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We probe the inner structure of the mesonD�
s0ð2317Þ through the decays of BðsÞ to two charmed mesons

within the pQCD approach. Assuming D�
s0ð2317Þ as a scalar meson with c̄s structure, we find that the

predictions for the branching ratios of the decays Bþ → D�þ
s0 ð2317ÞD̄ð�Þ0, B0 → D�þ

s0 ð2317ÞDð�Þ− can

explain data within errors. The branching ratios for the decays Bs → D�þ
s0 ð2317ÞDð�Þþ

s are estimated to
reach up to 10−3 order, which can be observed by the present LHCb and SuperKEKB experiments. In this
work, the decay constant of the meson D�

s0ð2317Þ is an input parameter. Unfortunately, its value has been
studied by many references but with large uncertainties. Our calculation shows that a smaller decay
constant of the mesonD�

s0ð2317Þ is supported by compared with the present data, say 55–70 MeV. We also

calculate the ratios R1 ¼ BrðBþ→D�þ
s0 ð2317ÞD̄0Þ

BrðBþ→D�þ
s0 ð2317ÞD̄�0ÞÞ and R2 ¼ BrðB0→D�þ

s0 ð2317ÞD−Þ
BrðB0→D�þ

s0 ð2317ÞD�−Þ, which are valuable to determine

the inner structure of D�
s0ð2317Þ by compared with the experimental results. Our predictions for the

ratios R1;2 are consistent with the present data within errors. We expect that these two ratios can be
well measured by the future experiments through improving the measurement accuracy for the decays
Bþ → D�þ

s0 ð2317ÞD̄�0 and B0 → D�þ
s0 ð2317ÞD�−.

DOI: 10.1103/PhysRevD.103.116030

I. INTRODUCTION

The charmed-strange meson D�
s0ð2317Þ was first

observed by BABAR Collaboration in the inclusive Dþ
s π

0

invariant mass distribution [1], and confirmed by CLEO
[2]. Then BABAR and Belle collaborations probed the
properties of this meson through B meson to two charmed-
meson decays [3–5]. The branching ratios of these decays
measured by BABAR and Belle were averaged by the
Particle Data Group (PDG) and given as [6]

BrðBþ → D�þ
s0 ð2317Þð→ Dþ

s π
0ÞD̄0Þ ¼ ð8.0þ1.6

−1.3Þ × 10−4;

ð1Þ

BrðBþ → D�þ
s0 ð2317Þð→ Dþ

s π
0ÞD̄�0Þ ¼ ð9� 7Þ × 10−4;

ð2Þ

BrðB0→D�þ
s0 ð2317Þð→Dþ

s π
0ÞD−Þ¼ð1.06�0.16Þ×10−3;

ð3Þ

BrðB0 →D�þ
s0 ð2317Þð→Dþ

s π
0ÞD�−Þ ¼ ð1.5� 0.6Þ× 10−3:

ð4Þ

There have existed some unsettled puzzles since this
charmed-strange meson was observed in 2003: First, the
low mass puzzle. Its measured mass is at least 150 MeV=c2

lower than the theoretical calculations from the potential
model [7,8], lattice QCD [9]. Second, the significantly
large branching ratio of the decay D�−

s0 ð2317Þ → π0D−
s

compared with that of D�−
s0 ð2317Þ → γD−

s . BESIII mea-
sured that BrðD�−

s0 ð2317Þ → π0D−
s Þ ¼ 1.00þ0.00

−0.14 � 0.14
[10], which differs from the expectation of the conventional
c̄s hypothesis. Third, uncertainties from the decay constant
of the meson D�

s0ð2317Þ. It has not been directly deter-
mined in experiment, while the theoretical predictions
covered a very wide range (shown in Table I). Because
of these puzzles, the meson D�

s0ð2317Þ attracts a lot of
attention. In order to solve these puzzles, many various
exotic explanations about its inner structure were proposed,
such as DK molecule state [11–15], a tetraquark state
[16–19], or a mixture of a c̄s state and a tetraquark state
[20–22]. Certainly, its structure was also interpreted as a
conventional c̄s scalar meson in many references. For
example, some people considered that D�

s0ð2317Þ is close
to the threshold of DK, so the low mass puzzle is because
of the coupled-channel effects [23–26]. Sometimes, the

*zhangzhiqing@haut.edu.cn.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 103, 116030 (2021)

2470-0010=2021=103(11)=116030(14) 116030-1 Published by the American Physical Society

https://orcid.org/0000-0002-8565-9589
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.116030&domain=pdf&date_stamp=2021-06-30
https://doi.org/10.1103/PhysRevD.103.116030
https://doi.org/10.1103/PhysRevD.103.116030
https://doi.org/10.1103/PhysRevD.103.116030
https://doi.org/10.1103/PhysRevD.103.116030
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


spontaneous breaking of chiral symmetry was regarded as
another possible reason [27,28]. Assuming the D�

s0ð2317Þ
as a conventional charmed-strange meson, its properties
were studied by using constituent quark model [29],
covariant light-front approach [30], QCD sum rules
[31,32], MIT bag model [33], potential model [34–36],
Regge trajectories [37] and so on. More detailed discussion
can be found in Ref. [38]. Its pionic decay [31] and
radiative decay [32] were researched in the light-cone
QCD sum rules, and obtained the results being consistent
with data. The productions of D�

s0ð2317Þ in the BðsÞ decays
[29,39–46] were also discussed. In Ref. [29], the branching
ratios of the decays B → D�

s0ð2317ÞDð�Þ were calculated in
the factorization approximation by using the constituent
quark model. The authors found that the meson D�

s0ð2317Þ
could be described as a conventional c̄s state by introduc-
ing the finite c-quark mass effects.
In order to further reveal the inner structure of

D�
s0ð2317Þ, we intend to study the weak production of

this charmed-strange meson through the two charmed-
meson BðsÞ decays, some of which have been studied by
using the light cone sum rules (LCSR) [41] and the
relativistic quark model (RQM) [46]. In layout of this
paper is as follows. First, in Sec. II, we present the analytic
calculations about the BðsÞ decays to two charmed mesons
with D�

s0ð2317Þ involved. Then, we give the numerical
results and discussions in Sec. III. A short summary of our
results is presented in the final part.

II. THE PERTURBATIVE CALCULATIONS

In the pQCD approach, the only nonperturbative inputs
are the light cone distribution amplitudes (LCDAs) and the
meson decay constants. For the wave function of the heavy
BðsÞ meson, we take [57,58]

ΦBðsÞ ðx; bÞ ¼
1ffiffiffiffiffiffiffiffi
2Nc

p ð=pBðsÞ þmBðsÞ Þγ5ϕBðsÞ ðx; bÞ: ð5Þ

Here only the contribution of Lorentz structure ϕBðsÞ ðx; bÞ is
taken into account, since the contribution of the second
Lorentz structure ϕ̄BðsÞ is numerically small [59] and has
been neglected. For the distribution amplitude ϕBðsÞ ðx; bÞ in
Eq. (5), we adopt the following model

ϕBðsÞ ðx; bÞ ¼ NBðsÞx
2ð1 − xÞ2 exp

�
−
M2

BðsÞx
2

2ω2
b

−
1

2
ðωbbÞ2

�
;

ð6Þ

where ωb is a free parameter, we take ωb ¼ 0.4�
0.04ð0.5� 0.05Þ GeV for BðBsÞ in numerical calculations,
and NB ¼ 101.445ðNBs

