
BðBsÞ ! DðsÞð �DðsÞÞT andD�
ðsÞð �D�

ðsÞÞT decays in perturbative QCD approach

Zhi-Tian Zou, Xin Yu, and Cai-Dian Lü*
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In the perturbative QCD approach, we investigate the BðBsÞ ! DðsÞð �DðsÞÞT and D�
ðsÞð �D�

ðsÞÞT decays,

which include the Cabibbo-Kobayashi-Maskawa-favored (CKM-favored) decays and the Cabibbo-

Kobayashi-Maskawa-suppressed decays, where T denotes a light tensor meson. From our calculations,

we find that the nonfactorizable emission diagrams and the annihilation-type diagrams are important,

especially for those color-suppressed channels. For those decays with a tensor meson emitted, the

factorizable emission diagrams vanish owing to the fact that a tensor meson cannot be produced through

the local (V � A) or tensor current. The numerical results show that the predictions for the branching

ratios of considered charmed B decays are in the range of 10�4 to 10�6 for those CKM-favored decays

(governed by jVcbj) and in the range of 10�5 to 10�8 for those CKM-suppressed decays (governed by

jVubj). We also predict large transverse polarization contributions in many of the BðBsÞ ! D�
ðsÞð �D�

ðsÞÞT
decay channels.

DOI: 10.1103/PhysRevD.86.094001 PACS numbers: 13.25.Hw, 12.38.Bx

I. INTRODUCTION

In recent years, several experimental measurements
about B decay modes involving a light tensor meson (T)
have been obtained [1]. These light tensor mesons include
the isovector a2ð1320Þ, the isodoublet K�

2ð1430Þ, and iso-
singlets f2ð1270Þ and f02ð1525Þ [1]. For the tensor meson
with Jp ¼ 2þ, both the orbital angular momentum L and
the total spin S of the quark pair are equal to 1. However,
their production property in B decays is quite similar to the
light vector mesons [2]. These rare B decays have been
studied in the naive factorization [3–7]. Due to the fact that
h0 j j� j Ti ¼ 0, where j� is the (V � A) or (S� P) cur-
rent [3,4,8,9], the factorizable amplitude with a tensor
meson emitted vanishes. Therefore, the naive factorization
approach for this kind of decay cannot give the right
prediction. The recently developed QCD factorization
approach [8,9] and the perturbative QCD factorization
approach (PQCD) [10] overcome these shortcoming by
including the large nonfactorization contributions and the
annihilation-type contributions.

There is another category of B decays with a heavy D
meson and a tensor meson in the final states, which are
discussed in the factorization approach [11–16]. These B
decays include the Cabibbo-Kobayashi-Maskawa-favored
(CKM-favored)B decays through the b ! c transition, and
the CKM-suppressed B decays through the b ! u transi-
tion. There are only tree operator contributions; thus no CP
asymmetry appears in the standard model for these decays.
Again, the factorizable diagrams with a tensor meson
emitted vanish in the naive factorization. To deal with the
large nonfactorizable contribution and annihilation-type
contribution, one has to go beyond the naive factorization.

Recently, three pure annihilation-type decays B0 !
D�

s K
�þ
2 , Bs ! �D0a02, and Bs ! �D�aþ2 , which give sizable

branching ratios, are calculated in the perturbative QCD
approach [17]. In this work, we shall extend the study to

all of the charmed BðBsÞ ! Dð�Þ
ðsÞ ð �Dð�Þ

ðsÞ ÞT decays in the

PQCD approach, which is based on the kT factorization
[18,19]. We know that the light quark in a B meson is soft,
while it is collinear in the final-state light meson, so a hard
gluon is necessary to connect the spectator quark to the
four-quark operator. So the hard part of the PQCD ap-
proach contains six quarks rather than four quarks. This is
called the six-quark effective theory or six-quark operator.
In the calculation of the factorizable diagrams and
the annihilation-type diagrams, end-point singularity will
appear to spoil the perturbative calculation. In the con-
ventional collinear factorization, people usually parame-
trize these singularities, thus making the theoretical
prediction weak. In the PQCD approach, the quarks’
intrinsic transverse momenta are kept to avoid the end-
point divergence. Because of the additional energy scale
introduced by the transverse momentum, double loga-
rithms will appear in the QCD radiative corrections. We
resum these double logarithms to give a Sudakov factor,
which effectively suppresses the end-point region contri-
bution. This makes the PQCD approach more reliable and
consistent. So in the perturbative QCD approach, one
cannot only give predictions for the decays with a tensor
meson emitted but also calculate the pure annihilation-
type B decays [20,21].
In charmed B decays, there is one more intermediate

energy scale, the heavyDmeson mass. As a result, another
expansion series of mD=mB will appear. The factorization
is only approved at the leading of mD=mB expansion
[22,23]. It is also proved factorization in the soft collinear
effective theory for this kind of decay [24]. Therefore, we*lucd@ihep.ac.cn
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will take only the leading order contribution into account,
unless explicitly mentioned.

This paper is organized as follows. In Sec. II, we present
the formalism and wave functions of the considered B
meson decays. Then we perform the perturbative calcula-
tions for considered decay channels with the PQCD
approach in Sec. III. The numerical results and phenome-
nological analysis are given in Sec. IV. Finally, Sec. V is a
short summary.

II. FORMALISM AND WAVE FUNCTION

The B ! DT decays are weak decays through charged
currents. At the quark level, there are only tree operator
contributions, and the related weak effective Hamiltonian
Heff [25] can be written as

Heff ¼ GFffiffiffi
2

p V�
ubVcdðsÞ½C1ð�ÞO1ð�Þ þ C2ð�ÞO2ð�Þ�; (1)

where Vub and VcdðsÞ are CKM matrix elements. C1;2ð�Þ
are the Wilson coefficients at the renormalization scale �.
O1;2ð�Þ are the four-quark operators.

O1 ¼ ð �b�u�ÞV�Að �c�dðsÞ�ÞV�A;

O2 ¼ ð �b�u�ÞV�Að �c�dðsÞ�ÞV�A;
(2)

where � and � are the color indices, ð �b�u�ÞV�A ¼
�b��

�ð1� �5Þu�. Conventionally, we define the combined

Wilson coefficients as

a1 ¼ C2 þ C1=3; a2 ¼ C1 þ C2=3: (3)

For the B ! �DT decays, the decay rates will be enhanced
compared with the corresponding B ! DT decays by
CKM matrix elements jVcb=Vubj2. At quark level, these
decays are governed by the effective Hamiltonian

Heff ¼ GFffiffiffi
2

p V�
cbVudðsÞ½C1ð�ÞO1ð�Þ þ C2ð�ÞO2ð�Þ�; (4)

with

O1 ¼ ð �b�c�ÞV�Að �u�dðsÞ�ÞV�A;

O2 ¼ ð �b�c�ÞV�Að �u�dðsÞ�ÞV�A:
(5)

In hadronic B decay calculations, one has to deal with
the hadronization of mesons. In this calculation, there are
three different scales: theW boson mass scale, the b quark

mass scale MB, and the factorization scale
ffiffiffiffiffiffiffiffiffiffiffi
��MB

q
, where

�� � MB �mb. The electroweak physics higher than the
W boson mass can be calculated perturbatively. The phys-
ics between the b quark mass scale and the W boson mass
scale can be included in the Wilson coefficients of the
effective four-quark operators, which are obtained by using
the renormalization group equation. The physics between
MB and the factorization scale is included in the calcula-
tion of the hard part in the PQCD approach. The physics

below the factorization scale is nonperturbative and
described by the hadronic wave functions of mesons,
which are universal for all decay modes. Therefore, the
decay amplitude can be explicitly factorized into the con-
volution of the Wilson coefficients, the hard scattering
kernel, and the light-cone wave functions of mesons char-
acterized by different scales, respectively,

A�
Z

dx1dx2dx3b1db1b2db2b3db3

� Tr½CðtÞ�Bðx1; b1Þ�M2
ðx2; b2Þ�M3

ðx3; b3Þ
�Hðxi; bi; tÞStðxiÞe�SðtÞ�; (6)

where bi is the conjugate variable of a quark’s transverse
momentum kiT , xi are the momentum fractions of valence
quarks, and t is the largest energy scale in the hard part
Hðxi; bi; tÞ. CðtÞ are the Wilson coefficients with resumma-
tion of the large logarithms lnðmW=tÞ produced by the
radiative corrections. StðxiÞ is the jet function, which is
obtained by the threshold resummation and smears the

end-point singularities on xi [26]. The last term, e�SðtÞ, is
the Sudakov form factor which suppresses the soft dynam-
ics effectively and suppresses the long distance contribu-
tions in the large b region [27,28]. Thus, the Sudakov form
factor makes the perturbative calculation of the hard partH
applicable at intermediate scale, i.e., mB scale.
In the PQCD approach, in order to calculate the decay

amplitude, we should choose the proper wave functions for
the initial and final state mesons. The initial B meson is a
heavy pseudoscalar meson with two Lorentz structures in
its wave function. We have neglected the numerically sup-
pressed one in the PQCD approach [29]. The two rest
structures (���5) and �5 components remain as leading

contributions [2]. Then, �B can be written as

�B ¼ iffiffiffi
6

p ½ð6PþmBÞ�5�BðxÞ�: (7)

For the distribution amplitude, we choose [29,30]

