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Motivated by the measurements of the branching fractions of the quasi-two-body decays B0 →
K�0ðf0ð980Þ →Þπþπ− and B0 → ρ0ðf0ð980Þ →Þπþπ−, we study the charmless B → Vðf0ð980Þ →Þπþπ−
decays in the perturbative QCD approach. Supposing that f0ð980Þ is a two-quark state and mixture

of nn̄ ¼ ðuūþ dd̄Þ= ffiffiffi
2

p
and ss̄ with the mixing angle θ, we calculate the branching fractions of these

decays with the new introduced s-wave πþπ−-pair wave function. When the mixing angle θ lies in the
range ½135°; 155°�, the calculated branching fractions of the B0 → K�0f0ð980Þ → K�0πþπ− and B0 →
ρ0f0ð980Þ → ρ0πþπ− decays are in agreement with the experimental data. The branching fractions of
other decays could be measured in the current LHCb and Belle II experiments. Considering the isospin
symmetry, we also estimate the branching fractions of the quasi-two-body decays B → Vf0ð980Þ →
Vπ0π0, which are half of the corresponding decays B → Vf0ð980Þ → Vπþπ−. Moreover, the direct CP
asymmetries of these decays are also calculated, and some of them can be tested in the current experiments.

DOI: 10.1103/PhysRevD.103.113005

I. INTRODUCTION

In recent years, scholars have paid more attention to the
nonleptonic three-body decays of B mesons on both the
experimental and theoretical sides, as these decays can be
used to test the standard model, to extract the angles of the
Cabibbo-Kobayashi-Maskawa (CKM) unitarity triangle,
and to search for the sources of the CP violation. In the
last century, a large number of three-body B decays have
been measured by BABAR [1], Belle [2], CLEO [3], and
LHCb [4–10]. Meanwhile, on the factorization hypothesis,
a few of theoretical methods have been proposed to study
these decays, such as approaches based on the symmetry
principle [11], the QCD factorization approach (QCDF)
[12–16], the perturbative QCD approach (PQCD) [17–22],
and other theoretical methods [23].
Unlike the two-body decays where the kinematics is fixed,

three-body decay amplitudes depend on two kinematic
variables. For a decay BðpBÞ → M1ðp1ÞM2ðp2ÞM3ðp3Þ,
it is generally used to define the variables as two invariant
masses of two pairs of final state particles, for instance, s12

and s13 with the definition sij ¼ 2ðpi · pjÞ=m2
B. All physical

kinematics configurations could define a two-dimensional
region in the s12 − s13 plane, and the density plot of the
differential decay rate dΓ=ds12ds13 in this region is called a
Dalitz plot. Specially, when the final states are the light
mesons such as the π and K mesons, the corresponding
configuration reduces to a triangle region. In general, the
Dalitz plot has three typical regions according to the
characteristic kinematics. The central region so-called
Mercedes Star configuration corresponds to the case where
all the invariant masses are roughly the same and of order of
mB. In this region all three light mesons have a large energy
in the B meson rest frame and fly apart at about 120° angles.
The corners regions correspond to the cases where one final
state is soft and the others fly back to back with a large
amount of energy at about mB=2. At the edges of the Dalitz
plot one invariant mass is small and the other two are
large, which implies that two particles move collinearly and
the third bachelor particle recoils back. The interactions
between two collinear mesons leads eventually to the
resonances. Compared with two other regions, the physics
picture at the edges of the Dalitz plot is very similar to
a two-body decay by viewing the two-meson pair as a whole,
and we thus call it quasi-two-body decay. In the past
20 years, the PQCD approach based on the kT factorization
has been used to study the B meson two-body decays
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successfully, therefore it can be generalized for studying the
quasi-two-body decays.
In the past few years, a large number of charmless quasi-

two-body B=Bs → Vðf0ð980Þ →Þπþπ− decays have been
measured in experiments [24], and some branching frac-
tions or upper limits of them are summarized as follows:

B0 → K�ð892Þ0f0ð980Þ;
f0ð980Þ → πþπ− ¼ ð3.9þ2.1

−1.8Þ × 10−6;

B0 → ωf0ð980Þ;
f0ð980Þ → πþπ− < 1.5 × 10−6;

B0 → ϕf0ð980Þ;
f0ð980Þ → πþπ− < 3.8 × 10−7;

B0 → ρ0f0ð980Þ;
f0ð980Þ → πþπ− ¼ ð7.8� 2.5Þ × 10−7;

Bþ → ρþf0ð980Þ;
f0ð980Þ → πþπ− < 2.0 × 10−6;

Bs → ϕf0ð980Þ;
f0ð980Þ → πþπ− ¼ ð1.12� 0.21Þ × 10−6: ð1Þ

Except for the decay Bs → ϕf0, f0 → πþπ−, other decays
have not been studied theoretically in the literature.
Motivated by this, we shall study the above decays in
the PQCD approach, so as to further check the reliability of
PQCD in multibody decays and present more predictions.
For the sake of convenience f0ð980Þ is abbreviated to f0 in
the following context unless otherwise indicated.

