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The factorization theorem in decays of BðsÞ mesons to two charmed mesons (both pseudoscalar and

vector) can be proved in the leading order in mD=mB and �QCD=mD expansion. Working in the

perturbative QCD approach, we find that the factorizable emission diagrams are dominant. Most of

branching ratios we compute agree with the experimental data well, which means that the factorization

theorem seems to be reliable in predicting branching ratios for these decays. In the decays of a Bmeson to

two vector charmed mesons, the transverse polarization states contribute 40%–50% both in the processes

with an external W emission and in the pure annihilation decays. This is in agreement with the present

experimental data. We also calculate the CP asymmetry parameters. The results show that the direct CP

asymmetries are very small. Thus observation of any large direct CP asymmetry will be a signal for new

physics. The mixing induced CP asymmetry in the neutral modes is large. This is also in agreement with

the current experimental measurements. They can give a cross-check of the sin2� measurement from

other channels.
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I. INTRODUCTION

The hadronic decays of B meson are important for
particle physics since they provide constraints of the stan-
dard model Cabibbo-Kobayashi-Maskawa (CKM) matrix,
a test of the QCD factorization, information on the decay
mechanism, and the final state interaction. The CP asym-
metries, in which some of the hadronic uncertainties are
canceled in their theoretical predictions, play an important
role in the investigations of B physics. For the decays with
a single D meson in the final states, only tree operators
contribute, and thus no CP asymmetry appears in the
standard model [1]. However, for decays with double-
charm final states, there are penguin operator contributions
as well as tree operator contributions. Thus the direct CP
asymmetry may be present. Recently, the Belle
Collaboration reported a large direct CP violation in B0 !
DþD� decay [2], while BABAR reported a small one, with
a different sign even [3]. What is more, large direct CP
asymmetries have not been observed in other B0 !
D�þD�� decays [4] either, which have the same flavor
structures as B0 ! DþD� at the quark level. Intrigued
by these experimental results, many investigations on the
decays of B to double-charm states have been carried out
[5–8].

The theoretical study of hadronic B decays has achieved
great success in recent years. Among them, the perturba-
tive QCD approach (PQCD) is based on kT factorization
[9]. By keeping the transverse momentum of quarks, the
end point singularity in the collinear factorization has been
eliminated. Since transverse momentum introduces an-
other energy scale, double logarithm appears in the QCD
radiative corrections. The renormalization group equation

is used to resum the double logarithm, which results in the
Sudakov factor. This factor effectively suppresses the end-
point contribution of the distribution amplitude of mesons
in the small transverse momentum region, which makes the
perturbative calculation reliable. Phenomenologically, the
PQCD approach successfully predicts the following:
(1) the direct CP asymmetry in B decays [10]; (2) the
pure annihilation type B decays [11]; (3) the strong final
state interaction phase and color suppressed decay ampli-
tude in the B ! D� decays [1].
In charmless two-body B decays, the final state mesons

can be considered as massless therefore both of the final
state mesons are on the light cone. The collinear factoriza-
tion can be easily proved in the heavy quark limit. For the
decays with a single heavy Dmeson in the final states, one
can still prove factorization [12] in the leading order of the
r ¼ mD=mB expansion. For the decays with double-charm
quarks in the final states, such as B ! J=cK, �cK, it is
believed that the factorization fails. However, the decays
with double D mesons in the final states are different. The
reason is that, while the expansion parameter mD=mB �
0:36 could be considered to be small, mJ=c =mB � 0:6 is

not. In other words, the J=c (�c) are soft particles in B

decays; while the Dð�Þ
ðsÞ meson is collinear in the B !

Dð�Þ
ðsÞD

ð�Þ
ðsÞ decays. The momentum of the Dð�Þ

ðsÞ meson in the

latter decays is j ~pj ’ 1
2mBð1� 2r2Þ, which is still nearly

half of the Bmeson mass. The decays ofB to double-charm
states can be investigated in the PQCD approach in the
leading order of r ¼ mD=mB and�QCD=mD expansion. All

of the annihilation type diagrams contain end-point singu-
larity, which are quite different from the spectatorlike
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diagrams that are dominated by the form factors. It is very
difficult to deal with in the collinear factorization. The
PQCD base on kT factorization is almost the only approach
that can give quantitative calculations of annihilation type
decays.

This paper is organized as follows. In Sec. II, we list the
formalism, including the Hamiltonian, the wave functions
of the mesons, the factorization formulae of the Feynman
diagrams for B ! PP decay mode, and the analytic ex-
pressions for the decay amplitudes. In Sec. III, the numeri-
cal results of the physical observables and discussions of
the results are given. Sec. IV is a brief summary. The
common PQCD functions, scales, and the factorization
formulae of the Feynman diagrams for B ! PV, B !
VP, and B ! VV modes are all put into the appendices
for simplicity.

II. ANALYTIC EXPRESSIONS

In hadronic B decays, there are several typical energy
scales. People usually expand the decay amplitudes with
respect to the ratios of scales. The physics with a scale
higher than theW boson mass are electroweak interactions,
which can be calculated perturbatively. The leading log
QCD corrections between the W boson mass and b quark
mass are included in the Wilson coefficients of the four-
quark operators in the effective Hamiltonian. The physics
below the b quark mass is more complicated. We have to
utilize the factorization theorem to factorize the nonper-
turbative contributions out, so that the hard part can be
calculated perturbatively. In the PQCD approach, we uti-
lize the kT factorization [9], where the transverse momenta
of the quarks in the mesons are kept to eliminate the end-
point divergence. Because of the new transverse momen-
tum scale introduction, double logarithms appear in the
calculation. We resum these logarithms to give a Sudakov
factor, which effectively suppresses the end-point region
contribution. Thus the end-point singularity in the usual
collinear factorization disappears. This makes the pertur-
bative calculation reliable and consistent. For decays with
Dmeson in the final states, another scalemD is introduced.
The factorization is proved in the leading order of the
mD=mB expansion [12] therefore as it is done in the
computation of B ! DM and B ! �DM amplitudes [13],
we will work in the leading order mD=mB expansion. For
each of the diagrams in the following, we keep the con-
tributions in the leading order of mD=mB. For example, in
the B meson to two vector mesons decays, the leading
order contributions of some transversely polarized ampli-
tudes are proportional to r2ðr ¼ mD=mBÞ. Then we will
keep the r2 terms in these diagrams. While in other cases,
the terms of r2 are neglected because the leading order is 1
other than r2. Finally, the amplitude for B ! M2M3 (M2

and M3 stand for two mesons) decay within PQCD ap-
proach is decomposed as

M ¼
Z

d4k1d
4k2d

4k3�Bðk1; tÞTHðk1; k2; k3; tÞ�M2
ðk2; tÞ

��M3
ðk3; tÞeSðki;tÞ; (1)

where ki (i ¼ 1, 2, 3) are the momenta of the quarks in
mesons, which are defined explicitly in Eq. (10). TH is the
hard part that is perturbatively calculable. �B and �Mi

(i ¼ 2, 3) are the universal hadronic meson wave functions
that are treated as nonperturbative inputs. The Sudakov

factors eSðki;tÞ (i ¼ 1, 2, 3) are from the resummation of
double logarithms.

A. Notations and conventions

The Hamiltonian referred to in this paper is given by
[14]:

H eff ¼ GFffiffiffi
2

p
� X
q¼u;c

VqbV
�
qD½C1ð�ÞOq

1ð�Þ þ C2ð�ÞOq
2ð�Þ�

� VtbV
�
tD

�X10
i¼3

Cið�ÞOið�Þ
��

þ H:c:; (2)

where VqbðDÞ and VtbðDÞ with D ¼ d, s are CKM matrix

elements. Functions Oiði ¼ 1; . . . ; 10Þ are local four-quark
operators:
(i) current-current (tree) operators

Oq
1 ¼ ð �q�b�ÞV�Að �D�q�ÞV�A;

Oq
2 ¼ ð �q�b�ÞV�Að �D�q�ÞV�A;

(3)

(ii) QCD penguin operators

O3 ¼ ð �D�b�ÞV�A

X
q0
ð �q0�q0�ÞV�A;

O4 ¼ ð �D�b�ÞV�A

X
q0
ð �q0�q0�ÞV�A;

(4)

O5 ¼ ð �D�b�ÞV�A

X
q0
ð �q0�q0�ÞVþA;

O6 ¼ ð �D�b�ÞV�A

X
q0
ð �q0�q0�ÞVþA;

(5)

(iii) electroweak penguin operators

O7 ¼ 3

2
ð �D�b�ÞV�A

X
q0
eq0 ð �q0�q0�ÞVþA;

O8 ¼ 3

2
ð �D�b�ÞV�A

X
q0
eq0 ð �q0�q0�ÞVþA;

(6)
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O9 ¼ 3

2
ð �D�b�ÞV�A

X
q0
eq0 ð �q0�q0�ÞV�A;

O10 ¼ 3

2
ð �D�b�ÞV�A

X
q0
eq0 ð �q0�q0�ÞV�A;

(7)

where � and � are color indices and q0 are the active
quarks at the scale mb, i.e. q

0 ¼ ðu; d; s; c; bÞ. The left-
handed current is defined as ð �q0�q0�ÞV�A ¼ �q0���ð1�
�5Þq0� and the right-handed current is ð �q0�q0�ÞVþA ¼
�q0���ð1þ �5Þq0�. The combinations ai of Wilson coeffi-

cients are defined as usual [15]:

a1 ¼ C2 þ C1=3; a2 ¼ C1 þ C2=3;

a3 ¼ C3 þ C4=3; a4 ¼ C4 þ C3=3;

a5 ¼ C5 þ C6=3; a6 ¼ C6 þ C5=3;

a7 ¼ C7 þ C8=3; a8 ¼ C8 þ C7=3;

a9 ¼ C9 þ C10=3; a10 ¼ C10 þ C9=3:

(8)

We work in the light-cone coordinate, in which a vector

V� is defined as ðV0þV3ffiffi
2

p ; V
0�V3ffiffi
2

p ; V1; V2Þ. We use M2 to

denote the charmed meson with a c quark andM3 to denote
the meson with a �c quark. In this paper, we work in the rest
frame of B meson and define the direction in which M2

moves as the positive direction of z-axis. Therefore the
momenta of BðsÞ meson and two charmed mesons are

defined in the light-cone coordinate as

pB ¼ mBffiffiffi
2

p ð1; 1; 0?Þ; p2 ¼ mBffiffiffi
2

p ð1� r23; r
2
2; 0?Þ;

p3 ¼ mBffiffiffi
2

p ðr23; 1� r22; 0?Þ;
(9)

where ri ¼ mi=mB (i ¼ 2, 3) and 0? are zero two-
component vectors. m2 and m3 are the masses of the two
charmed mesons. One can find that our definitions of the
momentums satisfy the on shell conditions at the order of
r2. In the following calculations, we will keep the contri-
butions of each diagram to the leading power of riði ¼
2; 3Þ. All the terms with a power of ri higher than 2 are
dropped. We use k1, k2, and k3 to denote the momenta
carried by the light quarks in BðsÞ meson and two charmed

mesons. They are defined by

k1 ¼
�
0;
mBffiffiffi
2

p x1; k1?
�
; k2 ¼

�
mBffiffiffi
2

p ð1� r23Þx2; 0;k2?
�
;

k3 ¼
�
0;
mBffiffiffi
2

p ð1� r22Þx3;k3?
�
; (10)

with x1, x2, and x3 as the momentum fractions.

