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In this work, we calculate the branching ratios and CP violations of the B0
s → a0ð980Þa0ð980Þ decay

modes with both charged and neutral a0ð980Þ mesons and B0
s → f0ð980Þðf0ð500ÞÞf0ð980Þðf0ð500ÞÞ for

the first time in the pQCD approach. Considering the recent observation of the BESIII collaboration that
provide a direct information about the constituent two-quark components in the corresponding a0ð980Þ
wave functions, we regard the scalar mesons a0ð980Þ, f0ð980Þ, and f0ð500Þ as the qq̄ quark component in
our present work, and then make predictions of these decay modes. The branching ratios of our calculations
are at the order of the 10−4 ∼ 10−6 when we consider the mixing scheme. We also calculate theCP violation
parameters of these decay modes. The relatively large branching ratios make it easily to be tested by the
running LHC-b experiments, and it can help us to understand both the inner properties and the QCD
behavior of the scalar meson.
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I. INTRODUCTION

Since the first scalar meson f0ð980Þ was observed by the
Belle collaboration in the charged decay mode B� →
K�f0ð980Þ → K�π∓π� [1], and afterwards confirmed
by BABAR [2], a lot of other scalar mesons have been
discovered in the experiment successively. The scalar
mesons, especially for the a0ð980Þ and f0ð980Þ, which
are important for understanding the chiral symmetry and
confinement in the low-energy region, are one of the key
problems in the nonperturbative QCD [3]. However, the
inner structure of scalar mesons is still a contradiction in
both the theoretical and experimental side, and many works
have been done about scalar mesons in order to solve this
problem [4–16]. In Ref. [3], the authors listed many
evidences that sustain the four-quark model of the light
scalar mesons based on a series of experimental data. In
Ref. [17], the predicted result of B → a0ð980ÞK was
2 times difference from the experimental result, and the
author conclude that a0ð980Þ cannot be interpreted as qq̄.
In Ref. [18], the authors showed that the production of the
S� and δ and of low-mass KK̄ pairs have properties of the
KK̄ molecules. Moreover, the scalar meson are identified as
the quark-antiquark gluon hybrid. Nevertheless, these

interpretations of the scalar mesons make theoretical
calculations difficult, apart from the ordinary qq̄ model.
In the theoretical side, there are two interpretations about

light scalar mesons below 2 GeV in Review of Particle
Physics [19], the scalars below 1 GeV, including f0ð500Þ,
K�ð700Þ, f0ð980Þ, and a0ð980Þ, form a SUð3Þ flavor nonet,
and f0ð1370Þ, a0ð1450Þ, K�ð1430Þ, and f0ð1500Þ (or
f0ð1700Þ) that above 1 GeV form another SUð3Þ flavor
nonet. In order to describe the structure of these light scalar
mesons, the authors of Ref. [8] presented two scenarios to
clarify the scalar mesons:
(1) Scenario 1, the light scalar mesons, which involved

in the first SUð3Þ flavor nonet, are usually regarded
as the lowest-lying qq̄ states, and the other nonet as
the relevant first excited states. In the ordinary
diquark model, the quark components of a0ð980Þ
and f0ð980; 500Þ are

aþ0 ð980Þ ¼ ud̄; a−0 ð980Þ ¼ ūd;

a00ð980Þ ¼
1ffiffiffi
2

p ðuū − dd̄Þ; f0ð980Þ ¼ ss̄;

f0ð500Þ ¼
1ffiffiffi
2

p ðuūþ dd̄Þ; ð1Þ

(2) Scenario 2, the scalar mesons in the second nonet are
regarded as the ground states (qq̄), and scalar
mesons with mass between 2.0–2.3 GeV are first
excited states. This scenario indicates that the scalars
below or near 1 GeV are four-quark bound states,
while other scalars consist of qq̄ in scenario 1. So the
quark components of a0ð980Þ and f0ð980; 500Þ are
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aþ0 ð980Þ ¼ ud̄ss̄; a−0 ð980Þ ¼ ūds̄s;

a00ð980Þ ¼
1ffiffiffi
2

p ðuū − dd̄Þss̄;

f0ð980Þ ¼
1ffiffiffi
2

p ðuūþ dd̄Þss̄; f0ð500Þ ¼ udūd̄:

ð2Þ

Recently, the BESIII collaboration declare that the first
measurement of D mesons semileptonic decay D0 →
a−0 ð980Þeþνe and the existing evidence of Dþ →
a00ð980Þeþνe [20], which would provide useful information
on revealing the mysterious nature of the scalar mesons.
And in Ref. [21], BESIII declare the a00ð980Þ − f0ð980Þ
mixing in the J=ψ → ϕf0ð980Þ → ϕa00ð980Þ → ϕηπ0 and
χc1 → a00ð980Þπ0 → f0ð980Þπ0 → πþπ−π0 decay modes,
which is the first observation of a00ð980Þ − f0ð980Þ mixing
in experiment. In our work, we treat the scalar mesons
a0ð980Þ, f0ð980Þ as the component of qq̄ in scenario 1, and
make the theoretical calculations within the perturbative
QCD approach. For f0ð980Þ, there exist a mixing with the
f0ð500Þ in the SU(3) nonet, and in this work, we also take
the mixing effect into account to make more reliable results.
Motivated by the uncertain inner structure of the scalar
mesons and very few works about the B → SS decays (S
denote the scalar mesons) to be studied in these general
factorization approaches, we explore the branching ratios
and CP-violating asymmetries of decay modes B̄0

s →
a0ð980Þa0ð980Þ and B̄0

s → f0ð980; 500Þf0ð980; 500Þ1 in
perturbative QCD approach within the traditional two-
quark model for the first time. Because the LHC-b
collaboration are collecting more and more B mesons
decays data, so we believe that our results can be testified
by the experiment in the near future time.
This article is organized roughly in this order: in Sec. II,

we give a theoretical framework of the pQCD, list the wave
functions that we need in the calculations, and also the
perturbative calculations; in Sec. III, we make numerical
calculations and some discussions for the results that we
get; and at last, we summary our work in the final section.
Some formulas what we used in our calculation are
collected in the Appendix.

II. THE THEORETICAL FRAMEWORK AND
PERTURBATIVE CALCULATION

The pQCD approach have been widely applied to
calculate the hadronic matrix elements in the B mesons
decay modes, it is based on the kT factorization. The
divergence of the endpoint singularity can be safely
avoided by preserving the transverse momenta kT in the

valence quark, and the only input parameters are the wave
functions of the involved mesons in this method. Then the
transition form factors and the different contributions,
whose may contain the spectator and annihilation diagrams,
are all calculated in this framework.

A. Wave functions and distribution amplitudes

In kinematics aspects, we adopt the light-cone coordinate
system in our calculation. Assuming the B0

s meson to be
rest in the system, we can describe the momenta of the
mesons in light-cone coordinate system, where the
momenta are expressed in the form of ðpþ; p−; pTÞ with
the definition p� ¼ p0�p3ffiffi

2
p and pT ¼ ðp1; p2Þ.

