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Two-body charmed decays BðsÞ ! DðsÞP, D�
ðsÞP, DðsÞV, and D�

ðsÞV, where P and V denote the light

pseudoscalar meson and vector meson, respectively, are analyzed in the perturbative QCD (pQCD)

approach. Using the experimental data of six B ! DP channels, we test theDmeson wave function by �2

fit. We give the branching ratios of all the charmed B decay channels, most of which agree with

experiments amazingly well. The predicted Bs decays can be confronted with the future experimental

data. By straightforward calculations, our pQCD approach gives the right relative strong phase of a2=a1
that agrees with experiments. We also predict the percentage of transverse polarizations in BðsÞ ! D�V
decay channels.

DOI: 10.1103/PhysRevD.78.014018 PACS numbers: 13.25.Hw

I. INTRODUCTION

B physics experiments not only provide a good test of
the standard model but also put some constraints on new
physics parameters. Recently, a lot of efforts have been
made to the study of B meson decays both experimentally
and theoretically. On the experimental side, enough data on
B physics is expected from the future B factories, Tevatron
and LHCb, whereas theoretically, a great improvement has
been made to the study of exclusive decays of B mesons.
Though the naive factorization [1] proves itself to be a
successful method to explain branching ratios of various B
decays [2], it failed to explain color-suppressed processes
such as �B0 ! D0�0 [3]. Currently, the perturbative QCD
(pQCD) factorization approach [4] is one of the popular
methods to deal with the two-body nonleptonic decays of B
mesons. It explains the experimental data successfully,
especially for the direct CP asymmetries [5] when the final
states are two light mesons. This motivates the people to
look for its validity when one of the final state mesons is
heavy.

Comparing the decays of B (Bs) mesons to the light
vector mesons, the charmed decays of B (Bs) are more
complicated because of the hierarchy of the scale involved.
For example, B ! D transitions involve three scales: MB,

MD,
��, which are strikingly different from each other. The

factorization was proved in soft-collinear effective theory
[6] but it is less predictive compared to the pQCD ap-
proach, since it needs more input than the pQCD approach.
In B ! light transition, the light spectator quark in the B
meson is soft, while it is collinear in the final state meson,
so that a hard gluon is needed to connect it to the four quark
operator shown in Fig. 1. In B ! D transitions the mo-
mentum square of the hard gluon connecting the spectator
quark is only a factor of ð1�m2

D=m
2
BÞ to that of the B !

light transitions, which ensures that pQCD should also
work well in B ! D transitions. In the pQCD approach,

the hierarchy of the mass scale, MB � MD � ��, has al-

ready been incorporated [7]. Some separate calculations on
B ! D decays in the pQCD approach are carried out in
Refs. [8,9] in the leading order of MD=MB and �=MB

expansions. It is found that the pQCD work well since
the D meson recoils fast.
In this paper, we calculate all the processes of BðsÞ meson

decays to a Dð�Þ
ðsÞ meson and a light pseudoscalar meson or

vector meson. Only tree diagrams contribute to these pro-
cesses which involve only one kind of Cabibbo-Kobayashi-
Maskawa (CKM) matrix element which shows that there is
no direct CP asymmetry in these decays. The light-cone
distribution amplitudes of mesons are necessary inputs in
the pQCD framework. Extensive studies have already been
made on the calculation of the light meson’s distribution
amplitudes (DAs) using QCD sum rules [10]. Contrary to
this, there are few studies made on the DAs of heavy
mesons and especially for the D meson. In this paper we
collect several distribution amplitudes of the D meson and
then by fitting different parameters using the experimental
results we will make a comparison among them.
The paper is organized as follows: Section II contains

the conventions and notations that we adopt, together with
all the wave functions used in this paper. The pQCD
analytic formulas for the amplitudes are given in Sec. III.
Section IV contains the numerical results and discussions.
Finally, Sec. V summarizes the main outcome of this work.

II. ANALYTIC FORMULAS

For the charmed B decays under consideration, only the
tree operators of the standard effective weak Hamiltonian
contribute, which can be written as

H eff ¼ GFffiffiffi
2

p VcbV
�
uq0 ½C1ð�ÞO1ð�Þ þ C2ð�ÞO2ð�Þ�: (1)

with
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O1 ¼ ð �c�b�ÞV�Að �q0�u�ÞV�A;

O2 ¼ ð �c�b�ÞV�Að �q0�u�ÞV�A;
(2)

and q0 ¼ d, s. Here, � � are the color indices,
ð �q1q2ÞV�A � �q1�

�ð1� �5Þq2 and the VcbV
�
uq0 are the cor-

responding CKM matrix elements.
If one sandwiches the above Hamiltonian between initial

and final state mesons and factorizes the matrix elements,
then the combination of the Wilson coefficient usually
appears. Conventionally, these are defined as

a1 ¼ C2 þ C1=3; a2 ¼ C1 þ C2=3; (3)

where a1 and a2 correspond to the color favored and the
color-suppressed contribution, respectively. Let us define
two lightlike vectors n and v, with n2 ¼ 0, v2 ¼ 0, and n �
v ¼ 1. Now, n can be written as ð1; 0; 0TÞ, and v is
ð0; 1; 0TÞ. The momentum of B, D and the light mesons
are, respectively, P1, P2, and P3 and these are defined as

P1 ¼ MBffiffiffi
2

p ð1; 1; 0TÞ; P2 ¼ MBffiffiffi
2

p ð1; r2; 0TÞ;

P3 ¼ MBffiffiffi
2

p ð0; 1� r2; 0TÞ:
(4)

The momenta of the light antiquark in B and D mesons
are denoted by k1 and k2, respectively, whereas k3 defines
the momentum of the quark in the light meson. Their
explicit expressions are

k1 ¼
�
x1

MBffiffiffi
2

p ; 0;k1?
�
for color suppressed contributions;

k1 ¼
�
0; x1

MBffiffiffi
2

p ;k1?
�
for the others;

k2 ¼
�
x2

MBffiffiffi
2

p ; 0;k2?
�
;

k3 ¼
�
0; x3

ð1� r2ÞMBffiffiffi
2

p ;k3?
�
: (5)

Here, x1, x2, and x3 are the momentum fractions, and k1?,
k2?, and k3? are the transverse momentum of the quark.

A. Wave functions of BðsÞ mesons

In the pQCD calculation, the light-cone wave functions
of the mesons are needed as inputs. The B meson and the
Bs meson have the similar structure of wave function,
except different values of parameters characterizing a
small SU(3) breaking effect. In general, the BðsÞ meson

wave function is decomposed into the following Lorentz
structures:

Z d4z

ð2�Þ4 e
ik1�zh0jb�ð0Þ �q�ðzÞj �BðsÞðP1Þi

¼ iffiffiffiffiffiffiffiffiffi
2Nc

p
�
ðP6 1 þMBðsÞ Þ�5

�
�BðsÞ ðk1Þ

� n6 � v6ffiffiffi
2

p ��BðsÞ ðk1Þ
��

��
; (6)

where, �BðsÞ ðk1Þ and ��BðsÞ ðk1Þ are the corresponding lead-

ing twist distribution amplitudes, and q ¼ u; d; s. Here,
��BðsÞ ðk1Þ gives a smaller contribution [11] and therefore

we will neglect it in our calculation. Thus the final ex-
pression becomes

�BðsÞ ¼
iffiffiffiffiffiffiffiffiffi
2Nc

p ðP6 1 þMBðsÞ Þ�5�BðsÞ ðk1Þ: (7)

The distribution amplitude in the b space is

�BðsÞ ðx; bÞ ¼ NBðsÞx
2ð1� xÞ2 exp

�
� 1

2

�xMBðsÞ

!b

�
2 �!2

bb
2

2

�
;

(8)

with b as the conjugate space coordinate of k1?.NBðsÞ is the

normalization constant, which is determined by the nor-
malization condition:

Z 1

0
dx�BðsÞ ðx; b ¼ 0Þ ¼ fBðsÞ

2
ffiffiffiffiffiffiffiffiffi
2Nc

p : (9)

For parameter !b, the value 0:40� 0:05 GeV is usually
taken for �B0

d and B
� mesons, and 0:50� 0:05 GeV for the

�B0
s meson, characterizing the small SU(3) breaking effect

as argued in [12]. In this paper, we will use the !b as a
parameter for fitting, with a range from 0.35 to 0.45 GeV.