B. Wave functions of BðsÞ mesons

The BðsÞ meson wave functions are decomposed into the

following Lorentz structures:

Z d4z

ð2�Þ4 e
ik1�zh0j �b�ð0Þd�ðzÞjBðsÞðP1Þi

¼ iffiffiffiffiffiffiffiffiffi
2Nc

p
�
ðP6 1 þmBðsÞ Þ�5

�
�BðsÞ ðk1Þ

� n6 � v6ffiffiffi
2

p ��BðsÞ ðk1Þ
��

��
: (11)

Here, �BðsÞ ðk1Þ and ��BðsÞ ðk1Þ are the corresponding leading

twist distribution amplitudes, and numerically ��BðsÞ ðk1Þ
gives small contributions [16], so we neglect it. The ex-
pression for �BðsÞ becomes

�BðsÞ ¼
iffiffiffiffiffiffiffiffiffi
2Nc

p ðP6 1 þmBðsÞ Þ�5�BðsÞ ðk1Þ: (12)

For the distribution amplitude in the b-space, we adopt the
model function [9]

�BðsÞ ðx; bÞ ¼ NBðsÞx
2ð1� xÞ2 exp

�
� 1

2

�xmBðsÞ

!b

�
2 �!2

bb
2

2

�
;

(13)

where b is the conjugate space coordinate of k1?. NBðsÞ is

the normalization constant, which is determined by the
normalization condition

Z 1

0
dx�BðsÞ ðx; b ¼ 0Þ ¼ fBðsÞ

2
ffiffiffiffiffiffiffiffiffi
2Nc

p : (14)

The B� and B0
d decays are studied intensively in PQCD

approach [9]. With the rich experimental data, the !b ¼
ð0:40� 0:05Þ GeV is determined for B meson. For Bs

meson, we will follow Ref. [17] and adopt the value !bs ¼
ð0:50� 0:05Þ GeV.

C. Wave function of Dð�Þ= �Dð�Þ meson

In the heavy quark limit, the two-particle light-cone

distribution amplitudes of Dð�Þ= �Dð�Þ meson are defined as
[18]

hDðP2Þjq�ðzÞ �c�ð0Þj0i ¼ iffiffiffiffiffiffiffiffiffi
2NC

p
Z 1

0
dxeixP2�z

� ½�5ðP6 2 þmDÞ�Dðx; bÞ���
hD�ðP2Þjq�ðzÞ �c�ð0Þj0i ¼ � 1ffiffiffiffiffiffiffiffiffi

2NC

p
Z 1

0
dxeixP2�z

� ½	6 LðP6 2 þmD� Þ�L
D� ðx; bÞ

þ 	6 TðP6 2 þmD� Þ�T
D� ðx; bÞ���;

(15)

with
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Z 1

0
dx�Dðx; 0Þ ¼ fD

2
ffiffiffiffiffiffiffiffiffi
2Nc

p ;

Z 1

0
dx�L

D� ðx; 0Þ ¼ fD�

2
ffiffiffiffiffiffiffiffiffi
2Nc

p ;

Z 1

0
dx�T

D� ðx; 0Þ ¼ fTD�

2
ffiffiffiffiffiffiffiffiffi
2Nc

p ;

(16)

as the normalization conditions. In the heavy quark limit,
we have

fTD� � fD�
mc þmd

MD�
� fD� � fTD�

mc þmd

MD�
�Oð ��=MD� Þ:

(17)

Thus we will use fTD� ¼ fD� in our calculation. The model

for the distribution amplitude for D meson that we used in
this paper is

�Dðx; bÞ ¼ 1

2
ffiffiffiffiffiffiffiffiffi
2Nc

p fD6xð1� xÞ½1þ CDð1� 2xÞ�

� exp

��!2b2

2

�
; (18)

which has been tested in the B ! Dð�ÞM and B ! �Dð�ÞM
decays [13]. The masses ofDð�Þ

ðsÞ meson that we use are [19]

mD ¼ 1:869 GeV; mD�
s
¼ 1:968 GeV;

mD� ¼ 2:010 GeV; mD��
s

¼ 2:112 GeV:
(19)

We use CD ¼ 0:5� 0:1, ! ¼ 0:1 GeV for D= �D meson
and CD ¼ 0:4� 0:1, ! ¼ 0:2 GeV for Ds= �Ds meson,
which are determined in Ref. [13] by fitting. In the wave
function ofD�

ðsÞ mesons, the�L
D� and�T

D� cannot be related

by the equation of motion. We simply follow the authors in
Ref. [18] to adopt the same model as that of D meson

�L
D� ðx; bÞ ¼ �T

D� ðx; bÞ
¼ 1

2
ffiffiffiffiffiffiffiffiffi
2Nc

p fD�6xð1� xÞ½1þ CD� ð1� 2xÞ�

� exp

��ð!�Þ2b2
2

�
: (20)

The mass difference of DðsÞ and D�
ðsÞ is very small. In a

heavy quark limit, the light meson in Dð�Þ
ðsÞ mesons is not

sensitive to the spin and color of the heavy c or �c quark.
Thus the light-cone distribution amplitudes ofDðsÞ andD�

ðsÞ
could be very similar. In our calculation, we simply take
CD� ¼ CD and !� ¼ !. fD ¼ ð207� 4Þ MeV [20] and
fDs

¼ ð241� 3Þ MeV [20] are adopted and the following

relations derived from heavy quark effective theory [21]
are used to determine fD�

ðsÞ
:

fD� ¼
ffiffiffiffiffiffiffiffiffi
mD

mD�

s
fD; fD��

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
mD�

s

mD�
s�

s
fD�

s
: (21)

The value of fDs
above is smaller than the recent experi-

mental data fDs
¼ ð273� 10Þ MeV [19]. Because the am-

plitude in the PQCD approach is factorized as the
convolution of the wave functions, Sudakov factors and
the hard part, the branching ratio, is proportional to the
f2M2=3

. Thus if the experimental data is adopted, our results

for the branching ratios will increase by F ¼ ð273�10
241�3 Þ2 for

single Ds meson in the final state and F2 for double Ds

meson final state.

D. Factorization formulae for B ! PP mode

In this subsection, we list all the amplitudes from the
Feynman diagrams for hM2M3jCið�ÞOið�ÞjBðsÞi up to the

leading order, with M2 and M3 as two charmed mesons.
According to their topological structures, the diagrams that
contribute to the decays of BðsÞ to two charmed mesons can

be divided into two types, the emission diagrams (see
Fig. 1) with the light antiquark in BðsÞ meson entering

one of the charmed mesons as a spectator and the annihi-
lation diagrams (see Figs. 2 and 3) without any spectator
quark. The first two diagrams in Fig. 1 are factorizable
diagrams, whose amplitude can be naively factorized as a
decay constant of a charmed meson and a form factorlike
structure. The amplitudes arise from all possible Lorentz
structures of the operators for factorizable emission dia-
grams, which are given as the following, where ai denotes
the Wilson coefficients and t is the scale.
(i) Factorizable emission diagrams for ðV� AÞðV� AÞ

operator are

FIG. 1. Emission diagrams.
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FLL
e ðaiðtÞÞ ¼ 8�CFfM3

m4
B

Z 1

0
dx1dx2

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ

� ½Eeðtð1Þe Þaiðtð1Þe Þheðx1; x2ð1� r23Þ; b1; b2ÞStðx2Þð1þ x2 þ r2ð1� 2x2ÞÞ
þ r2ð1þ r2ÞEeðtð2Þe Þaiðtð2Þe Þheðx2; x1ð1� r23Þ; b2; b1ÞStðx1Þ�: (22)

(ii) Factorizable emission diagrams for ðS� PÞðSþ PÞ operator are
FSP
e ðaiðtÞÞ ¼ 16�CFfM3

m4
B

Z 1

0
dx1dx2

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ

� r3½Eeðtð1Þe Þaiðtð1Þe Þheðx1; x2ð1� r23Þ; b1; b2ÞStðx2Þð1þ 2r2 þ r2x2Þ
þ r2Eeðtð2Þe Þaiðtð2Þe Þheðx2; x1ð1� r23Þ; b2; b1ÞStðx1Þ�: (23)

The amplitudes for the nonfactorizable emission diagrams in Fig. 1(c) and 1(d) are given as:
(i) Nonfactorizable emission diagrams for ðV� AÞðV� AÞ operator

FLL
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� ½ðx3 � r2x2ÞEbðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ þ ðx2r2 � x2 þ x3 � 1ÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�: (24)

(ii) Nonfactorizable emission diagrams for ðV� AÞðVþ AÞ operator

FLR
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� r3½ðx3 þ r2ðx2 þ x3ÞÞEenðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ � ðr2ðx2 � x3 þ 2Þ � x3 þ 2ÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�:
(25)

The first two diagrams in Figs. 2 and 3 are the factoriz-
able diagrams for annihilation diagrams, whose amplitudes
can be factorized as a BðsÞ meson decay constant and a form

factorlike structure between two charmed mesons. It
should be reminded that, in the decays we considered,
the factorizable annihilation diagrams can be divided into

two types, depending on whether the quark propagator is a
light quark propagator (see the first two diagrams in Fig. 2)
or a c-quark propagator (see the first diagrams in Fig. 3). In
calculation, we keep the mass of the c-quark while the
mass of the light quark is neglected and thus these two
types of diagrams have different expressions. The ampli-

FIG. 2. Annihilation diagrams without charm quark in the four-quark operator.

FIG. 3. Annihilation diagrams with charm quark in the four-quark operator.
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tudes for the factorizable annihilation diagrams with a light quark propagator (the first two diagrams in Fig. 2) are given as
follows:

(i) Factorizable annihilation diagrams for ðV� AÞðV� AÞ operator
FLL
a ðaiðtÞÞ ¼ 8�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ

� ½ð2r2r3ðx2� 2Þþ x2� 1Þ�Eaðtð1Þa Þaiðtð1Þa Þhað1�ð1� r22Þx3;1�ð1� r23Þx2;b3;b2ÞStðx2Þ
þ ð�2r2r3ðx3� 2Þ� ðx3� 1ÞÞ�Eaðtð2Þa Þaiðtð2Þa Þhað1�ð1� r23Þx2;1�ð1� r22Þx3;b2;b3ÞStðx3Þ�: (26)

The two terms of FLL
a ðaiðtÞÞ give destructive contributions. A little contribution appears when �M2

and �M3
are

different from each other. Otherwise, FLL
a ðaiðtÞÞ ¼ 0.