�Bðx; bÞ ¼ NBx
2ð1� xÞ2 exp

�
� 1

2

�
mBx

!B

�
2 �!2

Bb
2

2

�
;

(8)

where NB is the normalization constant. We will take
!B ¼ ð0:4� 0:04Þ GeV and fB ¼ ð0:21� 0:02Þ GeV
for the Bmeson [8,9,18,29–31]. For the Bs meson, because
of the SU(3) breaking effects, we choose !B ¼
ð0:5� 0:05Þ GeV [32] and fBs

¼ ð0:24� 0:03Þ GeV.
For a tensor meson, the polarization tensor ���ð�Þ with

helicity � can be expanded through the polarization vectors
��ð0Þ and ��ð�1Þ [8,9]:
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���ð�2Þ � �ð�1Þ��ð�1Þ�;

���ð�1Þ �
ffiffiffi
1

2

s
½�ð�1Þ��ð0Þ� þ �ð0Þ��ð�1Þ��;

���ð0Þ �
ffiffiffi
1

6

s
½�ðþ1Þ��ð�1Þ� þ �ð�1Þ��ðþ1Þ��

þ
ffiffiffi
2

3

s
�ð0Þ��ð0Þ�:

(9)

In order to calculate conveniently, we define a new polar-
ization vector �T for the considered tensor meson [2]:

�T� ¼ 1

mB

���ðhÞP�
B: (10)

The new polarization vector �Tð�Þ with helicity � can be
expressed as

�T�ð�2Þ ¼ 0;

�T�ð�1Þ ¼ 1

mB

1ffiffiffi
2

p ð�ð0Þ � PBÞ��ð�1Þ;

�T�ð0Þ ¼ 1

mB

ffiffiffi
2

3

s
ð�ð0Þ � PBÞ��ð0Þ:

(11)

In this convention, the �2 polarizations do not contribute,
which is consistent with the angular momentum conserva-
tion argument in B decays. The �T is similar with the � of
vector state, regardless of the related constants [2]. This
convention makes the following perturbative calculations
simpler. After this simplification, the wave functions for a
generic tensor meson are defined by [2]

�L
T ¼

1ffiffiffi
6

p
�
mT 6��	L�TðxÞþ6��	L 6P�t

TðxÞþm2
T

�	 �v
P �v �s

TðxÞ
�

�?
T ¼ 1ffiffiffi

6
p ½mT 6��	?�v

TðxÞþ6��	? 6P�T
TðxÞ

þmTi���	
�5�
����	?n

	v
�a
TðxÞ�: (12)

Here n is the moving direction of the tensor meson, and
v is the opposite direction. We adopt the convention

�0123 ¼ 1. The vector �	� � ���v
�

P�v is related to the polar-

ization tensor. The twist-2 and twist-3 distribution ampli-
tudes are given by Refs. [2,8,9]

�TðxÞ ¼ fT
2

ffiffiffiffiffiffiffiffiffi
2Nc

p �kðxÞ; �t
T ¼ f?T

2
ffiffiffiffiffiffiffiffiffi
2Nc

p hðtÞk ðxÞ;

�s
TðxÞ ¼

f?T
4

ffiffiffiffiffiffiffiffiffi
2Nc

p d

dx
hðsÞk ðxÞ; �T

TðxÞ ¼
f?T

2
ffiffiffiffiffiffiffiffiffi
2Nc

p �?ðxÞ;

�v
TðxÞ ¼

fT
2

ffiffiffiffiffiffiffiffiffi
2NC

p gðvÞ? ðxÞ; �a
TðxÞ ¼

fT
8

ffiffiffiffiffiffiffiffiffi
2Nc

p d

dx
gðaÞ? ðxÞ;

(13)

with the form

�k;?ðxÞ ¼ 30xð1� xÞð2x� 1Þ;
hðtÞk ðxÞ ¼ 15

2
ð2x� 1Þð1� 6xþ 6x2Þ;

hðsÞk ðxÞ ¼ 15xð1� xÞð2x� 1Þ;
gðaÞ? ðxÞ ¼ 20xð1� xÞð2x� 1Þ;
gðvÞ? ðxÞ ¼ 5ð2x� 1Þ3: (14)

It is obvious that all of the above light-cone distribution
amplitudes of the tensor meson are antisymmetric under
the interchange of momentum fractions of the quark and
antiquark in the SU(3) limit (i.e., x $ 1� x) [8,9]. This is
required by the Bose statistics and consistent with the fact
that<0 j j� j T> ¼ 0, where j� is the (V � A) or (S� P)
current.

For the Dð�Þ meson, in the heavy quark limit, the two-
parton light-cone distribution amplitudes can be written
as [33–36]

hDðpÞjq�ðzÞ �c�ð0Þj0i
¼ iffiffiffiffiffiffiffiffiffi

2Nc

p
Z 1

0
dxeixp�z½�5ð6PþmDÞ�Dðx; bÞ���;

hD�ðpÞjq�ðzÞ �c�ð0Þj0i
¼ � 1ffiffiffiffiffiffiffiffiffi

2Nc

p
Z 1

0
dxeixp�z½6�Lð6PþmD� Þ�L

D� ðx; bÞ

þ 6�Tð6PþmD� Þ�T
D� ðx; bÞ���: (15)

For the distribution amplitude for the Dð�Þ meson, we take
the same as that used in Refs. [34–36].

�Dðx; bÞ ¼ �LðTÞ
D� ðx; bÞ

¼ 1

2
ffiffiffiffiffiffiffiffiffi
2Nc

p fDð�Þ6xð1� xÞ½1þ CDð1� 2xÞ�

� exp

��!2b2

2

�
; (16)

with CD ¼ 0:5� 0:1, ! ¼ 0:1 GeV and fD ¼ 207 MeV
[37] for the Dð �DÞ meson and CD ¼ 0:4� 0:1, ! ¼
0:2 GeV and fDs

¼ 241 MeV [37] for the Dsð �DsÞ meson.

We determine the decay constant of the D�
ðsÞ meson by

using the following relation based on heavy quark effective
theory [38]:

fD�
ðsÞ
¼

ffiffiffiffiffiffiffiffiffiffi
mDðsÞ

m�
DðsÞ

s
fDðsÞ : (17)

III. PERTURBATIVE CALCULATION

In this section, we shall calculate the hard part HðtÞ,
which is decay channel dependent. It includes the four-
quark operators and the necessary hard gluon connecting
the four-quark operator and the spectator quark [28]. We
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will express the whole amplitude for each diagram as the
convolution of the hard kernel and wave functions.

There are eight types of diagrams contributing to the
B ! DT decays ( �b ! c transition), which are shown in
Fig. 1. They are governed by the CKMmatrix element Vub,
which are usually called CKM suppressed decay channels.

The first two diagrams of Fig. 1 are the factorizable
diagrams. Their decay amplitude can be factorized as a

product of the decay constant of the Dð�Þ meson and a
B-to-tensor meson transition form factor in the naive fac-
torization approach. In the PQCD approach, we calculate
these two diagrams and obtain the decay amplitude as

Aef ¼ �8

ffiffiffi
2

3

s
�CFm

4
BfD

Z 1

0
dx1dx3

Z 1=�

0
b1db1b3db3�Bðx1; b1Þ � f½�Tðx3Þðx3 þ 1Þ � ð�s

Tðx3Þ þ�t
Tðx3ÞÞrTð2x3 � 1Þ�

� EefðtaÞhefðx1; x3ð1� r2DÞ; b1; b3Þ þ 2rT�
s
Tðx3ÞEefðtbÞhefðx3; x1ð1� r2DÞ; b3; b1Þg; (18)

with rT ¼ mT

mB
and rD ¼ mD

mB
. �ðs;tÞ

T ðxiÞ is the distribution amplitude of the tensor meson and CF ¼ 4
3 is a color factor. The

functions hef, ta;b, St, and Eef can be found in Appendix A.

For the diagrams in Figs. 1(c) and 1(d), which are nonfactorizable in naive factorization, the decay amplitudes involve
all three meson wave functions. The integration of b3 can be performed through � function �ðb1 � b3Þ, leaving only the
integration of b1 and b2:

Menf ¼ � 32

3
CF�m

4
B

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�Dðx2; b2Þ � f½�Tðx3Þx2 þ ð�t

Tðx3Þ ��s
Tðx3ÞÞrTx3�

� henf1ðxi; biÞEenfðtcÞ þ ½�Tðx3Þðx2 � x3 � 1Þ þ ð�s
Tðx3Þ þ�t

Tðx3ÞÞrTx3� � henf2ðxi; biÞEenfðtdÞg: (19)

For the factorizable annihilation-type diagrams in Figs. 1(e) and 2(f) the decay amplitudes involve only the final-state
meson wave functions, with the B meson factorized out:

Aaf ¼ 8

ffiffiffi
2

3

s
CFfB�m

4
B

Z 1

0
dx2dx3

Z 1=�

0
b2db2b3db3�Dðx3; b3Þ � f½�Tðx2Þx3 þ 2rDrT�

s
Tðx2Þðx3 þ 1Þ�

� hafðx2; x3ð1� r2DÞ; b2; b3ÞEafðteÞ � ½�Tðx2Þx2 þ rDrTð�t
Tðx2Þð2x2 � 1Þ þ�s

Tðx2Þð2x2 þ 1ÞÞ�
� hafðx3; x2ð1� r2DÞ; b3; b2ÞEafðtfÞg: (20)

For the nonfactorizable annihilation diagrams in Figs. 1(g) and 1(h), all three meson wave functions are involved in the
decay amplitudes. The integration of b3 can be performed by the � function �ðb2 � b3Þ to give the decay amplitudes as

Manf ¼ 32

3
CF�m

4
B

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�Dðx3; b2Þ

� f½�Tðx2Þx2 þ rDrTð�t
Tðx2Þðx2 � x3Þ þ�s

Tðx2Þðx2 þ x3 þ 2ÞÞ� � hanf1ðx1; x2; x3; b1; b2ÞEanfðtgÞ
� ½�Tðx2Þx3 þ rDrTð�t

Tðx2Þðx3 � x2Þ þ�s
Tðx2Þðx2 þ x3ÞÞ� � hanf2ðx1; x2; x3; b1; b2ÞEanfðthÞg: (21)

The situation for the B ! D�ð �D�ÞT mode is a little more complicated. Both the longitudinal polarization and the
transverse polarization contribute. Their decay amplitude can be given by

FIG. 1. Leading order Feynman diagrams contributing to the
B ! Dð�ÞT decays in PQCD.

