
Study of BðsÞ meson decays to D�
0ð2300Þ, D�

s0ð2317Þ, Ds1ð2460Þ and Ds1ð2536Þ
within the covariant light-front approach

You-Ya Yang , Zhi-Qing Zhang ,* Hao Yang, Zhi-Jie Sun, and Ming-Xuan Xie
Institute of Theoretical Physics, School of Sciences, Henan University of Technology,

Zhengzhou, Henan 450001, China

(Received 29 May 2024; accepted 20 July 2024; published 21 August 2024)

In this work, we investigate the form factors of the transitions BðsÞ → D�
0ð2300Þ; D�

s0ð2317Þ,Ds1ð2460Þ,
and Ds1ð2536Þ in the covariant light-front quark model (CLFQM), where these final states are considered
as P-wave excited charmed mesons. In order to obtain the form factors for the physical transition processes,
we extend these form factors from the spacelike region to the timelike region. The q2-dependence for
each transition form factor is also plotted. Then, combined with those form factors, the branching ratios
of the two-body nonleptonic decays BðsÞ → D�

ðsÞ0ð2300; 2317ÞM, Ds1ð2460; 2536ÞM with M being a light

pseudoscalar (vector) meson or a charmed meson are calculated by considering the quantum chromo-
dynamics (QCD) radiative corrections to the hadronic matrix elements within the QCD factorization
approach. Most of our predictions are comparable to the results given by other theoretical approaches and
the present available data.

DOI: 10.1103/PhysRevD.110.033006

I. INTRODUCTION

In this work, we would like to study some of excited
open-charm states, such as D�

0ð2300Þ, D�
s0ð2317Þ,

Ds1ð2460Þ, and Ds1ð2536Þ in BðsÞ meson decays. As we
know, D�

s0ð2317Þ and Ds1ð2460Þ were first discovered by
BABAR [1] and CLEO [2] in 2003, respectively. The scalar
charm-strange meson D�

s0ð2317Þ was observed in the
invariant mass distribution of Dþ

s π
0 and the axial charm-

strange meson Ds1ð2460Þ was found in the invariant mass
distribution of D�þ

s π0. D�
0ð2300Þ as the SUð3Þ partner of

D�
0ð2317Þ, called D�

0ð2400Þ in the past, was discovered by
Belle [3] in the three-body B decay Bþ → D−πþπþ in
2004. Another axial charm-strange meson with JP ¼ 1þ
Ds1ð2536Þ was first observed in the D�

sγ invariant mass
spectrum [4] in 1987.
Previous researches suggest that the masses of the

resonants D�
s0ð2317Þ and Ds1ð2460Þ are just several tens

MeV below the thresholds of DK and D�K, respectively.
Furthermore, they are much lower than those given by the
quark model [5]. Some abnormal properties indicate that
these two states are difficult to be interpreted as conven-
tional cs̄ mesons. Therefore, many authors consider them

as the Dð�ÞK molecular states [6–12], the compact tetra-
quark states [13–17], the chiral partners of the ground state
Dð�Þ

s mesons [18,19] and the states of cs̄ mixed with four-
quark states [20,21]. However, if considering the coupled
channel effects and the fact that there are no additional
states around the quark model predicted masses, these
two states can be interpreted as P-wave charm-strange
mesons [22–31]. As to the D�

0ð2300Þ state, besides the low
mass puzzle, where the observed mass of D�

0ð2300Þ [3,32]
is bellow the predictions from the quark model about
100 MeV [5,33], there exists the SUð3Þ mass hierarchy
puzzle, that is the masses of D�

0ð2300Þ and D�
s0ð2317Þ are

almost equal to each other. These puzzles have triggered
many studies on their inner structures: In Refs. [22,34], the
authors pointed out that the four-quark structure can
explain the data measured by Belle [3] and BABAR [32],
but not for that measured by FOCUS [35]. Another group
authors solved these puzzles within the framework of
unitarized chiral perturbation theory (UChPT) [36–38]
and considered that there exist two states in the D�

0ð2300Þ
energy region [39], where the lighter one named as
D�

0ð2100Þ is the SUð3Þ partner of the D�
s0ð2317Þ, the

heavier one is a member of a different multiplet.
Certainly, other authors also explained D�

0ð2300Þ as a
mixture of two and four-quark states [21] or the bound
state ofDπ [40]. The axial charm-strange mesonDs1ð2536Þ
has been confirmed and studied in the BðsÞ meson decays by
BABAR [41], Belle [42] and LHCb [43]. Its measurements
of mass and width are consistent with the theoretical
expectations as a charm-strange meson with JP ¼ 1þ.
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As we know that the QCD Lagrangian is invariant under the
heavy flavor and spin rotation in the heavy quark limit. For
the heavy mesons, the heavy quark spin SQ can decouple
from the other degrees of freedom. Then SQ and the total
angular momentum of the light quark j become good
quantum numbers. It is natural to label Ds1ð2460Þ and
Ds1ð2536Þ by the quantum numbers Lj

J with jðLÞ being the
total (orbital) angular momentum of the light quark, that is
P1=2
1 and P3=2

1 , denoted as D1=2
s1 and D3=2

s1 , respectively.
Since the heavy quark symmetry is not exact, the two 1þ
states Ds1ð2460Þ and Ds1ð2536Þ can mix with each other
through the following formula [44]

jDs1ð2460Þi ¼ jD1=2
s1 i sin θs þ jD3=2

s1 i cos θs;
jDs1ð2536Þi ¼ −jD3=2

s1 i sin θs þ jD1=2
s1 i cos θs: ð1Þ

While the states D1=2
s1 and D3=2

s1 are expected to be a
mixture of states 1Ds1 and 3Ds1 with JPC ¼ 1þþ and 1þ−,
respectively,

jD3=2
s1 i ¼

ffiffiffi
2

3

r
j1Ds1i þ

ffiffiffi
1

3

r
j3Ds1i;

jD1=2
s1 i ¼ −

ffiffiffi
1

3

r
j1Ds1i þ

ffiffiffi
2

3

r
j3Ds1i: ð2Þ

Combining Eqs. (1) and (2), one can find that

jDs1ð2460Þi ¼ j1Ds1i cos θ þ j3Ds1i sin θ;
jDs1ð2536Þi ¼ −j1Ds1i sin θ þ j3Ds1i cos θ; ð3Þ

where θ ¼ θs þ 35.3° [45].
Using the manifestly covariant of the Bethe-Salpeter

(BS) approach [46,47], Jaus et al. [48–50] put forward the
CLFQM around 2000. This approach provides a systematic
way to explore the zero-mode effects, which are just
canceled by involving the spurious contributions being
proportional to the lightlike four-vector ω ¼ ð0; 2; 0⊥Þ, at
the same time the covariance of the matrix elements being
restored [48]. Up to now the CLFQM has been used
extensively to study the weak and radiative decays, as
well as the features of some exotic hadrons [51–59]. In
this work, we will employ the CLFQM to evaluate the
BðsÞ → D�

0ð2300Þ, D�
s0ð2317Þ, Ds1ð2460Þ, Ds1ð2536Þ tran-

sition form factors, then calculate the branching ratios of

the relevant decays. In our calculations these hadrons are
regarded as ordinary meson states. Compared with the
future experimental measurements, our predictions are
helpful to clarify the inner structures of these four hadrons.
The arrangement of this paper is as follows: In Sec. II,

an introduction to the CLFQM and the expressions for
the form factors of the transitions BðsÞ → D�

0ð2300Þ;
D�

s0ð2317Þ; Ds1ð2460Þ; Ds1ð2536Þ are presented. Then
the branching ratios of the BðsÞ meson decays with one
of these considered P-wave excited charm sates involved
are calculated under the QCD factorization approach,
where the vertex corrections and the hard spectator-scatter-
ing corrections are considered. In Sec. III, the numerical
results of the transition form factors and their q2-depend-
ence are presented. Then, combined with the transition
form factors, the branching ratios of the decays BðsÞ →
D�

ðsÞ0ð2300; 2317ÞM;Ds1ð2460; 2536ÞM with M being a

light pseudoscalar (vector) meson or a charmed meson are
calculated. In addition, detailed numerical analysis and
discussion, including comparisons with the data and other
model calculations, are carried out. The conclusions are
presented in the final part.

II. FORMALISM

A. The covariant light-front quark model

Under the covariant light-front quark model, the light-
front coordinates of a momentum p are defined as p ¼
ðp−; pþ; p⊥Þ with p� ¼ p0 � pz and p2 ¼ pþp− − p2⊥. If
the momenta of the quark and antiquark with mass m0ð00Þ

1

and m2 in the incoming (outgoing) meson are denoted as

p0ð00Þ
1 and p2, respectively, the momentum of the incoming

(outgoing) meson with mass M0ðM00Þ can be written as
P0 ¼ p0

1 þ p2ðP00 ¼ p00
1 þ p2Þ,which is shown in Fig. 1.

Here, we use the same notation as those in Refs. [48,51]
and M0 refers to mB for B meson decays. These momenta
can be related each other through the internal variables
ðxi; p0⊥Þ

p0þ
1;2 ¼ x1;2P0þ; p0

1;2⊥ ¼ x1;2P0⊥ � p0⊥; ð4Þ

with x1 þ x2 ¼ 1. Using these internal variables, we can
define some quantities for the incoming meson which will
be used in the following calculations:

M02
0 ¼ ðe01 þ e2Þ2 ¼

p02⊥ þm02
1

x1
þ p2⊥ þm2

2

x2
; M̃0

0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M02

0 − ðm0
1 −m2Þ2

q
;

eð0Þi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mð0Þ2

i þ p02⊥ þ p02
z

q
; p0

z ¼
x2M0

0

2
−
m2

2 þ p02⊥
2x2M0

0

; ð5Þ
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where the kinetic invariant mass of the incoming mesonM0
0 can be expressed as the energies of the quark and the antiquark

eð0Þi . It is similar to the case of the outgoing meson.
The form factors of the transitions B → D�

0
1 and B → iDs1 (i ¼ 1, 3)2 induced by the vector and axial-vector currents are

defined as

hD�
0ðP00ÞjAμjBðP0Þi ¼ i½uþðq2ÞPμ þ u−ðq2Þqμ�; ð6Þ

hiDs1ðP00; εÞjAμjBðP0Þi ¼ −qðq2Þϵμναβε�νPαqβ; ð7Þ

hiDs1ðP00; εÞjVμjBðP0Þi ¼ iflðq2Þε�μ þ ε� · P½Pμcþðq2Þ þ qμc−ðq2Þ�g: ð8Þ

In calculations, the Bauer-Stech-Wirbel (BSW) [60] transition form factors are more frequently used and defined by

hD�
0ðP00ÞjAμjBðP0Þi ¼

�
Pμ −

m2
B −m2

D�
0

q2
qμ

�
F
BD�

0

1 ðq2Þ þ
m2

B −m2
D�

0

q2
qμF

BD�
0

0 ðq2Þ; ð9Þ

hiDs1ðP00; εμ�ÞjVμjBðP0Þi ¼ −i
�
ðmB −miDs1

Þε�μVB iDs1
1 ðq2Þ − ε� · P

mB −miDs1

PμV
B iDs1
2 ðq2Þ

− 2miDs1

ε� · P
q2

qμ½VB iDs1
3 ðq2Þ − VB iDs1

0 ðq2Þ�
�
; ð10Þ

hiDs1ðP00; εμ�ÞjAμjBðP0Þi ¼ −
1

mB −miDs1

ϵμναβε
�νPαqβABiDs1ðq2Þ; ð11Þ

where P ¼ P0 þ P00; q ¼ P0 − P00, and the convention ϵ0123 ¼ 1 is adopted.

To smear the singularity at q2 ¼ 0 in Eq. (9), the relations VB iDs1
3 ð0Þ ¼ VB iDs1

0 ð0Þ are required, and

VB iDs1
3 ðq2Þ ¼ mB −miDs1

2miDs1

VB iDs1
1 ðq2Þ −mB þmiDs1

2miDs1

VB iDs1
2 ðq2Þ: ð12Þ

These two kinds of form factors are related to each other via

F
BD�

0

1 ðq2Þ ¼ −uþðq2Þ; F
BD�

0

0 ðq2Þ ¼ −uþðq2Þ −
q2

q · P
u−ðq2Þ; ð13Þ

FIG. 1. Feynman diagrams for B decay (left) and transition (right) amplitudes, where P0ð00Þ is the incoming (outgoing) meson

momentum, p0ð00Þ
1 is the quark momentum, p2 is the antiquark momentum and X denotes the vector or axial vector transition vertex.