In our calculation, the wave function of the hadron B0
s

can be found in Refs. [22–24]

ΦB0
s
¼ iffiffiffiffiffiffiffiffi

2Nc
p ð=pB þmBs

Þγ5ϕBs
ðx1; b1Þ; ð3Þ

where the distribution amplitude(DA) ϕBs
ðx1; b1Þ of B0

s

meson is written as mostly used form, which is

ϕBs
ðx1; b1Þ ¼ NBx12ð1− x1Þ2 exp

�
−
m2

Bs
x12

2ω2
Bs

−
1

2
ðωBs

b1Þ2
�
;

ð4Þ

the normalization factor NB ¼ 62.8021 can be calculated
by the normalization relation

R
1
0 dxϕBs

ðx1; b1 ¼ 0Þ ¼
fBs

=ð2 ffiffiffiffiffiffiffiffi
2Nc

p Þ with Nc ¼ 3 is the color number and decay
constant fBs

¼ 227.2� 3.4 MeV. Here, we choose shape
parameter ωBs

¼ 0.50� 0.05 GeV [25].
For the scalar meson a0ð980Þ and f0ð980Þ, the wave

function can be read as [8,15]:

ΦSðxÞ ¼
1

2
ffiffiffiffiffiffiffiffi
2Nc

p ½=pϕSðxÞ þmSϕ
S
SðxÞ þmSð=v=n − 1ÞϕT

SðxÞ�;

ð5Þ

where x denotes the momentum fraction of the meson, and
n ¼ ð1; 0; 0TÞ, v ¼ ð0; 1; 0TÞ are lightlike dimensionless
vectors.
ϕS is the leading-twist distribution amplitude, the

explicit form of which is expanded by the Gegenbauer
polynomials [8,15]:

ϕSðx; μÞ ¼
3ffiffiffiffiffiffiffiffi
2Nc

p xð1 − xÞffSðμÞ

þ f̄SðμÞ
X∞
m¼1;3

BmðμÞC3=2
m ð2x − 1Þg; ð6Þ1a0ð980Þ, f0ð980Þ, and f0ð500Þ will be respectively abbre-

viated as a0, f0, and σ in the last part.
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and for the twist-3 DAs ϕS
S and ϕ

T
S , we adopt the asymptotic

forms in our calculation,

ϕS
Sðx; μÞ ¼

1

2
ffiffiffiffiffiffiffiffi
2Nc

p f̄SðμÞ; ð7Þ

ϕT
Sðx; μÞ ¼

1

2
ffiffiffiffiffiffiffiffi
2Nc

p f̄SðμÞð1 − 2xÞ; ð8Þ

where fS and f̄S are the vector and scalar decay constants
of the scalarmesonsa0 andf0 respectively,Bm isGegenbauer
moment and C3=2

m ð2x − 1Þ in DA of ϕS is Gegenbauer
polynomials, these parameters are scale-dependent. A lot of
calculations have been carried out about the light scalar
mesons in various model [26–28]. In this article, we adopt
thevalue for decay constants andGegenbauermoments in the
DAsof thea0 andf0 as listed follow,whichwere calculated in
QCD sum rules at the scale μ ¼ 1 GeV [8,15]:

f̄a0 ¼ 0.365� 0.020 GeV; B1 ¼ −0.93� 0.10; B3 ¼ 0.14� 0.08;

f̄S ¼ f̄nf0 ¼ f̄sf0 ¼ 0.370� 0.020 GeV; Bn
1 ¼ −0.78� 0.08; Bn

3 ¼ 0.02� 0.07;

Bs
1;3 ¼ 0.8Bn

1;3: ð9Þ

The two decay constants f̄nf0 and f̄sf0 used in our calcu-
lations have been defined in the framework of the QCD
sum rule method, here we choose the same value of these
two constants and the reasons have been discussed in the
Ref. [8]. It is noticeable that only the odd Gegenbauer
moments are taken into account due to the conservation of
vector current or charge conjugation invariance. And we
also pay attention to only the Gegenbauer moments B1 and
B3 because the higher order Gegenbauer moments make
tiny contributions and can be ignored safely.
The vector and scalar decay constants satisfy the

relationship

f̄SðμÞ ¼ μSfSðμÞ ð10Þ

with

μS ¼
mS

m1ðμÞ −m2ðμÞ
; ð11Þ

and mS is the mass of the scalar meson and m1 and m2 are
the running current quark masses in the scalar meson. From
the above relationship, it is clear to see that the vector decay
constant is proportional to the mass difference between the
m1 and m2 quark, the mass difference is so small after

considering the SUð3Þ symmetry breaking that would
heavily suppress the vector decay constant, which lead to
the vector decay constants of the scalar mesons are very
small and can be negligible. Likewise, for the same reason
that only the odd Gegenbauer momentums are considered,
the neutral scalar mesons cannot be produced by the vector
current, so in this work we adopt the vector constant fS ¼ 0.
And the normalization relationship of the twist-2 and

twist-3 DAs areZ
1

0

dxϕSðxÞ ¼
Z

1

0

dxϕT
SðxÞ ¼ 0;

Z
1

0

dxϕS
SðxÞ ¼

f̄S
2

ffiffiffiffiffiffiffiffi
2Nc

p . ð12Þ

For the scalar meson f0 − σ system, the mixing should
have the relation:�

σ

f0

�
¼

�
cos θ − sin θ

sin θ cos θ

��
fn
fs

�
: ð13Þ

B. Perturbative calculations

For B̄0
s → SS decay mode, the relevant weak effective

Hamiltonian can be written as [29]

Heff ¼
GFffiffiffi
2

p
�
VubV�

us½C1ðμÞO1ðμÞ þ C2ðμÞO2ðμÞ� − VtbV�
ts

�X10
i¼3

CiðμÞOiðμÞ
��

; ð14Þ

where GF ¼ 1.66378 × 10−5 GeV−2 is Fermi constant, and VubV�
us and VtbV�

ts are Cabibbo-Kobayashi-Maskawa (CKM)
factors, OiðμÞ (i ¼ 1; 2;…; 10) is local four-quark operator, which will be listed as follows, and CiðμÞ is corresponding
Wilson coefficient.
(1) Current-current operators (tree):

O1 ¼ ðs̄αuβÞV−AðūβbαÞV−A; O2 ¼ ðs̄αuαÞV−AðūβbβÞV−A; ð15Þ
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(2) QCD penguin operators:

O3 ¼ ðs̄αbαÞV−A
X
q

ðq̄βqβÞV−A; O4 ¼ ðs̄αbβÞV−A
X
q

ðq̄βqαÞV−A;

O5 ¼ ðs̄αbαÞV−A
X
q

ðq̄βqβÞVþA; O6 ¼ ðs̄αbβÞV−A
X
q

ðq̄βqαÞVþA; ð16Þ

(3) Electroweak penguin operators:

O7 ¼
3

2
ðs̄αbαÞV−A

X
q

eqðq̄βqβÞVþA; O8 ¼
3

2
ðs̄αbβÞV−A

X
q

eqðq̄βqαÞVþA;

O9 ¼
3

2
ðs̄αbαÞV−A

X
q

eqðq̄βqβÞV−A; O10 ¼
3

2
ðs̄αbβÞV−A

X
q

eqðq̄βqαÞV−A; ð17Þ

with the color indices α, β and ðqq̄ÞV�A ¼
q̄γμð1� γ5Þq. The q denotes the u quark and d
quark, and eq is corresponding charge.

The momenta of the B̄0
s , scalar mesons M1, M2 in the

light-cone coordinate read as

pB ¼ p1 ¼
mBsffiffiffi
2

p ð1; 1; 0TÞ;

p2 ¼
mBsffiffiffi
2

p ðr2S; 1 − r2S; 0TÞ;

p3 ¼
mBsffiffiffi
2

p ð1 − r2S; r
2
S; 0TÞ; ð18Þ

with the B0
s mass mBs

and the mass ratio rS ¼ mS
mBs

.