FIG. 2. Leading order Feynman diagrams contributing to the
B ! �DT decays.
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A ð�D; �TÞ ¼ iAL þ ið�T�D � �T�T ÞAT þ ð�����n
�v��T��D �T��T ÞAN; (22)

whereAL is the longitudinally polarized decay amplitude andAT andAN are the transversely polarized contributions.
�TD is the transverse polarization vector of D�ð �D�Þ and �TT is the vector used to construct the polarization tensors of the
tensor meson.

For the B ! D�T decay mode, the longitudinally polarized expressions of factorizable and nonfactorizable emission
contributions can be obtained by making the following substitutions in Eqs. (18) and (19):

�D ! �L
D� ; fD ! fD� ; mD ! mD� : (23)

For annihilation-type diagrams, the longitudinal decay amplitudes are

AL
af ¼ 8

ffiffiffi
2

3

s
CFfB�m

4
B

Z 1

0
dx2dx3

Z 1=�

0
b2db2b3db3�

L
Dðx3; b3Þ � f½�Tðx2Þx3 þ 2rDrT�

s
Tðx2Þðx3 � 1Þ�

� hafðx2; x3ð1� r2DÞ; b2; b3ÞEafðteÞ � ½�Tðx2Þx2 þ rDrTð�s
Tðx2Þ ��t

Tðx2ÞÞ� � hafðx3; x2ð1� r2DÞ; b3; b2ÞEafðtfÞg;
(24)

ML
anf ¼

32

3
CF�m

4
B

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�L

Dðx3; b2Þ
� f½�Tðx2Þx2 þ rDrTð�s

Tðx2Þðx2 � x3Þ þ�t
Tðx2Þðx2 þ x3 � 2ÞÞ� � hanf1ðx1; x2; x3; b1; b2ÞEanfðtgÞ

þ ½��Tðx2Þx3 þ rDrTð�s
Tðx2Þðx2 � x3Þ ��t

Tðx2Þðx2 þ x3ÞÞ� � hanf2ðx1; x2; x3; b1; b2ÞEanfðthÞg: (25)

The transversely polarized contributions are suppressed by rD or rT , whose decay amplitudes can be given by

AT
ef ¼ �4

ffiffiffi
2

p
�CFm

4
BfD�rD

Z 1

0
dx1dx3

Z 1=�

0
b1db1b3db3�Bðx1; b1Þ � f½�T

Tðx3Þ þ rTð�v
Tðx3Þðx3 þ 2Þ ��a

Tðx3Þx3Þ�
� EefðtaÞhefðx1; x3ð1� r2DÞ; b1; b3Þ þ rTð�a

Tðx3Þ þ�v
Tðx3ÞÞEefðtbÞhefðx3; x1ð1� r2DÞ; b3; b1Þg; (26)

A N
ef ¼ AT

efð�a
T $ �v

TÞ; (27)

MT
enf ¼ 16

ffiffiffi
1

3

s
CF�m

4
BrD

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�T

Dðx2; b2Þ � f½��T
Tðx3Þx2�henf1ðxi; biÞEenfðtcÞ

þ ½�T
Tðx3Þðx2 þ 1Þ þ rTð�v

Tðx3Þð1� 2x2 þ 2x3Þ ��a
Tðx3ÞÞ� � henf2ðxi; biÞEenfðtdÞg; (28)

M N
enf ¼ MT

enfð�a
T $ �v

TÞ; (29)

AT
af ¼ 4

ffiffiffi
2

p
CFfB�m

4
BrD

Z 1

0
dx2dx3

Z 1=�

0
b2db2b3db3�

T
Dðx3; b3Þ � frT½�a

Tðx2Þð1� x3Þ þ�v
Tðx2Þðx3 þ 1Þ�

� hafðx2; x3ð1� r2DÞ; b2; b3ÞEafðteÞ þ ½rD�T
Tðx2Þ þ rTð�a

Tðx2Þð1� x2Þ ��v
Tðx2Þðx2 þ 1ÞÞ�

� hafðx3; x2ð1� r2DÞ; b3; b2ÞEafðtfÞg; (30)

A N
af ¼ �AT

afð�a
T $ �v

TÞ; (31)

MT
anf¼16

ffiffiffi
1

3

s
CF�m

4
BrD

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1;b1Þ�T

Dðx3;b2Þ
�f½2rT�v

Tðx2ÞþrD�
T
Tðx2Þðx3�1Þ�hanf1ðx1;x2;x3;b1;b2ÞEanfðtgÞ�½rDx3�T

Tðx2Þ�hanf2ðx1;x2;x3;b1;b2ÞEanfðthÞg:
(32)

M N
anf ¼ �MT

anfð�v
T ! �a

TÞ: (33)
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The complete decay amplitudes of each BðsÞ ! DðsÞT
channel are then

AðB0!D0a02Þ
¼GFffiffiffi

2
p 1ffiffiffi

2
p V�

ubVcd

�½a2AafþC2Manf�a2Aef�C2Menf�; (34)

AðB0!D0fq2 Þ
¼GFffiffiffi

2
p 1ffiffiffi

2
p V�

ubVcd

�½a2AefþC2Menfþa2AafþC2Manf�; (35)

AðB0!D0K�0
2 Þ¼GFffiffiffi

2
p V�

ubVcs½a2AefþC2Menf�; (36)

AðB0!Dþa�2 Þ
¼GFffiffiffi

2
p V�

ubVcd½a1AefþC1Menfþa2AafþC2Manf�;

(37)

AðB0!Dþ
s a

�
2 Þ¼

GFffiffiffi
2

p V�
ubVcs½a1AefþC1Menf�; (38)

A ðB0 ! Dþ
s K

��
2 Þ ¼ GFffiffiffi

2
p V�

ubVcd½a2Aaf þ C2Manf�;
(39)

AðBþ!D0aþ2 Þ
¼GFffiffiffi

2
p V�

ubVcd½a2AefþC2Menfþa1AafþC1Manf�;

(40)

AðBþ!D0K�þ
2 Þ

¼GFffiffiffi
2

p V�
ubVcs½a2AefþC2Menfþa1AafþC1Manf�;

(41)

AðBþ!Dþa02Þ
¼GFffiffiffi

2
p 1ffiffiffi

2
p V�

ubVcd

�½a1AefþC1Menf�a1Aaf�C1Manf�; (42)

AðBþ!Dþfq2 Þ
¼GFffiffiffi

2
p 1ffiffiffi

2
p V�

ubVcd

�½a1AefþC1Menfþa1AafþC1Manf�; (43)

A ðBþ ! DþK�0
2 Þ ¼ GFffiffiffi

2
p V�

ubVcs½a1Aaf þ C1Manf�;
(44)

A ðBþ ! Dþ
s a

0
2Þ ¼

GFffiffiffi
2

p 1ffiffiffi
2

p V�
ubVcs½a1Aef þ C1Menf�;

(45)

A ðBþ ! Dþ
s f

q
2 Þ ¼

GFffiffiffi
2

p 1ffiffiffi
2

p V�
ubVcs½a1Aef þ C1Menf�;

(46)

A ðBþ ! Dþ
s f

s
2Þ ¼

GFffiffiffi
2

p V�
ubVcs½a1Aaf þ C1Manf�;

(47)

A ðBþ ! Dþ
s
�K�0
2 Þ ¼ GFffiffiffi

2
p V�

ubVcd½a1Aaf þ C1Manf�;
(48)

A ðB0
s ! D0a02Þ ¼

GFffiffiffi
2

p 1ffiffiffi
2

p V�
ubVcs½a2Aaf þ C2Manf�;

(49)

A ðB0
s ! D0fq2 Þ ¼

GFffiffiffi
2

p 1ffiffiffi
2

p V�
ubVcs½a2Aaf þ C2Manf�;

(50)

A ðB0
s ! D0fs2Þ ¼

GFffiffiffi
2

p V�
ubVcs½a2Aef þ C2Menf�;

(51)

A ðB0
s ! D0 �K�0

2 Þ ¼ GFffiffiffi
2

p V�
ubVcd½a2Aef þ C2Menf�;

(52)

A ðB0
s ! Dþa�2 Þ ¼

GFffiffiffi
2

p V�
ubVcs½a2Aaf þ C2Manf�;

(53)

A ðB0
s ! DþK��

2 Þ ¼ GFffiffiffi
2

p V�
ubVcd½a1Aef þ C1Menf�;

(54)

AðB0
s ! Dþ

s K
��
2 Þ

¼ GFffiffiffi
2

p V�
ubVcs½a1AefC1Menf þ a2Aaf þ C2Manf�:

(55)

ZHI-TIAN ZOU, XIN YU, AND CAI-DIAN LÜ PHYSICAL REVIEW D 86, 094001 (2012)
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From Eq. (A1), we know that

AðBðsÞ ! Dð�Þf2Þ ¼ AðBðsÞ ! Dð�Þfq2 Þ cos
þAðBðsÞ ! Dð�Þfs2Þ sin; (56)

AðBðsÞ ! Dð�Þf02Þ ¼ AðBðsÞ ! Dð�Þfq2 Þ sin
�AðBðsÞ ! Dð�Þfs2Þ cos; (57)

with  ¼ 7:8
.
The diagrams for �b ! �c decays are shown inFigs. 2 and 3.