1It is similar for the transition B → D�
s0. From now on, we will useD�

0 andD
�
s0 to representD

�
0ð2300Þ andD�

s0ð2317Þ, respectively, for
simplicity.

2We will use Ds1 and D0
s1 to represent Ds1ð2460Þ and Ds1ð2536Þ, respectively. The form factors of the transitions B → Ds1 and

B → D0
s1 can be obtained from those of the transitions B → 1Ds1 and B → 3Ds1 through Eq. (3).

STUDY OF BðsÞ MESON DECAYS TO D�
0ð2300Þ, D�

s0ð2317Þ, … PHYS. REV. D 110, 033006 (2024)

033006-3



AB iDs1ðq2Þ ¼ −ðmB −miDs1
Þqðq2Þ; VB iDs1

1 ðq2Þ ¼ −
lðq2Þ

mB −miDs1

; ð14Þ

VB iDs1
2 ðq2Þ ¼ ðmB −miDs1

Þcþðq2Þ; VB iDs1
3 ðq2Þ − VB iDs1

0 ðq2Þ ¼ q2

2miDs1

c−ðq2Þ: ð15Þ

The light-front wave functions (LFWFs) are needed in the
form factor calculations. Although the LFWFs can be
derived from solving the relativistic Schrödinger equation
theoretically, it is difficult to obtained their exact solutions
in many cases. Consequently, we will use the phenomeno-
logical Gaussian-type wave functions in this work,

φ0 ¼ φ0ðx2; p0⊥Þ ¼ 4

�
π

β02

�3
4

ffiffiffiffiffiffiffiffi
dp0

z

dx2

s
exp

�
−
p02
z þ p02⊥
2β02

�
;

φ0
p ¼ φ0

pðx2; p0⊥Þ ¼
ffiffiffiffiffiffi
2

β02

s
φ0;

dp0
z

dx2
¼ e01e2

x1x2M0
0

; ð16Þ

where the parameter β0 describes the momentum distribu-
tion and is approximately of order ΛQCD. It can be usually
determined by the decay constants through the following
analytic expressions [48,51],

fD�
0
¼ Nc

16π3

Z
dx2d2p0⊥

h0D�
0

x1x2ðM02 −M02
0 Þ

× 4ðm0
1x2 −m2x1Þ; ð17Þ

f3Ds1
¼ −

Nc

4π3M0

Z
dx2d2p0⊥

h03Ds1

x1x2ðM02 −M02
0 Þ

×

�
x1M02

0 −m0
1ðm0

1 þm2Þ − p02⊥ −
m0

1 −m2

w0
3Ds1

p02⊥
�
;

ð18Þ

f1Ds1
¼ Nc

4π3M0

Z
dx2d2p0⊥

h01Ds1

x1x2ðM02 −M02
0 Þ

×

�
m0

1 −m2

w0
1Ds1

p02⊥
�
; ð19Þ

where m0
1 and m2 represent the constituent quarks of the

states D�
0;

3Ds1, and 1Ds1. The decay constants can be
obtained through experimental measurements for the
purely leptonic decays or theoretical calculations. The
explicit forms of h0M are given by [51]

h0D�
0
¼

ffiffiffi
2

3

r
h03Ds1

¼ ðM02 −M02
0 Þ

ffiffiffiffiffiffiffiffiffi
x1x2
Nc

r
1ffiffiffi
2

p
M̃0

0

M̃02
0

2
ffiffiffi
3

p
M0

0

φ0
p;

ð20Þ

h01Ds1
¼ ðM20 −M02

0 Þ
ffiffiffiffiffiffiffiffiffi
x1x2
Nc

r
1ffiffiffi
2

p
M̃0

0

φ0
p: ð21Þ

B. Form factors

For the general B → M transitions withM being a scalar
or axial-vector meson [51], the decay amplitude at the
lowest order is

MBM ¼ −i3
Nc

ð2πÞ4
Z

d4p0
1

H0
BðH00

MÞ
N0

1N
00
1N2

SBMμ ; ð22Þ

where N0ð00Þ
1 ¼ p0ð00Þ2

1 −m0ð00Þ2
1 , N2 ¼ p2

2 −m2
2 arise from the

quark propagators. For our considered transitions B → D�
0

and B → 1Ds1; 3Ds1, the traces S
BD�

0
μ ; SB

1Ds1
μν , and SB

3Ds1
μν can

be directly obtained by using the Lorentz contraction as
follows

S
BD�

0
μ ¼ Tr½ð=p00

1 þm00
1Þγμγ5ð=p0

1 þm0
1Þγ5ð−=p2 þm2Þ�;

ð23Þ

SB
1Ds1

μν ¼
	
SB

1Ds1
V − SB

1Ds1
A



μν

¼ Tr

��
−

1

W00
1Ds1

ðp00
1 − p2Þν

�
γ5ð=p00

1 þm00
1Þ

× ðγμ − γμγ5Þð=p0
1 þm0

1Þγ5ð−=p2 þm2Þ
�
; ð24Þ

SB
3Ds1

μν ¼
	
SB

3Ds1
V − SB

3Ds1
A



μν

¼ Tr

��
γν −

1

W00
3Ds1

ðp00
1 − p2Þν

�
γ5ð=p00

1 þm00
1Þ

× ðγμ − γμγ5Þð=p0
1 þm0

1Þγ5ð−=p2 þm2Þ
�
: ð25Þ

To calculate the amplitudes for the transition form
factors, we need the Feynman rules for the meson-
quark-antiquark vertices (iΓ0

M), which are listed as

iΓ0
D�

0
¼ −iH0

D�
0
; ð26Þ

iΓ0
3Ds1

¼ −iH0
3Ds1

�
γμ þ

1

W0
3Ds1

ðp0
1 − p2Þμ

�
γ5; ð27Þ
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iΓ0
1Ds1

¼ −iH0
1Ds1

�
1

W0
1Ds1

ðp0
1 − p2Þμ

�
γ5: ð28Þ

In practice, we employ the light-front decomposition of the
Feynman loop momentum and integrate out the minus
component using the contour method. Then additional
spurious contributions being proportional to the lightlike

four-vector ω̃ ¼ ð0; 2; 0⊥Þ will appear. While they can be
eliminated by including the zero-mode contributions in a
proper way. If the covariant vertex functions are not
singular when performing integration, the transition ampli-
tudes will pick up the singularities in the antiquark
propagators. The specific rules for the p− integration have
been derived in Refs. [48,51], and the relevant ones are
summarized in Appendix A. The integration then leads to

N0ð00Þ
1 → N̂0ð00Þ

1 ¼ x1ðM0ð002 −M0ð00Þ2
0 Þ;

H0
B → h0B;H

00
M → h00M;

W00
M → w00

Mðfor the 3Ds1 and 1Ds1statesÞ;Z
d4p0

1

N0
1N

00
1N2

H0
BH

00
MS

BM → −iπ
Z

dx2d2p0⊥
x2N̂

0
1N̂

00
1

h0Bh
00
MŜ

BM; ð29Þ

where

w00
3Ds1

¼ M̃002
0

m00
1 −m2

; w00
1Ds1

¼ 2; M002
0 ¼ p002⊥ þm002

1

x1
þ p002⊥ þm2

2

x2
; ð30Þ

with p00⊥ ¼ p0⊥ − x2q⊥ and M̃00
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M002

0 − ðm00
1 −m2Þ2

p
.

The explicit forms of h00M have been given in Eqs. (20)
and (21).
Using Eqs. (20)–(30) and taking the integration rules

given in Refs. [48,51], the form factors F
BD�

0

1 ðq2Þ; FBD�
0

0 ðq2Þ
and ABDs1ðq2Þ, VBDs1

0 ðq2Þ, VBDs1
1 ðq2Þ, VBDs1

2 ðq2Þ can be
obtained directly, which are listed in Appendix C.

C. Vertex corrections and the hard spectator function

Within the framework of QCD factorization [61], the
short-distance nonfactorizable corrections including the
vertex corrections and hard spectator interactions are
considered. The modifications of the Wilson coefficients
a1;2 from the vertex corrections are given as

aiðμÞ → aiðμÞ þ
αsðμÞ
4π

CF
CiðμÞ
Nc

ViðM2Þ; i ¼ 1; 2;

ð31Þ

with M2 being the meson emitted from the weak vertex.
The vertex functions V1;2ðM2Þ are written as [61]

V1;2ðM2Þ ¼ 12 ln
mb

μ
− 18þ 2

ffiffiffiffiffiffiffiffi
2Nc

p
fM2

Z
1

0

dxΦM2
ðxÞgðxÞ;

ð32Þ

where fM2
and ΦM2

ðxÞ are the decay constant and the
twist-2 meson distribution amplitude of the meson M2,
respectively. The hard kernel gðxÞ is

gðxÞ ¼ 3

�
1 − 2x
1 − x

ln x − iπ

�
þ
�
2Li2ðxÞ − ln2xþ 2 ln x

1 − x

− ð3þ 2i πÞ ln x − ðx ↔ 1 − xÞ
�
: ð33Þ

The modifications of the Wilson coefficients a1;2 from the
hard spectator-scattering corrections arising from a hard
gluon exchange between the emitted meson and the
spectator quark are written as

a1ðμÞ → a1ðμÞ þ
CFπαsC2

N2
c

H1ðM1M2Þ;

a2ðμÞ → a2ðμÞ þ
CFπαsC1

N2
c

H2ðM1M2Þ; ð34Þ

where the hard spectator functionsHi (i ¼ 1, 2) are defined
as [62]

HiðM1M2Þ ¼
−fBfM1

DðM1M2Þ
Z

1

0

dρ
ρ
ΦBðρÞ

Z
1

0

dξ

ξ̄
ΦM2

ðξÞ

×
Z

1

0

dη
η̄

�
�ΦM1

ðηÞ þ rM1
χ

ξ̄

ξ
ΦP

M1
ðηÞ

�
; ð35Þ

with ξ̄ ¼ 1 − ξ and η̄ ¼ 1 − η. ΦM1
and ΦP

M1
are the twist-2

and twist-3 LCDAs of the meson M1. The definitions of
DðM1M2Þ and rM1

χ can be found in Ref. [62]. It is noticed
that if the emitted meson is heavy, such as D meson, the
mechanism of color transparency is not operative and the
infrared cancellation is lost. While under the limit where
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the charmed meson D is considered as a light meson
(mc ≪ mb), one can give a rough estimate of the next-to-
leading order (NLO) corrections. In this limit the vertex
functions V1;2ðDÞ and the hard spectator functions
H1;2ðM1DÞ should be modified as follows [63]

V1;2ðDÞ ¼ 12 ln
mb

μ
þ
Z

1

0

dxΦDðxÞ½ln2ð1 − xÞ

þ lnð1 − xÞ þ π2=3 − 6

þ iπð2 lnð1 − xÞ − 3Þ�; ð36Þ

H1;2ðM1DÞ ¼ NcfBfM1

FBM1

0 ðm2
DÞm2

B

mB

λB

Z
1

0

dx
1 − x

ΦDðxÞ; ð37Þ

where FBM1

0 is the form factor of the transition B → M1

with M1 being a pseudoscalar or a scalar meson. FBM1

0

should be replaced with VBM1

0 ðABM1

0 Þ when M1 is an
(a) axial-vector (vector) meson.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Transition form factors

The input parameters, such as the masses of the initial
and final mesons, the decay constants, are listed in Table I.
The decay constants of the axial mesonsDs1 andD0

s1 can be
obtained from fD1=2

s1
and fD3=2

s1
through the mixing between

D1=2
s1 and D3=2

s1

fDs1
¼ fD1=2

s1
cos θs þ fD3=2

s1
sin θs;

fD0
s1
¼ −fD1=2

s1
sin θs þ fD3=2

s1
cos θs: ð38Þ

Using these decay constants and the masses of the
constituent quarks and mesons given in Table I, we can

obtain the values of the shape parameters β0 for our
considered mesons, which are listed in Table II.
It is noticed that all the computations are conducted

within the qþ ¼ 0 reference frame, where the form factors
can only be obtained at spacelike momentum transfers
q2 ¼ −q2⊥ ≤ 0. It is necessary to know the form factors in
the timelike region for the physical decay processes. Here,
we utilize the following double-pole approximation to
parameterize the form factors in the spacelike region and
then extend to the timelike region,

Fðq2Þ ¼ Fð0Þ
1 − aq2=m2 þ bq4=m4

; ð39Þ

where m represents the initial meson mass and Fðq2Þ
denotes the different form factors. The values of a and b
can be obtained by performing a 3-parameter fit to the form
factors in the range −15 GeV2 ≤ q2 ≤ 0, which are col-
lected in Tables III and VI. The uncertainties arise from the
decay constants of the initial BðsÞ meson and the final state
mesons.

