20.0547h0.423010.0013h0.8994!1C4w~20.2559h20.408610.2385h20.145610.0271h0.423020.0098h0.8994!

1C5w~0.0490h20.408610.9171h20.145610.0154h0.423010.0185h0.8994!1C6w~20.0348h20.408620.0357h20.1456

10.0217h0.423010.0488h0.8994!1C9w~0.0253h20.408620.0089h20.145620.0195h0.423010.0031h0.8994!

1C7w~0.0049h20.408610.0917h20.145620.1h23/2310.0015h0.423010.0019h0.8994!,
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C650.0335h20.408620.0112h20.145610.0239h0.423020.0462h0.89941C3w~0.1885h20.408620.1017h20.145620.1120h0.4230

10.0251h0.8994!1C4w~0.2160h20.408620.0877h20.145610.0555h0.423020.1839h0.8994!1C5w~20.0414h20.4086

20.3370h20.145610.0314h0.423010.3469h0.8994!1C6w~0.0294h20.408610.0131h20.145610.0444h0.4230

10.9131h0.8994!1C9w~20.0213h20.408610.0033h20.145620.0399h0.423010.0579h0.8994!1C7w~20.0041h20.4086

20.0337h20.14561h23/23/3010.0031h0.423010.0347h0.89942h24/23/30!,

C75C7wh23/23,

C85
1

3
C7w~2h23/231h24/23!,

C95
1

2
C9w~h26/231h12/23!,

C105
1

2
C9w~h26/232h12/23!, ~C1!

whereh5as(t)/as(mW).

APPENDIX D: WILSON COEFFICIENTS RUNNING EQUATIONS BELOW mb SCALE

In this appendix, we list formulas for renormalization group running frommb scale tot scale, wheret,mb . These formulas
are derived from the leading logarithm QCD corrections with four active quarks@16#.

CC15
1

2
C2~z26/252z12/25!1

1

2
C1~z26/251z12/25!,

CC25
1

2
C2~z26/251z12/25!1

1

2
C1~z26/252z12/25!,

CC35C4~0.3606z20.346910.03166z20.131720.3626z0.420120.0297z0.8451!1C10~0.0149z20.346920.0020z20.1317

20.4981z0.420110.5z12/2520.0148z0.8451!1C2~0.0651z20.346920.0833z26/2510.0046z20.131720.2265z0.4201

10.25z12/2520.0099z0.8451!1C3~0.3308z20.346910.0356z20.131710.6337z0.420120.0001z0.8451!

1C1~0.0502z20.346920.0833z26/2510.0066z20.131710.2717z0.420120.25z12/2510.0049z0.8451!

1C9~20.0149z20.346910.0020z20.131710.4981z0.420120.5z12/2510.0148z0.8451!

1C5~20.0598z20.346910.1371z20.131720.1473z0.420110.0700z0.8451!

1C6~0.0377z20.346920.0045z20.131720.2210z0.420110.18775z0.8451!

1C7~20.0150z20.346910.0343z20.131720.0368z0.420110.0175z0.8451!1C8~0.009z20.346920.0011z20.1317

20.0553z0.420110.0469z0.8451!,

CC45C6~0.0640z20.346920.0021z20.131710.2018z0.420120.2637z0.8451!1C5~20.10156z20.346910.06538z20.1317

10.1345z0.420120.09836z0.8451!1C9~20.02528z20.346910.0009z20.131720.4549z0.420110.5z12/2520.0207z0.8451!

1C1~0.08515z20.346920.0833z26/2510.0031z20.131720.24809z0.420110.25z12/2520.00688z0.8451!

1C3~0.5615z20.346910.01699z20.131720.5787z0.420110.0002z0.8451!1C2~0.1104z20.346920.0833z26/25

10.0022z20.131710.2068z0.420120.25z12/2510.0139z0.8451!1C10~0.0253z20.346920.0009z20.131710.4549z0.4201

20.5z12/2510.0207z0.8451!1C4~0.6121z20.346910.0151z20.131710.3311z0.420110.0417z0.8451!1C8~0.0160z20.3469

20.0005z20.131710.0505z0.420120.0659z0.8451!1C7~20.0254z20.346910.0163z20.131710.0336z0.4201
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20.0246z0.8451!,

CC55C4~20.2291z20.346910.2167z20.131710.0192z0.420120.0067z0.8451!1C10~20.0095z20.346920.0136z20.1317

10.0264z0.420120.0034z0.8451!1C2~20.0413z20.346910.0316z20.131710.0120z0.420120.0022z0.8451!

1C3~20.2102z20.346910.2438z20.131720.0336z0.4201!1C1~20.0319z20.346910.0452z20.131720.0144z0.4201

10.0011z0.8451!1C9~0.0095z20.346910.0136z20.131720.0264z0.420110.0034z0.8451!1C5~0.0380z20.3469

10.9382z20.131710.0078z0.420110.0159z0.8451!1C6~20.0240z20.346920.0305z20.131710.0117z0.4201

10.0427z0.8451!1C8~20.0060z20.346920.0076z20.131710.0029z0.420110.0107z0.8451!1C7~0.0095z20.3469

10.2346z20.131720.25z23/2510.0020z0.420110.0040z0.8451!,

CC65C4~0.1825z20.346920.0784z20.131710.0449z0.420120.14894z0.8451!1C10~0.0075z20.346910.0049z20.1317

10.0617z0.420120.07412z0.8451!1C2~0.0329z20.346920.0114z20.131710.0280z0.420120.0495z0.8451!

1C3~0.1674z20.346920.0882z20.131720.0784z0.420120.0007z0.8451!1C1~0.0254z20.346920.0163z20.1317

20.0336z0.420110.0246z0.8451!1C9~20.0075z20.346920.0049z20.131720.0617z0.420110.07412z0.8451!

1C5~20.0303z20.346920.3395z20.131710.0182z0.420110.35157z0.8451!1C6~0.0191z20.346910.0110z20.1317

10.0274z0.420110.94253z0.8451!1C8~0.0048z20.346910.0028z20.131710.0068z0.420110.2356z0.845120.25z24/25!

1C7~20.0076z20.346920.0849z20.131710.0833z23/2510.0046z0.420110.0879z0.845120.0833z24/25!,

CC75C7z23/25,

CC85C7~2z23/251z24/25!/3.1C8z24/25,

CC95C10~0.5z26/2520.5z12/25!1C9~0.5z26/2510.5z12/25!,

CC105C9~0.5z26/2520.5z12/25!1C10~0.5z26/2510.5z12/25!, ~D1!

wherez5as(t)/as(mB). HereLQCD
(4) 5250 MeV.
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ys
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da
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