¼ 63.671Þ is the normalization
factor for ωb ¼ 0.4ð0.5Þ. For Bs meson, the SU(3) breaking
effects are taken into consideration.
The wave functions for the scalar mesonD�

s0,
1 we use the

form defined in Ref. [45]

hD̄�þ
s0 ð2317Þðp2Þjc̄βðzÞsγð0Þj0i

¼ 1ffiffiffiffiffiffiffiffi
2Nc

p
Z

dxeip2·z½ð=p2Þlj þmD�
s0
Ilj�ϕD�

s0
: ð7Þ

It is noticed that the distribution amplitudes which
associate with the nonlocal operators c̄ðzÞγμs and c̄ðzÞs
are different. The difference between them is order of
Λ̄=mD�

s0
∼ ðmD�

s0
−mcÞ=mD�

s0
. If we set mD�

s0
∼mc, we can

get these two distribution amplitudes being very similar.
For the leading power calculation, it is reasonable to
parametrize them in the same form as

ϕD�
s0
ðxÞ ¼ f̃D�

s0
6xð1 − xÞ½1þ að1 − 2xÞ� ð8Þ

in the heavy quark limit. Here the decay constant f̃D�
s0
is

defined through the matrix element of the scalar current

h0js̄cjD�
s0ðpÞi ¼ f̃D�

s0
mD�

s0
ð9Þ

and the shape parameter a ¼ −0.21 [41] is fixed under the
condition that the distribution amplitude ϕD�

s0
ðxÞ possesses

the maximum at x ¼ mc=mD�
s0
with mc ¼ 1.275 GeV. It is

worthwhile to point out that the intrinsic b dependence of
this charmed meson’s wave function has been neglected in
our analysis.
As for the wave functions of the mesonsDð�Þ, we use the

form derived in Ref. [60]

TABLE I. The values of fD�
s0
(MeV) given by different references.

Ref. [31] Ref. [47] Ref. [48] Ref. [49] Ref. [50] Ref. [51] Ref. [29]
fD�

s0
225� 25 206� 120 200� 50 170� 20 138� 16 114þ11.4

−10.2 118.7

Ref. [52] Ref. [53] Ref. [30] Ref. [30] Ref. [54] Ref. [55] Ref. [56]
fD�

s0
110� 18 74.4þ10.4

−10.6 71 60� 13 67� 13 67.1� 4.5 44

1From now on, wewill useD�
s0 to denoteD

�
s0ð2317Þ for simply

in some places.
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Z
d4ω
ð2πÞ4 e

ik·ωh0jc̄βð0ÞuγðωÞjD̄0i

¼ −
iffiffiffiffiffiffiffiffi
2Nc

p ½ð=pD þmDÞγ5�γβϕDðx; bÞ; ð10Þ

Z
d4ω
ð2πÞ4 e

ik·ωh0jc̄βð0ÞuγðωÞjD̄�0i

¼ −
iffiffiffiffiffiffiffiffi
2Nc

p ½ð=pD� þmD� Þ=ϵL�γβϕL
D� ðx; bÞ; ð11Þ

where ϵ=L is the longitudinal polarization vector. In this
work only the longitudinal polarization component is used.

Here we take the best-fitted form ϕð�Þ
D from B to charmed

meson decays derived in [61] as

ϕDðx;bÞ¼
fD

2
ffiffiffiffiffiffiffiffi
2Nc

p 6xð1−xÞ½1þCDð1−2xÞ�exp
�
−ω2b2

2

�
:

ð12Þ

For the wave function ϕDs
ðx; bÞ, it has the similar expres-

sion as ϕDðx; bÞ except with the different parameters.
These parameters are given as follows: fD ¼ 223 MeV,
fDs

¼274MeV, and CDðsÞ ¼0.5 (0.4), ωDðsÞ ¼0.1ð0.2ÞGeV
[61]. For the wave function ϕD�

ðsÞ
ðx; bÞ, we take the same

distribution amplitude with that of the pseudoscalar meson
DðsÞ because of their small mass difference. The decay
constants fD� and fD�

s
are given by the relations

fD�− ¼
ffiffiffiffiffiffiffiffiffiffiffi
MD−

MD�−

s
fD− ; fD�−

s
¼

ffiffiffiffiffiffiffiffiffiffiffi
MD−

s

MD�−
s

s
fD−

s
: ð13Þ

For these processes considered, the weak effective
Hamiltonian Heff can be written as:

Heff ¼
GFffiffiffi
2

p
�X

q¼u;c

VqbV�
qD½C1ðμÞOq

1ðμÞ þ C2ðμÞOq
2ðμÞ�

− VtbV�
tD

�X10
i¼3

CiðμÞOiðμÞ
��

þ H:c:; ð14Þ

where VqbðDÞ and VtbðDÞ with D ¼ d, s are CKM matrix
elements. The local four-quark operators Oiði ¼ 1;…; 10Þ
include three type operators: current-current operators
(Oq

1;2), QCD penguin (O3∼6) and electroweak penguin
opertors (O7∼10),

Oq
1 ¼ ðq̄αbβÞV−AðD̄βqαÞV−A;

Oq
2 ¼ ðq̄αbαÞV−AðD̄βqβÞV−A; ð15Þ

O3 ¼ ðD̄αbαÞV−A
X
q0
ðq̄0βq0βÞV−A;

O4 ¼ ðD̄βbαÞV−A
X
q0
ðq̄0αq0βÞV−A; ð16Þ

O5 ¼ ðD̄αbαÞV−A
X
q0
ðq̄0βq0βÞVþA;

O6 ¼ ðD̄βbαÞV−A
X
q0
ðq̄0αq0βÞVþA; ð17Þ

O7 ¼
3

2
ðD̄αbαÞV−A

X
q0
eq0 ðq̄0βq0βÞVþA;

O8 ¼
3

2
ðD̄βbαÞV−A

X
q0
eq0 ðq̄0αq0βÞVþA; ð18Þ

O9 ¼
3

2
ðD̄αbαÞV−A

X
q0
eq0 ðq̄0βq0βÞV−A;

O10 ¼
3

2
ðD̄βbαÞV−A

X
q0
eq0 ðq̄0αq0βÞV−A; ð19Þ

where ðq̄0αq0βÞV�A ¼ q̄0αγνð1� γ5Þq0β with α, β being the
color indices and q0 represent the active quarks at the mb
scale, which can be u, d, s, c and b. We calculate in the
light-cone coordinate, where a vector is defined as

Pμ ¼
�
P0 þ P3ffiffiffi

2
p ;

P0 − P3ffiffiffi
2

p ; P1; P2

�
: ð20Þ

When working in the rest frame of BðsÞ meson and defining
the direction where D�

s0 moves as the positive direction of
z-axis, we can write the momenta of B;D�

s0; Ds mesons as

PB ¼ mBffiffiffi
2

p ð1; 1; 0⊥Þ; PD�
s0
¼ mBffiffiffi

2
p ð1 − r2Ds

; r2D�
s0
; 0⊥Þ;

PDs
¼ mBffiffiffi

2
p ðr2Ds

; 1 − r2D�
s0
; 0⊥Þ; ð21Þ

where rD�
s0
¼ mD�

s0
=mB, rDs

¼ mDs
=mB and 0⊥ is zero two-

component vector. If using k1, k2, and k3 to denote the
momenta carried by the light quark in B and two charmed
mesons, we have

k1 ¼
�
mBffiffiffi
2

p x1; 0;k1⊥
�
; k2 ¼

�
mBffiffiffi
2

p ð1 − r2Ds
Þx2; 0;k2⊥

�
;

k3 ¼
�
0;
mBffiffiffi
2

p ð1 − r2D�
s0
Þx3;k3⊥

�
: ð22Þ

Here we consider the decays B0
s → D�þ

s0 ð2317ÞD−
s and

B0
s → D�−

s0 ð2317ÞDþ
s as examples, which will include all
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types of Feynman diagram amplitudes we need. For the
decay B0

s → D�þ
s0 ð2317ÞD−

s , we give a part of its Feynman
diagrams at leading order in Fig. 1, where the scalar meson
is in the emission (upper) position. If changing the
positions of D�þ

s0 ð2317Þ and D−
s for the annihilation type

Feynman diagrams (the second line in Fig. 1), we will
obtain another part of Feynman diagrams which can also
contribute to the decay B0