And the corresponding light quark’s momenta in each
meson read as

k1 ¼ ðx1pþ
1 ; 0; k1TÞ ¼

�
mBsffiffiffi
2

p x1; 0; k1T

�
;

k2 ¼ ð0; x2p−
2 ; k2TÞ ¼

�
0;
mBsffiffiffi
2

p ð1 − r2SÞx2; k2T
�
;

k3 ¼ ðx3pþ
3 ; 0; k3TÞ ¼

�
mBsffiffiffi
2

p ð1 − r2SÞx3; 0; k3T
�
: ð19Þ

Then based on the pQCD approach, we can write the
decay amplitude as

A ∼
Z

dx1dx2dx3b1db1b2db2b3db3

× Tr½Hðxi; bi; tÞCtΦBðx1; b1ÞΦSðx2; b2Þ
×ΦSðx3; b3ÞStðxiÞe−SðtÞ�; ð20Þ

where bi is the conjugate momenta of ki, and t is the largest
energy scale in hard function Hðxi; bi; tÞ. The e−SðtÞ
suppress the soft dynamics [30] and make a reliable
perturbative calculation of the hard function H, which
come from higher order radiative corrections to wave
functions and hard amplitudes. ΦM represent universal

and channel independent wave function, which describes
the hadronization of mesons.
As depicted in Fig. 1, we calculate all the contributed

diagrams respectively. We use F and M denote the fac-
torizable and nonfactorizable contributions respectively,
and the subscript a, c, e, g denote the contributions of
the Feynman diagrams (a) and (b), (c) and (d), (e) and (f),
(g) and (h) and the superscript LL, LR, SP is the
ðV − AÞðV − AÞ, ðV − AÞðV þ AÞ, and ðS − PÞðSþ PÞ
vertex, respectively. The vertex ðS − PÞðSþ PÞ is the
Fierz transformation of the ðV − AÞðV þ AÞ.
First, the total contribution of the factorization diagrams

(a) and (b) with different currents are
(1) ðV − AÞðV − AÞ

FLL
a ¼ 8πCFfSm4

Bs

Z
1

0

dx1dx2

×
Z

∞

0

b1b2db1db2ϕBðx1;b1Þ

×f½−ð2þx2ÞϕSðx2Þþ rSð1þ2x2ÞðϕS
Sðx2Þ

þϕT
Sðx2ÞÞ�h1aðx1;x2;b1;b2ÞEefðt1aÞStðx2Þ

þ ½2rSϕS
Sðx2Þ�h2aðx1;x2;b1;b2ÞEefðt2aÞStðx1Þg;

ð21Þ

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

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

FIG. 1. The lowest order Feynman diagrams of the B̄0
s → SS

decays in pQCD approach. The B̄0
s → a0a0 decay is the rare

decay mode, which only have the last line Feynman diagrams.
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(2) ðV − AÞðV þ AÞ

FLR
a ¼ FLL

a ; ð22Þ

(3) ðS − PÞðSþ PÞ

FSP
a ¼ −16πCFf̄Sm4

Bs
rS

Z
1

0

dx1dx2

Z
∞

0

b1b2db1db2ϕBðx1; b1Þ

× f½rSð5þ x2ÞϕS
Sðx2Þ þ rSð1 − x2ÞϕT

Sðx2Þ − 3ϕSðx2Þ�
× h1aðx1; x2; b1; b2ÞEefðt1aÞStðx2Þ
− ½2rSð1 − x1ÞϕS

Sðx2Þ þ x1ϕSðx2Þ�
× h2aðx1; x2; b1; b2ÞEefðt2aÞStðx1Þg; ð23Þ

with the color factor CF ¼ N2
c−1
2Nc

¼ 4
3
. The factorization contribution of the ðV − AÞðV − AÞ and ðV − AÞðV þ AÞ

current are neglected because the vector decay constant is a small value and we take it as zero.
For nonfactorization diagrams, the total contribution from (c) and (d) is
(1) ðV − AÞðV − AÞ

MLL
c ¼ 32πCFm4

Bsffiffiffiffiffiffiffiffi
2Nc

p
Z

1

0

dx1dx2dx3

Z
∞

0

b2b3db2db3ϕBðx1; b3Þ

× f½ðx3 þ x1 − 1ÞϕSðx3ÞϕSðx2Þ þ rSð1 − x2ÞϕSðx3ÞðϕS
Sðx2Þ − ϕT

Sðx2ÞÞ�
× h1cðx1; x2; x3; b2; b3ÞEnefðt1cÞ
− ½ðx1 þ x2 − x3 − 1ÞϕSðx3ÞϕSðx2Þ þ rSð1 − x2ÞϕSðx3ÞðϕS

Sðx2Þ þ ϕT
Sðx2ÞÞ�

× h2cðx1; x2; x3; b2; b3ÞEnefðt2cÞg; ð24Þ

(2) ðV − AÞðV þ AÞ

MLR
c ¼ 32πCFm4

Bsffiffiffiffiffiffiffiffi
2Nc

p
Z

1

0

dx1dx2dx3

Z
∞

0

b2b3db2db3ϕBðx1; b3Þ

× f½r2Sð2 − x1 − x2 − x3ÞϕS
Sðx3ÞϕS

Sðx2Þ þ r2Sðx1 − x2 þ x3ÞϕS
Sðx3ÞϕT

Sðx2Þ
þ r2Sðx1 − x2 þ x3ÞϕT

Sðx3ÞϕS
Sðx2Þ þ r2Sð2 − x1 − x2 − x3ÞϕT

Sðx3ÞϕT
Sðx2Þ

þ rSð1 − x1 − x3ÞðϕS
Sðx3Þ − ϕT

Sðx3ÞÞϕSðx2Þ� × h1cðx1; x2; x3; b2; b3ÞEnefðt1cÞ
− ½r2Sð1 − x1 − x2 þ x3ÞϕS

Sðx3ÞϕS
Sðx2Þ þ r2Sðx1 − x2 − x3 þ 1ÞϕS

Sðx3ÞϕT
Sðx2Þ

− r2Sðx1 − x2 − x3 þ 1ÞϕT
Sðx3ÞϕS

Sðx2Þ − r2Sð1 − x1 − x2 þ x3ÞϕT
Sðx3ÞϕT

Sðx2Þ
þ rSð−x1 þ x3ÞðϕS

Sðx3Þ þ ϕT
Sðx3ÞÞϕSðx2Þ� × h2cðx1; x2; x3; b2; b3ÞEnefðt2cÞg; ð25Þ

(3) ðS − PÞðSþ PÞ

MSP
c ¼ −

32πCFm4
Bsffiffiffiffiffiffiffiffi

2Nc
p

Z
1

0

dx1dx2dx3

Z
∞

0

b2b3db2db3ϕBðx1; b3Þ

× f½ðx1 þ x2 þ x3 − 2ÞϕSðx3ÞϕSðx2Þ þ rSð1 − x2ÞϕSðx3ÞðϕS
Sðx2Þ þ ϕT

Sðx2ÞÞ�
× h1cðx1; x2; x3; b2; b3ÞEnefðt1cÞ
− ½ðx1 − x3ÞϕSðx3ÞϕSðx2Þ þ rSð1 − x2ÞϕSðx3ÞðϕS

Sðx2Þ − ϕT
Sðx2ÞÞ�

× h2cðx1; x2; x3; b2; b3ÞEnefðt2cÞg; ð26Þ
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The total contribution of the annihilation Feynman diagrams Figs. 1(e) and 1(f), which only involve the wave function of
the final light scalar mesons, are
(1) ðV − AÞðV − AÞ