FIG. 1. Color allowed diagrams in the pQCD approach for B ! DP decays.
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B. Wave functions of light pseudoscalar mesons

The decay constant of the pseudoscalar meson is defined
as

h0j �q1���5q2jPðP3Þi ¼ ifPP3�: (10)

For our case these pseudoscalar mesons can be � and K
and the respective decay constants are f� ¼ 131 MeV,
fK ¼ 160 MeV.

The light-cone distribution amplitudes (for the outgoing
state) for light pseudoscalar mesons is

hPðP3Þjq1�ð0Þ �q2�ðzÞj0i ¼ iffiffiffiffiffiffiffiffiffi
2NC

p
Z 1

0
dxeixP3�z½�5P6 3�

AðxÞ

þ�5m0�
PðxÞ

þm0�5ðv6 n6 � 1Þ�TðxÞ���; (11)
where v is the light-cone direction along which the light
pseudoscalar meson’s momentum is defined, and n is just
opposite to it. Now the chiral scale parameterm0 is defined

as m0 ¼ M2
P

mq1
þmq2

.

Usually the distribution amplitudes are expanded by the
Gegenbauer polynomials and their expressions are

�A
PðxÞ ¼

3fPffiffiffiffiffiffiffiffiffi
2Nc

p xð1� xÞ½1þ aA1C
3=2
1 ðtÞ þ aA2C

3=2
2 ðtÞ

þ aA4C
3=2
4 ðtÞ�; (12)

�p
PðxÞ ¼

fP
2

ffiffiffiffiffiffiffiffiffi
2Nc

p ½1þ ap2C
1=2
2 ðtÞ þ ap4C

1=2
4 ðtÞ�; (13)

�T
PðxÞ ¼ � fP

2
ffiffiffiffiffiffiffiffiffi
2Nc

p ½C1=2
1 ðtÞ þ aT3C

1=2
3 ðtÞ�; (14)

with t ¼ 2x� 1. The coefficients of the Gegenbauer poly-
nomials are [13]

aA2� ¼ 0:44; aA4� ¼ 0:25; aA1K ¼ 0:17;

aA2K ¼ 0:2; ap2� ¼ 0:43; ap4� ¼ 0:09;

ap2K ¼ 0:24; ap4K ¼ �0:11; aT3� ¼ 0:55;

aT3K ¼ 0:35:

(15)

For � and �0, the mixing mechanism must be taken into
consideration. Following the method presented in
Ref. [14], where �n and �s are chosen as the basis of
mixing,

j�i
j�0i

� �
¼ Uð�Þ j�ni

j�si
� �

; (16)

with

j�ni ¼ 1ffiffiffi
2

p ð �uuþ �ddÞ; j�si ¼ �ss; (17)

Uð�Þ ¼ cos� � sin�
sin� cos�

� �
; (18)

and the mixing angle � ¼ 39:3� � 1:0�.
The distribution amplitudes of �n and �s are assumed to

be the same as that of the � meson, except different decay
constants and chiral parameters. The decay constants of �n

and �s are taken to be [14]

fn ¼ ð1:07� 0:02Þf� ¼ ð139:1� 2:6Þ MeV;

fs ¼ ð1:34� 0:06Þf� ¼ ð174:2� 7:8Þ MeV
(19)

and the corresponding chiral parameters are given by

m �nn
0 ¼ 1

2mn

�
m2

�cos
2�þm2

�0sin2�

�
ffiffiffi
2

p
fs

fn
ðm2

�0 �m2
�Þ cos� sin�

�
; (20)

m �ss
0 ¼ 1

2ms

�
m2

�0cos2�þm2
�sin

2�

� fnffiffiffi
2

p
fs

ðm2
�0 �m2

�Þ cos� sin�

�
: (21)

C. Wave functions of light vector mesons

Following the same lines as we did for the pseudoscalar
mesons, the decay constants for the vector mesons are
defined by

h0j �q1��q2jVðP3; 	Þi ¼ fVmV	�;

h0j �q1
��q2jVðP3; 	Þi ¼ ifTVð	�P3� � 	�P3�Þ:
(22)

For the vector meson, the longitudinal decay constant can
be extracted from the experiments [15], whereas the trans-
verse one can be calculated by using the QCD sum rules
[16]. The decay constants that we use in this work are
defined in Table I.
Up to twist-3 the distribution amplitudes are

TABLE I. The decay constants of vector mesons (in MeV).

f� fK� f! f� fT� fTK� fT! fT�

209� 2 217� 5 195� 3 231� 4 165� 9 185� 10 151� 9 186� 9

BðBsÞ ! DðsÞP, DðsÞV, D�
ðsÞP, AND D�

ðsÞV DECAYS . . . PHYSICAL REVIEW D 78, 014018 (2008)
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hVðP3; 	
�
LÞjq1�ð0Þ �q2�ðzÞj0i ¼ � 1ffiffiffiffiffiffiffiffiffi

2NC

p
Z 1

0
dxeixP3�z½MV	6 �L�VðxÞ þ 	6 �LP6 3�

t
VðxÞ þMV�

s
VðxÞ���;

hVðP3; 	
�
TÞjq1�ð0Þ �q2�ðzÞj0i ¼ � 1ffiffiffiffiffiffiffiffiffi

2NC

p
Z 1

0
dxeixP3�z½MV	6 �T�v

VðxÞ þ 	6 �TP6 3�
T
VðxÞ þMVi	���
�5�

�	��T n�v
�a
VðxÞ���;

(23)

where x is the momentum fraction of the q2 quark.
Contrary to the pseudoscalar case, here n defines the
light-cone direction along which the momentum of light
meson is taken and v is just the opposite light-cone direc-
tion. The twist-2 distribution amplitudes of vector mesons
are defined as

�VðxÞ ¼ 3fVffiffiffiffiffiffiffiffiffi
2NC

p xð1� xÞ½1þ ak1C
3=2
1 ðtÞ þ ak2C

3=2
2 ðtÞ�;

�T
VðxÞ ¼

3fVffiffiffiffiffiffiffiffiffi
2NC

p xð1� xÞ½1þ a?1 C
3=2
1 ðtÞ þ a?2 C

3=2
2 ðtÞ�;

(24)

and the corresponding values of the Gegenbauer moments
are [17]

ak2� ¼ ak2! ¼ 0:15� 0:07; ak1K� ¼ 0:03� 0:02;

ak2K� ¼ 0:11� 0:09; ak2� ¼ 0:18� 0:08;

a?2� ¼ a?2! ¼ 0:14� 0:06; a?1K� ¼ 0:04� 0:03;

a?2K� ¼ 0:10� 0:08; a?2� ¼ 0:14� 0:07: (25)

For the other distribution amplitudes, we use the asymp-
totic form:

�t
VðxÞ ¼

3fTV
2

ffiffiffi
6

p t2; �s
VðxÞ ¼

3fTV
2

ffiffiffi
6

p ð�tÞ;

�v
VðxÞ ¼

3fV

8
ffiffiffi
6

p ð1þ t2Þ; �a
VðxÞ ¼

3fV

4
ffiffiffi
6

p ð�tÞ:
(26)