TABLE I. The values of the input parameters Refs. [64–68].

Mass (GeV) mb ¼ 4.8 mc ¼ 1.4 ms ¼ 0.37 mu;d ¼ 0.25 mB ¼ 5.279
mπ ¼ 0.140 mK ¼ 0.494 mρ ¼ 0.775 mK� ¼ 0.892 mBs

¼ 5.367
mD�

0
¼ 2.343 mD�

s0
¼ 2.317 mD ¼ 1.86966 mDs

¼ 1.96835
mDs1

¼ 2.460 mD0
s1
¼ 2.536 mD�

s
¼ 2.1122 mD� ¼ 2.010

Decay constants (GeV) fπ ¼ 0.13 fρ ¼ 0.209� 0.002
fK ¼ 0.16 fK� ¼ 0.217� 0.005

fB ¼ 0.19� 0.02 fBs
¼ 0.231� 0.015

fD ¼ 0.2046� 0.005 fDs
¼ 0.2575� 0.0046

fD� ¼ 0.245� 0.02þ0.003
−0.002 fD�

s
¼ 0.272� 0.016þ0.003

−0.020
fDs1

¼ 0.145� 0.011 fD0
s1
¼ 0.032� 0.006

fD3=2
s1

¼ 0.05 fD1=2
s1

¼ 0.145

f3Ds1
¼ −0.121 f1Ds1

¼ 0.038
fD�

0
¼ 0.103� 0.021 fD�

s0
¼ 0.067� 0.013

TABLE II. The shape parameters β0 (in units of GeV) in the
Gaussian-type light-front wave functions defined in Eq. (16), and
the uncertainties are from the decay constants.

β0π β0K β0ρ β0K� β0D
0.317 0.37 0.261þ0.001

−0.002 0.279� 0.004 0.464þ0.011
−0.014

β0B β0Bs
β0Ds

β0D� β0D�
s

0.555þ0.048
−0.048 0.628þ0.035

−0.034 0.497þ0.032
−0.028 0.409þ0.021

−0.022 0.438þ0.016
−0.027

β0D�
0

β0D�
s0

β03Ds1
β01D0

s1

0.373þ0.063
−0.059 0.325þ0.043

−0.043 0.342þ0.030
−0.034 0.342þ0.039

−0.039
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TABLE IV. Form factors of the transitions BðsÞ → DðsÞ; D�
ðsÞ; πðρÞ; KðK�Þ at q2 ¼ 0 together with other

theoretical results.

Transitions References F0ð0Þ Vð0Þ A0ð0Þ A1ð0Þ A2ð0Þ
B → D;D� This work 0.66 0.73 0.67 0.63 0.59

[51] 0.67 0.75 0.64 0.63 0.62
[70] 0.67 0.76 0.69 0.66 0.62
[60] 0.69 0.71 0.62 0.65 0.69

Bs → Ds;D�
s This work 0.65 0.57 0.72 0.65 0.62

[71] 0.74 0.95 0.67 0.70 0.75
[72] 0.61 0.64 � � � 0.56 0.59
[73] 0.57 0.70 0.70 0.65 0.67
[74] 0.70 0.63 � � � 0.62 0.75

B → π; ρ This work 0.25 0.25 0.28 0.22 0.19

[51] 0.25 0.27 0.28 0.22 0.20
[75] 0.26 0.34 0.37 0.26 0.22
[70] 0.29 0.31 0.29 0.26 0.24
[60] 0.33 0.33 0.28 0.28 0.28

B → K;K� This work 0.35 0.30 0.33 0.26 0.24

[51] 0.35 0.31 0.31 0.26 0.24
[75] 0.34 0.46 0.47 0.34 0.28
[70] 0.36 0.44 0.45 0.36 0.32
[60] 0.38 0.37 0.32 0.33 0.33

TABLE III. Form factors of the transitions BðsÞ → D�
0; D

�
s0; DðsÞ; D�

ðsÞ in the CLFQM. The uncertainties are from
the decay constants of BðsÞ and final state mesons.

Fiðq2 ¼ 0Þ Fiðq2maxÞ a b

F
BD�

0

1
0.25þ0.03þ0.05

−0.02−0.05 0.30þ0.03þ0.06
−0.03−0.07 0.70þ0.04þ0.03

−0.05−0.11 0.65þ0.08þ0.03
−0.07−0.07

F
BD�

0

0
0.25þ0.03þ0.05

−0.02−0.05 0.22þ0.02þ0.04
−0.01−0.04 −0.38þ0.04þ0.05

−0.04−0.02 0.21þ0.07þ0.08
−0.07−0.08

F
BsD�

s0
1

0.21þ0.02þ0.04
−0.01−0.04 0.24þ0.02þ0.05

−0.01−0.05 0.63þ0.05þ0.07
−0.06−0.12 0.78þ0.08þ0.01

−0.09−0.04

F
BsD�

s0
0

0.21þ0.02þ0.04
−0.01−0.04 0.18þ0.02þ0.03

−0.01−0.03 −0.43þ0.01þ0.01
−0.00−0.02 0.28þ0.03þ0.01

−0.06−0.04

FBD
1 0.66þ0.00þ0.00

−0.01−0.01 0.81þ0.00þ0.00
−0.01−0.02 0.80þ0.01þ0.00

−0.01−0.01 0.86þ0.03þ0.01
−0.03−0.01

FBD
0 0.66þ0.00þ0.00

−0.01−0.01 0.70þ0.02þ0.00
−0.02−0.01 0.46þ0.01þ0.01

−0.00−0.00 0.78þ0.10þ0.03
−0.10−0.02

FBsDs
1

0.65þ0.00þ0.01
−0.00−0.02 0.79þ0.00þ0.01

−0.00−0.03 0.84þ0.01þ0.01
−0.01−0.02 1.02þ0.03þ0.04

−0.04−0.05

FBsDs
0

0.65þ0.00þ0.01
−0.00−0.02 0.68þ0.01þ0.01

−0.01−0.03 0.50þ0.01þ0.01
−0.01−0.02 0.99þ0.07þ0.09

−0.07−0.10

VBD�
0.73þ0.01þ0.01

−0.01−0.02 0.89þ0.01þ0.01
−0.02−0.03 0.82þ0.01þ0.00

−0.01−0.01 0.91þ0.05þ0.02
−0.05−0.02

ABD�
0 0.67þ0.00þ0.02

−0.01−0.02 0.70þ0.00þ0.02
−0.02−0.03 0.16þ0.02þ0.00

−0.03−0.01 0.15þ0.00þ0.00
−0.01−0.01

ABD�
1 0.63þ0.00þ0.01

−0.00−0.01 0.72þ0.01þ0.01
−0.00−0.01 0.42þ0.02þ0.01

−0.02−0.01 0.22þ0.03þ0.02
−0.01−0.00

ABD�
2 0.59þ0.00þ0.00

−0.01−0.01 0.71þ0.00þ0.00
−0.01−0.01 0.75þ0.01þ0.01

−0.02−0.02 0.78þ0.04þ0.03
−0.04−0.03

VBsD�
s 0.72þ0.01þ0.02

−0.00−0.02 0.86þ0.02þ0.03
−0.00−0.02 0.86þ0.02þ0.01

−0.02−0.00 1.10þ0.05þ0.04
−0.05−0.02

ABsD�
s

0
0.65þ0.01þ0.02

−0.00−0.03 0.69þ0.01þ0.02
−0.01−0.04 0.23þ0.02þ0.00

−0.03−0.01 0.21þ0.01þ0.02
−0.01−0.01

ABsD�
s

1
0.62þ0.00þ0.01

−0.01−0.02 0.72þ0.00þ0.00
−0.02−0.03 0.48þ0.01þ0.00

−0.03−0.02 0.32þ0.03þ0.03
−0.02−0.01

ABsD�
s

2
0.57þ0.00þ0.00

−0.00−0.00 0.68þ0.00þ0.00
−0.00−0.00 0.80þ0.01þ0.01

−0.02−0.02 0.95þ0.04þ0.06
−0.04−0.03
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In Table III, we list the form factors of the transitions
BðsÞ → D�

0; D
�
s0; DðsÞ; D�

ðsÞ. One can find that the form
factors of the transitions BðsÞ → D�

0; D
�
s0 are much smaller.

This conclusion is also supported by other works, for
example, the form factor of the transition B → D�

0 was
obtained as 0.24 and 0.18 within the CLFQM [51] and the
2nd version of the Isgur-Scora-Grinstein-Wise (ISGW2)
approach [67], respectively. Furthermore, our result for the
form factor of the transition Bs → D�

s0 is consistent with
0.20 given in the ISGW2 model [67], while smaller than
0.40 given by the QCD sum rules (QCDSR) approach [69].
As to the form factors of the transitions BðsÞ → DðsÞ;
D�

ðsÞ; πðρÞ; KðK�Þ, they have been searched by many
approaches, such as the Melikhov-Stech (MS) model [70],
the relativistic quark model (RQM) [71], the BSW
model [60,72], the Bethe-Salpeter (BS) equation [73],
the QCDSR [74] and the light cone sum rules (LSCR)
approach [75]. Considering the need for the latter branch-
ing ratio calculations, we also give them in Table IV with
other theoretical results for comparison. Obviously, our
predictions are consistent well with these theoretical
results. For the transitions BðsÞ → D�

0; D
�
s0; Ds1; D0

s1, we
also use the z-series expansion to parameterize the form
factors, which is expressed as [76]

Fðq2Þ ¼ 1

1 − q2

M2
BðsÞ

XK
k¼0

a0k½zðq2Þ − zð0Þ�k; ð40Þ

where a0k refers to the fitting parameters and zðq2Þ≡
zðq2; t0Þ is the function

zðq2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ; ð41Þ

in which tþ and t0 are ðMBðsÞ þMSðAÞÞ2 and

ðMBðsÞ þMSðAÞÞð
ffiffiffiffiffiffiffiffiffiffi
MBðsÞ

q
−

ffiffiffiffiffiffiffiffiffiffiffiffi
MSðAÞ

p Þ2, respectively. Here

the subscript SðAÞ refers to the charmed scalar (axial-
vector) mesons, that is D�

0; D
�
s0ðDs1; D0

s1Þ. Since the higher
order terms in the z-series parameterization given in
Eq. (40) have trivial contribution, the expansion is trun-
cated at K ¼ 2, which contains the free parameters a00, a

0
1,

and a02. The comparison between these two parametrization
schemes, namely the 3-parameter function (type I) and the
z-series expansion (Type II), is listed in Table V. Although
the fitting parameters for these two types of parametriza-
tions are very different (a, b refers to the slope parameters,
while a01; a

0
2 do not correspond to any physical interpreta-

tion), one can find that the differences of the q2-dependence
of the form factors between these two parametrizations
are small.
In order to determine the physical form factors of the

transitions Bs → Ds1; D0
s1, we need to know the mixing

angle θ ¼ θs þ 35.3° between 1Ds1 and 3Ds1 shown in
Eq. (3). Here we take θs ¼ 7°, which was determined from
the quark potential model [67]. The results are listed in
Table VI, where the uncertainties are from the decay
constants of Bs and the final states (3Ds1, 1Ds1). In
Fig. 2, we check the dependence of the form factors of
the transitions Bs → Ds1; D0

s1 on the mixing angle θs. We
find that the form factor V0 of the transition Bs → D0

s1
(Bs → Ds1) is (not) sensitive to the mixing angle. It can be
used to explain why the branching ratios of the decays
associated with the transition Bs → D0

s1 (Bs → Ds1) are
(not) sensitive to the mixing angle, which will be discussed
in the latter.
In Fig. 3, we plot the q2-dependence of the form factors

of the transitions BðsÞ → D�
0; D

�
s0; Ds1; D0

s1. There exists the
similar q2-dependence of the form factors F0;1ðq2Þ between
the transitions B → D�

0 and Bs → D�
s0. It is consistent with

our expectation. While it is very different in magnitude
between the corresponding form factors for the transitions
Bs → Ds1 and Bs → D0

s1.