(ii) Factorizable annihilation diagrams for ðV� AÞðVþ AÞ operator

FLR
a ðaiðtÞÞ ¼ FLL

a ðaiðtÞÞ: (27)

(iii) Factorizable annihilation diagrams for ðS� PÞðSþ PÞ operator
FSP
a ðaiðtÞÞ ¼ 16�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ

� ½ð2r3 þ r2ð1� x2ÞÞEaðtð1Þa Þaiðtð1Þa Þhað1� ð1� r22Þx3; 1� ð1� r23Þx2; b3; b2ÞStðx2Þ
þ ð2r2 þ r3ð1� x3ÞÞEaðtð2Þa Þaiðtð2Þa Þhað1� ð1� r23Þx2; 1� ð1� r22Þx3; b2; b3ÞStðx3Þ�: (28)

For the amplitudes of the factorizable diagrams with a
c-quark propagator (the first two diagrams in Fig. 3), we
add the character ‘‘c’’ in the subscript to distinguish them
from those with a light quark propagator. Because of
current conservation, the factorizable annihilation dia-
grams of B ! PP decay mode for ðV� AÞðV� AÞ and
ðV� AÞðVþ AÞ operators cancel each other. Amplitudes
for these diagrams are given as follows:

(i) Factorizable annihilation diagrams for ðV� AÞðV�
AÞ operator

FLL
ac ðaiðtÞÞ ¼ 0: (29)

(ii) Factorizable annihilation diagrams for ðV� AÞðVþ
AÞ operator

FLR
ac ðaiðtÞÞ ¼ FLL

ac ðaiðtÞÞ ¼ 0: (30)

Similar to the factorizable annihilation diagrams, the
nonfactorizable annihilation diagrams are also divided
into two types (see the last two diagrams of Figs. 2 and
3), depending on whether the c �c are generated from the
effective weak vertex. Because the c quark in the charmed
meson carries most of the energy, these two types of non-
factorizable diagrams are expected to have different scales.
Additionally, because the momentum fraction xiði ¼ 2; 3Þ
is defined on the light quark in the charmed mesons, these
two types of nonfactorizable annihilation diagrams also
have different expressions. The amplitudes of the diagrams
with c �c pair generated from a hard gluon (the last two
diagrams in Fig. 2) are given as
(i) Nonfactorizable annihilation diagrams for ðV�

AÞðV� AÞ operator

FLL
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ � ½ðr2r3ðx2 þ x3 � 4Þ

þ x3 � 1ÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ � ðr2r3ðx2 þ x3 � 2Þ þ x2 � 1ÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�: (31)

(ii) Nonfactorizable annihilation diagrams for ðV� AÞðVþ AÞ operator

FLR
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ � ½�ðr2ðx2 þ 1Þ

� r3ðx3 þ 1ÞÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ þ ðr2ðx2 � 1Þ � r3ðx3 � 1ÞÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�: (32)

(iii) Nonfactorizable annihilation diagrams for ðS� PÞðSþ PÞ operator
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FSP
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ � ½ðr2r3ðx2 þ x3 � 4Þ

þ x2 � 1ÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ � ðr2r3ðx2 þ x3 � 2Þ þ x3 � 1ÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�: (33)

Similar to what we do with the factorizable annihilation diagrams, the amplitudes with c �c pair from the effective weak
vertex are also distinguished by adding the character ‘‘c’’ in the subscripts. Amplitudes for these diagrams (the last two
diagrams in Fig. 3) are given by

(i) Nonfactorizable annihilation diagrams for ðV� AÞðV� AÞ operator

FLL
ancðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� ½ð�r2r3ðx2 þ x3 þ 2Þ � x2ÞEanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ
þ ðr2r3ðx2 þ x3Þ þ x3ÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�: (34)

(ii) Nonfactorizable annihilation diagrams for ðS� PÞðSþ PÞ operator

FSP
ancðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� ½�ðr2r3ðx2 þ x3 þ 2Þ þ x3ÞEanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ þ ððr2r3 þ 1Þx2
þ r3x3ðr2 þ r3ÞÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�: (35)

E. Analytic expressions for the decay amplitudes

There are 10 decay channels for the B ! PP decay mode, which can be divided into two groups: decays with both
emission and annihilation contributions and pure annihilation type decays.

(i) Channels with both emission and annihilation contributions.

AðB� ! D0D�
ðsÞÞ ¼

GFffiffiffi
2

p fVcbV
�
cdðsÞ½FLL

e ða1Þ þ FLL
en ðC1Þ� þ VubV

�
udðsÞ½FLL

a ða1Þ þ FLL
an ðC1Þ�

� VtbV
�
tdðsÞ½FLL

e ða4 þ a10Þ þ FLL
en ðC3 þ C9Þ þ FSP

e ða6 þ a8Þ þ FLR
en ðC5 þ C7Þ

þ FLL
a ða4 þ a10Þ þ FLL

an ðC3 þ C9Þ þ FSP
a ða6 þ a8Þ þ FLR

an ðC5 þ C7Þ�g; (36)

Að �B0 ! DþD�Þ ¼ GFffiffiffi
2

p
�
VcbV

�
cd½FLL

e ða1Þ þ FLL
en ðC1Þ þ FLL

ac ða2Þ þ FLL
ancðC2Þ� � VtbV

�
td½FLL

e ða4 þ a10Þ

þ FLL
en ðC3 þ C9Þ þ FSP

e ða6 þ a8Þ þ FLR
en ðC5 þ C7Þ þ FLL

ac ða3 þ a9Þ þ FLL
ancðC4 þ C10Þ

þ FLR
ac ða5 þ a7Þ þ FSP

ancðC6 þ C8Þ þ FLL
a

�
a3 þ a4 � 1

2
a9 � 1

2
a10

�

þ FLL
an

�
C3 þ C4 � 1

2
C9 � 1

2
C10

�
þ FLR

a

�
a5 � 1

2
a7

�
þ FSP

an

�
C6 � 1

2
C8

�

þ FSP
a

�
a6 � 1

2
a8

�
þ FLR

an

�
C5 � 1

2
C7

���
; (37)

Að �B0 ! DþD�
s Þ ¼ GFffiffiffi

2
p

�
VcbV

�
cs½FLL

e ða1Þ þ FLL
en ðC1Þ� � VtbV

�
ts½FLL

e ða4 þ a10Þ þ FLL
en ðC3 þ C9Þ

þ FSP
e ða6 þ a8Þ þ FLR

en ðC5 þ C7Þ þ FLL
a

�
a4 � 1

2
a10

�
þ FLL

an

�
C3 � 1

2
C9

�

þ FSP
a

�
a6 � 1

2
a8

�
þ FLR

an

�
C5 � 1

2
C7

���
; (38)
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Að �B0
s ! Dþ

s D
�Þ ¼ GFffiffiffi

2
p

�
VcbV

�
cd½FLL

e ða1Þ þ FLL
en ðC1Þ� � VtbV

�
td½FLL

e ða4 þ a10Þ þ FLL
en ðC3 þ C9Þ

þ FSP
e ða6 þ a8Þ þ FLR

en ðC5 þ C7Þ þ FLL
a

�
a4 � 1

2
a10

�
þ FLL

an

�
C3 � 1

2
C9

�

þ FSP
a

�
a6 � 1

2
a8

�
þ FLR

an

�
C5 � 1

2
C7

���
; (39)

Að �B0
s ! Dþ

s D
�
s Þ ¼ GFffiffiffi

2
p

�
VcbV

�
cs½FLL

e ða1Þ þ FLL
en ðC1Þ þ FLL

ac ða2Þ þ FLL
ancðC2Þ� � VtbV

�
ts½FLL

e ða4 þ a10Þ

þ FLL
en ðC3 þ C9Þ þ FSP

e ða6 þ a8Þ þ FLR
en ðC5 þ C7Þ þ FLL

ac ða3 þ a9Þ
þ FLL

ancðC4 þ C10Þ þ FLR
ac ða5 þ a7Þ þ FSP

ancðC6 þ C8Þ þ FLL
a

�
a3 þ a4 � 1

2
a9 � 1

2
a10

�

þ FLL
an

�
C3 þ C4 � 1

2
C9 � 1

2
C10

�
þ FLR

a

�
a5 � 1

2
a7

�
þ FSP

an

�
C6 � 1

2
C8

�

þ FSP
a

�
a6 � 1

2
a8

�
þ FLR

an

�
C5 � 1

2
C7

���
; (40)

(ii) Pure annihilation decays.

Að �B0 ! D0 �D0Þ ¼ GFffiffiffi
2

p fVcbV
�
cd½FLL

ac ða2Þ þ FLL
ancðC2Þ� þ VubV

�
ud½FLL

a ða2Þ þ FLL
an ðC2Þ�

� VtbV
�
td½FLL

a ða3 þ a9Þ þ FLL
an ðC4 þ C10Þ þ FLR

a ða5 þ a7Þ þ FSP
an ðC6 þ C8Þ

þ FLL
ac ða3 þ a9Þ þ FLL

ancðC4 þ C10Þ þ FLR
ac ða5 þ a7Þ þ FSP

ancðC6 þ C8Þ�g; (41)

Að �B0 ! Dþ
s D

�
s Þ ¼ GFffiffiffi

2
p

�
VcbV

�
cd½FLL

ac ða2Þ þ FLL
ancðC2Þ� � VtbV

�
td½FLL

ac ða3 þ a9Þ þ FLL
ancðC4 þ C10Þ

þ FLR
ac ða5 þ a7Þ þ FSP

ancðC6 þ C8Þ þ FLL
a

�
a3 � 1

2
a9

�
þ FLL

an

�
C4 � 1

2
C10

�

þ FLR
a

�
a5 � 1

2
a7

�
þ FSP

an

�
C6 � 1

2
C8

��
; (42)

Að �B0
s ! D0 �D0Þ ¼ GFffiffiffi

2
p fVcbV

�
cs½FLL

ac ða2Þ þ FLL
ancðC2Þ� þ VubV

�
us½FLL

a ða2Þ þ FLL
an ðC2Þ�

� VtbV
�
ts½FLL

a ða3 þ a9Þ þ FLL
an ðC4 þ C10Þ þ FLR

a ða5 þ a7Þ þ FSP
an ðC6 þ C8Þ

þ FLL
ac ða3 þ a9Þ þ FLL

ancðC4 þ C10Þ þ FLR
ac ða5 þ a7Þ þ FSP

ancðC6 þ C8Þ�g; (43)

Að �B0
s ! DþD�Þ ¼ GFffiffiffi

2
p

�
VcbV

�
cs½FLL

ac ða2Þ þ FLL
ancðC2Þ� � VtbV

�
ts½FLL

ac ða3 þ a9Þ þ FLL
ancðC4 þ C10Þ

þ FLR
ac ða5 þ a7Þ þ FSP

ancðC6 þ C8Þ þ FLL
a

�
a3 � 1

2
a9

�
þ FLL

an

�
C4 � 1

2
C10

�

þ FLR
a

�
a5 � 1

2
a7

�
þ FSP

an

�
C6 � 1

2
C8

��
: (44)

There are also 10 decay channels for each category of
B ! PV, B ! VP, and B ! VV decays. The decay am-
plitudes of the B ! PV and B ! VP modes can be ob-
tained from the B ! PP decays just by substituting the
DðsÞ= �DðsÞ meson for the corresponding D�

ðsÞ= �D�
ðsÞ meson.