s → D�þ
s0 ð2317ÞD−

s . These
Feynman diagrams are given in Fig. 2. The Feynman
diagrams for the decay B0

s → D�−
s0 ð2317ÞDþ

s are totally the
same as those for the decay B0

s → D�þ
s0 ð2317ÞD−

s and can
be obtained just by changing D�þ

s0 ðD−
s Þ to Dþ

s ðD�−
s0 Þ in

Fig. 1 and 2. There are two points we need to emphasize:
(I) Besides of the different positions for the final states in
the annihilation type Feynman diagrams between Fig. 1
and 2, another difference is that the former with cc̄ pair

generated from a hard gluon, while the later with ss̄ pair
generated. (II) In order to distinguish these amplitudes for
the decays B0

s → D�þ
s0 ð2317ÞD−

s and B0
s → D�−

s0 ð2317ÞDþ
s

from each other, we add the character “c” in the subscript
for each amplitude which corresponds to the Feynman
diagram with a conventional charmed meson being the
emission (upper) position. For the amplitudes correspond-
ing to the annihilation diagrams with ss̄ pair generated from
a hard gluon, we add another character “s” in the subscripts.
In the following, we give the detail expressions of the
Feynman diagram amplitudes for the decay B0

s →
D�þ

s0 ð2317ÞD−
s . Figure 1(a) and 1(b) are the factorization

emission diagrams, Fig. 1(c) and 1(d) are the nonfactori-
zation emission ones, the corresponding amplitudes can be
written as

FLL
e ¼ 8πCFM4

Bs
fD�

s0

Z
1

0

dx1dx3

Z
∞

0

b1db1b3db3ϕBs
ðx1; b1ÞϕDs

ðx3Þ

× ½1þ rDs
þ ð1 − 2rDs

Þx3�Eeðtð1Þe ÞStðx3Þheðx1; x3ð1 − r2D�
s0
Þ; b1; b3Þ

þ ½2ðrc þ 1ÞrDs
− rc − r2Ds

�Eeðtð2Þe ÞStðx1Þheðx3; x1ð1 − r2D�
s0
Þ; b3; b1Þ�; ð23Þ

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 1. A part of diagrams contributing to the B0
s → D�þ

s0 ð2317ÞD−
s decay.

FIG. 2. Another part of diagrams contributing to the B0
s → D�þ

s0 ð2317ÞD−
s decay.
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F SP
e ¼ 16πCFM4

Bs
fD�

s0
rD�

s0

Z
1

0

dx1dx3

Z
∞

0

b1db1b3db3ϕBs
ðx1; b1ÞϕDs

ðx3Þ

× ½1þ rDs
ð2þ rDs

þ x3ð1 − 4rDs
ÞÞ�Eeðtð1Þe ÞStðx3Þheðx1; x3ð1 − r2D�

s0
Þ; b1; b3Þ

þ ½−rcð1 − 4rDs
Þ þ 2rDs

ð1 − rDs
Þ�Eeðtð2Þe ÞStðx1Þheðx3; x1ð1 − r2D�

s0
Þ; b3; b1Þ�; ð24Þ

MLL
e ¼ 32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1ÞϕDs

ðx2ÞϕD�
s0
ðx3Þ

× f½x2 − rDs
x3ð1 − 2rDs

Þ�Eenðtð1Þen Þhð1Þen ðx1; x2; x3; b1; b2Þ
þ ½x2 − 1 − ð1 − rDs

Þx3 þ rcrD�
s0
�Eenðt2enÞhð2Þen ðx1; x2; x3; b1; b2Þg; ð25Þ

MLR
e ¼ 32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1ÞϕDs

ðx2ÞϕD�
s0
ðx3Þ

× ð1þ rDs
ÞfrD�

s0
½x2 þ rDs

ð1þ rDs
Þx3�Eenðtð1Þen Þhð1Þen ðx1; x2; x3; b1; b2Þ

− ½rc þ rD�
s0
ð1 − x2Þ þ rDs

ðrDs
þ 1ÞrD�

s0
x3�Eenðtð2Þen Þhð2Þen ðx1; x2; x3; b1; b2Þg; ð26Þ

MSP
e ¼ 32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1ÞϕDs

ðx2ÞϕD�
s0
ðx3Þ

× f½x2 − ðrD�
s0
− 1Þx3�Eenðtð1Þen Þhð1Þen ðx1; x2; x3; b1; b2Þ

− ½1 − x2 − rDs
x3 − rcrD�

s0
�Eenðtð2Þen Þhð2Þen ðx1; x2; x3; b1; b2Þg; ð27Þ

where rD�
s0
¼ mD�

s0
=mBs

, rDs
¼ mDs

=mBs
, rc ¼ mc=mBs

and fD�
s0
is the decay constant of the scalar meson D�

s0ð2317Þ. As
we know that the double logarithms αsln2x produced by the radiative corrections are not small expansion parameters when
the endpoint region is important, in order to improve the perturbative expansion, the threshold resummation of these
logarithms to all order is needed, which leads to a quark jet function

StðxÞ ¼
21þ2cΓð3=2þ cÞffiffiffi

π
p

Γð1þ cÞ ½xð1 − xÞ�c; ð28Þ

with c ¼ 0.35. It is effective to smear the end point singularity with a momentum fraction x → 0. This factor will also
appear in the factorizable annihilation amplitudes.
As to the (non)factorizable annihilation amplitudes for the second line Feynman diagrams in Fig. 1 can be obtained by the

Feynman rules and are given as

MLL
an ¼ 32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b3db3ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½x2 − 1þ rDs
rD�

s0
ðx2 þ x3 − 4Þ�Eanðtð1Þan Þhð1Þan ðx1; x2; x3; b1; b3Þ

þ ½1 − x3 − rDs
rD�

s0
ðx2 þ x3 − 2Þ�Eanðtð2Þan Þhð2Þan ðx1; x2; x3; b1; b3Þg; ð29Þ

MLR
an ¼ 32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b3db3ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½rD�
s0
ðx2 þ 1Þ − rDs

ðx3 þ 1Þ�Eanðtð1Þan Þhð1Þan ðx1; x2; x3; b1; b3Þ
− ½rDs

ð1 − x3Þ þ rD�
s0
ðx2 − 1Þ�Eanðtð2Þan Þhð2Þan ðx1; x2; x3; b1; b3Þg; ð30Þ

MSP
an ¼ 32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b3db3ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½1 − x3 − rDs
rD�

s0
ðx2 þ x3 − 4Þ�Eanðtð1Þan Þhð1Þan ðx1; x2; x3; b1; b3Þ

− ½1 − x2 − rDs
rD�

s0
ðx2 þ x3 − 2Þ�Eanðtð2Þan Þhð2Þan ðx1; x2; x3; b1; b3Þg; ð31Þ
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FLL
a ¼ −FLR

a

¼ 8πCffBs
m4

Bs

Z
1

0

dx2dx3

Z
∞

0

b2db2b3db3ϕD�
s0
ðx2ÞϕDs

ðx3Þf½x3 − 1þ 2rDs
rD�

s0
ðx3 − 2Þ�

× Eaðtð1Þa ÞStðx3Þhaðð1 − r2Ds
Þx2; ð1 − r2D�

s0
Þx3; b2; b3Þ

þ ½1 − x2 − 2rDs
rD�

s0
ðx2 − 2Þ�Eaðtð2Þa ÞStðx2Þhaðð1 − r2D�

s0
Þx3; ð1 − r2Ds

Þx2; b3; b2Þg; ð32Þ

F SP
a ¼ 16πCffBs

m4
Bs

Z
1

0

dx2dx3

Z
∞

0

b2db2b3db3ϕD�
s0
ðx2ÞϕDs

ðx3Þ

× f½2rD�
s0
þ rDs

ð1 − x3Þ�Eaðtð1Þa ÞStðx3Þhaðð1 − r2Ds
Þx2; ð1 − r2D�

s0
Þx3; b2; b3Þ

þ ½2rDs
þ rD�

s0
ð1 − x2Þ�Eaðtð2Þa ÞStðx2Þhaðð1 − r2D�

s0
Þx3; ð1 − r2Ds

Þx2; b3; b2Þg; ð33Þ

where ð1 − r2Ds
Þx2 ¼ 1 − ð1 − r2Ds

Þx2, ð1 − r2D�
s0
Þx3 ¼ 1 − ð1 − r2D�

s0
Þx3. The hard scales, evolution factors, the expressions

of the Sudakov factors and the functions of the hard kernels in the above amplitudes can be found in the Appendix A.
Another type of annihilation Feynman diagrams contributing to the decay Bs → D�þ