II. FRAMEWORK

In the framework of PQCD, the decay amplitude A of
B → Vðf0ð980Þ →Þπþπ− decay can be decomposed as the
convolution

A ¼ CðtÞ ⊗ Hðxi; bi; tÞ ⊗ ΦBðx1; b1Þ ⊗ ΦVðx2; b2Þ
⊗ Φππðx3; b3Þ ⊗ e−SðtÞ; ð2Þ

where xi are the momentum fractions of the light quarks
and, bi are the conjugate variables of the quarks’ transverse
momenta kiT . ΦB and ΦV are the wave functions of the B
mesons and vector mesons, while the Φππ is the S-wave
ππ-pair wave function. These wave functions are non-
perturbative and universal. The exponential term is the
so-called Sudakov form factor caused by the additional
scale introduced by the intrinsic transverse momenta kT ,
which suppresses the soft dynamics effectively [25,26].
Hðxi; bi; tÞ is the hard kernel, which can be calculated
perturbatively. The parameter t is the largest scale in the
hard kernel, which ensures that the higher order corrections
are as small as possible.

In PQCD, the most important inputs are the initial and
final mesons’ wave functions. For the B meson and the
light vector mesons, their wave functions have been studied
extensively and the inner parameters have been fixed by the
well measured two-body B meson decays [27,28], so we
will not discuss them in this work. For the ππ pair, its
S-wave function can be written as [29–33]

Φππ ¼
1ffiffiffiffiffiffiffiffi
2Nc

p ½=PϕSðz; ξ;ωÞ þ ωϕs
Sðz; ξ;ωÞ

þ ωð=n=v − 1Þϕt
Sðz; ξ;ωÞ�; ð3Þ

with z being the momentum fraction of the light quark in
the ππ pair. The parameter ξ is the momentum fraction of
one π meson in the ππ pair. The momentum of the ππ-pair
P satisfies the condition P2 ¼ ω2, ω being the invariant
mass of the ππ pair. n ¼ ð1; 0; 0⃗Þ and v ¼ ð0; 1; 0⃗Þ are the
lightlike vectors. For the explicit expressions of the light-

core distribution amplitudes (LCDAs) ϕðs;tÞ
S , we adopt the

form [34,35]

ϕSðz; ξ;ωÞ ¼
FSðωÞffiffiffi

6
p 9aszð1 − zÞð2z − 1Þ;

ϕs
Sðz; ξ;ωÞ ¼

FSðωÞ
2

ffiffiffi
6

p ;

ϕt
Sðz; ξ;ωÞ ¼

FSðωÞ
2

ffiffiffi
6

p ð1 − 2zÞ; ð4Þ

with Gegenbauer moment as ¼ 0.3� 0.2 [32]. FSðωÞ is
the timelike form factor. In particular, for a narrow
intermediate resonance, the timelike form factor FSðωÞ
can be well described by the relative Breit-Wigner line
shape [36]. However, due to the remarkable interference
between two decays f0 → ππ and f0 → KK̄, the relative
Breit-Wigner line shape cannot work well for the timelike
form factor of f0. In this case, the Flatté line shape is
proposed to describe that of f0 [36,37], which is given as

FSðωÞ ¼
m2

f0

m2
f0
− ω2 − imf0ðgππρππ þ gKKρKKF2

KKÞ
; ð5Þ

with

ρππ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
π

ω2

s
; ρKK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
K

ω2

s
; ð6Þ

where gππ and gKK are the coupling constants correspond-
ing to f0 → ππ and f0 → KK̄ decays, respectively,
whose values are taken as gππ ¼ ð0.165� 0.018Þ GeV2

and gKK=gππ ¼ 4.21� 0.33 [36]. In addition, the factor
FKK ¼ e−αq

2

is introduced to suppress the f0 width
above the KK threshold. The parameter α is taken as
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2.0� 1.0 GeV−2, which does not affect the predictions
remarkably [38]. It is noted that this line shape has been
also adopted extensively in analyzing data in the LHCb
experiment [38].
Although the quark model has achieved great successes,

the underlying structures of the scalar mesons are not well
established so far. There are many scenarios for the
classification of the scalar mesons. One scenario is the
naïve two-quark model, and the light scalar mesons below
or near 1 GeV are identified as the lowest lying states.
Another consistent picture [39] provided by the data
implies that light scalar mesons below or near 1 GeV
can be described by the q2q̄2, while scalars above 1 GeV
will form a conventional qq̄ nonet with some possible glue
content [40–42]. This picture can be used to interpret the
mass degeneracy of f0 and a0ð980Þ, the reason why the
widths of κð800Þ and σð600Þ is broader than those of
a0ð980Þ and f0, and the large couplings of f0 and a0ð980Þ
to KK̄. However, in practice it is hard for us to make
quantitative predictions on B decays based on the four-
quark picture for light scalar mesons as it involves the
unknown form factors and decay constants that are beyond
the conventional quark model. Hence, we here only discuss
the two-quark scenario for f0. Moreover, some experimen-
tal evidences indicate the existence of the nonstrange and
strange quark contents in f0, we therefore regard it as a
mixture of ss̄ and nn̄ ¼ ðuūþ dd̄Þ= ffiffiffi