FLL
e ¼ 8πCFfBm4

Bs

Z
1

0

dx2dx3

Z
∞

0

b2b3db2db3

× f½−x3ϕSðx3ÞϕSðx2Þ þ 2r2Sð1þ x3ÞϕS
Sðx3ÞϕS

Sðx2Þ − 2r2Sð1 − x3ÞϕT
Sðx3ÞϕS

Sðx2Þ�
× h1eðx2; x3; b2; b3ÞEafðt1eÞStðx3Þ
þ ½x2ϕSðx3ÞϕSðx2Þ − 2r2Sð1þ x2ÞϕS

Sðx3ÞϕS
Sðx2Þ þ 2r2Sð1 − x2ÞϕS

Sðx3ÞϕT
Sðx2Þ�

× h2eðx2; x3; b2; b3ÞEafðt2eÞStðx2Þg; ð27Þ

(2) ðV − AÞðV þ AÞ

FLR
e ¼ FLL

e ; ð28Þ

(3) ðS − PÞðSþ PÞ

FSP
e ¼ 16πCFfBm4

Bs

Z
1

0

dx2dx3

Z
∞

0

b2b3db2db3

× f½2rSϕSðx3ÞϕS
Sðx2Þ − rSx3ðϕS

Sðx3Þ − ϕT
Sðx3ÞÞϕSðx2Þ�

× h1eðx2; x3; b2; b3ÞEafðt1eÞStðx3Þ
þ ½rSx2ϕSðx3ÞðϕS

Sðx2Þ − ϕT
Sðx2ÞÞ − 2rSϕS

Sðx3ÞϕSðx2Þ�
× h2eðx2; x3; b2; b3ÞEafðt2eÞStðx2Þg; ð29Þ

Then the total nonfactorizable annihilation decay amplitudes for the Figs. 1(g) and 1(h) diagrams are
(1) ðV − AÞðV − AÞ

MLL
g ¼ 32πCFm4

Bsffiffiffiffiffiffiffiffi
2Nc

p
Z

1

0

dx1dx2dx3

Z
∞

0

b1b2db1db2ϕBðx1; b1Þ

× f½−x2ϕSðx2ÞϕSðx3Þ − r2Sðx1 − x3 − x2ÞϕS
Sðx2ÞϕS

Sðx3Þ
þ r2Sðx1 − x3 þ x2ÞϕS

Sðx2ÞϕT
Sðx3Þ þ r2Sðx1 − x3 þ x2ÞϕT

Sðx2ÞϕS
Sðx3Þ

− r2Sðx1 − x3 − x2ÞϕT
Sðx2ÞϕT

Sðx3Þ�h1gðx1; x2; x3; b1; b2ÞEnafðt1gÞ
þ ½ðx1 þ x3ÞϕSðx2ÞϕSðx3Þ − r2Sð2þ x1 þ x3 þ x2ÞϕS

Sðx2ÞϕS
Sðx3Þ

þ r2Sðx2 − x1 − x3ÞϕS
Sðx2ÞϕT

Sðx3Þ
þ r2Sðx2 − x1 − x3ÞϕT

Sðx2ÞϕS
Sðx3Þ þ r2Sð2 − x2 − x1 − x3ÞϕT

Sðx2ÞϕT
Sðx3Þ�

× h2gðx1; x2; x3; b1; b2ÞEnafðt2gÞg; ð30Þ

(2) ðV − AÞðV þ AÞ

MLR
g ¼ 32πCFm4

Bsffiffiffiffiffiffiffiffi
2Nc

p
Z

1

0

dx1dx2dx3

Z
∞

0

b1b2db1db2ϕBðx1; b1Þ

× f½rSðx1 − x3ÞϕSðx2ÞðϕS
Sðx3Þ þ ϕT

Sðx3ÞÞ − rSx2ðϕS
Sðx2Þ þ ϕT

Sðx2ÞÞϕSðx3Þ�
× h1gðx1; x2; x3; b1; b2ÞEnafðt1gÞ
þ ½rSðx1 þ x3 − 2ÞϕSðx2ÞðϕS

Sðx3Þ þ ϕT
Sðx3ÞÞ − rSð2 − x2ÞðϕS

Sðx2Þ þ ϕT
Sðx2ÞÞϕSðx3Þ�

× h2gðx1; x2; x3; b1; b2ÞEnafðt2gÞg; ð31Þ
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(3) ðS − PÞðSþ PÞ

MSP
g ¼ −32πCFm4

Bsffiffiffiffiffiffiffiffi
2Nc

p
Z

1

0

dx1dx2dx3

Z
∞

0

b1b2db1db2ϕBðx1; b1Þ

× f½ð−x1 þ x3ÞϕSðx2ÞϕSðx3Þ þ r2Sðx1 − x3 − x2ÞϕS
Sðx2ÞϕS

Sðx3Þ
þ r2Sðx1 þ x2 − x3ÞϕS

Sðx2ÞϕT
Sðx3Þ þ r2Sðx1 þ x2 − x3ÞϕT

Sðx2ÞϕS
Sðx3Þ

þ r2Sðx1 − x3 − x2ÞϕT
Sðx2ÞϕT

Sðx3Þ�h1gðx1; x2; x3; b1; b2ÞEnafðt1gÞ
þ ½−x2ϕSðx2ÞϕSðx3Þ þ r2Sð2þ x1 þ x3 þ x2ÞϕS

Sðx2ÞϕS
Sðx3Þ

− r2Sðx1 þ x3 − x2ÞϕS
Sðx2ÞϕT

Sðx3Þ − r2Sðx1 þ x3 − x2ÞϕT
Sðx2ÞϕS

Sðx3Þ
þ r2Sð−2þ x1 þ x2 þ x3ÞϕT

Sðx2ÞϕT
Sðx3Þ�

× h2gðx1; x2; x3; b1; b2ÞEnafðt2gÞg: ð32Þ

For the B̄0
s → aþ0 a

−
0 decay, which is a rare decay mode and only have annihilation Feynman diagrams, the decay

amplitude of B̄0
s → aþ0 a

−
0 decay is then

AðB̄0
s → aþ0 a

−
0 Þ ¼ VubV�

us½C2MLL
g � − VtbV�

ts

��
2C4 þ

1

2
C10

�
MLL

g þ
�
2C6 þ

1

2
C8

�
MSP

g

�
: ð33Þ

Meanwhile, the relationship with respect to the decay B̄0
s → a00a

0
0 is

ffiffiffi
2

p
AðB̄0

s → a00a
0
0Þ ¼ AðB̄0

s → aþ0 a
−
0 Þ ð34Þ

For the B̄0
s → f0f0ðσσÞ decay, based on the mixing scheme the decay amplitude can be written as:

ffiffiffi
2

p
AðB̄0

s → f0f0Þ ¼ sin2θAðB̄0
s → fnfnÞ þ sin 2θAðB̄0

s → fnfsÞ þ cos2θAðB̄0
s → fsfsÞ;ffiffiffi

2
p

AðB̄0
s → σσÞ ¼ cos2θAðB̄0

s → fnfnÞ − sin 2θAðB̄0
s → fnfsÞ þ sin2θAðB̄0

s → fsfsÞ: ð35Þ

with

AðB̄0
s → fsfsÞ ¼ −2VtbV�

ts

��
a3 þ a4 þ a5 −

1

2
a7 −

1

2
a9 −

1

2
a10

�
fBMLL

e þ
�
a6 −

1

2
a8

�
ðFSP

a f̄S þ FSP
e fBÞ

þ
�
C3 þ C4 −

1

2
C9 −

1

2
C10

�
ðMLL

c þMLL
g Þ þ

�
C5 −

1

2
C7

�
ðMLR

c þMLR
g Þ

þ
�
C6 −

1

2
C8

�
ðMSP

c þMSP
g Þ

�
ð36Þ

ffiffiffi
2

p
AðB̄0

s → fnfsÞ ¼ −VtbV�
ts

��
C4 −

1

2
C10

�
MLL

c þ
�
C6 −

1

2
C8

�
MSP

c

�
ð37Þ

and the decay amplitude of the B̄0
s → fnfn is same to the B̄0

s → a0a0 decays. For the considered decay modes, the
corresponding decay width is