s0 ð2317ÞD−
s is shown in Fig. 2, and

the corresponding amplitudes are written as

MLL
ancs ¼ −32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½x3 − rDs
rD�

s0
ðx2 þ x3 þ 2Þ�Eanðtð1ÞancsÞhð1Þancsðx1; x3; x2; b1; b2Þ

− ½x2 − rDs
rD�

S0
ðx2 þ x3Þ�Eanðtð2ÞancsÞhð2Þancsðx1; x3; x2; b1; b2Þg; ð34Þ

MLR
ancs ¼ −32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½rDs
ð2 − x3Þ − rD�

s0
ðx2 − 2Þ�Eanðtð1ÞancsÞhð1Þancsðx1; x3; x2; b1; b2Þ

þ ½rD�
s0
x2 þ rDs

x3�Eanðtð2ÞancsÞhð2Þancsðx1; x3; x2; b1; b2Þg; ð35Þ

MSP
ancs ¼ 32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½x2 − rDs
rD�

s0
ðx2 þ x3 þ 2Þ�Eanðtð1ÞancsÞhð1Þancsðx1; x3; x2; b1; b2Þ

− ½x3 − rDs
rD�

s0
ðx2 þ x3Þ�Eanðtð2ÞancsÞhð2Þancsðx1; x3; x2; b1; b2Þg; ð36Þ

FLL
acs ¼ −FLR

acs

¼ −8πCffBs
m4

Bs

Z
1

0

dx2dx3

Z
∞

0

b2db2b3db3ϕD�
s0
ðx2ÞϕDs

ðx3Þ

× f½1 − x2 þ 2rDs
rD�

s0
ðx2 − 2ÞÞ�Eaðtð1ÞacsÞStðx2Þhaðx3; ð1 − r2D�

s0
− r2Ds

Þx2; b3; b2Þ
− ½1 − x3 þ 2rDs

rD�
s0
ðx3 − 2Þ�Eaðtð2ÞacsÞStðx3Þhaðx2; ð1 − r2D�

S0
− r2Ds

Þx3; b2; b3ÞÞg; ð37Þ

F SP
acs ¼ 16πCffBs

m4
Bs

Z
1

0

dx2dx3

Z
∞

0

b2db2b3db3ϕD�
s0
ðx2ÞϕDs

ðx3Þ

× f½−2rDs
þ rD�

s0
ð1 − x2Þ þ rc�Eaðtð1ÞacsÞStðx2Þhaðx3; ð1 − r2D�

s0
− r2Ds

Þx2; b3; b2Þ
þ ½2rD�

s0
− rDs

ð1 − x3Þ − rc�Eaðtð2ÞacsÞStðx3Þhaðx2; ð1 − r2D�
s0
− r2Ds

Þx3; b2; b3ÞÞg: ð38Þ
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The amplitudes for the decay Bs → D�−
s0 D

þ
s are listed in Appendix B. As to the decays with a vector meson D�

ðsÞ involved,
the corresponding amplitudes can be also obtained from the Feymann rules, which are not listed for simplicity. Combining
these amplitudes, we can obtain the total decay amplitude of each considered channel

AðBþ → D�þ
s0 D

0Þ ¼ GFffiffiffi
2

p fV�
cbVcs½FLL

e ða1Þ þMLL
en ðC1Þ� þ VubVus½FLL

a ða1Þ þMLL
an ðC1Þ�

−V�
tbVts½FLL

e ða4 þ a10Þ þMLL
en ðC3 þ c9Þ þ FSP

e ða6 þ a8Þ þMLR
en ðC5 þ C7Þ þ FLL

a ða4 þ a10Þ
þ FSP

a ða6 þ a8Þ þMLL
an ðC3 þ C9Þ þMLR

an ðC5 þ C7Þ�g; ð39Þ

AðB0 → D�þ
s0 D

−Þ ¼ GFffiffiffi
2

p fV�
cbVcs½FLL

e ða1Þ þMLL
en ðC1Þ� − V�

tbVts½FLL
e ða4 þ a10Þ þ FSP

e ða6 þ a8Þ þMLL
en ðC3 þ C9Þ

þMLR
en ðC5 þ C7Þ þ FLL

a

�
a4 −

a10
2

�
þFSP

a

�
a6 −

a8
2

�
þMLL

an

�
C3 −

C9

2

�
þMLR

an

�
C5 −

C7

2

���
;

ð40Þ

AðB0
s → D�þ

s0 D
−
s Þ ¼

GFffiffiffi
2

p fV�
cbVcs½FLL

e ða1Þ þMLL
en ðC1Þ þ FLL

acsða2Þ þMLL
ancsðC2Þ� − V�

tbVts½FLL
e ða4 þ a10Þ þ FSP

e ða6 þ a8Þ

þMLL
en ðC3 þ C9Þ þMLR

en ðC5 þ C7Þ þ FLL
acsða3 − a5 − a7 þ a9Þ þMLL

ancsðC4 þ C10Þ

þMSP
ancsðC6 þ C8ÞFLL

a

�
a3 þ a4 − a5 þ

a7
2
−
a9
2
−
a10
2

�
þMLL

an

�
C3 þ C4 −

C9

2
−
10

2

�

þ FSP
a

�
a6 −

a8
2

�
þMSP

an

�
C6 −

C8

2

�
þMLR

an

�
C5 −

C7

2

���
; ð41Þ

AðB0
s → D�−

s0D
þÞ ¼ GFffiffiffi

2
p fV�

cbVcd½FLL
ec ða1Þ þMLL

encðC1Þ� − V�
tbVtd½FLL

ec ða4 þ a10Þ þMLL
encðC3 þ C9Þ þMLR

encðC5 þ C7Þ

þ FSP
ec ða6 þ a8Þ þ FLL

ac

�
a4 −

a10
2

�
þMLL

anc

�
C3 −

C9

2

�
þ FSP

ac

�
a6 −

a8
2

�
þMLR

anc

�
C5 −

C7

2

���
:

ð42Þ

The amplitudes for the decay B0
s → D�−

s0D
þ
s can be ob-

tained from those for the decay B0
s → D�þ

s0 D
−
s by deleting

(adding) the character “c" from (to) the subscript of each
amplitude where there is (not) a character “c.”