The factorization formulae for these two decay modes are
listed in Appendix B and C, respectively.

The amplitude of B ! VV decay can be decomposed as

A ð	2; 	3Þ ¼ iAN þ ið	�2T � 	�3TÞAs

þ ð	����n
� �n�	��2T	

��
3T ÞAp; (45)

where AN , including the D wave and part of the S wave
component, contains the contribution from the longitudinal
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polarizations As and Ap, corresponding to part of the S
wave component and all the P wave components, respec-
tively, which represent the transversely polarized contribu-
tions, and they have the following relationships with the
helicity amplitudes (an i in the amplitude is dropped):

A0 ¼ AN; A� ¼ As �Ap: (46)

For each decay process of B ! VV, the amplitudes AN ,
As, and Ap have the same structures as Eq. (36)–(44),
respectively. The factorization formulae for the longitudi-
nal and transverse polarization for the B ! VV decays are
all listed in Appendix D.

III. NUMERICAL ANALYSIS

The decay widths of B to two charmed meson decays
can be directly derived from the formulas of two-body
decays [19]. With the amplitude obtained in Sec. II, the
decay widths for the B ! PP, B ! PV, and B ! VP
decays are given by

� ¼ ½ð1� ðr2 þ r3Þ2Þð1� ðr2 � r3Þ2Þ�1=2
16�mB

jAj2: (47)

For the B ! VV decays, the decay width is given by

� ¼ ½ð1� ðr2 þ r3Þ2Þð1� ðr2 � r3Þ2Þ�1=2
16�mB

X
i¼0;þ;�

jAij2:

(48)

The branching ratio is given by BR ¼ �
B.
The key observables of the decays related in this paper

are the CP averaged branching ratios as well as direct CP
asymmetries (Adir

CP) and mixing induced CP asymmetries

(Amix
CP ). Readers are referred to Ref. [22] for some reviews

on CP violation. First, we define four amplitudes as fol-
lows:

Af ¼ hfjH jBi; �Af ¼ hfjH j �Bi;
A �f ¼ h �fjH jBi; �A �f ¼ h �fjH j �Bi; (49)

where �B meson has a b quark in it and �f is the CP
conjugate state of f. The direct CP asymmetry Adir

CP is

defined by

Adir
CP ¼ j �A �fj2 � jAfj2

j �A �fj2 þ jAfj2
: (50)

In neutral B meson decays, if the final states are CP eigen
states f ¼ �f, the time-dependent CP asymmetry with mix-
ing effects present, is defined by

ACPðBðtÞ ! fÞ � �ðBðtÞ ! fÞ ��ð �BðtÞ ! fÞ
�ðBðtÞ ! fÞ þ�ð �BðtÞ ! fÞ

¼ �Cf cosð�MtÞ þAmix
CP ðB! fÞ sinð�MtÞ;

(51)

where �M is the mass difference of B meson mass eigen-
states. After some calculation, we can get the explicit
expressions

Cf ¼ jAfj2 � j �Afj2
jAfj2 þ j �Afj2

; Amix
CP ¼ 2 Im½qp �AfA

�
f�

jAfj2 þ j �Afj2
: (52)

Since the mixing CP violation in neutral B meson system
is negligible in a good approximation, we have

q

p
¼ e�i�MðBÞ ¼ V�

tbVtðd=sÞ
VtbV

�
tðd=sÞ

: (53)

Our results for CP averaged branching ratios and CP
asymmetries are listed in Tables I, II, III, IV, and V. All
the experimental data are from the Particle Data Group
[19] except the ones marked with ‘‘BABAR’’ and ‘‘Belle’’.
In Table IV, we also list the ratios of the transverse polar-
izations RT in the branching ratios for B ! VV decays,
which is defined by

R T ¼ jAþj2 þ jA�j2
jA0j2 þ jAþj2 þ jA�j2

: (54)

The first errors in our results are estimated from the had-
ronic parameters: (1) The decay constants of BðsÞ mesons:

fB ¼ ð0:19� 0:025Þ GeV for B mesons and fBs
¼

ð0:23� 0:03Þ GeV for Bs meson; (2) The shape parame-
ters in BðsÞ meson wave functions: !b ¼ ð0:40�
0:05Þ GeV [9] for B meson and !bs ¼ ð0:50�
0:05Þ GeV [17] for Bs meson; (3) The decay constants
and the shape parameters in the wave functions of charmed
mesons, which are given in the last paragraph in Sec. II C.
The second errors are from the unknown next-to-leading
order perturbative QCD corrections with respect to �s and
nonperturbative power corrections (�QCD=mD) with re-

spect to scales in Eq. (A7), characterized by the choice
of the�QCD ¼ ð0:25� 0:05Þ GeV and the variations of the

factorization scales t0s shown in Appendix A. The third
errors are brought in by the CKM matrix elements, which
are given as [25]

jVcbj ¼ 0:04117þ0:00038
�0:00115; jVcdj ¼ 0:22508þ0:00082

�0:00082;

jVcsj ¼ 0:97347þ0:00019
�0:00019; jVubj ¼ 0:0035þ0:00015

�0:00014;

jVudj ¼ 0:97444þ0:00028
�0:00028; jVusj ¼ 0:2257þ0:0011

�0:0011;

jVtbj ¼ 0:999146þ0:000047
�0:000016; jVtdj ¼ 0:00859þ0:00027

�0:00029;

jVtsj ¼ 0:04041þ0:00038
�0:00115; � ¼ ð67:8þ4:2�3:9Þ	;

� ¼ ð21:58þ0:91
�0:81Þ	: (55)

The other input parameters are [19]
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GF¼1:16639�10�5 GeV�2; 
B� ¼1:639�10�12 s=@;


B0 ¼1:530�10�12 s=@; 
B0
s
¼1:478�10�12 s=@;

mB¼5:28GeV; mBs
¼5:366GeV;

mD¼1:87GeV; mDs
¼1:97GeV;

mD� ¼2:01GeV; mD�
s
¼2:11GeV;

@¼6:582119�10�25 GeVs: (56)

Because in the direct CP asymmetries the errors arising
from the CKM elements are very small, we neglect them.
In the B ! VV decays, the ratios of the transverse polar-
izations’ contributions (RT) are not very sensitive to the
parameters listed above. The next-to-leading order correc-
tions on r occur at the r2 ¼ 0:13 order and thus the errors
from the high orders of r are very small except for RT .
This is confirmed at the numerical calculations. Therefore
we only keep these errors inRT and neglect them in other
physical quantities. We will talk about the errors of these
ratios again later.

The first 6 channels in each of Tables I, II, III, IV, and V
receive contributions from both emission diagrams and
annihilation diagrams; while the last 4 channels in each
table are pure annihilation processes. In order to make our

discussions easier, we give a number to each channel in the
beginning of each line in the tables.
Compared with the tree operators, the penguin operators

give very small contributions because of the severe sup-
pression of the Wilson coefficients. By calculating the ratio
of the branching fraction with only penguin contributions
and that with all contributions in the same channel, we
estimate how much the penguin operators contribute. Our
results show that the penguin operators contribute 0.1%–
0.2% in those channels with a W emission contribution,
and contribute 0.3%–0.7% in those pure annihilation pro-
cesses. Thus it is enough to pay our attention only to the
tree operators in the following for the investigation of the
branching ratios. Different from the counting rules of the
PQCD calculation of B to two light mesons decays, the
nonfactorizable emission diagrams may give large contri-
butions because the asymmetry of the two quarks in
charmed mesons cannot make the two diagrams nearly
cancel each other. However, from Eq. (36)–(44), one can
find that the contributions of the nonfactorizable emission
diagrams are suppressed by the small Wilson coefficient
C1. Since the charm quark is heavier than the u, d, s quark,
the gluons in Fig. 3 are softer than those in Fig. 2. This
indicates that the diagrams in Fig. 3 will give larger con-
tributions than those in Fig. 2. It is confirmed by our

TABLE I. CP averaging branching ratios (unit: 10�4) and the CP asymmetries for B ! PP decays.

BR Adir
CPð%Þ Amix

CP

Channels Experiments This work Experiments This work Experiments This work

1 B� ! D0D� 4:2� 0:6 3:9þ2:9þ0:7þ0:1
�1:9�1:1�0:2 �13� 14� 2 0:6þ0:4þ0:4

�0:0�0:1 . . .
2 B� ! D0D�

s 103� 17 95þ69þ18þ2
�46�26�6 �� 10�3 . . .

3 �B0 ! DþD� 2:11� 0:31 3:7þ2:9þ0:4þ0:1
�1:8�0:9�0:2 11� 22� 7 [BABAR] [3] 0:5þ0:1þ0:5

�0:2�0:4 �0:81� 0:29�0:73þ0:00þ0:01þ0:02
�0:00�0:01�0:02

�91� 23� 6 [Belle] [2]

4 �B0 ! DþD�
s 74� 7 89þ68þ18þ2

�43�25�5 . . . . . .
5 �B0

s ! Dþ
s D

� 2:2þ1:4þ0:7þ0:1
�1:0�0:7�0:1 0:5þ0:1þ0:2

�0:0�0:1 . . .
6 �B0

s ! Dþ
s D

�
s 110� 40 55þ36þ12þ1

�24�15�3 . . . . . .
7 �B0 ! D0 �D0 <0:6 [BABAR] [26] 0:28þ0:07þ0:03þ0:01

�0:11�0:08�0:02 �5:3þ0:2þ0:0þ0:2
�2:7�3:3�0:3 �0:74þ0:00þ0:00þ0:02

�0:01�0:01�0:02

8 �B0 ! Dþ
s D

�
s <1:0 [BABAR] [25] 0:35þ0:12þ0:07þ0:01

�0:13�0:10�0:02 �2:3þ0:5þ0:8
�0:4�0:4 �0:73þ0:00þ0:00þ0:02

�0:00�0:01�0:02

9 �B0
s ! D0 �D0 5:0þ1:7þ1:0þ0:1

�1:5�1:2�0:3 0:2þ0:1þ0:1
�0:0�0:0 �10�3

10 �B0
s ! DþD� 5:2þ1:5þ0:7þ0:1

�1:9�1:4�0:3 . . . . . .