The CKM-favored decays are governed by the larger CKM
matrix element Vcb, then with a larger branching ratio.
Because a tensor meson cannot be produced through the
(V � A) or tensor current, there are no factorizable emission
diagrams with a tensor meson emitted in Fig. 3. We collect
the decay amplitudes for each �b ! �c decay in Appendix B.

IV. NUMERICAL RESULTS AND DISCUSSIONS

The decay width of a B meson at rest decaying into
Dð �DÞ and T is

�ðB ! Dð �DÞTÞ ¼ jP!j
8�m2

B

jAðB ! Dð �DÞTÞj2; (58)

where the momentum of the final state particle is given by

jP!j ¼ 1

2mB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½m2

B � ðmD þmTÞ2�½m2
B � ðmD �mTÞ2�

q
:

(59)

For B ! D�ð �D�ÞT decays, the decay width can be written
as

�ðB ! D�ð �D�ÞTÞ ¼ jP!j
8�m2

B

X
i¼þ;�;0

jAiðB ! D�ð �D�ÞTÞj2;

(60)

where the three polarization amplitudes Ai are given by

A 0 ¼ AL; A� ¼ AT �AN: (61)

All of the input parameters, such as decay constants and
CKM elements, are given in Appendix A, if not given in
the previous two sections. The numerical results of branch-
ing ratios for the considered decay modes are summarized
in Tables I, II, III, and IV.We also show the results from the
Isgur-Scora-Grinstein-Wise (ISGW) II model [14,15] in

these tables for comparison, if applicable. For those decays
with a tensor meson emitted and most of the pure
annihilation-type decays, our results are the first-time theo-
retical predictions. For the theoretical uncertainties, we
estimate three kinds: The first kind of error is caused by
the hadronic parameters, such as the decay constants and
the shape parameters in wave functions of the charmed
meson and the BðsÞ meson, which are given in Sec. II, and

the decay constants of tensor mesons given in Appendix A.
The second kind of error is estimated from the unknown
next-to-leading order QCD corrections with respect to �s

and nonperturbative power corrections with respect to
scales in Sudakov exponents, characterized by the choice
of the�QCD ¼ ð0:25� 0:05Þ GeV and the variations of the

factorization scales shown in Appendix A. The third kind
of error is from the uncertainties of the CKM matrix
elements. It is easy to see that the most important theoreti-
cal uncertainty is caused by the nonperturbative hadronic
parameters, which can be improved by later experiments.
We know that all of these decays do not have contribu-

tions from the penguin operators. There are only four types
of topology diagrams: the color-allowed diagrams (T),
the color-suppressed diagrams (C), the W annihilation
diagrams (A), and the W exchange diagrams (E). All
decays are thus classified in the tables according to their

dominant contribution. Compared with B ! Dð�ÞT decays,

the B ! �Dð�ÞT decays are enhanced by the CKM matrix
elements jVcb=Vubj2, especially for those without a strange
quark in the four-quark operators. So for most of the

B ! Dð�ÞT decays, the branching ratios are at the order

10�6 or 10�7; while for the B ! �Dð�ÞT decays, the branch-
ing ratios are at the order 10�4 or 10�5.
As usual, the nonfactorizable emission diagrams with a

light meson emitted are suppressed, because the contribu-
tions from two diagrams cancel each other. However, when
the emitted meson is the Dð �DÞ or tensor meson, the situ-
ation is changed. Unlike the light meson, the difference
between the cð �cÞ quark and the light quark is very big in the
heavy Dð �DÞ meson [34,35]. The nonfactorizable diagrams
also provide non-negligible contributions. When the tensor
meson is emitted, the contributions from two nonfactoriz-
able diagrams shown in Fig. 3 strengthen with each other,
because the wave function of the tensor meson is antisym-
metric under the interchange of the momentum fractions of
the quark and antiquark [8,9]. Since the factorizable emis-
sion diagrams with a tensor meson emitted are prohibited,
the contribution of nonfactorizable emission diagrams play
the decisive role. For these color-suppressed decay chan-
nels, since the factorizable contribution is suppressed by
the Wilson coefficient a2ðC1 þ C2=3Þ ’ 0:1, while the
Wilson coefficient for nonfactorizable contribution is
C2 ’ 1:0, the nonfactorizable contribution plays the crucial
role in the amplitude. From Tables I, II, III, and IV, one can
see that for the color-suppressed decay modes, the pre-
dicted branching ratios in the PQCD approach are larger

FIG. 3. Feynman diagrams contributing to the B ! �DT decays
with a tensor meson emitted.
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than those of Refs. [14,15]. For B0 ! �D0f2, our predicted
branching ratio BðB0 ! �D0f2Þ ¼ 9:46� 10�5, which is

larger than other approaches and agrees better with the

experimental data ð12� 4Þ � 10�5 [1]. In addition, the

annihilation diagrams can also provide relatively sizable

contributions. Our results show that the contributions from

annihilation diagrams are even at the same order as the

emission diagrams in some decay modes. Some of the pure

annihilation-type decays are already discussed in Ref. [17]

with large branching ratios.
For those color-allowed decay channels, the Wilson

coefficient for factorizable contribution is a1¼ðC1=3þ
C2Þ’1, while for the nonfactorizable contribution it is
C1 ’ �0:3. The contribution of nonfactorizable diagrams
is highly suppressed by the Wilson coefficient. The decay
amplitude is dominated by the contribution from factoriz-
able emission diagrams, which can be naively factorized as
the product of the Wilson coefficient a1, the decay constant
of the D meson, and the B-to-tensor meson form factor. In
this case, our predicted branching ratios basically agree

with the predictions of the naive factorization approach in
Ref. [14]. The small difference is caused by parameter
changes and the interference from nonfactorizable and
annihilation diagrams. For those decays with a tensor
meson emitted (for example, B0 ! D�aþ2 ), since the

factorizable emission diagrams are prohibited, the pre-
dictions cannot be given within the naive factorization
framework. But these decays can get contributions from
nonfactorizable and annihilation-type diagrams, which
can be calculated in the PQCD approach. The branching
ratios of these decays are predicted for the first time in
Tables I, II, III, and IV.

Similar to the relation BðB0 ! �Dð�Þ0	0Þ>BðB0 !
�Dð�Þ0!Þ [22], we also get BðB0 ! �Dð�Þ0a02Þ>BðB0 !
�Dð�Þ0f2Þ. This can be explained by the interference
between contributions from the emission diagram (C)
and contributions from annihilation diagrams (E). The

interference can also explain why BðBþ ! Dð�Þþf2Þ>
BðBþ ! Dð�Þþa02Þ. The relative sign of the annihilation

diagrams (A) with respect to the emission diagrams (T)

TABLE I. Branching ratios of BðsÞ ! DT decays calculated in the PQCD approach, together
with results from the ISGW II model [14,15] (unit: 10�7).

Decay Modes Class This Work SDV [14] KLO [15]

B0 ! D0a02 C 0:55þ0:28þ0:15þ0:10
�0:20�0:15�0:08 0.34 . . .

B0 ! D0f2 C 2:05þ0:81þ0:34þ0:27
�0:71�0:29�0:24 0.36 . . .

B0 ! D0f02 C 0:038þ0:015þ0:006þ0:005
�0:013�0:006�0:005 0.0071 . . .

B0 ! D0K�0
2 C 41:8þ17:4þ7:50þ5:75

�14:1�7:04�5:36 12 11

B0 ! Dþa�2 T 15:2þ7:82þ1:97þ1:96
�6:31�2:62�1:80 12 . . .

B0 ! Dþ
s a

�
2 T 521þ249þ44þ72

�189�60�65 380 180

B0 ! Dþ
s K

��
2 E 0:61þ0:15þ0:12þ0:08

�0:14�0:16�0:07 . . . . . .

Bþ ! D0aþ2 C 1:95þ0:81þ0:41þ0:24
�0:70�0:48�0:24 0.73 . . .

Bþ ! D0K�þ
2 C 37:3þ14:3þ6:99þ5:10

�12:4�8:32�4:67 13 12

Bþ ! Dþa02 T 9:40þ4:59þ1:15þ1:20
�3:39�1:62�1:12 6.5 . . .

Bþ ! Dþf2 T 12:9þ6:31þ0:90þ1:60
�5:31�1:42�1:50 6.9 . . .