III. THE NUMERICAL RESULTS
AND DISCUSSIONS

We use the following input parameters in the numerical
calculations [6,57]:

fB ¼ 210 MeV; fBs
¼ 230 MeV;

MB ¼ 5.28 GeV; MBs
¼ 5.37 GeV; ð43Þ

τ�B ¼ 1.638 × 10−12s; τB0 ¼ 1.519 × 10−12s;

τBs
¼ 1.512 × 10−12s; ð44Þ

MW ¼ 80.38 GeV; MD�
s0
¼ 2.3178 GeV: ð45Þ

For the CKM matrix elements, we adopt the Wolfenstein
parametrization and the updated values A ¼ 0.790þ0.017

−0.012 ,
λ ¼ 0.22650� 0.00048, ρ̄ ¼ 0.141þ0.016

−0.017 and η̄ ¼ 0.357�
0.011 [6].
Generally speaking that the branching ratio of the charged

channel should not be less than that of the corresponding
neutral one. For example, Particle Data Group(PDG)
gives that BrðBþ → Dþ

s D̄0Þ ¼ ð9.0� 0.9Þ × 10−3, which
is larger than BrðB0 → Dþ

s D−Þ ¼ ð7.2� 0.8Þ × 10−3 [6].
Similarly our calculations (given in Table II) also show
that the branching ratio of the charged decay Bþ →
Dþ

s ð2317ÞD̄ð�Þ0 is slightly larger than that of the neutral
decay B0 → Dþ

s ð2317ÞDð�Þ−. But data are just the opposite
[6]. Certainly, there still exist large errors in the experimental
results, especially for the branching ratios of the decays
with a vector meson D� involved. We expect more
accurate experimental results in the future LHCb and
Super KEKB experiments. Theoretically, the decays Bþ →
Dþ

s ð2317ÞD̄ð�Þ0 and B0 → Dþ
s ð2317ÞDð�Þ− have the same
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CKM matrix elements and Wilson coefficients for the
factorizable and nonfactorizable emission amplitudes, it is
different in the amplitudes from the annihilation diagrams,
while their contributions are small which will be discussed
later. Furthermore, there exist similar transition form factors
for isospin symmetry between each pair of decay channels.
So they should have similar branching ratios.
Certainly, here most uncertainty parameter is the decay

constant fD�
s0
, which is defined by the matrix element of the

vector current

h0js̄γμcjD�
s0ðpÞi ¼ fD�

s0
pμ: ð46Þ

It connects with another decay constant f̃D�
s0

defined
in Eq. (9) at zero momentum by the formula fD�

s0
¼

f̃D�
s0
ðmc −msÞ=mD�

s0
. The decay constant fD�

s0
has been

computed by different approaches with results covering a
wide range (shown in Table I). It is interesting that the
works [30,54,55,62] about the analysis of the decay
constant fD�

s0
through B decays to two charmed mesons

are consistent with each other:fD�
s0

is in the range of
60–75 MeV, which is much smaller than the decay constant
of another P-wave meson Ds1ð2460Þ. That is to say that
there exists large disparity between these two decay
constants. And the corresponding analysis approaches
include the heavy quark symmetry (HQS), the light front
quark model (QM). While some authors considered that
fD�

s0
is larger than 100 MeV by using the quark model [50],

lattice QCD (LQCD) [51] and so on.
From our calculations, we find that the smaller

decay constant fD�
s0
is supported by the present data, say

55–70 MeV. The values such as larger than 100 MeV seem
are not favored. So we calculate the branching ratios
corresponding to fD�

s0
¼ 55, 60, 67 MeVand list in Table II.

It is helpful to define the following two ratios

R1 ¼
BrðBþ → D�þ

s0 ð2317ÞD̄0Þ
BrðBþ → D�þ

s0 ð2317ÞD̄�0Þ ;

R2 ¼
BrðB0 → D�þ

s0 ð2317ÞD−Þ
BrðB0 → D�þ

s0 ð2317ÞD�−Þ : ð47Þ

They are in the range 0.61 ∼ 0.67 (shown in Table III),
which are lower than the experimental values 0.89 and
0.71, respectively. Certainly, these two ratios can be
well determined by the future experiments through improv-
ing the measurement accuracy to the decays Bþ →
D�þ

s0 ð2317ÞD̄�0 and B0 → D�þ
s0 ð2317ÞD�−. It is very pos-

sible that the ratios R1 and R2 are less than 1, which is
contrary to the previous prediction [62].
Here we take B0 → D�þ

s0 ð2317ÞD− as an example to do
the numerical analysis about the amplitudes from different
types of Feynman diagrams. The tree operators from the
factorizable emission diagrams give the largest contribution
because of the large Wilson coefficient C2 þ C1=3, and the
value of the corresponding amplitude is about 4.39 × 10−2.
The amplitude from the nonfactorizable emission diagrams
is suppressed by the small Wilson coefficient C1, whose
value is about ð1.32þ i0.57Þ × 10−2. The total amplitude
of penguin operators is about −ð0.95þ i0.07Þ × 10−2,
which comes from two parts: One is the factorizable and
nonfactorizable emission diagrams −ð0.93þ i0.04Þ×10−2,
the other is the annihilation diagrams −ð1.11þ i3.67Þ×
10−4. The penguin operators receive severe suppression
from the Wilson coefficients and only contribute 3.9% to
the final branching ratio. The penguin operator contribu-
tions from the annihilation diagrams are even tiny and can
be neglected. So it is enough to pay our attention only to the
factorizable and nonfactorizable emission diagrams for the
investigation of the branching ratios. As to the branching
ratios for the decays of Bs to two charmed mesons are
also calculated and listed in Table IV. In these decays,

Bs → D�−
s0 ð2317ÞDð�Þþ

s have the largest branching ratios,
which are at 10−3 order. They are consistent with the
predictions by the relativistic quark model (RQM) [46],

TABLE III. The ratios R1;2 defined in Eq. (47) with different
values fD�

s0
¼ 55, 60, 67 MeV, where the errors are the same with

those in Table 2, but with them added in quadrature.

Modes fD�
s0
¼ 55 fD�

s0
¼ 60 fD�

s0
¼ 67 Data [6]

R1 0.63þ0.39
−0.27 0.62þ0.40

−0.26 0.61þ0.33
−0.24 0.89þ0.71

−0.70
R2 0.67þ0.43

−0.29 0.66þ0.43
−0.28 0.66þ0.42

−0.28 0.71� 0.30

TABLE II. Branching ratios (×10−4) of the decays Bþ → D�þ
s0 ð2317ÞD̄ð�Þ0 and B0 → D�þ

s0 ð2317ÞDð�Þ− with different values
fD�

s0
¼ 55, 60, 67 MeV, where the errors for these entries correspond to the uncertainties in the wb ¼ 0.4� 0.04 GeV for B meson, the

hard scale t varying from 0.75t to 1.25t, and the CKM matrix elements.

Modes fD�
s0
¼ 55 fD�

s0
¼ 60 fD�

s0
¼ 67 Data [6]

BrðBþ → D�þ
s0 ð2317ÞD̄0Þ 7.5þ3.3þ0.1þ0.3

−2.2−0.3−0.3 8.9þ4.0þ0.5þ0.4
−2.6−0.2−0.3 11.2þ4.0þ0.3þ0.4

−2.8−0.2−0.4 8.0þ1.6
−1.3

BrðBþ → D�þ
s0 ð2317ÞD̄�0Þ 12.0þ4.9þ1.9þ0.5

−3.5−1.2−0.4 14.4þ6.0þ2.3þ0.5
−4.3−1.5−0.4 18.3þ7.1þ2.7þ0.7

−5.4−1.7−0.5 9� 7

BrðB0 → D�þ
s0 ð2317ÞD−Þ 7.0þ3.0þ0.1þ0.2

−2.1−0.2−0.3 8.3þ3.7þ0.4þ0.3
−2.4−0.2−0.3 10.5þ4.5þ0.4þ0.4

−3.0−0.2þ0.4
10.6� 1.6

BrðB0 → D�þ
s0 ð2317ÞD�−Þ 10.5þ4.7þ1.6þ0.3

−3.2−0.9−0.4 12.6þ5.7þ1.9þ0.5
−3.8−1.1−0.5 15.9þ7.0þ2.4þ0.6

−4.9−1.4−0.5 15� 6
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while are much smaller than those by using the light cone
sum rules (LCSR) approach [41]. It can be tested by the
future LHCb and Super KEKB experiments. For the decays
Bs → D�−

s0 ð2317ÞDð�Þþ,their branching ratios are much
smaller than 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
between the branching ratios of these two types of decays.
Through our calculations, we find that the direct CP

asymmtries of our considered decays are in the range of
10−4 ∼ 10−3. For example, Adir

CPðBþ → Dþ
s0ð2317ÞD0Þ is

about 0.75%. As we know that the direct CP asymmetry is
proportional to the interference between the tree and
penguin contributions, while the penguin contributions
are small as we mentioned above, so it is no surprise that
the direct CP violation of these decays are small. In a word,
the direct CP asymmetries in these decays of B to two
charmed mesons are tiny, any large direct CP violation
observed in the future experiments can be treated as a new
dynamic mechanism from the some special structure of
D�þ

s0 ð2317Þ or a signal of new physics.