D. Wave function of the Dð�Þ meson

Up to twist-3 accuracy the two-particle light-cone dis-

tribution amplitudes of Dð�Þ meson are defined as [7]

hDðP2Þjq�ðzÞ �c�ð0Þj0i ¼ iffiffiffiffiffiffiffiffiffi
2NC

p
Z 1

0
dxeixP2�z

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

2NC

p
Z 1

0
dxeixP2�z

	 ½	6 ðP6 2 þMD� Þ�L
D� ðx; bÞ

þ 	6 TðP6 2 þMD� Þ�T
D� ðx; bÞ���

(27)

with 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 ;

(28)

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

fTD� � fD�
mc þmd

MD�

 fD� � fTD�

mc þmd

MD�

Oð ��=MD� Þ:

(29)

Thus we will use fTD� ¼ fD� in our calculation. Now, there

are several models calculating the distribution amplitude
for the D meson and we can collect them here as

�ðGenÞ
D ðxÞ ¼ 1

2
ffiffiffiffiffiffiffiffiffi
2Nc

p fD6xð1� xÞ½1þ CDð1� 2xÞ�;

�ðMGenÞ
D ðx; bÞ ¼ 1

2
ffiffiffiffiffiffiffiffiffi
2Nc

p fD6xð1� xÞ½1þ CDð1� 2xÞ� exp
��!2b2

2

�
;

�ðKLSÞ
D ðx; bÞ ¼ 1

2
ffiffiffiffiffiffiffiffiffi
2Nc

p fDND

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xð1� xÞp

exp

�
� 1

2

�
xMD

!

�
2 �!2b2

2

�
;

�ðGNÞ
D ðx; bÞ ¼ 1

2
ffiffiffiffiffiffiffiffiffi
2Nc

p fDNDx exp

�
� xMD

!

�
1

1þ b2!2
;

�ðKKQTÞ
D ðx; bÞ ¼ 1

2
ffiffiffiffiffiffiffiffiffi
2Nc

p fDNDx
ðxÞ

�
2�D

MD

� x

�
J0

�
b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x

�
2�D

MD

� x

�s �
;

�
ðHuangÞ
D ðxÞ ¼ 1

2
ffiffiffiffiffiffiffiffiffi
2Nc

p fDNDxð1� xÞ exp
�
��D

ð1� xÞm2
d þ xm2

c

xð1� xÞ
�
:

(30)
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In Eq. (30) one can easily see that some DAs of the D
meson we have collected here do not have b dependence.
However, we use a b-dependent form in (27) without
losing generality. In all the amplitudes defined above, the
x is the momentum fraction of the light quark in the D

meson. The first DA model �ðGenÞ
D was proposed in [7],

which is the Gegenbauer polynomial-like form. In order to
make it k? dependent, an exponential term is added to get

�ðMGenÞ
D . The third candidate DA model �ðKLSÞ

D was pro-
posed in [18], which is a Gaussian-type model. The fourth
one [19], which is an exponential model, and the fifth
model [20], which is obtained by solving the equations
of motion without three-parton contributions, were first
proposed for the B meson. Here we use heavy quark
symmetry and modify the parameters to make them D
meson DAs. The sixth DA was proposed in [21], which is
derived from the Brodsky-Huang-Lepage prescription
[22], with md ¼ 0:35 GeV, mc ¼ 1:3 GeV. In the next
section we will try to fit out the best D meson wave
function parameters with the experimental results. As for
the D� meson, we just assume that �L

D� ¼ �T
D� ¼ �D�

according to heavy quark symmetry.

III. CALCULATION OF DECAYAMPLITUDES IN
pQCD APPROACH

A. Amplitudes for BðsÞ ! DðsÞP decays

There are three types of diagrams that may contribute to

the B ! Dð�ÞM decays: color allowed diagrams (we mark
this kind of contribution with the subscript ext) shown in
Fig. 1, color-suppressed diagrams (marked with int) shown
in Fig. 2, and the annihilation-type diagrams (marked with
exc) shown in Fig. 3. Now each type of diagram contains
two categories: the one in which one meson can be factor-
ized out (denoted as �) and the other in which no meson
can be factorized out (denoted as M).

The first two diagrams in Figs. 1–3 involve only two
meson wave functions, and their results are as follows:

�ext ¼ 8�CFfP
Z 1

0
dx1dx2

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ

	�Dðx2; b2Þ½Eeðtð1Þe Þhðx1; x2; b1; b2Þ
	 Stðx2Þð1þ x2 þ rÞ
þ rEeðtð2Þe Þhðx2; x1; b2; b1ÞStðx1Þ�; (31)

�int ¼ 8�CFfD
Z 1

0
dx1dx3

Z 1=�

0
b1db1b3db3�Bðx1; b1Þ

	 f½ð2� x3Þ�Pðx3Þ � r0ð1� 2x3Þð�p
Pðx3Þ

��T
Pðx3ÞÞ�Eiðtð1Þi Þhðx1; ð1� x3Þð1� r2Þ; b1; b3Þ

	 Stðx3Þ þ 2r0�
p
Pðx3ÞEiðtð2Þi Þ

	 hð1� x3; x1ð1� r2Þ; b3; b1ÞStðx1Þg; (32)

�exc ¼ 8�CFfB
Z 1

0
dx2dx3

Z 1=�

0
b2db2b3db3�Dðx2; b2Þ

	 ½�x3�Pðx3ÞEaðtð1Þa Þhaðx2; x3ð1� r2Þ; b2; b3Þ
	 Stðx3Þ þ x2�Pðx3ÞEaðtð2Þa Þ
	 haðx3; x2ð1� r2Þ; b3; b2ÞStðx2Þ�; (33)

with the mass ratio r0 � m0=mB. fP, fB, and fD are the
decay constants of the light pseudoscalar meson, B meson,
and D meson, respectively. The factors evolving with the
scale t are given by

EeðtÞ ¼ �sðtÞa1ðtÞ exp½�SBðtÞ � SDðtÞ�;
EiðtÞ ¼ �sðtÞa2ðtÞ exp½�SBðtÞ � SPðtÞ�;
EaðtÞ ¼ �sðtÞa2ðtÞ exp½�SDðtÞ � SPðtÞ�:

(34)

We adopt the expression of the Sudakov factor for D
meson as suggested in Ref. [7], which is listed in
Appendix A together with the expressions for SBðtÞ, SPðtÞ.
The functions h in the hard part of factorization formu-

las, derived from the factorizable diagrams, are given by

hðx1; x2; b1; b2Þ ¼ K0ð ffiffiffiffiffiffiffiffiffi
x1x2

p
mBb1Þ½
ðb1 � b2Þ

	 K0ð ffiffiffiffiffi
x2

p
mBb1ÞI0ð ffiffiffiffiffi

x2
p

mBb2Þ
þ 
ðb2 � b1ÞK0ð ffiffiffiffiffi

x2
p

mBb2Þ
	 I0ð ffiffiffiffiffi

x2
p

mBb1Þ�; (35)

haðx2; x3; b2; b3Þ ¼
�
i
�

2

�
2
Hð1Þ

0 ð ffiffiffiffiffiffiffiffiffi
x2x3

p
mBb2Þ½
ðb2 � b3Þ

	Hð1Þ
0 ð ffiffiffiffiffi

x3
p

mBb2ÞJ0ð ffiffiffiffiffi
x3

p
mBb3Þ

þ 
ðb3 � b2ÞHð1Þ
0 ð ffiffiffiffiffi

x3
p

mBb3Þ
	 J0ð ffiffiffiffiffi

x3
p

mBb2Þ�; (36)

where Hð1ÞðzÞ ¼ J0ðzÞ þ iY0ðzÞ. The hard scales t are de-

FIG. 2. Color-suppressed diagrams in the pQCD approach for B ! DP decays.
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termined by

tð1Þe ¼ maxð ffiffiffiffiffi
x2

p
mB; 1=b1; 1=b2Þ;

tð2Þe ¼ maxð ffiffiffiffiffi
x1

p
mB; 1=b1; 1=b2Þ;

tð1Þi ¼ maxð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� x3Þð1� r2Þ

q
mB; 1=b1; 1=b3Þ;

tð2Þi ¼ maxð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1� r2Þ

q
mB; 1=b1; 1=b3Þ;

tð1Þa ¼ maxð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x3ð1� r2Þ

q
mB; 1=b2; 1=b3Þ;

tð2Þa ¼ maxð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2ð1� r2Þ

q
mB; 1=b2; 1=b3Þ:

(37)

The formulas for the last two diagrams in Figs. 1–3
contain the kinematics variables of the three mesons.
Their explicit expressions are given by

Mext ¼ 16�
ffiffiffiffiffiffiffiffiffi
2Nc

p
CF

Z 1

0
½dx�

Z 1=�

0
b1db1b3db3

	�Bðx1; b1Þ�Dðx2; b1Þ�Pðx3Þ
	 ½x3Ebðtð1Þb Þhð1Þb ðxi; biÞ
� ð1� x3 þ x2ÞEbðtð2Þb Þhð2Þb ðxi; biÞ�; (38)

Mint ¼ 16�
ffiffiffiffiffiffiffiffiffi
2Nc

p
CF

Z 1

0
½dx�

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ

	�Dðx2; b2Þ½ððx3 � 1� x2Þ�Pðx3Þ
þ r0ð1� x3Þð�p

pðx3Þ ��T
Pðx3ÞÞÞEdðtð1Þd Þhð1Þd ðxi; biÞ

þ ½ð1� x2Þ�Pðx3Þ þ r0ðx3 � 1Þð�p
Pðx3Þ

þ�T
Pðx3ÞÞ�Edðtð2Þd Þhð2Þd ðxi; biÞ�; (39)

Mexc ¼ 16�
ffiffiffiffiffiffiffiffiffi
2Nc

p
CF

Z 1

0
½dx�

	
Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�Dðx2; b2Þ

	 ½x3�Pðx3ÞEfðtð1Þf Þhð1Þf ðxi; biÞ
� x2�Pðx3ÞEfðtð2Þf Þhð2Þf ðxi; biÞ�; (40)

with ½dx� � dx1dx2dx3. The expressions for the evolution

factors are

EbðtÞ ¼ �sðtÞC1ðtÞ
NC

exp½�SðtÞjb2¼b1�;

EdðtÞ ¼ �sðtÞC2ðtÞ
NC

exp½�SðtÞjb3¼b1�;

EfðtÞ ¼ �sðtÞC2ðtÞ
NC

exp½�SðtÞjb3¼b2�;

(41)

with the Sudakov exponent S ¼ SB þ SD þ SP.

The functions hðjÞ, j ¼ 1 and 2, in these amplitudes are

hðjÞb ¼ ½
ðb1 � b3ÞK0ðBmBb1ÞI0ðBmBb3Þ
þ 
ðb3 � b1ÞK0ðBmBb3ÞI0ðBmBb1Þ�

	
8><
>:

K0ð
ffiffiffiffiffiffiffiffiffi
jB2

j j
q

mBb3Þ for B2
j � 0

i�
2 H

ð1Þ
0 ð

ffiffiffiffiffiffiffiffiffi
jB2

j j
q

mBb3Þ for B2
j � 0

9>=
>;; (42)

hðjÞd ¼ ½
ðb1 � b2ÞK0ðDmBb1ÞI0ðDmBb2Þ
þ 
ðb2 � b1ÞK0ðDmBb2ÞI0ðDmBb1Þ�

	
8><
>:

K0ð
ffiffiffiffiffiffiffiffiffi
jD2

j j
q

mBb2Þ for D2
j � 0

i�
2 H

ð1Þ
0 ð

ffiffiffiffiffiffiffiffiffi
jD2

j j
q

mBb2Þ for D2
j � 0

9>=
>;; (43)

hðjÞf ¼ i
�

2
½
ðb1 � b2ÞHð1Þ

0 ðFmBb1ÞJ0ðFmBb2Þ
þ 
ðb2 � b1ÞHð1Þ

0 ðFmBb2ÞJ0ðFmBb1Þ�

	
8><
>:

K0ð
ffiffiffiffiffiffiffiffiffi
jF2

j j
q

mBb1Þ for F2
j � 0

i�
2 H

ð1Þ
0 ð

ffiffiffiffiffiffiffiffiffi
jF2

j j
q

mBb1Þ for F2
j � 0

9>=
>;; (44)

with the variables

FIG. 3. Annihilation-type diagrams in the pQCD approach for B ! DP decays.
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B2 ¼ x1x2; B2
1 ¼ x1x2 � x2x3ð1� r2Þ;

B2
2 ¼ x1x2 � x2ð1� x3Þð1� r2Þ;

D2 ¼ x1ð1� x3Þð1� r2Þ;
D2

1 ¼ ðx1 � x2Þð1� x3Þð1� r2Þ;
D2

2 ¼ ðx1 þ x2Þr2 � ð1� x1 � x2Þð1� x3Þð1� r2Þ;
F2 ¼ x2x3ð1� r2Þ; F2

1 ¼ x2ðx1 � x3ð1� r2ÞÞ;
F2
2 ¼ 1� ð1� x2Þð1� x1 � x3ð1� r2ÞÞ:

(45)

The scales tðjÞ are given by

tðjÞb ¼ maxðBmB;
ffiffiffiffiffiffiffiffiffi
jB2

j j
q

mB; 1=b1; 1=b3Þ;

tðjÞd ¼ maxðDmB;
ffiffiffiffiffiffiffiffiffi
jD2

j j
q

mB; 1=b1; 1=b2Þ;

tðjÞf ¼ maxðFmB;
ffiffiffiffiffiffiffiffiffi
jF2

j j
q

mB; 1=b1; 1=b2Þ:

(46)

The decay amplitudes of each BðsÞ ! DðsÞP channels are

then

AðB� ! D0��Þ ¼ GFffiffiffi
2

p VcbV
�
udð�ext þMext

þ �int þMintÞ; (47)

AðB� ! D0K�Þ ¼ GFffiffiffi
2

p VcbV
�
usð�ext þMext

þ �int þMintÞ; (48)

Að �B0 ! Dþ��Þ ¼ GFffiffiffi
2

p VcbV
�
udð�ext þMext

þ �exc þMexcÞ; (49)

Að �B0 ! DþK�Þ ¼ GFffiffiffi
2

p VcbV
�
usð�ext þMextÞ; (50)

Að �B0 ! Dþ
s K

�Þ ¼ GFffiffiffi
2

p VcbV
�
udð�exc þMexcÞ; (51)

Að �B0 ! D0�0Þ ¼ GFffiffiffi
2

p VcbV
�
ud

1ffiffiffi
2

p ð�ð�int þMintÞ

þ ð�exc þMexcÞÞ; (52)

Að �B0 ! D0 �K0Þ ¼ GFffiffiffi
2

p VcbV
�
usð�int þMintÞ; (53)

Að �B0 ! D0�nÞ ¼ GFffiffiffi
2

p VcbV
�
ud

1ffiffiffi
2

p ð�int þMint

þ �exc þMexcÞ; (54)

Að �B0
s ! Dþ��Þ ¼ GFffiffiffi

2
p VcbV

�
usð�exc þMexcÞ; (55)

Að �B0
s ! Dþ

s �
�Þ ¼ GFffiffiffi

2
p VcbV

�
udð�ext þMextÞ; (56)

Að �B0
s ! Dþ

s K
�Þ ¼ GFffiffiffi

2
p VcbV

�
usð�ext þMext

þ �exc þMexcÞ; (57)

Að �B0
s ! D0�0Þ ¼ GFffiffiffi

2
p VcbV

�
us

1ffiffiffi
2

p ð�exc þMexcÞ; (58)