Bþ ! Dþf02 T 0:24þ0:12þ0:02þ0:03
�0:09�0:02�0:03 1.4 . . .

Bþ ! DþK�0
2 A 5:27þ1:78þ0:69þ0:72

�1:65�0:66�0:66 . . . . . .

Bþ ! Dþ
s a

0
2 T 280þ134þ23þ38

�110�33�35 200 94

Bþ ! Dþ
s f2 T 299þ149þ26þ41

�122�33�37 220 100

Bþ ! Dþ
s f

0
2 T, A 4:12þ1:69þ1:62þ0:57

�1:98�0:78�0:51 4.3 1.2

Bþ ! Dþ
s
�K�0
2 A 0:34þ0:12þ0:06þ0:04

�0:10�0:06�0:04 . . . . . .

Bs ! D0a02 E 3:87þ1:35þ0:69þ0:53
�1:19�0:95�0:48 . . . . . .

Bs ! D0f2 E 6:26þ2:29þ1:00þ0:53
�1:99�1:18�0:48 0.15 . . .

Bs ! D0f02 C 25:5þ12:5þ4:00þ3:5
�11:4�3:35�3:2 10 . . .

Bs ! D0 �K�0
2 C 1:42þ0:69þ0:24þ0:18

�0:55�0:19�0:17 0.46 . . .

Bs ! Dþa�2 E 8:06þ3:03þ1:43þ1:11
�2:68�1:99�1:00 . . . . . .

Bs ! DþK��
2 T 11:2þ5:61þ0:60þ1:46

�4:51�0:71�1:33 8.3 . . .

Bs ! Dþ
s K

��
2 T 206þ115þ16þ28

�95�26�25 260 . . .
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is negative for the a2 meson and positive for the f2 meson.

The interference is constructive for Bþ ! Dð�Þþf2 and

destructive for Bþ ! Dð�Þþa02.
For decays involving fð0Þ2 in the final states [for example,

B0 ! D0fð0Þ2 ], there are no contributions from the s�s com-

ponent. The branching ratios have the simple relation
derived from Eq. (A1):

r ¼ BðB ! Df02Þ
BðB ! Df2Þ ¼

sin2

cos2
: (62)

This provides a potential way to measure the mixing angle
of f2 and f02; for example, r ’ 0:02 with  ¼ 7:8
.

For B ! D�ð �D�ÞT decays, we also calculate the per-
centage of transverse polarizations

RT ¼ A2þ þA2�
A2

0 þA2þ þA2�
: (63)

The numerical results shown in Tables II and IV are only
indicative, because the transversely polarized contributions
are suppressed by rT or rD� to make it more sensitive to
meson wave function parameters and higher order correc-
tions [34]. According to the power counting rules in the
factorization assumption, the longitudinal polarization
should be dominant due to the quark helicity analysis
[39,40]. This is true for those color-favored decay chan-
nels, such as B0 ! D��aþ2 , B0 ! D��K�þ

2 , B0
s ! D��

s aþ2 ,
and B0

s ! D��
s K�þ

2 .
However, for those color-suppressed (C) B ! �D�T

( �b ! �c transition) decays with the �D� emitted, the percent-
age of transverse polarizations are about 70%, while for
color-suppressed (C) B ! D�T ( �b ! �u transition) decays
with the D� meson emitted, the percentage of transverse
polarizations are only at the range of 20 to 30%. For
B ! �D�T decays, we know that the �c quark and the u quark
in the �D� meson produced through the (V � A) current are

TABLE II. Branching ratios (unit: 10�7) and the percentage of transverse polarizations RT

(unit: %) of BðsÞ ! D�T decays calculated in the PQCD approach, together with results from the

ISGW II model [14,15].

Branching Ratio

Decay Modes Class This Work SDV [14] KLO [15] RT

B0 ! D�0a02 C 1:34þ0:64þ0:25þ0:17
�0:53�0:19�0:15 0.50 . . . 47þ3:7þ1:4

�4:5�1:6

B0 ! D�0f2 C 2:70þ1:22þ0:43þ0:36
�1:02�0:30�0:33 0.53 . . . 26þ3:7þ1:3

�4:0�1:1

B0 ! D�0f02 C 0:052þ0:023þ0:008þ0:007
�0:02�0:005�0:006 0.01 . . . 26þ3:7þ1:3

�4:0�1:1

B0 ! D�0K�0
2 C 60:5þ25:3þ10:6þ8:30

�21:3�9:15�7:56 19 18 22þ2:7þ1:0
�3:2�0:5

B0 ! D�þa�2 T 21:6þ10:6þ2:48þ2:90
�8:60�3:10�2:50 18 . . . 28þ1:6þ1:7

�1:5�1:6

B0 ! D�þ
s a�2 T 688þ321þ55þ94

�267�79�86 367 291 26þ1:2þ0:4
�0:9�0:7

B0 ! D�þ
s K��

2 E 0:57þ0:13þ0:12þ0:07
�0:13�0:11�0:07 . . . . . . 12þ1:6þ3:2

�1:6�2:5

Bþ ! D�0aþ2 C 4:46þ2:01þ0:73þ0:58
�1:65�0:61�0:53 1.1 . . . 41þ3:8þ2:3

�3:6�1:6

Bþ ! D�0K�þ
2 C 72:1þ28:3þ11:8þ10:

�23:7�9:38�9:00 21 19 35þ4:0þ0:9
�3:6�1:0

Bþ ! D�þa02 T 14:0þ6:51þ1:03þ1:80
�5:45�1:34�1:65 9.6 . . . 25þ1:5þ0:3

�1:0�0:1

Bþ ! D�þf2 T 15:1þ8:83þ1:42þ2:01
�6:27�2:15�1:90 10 . . . 25þ1:3þ1:8

�1:0�1:8

Bþ ! D�þf02 T 0:29þ0:15þ0:03þ0:02
�0:11�0:04�0:02 0.21 . . . 25þ1:3þ1:8

�1:0�1:8

Bþ ! D�þK�0
2 A 18:2þ4:77þ0:21þ2:00

�5:15�2:15�2:70 . . . . . . 82þ2:1þ3:8
�2:9�2:7

Bþ ! D�þ
s a02 T 330þ155þ27þ45

�127�37�42 196 155 26þ1:2þ0:4
�0:8�0:7

Bþ ! D�þ
s f2 T 385þ203þ31þ52

�156�44�48 207 167 25þ1:1þ0:7
�0:8�0:8

Bþ ! D�þ
s f02 A 21:6þ6:77þ1:00þ3:00

�6:03�2:32�2:70 4.0 2.0 83þ5:2þ1:9
�5:3�1:9

Bþ ! D�þ
s

�K�0
2 A 1:25þ0:36þ0:06þ0:16

�0:34�0:16�0:15 . . . . . . 81þ1:6þ3:7
�1:8�3:3

Bs ! D�0a02 E 2:68þ0:91þ0:70þ0:37
�0:81�0:63�0:33 . . . . . . 21þ2:6þ4:8

�3:0�3:9

Bs ! D�0f2 E 5:06þ1:93þ0:84þ0:71
�1:65�0:98�0:62 0.24 . . . 14þ2:0þ2:0

�2:1�1:6

Bs ! D�0f02 C 36:2þ17:3þ5:62þ4:90
�14:4�5:51�4:60 16 . . . 17þ2:9þ1:6

�3:1�1:1

Bs ! D�0 �K�0
2 C 2:06þ1:03þ0:33þ0:25

�0:83�0:31�0:24 0.7 . . . 21þ3:0þ0:8
�3:6�0:6

Bs ! D�þa�2 E 5:36þ1:82þ1:41þ0:74
�1:59�1:27�0:66 . . . . . . 21þ2:6þ4:8

�3:0�3:9

Bs ! D�þK��
2 T 14:8þ7:42þ0:90þ1:94

�5:93�0:85�1:77 12 . . . 26þ1:2�0:1
�1:0�0:2

Bs ! D�þ
s K��

2 T 332þ172þ20þ46
�138�31�41 261 . . . 34þ1:9þ1:5

�1:6�1:0
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TABLE III. Branching ratios of BðsÞ ! �DT decays calculated in the PQCD approach, together
with results from the ISGW II model [14,15] (unit: 10�5).

Decay Modes Class This Work SDV [14] KLO [15]

B0 ! �D0a02 C 12:3þ3:21þ3:08þ0:67
�2:99�3:24�0:40 8.2 4.8

B0 ! �D0f2 C 9:46þ2:52þ3:64þ0:51
�2:29�3:73�0:32 8.8 5.3

B0 ! �D0f02 C 0:18þ0:04þ0:06�0:09
�0:05�0:07�0:06 0.17 0.062

B0 ! �D0K�0
2 C 1:45þ0:41þ0:29�0:09

�0:38�0:33�0:05 0.81 0.68

B0 ! D�aþ2 T 39:8þ15:3þ12:5þ2:15
�12:6�12:1�1:34 . . . . . .

B0 ! D�K�þ
2 T 1:16þ0:50þ0:52þ0:06

�0:40�0:47�0:05 . . . . . .

B0 ! D�
s K

�þ
2 E 6:06þ1:73þ0:43þ0:32

�1:65�1:04�0:21 . . . . . .