IV. CONCLUSION

In summary, we probe the inner structure of the meson
D�

s0ð2317Þ through the decays of BðsÞ to two charmed
mesons within pQCD approach. Assuming D�

s0ð2317Þ
as a scalar meson with c̄s structure, we find that our
predictions for the branching ratios of the decays
Bþ → D�þ

s0 ð2317ÞD̄ð�Þ0, B0 → D�þ
s0 ð2317ÞDð�Þ− can

explain data within errors. In our calculations, the decay
constant of the meson D�

s0ð2317Þ is an input parameter,
and its value has been studied by many references but with
results covering a wide range. While a smaller value of the
decay constant for the meson D�

s0ð2317Þ is supported
in our work, say 55–70 MeV. We also calculate the ratios

R1 ¼ BrðBþ→D�þ
s0 ð2317ÞD̄0Þ

BrðBþ→D�þ
s0 ð2317ÞD̄�0Þ and R2 ¼ BrðB0→D�þ

s0 ð2317ÞD−Þ
BrðB0→D�þ

s0 ð2317ÞD�−Þ,

which are valuable to determine the inner structure of
the meson D�

s0ð2317Þ by compared between theory and

experiment. We expect that these two values can be
well measured by the future LHCb and Super KEKB
experiments through improving the measurement
accuracy for the decays Bþ → D�þ

s0 ð2317ÞD̄�0 and
B0 → D�þ

s0 ð2317ÞD�−.
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APPENDIX A: SCALES, FUNCTIONS FOR
THE HARD KERNEL, AND THE

EVOLUTION FACTORS

The variables that are evaluated from the gluon and quark
propagators will be used to determine the scales and the
expressions of the hard kernels

Pen ¼ m2
Bx1x3ð1 − r2D�

s0
Þ;

Pð1Þ
en ¼ m2

Bx3ðx1ð1 − r2D�
s0
Þ − x2ð1 − r2D�

s0
− r2Ds

ÞÞ; ðA1Þ

Pð2Þ
en ¼ m2

B½r2c − ðð1 − x1 − x2Þx3 − ð1 − x2Þx3r2Ds

þ ð1 − x1 − x2Þð1 − x3Þr2D�
s0
Þ�; ðA2Þ

Pan ¼ −m2
B½1 − ð1 − r2Ds

Þx2 − ð1 − r2D�
s0
Þx3

þ x2x3ð1 − r2Ds
− r2D�

s0
Þ�; ðA3Þ

Pð1Þ
an ¼ m2

B½1þ ð1 − r2D�
s0
Þx1x3 − ð1 − r2Ds

− r2D�
s0
Þx2x3�;

ðA4Þ

TABLE IV. Branching ratios (×10−3) of the decays Bs → D�
s0ð2317ÞDð�Þ

s , D�
s0ð2317ÞDð�Þ with different values fD�

s0
¼ 55, 60,

67 MeV, where the errors for these entries correspond to the uncertainties in the wb ¼ 0.5� 0.05 GeV for Bs meson, the hard scale t
varying from 0.75t to 1.25t, and the CKM matrix elements. Some of these channels have been calculated by using the light cone sum
rules (LCSR) [41] and the relativistic quark model (RQM) [46], which are listed in the last two columns.

Modes fD�
s0
¼ 55 MeV fD�

s0
¼ 60 MeV fD�

s0
¼ 67 MeV RQM [46] LCSR [41]

Bs → D�−
s0 ð2317ÞDþ

s 1.4þ0.6þ0.2þ0.1
−0.4−0.1−0.0 1.7þ0.8þ0.2þ0.0

−0.5−0.1−0.1 2.1þ0.9þ0.3þ0.1
−0.6−0.1−0.1 1.1 13þ7

−5

Bs → D�−
s0 ð2317ÞD�þ

s 1.2þ0.5þ0.1þ0.0
−0.4−0.1−0.1 1.4þ0.8þ0.1þ0.1

−0.4−0.1−0.0 1.8þ0.9þ0.1þ0.1
−0.6−0.1−0.1 2.3 6.0þ2.9

−2.4

Bs → D�þ
s0 ð2317ÞD−

s 0.73þ0.35þ0.02þ0.03
−0.24−0.04−0.01 0.86þ0.56þ0.04þ0.03

−0.27−0.03−0.03 1.11þ0.56þ0.02þ0.04
−0.37−0.04−0.04

Bs → D�þ
s0 ð2317ÞD�−

s 0.97þ0.45þ0.07þ0.03
−0.31−0.06−0.04 1.17þ0.56þ0.08þ0.04

−0.37−0.07−0.05 1.48þ0.69þ0.05þ0.06
−0.46−0.07−0.05

Bs → D�−
s0 ð2317ÞDþ 0.043þ0.023þ0.004þ0.002

−0.014−0.003−0.001 0.052þ0.027þ0.005þ0.002
−0.017−0.003−0.002 0.065þ0.034þ0.006þ0.002

−0.021−0.004−0.002 0.5þ0.2
−0.2

Bs → D�−
s0 ð2317ÞD�þ 0.033þ0.018þ0.003þ0.001

−0.011−0.002−0.001 0.040þ0.021þ0.003þ0.001
−0.014−0.002−0.001 0.050þ0.026þ0.004þ0.002

−0.017−0.002−0.001 0.2þ0.1
−0.1

PROBING D�
S0ð2317Þ IN THE DECAYS OF … PHYS. REV. D 103, 116030 (2021)

116030-9



Pð2Þ
an ¼ m2

B½x1 þ x2 þ x3 − 1 − x1x3ð1 − r2D�
s0
Þ

− x2r2D − x3r2D�
s0
− x2x3ð1 − r2D − r2D�

s0
Þ�; ðA5Þ

Pancs ¼ −m2
Bð1 − r2Ds

− r2D�
s0
Þx2x3;

Pð2Þ
ancs ¼ m2

B½x1ð1 − r2D�
s0
Þ − ð1 − r2Ds

− r2D�
s0
Þx2�x3; ðA6Þ

Pð1Þ
ancs ¼ m2

B½x1ð1þ ðr2D�
s0
− 1Þx3Þ þ x3ð1 − r2D�

s0
Þ

þ x2ð1 − x3ð1 − r2D�
s0
Þ þ ðx3 − 1Þr2Ds

Þ�: ðA7Þ

Then the scales in each amplitude are determined as

tð1Þe ¼ max
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x3ð1 − r2D�
s0
Þ

q
mB; 1=b1; 1=b3



; ðA8Þ

tð2Þe ¼ max
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x1ð1 − r2D�
s0
Þ

q
mB; 1=b1; 1=b3



; ðA9Þ

tð1;2Þen ¼ max
	 ffiffiffiffiffiffiffi

Pen

p
;

ffiffiffiffiffiffiffiffiffiffiffiffiffi
jPð1;2Þ

en j
q

; 1=b1; 1=b2

�
; ðA10Þ

tð1;2Þan ¼ max
	 ffiffiffiffiffiffiffiffiffiffi

jPanj
p

;
ffiffiffiffiffiffiffiffiffiffiffiffiffi
jPð1;2Þ

an j
q

; 1=b1; 1=b3


; ðA11Þ

tð1;2Þancs ¼ max
	 ffiffiffiffiffiffiffiffiffiffiffiffiffi

jPancsj
p

;
ffiffiffiffiffiffiffiffiffiffiffiffiffi
jPð1;2Þ

ancsj
q

; 1=b1; 1=b2


; ðA12Þ

tð1Þa ¼ max
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ð1 − r2D�
s0
Þx3