Að �B0
s ! D0 �K0Þ ¼ GFffiffiffi

2
p VcbV

�
udð�int þMintÞ; (59)

Að �B0
s ! D0�nÞ ¼ GFffiffiffi

2
p VcbV

�
us

1ffiffiffi
2

p ð�exc þMexcÞ; (60)

Að �B0
s ! D0�sÞ ¼ GFffiffiffi

2
p VcbV

�
usð�int þMintÞ: (61)

It should be noticed that, in (54), (60), and (61), the decay
amplitudes are for the mixing basis of � and �0. For the
physical state � and �0, the decay amplitudes are

Að �B0 ! D0�Þ ¼ Að �B0 ! D0�nÞ cos�; (62)

Að �B0 ! D0�0Þ ¼ Að �B0 ! D0�nÞ sin�; (63)

Að �B0
s ! D0�Þ ¼ Að �B0

s ! D0�nÞ cos�
� Að �B0

s ! D0�sÞ sin�; (64)

Að �B0
s ! D0�0Þ ¼ Að �B0

s ! D0�nÞ sin�
þ Að �B0

s ! D0�sÞ cos�: (65)

B. Amplitudes for BðsÞ ! DðsÞV and BðsÞ ! D�
ðsÞP

decays

For the processes BðsÞ ! DðsÞV andD�
ðsÞP, the transverse

polarization of the vector mesons will not contribute. In the
leading power contribution, the formulas of B ! DV and
B ! D�P are the same as that of BðsÞ ! DðsÞP decays,

except some substitutions.
For BðsÞ ! DðsÞV, the following substitutions should be

done for the formula �i and Mi:

�P ! �V; �p
P ! ��s

V; �t
P ! ��t

V;

m0 ! mV; fP ! fV:
(66)

�V , �
s
V and �t

V are the light-cone distribution amplitudes
of vector mesons, which we defined before. mV and fV are
the mass and the decay constant of the vector meson.
Similarly, for BðsÞ ! D�

ðsÞP, the substitutions in the for-

mulas �i and Mi should be done as
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mD!mD� ; fD!fD� ; �Dðx2Þ!�D� ðx2Þ: (67)

Making the following substitutions in Eqs. (47)–(65), we
can get the final decay amplitude for each B ! D�P de-
cays:

Dþ ! D�þ; D0 ! D�0; Dþ
s ! D�þ

s : (68)

The formulas for B ! DV can be obtained through the
substitutions

� ! �; K ! K�; �n ! !; �s ! � (69)

in Eqs. (47)–(61).

C. Amplitudes for BðsÞ ! D�
ðsÞV decays

In B ! D�
ðsÞV decays, both longitudinal and transverse

polarization can contribute. For the longitudinal polariza-

tion, the amplitudes can be obtained by carrying out the
substitutions referred in Eqs. (66) and (67), when only the
leading power contribution is taken into consideration. The
transverse polarized contribution is suppressed by r or rV ,
rV � mV=mB. Although the transverse polarization will
not give the leading power contribution, to make the point
more clear we list the analytic formulas for transverse
polarizations �T

ext, �
T
int, and �T

exc:

�T
ext ¼ 8�CFm

4
BfV

Z 1

0
dx1dx2

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ

	�T
Dðx2; b2ÞrV½Eeðtð1Þe Þhðx1; x2; b1; b2ÞStðx2Þ

	 ð�	n �n	
�T
D 	�TV � i	�TD � 	�TV ð1þ 2rÞÞ

þEeðtð2Þe Þhðx2; x1; b2; b1ÞStðx1Þrðrþ 1Þ
	 ð�	n �n	

�T
D 	�TV � i	�TD � 	�TV Þ�; (70)

�T
int ¼ 8�CFm

4
BfD�

Z 1

0
dx1dx3

Z 1=�

0
b1db1b3db3�Bðx1; b1Þrf½	n �n	�TD 	�TV ð��T

Vðx3Þ � rVððx3 � 3Þ�a
Vðx3Þ

þ ðx3 � 1Þ�v
Vðx3ÞÞÞ � i	�TD � 	�TV ð�T

Vðx3Þ � rVððx3 � 1Þ�a
Vðx3Þ � ðx3 � 3Þ�v

Vðx3ÞÞÞÞ�
	 Eiðtð1Þi Þhðx1; x3ð1� r2Þ; b1; b3ÞStðx3Þ þ rV½	n �n	�TD 	�TV ð�a

Vðx3Þ ��v
Vðx3ÞÞ

þ i	�TD � 	�TV ð�a
Vðx3Þ ��v

Vðx3ÞÞ�Eiðtð2Þi Þhðx3; x1ð1� r2Þ; b3; b1ÞStðx1Þg; (71)

�T
exc ¼ 8�CFm

4
BfB

Z 1

0
dx2dx3

Z 1=�

0
b2db2b3db3�

T
Dðx2; b2Þ½Eaðtð1Þa Þhaðx2; x3ð1� r2Þ; b2; b3ÞStðx3Þð	n �n	�TD 	�TV ½r2�T

Vðx3Þ
� rrVðx3 þ 1Þ�a

Vðx3Þ þ rrVð1� x3Þ�v
Vðx3Þ� þ i	�TD � 	�TV ½�r2�T

Vðx3Þ þ rrVðx3 � 1Þ�a
Vðx3Þ þ rrVðx3 þ 1Þ�v

Vðx3Þ�Þ
þEaðtð2Þa Þhaðx3; x2ð1� r2Þ; b3; b2ÞStðx2ÞrrVð	n �n	�TD 	�TV ðð1þ x2Þ�a

Vðx3Þ þ ð1� x2Þ�v
Vðx3ÞÞ

� i	�TD � 	�TV ðð1� x2Þ�a
Vðx3Þ þ ð1þ x2Þ�v

Vðx3ÞÞÞ�: (72)

The evolution factors in these amplitudes are the same as those in Eq. (34) after substituting SVðtÞ for SPðtÞ. For the
nonfactorizable amplitudes, the factorization formulas involve the kinematic variables of all three mesons. Their
expressions are

MT
ext ¼ 16�

ffiffiffiffiffiffiffiffiffi
2Nc

p
CFm

4
B

Z 1

0
½dx�

Z 1=�

0
b1db1b3db3�Bðx1; b1Þ�T

Dðx2; b1ÞrV½Ebðtð1Þb Þhð1Þb ðxi; biÞð	n �n	�TD 	�TV x3ð�a
Vðx3Þ

��v
Vðx3ÞÞ þ i	�TD � 	�TV x3ð�a

Vðx3Þ ��v
Vðx3ÞÞÞ þ Ebðtð2Þb Þhð2Þb ðxi; biÞf	n �n	�TD 	�TV ðð1� x3Þð1� 2rÞ�a

Vðx3Þ
þ ðx3 � 1Þ�v

Vðx3ÞÞ � i	�TD � 	�TV ððx3 � 1Þ�a
Vðx3Þ þ ð1� 2rÞð1� x3Þ�v

Vðx3ÞÞg�; (73)

MT
int ¼ 16�

ffiffiffiffiffiffiffiffiffi
2Nc

p
CFm

4
B

Z 1

0
½dx�

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�T

Dðx2; b2Þr½Edðtð2Þd Þhð2Þd ðxi; biÞð	n �n	�TD 	�TV ððx2 � 1Þ�T
Vðx3Þ

þ rVð�a
Vðx3Þ þ�v

Vðx3ÞÞÞ � i	�TD � 	�TV ðð1� x2Þ�T
Vðx3Þ þ rVð�a

Vðx3Þ þ�v
Vðx3ÞÞÞÞ þ Edðtð1Þd Þhð1Þd ðxi; biÞ

	 ð	n �n	�TD 	�TV ð2rVðx3 � 1Þ�a
Vðx3Þ � x2�

T
Vðx3ÞÞ � i	�TD � 	�TV ðx2�T

Vðx3Þ þ 2rVðx3 � 1Þ�v
Vðx3ÞÞÞ�; (74)