TABLE V. The comparison of the fitting results for the form
factors of the transitions BðsÞ → D�

0; D
�
s0; Ds1; D0

s1 between the 3-
parameter function (type I) and the z-series expansion (type II).

Type I Fiðq2 ¼ 0Þ a b

Form factors Type II a00 Fiðq2maxÞ a01 a02

F
BD�

0

1
Type I 0.25 0.30 0.70 0.65
Type II 0.25 0.22 2.97 10.43

F
BD�

0

0
Type I 0.25 0.22 −0.38 0.21
Type II 0.25 0.27 1.66 0.00

F
BsD�

s0
1

Type I 0.21 0.24 0.63 0.78
Type II 0.21 0.18 2.40 7.91

F
BsD�

s0
0

Type I 0.21 0.18 −0.43 0.28
Type II 0.21 0.23 1.34 −0.16

ABsDs1 Type I 0.20 0.18 −0.27 0.11
Type II 0.20 0.21 1.41 0.80

VBsDs1
0

Type I 0.40 0.42 −0.17 −0.02
Type II 0.40 0.39 3.58 6.54

VBsDs1
1

Type I 0.58 0.57 −0.05 0.02
Type II 0.58 0.58 4.60 6.05

VBsDs1
2

Type I −0.05 −0.05 0.56 2.50
Type II −0.05 −0.05 −0.67 −2.06

ABsD0
s1 Type I 0.08 0.03 2.05 5.57

Type II 0.08 0.06 1.21 4.48

V
BsD0

s1
0

Type I −0.08 −0.05 1.24 0.74
Type II −0.08 −0.07 −1.04 −3.34

V
BsD0

s1
1

Type I 0.17 0.15 −0.52 0.36
Type II 0.17 0.19 1.08 −0.22

V
BsD0

s1
2

Type I 0.11 0.10 0.25 −0.07
Type II 0.11 0.11 1.06 2.08
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B. Branching ratios

In addition to the parameters listed in Table I, other inputs, such as the BðsÞ meson lifetime τBðsÞ , the Wilson coefficients
a1, a2 and the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, are listed as [65,77]

τB� ¼ ð1.519� 0.004Þ × 10−12s; τBs
¼ ð1.520� 0.005Þ × 10−12s ð42Þ

τB0
¼ ð1.638� 0.004Þ × 10−12s; a1 ¼ 1.018; a2 ¼ 0.17; ð43Þ

Vcd ¼ 0.221� 0.004; Vcb ¼ ð40.8� 1.4Þ × 10−3; Vcs ¼ 0.975� 0.006 ð44Þ

Vus ¼ 0.2243� 0.0008; Vud ¼ 0.97373� 0.00031: ð45Þ

First, we consider the branching ratios of the decays BðsÞ → D�
ðsÞ0M withM being a light pseudoscalar (vector) meson PðVÞ

or a charmed meson ðDð�Þ; Dð�Þ
s Þ, which can be calculated through the formula

BrðBðsÞ → D�
ðsÞ0MÞ ¼ τBðsÞ

ℏ
ΓðBðsÞ → D�

ðsÞ0MÞ; ð46Þ

where the decay width ΓðBðsÞ → D�
0ðD�

s0ÞMÞ for each channel is given as following

TABLE VI. The form factors of the transitions Bs → Ds1 and Bs → D0
s1 in the CLFQM. The uncertainties are

from the decay constants of BðsÞ and final states.

Fiðq2 ¼ 0Þ Fiðq2maxÞ a b

ABsDs1 0.20þ0.01þ0.02þ0.01
−0.01−0.02−0.00 0.18þ0.02þ0.02þ0.02

−0.01−0.02−0.00 −0.27þ0.06þ0.03þ0.07
−0.07−0.05−0.08 0.11þ0.02þ0.01þ0.02

−0.02−0.01−0.03

VBsDs1
0

0.40þ0.02þ0.01þ0.04
−0.02−0.00−0.04 0.42þ0.02þ0.01þ0.05

−0.02−0.00−0.05 −0.17þ0.02þ0.02þ0.03
−0.04−0.04−0.04 −0.02þ0.01þ0.00þ0.00

−0.00−0.00−0.01

VBsDs1
1

0.58þ0.01þ0.02þ0.02
−0.02−0.03−0.03 0.57þ0.01þ0.02þ0.02

−0.02−0.03−0.03 −0.05þ0.01þ0.01þ0.00
−0.01−0.01−0.00 0.02þ0.00þ0.01þ0.01

−0.00−0.00−0.00

VBsDs1
2

−0.05þ0.01þ0.01þ0.02
−0.00−0.00−0.01 −0.05þ0.01þ0.01þ0.03

−0.00−0.01−0.02 0.56þ0.06þ0.12þ0.18
−0.06−0.15−0.20 2.50þ0.25þ1.11þ1.25

−0.20−0.85−0.98

ABsD0
s1 0.08þ0.01þ0.02þ0.00

−0.01−0.02−0.01 0.03þ0.01þ0.01þ0.00
−0.02−0.03−0.00 2.05þ0.13þ0.24þ0.26

−0.10−0.26−0.24 5.57þ0.25þ0.34þ0.36
−0.20−0.26−0.32

V
BsD0

s1
0

−0.08þ0.01þ0.01þ0.04
−0.01−0.00−0.04 −0.05þ0.02þ0.02þ0.04

−0.01−0.00−0.04 1.24þ0.05þ0.14þ0.18
−0.06−0.17−0.18 0.74þ0.02þ0.16þ0.14

−0.02−0.10−0.14

V
BsD0

s1
1

0.17þ0.02þ0.03þ0.02
−0.03−0.02−0.02 0.15þ0.01þ0.02þ0.01

−0.03−0.02−0.02 −0.52þ0.06þ0.02þ0.05
−0.05−0.02−0.05 0.36þ0.01þ0.02þ0.02

−0.00−0.03−0.07

V
BsD0

s1
2

0.11þ0.01þ0.00þ0.01
−0.02−0.01−0.02 0.10þ0.01þ0.00þ0.01

−0.02−0.01−0.02 0.25þ0.06þ0.00þ0.06
−0.07−0.00−0.07 −0.07þ0.03þ0.00þ0.01

−0.04−0.01−0.03

FIG. 2. The dependence of the form factors of the transitions Bs → Ds1 (a) and Bs → D0
s1 (b) on the mixing angle θs.
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ΓðB0 → D�−
0 PðVÞÞ ¼

���GFVcbV�
uqa1fPðVÞm2

BF
BD�

0

0 ðm2
PðVÞÞ

���2
32πmB

	
1 − r2D�

0



; ð47Þ

ΓðB0 → D�−
0 Dð�ÞþÞ ¼

���GFVcbV�
cda1fDð�Þm2

BF
BD�

0

0 ðm2
Dð�Þ Þ

���2
32πmB

	
1 − r2D�

0
− r2

Dð�Þ



; ð48Þ

where PðVÞ refers to π, K (ρ; K�) and the subscript q ¼ dðsÞ. ΓðB0 → D�−
0 Dð�Þþ

s Þ can be obtained by replacing Vcd;Dð�Þ

with Vcs, D
ð�Þ
s in Eq. (48). There exist similar expressions for the cases with B0; D�−

0 replaced by B0
s ; D�−

s0 in the upper
decays. While for the charged B decays Bþ → D̄�0

0 PðVÞ with PðVÞ being πþ; Kþðρþ; K�þÞ, the corresponding decay
widths should be written as

ΓðBþ → D̄�0
0 πþðKþÞÞ ¼

ðGFV�
cbVuqm2

BÞ2ð1 − r2D�
0
Þ

32πmB

���a1fπðKÞFBD�
0

0 ðm2
πðKÞÞ þ a2fD�

0
FBπðKÞ
0 ðm2

D�
0
Þ
���2; ð49Þ

ΓðBþ → D̄�0
0 ρþðK�þÞÞ ¼

ðGFV�
cbVuqm2

BÞ2ð1 − r2D�
0
Þ

32πmB

���a1fρðK�ÞF
BD�

0

0 ðm2
ρðK�ÞÞ þ a2fD�

0
ABρðK�Þ
0 ðm2

D�
0
Þ
���2: ð50Þ

Secondly, the decay widths of the decays Bs → Dð0Þ
s1M are defined as

ΓðBs → Dð0Þ
s1πðKÞÞ ¼

���GFVcbV�
uqa1fπðKÞm2

Bs
V
BsD

ð0Þ
s1

0 ðm2
πðKÞÞ

���2
32πmBs

ð1 − r2
Dð0Þ

s1

Þ; ð51Þ

'

FIG. 3. The q2-dependence of the form factors of the transitions B → D�
0 (a) Bs → D�

s0 (b) Bs → Ds1 (c) and Bs → D0
s1 (d),

respectively.
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ΓðBs → Dð0Þ
s1DðsÞÞ ¼

���GFVcbV�
cqa1fDðsÞm

2
Bs
V
BsD

ð0Þ
s1

0 ðm2
DðsÞ Þ

���2
32πmBs

	
1 − r2

Dð0Þ
s1

− r2DðsÞ



; ð52Þ

ΓðBs → Dð0Þ
s1VÞ ¼

jp⃗j
8πm2

Bs

	���AL

	
Bs → Dð0Þ

s1V

���2 þ 2

���AN

	
Bs → Dð0Þ

s1V

���2þ2

���AT

	
Bs → Dð0Þ

s1V

���2
; ð53Þ

where V represents a vector meson, such as ρ; K�; D�
ðsÞ, and the summation of the three polarizations for the decays

Bs → Dð0Þ
s1V are performed. The three-momentum p⃗ is defined as

jp⃗j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

Bs
− ðm

Dð0Þ
s1
þmVÞ2Þðm2

Bs
− ðm

Dð0Þ
s1
−mVÞ2Þ

q
2mBs

; ð54Þ

and the three polarization amplitudes AL, AN , and AT are given as

iALðBs → Dð0Þ
s1VÞ ¼

ð−iÞ3GFffiffiffi
2

p VcbV�
q1q2a1fVm

2
Bs

1

2r
Dð0Þ

s1

×

2
4ð1 − r2V − r2

Dð0Þ
s1

Þð1 − r
Dð0Þ

s1
ÞVBsD

ð0Þ
s1

1 ðm2
VÞ −

λð1; r2V; r2Dð0Þ
s1

Þ
1 − r

Dð0Þ
s1

V
BsD

ð0Þ
s1

2 ðm2
VÞ
3
5;

iANðBs → Dð0Þ
s1VÞ ¼

ð−iÞ3GFffiffiffi
2

p VcbV�
q1q2a1fVm

2
Bs
rVð1 − r

Dð0Þ
s1
ÞVBsD

ð0Þ
s1

1 ðm2
VÞ;

iATðBs → Dð0Þ
s1VÞ ¼

−iGFffiffiffi
2

p VcbV�
q1q2a1fVm

2
Bs
rV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λð1; r2V; r2Dð0Þ

s1

Þ
q

1 − r
Dð0Þ

s1

ABsD
ð0Þ
s1 ðm2

VÞ; ð55Þ

with q1 ¼ u, c and q2 ¼ d, s, λð1; r2V; r2Ds1
Þ ¼ ð1þ r2V − r2Ds1

Þ2 − 4r2V . As to the decay widths of the decays B → Dð0Þ
s1D and

B → Dð0Þ
s1D

�, they can be obtained from Eqs. (52) and (53) with some simple replacements, respectively. Using the upper
listed input parameters and the formulas given in Eqs. (46)–(55), one can calculate the branching ratios for the considered
decays shown in Tables VII–XIV.

TABLE VII. The CLFQM predictions for the branching ratios of the decays B → D�
0πðKÞ. The label LO, VC and HSSC mean the

inclusions of the leading order, the vertex corrections and the hard spectator-scattering corrections, respectively. NLO means the
inclusions of these two kinds of corrections at the same time. The upper (lower) line is corresponding to fD�

0
¼ 0.078ð0.103Þ GeV for

each decay. The first and second uncertainties are from the decay constants of B and D�
0.