ΓðB̄0
s → SSÞ ¼ G2

Fm
3
Bs

128π
ð1 − 2r2SÞjAðB̄0

s → SSÞj2: ð38Þ

Here, it is noticeable that the contribution from the factorizable annihilation diagrams in the B0
s → a0a0 decay is very

small and can be safely neglected due to the isospin symmetry. And owing to the decay constant of the scalar meson fS ¼ 0,
we neglect all the responding contribution in our calculation.
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III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we will calculate the CP-averaged branching ratios and CP-violation asymmetries for the B̄0
s → SS

decays and make some analyses about the results. First, we list the input parameters that are used in the calculations below.
The masses and decay constant of the mesons, the lifetime of the Bs are [19,31,32]

mBs
¼ 5.367 GeV; m̄bðm̄bÞ ¼ 4.2 GeV; ma0 ¼ 0.98� 0.02 GeV;

mf0 ¼ 0.99� 0.02 GeV; fBs
¼ 227.2� 3.4 MeV; τBs

¼ 1.509 ps;

mfn ¼ 0.99 GeV; mfs ¼ 1.02 GeV mσ ¼ 0.5 GeV: ð39Þ

and in the CKM matrix elements, the involved Wolfenstein
parameters are

λ ¼ 0.22453� 0.00044; A ¼ 0.836� 0.015;

ρ̄ ¼ 0.122þ0.018
−0.017 ; η̄ ¼ 0.355þ0.012

−0.011 : ð40Þ

with the relations ρ̄ ¼ ρð1 − λ2

2
Þ and η̄ ¼ ηð1 − λ2

2
Þ.

A. Branching Ratios

In this section, we separately give the results of the three
considered decays B0

s → a0a0, B0
s → f0f0, and B0

s → σσ.
For the B0

s → a0a0, this decay mode have both tree
operators and penguin operators in the quark level. In
SM, the γ angle is associated with the CKMmatrix element
Vub, which have the relationship Vub ≃ jVubje−iγ . So we
can leave the CKM phase angle γ as an unknown
parameter, and write the decay amplitude of the B̄0

s →
a0a0 decay as

Ā ¼ VubV�
usT − VtbV�

tsP ¼ VubV�
usTð1þ zeiðδþγÞÞ; ð41Þ

where the ratio z ¼ jVtbV�
ts=VubV�

usj · jP=Tj, and δ is the
relative strong phase between the tree amplitudes(T) and
penguin amplitudes (P). The value of z and δ can be
calculated from the pQCD.
Meanwhile, the decay amplitude of the conjugated decay

mode B0
s → a0a0 can be written by replacing VubV�

us with
V�
ubVus and VtbV�

ts with V�
tbVts as

A ¼ V�
ubVusT − V�

tbVtsP ¼ V�
ubVusTð1þ zeiðδ−γÞÞ: ð42Þ

Then from Eqs. (41) and (42), the CP-averaged decay
width of B̄0

sðB0
sÞ → aþ0 a

−
0 is

ΓðB̄0
sðB0

sÞ→ aþ0 a
−
0 Þ ¼

G2
Fm

3
Bs

256π
ð1− 2r2a0ÞðjAj2þjĀj2Þ

¼G2
Fm

3
Bs

128π
ð1− 2r2a0ÞjV�

ubVusTj2

× ð1þ 2zcosðγÞcosðδÞþ z2Þ: ð43Þ

In Fig. 2, we plot the average branching ratio of the
decay B̄0

s → aþ0 a
−
0 and B̄0

s → a00a
0
0 about the parameter γ

(a) (b)

FIG. 2. (a) The branching ratio of the B̄0
s → aþ0 a

−
0 decay as a function of γ; (b) The branching ratio of the B̄0

s → a00a
0
0 decay as a

function of γ.
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respectively. Since the CKM angle γ is constrained as γ
around 73.5° in Review of Particle Physics [19],

γ ¼ ð73.5þ4.2
−5.1Þ° ð44Þ

we get from Fig. 2 when we take γ as 70° ∼ 80°,

5.08 × 10−6 < BðB̄0
s → aþ0 a

−
0 Þ < 5.34 × 10−6; ð45Þ

2.54 × 10−6 < BðB̄0
s → a00a

0
0Þ < 2.67 × 10−6: ð46Þ

The value of z ¼ 6.67 indicate that the amplitude of the
penguin diagrams is almost 6.67 times of that of tree
diagrams. Therefore the main contribution come from the
penguin diagrams in this decays, which enhance the results
of the branching ratios.
When we utilize the input parameters and decay ampli-

tudes, furthermore leave the phase angle γ aside, it is easy
to get the CP-average branching ratios for both containing
the charged and neutral scalar mesons decay modes,
which are

BðB̄0
s → aþ0 a

−
0 Þ ¼ 5.17þ1.62

−1.39ðB1Þþ0.24
−0.09ðB3Þþ1.23

−1.03ðf̄a0Þþ0.63
−0.55ðωbÞþ0.99

−0.67ðtiÞ × 10−6; ð47Þ

BðB̄0
s → a00a

0
0Þ ¼ 2.58þ0.81

−0.63ðB1Þþ0.12
−0.04ðB3Þþ0.62

−0.52ðf̄a0Þþ0.31
−0.27ðωbÞþ0.50

−0.33ðtiÞ × 10−6: ð48Þ

In pQCD approach, the wave functions of the initial and
final mesons, whose are universal and channel independent,
are the dominant inputs and have an important influence on
the numerical results. As it has been shown above, the
primary errors come from the uncertainties of Gegenbauer
moments B1 ¼ −0.93� 0.10 and B3 ¼ 0.14� 0.08, the
scalar decay constant f̄a0 ¼ 0.365� 0.020 GeV, the shape
parameter ωb ¼ 0.50� 0.05, and the hard scale ti, respec-
tively. The hard scale ti varies from 0.8t ∼ 1.2t (not
changing 1=bi, i ¼ 1, 2, 3), which characterizes the size
of the next-leading-order contribution. The errors from
the other uncertainties, such as the mass of the ma0 and
CKM matrix elements, turn out to be small and can be
neglected. It is apparent that the main errors are caused
by the nonperturbative input parameters, which we need
more precise experimental data to determine. By adding
all of these vital uncertainties in quadrature, we get
BðB̄0

s → aþ0 a
−
0 Þ ¼ ð5.17þ2.36

−1.94Þ× 10−6 and BðB̄0
s → a00a

0
0Þ ¼

ð2.58þ1.18
−0.92Þ × 10−6.