MT
exc ¼ 16�

ffiffiffiffiffiffiffiffiffi
2Nc

p
CFm

4
B

Z 1

0
½dx�

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�T

Dðx2; b2ÞfEfðtð1Þf Þhð1Þf ðxi; biÞ�T
Vðx3Þ

	 ð	n �n	�TD 	�TV ðx2r2 � r2Vx3Þ � i	�TD � 	�TV ðx2r2 þ r2Vx3ÞÞ þ Efðtð2Þf Þhð2Þf ðxi; biÞ½	n �n	�TD 	�TV ð�2rrV�
a
Vðx3Þ

� r2ðx2 � 1Þ�T
Vðx3Þ þ r2Vðx3 � 1Þ�T

Vðx3ÞÞ þ i	�TD � 	�TV ðððx2 � 1Þr2 þ r2Vðx2 � 1ÞÞ�T
Vðx3Þ þ 2rrV�

v
Vðx3ÞÞ�g: (75)
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The h0s and hðjÞ functions in the amplitudes here are the
same as defined in Eqs. (35), (36), and (42)–(44).

Thus combining everything together, one can get the
final decay amplitudes of each polarization for B ! D�V
decays.

IV. NUMERICAL CALCULATIONS AND
DISCUSSIONS

In this section, we do the numerical analysis of our
calculation which we have done in the previous sections.

The parameters of the Dð�Þ
ðsÞ meson we use are

mD ¼ 1:869 GeV; mD�
s
¼ 1:968 GeV;

mD� ¼ 2:010 GeV; mD��
s

¼ 2:112 GeV;

fD ¼ 223 MeV; fD�
s
¼ 274 MeV:

(76)

A lot of study has been made on the decay constants ofDðsÞ
mesons. Here we use the values from Ref. [23]. Since there
are no experimental results of the decay constants of D�

ðsÞ
mesons, we use the relations between fD and fD� derived
from heavy quark effective theory [24]:

fD� ¼
ffiffiffiffiffiffiffiffiffi
mD

mD�

s
fD; fD��

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
mD�

s

mD�
s�

s
fD�

s
; (77)

which is different from Ref. [25].
With the D meson wave functions at hand, the decay

width is given by

� ¼ 1

32�
m7

Bð1� r2ÞjAj2; (78)

where A is the decay amplitude defined in Eqs. (47)–(61).
Finally, the branch ratio is

Br ¼ �@=�BðsÞ ; (79)

with �BðsÞ as the lifetime of the BðsÞ meson. We take �B� ¼
1:674	 10�12s, � �B0 ¼ 1:542	 10�12s, � �B0

s
¼ 1:466	

10�12s, and GF ¼ 1:166 39	 10�5 GeV�2.

A. Results of fitting

Since B ! DP decay channels have been measured
experimentally with high precision, we use these experi-
mental results to fit out the parameters of the candidate D
meson DAs. Here we do not use the experimental results
containing � or �0 in the final states because there are
uncertainties from the mixing. The six decay channels
B� ! D0��, B� ! D0K�, �B0 ! Dþ��, �B0 ! DþK�,
�B0 ! D0�0, and �B0 ! D0 �K0 are used to fit the D meson
wave functions and the parameter !b in the Bmeson wave
function. The experimental results of these channels are
given in Ref. [26] and these are collected in Table III.

There are three degrees in the fitting with �ðMGenÞ (!b,
CD, and !), and two degrees for the others. The formula
we used for fitting is

�2 ¼ X
i

ðBrexi � Brthi Þ2

2

i

: (80)

Here, i means the summation over the six decay channels.
Brexi (Brthi ) is the experimental (theoretical) value of branch
ratio, and
i is the uncertainty of the experimental value. In
Table II we list the smallest �2 we get for all the D meson

DAs. Except �ðKLSÞ and �ðGNÞ, all the other DAs have a

small �2
min. The�

ðMGenÞ is the best one, with its parameters

fixed as !b ¼ 0:38 GeV, CD ¼ 0:5, ! ¼ 0:1 GeV. The
�2 for �B0 ! D0 �K0 is the largest, this may indicate the
large SU(3) breaking effect. With this channel excluded,
the results for the �2 are good enough. In the calculation

we will use �ðMGenÞ for our numerical analysis of all the
decay channels. For the Ds meson, we use CD ¼ 0:4, ! ¼
0:2 GeV, with a little SU(3) breaking effect. In this case,
we can see from Fig. 4 that the �s quark in theDs meson has
a slightly larger momentum fraction than the �d= �u quark in
the D meson, which characterizes the slightly larger mass
of the s quark.
Keeping in mind that the mass difference between the

vector meson D�
ðsÞ and pseudoscalar meson DðsÞ is small,

we adopt the same DA for them also.

TABLE II. The smallest �2 for each kind of the D meson DA and the corresponding �2
i

(i represents the six channels we used for fitting) for every channel.

�2
i ½�ðGenÞ� �2

i ½�ðMGenÞ� �2
i ½�ðKLSÞ� �2

i ½�ðGNÞ� �2
i ½�ðKKQTÞ� �2

i ½�ðHuangÞ�
B� ! D0�� 1.30 6.42 14.23 13.06 0.28 2.49

B� ! D0K� 0.11 0.06 0.63 1.15 0.36 0.05
�B0 ! Dþ�� 0.23 0.00 8.73 6.74 3.10 0.80
�B0 ! DþK� 0.03 0.15 9.88 2.79 0.03 0.04
�B0 ! D0�0 2.49 2.16 95.45 74.03 2.30 8.36
�B0 ! D0 �K0 21.77 17.02 34.15 37.03 22.80 17.72

�2
min (total) 25.92 25.82 163.06 134.8 28.87 29.44
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B. Results for all the related channels and discussions

Our numerical results are listed in Tables III, IV, V, and
VI. The first error in these entries is caused by the hadronic
parameters in the �BðsÞ meson wave function (the decay

constant and the shape parameter). We take fB ¼ 0:19�
0:025 GeV and fBs

¼ 0:24� 0:03 GeV, !Bs

b ¼
0:50� 0:05 GeV. The second error arises from the higher
order perturbative QCD corrections: the choice of the hard
scales, defined in Eqs. (37) and (46), which vary from 0:75t

to 1:25t, and the uncertainty of�ð4Þ
QCD ¼ 0:25� 0:05 GeV.

The third error is from the uncertainties of the CKMmatrix
elements. In our calculation, we use

Vcb ¼ ð41:61þ0:62
�0:63Þ 	 10�3; Vud ¼ 0:973 85þ0:00024

�0:00023;

Vus ¼ 0:227 15þ0:00101
�0:00100: (81)

Among them, the hadronic inputs always give rise to the
largest uncertainty, and the CKM matrix elements contrib-
ute little.
The first six channels in Table III are input values of the

�2 fit program. Although we get a reasonable �2 in the fit,
the branching ratio of �B0 ! D0 �K0 is about half of the
experimental value. Comparing with the color-suppressed
diagrams, the annihilation diagrams contribute little for
�B0 ! D0 �K0 and �B0 ! D0�0. So we can use them as a
comparison. They have different CKM elements (VcbV

�
us

for the former and VcbV
�
ud for the latter). Taking the factor

1ffiffi
2

p in the flavor wave function of the �meson into account,

the Brð �B0 ! D0 �K0Þ is roughly one-tenth of Brð �B0 !
D0�0Þ. So this value of Brð �B0 ! D0 �K0Þ is theoretically
reasonable. A similar argument is valid for Brð �B0 !
D�0 �K0Þ.
Although we used only six B ! DP channels to fix the

D meson wave function, the results of other channels,
especially those of B ! DV and D�P channels, agree
very well with the current experimental measurements. It
is easy to see that Brð �B0 ! D0!Þ is twice larger than
Brð �B0 ! D0�Þ, while their experimental values are close
to each other. Both of the channels receive contributions
from the color-suppressed diagrams and annihilation dia-

TABLE III. Branching ratios of BðsÞ ! DP decays calculated
in the pQCD approach with experimental data (in units of 10�4).