TABLE II. CP averaging branching ratios (unit: 10�4) and the CP asymmetries for B ! PV decays.

BR Adir
CPð%Þ

Channels Experiments This work Experiments This work

1 B� ! D0D�� 3:9� 0:5 3:6þ2:6þ0:7þ0:1
�1:7�1:0�0:2 0:1þ0:4þ0:1

�0:1�0:1

2 B� ! D0D��
s 78� 16 89þ64þ20þ2

�42�24�5 �� 10�3

3 �B0 ! DþD�� 6:1� 1:5 3:2þ2:4þ0:5þ0:1
�1:5�0:8�0:2 �6� 9 �10�2

4 �B0 ! DþD��
s 76� 16 83þ61þ17þ2

�39�23�5 . . .
5 �B0

s ! Dþ
s D

�� 2:1þ1:3þ0:7þ0:0
�0:9�0:7�0:1 0:1þ0:0þ0:0

�0:1�0:0

6 �B0
s ! Dþ

s D
��
s 48þ31þ15þ1

�21�15�3 . . .
7 �B0 ! D0 �D�0 <2:9 [BABAR] [23] ð4:6þ1:5þ1:3þ0:9

�1:7�1:4�0:2Þ � 10�2 �4:1þ1:3þ0:0
�4:4�2:9

8 �B0 ! Dþ
s D

��
s <1:3 [BABAR] [24] ð3:5þ1:4þ1:8þ0:1

�1:2�1:1�0:2Þ � 10�2 0:5þ0:1þ1:7
�0:3�0:7

9 �B0
s ! D0 �D�0 0:83þ0:41þ0:32þ0:01

�0:24�0:19�0:04 0:4þ0:1þ0:1
�0:2�0:1

10 �B0
s ! DþD�� 0:74þ0:23þ0:24þ0:01

�0:29�0:23�0:04 . . .
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numerical results. However, these contributions are still
much smaller than those from the factorizable emission
diagrams. Thus the branching ratios of the first 6 channels
in Tables I, II, III, and IVare dominated by the factorizable
emission diagrams.

Because the factorizable emission diagrams are domi-
nate, the amplitude of the first 6 channels in each table
should be nearly proportional to the product of a decay
constant and a B ! D transition form factor. Based on this
physical picture, we can have the following simple con-
clusions:

(1) In each table, the channels 1 and 3 should have
similar branching ratios because they have the
same CKM matrix elements for the factorizable
emission diagrams and similar transition form fac-
tors for isospin symmetry. For the same reason,
channels 2 and 4 should also have similar branching
ratios.

(2) The branching ratios of channels 4 and 6 indicate

that the �Bs!Dð�Þ
s transition has a little smaller form

factor thanB!Dð�Þ transition. The reason is that the
antistrange quark in the �Bs meson has a little larger
momentum fraction than the d quark in the �B0

meson due to the SU(3) breaking effect [17]. In
[26], the �Bs!Ds transition is investigated with

the light-cone sum rules, and a similar branching
ratio for �Bs!Dþ

s D
�
s is obtained under the factori-

zation assumption. This means the PQCD and the
light-cone sum rules have the similar �Bs!Ds tran-
sition form factors.

(3) The first 6 B!PP decays in Table I and the corre-
sponding 6 B ! PV decays in Table II have the
same transition form factors, respectively, as well
as the similar decay constants betweenDmeson and
D� meson. Thus their branching ratios should also
be similar. However, such phenomena are not ex-
pected in B ! VP decays and B ! VV decays,
because in addition to the longitudinal polarization’s
contributions, the B ! VV decays also receive large
contributions from transverse polarizations.

From Tables I, II, III, and IV, one can find that most
experimental branching ratios agree with our conclusions
in the above paragraphs very well within the errors. The
authors in Refs. [27,28] also investigate the decays of B to
double charmed mesons under factorization assumption,
but with different models. Their results also indicate that
the factorization works well.
Since the direct CP asymmetry is proportional to the

interference between the tree and penguin contributions
[10], it should be small because of the small penguin

TABLE IV. CP averaging branching ratios for B ! VV(unit: 10�4) and the ratios of the transverse polarizations’ contribution.

BR RT

Channels Experiments This work Experiments This work

1 B� ! D�0D�� 8:1� 1:2� 1:2 [BABAR] [23] 6:8þ5:0þ1:5þ0:1
�3:2�2:0�0:4 0:45þ0:13

�0:13

2 B� ! D�0D��
s 175� 23 181þ139þ41þ3:5

�95�53�10 0:48þ0:12
�0:14

3 �B0 ! D�þD�� 8:2� 0:9 6:3þ4:8þ1:1þ0:1
�3:0�1:6�0:4 0:43� 0:08� 0:02 0:46þ0:14

�0:14

4 �B0 ! D�þD��
s 179� 14 168þ130þ39þ3:2

�88�48�9:6 0:48� 0:05 0:48þ0:13
�0:14

5 �B0
s ! D�þ

s D�� 3:9þ2:6þ1:2þ0:1
�1:9�1:3�0:2 0:44þ0:14

�0:14

6 �B0
s ! D�þ

s D��
s 99þ72þ26þ1:9

�54�29�5:6 0:47þ0:15
�0:15

7 �B0 ! D�0 �D�0 <0:9 [BABAR] [23] 0:15þ0:05þ0:03þ0:00
�0:04�0:03�0:01 0:47þ0:35

�0:29

8 �B0 ! D�þ
s D��

s <2:4 [BABAR] [24] 0:19þ0:10þ0:06þ0:00
�0:07�0:05�0:01 0:57þ0:33

�0:37

9 �B0
s ! D�0 �D�0 2:8þ1:1þ0:7þ0:1

�0:8�0:6�0:2 0:48þ0:37
�0:27

10 �B0
s ! D�þD�� 3:1þ1:0þ0:9þ0:1

�0:8�0:7�0:2 0:49þ0:34
�0:29

TABLE III. CP averaging branching ratios (unit: 10�4) and the CP asymmetries for B ! VP (characterized by B ! V form factor)
decays.

BR Adir
CPð%Þ

Channels Experiments This work This work

1 B� ! D�0D� 6:3� 1:4� 1:0 [BABAR] [23] 4:8þ3:4þ1:1þ0:1
�2:3�1:4�0:3 �0:5þ0:1þ0:0

�0:2�0:3

2 B� ! D�0D�
s 84� 17 119þ94þ27þ2

�56�34�7 �� 10�3

3 �B0 ! D�þD� 8:8� 1:6 4:6þ3:5þ0:9þ0:1
�2:1�1:1�0:3 �0:6þ0:0þ0:1

�0:1�0:2

4 �B0 ! D�þD�
s 83� 11 112þ86þ26þ2

�53�32�6 . . .
5 �B0

s ! D�þ
s D� 2:7þ1:7þ0:9þ0:1

�1:1�0:9�0:1 �0:4þ0:0þ0:1
�0:0�0:1

6 �B0
s ! D�þ

s D�
s 70þ44þ19þ1

�31�21�4 . . .
7 �B0 ! D�0 �D0 0:21þ0:06þ0:03þ0:00

�0:08�0:05�0:01 �1:2þ0:3þ0:7þ0:1
�1:2�1:4�0:1

8 �B0 ! D�þ
s D�

s <1:3 [BABAR] [24] 0:25þ0:08þ0:06þ0:01
�0:08�0:08�0:01 �� 10�3

9 �B0
s ! D�0 �D0 4:3þ1:3þ0:8þ0:1

�1:3�1:1�0:2 0:2þ0:0þ0:0
�0:1�0:1

10 10 �B0
s ! D�þD� 4:4þ1:4þ0:9þ0:1

�1:3�1:2�0:2 . . .
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contributions as we mentioned above. Our numerical re-
sults indeed indicate that the direct CP violations are very
small. A relatively large direct CP violation appears in the
pure annihilation decay �B0 ! D0 �D0 and its corresponding
B ! PV, VP, and VV decays. However, it is still only
several percent. Although the experiments give somehow
large direct CP asymmetry in some channels, the uncer-
tainty is still large. Any large direct CP violation observed
in experiments would be treated as a signal of new physics
at first.

The mixing induced CP asymmetry in B decays is al-
most proportional to the sin2� from Eq. (53), if we neglect
the small contribution from penguin contributions. It
should be mentioned that, experimentally, the P wave
component in the amplitudes of B ! VV mode will bring
systematic errors in the results of mixing induced CP
asymmetry because they will bring a minus sign relative
to the S and D wave component. Our results for Amix

CP in

Table Vonly include the Swave andD wave contributions,
and in this table we also give the values of R?, which is
defined by the ratio of branching fractions with only P
wave component and that with all the contributions.
Because the P wave contributions are very small in the
color allowed tree dominated processes, the experimental
measurements are still in agreement with our calculations.
For the pure annihilation processes, the P-wave contribu-
tions are relatively large and therefore these channels may
not be good choices for the observation of mixing induced
CP asymmetry.

In Table IV, we give the ratios of transverse polariza-
tions’ contributions in branching ratios. One can find that
both in the processes with an external W emission and in
the pure annihilation decays, the transverse polarizations
take about 40%–50% of the contributions, which agree
with the present experimental data amazingly well. We
should point out that these ratios are very sensitive to the
terms with power r2ðr ¼ mD=mBÞ, although these correc-
tions change the other observables only a little. With the r2

corrections absent, the ratios of transverse polarizations for
the channels with an external W emission are about 20%,
and those for the pure annihilation channels are 0, because

the transverse polarization’s contributions for these chan-
nels are at the power of r2. For the sensitivity of these ratios
to the power correction terms, we vary the variable r by
20% for an error estimation in Table IV. In [29], the authors
obtain the values for the ratios �50% for the external W
emission processes simply by means of kinematics under
the naive factorization, which agree with our results. For
the pure annihilation decays, the transverse polarizations
are suppressed by r2, which is the reason why the authors
in [29] think the ratios of the transverse polarizations are
very small. However, our calculation show that, with the r2

terms included, these ratios increase to about 50%. This
means that the polarization fractions are quite sensitive to
the power corrections although they are not sensitive to the
higher order QCD corrections etc. The future experiments
will tell us more about the polarizations in the pure anni-
hilation processes.