In our previous work of B0
s → πþπ− [33](one of the

author have recalculated the B0
s → πþπ− and B0 → KþK−

in 2012 [34]), the theoretical results of these two decay
modes are BðB0

s → πþπ−Þ ¼ 5.10 × 10−7 and BðB0 →
KþK−Þ ¼ 1.56 × 10−7, where the corresponding experi-
mental results about the branching ratios [35,36] of these
two decay modes approximately at the order of the
10−7 ∼ 10−8. The predicted results of B̄0

s → a0a0 for both
charged and neutral a0 mesons, however, are at the order of
10−6 although these decay modes have the same quark
components for both initial and final state mesons and the

only pure annihilation contributions. So this results push us
to make some comments about why the branching ratio of
the B̄0

s → aþ0 a
−
0 is more large than the results of the B0

s →
πþπ− decay and B0 → KþK− decay. By comparison, we
can first find that the main underlying reason is that the
QCD dynamics of the scalar meson a0 is different from that
of the pseudoscalar meson π and K, where at the leading
twist the scalar meson a0 is dominated by the odd
Gegenbauer polynomials but the pseudoscalar mesons both
π and K are governed by the even Gegenbauer polyno-
mials. Second the decay constant f̄a0 is about two times
than the decay constants of the fπ and fK [34,37]. These
two reasons lead to the nonfactorizable annihilation con-
tribution is more large in the B̄0

s → a0a0 mode. In Table I,
we list the decay amplitudes of the B̄0

s → a0a0 for different
distribution amplitudes of twist-2 or twist-3, and also we
list the results of Ref. [34] about the decay mode B0 →
KþK− for contrast. From Table I, it is obvious that the
twist-2 DA make dominant contribution, and the decay
amplitudes of the B̄0

s → a0a0 decay is approximately one
order of the magnitude larger than that of the B0 → KþK−.
For the B̄0

s → f0f0 decay, it is governed by the b → sss̄
when we regard f0 as the ss̄, and this type decay only
have the penguin operators due to the fact that the tree
operators are forbidden. When introducing the mixing
effect from the component of the ðuūþ dd̄Þ= ffiffiffi

2
p

, we take
the mixing angle θ as a free parameter, and then plot
the branching ratio’s dependence on the mixing angle in
Fig. 3. If the f0 is the pure ss̄ component, namely the
mixing angle θ ¼ 0°, the branching ratio of the B̄0

s → f0f0

TABLE I. The different source of twist-2 and twist-3 contribution.

Decay mode Twist-2 ϕa0ðϕA
KÞ Twist-3 ϕS

a0ðϕP
KÞ Twist-3 ϕT

a0ðϕT
KÞ

AðB̄0
s → aþ0 a

−
0 Þ ð−2.0 − 2.1iÞ × 10−4 ðþ4.2þ 4.1iÞ × 10−5 ð−2.27 − 0.79iÞ × 10−6

AðB0 → KþK−Þ [34] ð−0.31 − 2.2iÞ × 10−5 ð−0.61 − 0.55iÞ × 10−5 ð−0.06 − 0.27iÞ × 10−5
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is approximately 3.6 × 10−4, and when including the
mixing effect of the ðuūþ dd̄Þ= ffiffiffi

2
p

, the result changes
clearly which we can read from Fig. 3(a). For the B̄0

s → σσ
decay, there are still a lot of uncertainties about the wave
function of σ meson, we choose the same decay constant
for fn and fs in our calculations, just as it has been done in
Ref. [8]. The results of this decay is contrary to the
B̄0
s → f0f0, which is dominated by the sin law that we

just see from the Eq. (35), when taking the mixing angle
θ ¼ 0°, the branching ratio of this decay is very small, and
it will increase about one or two magnitudes in consid-
eration of the mixing effect of the ss̄. The decay amplitude
of the B̄0

s → f0f0ðσσÞ contain three parts, fnfn, fnfs, and
fsfs, and the main contribution comes from fsfs. The
oscillation near the two ends of the θ-coordinate in Fig. 3(b)
mainly due to the interference from B̄0

s → fnfn and its

contribution obey the cos law for B̄0
s → σσ decay that will

obviously enhance the two ends of theta axis in Fig. 3(b).
Taking both decays into account, we can find that the
mixing angle can be constrained in the range [19°, 66°] and
[119°, 166°] because it will be nearly zero when taking
other values, and if combining the known results that
obtained from the experiment, the range will be smaller.
The mixing angle range that we get is also consistent with
the data of the Refs. [38–41].
The mixing angle is not clear up to now, and there are a

lot of works to constrain the angle range. The LHCb
Collaboration first announced the upper limit jθj < 31°
for the mixing angle of the σ − f0 in Ref. [42]. So we
set the two value θ ¼ 25° and θ ¼ 30° to make some
calculation respectively, the branching ratios are pre-
sented as

(1) θ ¼ 25°

BðB̄0
s → f0f0Þ ¼ 2.66þ0.19

−0.18ðB1Þþ0.31
−0.29ðB3Þþ0.63

−0.53ðf̄SÞþ0.32
−0.27ðωbÞþ0.73

−0.50ðtiÞ × 10−4;

¼ 2.66þ1.08
−0.85 × 10−4;

BðB̄0
s → σσÞ ¼ 4.35þ0.22

−0.14ðB1Þþ0.41
−0.37ðB3Þþ0.52

−0.87ðf̄SÞþ1.00
−0.83ðωbÞþ1.25

−0.80ðtiÞ × 10−6

¼ 4.35þ1.75
−1.50 × 10−6: ð49Þ

(2) θ ¼ 30°

BðB̄0
s → f0f0Þ ¼ 2.26þ0.16

−0.16ðB1Þþ0.26
−0.26ðB3Þþ0.53

−0.45ðf̄SÞþ0.26
−0.23ðωbÞþ0.61

−0.42ðtiÞ × 10−4

¼ 2.26þ0.90
−0.72 × 10−4;

BðB̄0
s → σσÞ ¼ 1.11þ0.04

−0.04ðB1Þþ0.01
−0.02ðB3Þþ0.21

−0.22ðf̄SÞþ0.21
−0.18ðωbÞþ0.32

−0.21ðtiÞ × 10−5

¼ 1.11þ0.44
−0.36 × 10−5: ð50Þ

(a) (b)

FIG. 3. (a) The branching ratio of the B̄0
s → f0f0 decay as a function of mixing angle θ; (b) The branching ratio of the B̄0

s → σσ decay
as a function of mixing angle θ.
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We can get the same results when the value of θ are
close to the 161° and 157°, respectively. In every
second line of the Eqs. (49) and (50), the theoretical
errors that we considered are added in quadrature.
The main reason for the branching ratio of B̄0

s →
f0f0 is larger than that of B̄0

s → σσ is that the mass
of f0 is almost one time heavier than that of σ.

For the mixing of a00 − f0, we directly take the mixing
intensity ξfa,

ξfa ¼ ð0.99� 0.16� 0.30� 0.19Þ × 10−2 ðsolution IÞ;
ξfa ¼ ð0.41� 0.13� 0.17� 0.13Þ × 10−2 ðsolution IIÞ:

ð51Þ

which are first measured in the BESIII collaboration [21],
and the relation jξfaj ≃ tan2 ϕ is applied to get the mixing
angle ϕ [43].

ϕ ¼ ð5.45� 1.65Þ° ðsolution IÞ;
ϕ ¼ ð3.02� 2.21Þ° ðsolution IIÞ: ð52Þ

From the value, we can conclude that the mixing angle is so
small that it will not change our results largely.
Here we also make some comments when the final state

of the decay mode treated as the four-quark structure. As
we mentioned in the introduction, there is an open problem
that the inner structure of the scalar meson are not well
identified. In this work, we regard a0, f0 and σ as the qq̄ in
the traditional quark model and make some calculations
within the perturbative QCD approach. But when we want
to make some predictions of the tetraquark picture in the
perturbative QCD approach, we cannot make direct com-
putations because we do not known the necessary physical
quantities, such as the wave function of the scalar mesons
of the four-quark picture. However, we can image a picture
is that the other qq̄ pairs must be extracted from the sea
quarks when the scalar mesons are four-quark state, and it
would be expected that the branching ratios of these decay
modes in tetraquark picture are smaller than that in two-
quark model.