LO VC HSSC NLO Other predictions References

10−4 × BrðBþ → D̄�0
0 πþÞ 2.98þ1.07þ1.72

−0.83−1.44 4.68þ1.48þ2.15
−1.09−1.90 2.60þ1.00þ1.61

−0.77−1.33 4.18þ1.27þ2.03
−1.02−1.77 8.93 PQCD [78]

7.3 CLFQM [51]
5.45þ1.24þ2.53

−1.09−2.36 8.49þ1.57þ3.16
−1.42−3.08 4.71þ1.15þ2.35

−1.10−2.16 7.59þ1.48þ2.98
−1.32−2.88 7.7 ISGW2 [67]

4.2 ISGW [79]

10−4 × BrðB0 → D�−
0 πþÞ 3.68þ1.03þ1.82

−0.91−1.58 3.83þ0.95þ1.89
−1.18−1.65 3.59þ1.11þ1.77

−0.89−1.55 3.75þ1.16þ1.85
−0.93−1.61 4.28 PQCD [78]

6.69þ1.32þ2.66
−1.18−2.56 6.97þ1.37þ2.78

−1.23−2.67 6.54þ1.29þ2.60
−1.15−2.51 6.81þ1.34þ2.71

−1.20−2.61 2.6 ISGW2 [67]
4.1 ISGW [79]

10−5 × BrðBþ → D̄�0
0 KþÞ 2.25þ0.90þ1.32

−0.68−1.11 3.74þ1.07þ1.70
−0.86−1.51 1.94þ0.76þ1.23

−0.58−1.01 3.20þ0.98þ1.57
−0.78−1.37 6.96 PQCD [78]

4.12þ0.95þ1.95
−0.83−1.81 6.78þ1.24þ2.50

−1.12−2.43 3.57þ0.88þ1.81
−0.76−1.66 6.08þ1.17þ2.35

−1.05−2.27

10−5 × BrðB0 → D�−
0 KþÞ 2.91þ0.90þ1.44

−0.72−1.25 3.03þ0.75þ1.50
−0.94−1.30 2.82þ0.87þ1.39

−0.70−1.21 2.94þ0.91þ1.45
−0.73−1.26 3.57 PQCD [78]

5.29þ1.04þ2.11
−0.93−2.03 5.52þ1.09þ2.20

−0.97−2.11 5.13þ1.01þ2.04
−1.00−1.97 5.35þ1.05þ2.13

−0.94−2.05
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TABLE IX. The CLFQM predictions for the branching ratios (10−3) of the decays B → D�
0DðsÞ; D�

0D
�
ðsÞ; D

�
0ρ; D

�
0K

�. The labels LO,
VC, HSSC, NLO and the error sources are the same with those given in Table VII. Other theoretical predictions are also listed for
comparison.

LO VC HSSC NLO ISGW2 [67] ISGW [79]

BrðBþ → D̄�0
0 Dþ

s Þ 1.54þ0.47þ0.76
−0.38−0.66 1.52þ0.47þ0.75

−0.38−0.65 1.52þ0.47þ0.75
−0.38−0.65 1.51þ0.46þ0.74

−0.37−0.65 0.80 2.7

2.79þ0.55þ1.11
−0.49−1.07 2.76þ0.54þ1.10

−0.49−1.06 2.76þ0.55þ1.10
−0.49−1.06 2.74þ0.54þ1.09

−0.48−1.05

BrðB0 → D�−
0 Dþ

s Þ 1.42þ0.44þ0.70
−0.35−0.61 1.41þ0.43þ0.70

−0.35−0.61 1.41þ0.44þ0.70
−0.35−0.61 1.40þ0.43þ0.69

−0.34−0.60 0.73 2.6

2.59þ0.51þ1.03
−0.46−0.99 2.56þ0.51þ1.02

−0.45−0.98 2.53þ0.50þ1.01
−0.45−0.97 2.51þ0.49þ1.00

−0.44−0.96

BrðBþ → D̄�0
0 D�þ

s Þ 1.71þ0.53þ0.85
−0.42−0.74 1.70þ0.52þ0.84

−0.42−0.73 1.73þ0.53þ0.85
−0.43−0.74 1.71þ0.53þ0.84

−0.42−0.73 0.35 � � �
3.11þ0.61þ1.24

−0.55−1.19 3.08þ0.61þ1.23
−0.54−1.18 3.14þ0.62þ1.25

−0.55−1.20 3.11þ0.61þ1.24
−0.55−1.19

BrðB0 → D�−
0 D�þ

s Þ 1.59þ0.49þ0.78
−0.39−0.68 1.57þ0.49þ0.78

−0.39−0.68 1.60þ0.49þ0.80
−0.39−0.69 1.58þ0.49þ0.78

−0.39−0.68 0.32 � � �
2.89þ0.57þ1.15

−0.51−1.11 2.86þ0.56þ1.14
−0.50−1.10 2.86þ0.56þ1.14

−0.50−1.10 2.83þ0.56þ1.13
−0.50−1.09

BrðBþ → D̄�0
0 ρþÞ 0.81þ0.28þ0.44

−0.22−0.38 0.85þ0.29þ0.47
−0.22−0.40 0.89þ0.29þ0.46

−0.23−0.40 0.94þ0.30þ0.48
−0.24−0.42 1.30 � � �

1.47þ0.32þ0.65
−0.29−0.61 2.03þ0.38þ0.77

−0.34−0.75 1.63þ0.34þ0.68
−0.30−0.65 2.21þ0.39þ0.80

−0.36−0.78

BrðB0 → D�−
0 ρþÞ 0.94þ0.29þ0.46

−0.23−0.40 0.97þ0.30þ0.48
−0.24−0.42 0.95þ0.29þ0.47

−0.23−0.41 0.99þ0.30þ0.49
−0.24−0.42 0.64 � � �

1.70þ0.34þ0.68
−0.30−0.65 1.77þ0.35þ0.71

−0.31−0.68 1.66þ0.33þ0.66
−0.29−0.64 1.73þ0.34þ0.69

−0.31−0.66

BrðBþ → D̄�0
0 K�þÞ 0.045þ0.016þ0.025

−0.012−0.021 0.047þ0.016þ0.026
−0.013−0.022 0.049þ0.016þ0.026

−0.013−0.022 0.052þ0.017þ0.027
−0.013−0.023 � � � � � �

0.082þ0.018þ0.037
−0.016−0.034 0.116þ0.022þ0.044

−0.020−0.043 0.090þ0.019þ0.038
−0.017−0.036 0.126þ0.022þ0.045

þ0.020þ0.044

BrðB0 → D�−
0 K�þÞ 0.054þ0.017þ0.026

−0.013−0.023 0.056þ0.017þ0.028
−0.014−0.024 0.054þ0.017þ0.027

−0.013−0.023 0.056þ0.017þ0.028
−0.014−0.024 � � � � � �

0.097þ0.019þ0.039
−0.017−0.037 0.101þ0.020þ0.040

−0.018−0.039 0.095þ0.019þ0.038
−0.017−0.036 0.099þ0.020þ0.040

−0.018−0.038

BrðBþ → D̄�0
0 DþÞ 0.052þ0.016þ0.026

−0.013−0.022 0.051þ0.016þ0.025
−0.013−0.022 0.052þ0.016þ0.026

−0.013−00.22 0.051þ0.016þ0.025
−0.013−0.022 � � � 0.114

0.094þ0.019þ0.038
−0.017−0.036 0.093þ0.018þ0.037

−0.016−0.036 0.094þ0.019þ0.037
−0.017−0.036 0.092þ0.018þ0.037

−0.016−0.035

BrðB0 → D�−
0 DþÞ 0.048þ0.015þ0.024

−0.012−0.021 0.047þ0.015þ0.023
−0.012−0.020 0.048þ0.015þ0.024

−0.012−0.021 0.047þ0.015þ0.023
−0.012−0.020 � � � 0.111

0.087þ0.017þ0.035
−0.015−0.033 0.086þ0.017þ0.034

−0.015−0.033 0.086þ0.017þ0.034
−0.015−0.033 0.085þ0.017þ0.034

−0.015−0.032

BrðBþ → D̄�0
0 D�þÞ 0.074þ0.023þ0.037

−0.018−0.032 0.073þ0.023þ0.036
−0.018−0.031 0.075þ0.023þ0.037

−0.019−0.032 0.074þ0.023þ0.037
−0.018−0.032 � � � � � �

0.135þ0.027þ0.054
−0.024−0.052 0.133þ0.026þ0.053

−0.023−0.051 0.137þ0.027þ0.054
−0.024−0.052 1.340þ0.027þ0.054

−0.024−0.052

BrðB0 → D�−
0 D�þÞ 0.069þ0.021þ0.034

−0.017−0.030 0.068þ0.021þ0.033
−0.017−0.029 0.070þ0.022þ0.034

−0.017−0.030 0.069þ0.021þ0.034
−0.017−0.029 � � � � � �

0.125þ0.024þ0.050
−0.022−0.048 0.123þ0.024þ0.049

−0.022−0.047 0.124þ0.025þ0.050
−0.022−0.048 0.122þ0.024þ0.049

−0.022−0.047

TABLE VIII. The CLFQM predictions for the branching ratios of the decays B → D�
0πðKÞ → DππðKÞ, where the upper (lower)

line is corresponding to fD�
0
¼ 0.078ð0.103Þ GeV for each decay. The first and second uncertainties are from the decay constants

of B and D�
0.

This work PQCD [78] Data

10−4 × BrðBþ → D �0
0 πþ → D−πþπþÞ 2.79þ0.85þ1.35

−0.68−1.18 5.95þ3.14
−2.32 6.1� 0.6� 0.9� 1.6 Belle [3]

6.8� 0.3� 0.4� 2.0 BABAR [32]
5.06þ0.99þ1.99

−0.88−1.92 5.78� 0.08� 0.06� 0.09 LHCb [80]

10−4 × BrðB0 → D�−
0 πþ → D̄0π−πþÞ 2.50þ0.77−1.23−0.82−1.07 2.85þ1.65−1.18 0.60� 0.13� 0.15� 0.22 Belle [82]

0.77� 0.05� 0.03� 0.03 LHCb [83]
4.54þ0.89þ1.81−0.80−1.74 0.80� 0.05� 0.08� 0.04 LHCb [83]

10−5 × BrðBþ → D̄�0
0 Kþ → D−πþKþÞ 2.13þ0.65þ1.05

−0.52−0.91 4.65þ2.46
−1.85 0.61� 0.19� 0.05� 0.14� 0.04 LHCb [84]

4.05þ0.78þ1.57
−0.70−1.51

10−5 × BrðB0 → D�−
0 Kþ → D̄0π−KþÞ 1.96þ0.61þ0.97

−0.49−0.84 2.38þ1.31
−0.98 1.77� 0.26� 0.19� 0.67� 0.20 LHCb [81]

3.57þ0.70þ1.42
−0.63−1.37
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From Table VII, one can find that the branching ratios of
the decays Bþ → D̄�0

0 πþ and Bþ → D̄�0
0 Kþ are sensitive to

the vertex corrections. Both of these two channels are
related to two kinds of Feynman diagrams, one is asso-
ciated with the B → D�

0 transition accompanied by the
emission of a light pseudoscalar meson (π, K), the other is
associated with the B → πðKÞ transition accompanied by
the scalar meson D�

0 emission. We can find that the former

gives the dominant contribution. The other two decay
channels B0 → D�−

0 πþ and B0 → D�−
0 Kþ only receive

one kind of Feynman diagram contribution to their branch-
ing ratios, which is associated with the B → D�

0 transition
accompanied by a light pseudoscalar meson (π, K) emis-
sion. In any case, the contributions from the vertex
corrections and the hard spectator-scatterings are destruc-
tive with each other. In view of the large uncertainty from

TABLE XII. The branching ratios (10−3) of the decays Bs → D�
s0D

ð�Þ
s ; D�

s0D
ð�Þ. The labels LO, VC, HSSC, NLO and the error sources

are the same with those given in Table VII. Other theoretical predictions are also listed for comparison.