q
; 1=b2; b3



; ðA13Þ

tð2Þa ¼ max
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ð1 − r2Ds
Þx2

q
; 1=b2; b3



; ðA14Þ

tð1Þacs ¼ max
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1 − r2Ds
− r2D�

s0
Þx2

q
; 1=b2; b3



; ðA15Þ

tð2Þacs ¼ max
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1 − r2Ds
− r2D�

s0
Þx3

q
; 1=b2; b3



: ðA16Þ

The hard functions for the hard part of the amplitudes are
listed as

heðx1; x3; b1; b3Þ ¼ K0ð
ffiffiffiffiffiffiffiffiffi
x1x3

p
mBs

b1Þ½θðb1 − b3ÞK0ð
ffiffiffiffiffi
x3

p
mBs

b1ÞI0ð
ffiffiffiffiffi
x3

p
mBs

b3Þ
þ θðb3 − b1ÞK0ð

ffiffiffiffiffi
x3

p
mBs

b3ÞI0ð
ffiffiffiffiffi
x3

p
mBs

b1Þ�; ðA17Þ

haðx2; x3; b2; b3Þ ¼
�
i
π

2

�
2

Hð1Þ
0 ð ffiffiffiffiffiffiffiffiffi

x2x3
p

mBs
b2Þ½θðb2 − b3ÞHð1Þ

0 ð ffiffiffiffiffi
x3

p
mBs

b2ÞJ0ð
ffiffiffiffiffi
x3

p
mBs

b3Þ

þ θðb3 − b2ÞHð1Þ
0 ð ffiffiffiffiffi

x3
p

mBs
b3ÞJ0ð

ffiffiffiffiffi
x3

p
mBs

b2Þ�; ðA18Þ

hðjÞen ðx1; x2; x3; b1; b2Þ ¼ ½θðb1 − b2ÞK0ð
ffiffiffiffiffiffiffi
Pen

p
b1ÞI0ð

ffiffiffiffiffiffiffi
Pen

p
b2Þ þ ðb1 ↔ b2Þ�

0
B@ K0

	 ffiffiffiffiffiffiffiffi
PðjÞ
en

q
b2



for PðjÞ
en ≥ 0

iπ
2
Hð1Þ

0

	 ffiffiffiffiffiffiffiffiffiffi
jPðjÞ

en j
q

b2



for PðjÞ
en ≤ 0

1
CA;

ðA19Þ

hðjÞanðcsÞðx1; x2; x3; b1; b3Þ ¼ i
π

2

h
θðb1 − b3ÞHð1Þ

0

	 ffiffiffiffiffiffiffiffiffiffiffiffiffi
PanðcsÞ

q
b1


J0
	 ffiffiffiffiffiffiffiffiffiffiffiffiffi

PanðcsÞ
q

b3



þ ðb1 ↔ b3Þ�

0
BB@ K0

	 ffiffiffiffiffiffiffiffiffiffiffiffiffi
PðjÞ
anðcsÞ

q
b1



for PðjÞ
anðcsÞ ≥ 0

iπ
2
Hð1Þ

0

	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jPðjÞ

anðcsÞj
q

b1



for PðjÞ
anðcsÞ ≤ 0

1
CCA; ðA20Þ

where the functionsHð1Þ
0 , J0,K0, I0 are the (modified) Bessel functions and obtained from the Fourier transformations of the

quark and gluon propagators. The evolution factors evolving the scale t are defined as

EeðtÞ ¼ αsðtÞ exp½−SBs
ðtÞ − SDs

ðtÞ�; ðA21Þ

EenðtÞ ¼ αsðtÞ exp½−SBs
ðtÞ − SDs

ðtÞ − SD�
s0
ðtÞjb1¼b3 �; ðA22Þ

EanðtÞ ¼ αsðtÞ exp½−SBs
ðtÞ − SDs

ðtÞ − SD�
s0
ðtÞjb2¼b3 �; ðA23Þ
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EaðtÞ ¼ αsðtÞ exp½−SDs
ðtÞ − SD�

s0
ðtÞ�; ðA24Þ

where the definitions of the functions SjðtÞðj ¼ Bs;DD�
s0
;

DsÞ in Eq. (A21), Eq. (A22), Eq. (A23), and Eq. (A24) are
given as

SBs
ðtÞ ¼ s

�
x1

mBsffiffiffi
2

p ; b1

�
þ 5

3

Z
t

1=b1

dμ̄
μ̄
γqðαsðμ̄ÞÞ; ðA25Þ

SDs
ðtÞ ¼ s

�
x2

mBsffiffiffi
2

p ; b2

�
þ 2

Z
t

1=b2

dμ̄
μ̄
γqðαsðμ̄ÞÞ; ðA26Þ

SD�
s0
ðtÞ ¼ s

�
x3

mBsffiffiffi
2

p ; b3

�
þ 2

Z
t

1=b3

dμ̄
μ̄
γqðαsðμ̄ÞÞ: ðA27Þ

Here the quark anomalous dimension γq ¼ −αs=π, and the
expression of the sðQ; bÞ in one-loop running coupling
constant is used

sðQ; bÞ ¼ Að1Þ

2β1
q̂ ln

�
q̂

b̂

�
−
Að1Þ

2β1
ðq̂ − b̂Þ þ Að2Þ

4β21

�
q̂

b̂
− 1

�

−
�
Að2Þ

4β21
−
Að1Þ

4β1
ln

�
e2γE−1

2

��
ln

�
q̂

b̂

�
; ðA28Þ

with the variables are defined by q̂ ¼ ln½Q=ð ffiffiffi
2

p
ΛÞ�,

q̂ ¼ ln½1=ðbΛÞ� and the coefficients Að1;2Þ and β1 are

β1 ¼
33 − 2nf

12
; Að1Þ ¼ 4

3
; ðA29Þ

Að2Þ ¼ 67

9
−
π2

3
−
10

27
nf þ

8

3
β1 ln

�
1

2
eγE

�
; ðA30Þ

where nf is the number of the quark flavors and γE the
Euler constant.

APPENDIX B: AMPLITUDES FOR THE DECAY
B0
s → D�−

s0 ð2317ÞD +
s

The amplitudes for the decay B0
s → D�−

s0 ð2317ÞDþ
s are

listed in the following. It is noticed that we add the
character “c” in the subscripts to distinguish them from
those for Fig. 1, which represents a conventional charmed
meson Ds being the emission (upper) position in the
Feynman diagrams.