Experimental results Our results

B� ! D0�� 47:5� 1:9 51:9þ14:6þ3:2þ1:5
�12:8�6:7�1:5

B� ! D0K� 3:83� 0:45 3:97þ1:11þ0:54þ0:12
�0:98�0:91�0:12

�B0 ! Dþ�� 26:5� 1:5 26:9þ7:5þ5:2þ0:8
�6:6�7:2�0:8

�B0 ! DþK� 2:04� 0:57 2:27þ0:64þ0:55þ0:07
�0:56�0:65�0:07

�B0 ! D0�0 2:61� 0:25 2:14þ0:60þ0:61þ0:06
�0:53�0:71�0:06

�B0 ! D0 �K0 0:523� 0:066 0:23þ0:06þ0:07þ0:01
�0:06�0:07�0:01

�B0 ! D0� 2:02� 0:21 2:75þ0:77þ0:41þ0:08
�0:68�0:38�0:08

�B0 ! D0�0 1:26� 0:21 1:84þ0:52þ0:28þ0:05
�0:45�0:25�0:05

�B0 ! Dþ
s K

� 0:269� 0:054 0:73þ0:20þ0:19þ0:02
�0:18�0:14�0:02

�B0
s ! Dþ�� ð1:59þ0:67þ0:53þ0:05

�0:30�0:23�0:05Þ 	 10�2

�B0
s ! D0�0 ð0:88þ0:19þ0:18þ0:03

�0:24�0:17�0:03Þ 	 10�2

�B0
s ! D0 �K0 3:90þ1:61þ1:00þ0:11

�1:16�0:97�0:11

�B0
s ! D0� 0:14þ0:05þ0:02þ0:00

�0:05�0:04�0:00

�B0
s ! D0�0 0:33þ0:11þ0:04þ0:01

�0:10�0:05�0:01

�B0
s ! Dþ

s �
� 38� 3� 13 19:6þ10:6þ6:3þ0:6

�7:5�6:2�0:6

�B0
s ! Dþ

s K
� 1:70þ0:87þ0:53þ0:05

�0:66�0:56�0:05

FIG. 4 (color online). The D meson distribution amplitude
�MGen

D ð0:5; 0Þ (blue, solid line) and the Ds meson distribution

amplitude �MGen
Ds

ð0:4; 0Þ (red, dotted line).

TABLE IV. Branching ratios of BðsÞ ! DV decays calculated
in the pQCD approach with experimental data (in units of 10�4).

Experimental results Our results

B� ! D0�� 134� 18 111þ31:1þ17:1þ3:2
�27:3�23:2�3:2

B� ! D0K�� 5:29� 0:45 6:37þ1:79þ0:99þ0:20
�1:57�1:48�0:20

�B0 ! Dþ�� 75� 12 67:0þ18:8þ11:2þ2:0
�16:5�17:1�2:0

�B0 ! DþK�� 4:60� 0:78 3:83þ1:07þ0:82þ0:12
�0:94�1:03�0:12

�B0 ! D0�0 2:91� 0:40 1:99þ0:56þ0:45þ0:06
�0:49�0:61�0:06

�B0 ! D0! 2:60� 0:29 4:08þ1:14þ0:63þ0:12
�1:00�0:78�0:12

�B0 ! D0 �K�0 0:423� 0:064 0:26þ0:07þ0:09þ0:01
�0:06�0:07�0:01

�B0 ! Dþ
s K

�� <8 1:82þ0:51þ0:36þ0:05
�0:45�0:46�0:05

�B0
s ! Dþ�� ð7:88þ2:83þ1:99þ0:24

�1:75�1:65�0:24Þ 	 10�2

�B0
s ! D0�0 ð4:20þ0:99þ0:82þ0:13

�1:17�0:89�0:13Þ 	 10�2

�B0
s ! D0 �K�0 4:36þ1:84þ1:21þ0:13

�1:31�1:14�0:13

�B0
s ! D0! ð3:61þ0:97þ0:50þ0:11

�1:04�0:79�0:11Þ 	 10�2

�B0
s ! D0� 0:30þ0:11þ0:07þ0:01

�0:09�0:08�0:01

�B0
s ! Dþ

s �
� 47:0þ24:9þ15:3þ1:36

�17:7�14:8�1:37

�B0
s ! Dþ

s K
�� 2:81þ1:47þ0:79þ0:09

�1:09�0:85�0:09
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grams and these are of the same order of magnitude for the
above-mentioned two processes. For color-suppressed dia-
grams, the d �d of the flavor part contributes, whereas the u �u
part contributes to the annihilation diagrams. Amplitudes

of these two kinds of diagrams have the same sign in the
�B0 ! D0! decay but different sign in the �B0 ! D0�
decay due to isospin. A similar situation exists for Brð �B0 !
D�0!Þ and Brð �B ! D�0�Þ.
The �B0 ! Dþ

s K
� decay is a kind of pure annihilation-

type decay dominant by the W exchange diagram. Our
result is larger than the experiments and also than the
previous pQCD calculations [27] due to the change of
the choice of D meson wave functions. The annihilation-
type diagrams are power suppressed in the pQCD ap-
proach, which is more sensitive to the hadronic wave
functions.
For the decays B ! D�

ðsÞV in Table VI, we also estimate

the ratios of transverse polarized contribution RT ¼
jATj2=ðjATj2 þ jALj2Þ. We should mention that these re-
sults are just indicative, because transverse polarizations
are power suppressed by rV or r compared to the longitu-
dinal contribution. Although the transverse polarization is
suppressed in B ! D�V decays, in some channels, such as
�B0 ! D�0�0 and �B0 ! D�0 �K�0, etc., it has 40% contribu-
tions. The reason is that the dominant contribution in these
channels is from Mint in Eq. (39), which is x3 suppressed,
while the transverse contribution in Eq. (74) is only r
suppressed. They are comparable numerically to make a
large contribution for transverse polarizations in these
color-suppressed channels. This mechanism is different
from those charmless B decays where the dominant trans-
verse polarizations are from the spacelike penguin (pen-
guin annihilation) contributions [28]. Here the
annihilation-type contributions are mainly from W ex-

TABLE VI. Predicted branching ratios of BðsÞ ! D�V decays with experimental data (in units
of 10�4) together with the percentage of transverse polarizations RT .

Experimental Branching ratios Branching ratios in pQCD RT

B� ! D�0�� 115þ32:3þ18:0þ3:3
�28:3�24:0�3:3 0.04

B� ! D�0K�� 8:3� 1:5 0.14 6:70þ1:88þ1:10þ0:20
�1:65�1:59�0:20 0.05

�B0 ! D�þ�� 75:4þ21:1þ15:8þ2:2
�18:5�18:4�2:2 0.15

�B0 ! D�þK�� 3:20� 0:67 4:63þ1:30þ1:01þ0:14
�1:14�1:29�0:14 0.19

�B0 ! D�0 �K�0 3:73� 0:99 4:05þ1:14þ0:51þ0:12
�1:00�0:72�0:12 0.45

�B0 ! D�0! 2:68� 0:50 5:72þ1:60þ0:78þ0:17
�1:41�1:16�0:17 0.25

�B0 ! D�0 �K�0 <0:69 0:53þ0:15þ0:08þ0:02
�0:13�0:09�0:02 0.45

�B0 ! D�þ
s K�� 1:92þ0:54þ0:26þ0:06

�0:47�0:46�0:06 0.02

�B0
s ! D�þ�� ð8:17þ2:28þ1:22þ0:25

�2:46�1:57�0:25Þ 	 10�2 0.01

�B0
s ! D�0�0 ð4:09þ1:19þ0:69þ0:12

�1:10�0:89�0:12Þ 	 10�2 0.01

�B0
s ! D�0 �K�0 8:22þ3:21þ1:44þ0:24

�2:68�1:90�0:24 0.42

�B0
s ! D�0! ð3:45þ1:06þ0:66þ0:11

�0:77�0:64�0:11Þ 	 10�2 0.01

�B0
s ! D�0� 0:50þ0:19þ0:08þ0:02

�0:16�0:11�0:02 0.35

�B0
s ! D�þ

s �� 52:3þ28:3þ17:7þ1:5
�19:5�16:6�1:5 0.13

�B0
s ! D�þ

s K�� 3:22þ1:83þ0:98þ0:10
�1:24�0:95�0:10 0.17

TABLE V. Branching ratios of BðsÞ ! D�P decays calculated
in the pQCD approach with experimental data (in units of 10�4).