LO VC HSSC NLO PQCD [88] RQM [71] LSCR [68]

BrðBs → D�−
s0 D

þ
s Þ 1.96þ0.32þ0.81

−0.29−0.71 1.94þ0.32þ0.80
−0.29−0.70 1.94þ0.32þ0.80

−0.29−0.70 1.92þ0.31þ0.79
−0.28−0.69 2.1þ0.9þ0.3þ0.1

−0.6−0.1−0.1 1.1 13þ7
−5

BrðBs → D�−
s0 D

�þ
s Þ 2.18þ0.36þ0.90

−0.32−0.79 2.16þ0.35þ0.89
−0.32−0.78 2.16þ0.35þ0.89

−0.32−0.78 2.14þ0.35þ0.88
−0.32−0.78 1.8þ0.9þ0.1þ0.1

−0.6−0.1−0.1 2.3 6.0þ2.9
−2.4

BrðBs → D�−
s0 D

þÞ 0.066þ0.011þ0.027
−0.010−0.024 0.065þ0.010þ0.027

−0.011−0.024 0.065þ0.010þ0.027
−0.011−0.024 0.064þ0.011þ0.027

−0.010−0.023 0.065þ0.034þ0.006þ0.002
−0.021−0.004−0.002 � � � 0.5þ0.2

−0.2

BrðBs → D�−
s0 D

�þÞ 0.095þ0.016þ0.039
−0.014−0.034 0.093þ0.015þ0.038

−0.014−0.034 0.094þ0.015þ0.039
−0.014−0.034 0.092þ0.015þ0.038

−0.014−0.033 0.050þ0.026þ0.004þ0.002
−0.017−0.002−0.001 � � � 0.2þ0.1

−0.1

BrðBs → D�þ
s0 D

−
s Þ 1.29þ0.00þ0.06

−0.01−0.06 1.28þ0.00þ0.06
−0.01−0.06 1.24þ0.00þ0.06

−0.01−0.06 1.22þ0.00þ0.06
−0.01−0.06 1.11þ0.56þ0.02þ0.04

−0.37−0.04−0.04 � � � � � �
BrðBs → D�þ

s0 D
�−
s Þ 1.28þ0.01þ0.06

−0.02−0.11 1.27þ0.01þ0.06
−0.01−0.06 1.26þ0.01þ0.06

−0.02−0.11 1.24þ0.01þ0.06
−0.02−0.11 1.48þ0.69þ0.05þ0.06

−0.46−0.07−0.05 � � � � � �

TABLE XI. The CLFQM predictions for the branching ratios (10−4) of the decays Bþ → D�þ
s0 D̄

ð�Þ0 and B0 → D�þ
s0 D

ð�Þ−. The labels
LO, VC, HSSC, NLO and the error sources are the same with those given in Table VII. Other theoretical predictions and data are also
listed for comparison.

BrðBþ → D�þ
s0 D̄

0Þ BrðBþ → D�þ
s0 D̄

�0Þ BrðB0 → D�þ
s0 D

−Þ BrðB0 → D�þ
s0 D

�−Þ
LO 13.81þ0.04þ0.19

−0.21−0.26 13.99þ0.12þ0.87
−0.30−0.95 12.80þ0.04þ0.17

−0.19−0.24 12.97þ0.11þ0.80
−0.28−0.88

VC 13.66þ0.04þ0.18
−0.21−0.26 13.83þ0.12þ0.86

−0.30−0.94 12.66þ0.04þ0.17
−0.19−0.24 12.83þ0.11þ0.80

−0.28−0.87

HSSC 13.62þ0.04þ0.18
−0.21−0.25 13.95þ0.12þ0.87

−0.30−0.95 12.62þ0.04þ0.17
−0.19−0.24 12.96þ0.11þ0.80

−0.28−0.88

NLO 13.47þ0.04þ0.18
−0.20−0.25 13.80þ0.12þ0.86

−0.30−0.94 12.48þ0.04þ0.17
−0.19−0.23 12.81þ0.11þ0.80

−0.28−0.87

PQCD [88] 11.2þ4.0þ0.3þ0.4
−2.8−0.2−0.4 18.3þ7.1þ2.7þ0.7

−5.4−1.7−0.5 10.5þ4.5þ0.4þ0.4
−3.0−0.2−0.4 15.9þ7.0þ2.4þ0.6

−4.9−1.4−0.5
FH [89] 10.3� 1.4 5.0� 0.7 9.6� 1.3 4.7� 0.6
TM [90] 6.77� 1.9 12.10� 3.39 6.37� 1.78 8.89� 2.49
Data [65] 8.0þ1.6

−1.3 9.0þ7.0
−7.0 10.6þ1.6

−1.6 15.0þ6.0
−6.0

TABLE X. The CLFQM predictions for the branching ratios (10−4) of the decays Bs → D�
s0πðKÞ; D�

s0ρðK�Þ. The labels LO, VC,
HSSC, NLO and the error sources are the same with those given in Table VII. Other theoretical predictions are also listed for
comparison.

BrðBs → D�−
s0 π

þÞ BrðBs → D�−
s0 K

þÞ BrðBs → D�−
s0 ρ

þÞ BrðBs → D�−
s0 K

�þÞ
LO 5.06þ0.83þ2.09

−0.75−1.83 0.40þ0.07þ0.17
−0.06−0.15 12.87þ2.11þ5.31

−1.91−4.66 0.74þ0.12þ0.30
−0.11−0.27

VC 5.27þ0.86þ2.17
−0.78−1.91 0.42þ0.07þ0.17

−0.06−0.15 13.40þ2.20þ5.53
−1.99−4.86 0.77þ0.13þ0.32

−0.11−0.28

HSSC 4.96þ0.81þ2.05
−0.74−1.80 0.38þ0.06þ0.16

−0.06−0.14 12.59þ2.06þ5.20
−1.87−4.56 0.72þ0.12þ0.30

−0.11−0.26

NLO 5.17þ0.85þ2.13
−0.77−1.87 0.40þ0.07þ0.16

−0.06−0.14 13.12þ2.15þ5.42
−1.95−4.76 0.75þ0.12þ0.31

−0.11−0.28

PQCD [86] 5.49þ2.64þ0.41þ0.35
−1.68−0.27−0.35 0.51þ0.06þ0.01þ0.01

−0.04−0.01−0.01 17.7þ8.5þ1.3þ1.2
−5.3−0.8−1.1 1.01þ0.44þ0.06þ0.05

−0.31−0.06−0.07

LSCR [68] 5.2þ2.5
−2.1 0.4þ0.2

−0.2 13þ6
−5 0.8þ0.4

−0.3
RQM [71] 9 0.7 22 1.2
NRQM [87] 10 0.9 27 16
ISGW2 [67] 3.3 � � � 8.3 � � �
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the decay constant fD�
0
as mentioned before, two decay

constant values are used in our calculations, which are
shown in Table VII. For each decay, the upper (lower) line
is the result corresponding to fD�

0
¼ 0.078ð0.103Þ GeV.

We can find that the branching ratios are sensitive to the
decay constant fD�

0
. Our predictions are consistent with

other theoretical calculations, such as the PQCD approach
[78], the ISGW quark model [67,79]. Certainly, our result

for the branching ratio of the decay Bþ → D̄�0
0 πþ is also

agreement with the previous CLFQM calculations [51].
The branching ratio of the quasi-two-body decay B →

D�
0P → DπP can be obtained from the corresponding two

body decay B → D�
0P under the narrow width approxima-

tion BrðB→D�
0P→DπPÞ¼BrðB→D�

0PÞBrðD�
0→DπÞ,

where P refers to a light pseudoscalar meson (π, K).
Assuming the D�

0 state decays essentially into Dπ, we have

TABLE XIV. The branching ratios (10−3) of the decays B → Dð�ÞDð0Þ
s1 . The labels LO, VC, HSSC, NLO and the error sources are the

same with those given in Table VII. Other theoretical predictions and data are also listed for comparison.

LO VC HSSC NLO

ISGW2

[67]

ISGW

[91] FH [89] TM [90] Data [65,92]

BrðB0 → D−Dþ
s1Þ 6.41þ0.02þ0.09

−0.10−0.12 7.08þ0.02þ0.09
−0.11−0.13 6.33þ0.02þ0.08

−0.10−0.12 6.99þ0.02þ0.09
−0.11−0.13 3.9 3.4 2.36� 0.36 1.158� 0.324 3.5� 1.1

BrðB0 → D�−Dþ
s1Þ 9.78þ0.08þ0.52

−0.20−0.58 10.52þ0.09þ0.57
−0.22−0.63 9.70þ0.08þ0.52

−0.20−0.58 10.44þ0.08þ0.56
−0.22−0.63 15 � � � 6.85� 1.05 2.709� 0.759 9.3� 2.2

BrðBþ → D̄0Dþ
s1Þ 6.92þ0.02þ0.09

−0.10−0.13 7.64þ0.02þ0.10
−0.12−0.14 6.83þ0.02þ0.09

−0.10−0.13 7.54þ0.02þ0.10
−0.11−0.14 4.3 3.5 2.54� 0.39 1.255� 0.351 3.1þ1.0

−0.9

BrðBþ → D̄�0Dþ
s1Þ 10.55þ0.09þ0.56

−0.22−0.63 11.35þ0.09þ0.61
−0.24−0.68 10.46þ0.08þ0.56

−0.22−0.62 11.26þ0.09þ0.61
−0.23−0.67 16 � � � 7.33� 1.12 3.065� 0.858 12.0� 3.0

BrðB0 → D−D0þ
s1 Þ 0.29þ0.00þ0.00

−0.00−0.01 0.32þ0.00þ0.00
−0.00−0.01 0.29þ0.00þ0.00

−0.00−0.01 0.32þ0.00þ0.00
−0.00−0.01 0.28 3.3 � � � � � � 0.39� 0.18a

BrðB0 → D�−D0þ
s1 Þ 0.45þ0.01þ0.02

−0.00−0.03 0.48þ0.01þ0.03
−0.00−0.03 0.44þ0.00þ0.02

−0.01−0.03 0.48þ0.00þ0.03
−0.01−0.03 1.1 � � � � � � � � � 0.71� 0.28b

BrðBþ → D̄0D0þ
s1 Þ 0.32þ0.00þ0.00

−0.00−0.01 0.35þ0.01þ0.00
−0.00−0.01 0.31þ0.00þ0.00

−0.00−0.01 0.34þ0.00þ0.00
−0.00−0.01 0.31 3.4 � � � � � � 0.35� 0.16a

BrðBþ → D̄�0D0þ
s1 Þ 0.48þ0.00þ0.03

−0.01−0.03 0.52þ0.00þ0.03
−0.01−0.03 0.48þ0.00þ0.03

−0.01−0.03 0.51þ0.00þ0.03
−0.01−0.03 1.2 � � � � � � � � � 0.91� 0.36b

aIt is obtained from the ratios BrðB→DDs1Þ
BrðB→DD�

s Þ ¼ 0.44� 0.11 and BrðB→DD0
s1Þ

BrðB→DD�
s Þ ¼ 0.049� 0.010 [92].

bIt is obtained from the ratios BrðB→D�Ds1Þ
BrðB→D�D�

s Þ ¼ 0.58� 0.12 and
BrðB→D�D0

s1Þ
BrðB→D�D�

s Þ ¼ 0.044� 0.010 [92].

TABLE XIII. The branching ratios (10−3) of the decays Bs → Dð0Þ
s1PðVÞ. The labels LO, VC, HSSC, NLO and the error sources are the

same with those given in Table VII. The results given in the RQM, the NRQM and the ISGW2 models are also listed for comparison.