IV. SUMMARY

Although the D meson mass is not very small compared
with the B meson mass, factorization can still work in the
leading order of mD=mB and �QCD=mD expansion. Since

the PQCD approach can eliminate the end-point singularity
in the perturbative calculation, we investigate the decays of
B to double charmed mesons systematically. Both pseudo-
scalar and vector charmed mesons are included in the final
states. We find that the factorizable emission diagrams are
dominant in the branching ratios. Most of our branching
ratios agree with the experimental data, which means the
factorization assumption works well. However, experimen-
tal data show that there are still some discrepancies, which
means more work is needed both at the theoretical side and
the experimental side.
Our results indicate that the direct CP asymmetries in

these channels are very small. Thus it will be a signal of
new physics if a large direct CP asymmetry appears. In the
decays of B to double vector charmed mesons, the trans-
verse polarizations contribute 40%–50% both in the exter-
nal W emission processes and in the pure annihilation
decays, which agree with the present experimental data.

TABLE V. CP asymmetry and the ratios of P-wave contributions in branching ratios for B ! VV decays.

Adir
CPð%Þ Amix

CP

Channels Experiments This work Experiments This work RT

1 B� ! D�0D�� 0:2þ0:0þ0:0
�0:1�0:1 . . . 0.17

2 B� ! D�0D��
s �� 10�3 . . . 0.16

3 �B0 ! D�þD�� 2� 10 �� 10�2 �0:67� 0:18 �0:76þ0:00þ0:03þ0:02
�0:01�0:03�0:02 0.16

4 �B0 ! D�þD��
s . . . . . .

5 �B0
s ! D�þ

s D�� 0:1þ0:1þ0:1
�0:0�0:0 . . . 0.14

6 �B0
s ! D�þ

s D��
s . . . . . . 0.17

7 �B0 ! D�0 �D�0 �3:4þ0:4þ0:4
�0:5�1:8 �0:73þ0:03þ0:23þ0:01

�0:05�0:14�0:01 0.24

8 �B0 ! D�þ
s D��

s �0:4þ0:1þ0:3
�0:1�0:2 �0:68þ0:03þ0:27þ0:01

�0:06�0:17�0:01 0.32

9 �B0
s ! D�0 �D�0 0:2þ0:0þ0:0

�0:1�0:0 �10�3 0.25

10 �B0
s ! D�þD�� . . . . . . 0.29
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We should mention that the correction terms at the power
of r2 play an important role in transverse polarizations,
without which the ratios for the external W emission
processes decrease to about 20% and for the pure annihi-
lation decays the ratios are 0 because of the r2 suppression.
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APPENDIX A: SCALES AND FUNCTIONS FOR
THE HARD KERNEL

The variables that are used to determine the scales and
the expressions of the hard kernels are defined by

Pen ¼ m2
Bx1x2ð1� r23Þ; Pð1Þ

en ¼ m2
Bx2ðx1ð1� r23Þ � x3ð1� r22 � r23ÞÞ;

Pð2Þ
en ¼ �m2

B½x2ðx3 � 1Þr22 þ r23ðx1ðx2 � 1Þ þ x2ðx3 � 1Þ � x3Þ � x2ðx1 þ x3 � 1Þ�;
Pan ¼ m2

Bð1� ð1� r22Þx3 � x2ð1� x3ð1� r22Þ � ð1� x3Þr23ÞÞ; Pð1Þ
an ¼ m2

Bð1þ x1x2ð1� r23Þ � ð1� r22 � r23Þx2x3Þ;
Pð2Þ
an ¼ m2

Bð�x3r
2
2 þ x1ððr23 � 1Þx2 þ 1Þ þ x3 þ x2ððx3 � 1Þr23 þ ðr22 � 1Þx3 þ 1Þ � 1Þ; PðcÞ

an ¼ m2
Bð1� r22 � r23Þx2x3;

Pð1cÞ
an ¼ m2

B½x1ððr23 � 1Þx2 þ 1Þ � ðr22 � 1Þx3 þ x2ððx3 � 1Þr23 þ ðr22 � 1Þx3 þ 1Þ�;
Pð2cÞ
an ¼ m2

Bx2ððr22 þ r23 � 1Þx3 � ðr23 � 1Þx1Þ: (A1)

The scales are determined as

tð1Þe ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2ð1� r23Þ

q
mBferr; 1=b1; 1=b2g; tð2Þe ¼ maxf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1� r23Þ

q
mBferr; 1=b1; 1=b2g;

tð1Þen ¼ maxf
ffiffiffiffiffiffiffiffiffiffi
jPenj

q
ferr;

ffiffiffiffiffiffiffiffiffiffiffi
jPð1Þ

en j
q

ferr; 1=b1; 1=b3g; tð2Þen ¼ maxf
ffiffiffiffiffiffiffiffiffiffi
jPenj

q
ferr;

ffiffiffiffiffiffiffiffiffiffiffi
jPð2Þ

en j
q

ferr; 1=b1; 1=b3g;

tð1Þa ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð1� r23Þx2

q
mBferr; 1=b2; 1=b3g; tð2Þa ¼ maxf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð1� r22Þx3

q
mBferr; 1=b2; 1=b3g;

tð1Þan ¼ maxf
ffiffiffiffiffiffiffiffiffiffi
jPanj

q
ferr;

ffiffiffiffiffiffiffiffiffiffiffi
jPð1Þ

an j
q

ferr; 1=b1; 1=b2g; tð2Þan ¼ maxf
ffiffiffiffiffiffiffiffiffiffi
jPanj

q
ferr;

ffiffiffiffiffiffiffiffiffiffiffi
jPð2Þ

an j
q

ferr; 1=b1; 1=b2g;

tð1cÞa ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� r22 � r23Þx3

q
mBferr; 1=b2; 1=b3g; tð2cÞa ¼ maxf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� r22 � r23Þx2

q
mBferr; 1=b2; 1=b3g;

tð1cÞan ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffi
jPðcÞ

an j
q

ferr;

ffiffiffiffiffiffiffiffiffiffiffiffiffi
jPð1cÞ

an j
q

ferr; 1=b1; 1=b2g; tð2cÞan ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffi
jPðcÞ

an j
q

ferr;

ffiffiffiffiffiffiffiffiffiffiffiffiffi
jPð2cÞ

an j
q

ferr; 1=b1; 1=b2g;

(A2)

with ferr, which varies from 0.75 to 1.25 for an error estimation.
The functions of the hard kernels that appear in the factorization formulae are given by

heðx1; x2; b1; b2Þ ¼ K0ð ffiffiffiffiffiffiffiffiffi
x1x2

p
mBb1Þ½�ðb1 � b2ÞK0ð ffiffiffiffiffi

x2
p

mBb1ÞI0ð ffiffiffiffiffi
x2

p
mBb2Þ þ �ðb2 � b1ÞK0ð ffiffiffiffiffi

x2
p

mBb2ÞI0ð ffiffiffiffiffi
x2

p
mBb1Þ�;

haðx2; x3; b2; b3Þ ¼
�
i
�

2

�
2
Hð1Þ

0 ð ffiffiffiffiffiffiffiffiffi
x2x3

p
mBb2Þ½�ðb2 � b3ÞHð1Þ

0 ð ffiffiffiffiffi
x3

p
mBb2ÞJ0ð ffiffiffiffiffi

x3
p

mBb3Þ

þ �ðb3 � b2ÞHð1Þ
0 ð ffiffiffiffiffi

x3
p

mBb3ÞJ0ð ffiffiffiffiffi
x3

p
mBb2Þ�;

hðjÞen ¼ ½�ðb1 � b3ÞK0ð
ffiffiffiffiffiffiffi
Pen

p
b1ÞI0ð

ffiffiffiffiffiffiffi
Pen

p
b3Þ þ �ðb3 � b1ÞK0ð

ffiffiffiffiffiffiffi
Pen

p
b3ÞI0ð

ffiffiffiffiffiffiffi
Pen

p
b1Þ�

�

8>><
>>:

K0ð
ffiffiffiffiffiffiffiffiffiffiffi
jPðjÞ

en j
q

b3Þ for PðjÞ
en 
 0

i�
2 H

ð1Þ
0 ð

ffiffiffiffiffiffiffiffiffiffiffi
jPðjÞ

en j
q

b3Þ for PðjÞ
en � 0

9>>=
>>;;

hðjÞan ¼ i
�

2
½�ðb1 � b2ÞHð1Þ

0 ð ffiffiffiffiffiffiffi
Pan

p
b1ÞJ0ð

ffiffiffiffiffiffiffi
Pan

p
b2Þ þ �ðb2 � b1ÞHð1Þ

0 ð ffiffiffiffiffiffiffi
Pan

p
b2ÞJ0ð

ffiffiffiffiffiffiffi
Pan

p
b1Þ�

�

8>><
>>:

K0ð
ffiffiffiffiffiffiffiffiffiffiffi
jPðjÞ

an j
q

b1Þ for PðjÞ
an 
 0

i�
2 H

ð1Þ
0 ð

ffiffiffiffiffiffiffiffiffiffiffi
jPðjÞ

an j
q

b1Þ for PðjÞ
an � 0

9>>=
>>;; (A3)

and the functions that consist of coupling constant and Sudakov factors are given by
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EeðtÞ ¼ �sðtÞ exp½�SBðtÞ � SM2
ðtÞ�; EaðtÞ ¼ �sðtÞ exp½�SM2

ðtÞ � SM3
ðtÞ�;

EenðtÞ ¼ �sðtÞ exp½�SBðtÞ � SM2
� SM3

jb2¼b1�; EanðtÞ ¼ �sðtÞ exp½�SBðtÞ � SM2
� SM3

jb3¼b2�;
(A4)

where

SBðtÞ ¼ SM2
¼ SM3

¼ s

�
x1

mBffiffiffi
2

p ; b1

�
þ 5

3

Z t

1=b1

d ��

��
�qð�sð ��ÞÞ; (A5)

with the quark anomalous dimension �q ¼ ��s=�. The explicit form for the function sðQ; bÞ is

sðQ; bÞ ¼ Að1Þ

2�1

q̂ ln

�
q̂

b̂

�
� Að1Þ

2�1

ðq̂� b̂Þ þ Að2Þ

4�2
1

�
q̂

b̂
� 1

�
�

�
Að2Þ

4�2
1

� Að1Þ

4�1

ln

�
e2�E�1

2

��
ln

�
q̂

b̂

�

þ Að1Þ�2

4�3
1

q̂

�
lnð2q̂Þ þ 1

q̂
� lnð2b̂Þ þ 1

b̂

�
þ Að1Þ�2

8�3
1

½ln2ð2q̂Þ � ln2ð2b̂Þ�; (A6)

where the variables are defined by

q̂ � ln½Q=ð ffiffiffi
2

p
�QCDÞ�; b̂ � ln½1=ðb�QCDÞ�; (A7)

and the coefficients AðiÞ and �i are

�1 ¼
33� 2nf

12
; �2 ¼

153� 19nf
24

; Að1Þ ¼ 4

3
; Að2Þ ¼ 67

9
� �2

3
� 10

27
nf þ 8

3
�1 ln

�
1

2
e�E

�
: (A8)

nf is the number of the quark flavors and �E is the Euler constant. We will use the one-loop running coupling constant, i.e.
we pick up the four terms in the first line of the expression for the function sðQ; bÞ.