Experimental results Our results

B� ! D�0�� 52:8� 2:8 51:1þ14:3þ3:5þ1:5
�12:6�6:5�1:5

B� ! D�0K� 3:6� 1:0 3:94þ1:11þ0:54þ0:12
�0:97�0:90�0:12

�B0 ! D�þ�� 26:2� 1:3 26:1þ7:3þ5:01þ0:76
�6:4�7:01�0:76

�B0 ! D�þK� 2:04� 0:47 2:21þ0:62þ0:54þ0:07
�0:54�0:63�0:07

�B0 ! D�0�0 1:71� 0:28 2:30þ0:65þ0:58þ0:07
�0:57�0:76�0:07

�B0 ! D�0� 1:80� 0:31 2:89þ0:81þ0:40þ0:08
�0:71�0:40�0:08

�B0 ! D�0�0 1:21� 0:40 1:94þ0:54þ0:27þ0:06
�0:48�0:27�0:06

�B0 ! D�0 �K0 0:36� 0:12 0:25þ0:07þ0:07þ0:01
�0:06�0:07�0:01

�B0 ! D�þ
s K� 0:200� 0:064 0:73þ0:20þ0:18þ0:02

�0:18�0:16�0:02

�B0
s ! D�þ�� ð1:57þ0:66þ0:54þ0:00

�0:29�0:23�0:00Þ 	 10�2

�B0
s ! D�0�0 ð0:85þ0:18þ0:18þ0:03

�0:22�0:16�0:03Þ 	 10�2

�B0
s ! D�0 �K0 4:14þ1:71þ1:05þ0:12

�1:18�0:96�0:12

�B0
s ! D�0� 0:15þ0:06þ0:02þ0:00

�0:06�0:04�0:00

�B0
s ! D�0�0 0:35þ0:12þ0:04þ0:01

�0:11�0:05�0:01

�B0
s ! D�þ

s �� 18:9þ10:3þ6:2þ0:5
�7:2�5:9�0:6

�B0
s ! D�þ

s K� 1:64þ0:84þ0:51þ0:05
�0:64�0:54�0:05

BðBsÞ ! DðsÞP, DðsÞV, D�
ðsÞP, AND D�

ðsÞV DECAYS . . . PHYSICAL REVIEW D 78, 014018 (2008)
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change diagrams contributing little to transverse
polarizations.

Our results are slightly different compared to the others
calculated in literature using the pQCD approach [7,9] and
the reason is the change of parameters. Most of the �B0ðB�Þ
decay channels measured by the B factories are consistent
with our calculations. For the �B0

s decays, only one channel
is measured. Our predictions will soon be tested by the
LHCb experiments.

For comparison with other methods, we also give the
form factors at the maximal recoil:

�B!Dþ ¼ 0:51þ0:15þ0:05
�0:20�0:07; �

Bs!Dsþ ¼ 0:44þ0:11þ0:06
�0:09�0:07:

(82)

These are comparable with other methods [29].
If applying the naive factorization approach, we can get

Að �B0 ! Dþ��Þ ¼ i
GFffiffiffi
2

p VcbV
�
udðM2

B �M2
DÞ

	 f�F
B!DðM2

�Þa1ðD�Þ; (83)

ffiffiffi
2

p
Að �B0 ! D0�0Þ ¼ �i

GFffiffiffi
2

p VcbV
�
udðM2

B �M2
�Þ

	 fDF
B!�ðM2

DÞa2ðD�Þ: (84)

Substituting our results for Að �B0 ! Dþ��Þ and Að �B0 !
D0�0Þ in Eqs. (83) and (84), we can extract the Bauer-
Stech-Wirbel parameters a1 and a2 from our pQCD ap-
proach:

ja2=a1j ¼ 0:48; Argða2=a1Þ ¼ �37:6�: (85)

If the annihilation diagrams’ contribution is excluded, the
results are

ja2=a1j ¼ 0:56; Argða2=a1Þ ¼ �55:7�: (86)

Indeed, the large ja2=a1j implies that the color-suppressed
decays are not very much suppressed as previously ex-
pected [3]. The relative strong phase between the two
contributions is not small as naive expectations. In
pQCD, the strong phase of a1 is mainly from the Mext

and Mexc, while for a2, the Mint contribution is largest,
even larger than Mexc’s. These results are consistent with
recent direct studies from experiments [30]. But the differ-
ence is that our results come from direct dynamical calcu-
lation and not from fit.

V. CONCLUSION

In this paper, we have calculated the branch ratios of
BðsÞ ! DðsÞP,D�

ðsÞP,DðsÞV, andD�
ðsÞV channels, with theD

meson wave function obtained through fitting. We have
also calculated the ratios of transverse polarized contribu-
tions in B ! D�V decays. Most of the results agreed well
with the experiments. It seems that there is a disagreement
with the experimental data in the relative size of branching

ratios for �B0 ! Dð�Þ0� and �B0 ! Dð�Þ0!. Some channels
of the B ! D�V decays may receive a large contribution
from the transverse polarization. The results obtained for
�B0
s ! DðsÞP, DðsÞV, D�

ðsÞP, and D�
ðsÞV decays will be tested

in the future experiments.
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APPENDIX: pQCD FUNCTIONS

Jet function appears in Eqs. (31)–(33) and in Eqs. (70)–
(72) is

StðxÞ ¼ 21þ2c�ð3=2þ cÞffiffiffiffi
�

p
�ð1þ cÞ ½xð1� xÞ�c: (A1)

The value of c in the above equation is 0.5 in this paper and
the SjðxiÞ (j ¼ B, C, P, or V) functions in Sudakov form

factors in (34) and (41) are

SBðtÞ ¼ s

�
x1

mBffiffiffi
2

p ; b1

�
þ 2

Z t

1=b1

d ��

��
�qð�sð ��ÞÞ; (A2)

SCðtÞ ¼ s

�
x2

mBffiffiffi
2

p ; b2

�
þ 2

Z t

1=b2

d ��

��
�qð�sð ��ÞÞ; (A3)

SVðtÞ ¼ SPðtÞ

¼ s

�
x3

mBffiffiffi
2

p ; b3

�
þ s

�
ð1� x3ÞmBffiffiffi

2
p ; b3

�

þ 2
Z t

1=b3

d ��

��
�qð�sð ��ÞÞ; (A4)

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�; (A5)

where the variables are defined by

q̂ � ln½Q=ð ffiffiffi
2

p
�Þ�; b̂ � ln½1=ðb�Þ�; (A6)

and the coefficients AðiÞ and �i are
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�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

�
; (A7)

nf is the number of the quark flavors and �E is the Euler

constant. We will use the one-loop running coupling con-
stant, i.e. we pick up the four terms in the first line of the
expression for the function sðQ; bÞ.
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