LO VC HSSC NLO

RQM

[71]

NRQM

[87]

ISGW2

[67]

BrðBs → D−
s1D

þ
s Þ 6.55þ0.56þ0.12þ1.36

−0.55−0.18−1.29 6.48þ0.56þ0.12þ1.34
−0.55−0.17−1.28 6.44þ0.56þ0.12þ1.36

−0.55−0.17−1.28 6.38þ0.56þ0.12þ1.34
−0.54−0.17−1.27 3.0 � � � � � �

BrðBs → D−
s1D

�þ
s Þ 8.45þ0.72þ0.24þ1.59

−0.70−0.32−1.53 8.48þ0.72þ0.25þ1.58
−0.70−0.33−1.52 8.29þ0.71þ0.23þ1.59

−0.69−0.31−1.52 8.32þ0.71þ0.24þ1.58
−0.70−0.32−1.52 5.9 � � � � � �

BrðBs → D−
s1π

þÞ 1.67þ0.14þ0.03þ0.35
−0.14−0.04−0.33 1.74þ0.15þ0.03þ0.36

−0.15−0.05−0.34 1.64þ0.14þ0.03þ0.34
−0.14−0.04−0.33 1.70þ0.15þ0.03þ0.36

−0.15−0.01−0.34 1.9 1.5 0.52

BrðBs → D−
s1ρ

þÞ 4.49þ0.39þ0.10þ0.90
−0.38−0.14−0.86 4.68þ0.40þ0.11þ0.94

−0.39−0.15−0.90 4.40þ0.38þ0.10þ0.90
−0.38−0.13−0.86 4.59þ0.40þ0.10þ0.94

þ0.39þ0.14þ0.89
4.9 3.6 1.3

BrðBs → D−
s1K

þÞ 0.13þ0.01þ0.00þ0.03
−0.01−0.00−0.03 0.14þ0.01þ0.00þ0.03

−0.01−0.00−0.03 0.13þ0.01þ0.00þ0.03
−0.01−0.00−0.03 0.14þ0.01þ0.00þ0.03

−0.01−0.00−0.03 0.14 0.12 � � �
BrðBs → D−

s1K
�þÞ 0.26þ0.02þ0.01þ0.05

−0.02−0.01−0.05 0.27þ0.02þ0.01þ0.05
−0.02−0.01−0.05 0.26þ0.02þ0.01þ0.05

−0.02−0.01−0.05 0.27þ0.02þ0.01þ0.05
−0.02−0.01−0.05 0.26 0.20 � � �

BrðBs → D−
s1D

þÞ 0.22þ0.02þ0.00þ0.05
−0.02−0.01−0.04 0.22þ0.02þ0.00þ0.05

−0.02−0.01−0.04 0.22þ0.02þ0.00þ0.05
−0.02−0.01−0.04 0.21þ0.02þ0.00þ0.05

−0.02−0.01−0.04 � � � � � � � � �
BrðBs → D−

s1D
�þÞ 0.37þ0.03þ0.01þ0.07

−0.03−0.01−0.07 0.37þ0.03þ0.01þ0.07
−0.03−0.01−0.07 0.36þ0.03þ0.01þ0.07

−0.03−0.01−0.07 0.36þ0.03þ0.01þ0.07
−0.03−0.01−0.07 � � � � � � � � �

BrðBs → D0−
s1D

þ
s Þ 0.27þ0.10þ0.04þ0.29

−0.08−0.03−0.19 0.26þ0.10þ0.04þ0.29
−0.08−0.03−0.19 0.32þ0.11þ0.04þ0.31

−0.09−0.03−0.21 0.31þ0.11þ0.04þ0.31
−0.09−0.03−0.21 0.54 � � � � � �

BrðBs → D0−
s1D

�þ
s Þ 0.42þ0.15þ0.01þ0.30

−0.12−0.00−0.18 0.43þ0.16þ0.02þ0.30
−0.13−0.00−0.18 0.46þ0.16þ0.01þ0.33

−0.13−0.01−0.21 0.46þ0.16þ0.01þ0.32
−0.13−0.01−0.21 1.5 � � � � � �

BrðBs → D0−
s1π

þÞ 0.068þ0.025þ0.010þ0.074
−0.020−0.007−0.049 0.071þ0.026þ0.011þ0.077

−0.021−0.007−0.051 0.081þ0.028þ0.011þ0.080
−0.022−0.007−0.055 0.084þ0.029þ0.011þ0.083

−0.023−0.007−0.057 0.29 0.7 1.5

BrðBs → D0−
s1ρ

þÞ 0.20þ0.07þ0.02þ0.18
−0.06−0.00−0.12 0.21þ0.08þ0.06þ0.19

−0.06−0.01−0.13 0.23þ0.08þ0.06þ0.21
−0.06−0.04−0.14 0.24þ0.08þ0.02þ0.21

−0.07−0.01−0.14 0.83 1.9 3.8

BrðBs → D0−
s1K

þÞ 0.006þ0.002þ0.008þ0.006
−0.002−0.005−0.004 0.006þ0.002þ0.009þ0.006

−0.002−0.006−0.004 0.007þ0.002þ0.009þ0.007
−0.002−0.006−0.004 0.007þ0.002þ0.009þ0.007

−0.002−0.006−0.005 0.021 0.054 � � �
BrðBs → D0−

s1K
�þÞ 0.012þ0.004þ0.009þ0.011

−0.004−0.004−0.007 0.012þ0.005þ0.009þ0.011
−0.004−0.004−0.007 0.014þ0.005þ0.001þ0.012

−0.004−0.005−0.008 0.014þ0.005þ0.001þ0.012
−0.004−0.005−0.008 0.044 0.1 � � �

BrðBs → D0−
s1D

þÞ 0.009þ0.003þ0.001þ0.010
−0.003−0.009−0.006 0.009þ0.003þ0.001þ0.009

−0.003−0.009−0.006 0.011þ0.004þ0.002þ0.011
−0.003−0.001−0.008 0.011þ0.004þ0.001þ0.011

−0.003−0.009−0.007 � � � � � � � � �
BrðBs → D0−

s1D
�þÞ 0.018þ0.007þ0.001þ0.013

−0.005−0.000−0.008 0.019þ0.007þ0.001þ0.013
−0.005−0.000−0.008 0.021þ0.007þ0.001þ0.015

−0.006−0.000−0.010 0.023þ0.007þ0.001þ0.015
−0.006−0.000−0.010 � � � � � � � � �
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BrðD̄�0
0 → D−πþÞ ¼ BrðD�−

0 → D̄0π−Þ ¼ 2
3

from the
Clebsch-Gordan coefficients. The branching ratios of these
quasi-two-body decays are collected in Table VIII, where
the PQCD results and the data are also listed for compari-
son. One can find that if taken the bigger decay constant
fD�

0
¼ 0.103 GeV, the branching fraction for the decay

Bþ → D̄�0
0 πþ → D−πþπþ can agree with the data from

Belle [3], BABAR [32] and LHCb [80] within errors. While
for the decay B0 → D�−

0 Kþ → D̄0π−Kþ, if taken the
smaller decay constant fD�

0
¼ 0.078 GeV, our prediction

can explain the LHCb measurement [81]. For the other two
quasi-two-body decays, the predictions for their branching
ratios are much larger than the present data. Similar
situation exists for the comparison between the PQCD
results and the measurements. Another difference is that
our results for the charged (neutral) channels by using the
bigger (smaller) decay constant fD�

0
¼ 0.103ð0.078Þ GeV

can be consistent well with the PQCD results. Further
experimental and theoretical researches are needed to
clarify these discrepancies and puzzles.
If replaced the light pseudoscalar mesons π, K in the

final states with the vector meson ρ; K� and the charmed

meson Dð�Þ; Dð�Þ
s , the branching ratios for the correspond-

ing decay channels are listed in Table IX. One can find that
our predictions by using the bigger decay constant fD�

0
¼

0.103 GeV are consistent with those given in the ISGW
model, it is because that the form factor of the transition
B → D�

0 at maximum momentum transfer obtained in the
CLFQM with fD�

0
¼ 0.103 GeV is about 0.30, which is

almost equal to the value calculated in the ISGW model
[79], while much larger than 0.18 given in the ISGW2
model [67]. The differences between the ISGWand ISGW2
models are mainly from the q2-dependence of the form
factor. About twenty years ago, Chua [85] studied the
decay Bþ → D̄�0

0 ρþ in the CLFQM approach and obtained
its branching fraction about 1.7 × 10−3, which is consistent
with our result by taking fD�

0
¼ 0.103 GeV.

Taking D�
s0 as a cs̄ meson, we calculate the branching

ratios of the decays BðsÞ → D�
s0M with M being a pseu-

doscalar meson (π; K;D;Ds) or a vector meson
ðρ; K�; D�; D�

sÞ in the CLFQM, which are listed in
Tables X–XII. From Table X, one can find that our
predictions for the decays Bs → D�

s0πðKÞ, D�
s0ρðK�Þ are

consistent well with those calculated in the LCSR [68]
and the PQCD approach [86] within errors, while (much)
smaller than those given by the RQM [71] and the non-
relativistic quark model (NRQM) [87]. Especially, for the
pure annihilation decay Bs → D�−

s0K
�þ, its branching frac-

tion reaches up to 10−3 predicted by the NRQM [87], which
seems too large compared to other theoretical results. These
divergences can be clarified by the future LHCb and Super
KEKB experiments. The branching ratios of the decays
Bs → D�−

s0 π
þðρþÞ were also calculated in the ISGW2

model [67], which are smaller than our results. It is because
of the difference from the form factor of the transition
Bs → D�

s0 and its q2-dependence. It is similar for the
decays B0 → D�−

0 πþðρþÞ.
In Table XI, all the predictions from the different

theories, including the PQCD approach [88], the factori-
zation hypothesis (FH) [89] and the triangle mechanism
(TM) [90], show that the branching ratios of the charged
decay Bþ → D�þ

s0 D̄
ð�Þ0 are slightly larger than those of the

corresponding neutral decays B0 → D�þ
s0 D

ð�Þ−. It is just
contrary to the case of the data [65]. Certainly, there still
exist large errors in the experimental results, especially for
the branching ratios of the decays with the vector mesonD�
involved. We expect more accurate measurements in the
future LHCb and Super KEKB experiments. Theoretically,
the decays Bþ → D�þ

s0 D̄
ð�Þ0 and B0 → D�þ

s0 D
ð�Þ− have the

same CKMmatrix elements and Wilson coefficients for the
factorizable emission amplitudes, which provide the dom-
inant contributions to their branching ratios. Furthermore,
there exist similar transition form factors for isospin
symmetry among these channels. So these four decays
should have similar branching ratios. From Table XII, one

can find that the branching ratios of the decays Bs →

D�
s0D

ð�Þ
s ; D�

s0D
ð�Þ are consistent with those given in the

PQCD approach [86] and the RQM [71], while much
smaller than those obtained within the LCSR [68]. Further
experimental and theoretical researches are needed
to clarify these divergences. For the decays Bs →
D�−

s0D
ð�Þþ, their branching ratios are much smaller than

those of other four channels mainly because of the smaller
CKM matrix element Vcd compared with Vcs, that is to say
there exists a suppressed factor jVcd=Vcsj2 ≈ 0.05 for the
decays Bs → D�−

s0 D
ð�Þþ compared to other four channels.

In the quark model the axial-vector mesons exist in
two types of spectroscopic states, 3P1ðJPC ¼ 1þþÞ and
1P1ðJPC ¼ 1þ−Þ. In some cases the physical particles are
the mixture of these two types of states. For example,
K1ð1270Þ and K1ð1400Þ are considered as the mixture of
K1A andK1B for the mass difference of the strange and light
quarks. Similarly, the charm-strange mesons Ds1 and D0

s1
are usually written as the mixture of the states 1Ds1 and
3Ds1, which are given in Eq. (3). The quark potential model
determined the mixing angle θs ≈ 7° [67]. So we use

θs ¼ 7° to calculate the branching ratios of the decays Bs →

Dð0Þ
s1PðVÞ with P and V being the pseudoscalar mesons

(π; K;D;Ds) and the vector mesons ðρ; K�; D�; D�
sÞ,

respectively, which are listed in Table XIII with the
results given in the RQM, the NRQM and the ISGW2
models [67,71,87] for comparison. The following points
can be found

(i) It is interesting that our predictions for the decays
Bs → Ds1PðVÞ are consistent well with the results
obtained in the RQM [71] and NRQM [87] models,
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while those for most of the channels Bs → D0
s1PðVÞ

are about 3 times smaller than the RQM calcula-
tions. Certainly, the decays Bs → Ds1πðρÞ and Bs →
D0

s1πðρÞ have been researched by using the ISGW2
model [67] about twenty years ago. We argue that
the mixing formula between j1Ds1i and j3Ds1i used
in Ref. [67] is incorrect, which induced BrðBs →
D0

s1πðρÞÞ are larger than BrðBs → Ds1πðρÞÞ. It is
just contrary with other theoretical predictions. That
is to say the values of the branching ratios BrðBs →
D0

s1πðρÞÞ and BrðBs → Ds1πðρÞÞ should be ex-
changed with each other under the correct mixing
formula shown in Eq. (3). Since many of these
decays have large branching ratios, which lie in the
rangeOð10−5Þ ∼Oð10−3Þ, we expect that the LHCb
and Super KEKB experiments can clarify the
differences between these results in the future.