B. CP violation parameters

Now, we will calculate the CP violation parameters of
the B̄0

s → a0a0 decays in this subsection. The CP violation
parameters of the B̄0

s → a0a0 for both charged and neutral
a0 mesons are same because the decay amplitude of these
two decay modes are similar and the factor in the front of
the decay width formula can be reduced. In SM, CP
violation originated from the CKM weak angle. For the
neutral B0

s meson decays, we should take the effect of B̄0
s −

B0
s mixing into account, and the time dependent CP

violation parameters of the two B̄0
s → a0a0 decays with

charged and neutral scalar mesons can be defined as

ACP ¼
ΓðB0

sðΔtÞ → a0a0Þ − ΓðB̄0
sðΔtÞ → a0a0Þ

ΓðB0
sðΔtÞ → a0a0Þ þ ΓðB̄0

sðΔtÞ → a0a0Þ
¼ Adir

CP cosðΔmΔtÞ þ Amix
CP sinðΔmΔtÞ;

where Δm is the mass difference between the two neutral
B0
sðB̄0

sÞ mass eigenstates, and Δt ¼ tCP − ttag is the time
difference between the tagged B0

sðB̄0
sÞ and the accompany-

ing B̄0
sðB0

sÞ with opposite b flavor decaying to the final CP
eigenstate a0a0 at the time tCP.
From Eqs. (41) and (42), the direct CP violation

parameter Adir
CP can be parametrized as

Adir
CP ¼

jAj2 − jĀj2
jAj2 þ jĀj2 ¼

2z sinðδÞ sinðγÞ
1þ 2z cosðδÞ cosðγÞ þ z2

: ð53Þ

It is obvious that the Adir
CP is approximately proportional

to CKM angle sinðγÞ, strong phase sinðδÞ, and the relative
size z between the penguin contribution and tree contri-
bution. We plot the direct CP violation parameter Adir

CP as
the function of the weak angle γ in Fig. 4, and one can see
that the Adir

CP is approximately −11.4% at the peak when the
γ is 70° < γ < 80°. The relative small direct CP asymmetry
is also a result of the main contributions coming from
penguin diagrams in this decays.
The involved mixing-induced CP violation parameter

Amix
CP can be written as

Amix
CP ¼ −2ImðλCPÞ

1þ jλCPj2
; ð54Þ

with the CP violation parameters λCP

λCP ¼ ηCP
V�
tbVts

VtbV�
ts

ha0a0jHeff jB̄0
si

ha0a0jHeff jB0
si

¼ e−2iγ
1þ zeiðδþγÞ

1þ zeiðδ−γÞ
;

ð55Þ
in which ηCP is the CP-eigenvalue of the final state.

FIG. 4. The direct CP violation parameter of the B̄0
sðB0

sÞ →
a0a0 decay as a function of γ.

PERTURBATIVE QCD PREDICTIONS FOR THE DECAY … PHYS. REV. D 102, 116007 (2020)

116007-11



If z is a very small number, i.e., the penguin diagram
contribution is suppressed comparing with the tree diagram
contribution, the mixing induced CP asymmetry parameter
Amix
CP is proportional to sin 2γ, which will be a good place for

the CKM angle γ measurement. However as we have
already mentioned, zð¼ 6.67Þ is large. We give the mixing
CP asymmetry in Fig. 5, one can see that Amix

CP just like the
case of direct CP violation, it is almost symmetric and the
symmetry axis is near γ ¼ π=2. It is close to −27.0% when
the angle γ is constrained as γ around 73.5°. At present,
there are no CP asymmetry measurements in experiment
but the possible large CP violation we predict for B̄0

s →
a0a0 decays might be observed in the coming LHC-b
experiments.
For the B̄0

s → f0f0 decay, it is a pure penguin process
when we regard f0 as ss̄ state and in this case, there is no
weak phase that leads the direct CP violation parameter

FIG. 5. The mixing CP violation parameter of the B̄0
sðB0

sÞ →
a0a0 decay as a function of γ.

(a) (b)

(c) (d)

FIG. 6. The direct and mixing CP violation parameter of the B̄0
sðB0

sÞ → f0f0 and B̄0
sðB0

sÞ → σσ as a function of mixing angle θ.
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equal to zero. Furthermore, it is very small when we take
the mixing of the ðuūþ dd̄Þ= ffiffiffi

2
p

into account. For the
B̄0
s → σσ decay, it is a rare mode, the CKMmatrix elements

jVusVubj ≪ jVtsVtbj, which make the tree amplitudes are
suppressed. From Eq. (53), the direct and mixing CP
asymmetries can be defined as follows:

Adir
CP ¼

1 − jλCPj2
1þ jλCPj2

; Amix
CP ¼ −2ImðλCPÞ

1þ jλCPj2
; ð56Þ

Based on the mixing scheme, we give the CP asymme-
tries’ dependence on the mixing angle θ in Fig. 6.
Here, we use the same value of the θ ¼ 25° to make

some prediction,

Adir
CPðB̄0

s → f0f0Þ ¼ 0;

Amix
CP ðB̄0

s → f0f0Þ ¼ 0.3%;

Adir
CPðB̄0

s → σσÞ ¼ −6.0%;

Amix
CP ðB̄0

s → σσÞ ¼ 11.7%; ð57Þ

As for the B̄0
s → f0f0, if we consider f0 as a pure ss̄ state,

there is no CP violations; if we consider it as a mixing
between ss̄ and qq̄, we find the interference has little
influence on the CP violation parameters. Because the
mixing angle cannot be determined in a direct method, our
results also can be used to constrain the range of the mixing
angle θ if it were observed in the experiment.

IV. SUMMARY

In this paper, we make predictions of the decay B̄0
s →

SSðS ¼ a0ð980Þ; f0ð980; 500ÞÞ within the pQCD approach
for the first time. Basing on the recently experimental
results which provide a direct information about the

constituent two-quark components in the corresponding
a0 wave function and the theoretical presentations of the
scalar meson in scenario 1 , we calculate the branching
ratios and CP violation parameters of the decay B̄0

s → a0a0
for both charged and neutral a0 states and the decay
B̄0
s → f0ðσÞf0ðσÞ. Our calculations show that: (1) the B̄0

s →
a0a0 decay modes have relative large branching
ratios, which are BðB̄0

s →aþ0 a
−
0 Þ¼ð5.17þ2.36

−1.94Þ×10−6 and
BðB̄0

s →a00a
0
0Þ¼ð2.58þ1.18

−0.92Þ×10−6, and there is also large
CP violation in the decay model; (2) the branching fraction
of B̄0

s → f0ðσÞf0ðσÞ are at the order of the 10−4 (10−6).
Because the mixing angle cannot be determined in a direct
method, our results also can be used to constrain the range
of the mixing angle θ if it were observed in the experiment.
In the end, we hope the results can be tested by the running
LHC-b experiments in the near future, and, of course, it
would help us to get a better understanding of the QCD
behavior of the scalar mesons.
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APPENDIX: FORMULAS FOR THE
CALCULATION USED IN THE TEXT

In this part, we list some formulas that are used in the
above calculations. The hard scattering kernels function
hiði ¼ a; c; e; gÞ involved in the above expression are
written as:

h1aðx1; x2; b1; b2Þ ¼ K0ðMBs
b1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1 − x2Þ

p
Þ × ½θðb2 − b1ÞI0ðMBs

b1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

p
ÞK0ðMBs

b2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

p
Þ þ ðb2 ↔ b1Þ�; ðA1Þ

h2aðx1; x2; b1; b2Þ ¼ K0ðMBs
b2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1 − x2Þ

p
Þ × ½θðb2 − b1ÞI0ðMBs

b1
ffiffiffiffiffi
x1

p ÞK0ðMBs
b2

ffiffiffiffiffi
x1

p Þ þ ðb2 ↔ b1Þ�; ðA2Þ

h1cðx1; x2; x3; b2; b3Þ ¼ ½θðb2 − b3ÞI0ðMBs
b3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1 − x2Þ

p
ÞK0ðMBs

b2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1 − x2Þ

p
Þ þ ðb2 ↔ b3Þ�

×

(
K0ðMBs

b3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1 þ x2 þ x3 − x1x2 − x2x3 − 1

p Þ; x1 þ x2 þ x3 − x1x2 − x2x3 − 1 ≥ 0

iπ
2
Hð1Þ

0 ðMBs
b3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijx1 þ x2 þ x3 − x1x2 − x2x3 − 1jp Þ; x1 þ x2 þ x3 − x1x2 − x2x3 − 1 < 0