Bþ ! �D0aþ2 T, C 41:5þ16:5þ13:0þ2:24
�12:6�14:2�1:40 18 10

Bþ ! �D0K�þ
2 T, C 3:33þ1:33þ0:87þ0:20

�1:02�0:91�0:13 0.87 0.73

Bs ! �D0a02 E 0:11þ0:04þ0:01þ0:01
�0:04�0:02�0:01 . . . . . .

Bs ! �D0f2 E 0:14þ0:04þ0:01þ0:01
�0:05�0:03�0:01 0.0099 . . .

Bs ! �D0f02 C 1:36þ0:53þ0:22þ0:08
�0:43�0:26�0:06 0.67 . . .

Bs ! �D0 �K�0
2 C 20:3þ7:70þ3:98þ1:00

�6:41�4:59�0:80 11 . . .

Bs ! D�aþ2 E 0:23þ0:08þ0:02þ0:01
�0:08�0:04�0:01 . . . . . .

Bs ! D�
s a

þ
2 T 11:3þ5:53þ6:11þ0:61

�4:43�4:88�0:38 . . . . . .

Bs ! D�
s K

�þ
2 T, E 1:97þ0:81þ0:72þ0:12

�0:69�0:67�0:08 . . . . . .

TABLE IV. Branching ratios (unit: 10�5) and the percentage of transverse polarizations RT

(unit:%) of BðsÞ ! �D�T decays calculated in the PQCD approach, together with results from the

ISGW II model [14,15].

Branching Ratio

Decay Modes Class This Work SDV [14] KLO [15] RT

B0 ! �D�0a02 C 39:3þ13:6þ2:05þ2:15
�11:1�0:50�1:34 12 7.8 73þ4:6þ9:0

�4:3�8:1

B0 ! �D�0f2 C 38:2þ13:9þ1:97þ2:10
�11:6�1:22�1:30 13 8.4 70þ5:9þ9:4

�5:6�6:3

B0 ! �D�0f02 C 0:72þ0:26þ0:02þ0:04
�0:22�0:03�0:03 0.26 0.11 70þ5:9þ9:4

�5:6�6:3

B0 ! �D�0K�0
2 C 5:32þ1:69þ0:79þ0:32

�1:42�0:66�0:22 1.3 1.1 71þ1:8þ8:6
�1:6�8:8

B0 ! D��aþ2 T 29:6þ11:5þ9:58þ1:62
�9:86�10:1�1:01 . . . . . . 3þ0:2þ0:4

�0:2�0:4

B0 ! D��K�þ
2 T 1:15þ0:49þ0:46þ0:07

�0:37�0:43�0:04 . . . . . . 7þ0:4þ0:3
�0:2�0:3

B0 ! D��
s K�þ

2 E 4:55þ1:32þ0:48þ0:25
�1:14�0:51�0:16 . . . . . . 22þ3:0þ7:6

�3:4�6:7

Bþ ! �D�0aþ2 T, C 80:6þ29:0þ3:67þ4:41
�24:1�3:12�2:75 26 17 58þ3:7þ13:8

�3:2�10:2

Bþ ! �D�0K�þ
2 T, C 6:81þ2:36þ0:34þ0:42

�1:93�0:30�0:27 1.4 1.2 57þ1:4þ14:1
�1:3�11:6

Bs ! �D�0a02 E 0:09þ0:03þ0:01þ0:01
�0:03�0:01�0:01 . . . . . . 26þ4:0þ6:5

�4:4�6:8

Bs ! �D�0f2 E 0:21þ0:08þ0:01þ0:01
�0:07�0:02�0:01 0.016 . . . 11þ0:6þ2:2

�0:6�1:0

Bs ! �D�0f02 C 5:02þ2:06þ0:39þ0:30
�1:70�0:50�0:20 1.1 . . . 71þ1:1þ7:5

�1:0�7:2

Bs ! �D�0 �K�0 C 70:1þ28:8þ4:10þ3:83
�23:9�5:82�2:40 17 . . . 68þ1:7þ8:5

�1:3�7:9

Bs ! D��aþ2 E 0:18þ0:06þ0:01þ0:01
�0:06�0:03�0:01 . . . . . . 26þ4:0þ6:5

�4:4�6:8

Bs ! D��
s aþ2 T 11:5þ5:59þ5:79þ0:63

�4:44�4:70�0:40 . . . . . . 6þ0:1þ0:2
�0:1�0:3

Bs ! D��
s K�þ

2 T, E 1:73þ0:75þ0:65þ0:11
�0:60�0:58�0:06 . . . . . . 11þ0:9þ2:3

�0:9�2:4
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right handed and left handed, respectively. So the �D�
meson is longitudinally polarized. But the helicity of the
�c quark can flip easily from right handed to left handed,
because the �c quark is massive. Therefore, the �D� can be
transversely polarized with the polarization � ¼ �1. The
recoiled tensor meson can also be transversely polarized
with polarization � ¼ �1 due to the contribution of orbital
angular momentum. Thus, the transversely polarized con-
tribution can be sizable. For B ! D�T decays, the emitted
D� meson can also be transversely polarized, but the
polarization is � ¼ þ1. The reason is that the �u quark in
the D� meson is right handed, while the c quark can flip
from left handed to right handed to make a D� meson with
� ¼ þ1. The recoiled transversely polarized tensor meson
with polarization � ¼ þ1 needs contributions from both
orbital angular momentum and spin, so the situation is
symmetric. But the wave function of the tensor meson is
asymmetric. Therefore, the transversely polarized contri-
bution is suppressed, because of Bose statistics.

As discussed in Ref. [35], the W annihilation diagrams
give a very large contribution of transverse polarizations.
In our calculations, we also find very large transverse
polarizations: up to 80% for the W annihilation (A) type
B ! D�T decays, such as Bþ ! D�þK�0

2 , Bþ ! D�þ
s

�K�0
2 ,

and Bþ ! D�þ
s f02 decays. This can be understood as the

following [41]: For the D� meson, the ‘‘light quark-
antiquark’’ pair created from a hard gluon are left handed
or right handed with equal opportunity. So the D� meson
can be longitudinally polarized or transversely
polarized with polarization � ¼ �1. For the tensor meson,
the antiquark from the four-quark operator is right handed,
and the quark produced from a hard gluon can be either left
handed or right handed. So the tensor meson can be
longitudinally polarized or transversely polarized with
polarization � ¼ �1, because of the additional contribu-
tion from the orbital angular momentum. The transverse
polarization can become so large with additional interfer-
ence from other diagrams. Although annihilation-type
diagrams, the W exchange diagrams (E), contribute little
to transverse polarizations, this is consistent with the
argument in B ! D�V decays [34,35]. Examples are
Bs ! D�0a02, Bs ! �D�0a02, Bs ! D�0f2, Bs ! �D�0f2,
Bs ! D�þa�2 , Bs ! D��aþ2 , B0 ! D�þ

s K��
2 , and B0 !

D��
s K�þ

2 , with only 10–20% transverse polarization
contributions.

V. SUMMARY

In this paper, we investigate the BðsÞ ! Dð�ÞT, �Dð�ÞT
decays within the framework of the perturbative QCD
approach. We calculate the contributions of different
diagrams in the leading order approximation of mD=mB

expansion. We find that the nonfactorizable and
annihilation-type diagrams provide large contributions,
especially for those color-suppressed channels and the
decays with a tensor meson emitted. We predict the

branching ratios and the ratios of the transverse polarized
contributions and find that the branching ratios for

BðsÞ ! Dð�ÞT decays are in the range of 10�5 to 10�8,

and of 10�4 to 10�6 for BðsÞ ! �Dð�ÞT decays. For those

color-suppressed BðsÞ ! �D�T decays, the transversely

polarized contributions from nonfactorizable diagrams
are very large. For those W annihilation-type B ! D�T
decays, the transverse polarized contributions from factor-
izable annihilation diagrams are as large as 80%.
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APPENDIX A: INPUT PARAMETERS
AND HARD FUNCTIONS

The masses and decay constants of tensor mesons are
summarized in Table V. Other parameters such as the QCD

scale �f¼4

MS
¼ 0:25 GeV and the b quark mass mb ¼

4:8 GeV. For the CKM matrix elements, here we adopt
the Wolfenstein parametrization A ¼ 0:808, � ¼ 0:2253,
�	 ¼ 0:132, and �� ¼ 0:341 [1].
Like the �� �0 mixing, the isosinglet tensor meson

states f2ð1270Þ and f02ð1525Þ are also a mixture of
fq2 ¼ 1ffiffi

2
p ðu �uþ d �dÞ and fs2 ¼ s�s:

f2 ¼ fq2 cosþ fs2 sin; f02 ¼ fq2 sin� fs2 cos;

(A1)

with the mixing angle  ¼ 5:8
 [44], 7.8
 [45], or
(9� 1)
 [1].
The functions h in the decay amplitudes consist of two

parts: the jet function StðxiÞ and the propagator of virtual
quarks and gluons. The former is gained by the threshold
resummation [26]. For factorizable emission diagrams
Figs. 1(a) and 1(b), the h function can be given by

hefðx1;x3;b1;b3Þ
¼K0ð ffiffiffiffiffiffiffiffiffi

x1x3
p

mBb1Þfb1�b3K0ð ffiffiffiffiffi
x3

p
mBb1ÞI0ð ffiffiffiffiffi

x3
p

mBb3Þ
þðb3�b1ÞK0ð ffiffiffiffiffi

x3
p

mBb3ÞI0ð ffiffiffiffiffi
x3

p
mBb1ÞgStðx3Þ:

(A2)

TABLE V. The masses and decay constants of light tensor
mesons [8,42,43].