(ii) The branching ratios of the CKM-favored decays

Bs → Dð0Þ
s1D

ð�Þ
s and Bs → Dð0Þ

s1πðρÞ, which are asso-
ciated with the CKM matrix elements Vcs and
Vudð∼1Þ, respectively, are much larger than those

of the CKM-suppressed channels Bs → Dð0Þ
s1D

ð�Þ and

Bs → Dð0Þ
s1K

ð�Þ, which are associated with the CKM
matrix elements Vcd and Vusð≈0.22Þ, respectively. It
shows a clear hierarchical relationship for the branch-
ing ratios of these color-favored decay modes,

BrðBs → Dð0Þ
s1D

ð�Þ
s Þ ≫ BrðBs → Dð0Þ

s1D
ð�ÞÞ;

BrðBs → Dð0Þ
s1πðρÞÞ ≫ BrðBs → Dð0Þ

s1K
ð�ÞÞ: ð56Þ

(iii) Our predictions for the branching ratios of the
decays Bs → Ds1PðVÞ are at least one order larger
than those of the corresponding decays Bs →
D0

s1PðVÞ. This is because that the related form

factor VBsDs1
0 is much larger than that of V

BsD0
s1

0 .
There exists the similar situation between the
branching ratios of the decays B → Dð�ÞDs1 and

B → Dð�ÞD0
s1, where D

ð0Þ
s1 is at the emission position

in the Feynman diagrams.
(iv) In view of the mixing angle θs uncertainty, we check

the dependence of the branching ratios of the decays

Bs → Dð0Þ
s1πðKÞ on the mixing angle θs, which are

shown in Fig. 4. One can find that the branching

FIG. 4. The dependence of the branching ratios of the decays Bs → D−
s1π

þ (a), Bs → D−
s1K

þ (b), Bs → D0−
s1π

þ (c) and Bs → D0−
s1K

þ
(d) on the mixing angle θs.
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ratios of the decays Bs → D0
s1πðKÞ are very sensitive

to the mixing angle, while those of the decays Bs →
Ds1πðKÞ show an insensitive dependence on θs.
Furthermore, the changing trends for the branching
ratios of these two kinds of decays are just opposite.

In Table XIV, we present our predictions for the

branching ratios of the decays B → Dð�ÞDð0Þ
s1 , which are

associated with the B → Dð�Þ transition, accompanied by

the Dð0Þ
s1 emission. When the emission meson is Ds1, our

results for the decays B0 → D−Dþ
s1 and Bþ → D̄0Dþ

s1 are
larger than those given by the ISGW(2) [67,91] and the
FH [89] by a factor of 2 to 3. While for other two decays
B0 → D�−Dþ

s1 and Bþ → D̄�0Dþ
s1, our predictions are

consistent well with the theoretical and experimental results
within errors except for those given in Ref. [90], where the
triangle mechanism was used by consideringDs1 as a mole-
cular state. When the emission meson isD0

s1, the branching
ratios of the decays B0 → Dð�Þ−D0þ

s1 and Bþ → D̄ð�Þ0D0þ
s1

are at least one order smaller than those of the decays
B0 → Dð�Þ−Dþ

s1 and Bþ → D̄ð�Þ0Dþ
s1. It is because of the

much smaller decay constant fD0
s1
compared to fDs1

. Such
character has been verified by the data shown in Table XIV.

C. SUMMARY

First, we studied the form factors of the transitions
BðsÞ → D�

0; D
�
s0, Ds1 and D0

s1 in the covariant light-front
quark model (CLFQM). One can find that these form
factors are (much) smaller than those of the transitions
BðsÞ → DðsÞ; D�

ðsÞ. Certainly, because of the mixing
between Ds1 and D0

s1, the determination of the form factors
for the transitions Bs → Ds1; D0

s1 are more difficult.
Second, using the amplitudes combined via the form
factors, we calculated the branching ratios of the BðsÞ
nonleptonic decays with these four charmed mesons
involved. Furthermore, the QCD radiative corrections to
the hadronic matrix elements within the framework of QCD
factorization were included. From the numerical results, we
found the following points
(1) The small form factors of the transitions BðsÞ →

D�
0; D

�
s0 are related to the small decay constants

fD�
0
; fD�

s0
. Unfortunately, there exist large uncertain-

ties in these two decay constants. Combined with the
data, our predictions for the branching ratios of the
BðsÞ decays with D�

0; D
�
s0 involved are helpful to

probe the inner structures of these two states. Most
of the decays BðsÞ → D�

0PðVÞ; D�
s0PðVÞ with P(V)

being a light pseudoscalar (vector) meson or a
charmed meson are not sensitive to the QCD
radiative corrections including the vertex corrections
and the hard spectator-scattering, except for the
decays Bþ → D̄�0

0 πþðKþÞ, where two kinds of
Feynman diagrams contribute to the branching
ratios. Our predictions for the branching ratios of

the quasi-two-body decays Bþ → D̄�0
0 πþ →

D−πþπþ and B0 → D�−
0 Kþ → D̄0π−Kþ can explain

the data by taking appropriate decay constant value
for D�

0, while for the decays Bþ → D̄�0
0 Kþ →

D−πþKþ and B0 → D�−
0 πþ → D̄0π−πþ, their

branching ratios are much larger than the LHCb
measurements. There exist the similar cases for the
PQCD calculations compared with the data.

(2) We checked the dependence of the branching ratios
of the decays Bs → Ds1PðVÞ; D0

s1PðVÞ on the mix-
ing angle θs and found that the branching ratios of
the decays Bs → D0

s1PðVÞ are very sensitive to the
mixing angle, while those of the decays Bs →
Ds1PðVÞ show an insensitive dependence on θs.
The changing trends of the branching ratios between
these two kinds of decays are just opposite. Fur-
thermore, the branching ratios of the decays Bs →
Ds1PðVÞ are at least one order larger than those of
the decays Bs → D0

s1PðVÞ. It is because of the larger
form factor VBsDs1

0 compared to V
BsD0

s1
0 . Such a

feature is similar to the decays B → Dð�ÞDð0Þ
s1 , where

the Dð0Þ
s1 is at the emission position in the Feynman

diagrams. That is to say, the branching ratios of the
decays B → Dð�ÞDs1 are at least one order larger
than those of the decays B → Dð�ÞD0

s1. It is because
of the larger decay constant fDs1

compared to fD0
s1
.

This point has been verified by the experimental
measurements.

(3) Our predictions are helpful to clarify the different
assumptions about the inner structures of these four
charmed hadrons by comparing with the future data.
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APPENDIX A: SOME SPECIFIC RULES UNDER
THE p− INTEGRATION

When preforming the integration, we need to include the
zero-mode contributions. It amounts to performing the
integration in a proper way in the CLFQM. Specifically we
use the following rules given in Refs. [48,51]

p̂0
1μ ≐ PμA

ð1Þ
1 þ qμA

ð1Þ
2 ; ðA1Þ

p̂0
1μp̂

0
1ν ≐ gμνA

ð2Þ
1 þ PμPνA

ð2Þ
2

þ ðPμqν þ qμPνÞAð2Þ
3 þ qμqνA

ð2Þ
4 ; ðA2Þ
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Z2 ¼ N̂0
1 þm02

1 −m2
2 þ ð1 − 2x1ÞM02 þ ðq2 þ q · PÞp

0⊥ · q⊥
q2

; ðA3Þ

Að1Þ
1 ¼ x1

2
; Að1Þ

2 ¼ Að1Þ
1 −

p0⊥ · q⊥
q2

; Að2Þ
3 ¼ Að1Þ

1 Að1Þ
2 ; ðA4Þ

Að2Þ
4 ¼ ðAð1Þ

2 Þ2 − 1

q2
Að2Þ
1 ; Að2Þ

1 ¼ −p02⊥ −
ðp0⊥ · q⊥Þ2

q2
; Að2Þ

2 ¼ ðAð1Þ
1 Þ2: ðA5Þ

APPENDIX B: EXPRESSIONS OF B → D�
0;
iDs1 FORM FACTORS

F
BD�

0

1 ðq2Þ ¼ Nc

16π3

Z
dx2d2p0⊥

h0Bh
00
D�

0

x2N̂
0
1N̂

00
1

½x1ðM02
0 þM002

0 Þ þ x2q2

− x2ðm0
1 þm00

1Þ2 − x1ðm0
1 −m2Þ2 − x1ðm00

1 þm2Þ2�; ðB1Þ

F
BD�

0

0 ðq2Þ ¼ F
BD�

0

1 ðq2Þ þ q2

q · P
Nc

16π3

Z
dx2d2p0⊥

2h0Bh
00
D�

0

x2N̂
0
1N̂

00
1

�
−x1x2M02 − p02⊥ −m0

1m2

− ðm00
1 þm2Þðx2m0

1 þ x1m2Þ þ 2
q · P
q2

�
p02⊥ þ 2

ðp0⊥ · q⊥Þ2
q2

�
þ 2

ðp0⊥ · q⊥Þ2
q2

−
p0⊥ · q⊥

q2
�
M002 − x2ðq2 þ q · PÞ − ðx2 − x1ÞM02 þ 2x1M02

0 − 2ðm0
1 −m2Þðm0

1 −m00
1Þ

�

; ðB2Þ

AB iDs1ðq2Þ ¼ ðM0 −M00Þ Nc

16π3

Z
dx2d2p0⊥

2h0Bh
00
iDs1

x2N̂
0
1N̂

00
1

�
x2m0

1 þ x1m2 þ ðm0
1 þm00

1Þ
p0⊥ · q⊥

q2

þ 2

w00
iDs1

�
p02⊥ þ ðp0⊥ · q⊥Þ2

q2

��
; ðB3Þ

VB iDs1
1 ðq2Þ ¼ −

1

M0 −M00
Nc

16π3

Z
dx2d2p0⊥

h0Bh
00
iDs1

x2N̂
0
1N̂

00
1

�
2x1ðm2 −m0

1ÞðM02
0 þM002

0 Þ þ 4x1m00
1M

02
0

þ 2x2m0
1q · Pþ2m2q2 − 2x1m2ðM02 þM002Þ þ 2ðm0

1 −m2Þðm0
1 −m00

1Þ2 þ 8ðm0
1 −m2Þ

×

�
p02⊥ þ ðp0⊥ · q⊥Þ2

q2

�
þ 2ðm0

1 −m00
1Þðq2 þ q · PÞp

0⊥ · q⊥
q2

− 4
q2p02⊥ þ ðp0⊥ · q⊥Þ2

q2w00
iDs1

×

�
2x1ðM02 þM02

0 Þ − q2 − q · P − 2ðq2 þ q · PÞp
0⊥ · q⊥
q2

− 2ðm0
1 þm00

1Þðm0
1 −m2Þ

��
; ðB4Þ

VB iDs1
2 ðq2Þ ¼ ðM0 −M00Þ Nc

16π3

Z
dx2d2p0⊥

2h0Bh
00
iDs1

x2N̂
0
1N̂

00
1

�
ðx1 − x2Þðx2m0

1 þ x1m2Þ − ½2x1m2 −m00
1

þ ðx2 − x1Þm0
1� ×

p0⊥ · q⊥
q2

− 2
x2q2 þ p0⊥ · q⊥

x2q2w00
iDs1

½p0⊥ · p00⊥ þ ðx1m2 þ x2m0
1Þðx1m2 þ x2m00

1Þ�
�
; ðB5Þ
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VB iDs1
0 ðq2Þ ¼ M0 −M00

2M00 VB iDs1
1 ðq2Þ −M0 þM00

2M00 VB iDs1
2 ðq2Þ − q2

2M00
Nc

16π3

Z
dx2d2p0⊥

h0Bh
00
iDs1

x2N̂
0
1N̂

00
1

×

�
2ð2x1 − 3Þðx2m0

1 þ x1m2Þ − 8ðm0
1 −m2Þ

�
p02⊥
q2

þ 2
ðp0⊥ · q⊥Þ2

q4

�
− ½ð14 − 12x1Þm0

1

þ 2m00
1 − ð8 − 12x1Þm2�

p0⊥ · q⊥
q2

þ 4

w00
iDs1

��
M02 þM002 − q2 þ 2ðm0

1 −m2Þð−m00
1 þm2Þ




×
	
Að2Þ
3 þ Að2Þ

4 − Að1Þ
2



þ Z2

	
3Að1Þ

2 − 2Að2Þ
4 − 1



þ 1

2
½x1ðq2 þ q · PÞ − 2M02 − 2p0⊥ · q⊥

− 2m0
1ð−m00

1 þm2Þ−2m2ðm0
1 −m2Þ�

	
Að1Þ
1 þ Að1Þ

2 − 1



× q · P

�
p02⊥
q2

þ ðp0⊥ · q⊥Þ2
q4

�	
4Að1Þ

2 − 3

��

; ðB6Þ

with i ¼ 1, 3.
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