ðA3Þ

h2cðx1; x2; x3; b2; b3Þ ¼ ½θðb2 − b3ÞI0ðMBs
b3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1 − x2Þ

p
ÞK0ðMBs

b2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1 − x2Þ

p
Þ þ ðb2 ↔ b3Þ�

×

(
K0ðMBs

b3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1 − x3 − x1x2 þ x2x3

p Þ; x1 − x3 − x1x2 þ x2x3 ≥ 0

iπ
2
Hð1Þ

0 ðMBs
b3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijx1 − x3 − x1x2 þ x2x3j
p Þ; x1 − x3 − x1x2 þ x2x3 < 0

ðA4Þ

h1eðx2; x3; b2; b3Þ ¼
πi
2
Hð1Þ

0 ðMBs
b2

ffiffiffiffiffiffiffiffiffi
x2x3

p Þ × ½θðb2 − b3ÞJ0ðMBs
b3

ffiffiffiffiffi
x3

p Þ πi
2
Hð1Þ

0 ðMBs
b2

ffiffiffiffiffi
x3

p Þ þ ðb2 ↔ b3Þ�; ðA5Þ
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h2eðx2; x3; b2; b3Þ ¼
πi
2
Hð1Þ

0 ðMBs
b3

ffiffiffiffiffiffiffiffiffi
x2x3

p Þ × ½θðb2 − b3ÞJ0ðMBs
b3

ffiffiffiffiffi
x2

p Þ πi
2
Hð1Þ

0 ðMBs
b2

ffiffiffiffiffi
x2

p Þ þ ðb2 ↔ b3Þ�; ðA6Þ

h1gðx1; x2; x3; b1; b2Þ ¼ ½θðb2 − b1ÞJ0ðMBs
b1

ffiffiffiffiffiffiffiffiffi
x2x3

p Þ πi
2
Hð1Þ

0 ðMBs
b2

ffiffiffiffiffiffiffiffiffi
x2x3

p Þ þ ðb2 ↔ b1Þ�

×

�K0ðMBs
b1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1x2 − x2x3

p Þ; x1x2 − x2x3 ≥ 0

iπ
2
Hð1Þ

0 ðMBs
b1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijx1x2 − x2x3j
p Þ; x1x2 − x2x3 < 0

ðA7Þ

h2gðx1; x2; x3; b1; b2Þ ¼ ½θðb2 − b1ÞJ0ðMBs
b1

ffiffiffiffiffiffiffiffiffi
x2x3

p Þ πi
2
Hð1Þ

0 ðMBs
b2

ffiffiffiffiffiffiffiffiffi
x2x3

p Þ þ ðb2 ↔ b1Þ�

×

(
K0ðMBs

b1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1 þ x2 þ x3 − x1x2 − x2x3

p Þ; x1 þ x2 þ x3 − x1x2 − x2x3 ≥ 0

iπ
2
Hð1Þ

0 ðMBs
b1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijx1 þ x2 þ x3 − x1x2 − x2x3j
p Þ; x1 þ x2 þ x3 − x1x2 − x2x3 < 0

ðA8Þ

where J0 is the Bessel function and K0, I0 are modified Bessel function with Hð1Þ
0 ðxÞ ¼ J0ðxÞ þ iY0ðxÞ.

The evolution function EðtiÞ is defined by

EefðtiÞ ¼ αsðtiÞ exp½−SB0
s
ðtiÞ − Sa−

0
ðtiÞ�;

EafðtiÞ ¼ αsðtiÞ exp½−Saþ
0
ðtiÞ − Sa−

0
ðtiÞ�;

EnefðtiÞ ¼ αsðtiÞ exp½−SBs
ðtiÞ − Saþ

0
ðtiÞ − Sa−

0
ðtiÞ�b1¼b3 ;

EnafðtiÞ ¼ αsðtiÞ exp½−SBs
ðtiÞ − Saþ

0
ðtiÞ − Sa−

0
ðtiÞ�b2¼b3 : ðA9Þ

where the largest energy scales tiði ¼ a; c; e; gÞ to eliminate the large logarithmic radiative corrections are chosen as:

t1a ¼ maxfMBs

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − x2

p
; 1=b1; 1=b2g;

t2a ¼ maxfMBs

ffiffiffiffiffi
x1

p
; 1=b1; 1=b2g;

t1c ¼ maxfMBs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jx1 þ x2 þ x3 − x1x2 − x2x3 − 1j

p
;MBs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1 − x2Þ

p
; 1=b2; 1=b3g;

t2c ¼ maxfMBs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jx1 − x3 − x1x2 þ x2x3j

p
;MBs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1ð1 − x2Þ

p
; 1=b2; 1=b3g;

t1e ¼ maxfMBs

ffiffiffiffiffi
x3

p
; 1=b2; 1=b3g;

t2e ¼ maxfMBs

ffiffiffiffiffi
x2

p
; 1=b2; 1=b3g;

t1g ¼ maxfMBs

ffiffiffiffiffiffiffiffiffi
x2x3

p
;MBs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jx1x2 − x2x3j

p
; 1=b1; 1=b2g;

t2g ¼ maxfMBs

ffiffiffiffiffiffiffiffiffi
x2x3

p
;MBs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jx1 þ x2 þ x3 − x1x2 − x2x3j

p
; 1=b1; 1=b2g: ðA10Þ

The SBs
ðx1Þ, SSðxiÞ used in the decay amplitudes are defined as:

SBs
ðx1Þ ¼ sðx1pþ

1 ; b1Þ þ
5

3

Z
t

1=b1

dμ̄
μ̄
γqðαsðμ̄ÞÞ;

SSðx2Þ ¼ sðx2pþ
2 ; b2Þ þ sðx̄2pþ

2 ; b2Þ þ 2

Z
t

1=b2

dμ̄
μ̄
γqðαsðμ̄ÞÞ;

SSðx3Þ ¼ sðx3p−
3 ; b3Þ þ sðx̄3p−

3 ; b3Þ þ 2

Z
t

1=b3

dμ̄
μ̄
γqðαsðμ̄ÞÞ; ðA11Þ

where x̄i ¼ 1 − xi and γq ¼ −αs=π is the anomalous dimension of the quark, and the Sudakov factor sðQ; bÞ are resulting
from the resummation of double logarithms and can be found in Ref. [44],

sðQ; bÞ ¼
Z

Q

1=b

dμ
μ

�
ln

�
Q
μ

�
Aðαðμ̄ÞÞ þ Bðαsðμ̄ÞÞ

�
ðA12Þ
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with

A ¼ CF
αs
π
þ
�
67

9
−
π2

3
−
10

27
nf þ

3

2
β0 ln

�
eγE

2

���
αs
π

�
2

;

B ¼ 2

3

αs
π
ln

�
e2γE−1

2

�
; ðA13Þ

where γE and nf are Euler constant and the active flavor
number, respectively.

The threshold resummation factor StðxÞ have been
parametrized in [45], which is:

StðxÞ ¼
21þ2cΓð3

2
þ cÞffiffiffi

π
p

Γð1þ cÞ ½xð1 − xÞ�c ðA14Þ

with the fitted parameter c ¼ 0.3.
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