FLL
ec ¼ −FLR

ec ¼ 8πCFM4
Bs
fDs

Z
1

0

dx1dx2

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1ÞϕD�

s0
ðx2Þ

× ½1þ rD�
s0
þ ð1 − 2rD�

s0
Þx2�Eecðtð1Þec ÞStðx2Þheðx1; x2ð1 − r2Ds

Þ; b1; b2Þ
þ ½rcð1 − 2rD�

s0
Þ þ rD�

s0
ð2 − rD�

s0
Þ�Eecðtð2Þec ÞStðx1Þheðx2; x1ð1 − r2Ds

Þ; b2; b1Þ�; ðB1Þ

F SP
ec ¼ −16πCFM4

Bs
fDs

rDs

Z
1

0

dx1dx2

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1Þ

× f½1þ rD�
s0
ð2þ rD�

s0
þ x2ð1 − 4rD�

s0
ÞÞ�Eecðtð1Þec ÞStðx2Þheðx1; x2ð1 − r2Ds

Þ; b1; b2Þ
þ ½rcð1 − 4rD�

s0
Þ þ 2rD�

s0
ð1 − rD�

s0
Þ�Eecðtð2Þec ÞStðx1Þheðx2; x1ð1 − r2Ds

Þ; b2; b1Þg; ðB2Þ

MLL
enc ¼ 32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b3db3ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½x3 − rD�
s0
x2ð1 − 2rD�

s0
Þ�Eencðtð1ÞencÞhð1Þencðx1; x3; x2; b1; b3Þ

þ ½x3 − 1 − ð1 − rD�
s0
Þx2 þ rcrD�Eencðtð2ÞencÞhð2Þencðx1; x3; x2; b1; b3Þg; ðB3Þ

MLR
enc ¼ −32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b3db3ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× ðrD�
s0
þ 1ÞfrDs

½x3 þ rD�
s0
ð1þ rD�

s0
Þx2�Eencðtð1ÞencÞhð1Þencðx1; x3; x2; b1; b3Þ

− ½rc þ rDs
ð1þ rD�

s0
Þð1 − x3Þ�Eencðtð2ÞencÞhð2Þencðx1; x3; x2; b1; b3Þg; ðB4Þ
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MSP
enc ¼ −32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b3db3ϕBðx1; b1ÞϕD�
s0
ðx2ÞϕDs

ðx3Þ

× f½x3 þ ð1 − rD�
s0
Þx2�Eencðtð1ÞencÞhð1Þencðx1; x3; x2; b1; b3Þ

þ ½x3 þ rD�
s0
x2 − 1�Eencðtð2ÞencÞhð2Þencðx1; x3; x2; b1; b3Þg; ðB5Þ

where these amplitudes are factorizable and nonfactorizable emission contributions, respectively. The nonfactorizable and
factorizable annihilation amplitudes are written as

MLL
anc ¼ 32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½x3 − 1 − rDs
rD�

s0
ðx2 þ x3 − 4Þ�Eanðtð1ÞancÞhð1Þancðx1; x3; x2; b1; b2Þ

þ ½1 − x2 þ rDs
rD�

S0
ðx2 þ x3 − 2Þ�Eanðtð2ÞancÞhð2Þancðx1; x3; x2; b1; b2Þg; ðB6Þ

MLR
anc ¼ −32πCfm4

B=
ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½rDs
ð1þ x3Þ þ rD�

s0
ð1þ x2Þ�Eanðtð1ÞancÞhð1Þancðx1; x3; x2; b1; b2Þ

þ ½rD�
s0
ð1 − x2Þ þ rDs

ð1 − x3Þ�Eanðtð2ÞancÞhð2Þancðx1; x3; x2; b1; b2Þg; ðB7Þ

MSP
anc ¼ 32πCfm4

B=
ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b2db2ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½1 − x2 þ rDs
rD�

s0
ðx2 þ x3 − 4Þ�Eanðtð1ÞancÞhð1Þancðx1; x3; x2; b1; b2Þ

− ½1 − x3 þ rDs
rD�

s0
ðx2 þ x3 − 2Þ�Eanðtð2ÞancÞhð2Þancðx1; x3; x2; b1; b2Þg; ðB8Þ

FLL
ac ¼ −FLR

ac

¼ 8πCffBs
m4

Bs

Z
1

0

dx2dx3

Z
∞

0

b2db2b3db3ϕD�
s0
ðx2ÞϕDs

ðx3Þ

× f½x2 − 1 − 2rDs
rD�

s0
ðx2 − 2Þ�Eaðtð1Þac ÞStðx2Þhaðð1 − r2D�

s0
Þx3; ð1 − r2Ds

Þx2; b3; b2Þ
þ ½1 − x3 þ 2rDs

rD�
s0
ðx3 − 2Þ�Eaðtð2Þac ÞStðx3Þhaðð1 − r2Ds

Þx2; ð1 − r2D�
S0
Þx3; b2; b3Þg; ðB9Þ

F SP
ac ¼ 16πCffBs

m4
Bs

Z
1

0

dx2dx3

Z
∞

0

b2db2b3db3ϕD�
s0
ðx2ÞϕDs

ðx3Þ

× f½−2rDs
þ rD�

s0
ð1 − x2Þ�Eaðtð1Þac ÞStðx2Þhaðð1 − r2D�

s0
Þx3; ð1 − r2Ds

Þx2; b3; b2Þ
þ ½2rD�

s0
− rDs

ð1 − x3Þ�Eaðtð2Þac ÞStðx3Þhaðð1 − r2Ds
Þx2; ð1 − r2D�

s0
Þx3; b2; b3Þg: ðB10Þ

If changing the positions of the scalar and the pseudoscalar mesons in the final states, one can get another type of
annihilation amplitudes, which are given as

MLL
ans ¼ −32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b3db3ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½x2 þ rDs
rD�

s0
ðx2 þ x3 þ 2Þ�Eanðtð1ÞansÞhð1Þansðx1; x2; x3; b1; b3Þ

− ½x3 þ rDs
rD�

s0
ðx2 þ x3Þ�Eanðtð2ÞansÞhð2Þansðx1; x3; x2; b1; b3Þg; ðB11Þ
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MLR
ans ¼ −32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b3db3ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½rDs
ð2 − x3Þ þ rD�

s0
ðx2 − 2Þ�Eanðtð1ÞansÞhð1Þansðx1; x2; x3; b1; b3Þ

− ½rD�
s0
x2 − rDs

x3�Eanðtð2ÞansÞhð2Þansðx1; x2; x3; b1; b3Þg; ðB12Þ

MSP
ans ¼ 32πCfm4

Bs
=

ffiffiffiffiffiffiffiffiffi
2NC

p Z
1

0

dx1dx2dx3

Z
∞

0

b1db1b3db3ϕBs
ðx1; b1ÞϕD�

s0
ðx2ÞϕDs

ðx3Þ

× f½x3 þ rDs
rD�

s0
ðx2 þ x3 þ 2Þ�Eanðtð1ÞansÞhð1Þansðx1; x2; x3; b1; b3Þ

− ½x2 þ rDs
rD�

s0
ðx2 þ x3Þ�Eanðtð2ÞansÞhð2Þansðx1; x2; x3; b1; b3Þg; ðB13Þ

FLL
as ¼ −FLR

as

¼ −8πCffBs
m4

Bs

Z
1

0

dx2dx3

Z
∞

0

b2db2b3db3ϕD�
s0
ðx2ÞϕDs

ðx3Þ

× f½x3 þ 2rDs
rD�

s0
ð1þ x3ÞÞ�Eaðtð1Þas ÞStðx3Þhaðx2; ð1 − r2D�

s0
− r2Ds

Þx3; b2; b3ÞÞ
− ½x2 þ 2rDs

rD�
s0
ðx2 þ 1Þ�Eaðtð2Þas ÞStðx2Þhaðx3; ð1 − r2D�

S0
− r2Ds

Þx2; b3; b2ÞÞg; ðB14Þ

F SP
as ¼ 16πCffBs

m4
Bs

Z
1

0

dx2dx3

Z
∞

0

b2db2b3db3ϕD�
s0
ðx2ÞϕDs

ðx3Þ

× f½2rD�
s0
þ rDs

x3 þ rc�Eaðtð1Þas ÞStðx3Þhaðx2; ð1 − r2D�
s0
− r2Ds

Þx3; b2; b3ÞÞ
þ ½2rDs

þ rD�
s0
x2 − rc�Eaðtð2Þas ÞStðx2Þhaðx3; ð1 − r2D�

s0
− r2Ds

Þx2; b2; b3ÞÞg: ðB15Þ

From the previews contents, it is easy to know that the character “s” in each subscript represents ss̄ pair generated from a
hard gluon in the corresponding Feynman diagrams. The scales, the functions for the hard kernel and the evolution factors
can be obtained for Eq. (A1) to Eq. (A24) by the following substitutions

x2 ↔ x3; b2 ↔ b3; rD�
s0
↔ rDs

: ðB16Þ
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