Tensor [mass(MeV)] fT (MeV) f?T (MeV)

f2ð1270Þ 102� 6 117� 25
f02ð1525Þ 126� 4 65� 12
a2ð1320Þ 107� 6 105� 21
K�

2ð1430Þ 118� 5 77� 14
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The hard scales are determined by

ta ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x3ð1� r2DÞ

q
mB; 1=b1; 1=b3g;

tb ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1� r2DÞ

q
mB; 1=b1; 1=b3g:

(A3)

The jet function appears in the factorization formulas
as [26]

StðxÞ ¼ 21þ2c�ð3=2þ cÞffiffiffiffi
�

p
�ð1þ cÞ ½xð1� xÞ�c; (A4)

where c ¼ 0:5. For the nonfactorizable diagrams, we omit
the StðxÞ, because it provides a very small numerical effect
to the amplitude [46].

The evolution factors EefðtaÞ and EefðtbÞ in the matrix

elements (see Sec. III) are given by

EefðtÞ ¼ �sðtÞ exp½�SBðtÞ � STðtÞ�: (A5)

The Sudakov exponents are defined as

SBðtÞ ¼ s

�
x1

mBffiffiffi
2

p ; b1

�
þ 5

3

Z t

1=b1

d ��

��
�qð�sð ��ÞÞ; (A6)

SDðtÞ ¼ s

�
xD

mBffiffiffi
2

p ; b

�
þ 2

Z t

1=b

d ��

��
�qð�sð ��ÞÞ; (A7)

STðtÞ ¼ s

�
xT

mBffiffiffi
2

p ; b

�
þ s

�
ð1� xTÞmBffiffiffi

2
p ; b

�

þ 2
Z t

1=b

d ��

��
�qð�sð ��ÞÞ; (A8)

where the sðQ; bÞ can be found in Appendix A in Ref. [19].
xTðDÞ is the momentum fraction of the ‘‘(light) quark’’ in

the tensor (D) meson.
For the rest of the diagrams, the related functions are

summarized as follows:

tc ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1x3ð1� r2DÞ

q
mB;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jx1 � x2jx3ð1� r2DÞ

q
mB; 1=b1; 1=b2g;

td ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1x3ð1� r2DÞ

q
mB;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jx1 þ x2 � 1jðr2D þ x3ð1� r2DÞÞ þ r2D

q
mB; 1=b1; 1=b2g;

(A9)

EenfðtÞ ¼ �sðtÞ � exp½�SBðtÞ � SDðtÞ � STðtÞ� jb1¼b3 ; (A10)

henfjðx1;x2;x3;b1;b2Þ¼ ½ðb2�b1ÞK0ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1x3ð1�r2DÞ

q
mBb2ÞI0ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1x3ð1�r2DÞ

q
mBb1Þ

þðb1�b2ÞK0ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1x3ð1�r2DÞ

q
mBb1ÞI0ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1x3ð1�r2DÞ

q
mBb2Þ� �

8<
:

i�
2 H

ð1Þ
0 ð

ffiffiffiffiffiffiffiffiffi
jD2

j j
q

mBb2Þ; D2
j <0;

K0ðDjmBb2Þ; D2
j >0;

(A11)

with j ¼ 1, 2 and Hð1Þ
0 ðzÞ ¼ J0ðzÞ þ iY0ðzÞ.
D2

1 ¼ ðx1 � x2Þx3ð1� r2DÞm2
B; D2

2 ¼ ðx1 þ x2 � 1Þðr2D þ x3ð1� r2DÞÞ þ r2D: (A12)

te ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x3ð1� r2DÞ

q
mB; 1=b2; 1=b3g; tf ¼ maxf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2ð1� r2DÞ

q
mB; 1=b2; 1=b3g; (A13)

EafðtÞ ¼ �sðtÞ � exp½�STðtÞ � SDðtÞ�; (A14)

hafðx2; x3; b2; b3Þ ¼
�
i�

2

�
2
Hð1Þ

0 ð ffiffiffiffiffiffiffiffiffi
x2x3

p
mBb2Þ½ðb2 � b3ÞHð1Þ

0 ð ffiffiffiffiffi
x3

p
mBb2ÞJ0ð ffiffiffiffiffi

x3
p

mBb3Þ þ ðb3
� b2ÞHð1Þ

0 ð ffiffiffiffiffi
x3

p
mBb3ÞJ0ð ffiffiffiffiffi

x3
p

mBb2Þ� � Stðx3Þ: (A15)

tg ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2x3ð1� r2DÞ

q
mB;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð1� x3Þð1� x1 � x2ð1� r2DÞÞ

q
mB; 1=b1; 1=b2g;

th ¼ maxf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2x3ð1� r2DÞ

q
mB;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x3jx1 � x2ð1� r2DÞj

q
mB; 1=b1; 1=b2g;

(A16)

Eanf ¼ �sðtÞ � exp½�SBðtÞ � STðtÞ � SDðtÞ� jb2¼b3 ; (A17)
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hanfjðx1; x2; x3; b1; b2Þ ¼ i�

2
½ðb1 � b2ÞHð1Þ

0 ðFmBb1ÞJ0ðFmBb2Þ

þ ðb2 � b1ÞHð1Þ
0 ðFmBb2ÞJ0ðFmBb1Þ�

8<
:

i�
2 H

ð1Þ
0 ð

ffiffiffiffiffiffiffiffiffi
jF2

j j
q

mBb1Þ; F2
j < 0;

K0ðFjmBb1Þ; F2
j > 0;

(A18)

with j ¼ 1, 2.

F2 ¼ x2x3ð1� r2DÞ; F2
1 ¼ 1� ð1� x3Þð1� x1 � x2ð1� r2DÞÞ; F2

2 ¼ x3ðx1 � x2ð1� r2DÞÞ: (A19)

For B ! �Dð�ÞT decays,

t0eðfÞ ¼ teðfÞðx2 ! 1� x3; x3 ! x2Þ; h0anfj ¼ hanfjðx3 ! ð1� x3Þð1� r2DÞ; x2ð1� r2DÞ ! x2Þ;
t0gðhÞ ¼ tgðhÞðx3 ! ð1� x3Þð1� r2DÞ; x2ð1� r2DÞ ! x2Þ;

(A20)

t3c ¼ max
n ffiffiffiffiffiffiffiffiffi

x1x3
p

mB;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jx1 � ð1� x2Þð1� r2DÞjx3

q
mB; 1=b1; 1=b2

o
;

t3d ¼ max
n ffiffiffiffiffiffiffiffiffi

x1x3
p

mB;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jx1 � x2ð1� r2DÞjx3

q
mB; 1=b1; 1=b2

o
;

(A21)

E3
enfðx1; x2; x3; b1; b2Þ ¼ ½ðb2 � b1ÞI0ð ffiffiffiffiffiffiffiffiffi

x1x3
p

mBb1ÞK0ð ffiffiffiffiffiffiffiffiffi
x1x3

p
mBb2Þ

þ ðb1 � b2ÞI0ð ffiffiffiffiffiffiffiffiffi
x1x3

p
mBb2ÞK0ð ffiffiffiffiffiffiffiffiffi

x1x3
p

mBb1Þ�
8<
:

i�
2 H

ð1Þ
0 ð ffiffiffiffiffiffiffiffiffijG2jp

mBb2Þ; G2 < 0;

K0ðGmBb2Þ; G2 > 0;
(A22)

with G2 ¼ ðx1 � x2ð1� r2DÞÞx3m2
B.

APPENDIX B: FORMULAS FOR B ! �Dð�ÞT DECAYAMPLITUDES

For B ! �DT decays, the expression of the factorizable emission contributions (Aef) is the same as Eq. (18). For

nonfactorizable emission diagrams, the amplitudes are given by

Menf ¼ � 32

3
CF�m

4
B

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�Dðx2; b2Þ

� f½�Tðx3Þð1� x2Þ þ ð�t
Tðx3Þ ��s

Tðx3ÞÞrTx3� � henf2ðxi; biÞEenfðtdÞ
þ ½��Tðx3Þðx2 þ x3Þ þ ð�s

Tðx3Þ þ�t
Tðx3ÞÞrTx3� � henf1ðxi; biÞEenfðtcÞg: (B1)

The decay amplitudes of factorizable annihilation contributions (Aaf) can be obtained by making the following
substitutions in Eq. (20):

x2 ! 1� x3; x3 ! x2; �ðt;sÞ
T ðx2Þ ! �ðt;sÞ

T ð1� x3Þ; �Dðx3; b3Þ ! �Dðx2; b2Þ: (B2)

While for the nonfactorizable annihilation contributions, the decay amplitude is

Manf¼32

3
CF�m

4
B

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1;b1Þ�Dðx2;b2Þ

�f½�Tðx3Þx2þrDrTð�s
Tðx3Þðx3�x2�3Þþ�t

Tðx3Þðx2þx3�1ÞÞ� �h0anf1ðx1;x2;x3;b1;b2ÞEanfðt0gÞ
þ½�Tðx3Þðx3�1ÞþrDrTð�s

Tðx3Þðx2�x3þ1Þþ�t
Tðx3Þðx2þx3�1ÞÞ� �h0anf2ðx1;x2;x3;b1;b2ÞEanfðt0hÞg: (B3)