APPENDIX B: FACTORIZATION FORMULAE FOR B ! PV (M2 IS A PSEUDOSCALAR MESON
AND M3 IS AVECTOR MESON)

FLL
e ðaiðtÞÞ ¼ 8�CFfM3

m4
B

Z 1

0
dx1dx2

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ½�ðð2x2 � 1Þr2 � x2 � 1Þ

� Eeðtð1Þe Þaiðtð1Þe Þheðx1; x2ð1� r23Þ; b1; b2ÞStðx2Þ þ r2ð1þ r2ÞEeðtð2Þe Þaiðtð2Þe Þheðx2; x1ð1� r23Þ; b2; b1ÞStðx1Þ�;
(B1)

FSP
e ðaiðtÞÞ ¼ 0; (B2)

FLL
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� ½ð�x2r2 þ x3ÞEbðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ þ ðx2r2 � x2 þ x3 � 1ÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�; (B3)

FLR
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þr3

� ½ðx3 � r2ðx2 � x3ÞÞEenðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ � ðx3 þ r2ðx2 þ x3ÞÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�; (B4)

FLL
a ðaiðtÞÞ ¼ 8�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ½ðx2 � 1ÞEaðtð1Þa Þaiðtð1Þa Þhað1� ð1� r22Þx3; 1

� ð1� r23Þx2; b3; b2ÞStðx2Þ þ ð�2r2r3x3 � ðx3 � 1ÞÞEaðtð2Þa Þaiðtð2Þa Þhað1� ð1� r23Þx2; 1
� ð1� r22Þx3; b2; b3ÞStðx3Þ�; (B5)

FLR
a ðaiðtÞÞ ¼ �FLL

a ðaiðtÞÞ; (B6)
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FSP
a ðaiðtÞÞ ¼ 16�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ½r2ð1� x2ÞEaðtð1Þa Þaiðtð1Þa Þhað1� ð1� r22Þx3; 1

� ð1� r23Þx2; b3; b2ÞStðx2Þ þ ð2r2 þ r3ðx3 � 1ÞÞEaðtð2Þa Þaiðtð2Þa Þ
� hað1� ð1� r23Þx2; 1� ð1� r22Þx3; b2; b3ÞStðx3Þ�; (B7)

FLL
ac ðaiðtÞÞ ¼ 8�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ½ðr2r3ð1� 2x3Þ � x3ÞEaðtð1cÞa Þaiðtð1cÞa Þ

� haðx2; x3ð1� r22 � r23Þ; b2; b3ÞStðx3Þ þ ðr2r3 þ x2ÞEaðtð2cÞa Þaiðtð2cÞa Þhaðx3; x2ð1� r22 � r23Þ; b3; b2ÞStðx2Þ�;
(B8)

FLR
ac ðaiðtÞÞ ¼ �FLL

ac ðaiðtÞÞ; (B9)

FLL
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ðr2r3ðx3 � x2Þ

þ x3 � 1ÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ þ ðr2r3ðx3 � x2Þ � x2 þ 1ÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (B10)

FLR
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ðr2ðx2 þ 1Þ

� r3ðx3 þ 1ÞÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ þ ðr2ðx2 � 1Þ � r3ðx3 � 1ÞÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (B11)

FSP
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ðr2r3ðx2 � x3Þ

þ x2 � 1ÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ � ðr2r3ðx2 � x3Þ � x3 þ 1ÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (B12)

FLL
ancðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ðr2r3ðx3 � x2Þ � x2Þ

� Eanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ þ ðr2r3ðx3 � x2Þ þ x3ÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�; (B13)

FSP
ancðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ðr2r3ðx3 � x2Þ þ x3Þ

� Eanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ � ððr2r3 þ 1Þx2 � r3x3ðr2 þ r3ÞÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�; (B14)

APPENDIX C: FACTORIZATION FORMULAE FOR B ! VP (M2 IS AVECTOR MESON AND M3 IS A
PSEUDOSCALAR MESON)

FLL
e ðaiðtÞÞ ¼ 8�CFfM3

m4
B

Z 1

0
dx1dx2

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ½�ðð2x2 � 1Þr2 � x2 � 1Þ

� Eeðtð1Þe Þaiðtð1Þe Þheðx1; x2ð1� r23Þ; b1; b2ÞStðx2Þ þ r2ð1þ r2ÞEeðtð2Þe Þaiðtð2Þe Þheðx2; x1ð1� r23Þ; b2; b1ÞStðx1Þ�;
(C1)

FSP
e ðaiðtÞÞ ¼ 16�CFfM3

m4
B

Z 1

0
dx1dx2

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þr3½ðr2x2 � 1ÞEeðtð1Þe Þaiðtð1Þe Þ

� heðx1; x2ð1� r23Þ; b1; b2ÞStðx2Þ � r2Eeðtð2Þe Þaiðtð2Þe Þheðx2; x1ð1� r23Þ; b2; b1ÞStðx1Þ�; (C2)
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FLL
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ð�x2r2 � x3Þ

� Ebðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ þ ðx2r2 � x2 þ x3 � 1ÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�; (C3)

FLR
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þr3½�ðr2ðx2 � x3Þ þ x3Þ

� Eenðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ þ ðr2ðx2 þ x3 � 2Þ � x3 þ 2ÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�; (C4)

FLL
a ðaiðtÞÞ ¼ 8�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ½ð2r2r3x2 þ x2 � 1Þ

� Eaðtð1Þa Þaiðtð1Þa Þhað1� ð1� r22Þx3; 1� ð1� r23Þx2; b3; b2ÞStðx2Þ
þ ð1� x3ÞEaðtð2Þa Þaiðtð2Þa Þhað1� ð1� r23Þx2; 1� ð1� r22Þx3; b2; b3ÞStðx3Þ�; (C5)

FLR
a ðaiðtÞÞ ¼ �FLL

a ðaiðtÞÞ; (C6)

FSP
a ðaiðtÞÞ ¼ 16�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ½�ð2r3 þ r2ðx2 � 1ÞÞ

� Eaðtð1Þa Þaiðtð1Þa Þhað1� ð1� r22Þx3; 1� ð1� r23Þx2; b3; b2ÞStðx2Þ
þ r3ðx3 � 1ÞEaðtð2Þa Þaiðtð2Þa Þhað1� ð1� r23Þx2; 1� ð1� r22Þx3; b2; b3ÞStðx3Þ�; (C7)

FLL
ac ðaiðtÞÞ ¼ 8�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ½ð�r2r3 � x3ÞEaðtð1cÞa Þaiðtð1cÞa Þ

� haðx2; x3ð1� r22 � r23Þ; b2; b3ÞStðx3Þ
� ðr2r3ð1� 2x2Þ � x2Þaiðtð2cÞa Þhaðx3; x2ð1� r22 � r23Þ; b3; b2ÞStðx2Þ�; (C8)

FLR
ac ðaiðtÞÞ ¼ �FLL

ac ðaiðtÞÞ; (C9)

FLL
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ðr2r3ðx2 � x3Þ

� x3 þ 1ÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ þ ðr2r3ðx3 � x2Þ � x2 þ 1ÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (C10)

FLR
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ðr2ðx2 þ 1Þ

� r3ðx3 þ 1ÞÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ � ðr2ðx2 � 1Þ � r3ðx3 � 1ÞÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (C11)

FSP
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ðr2r3ðx3 � x2Þ

� x2 þ 1ÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ � ðr2r3ðx2 � x3Þ � x3 þ 1ÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (C12)

FLL
ancðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� ½ðr2r3ðx3 � x2Þ � x2ÞEanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ � ðr2r3ðx2 � x3Þ � x3ÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�;
(C13)

LI et al. PHYSICAL REVIEW D 81, 034006 (2010)

034006-16



FSP
ancðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ðr2r3ðx2 � x3Þ � x3Þ

� Eanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞðð�r2r3 � 1Þx2 þ r2r3x3ÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�; (C14)

APPENDIX D: FACTORIZATION FORMULAE FOR B ! VV

1. Longitudinal polarization

FLL
e ðaiðtÞÞ ¼ 8�CFfM3

m4
B

Z 1

0
dx1dx2

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ

� ½ð�1� x2 þ r2ð2x2 � 1ÞÞEeðtð1Þe Þaiðtð1Þe Þheðx1; x2ð1� r23Þ; b1; b2ÞStðx2Þ
� r2ð1þ r2ÞEeðtð2Þe Þaiðtð2Þe Þheðx2; x1ð1� r23Þ; b2; b1ÞStðx1Þ�; (D1)

FSP
e ðaiðtÞÞ ¼ 0; (D2)

FLL
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� ½ð�x2r2 � x3ÞEbðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ � ðx2r2 � x2 þ x3 � 1ÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�; (D3)

FLR
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þr3

� ½�ðr2ðx3 þ x2Þ � x3ÞEenðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ � ðx3 þ r2ðx2 � x3ÞÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�; (D4)

FLL
a ðaiðtÞÞ ¼ 8�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ½ð�x2 þ 1ÞEaðtð1Þa Þaiðtð1Þa Þhað1� ð1� r22Þx3; 1

� ð1� r23Þx2; b3; b2ÞStðx2Þ � ð1� x3ÞEaðtð2Þa Þaiðtð2Þa Þhað1� ð1� r23Þx2; 1� ð1� r22Þx3; b2; b3ÞStðx3Þ�; (D5)

FLR
a ðaiðtÞÞ ¼ FLL

a ðaiðtÞÞ; (D6)

FSP
a ðaiðtÞÞ ¼ 16�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ½r2ðx2� 1ÞEaðtð1Þa Þaiðtð1Þa Þhað1�ð1� r22Þx3;1

�ð1� r23Þx2;b3;b2ÞStðx2Þþ r3ðx3� 1ÞEaðtð2Þa Þaiðtð2Þa Þhað1�ð1� r23Þx2;1�ð1� r22Þx3;b2;b3ÞStðx3Þ�; (D7)

FLL
ac ðaiðtÞÞ ¼ 0; (D8)

FLR
ac ðaiðtÞÞ ¼ FLL

ac ðaiðtÞÞ ¼ 0; (D9)

FLL
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ð�r3r2ðx2 þ x3Þ � x3 þ 1Þ

� Eanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ � ð�r2r3ðx2 þ x3 � 2Þ � x2 þ 1ÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (D10)

FLR
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ð�r3ð1þ x3Þ

þ r2ð1þ x2ÞÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ þ ðr2ðx2 � 1Þ � r3ðx3 � 1ÞÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (D11)
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FSP
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ð�r2r3ðx2 þ x3Þ � x2 þ 1Þ

� Eanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ � ð�r2r3ðx2 þ x3 � 2Þ � ðx3 � 1ÞÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (D12)

FLL
ancðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ð�r2r3ðx2 þ x3 � 2Þ � x2Þ

� Eanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ þ ð�r2r3ðx2 þ x3Þ � x3ÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�; (D13)

FSP
ancðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ð�r2r3ðx2 þ x3 � 2Þ � x3Þ

� Eanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ þ ðð�r2r3 � 1Þx2 � r3r2x3ÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�; (D14)

2. Transverse polarization

FLL;s
e ðaiðtÞÞ ¼ 8�CFfM3

m4
B

Z 1

0
dx1dx2

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þr3½�ðr2ðx2 þ 2Þ þ 1ÞEeðtð1Þe Þaiðtð1Þe Þ

� heðx1; x2ð1� r23Þ; b1; b2ÞStðx2Þ � r2Eeðtð2Þe Þaiðtð2Þe Þheðx2; x1ð1� r23Þ; b2; b1ÞStðx1Þ�; (D15)

FLL;p
e ðaiðtÞÞ ¼ 8�CFfM3

m4
B

Z 1

0
dx1dx2

Z 1=�QCD

0
b1db1b2db2�Bðx1;b1Þ�M2

ðx2Þr3
�½ðr2x2� 1ÞEeðtð1Þe Þaiðtð1Þe Þheðx1; x2ð1� r23Þ;b1;b2ÞStðx2Þ� r2Eeðtð2Þe Þaiðtð2Þe Þheðx2; x1ð1� r23Þ;b2;b1ÞStðx1Þ�;

(D16)

FSP;s
e ðaiðtÞÞ ¼ FSP;p

e ðaiðtÞÞ ¼ 0; (D17)

FLL;s
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þr3½�x3Ebðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ

þ ð1þ x3 þ r2ð2x2 � 2x3 þ 1ÞÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�; (D18)

FLL;p
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þr3

� ½�x3Ebðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ þ ð1þ x3 � r2ÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�; (D19)

FLR;s
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ðx2r22 � x2r2

þ r23x3ÞEenðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ � ðx2r22 � x2r2 � r23x3ÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�; (D20)

FLR;p
en ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b3db3�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� ½�ðx2r22 � x2r2 � r23x3ÞEenðtð1Þen Þaiðtð1Þen Þhð1Þen ðxi; biÞ � ðx2r22 � x2r2 þ r23x3ÞEenðtð2Þen Þaiðtð2Þen Þhð2Þen ðxi; biÞ�;
(D21)
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FLL;s
a ðaiðtÞÞ ¼ 8�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þr2r3

� ½ð2� x2ÞEaðtð1Þa Þaiðtð1Þa Þhað1� ð1� r22Þx3; 1� ð1� r23Þx2; b3; b2ÞStðx2Þ
þ ðx3 � 2ÞEaðtð2Þa Þaiðtð2Þa Þhað1� ð1� r23Þx2; 1� ð1� r22Þx3; b2; b3ÞStðx3Þ�; (D22)

FLL;p
a ðaiðtÞÞ ¼ 8�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þr2r3½x2Eaðtð1Þa Þaiðtð1Þa Þhað1� ð1� r22Þx3; 1

� ð1� r23Þx2; b3; b2ÞStðx2Þ þ x3Eaðtð2Þa Þaiðtð2Þa Þhað1� ð1� r23Þx2; 1� ð1� r22Þx3; b2; b3ÞStðx3Þ�; (D23)

FLR;s
a ðaiðtÞÞ ¼ FLL;s

a ðaiðtÞÞ; (D24)

FLR;p
a ðaiðtÞÞ ¼ �FLL;p

a ðaiðtÞÞ; (D25)

FSP;s
a ðaiðtÞÞ ¼ 16�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ½�r3Eaðtð1Þa Þaiðtð1Þa Þhað1� ð1� r22Þx3; 1

� ð1� r23Þx2; b3; b2ÞStðx2Þ � r2Eaðtð2Þa Þaiðtð2Þa Þhað1� ð1� r23Þx2; 1� ð1� r22Þx3; b2; b3ÞStðx3Þ�; (D26)

FSP;p
a ðaiðtÞÞ ¼ FSP;s

a ðaiðtÞÞ; (D27)

FLL;s
ac ðaiðtÞÞ ¼ 8�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ

� ½�r2ðr2 � r3ðx3 þ 1ÞÞEaðtð1cÞa Þaiðtð1cÞa Þhaðx2; x3ð1� r22 � r23Þ; b2; b3ÞStðx3Þ
þ r3ðr3 � r2ðx2 þ 1ÞÞEaðtð2cÞa Þaiðtð2cÞa Þhaðx3; x2ð1� r22 � r23Þ; b3; b2ÞStðx2Þ�; (D28)

FLL;p
ac ðaiðtÞÞ ¼ 8�CFfBm

4
B

Z 1

0
dx2dx3

Z 1=�QCD

0
b2db2b3db3�M2

ðx2Þ�M3
ðx3Þ

� ½r2ðr2 � r3ðx3 � 1ÞÞEaðtð1cÞa Þaiðtð1cÞa Þhaðx2; x3ð1� r22 � r23Þ; b2; b3ÞStðx3Þ
þ r3ðr3 � r2ðx2 � 1ÞÞEaðtð2cÞa Þaiðtð2cÞa Þhaðx3; x2ð1� r22 � r23Þ; b3; b2ÞStðx2Þ�; (D29)

FLR;s
ac ðaiðtÞÞ ¼ FLL;s

ac ðaiðtÞÞ; (D30)

FLR;p
ac ðaiðtÞÞ ¼ �FLL;p

ac ðaiðtÞÞ; (D31)

FLL;s
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� ½�ðx2r22 � 2r2r3 þ r23x3ÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ þ ððx2 � 1Þr22 þ r23ðx3 � 1ÞÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�;
(D32)

FLL;p
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� ½ðr23x3 � r22x2ÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ þ ðr22ðx2 � 1Þ � r23ðx3 � 1ÞÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (D33)

FLR;s
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ðr2ðx2 þ 1Þ

� r3ðx3 þ 1ÞÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ � ðr2ðx2 � 1Þ � r3ðx3 � 1ÞÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (D34)
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FLR;p
an ðaiðtÞÞ ¼ FLR;s

an ðaiðtÞÞ; (D35)

FSP;s
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ðx2r22 � 2r2r3

þ r23x3ÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ þ ððx2 � 1Þr22 þ r23ðx3 � 1ÞÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (D36)

FSP;p
an ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ

� ½ðr22x2 � r23x3ÞEanðtð1Þan Þaiðtð1Þan Þhð1Þan ðxi; biÞ � ðr22ðx2 � 1Þ � r23ðx3 � 1ÞÞEanðtð2Þan Þaiðtð2Þan Þhð2Þan ðxi; biÞ�; (D37)

FLL;s
anc ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ððx2 � 1Þr22 þ 2r2r3

þ r23ðx3 � 1ÞÞEanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ � ðx2r22 þ x3r
2
3ÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�; (D38)

FLL;p
anc ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½�ðr22ðx2 � 1Þ

� r23ðx3 � 1ÞÞEanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ þ ðx2r22 � x3r
2
3ÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�; (D39)

FSP;s
anc ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ððx2 � 1Þr22 þ 2r2r3

þ r23ðx3 � 1ÞÞEanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ þ ðr22ðx2 � 1Þ � r23ðx3 � 1ÞÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�; (D40)

FSP;p
anc ðaiðtÞÞ ¼ 16�

ffiffiffi
2

3

s
CFm

4
B

Z 1

0
½dx�

Z 1=�QCD

0
b1db1b2db2�Bðx1; b1Þ�M2

ðx2Þ�M3
ðx3Þ½ðr22ðx2 � 1Þ

� r23ðx3 � 1ÞÞEanðtð1cÞan Þaiðtð1cÞan Þhð1cÞan ðxi; biÞ � ðr22x2 � r23x3ÞEanðtð2cÞan Þaiðtð2cÞan Þhð2cÞan ðxi; biÞ�; (D41)
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C.-D. Lü and M.-Z. Yang, Eur. Phys. J. C 23, 275 (2002).

[10] B. H. Hong and C.D. Lu, Sci. China G 49, 357 (2006).
[11] C. D. Lu and K. Ukai, Eur. Phys. J. C 28, 305 (2003); Y. Li

and C.D. Lu, J. Phys. G 29, 2115 (2003); High Energy
Phys. Nucl. Phys. 27, 1062 (2003).

[12] C.W. Bauer, D. Pirjol, and I.W. Stewart, Phys. Rev. Lett.
87, 201806 (2001); Phys. Rev. D 65, 054022 (2002).

[13] R. H. Li, C.D. Lu, and H. Zou, Phys. Rev. D 78, 014018
(2008).

[14] G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Rev.
Mod. Phys. 68, 1125 (1996).

[15] A. Ali, G. Kramer, and C.D. Lu, Phys. Rev. D 58, 094009
(1998).

[16] C. D. Lu and M. Z. Yang, Eur. Phys. J. C 28, 515 (2003).
[17] A. Ali et al., Phys. Rev. D 76, 074018 (2007).
[18] T. Kurimoto, H. n. Li, and A. I. Sanda, Phys. Rev. D 67,

LI et al. PHYSICAL REVIEW D 81, 034006 (2010)

034006-20



054028 (2003).
[19] C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1

(2008).
[20] E. Follana, C. T. H. Davies, G. P. Lepage, and J.

Shigemitsu (HPQCD and UKQCD Collaborations),
Phys. Rev. Lett. 100, 062002 (2008).

[21] A. V. Manohar and M.B. Wise, Cambridge Monogr. Part.
Phys., Nucl. Phys., Cosmol. 10, 1 (2000).

[22] I. I. Y. Bigi and A. I. Sanda, Cambridge Monogr. Part.
Phys., Nucl. Phys., Cosmol. 9, 1 (2000); G. C. Branco,
L. Lavoura, and J. P. Silva, CP Violation (Oxford
University Press, Oxford, 1999).

[23] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 73,
112004 (2006).

[24] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 72,
111101 (2005).

[25] These values are from the Web site of CKM fitter group:
http://ckmfitter.in2p3.fr/.

[26] R. H. Li, C.D. Lu, and Y.M. Wang, Phys. Rev. D 80,
014005 (2009).

[27] C. E. Thomas, Phys. Rev. D 73, 054016 (2006).
[28] C. H. Chen, C. Q. Geng, and Z. T. Wei, Eur. Phys. J. C 46,

367 (2006).
[29] H. n. Li and S. Mishima, Phys. Rev. D 71, 054025 (2005).

DECAYS OF B MESON TO TWO CHARMED MESONS PHYSICAL REVIEW D 81, 034006 (2010)

034006-21