For those two nonfactorizable emission diagrams in Fig. 3, the decay amplitude is
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M3
enf ¼ 32

3
CF�m

4
B

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�Dðx3; b1Þ

� f½�Tðx2Þðx2 � 1þ rDx3Þ�h3enfðx1; ð1� x2Þ; x3; b1; b2ÞEenfðt3cÞ
þ ½�Tðx2Þðx2 þ x3 � rDx3Þ�h3enfðx1; x2; x3; b1; b2ÞEenfðt3dÞg: (B4)

For B ! �D�T decays, the expressions of the longitudinally polarized contributions of the emission diagrams can be
obtained from those corresponding B ! �DT decays by substitution in Eq. (23). For the annihilation-type diagrams, the
decay amplitudes are

AL
af ¼ 8

ffiffiffi
2

3

s
CFfB�m

4
B

Z 1

0
dx2dx3

Z 1=�

0
b2db2b3db3�

L
Dðx2; b2Þf½�Tðx3Þð1� x3Þ � rDrTð�s

Tðx3Þ þ�t
Tðx3ÞÞ�

� hafð1� x3; x2ð1� r2DÞ; b2; b3ÞEafðt0eÞ þ ½��Tðx3Þx2 þ 2rDrT�
s
Tðx3Þðx2 � 1Þ�

� hafðx2; ð1� x3Þð1� r2DÞ; b3; b2ÞEafðt0fÞg; (B5)

ML
anf¼

32

3
CF�m

4
B

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1;b1Þ�L

Dðx2;b2Þ
�f½�Tðx3Þx2�rDrTð�t

Tðx3Þð1þx3�x2Þþ�s
Tðx3Þðx2þx3�1ÞÞ� �h0anf1ðx1;x2;x3;b1;b2ÞEanfðt0gÞ

þ½�Tðx3Þðx3�1Þ�rDrTð�t
Tðx3Þðx2�x3þ1Þþ�s

Tðx3Þðx2þx3�1ÞÞ� �h0anf2ðx1;x2;x3;b1;b2ÞEanfðt0hÞg: (B6)

The transversely polarized contributions are suppressed by rD or rT . For the factorizable emission diagrams, the
expressions are the same as Eqs. (26) and (27). For the nonfactorizable emission diagrams, the decay amplitudes are

MT
enf ¼ 16

ffiffiffi
1

3

s
CF�rDm

4
B

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�T

Dðx2; b2Þ
� f½�T

Tðx3Þðx2 � 1Þ þ rTð�a
Tðx3Þ ��v

Tðx3ÞÞ�henf2ðxi; biÞEenfðtdÞ
þ ½��T

Tðx3Þx2 þ 2rTðx2 þ x3Þ�v
Tðx3Þ�henf1ðxi; biÞEenfðtcÞg; (B7)

M N
enf ¼ MT

enfð�a
T $ �v

TÞ: (B8)

For factorizable annihilation diagrams, the transverse decay amplitudes are

AT
af ¼ �4

ffiffiffi
2

p
CFfB�m

4
BrD

Z 1

0
dx2dx3

Z 1=�

0
b2db2b3db3�

T
Dðx2; b2Þf½rD�T

Tðx3Þ � rTð�a
Tðx3Þx3 ��v

Tðx3Þðx3 � 2ÞÞ�
� hafð1� x3; x2ð1� r2DÞ; b2; b3ÞEafðteÞ þ rT½�v

Tðx3Þðx2 þ 1Þ þ�a
Tðx3Þðx2 � 1Þ�

� hafðx2; ð1� x3Þð1� r2DÞ; b3; b2ÞEafðtfÞg; (B9)

AN
af ¼ �4

ffiffiffi
2

p
CFfB�m

4
BrD

Z 1

0
dx2dx3

Z 1=�

0
b2db2b3db3�

T
Dðx2; b2Þf½�rD�

T
Tðx3Þ � rTð�v

Tðx3Þx3 ��a
Tðx3Þðx3 � 2ÞÞ�

� hafð1� x3; x2ð1� r2DÞ; b2; b3ÞEafðteÞ þ rT½�a
Tðx3Þðx2 þ 1Þ þ�v

Tðx3Þðx2 � 1Þ�
� hafðx2; ð1� x3Þð1� r2DÞ; b3; b2ÞEafðtfÞg: (B10)

While for the nonfactorizable annihilation diagrams, the transverse decay amplitudes are

MT
anf ¼ 16

ffiffiffi
1

3

s
CF�m

4
BrD

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�T

Dðx2; b2Þ
� f½rD�T

Tðx3Þðx2 � 1Þ þ 2rT�
v
Tðx3Þ�h0anf1ðx1; x2; x3; b1; b2ÞEanfðt0gÞ

� ½rDx2�T
Tðx3Þ�h0anf2ðx1; x2; x3; b1; b2ÞEanfðt0hÞg; (B11)
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MN
anf ¼ 16

ffiffiffi
1

3

s
CF�m

4
BrD

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�T

Dðx2; b2Þ
� f½�rD�

T
Tðx3Þðx2 � 1Þ þ 2rT�

a
Tðx3Þ�h0anf1ðx1; x2; x3; b1; b2ÞEanfðt0gÞ

þ ½rDx2�T
Tðx3Þ�h0anf2ðx1; x2; x3; b1; b2ÞEanfðt0hÞg: (B12)

The nonfactorizable emission decay amplitudes for B ! �D�T with a tensor meson emitted, as shown in Fig. 3, are

M3L
enf ¼ � 32

3
CF�m

4
BðrD � 1Þ

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�L

Dðx3; b1Þ
� f½�Tðx2Þðx2 � 1þ rDðx2 � x3 � 1ÞÞ�h3enfðx1; ð1� x2Þ; x3; b1; b2ÞEenfðt3cÞ
þ ½�Tðx2Þðx2 þ x3 þ rDx2Þ�h3enfðx1; x2; x3; b1; b2ÞEenfðt3dÞg; (B13)

M3T
enf ¼ 16

ffiffiffi
1

3

s
CF�m

4
BrT

Z 1

0
dx1dx2dx3

Z 1=�

0
b1db1b2db2�Bðx1; b1Þ�T

Dðx3; b1Þ
� f½ð�a

Tðx2Þ þ�v
Tðx2ÞÞðx2 � 1Þ�h3enfðx1; ð1� x2Þ; x3; b1; b2ÞEenfðt3cÞ

þ ½��a
Tðx2Þx2 þ�v

Tðx2Þðð2rD � 1Þx2 þ 2rDx3Þ� � h3enfðx1; x2; x3; b1; b2ÞEenfðt3dÞg; (B14)

M 3N
enf ¼ �M3T

enfð�a
T $ �v

TÞ: (B15)

With the functions obtained in the above, the amplitudes of all B ! �DT decay channels can be given by

AðB0! �D0a02Þ¼
GFffiffiffi
2

p 1ffiffiffi
2

p V�
cbVud½a2AafþC2Manf�a2Aef�C2Menf�; (B16)

AðB0! �D0fq2 Þ¼
GFffiffiffi
2

p 1ffiffiffi
2

p V�
cbVud½a2AafþC2Manfþa2AefþC2Menf�; (B17)

A ðB0 ! �D0K�0
2 Þ ¼ GFffiffiffi

2
p V�

cbVus½a2Aef þ C2Menf�; (B18)

A ðB0 ! D�aþ2 Þ ¼
GFffiffiffi
2

p V�
cbVud½C1M3

enf þ a2Aaf þ C2Manf�; (B19)

A ðB0 ! D�K�þ
2 Þ ¼ GFffiffiffi

2
p V�

cbVus½C1M3
enf�; (B20)

A ðB0 ! D�
s K

�þ
2 Þ ¼ GFffiffiffi

2
p V�

cbVud½a2Aaf þ C2Manf�; (B21)

A ðBþ ! �D0aþ2 Þ ¼
GFffiffiffi
2

p V�
cbVud½a2Aef þ C2Menf þ C1M3

enf�; (B22)

A ðBþ ! �D0K�þ
2 Þ ¼ GFffiffiffi

2
p V�

cbVus½a2Aef þ C2Menf þ C1M3
enf�; (B23)

A ðB0
s ! �D0fq2 Þ ¼

GFffiffiffi
2

p 1ffiffiffi
2

p V�
cbVus½a2Aaf þ C2Manf�; (B24)

A ðB0
s ! �D0a02Þ ¼

GFffiffiffi
2

p 1ffiffiffi
2

p V�
cbVus½a2Aaf þ C2Manf�; (B25)

A ðB0
s ! �D0fs2Þ ¼

GFffiffiffi
2

p V�
cbVus½a2Aef þ C2Menf�; (B26)
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A ðB0
s ! �D0 �K�0

2 Þ ¼ GFffiffiffi
2

p V�
cbVud½a2Aef þ C2Menf�; (B27)

A ðB0
s ! D�aþ2 Þ ¼

GFffiffiffi
2

p V�
cbVus½a2Aaf þ C2Manf�; (B28)

A ðB0
s ! D�

s a
þ
2 Þ ¼

GFffiffiffi
2

p V�
cbVud½C1M3

enf�; (B29)

A ðB0
s ! D�

s K
�þ
2 Þ ¼ GFffiffiffi

2
p V�

cbVus½a2Aaf þ C2Manf þ C1M3
enf�: (B30)
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