2
p

jf0i ¼ jnn̄i sin θ þ jss̄i cos θ; ð7Þ

where θ is the mixing angle. Recent studies [43–45] show
that the mixing angle θ lies in the ranges of 25° < θ < 40°
and 140° < θ < 165°, and studies based on the B decays
favor the later range.
With the initial and final wave functions, we can

calculate the whole amplitude of each decay mode in
PQCD approach. In the leading order, the diagrams
contributing to the decay Bþ → ρþπþπ− are shown in
Fig. 1. The first two diagrams are the emission type
diagrams with the first one emitting the ππ pair and the
second one with the vector meson emitted. The last two are
the annihilation type diagrams. Because the decay ampli-
tudes are very similar to those presented in the Ref. [22], for
the sake of simplicity, we shall not present them in this
work. The other parameters used in the numerical calcu-
lations, such as the mass of the mesons, CKM matrix
elements and the life times of B mesons, are taken from the
Particle Data Group [24].

III. NUMERICAL RESULTS

As aforementioned, the mixing angle of f0 have not yet
been determined. At first, we set θ as a free parameter and
plot the branching fractions of Bu;d;s → Vf0 → Vπþπ−

decays dependent on it in Fig. 2, where the green bands

are the allowed regions in the experiments. Combining
the experimental data of B0 → ρ0ðf0 →Þπþπ− and
B0 → K�ð892Þ0ðf0 →Þπþπ− decays, we get the range of
the mixing angle 135° ≤ θ ≤ 155°, which is consistent with
the results obtained from ϕ → f0γ and f0 → γγ. In our
previous work [46], the decays B → K�

0;2ð1430Þf0=σ have
been investigated, and we obtained θ ≈ 145° after compar-
ing with experimental result [47]. If the mixing angle
θ ¼ 145° is adopted, the branching ratios of the B0 →
ρ0ðf0 →Þπþπ− and B0 → K�ð892Þ0ðf0 →Þπþπ− decays
are given as

BðB0 → ρ0ð770Þðf0 →Þπþπ−Þ ¼ 8.25 × 10−7; ð8Þ

BðB0 → K�ð892Þ0ðf0 →Þπþπ−Þ ¼ 2.45 × 10−6; ð9Þ

which well match the experimental measurements:

BðB0 → ρ0ð770Þðf0 →Þπþπ−Þ ¼ ð7.8� 2.5Þ × 10−7;

ð10Þ

BðB0 → K�ð892Þ0ðf0 →Þπþπ−Þ ¼ð2.6þ1.4
−1.2Þ × 10−6: ð11Þ

In view of this, we present all calculated results of the
CP-averaged branching fractions and the local direct CP
asymmetries of the concerned decay modes with θ ¼ 145°
in Table I. For comparison, the available experimental
data are also listed. One can find that adopting the
appropriate wave functions of initial and final states, our
predictions are in good agreement with the current exper-
imental data, although there are only upper limits for the
B0 → ωðf0 →Þπþπ− and Bþ → ρþðf0 →Þπþπ− decays.

(a)

(c) (d)

(b)

FIG. 1. Typical Feynman diagrams for the quasi-two-body
decay Bþ → ρþπþπ− in PQCD, where the black squares stand
for the weak vertices, and large (purple) spots on the quark lines
denote possible attachments of hard gluons. The green ellipse
represent ππ pair and the red one is the light bachelor ρþ meson.
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Finally, we plot all the branching fractions dependent
on the mixing angle θ, which may shed light on the
mixing angle by combining the ongoing experimental
measurements.

We acknowledge that there are many uncertainties in our
calculations. In this work, we mainly evaluate three kinds
of errors, namely the parameters in wave functions of
the initial and final states, the higher order and power

FIG. 2. Dependence of the CP-averaged branching fractions of the quasi-two-body BðsÞ → Vπþπ− decays on the mixing angle θ in the
PQCD approach. The θ dependence of the branching fractions. The green bands are the allowed regions in the experiments.
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corrections, and the CKM matrix elements, respectively.
In fact, the first kind of errors come from the uncertainties
of nonperturbative parameters, such as the BðsÞ meson
decay constants fB=fBs

¼ 0.19� 0.02=0.23� 0.02 GeV,
the sharp parameters ω=ωs ¼ 0.4� 0.04=0.5� 0.05 GeV
in the distribution amplitudes of Bmesons, the Gegenbauer
moments in the LCDAs of vector mesons, and the
Gagenbauer moment aS in the S-wave LCDAs of the ππ
pair, etc. We can find from the table that these kinds of
uncertainties are dominant. Fortunately, these kinds of
uncertainties could be reduced with the developments
of the experiments or other nonperturbative theoretical
approaches in future. The second kind of errors arise
from the unknown higher order of αs and higher power

corrections, which are reflected by varying the ΛQCD ¼
0.25� 0.05 GeV and the factorization scale t from 0.8t to
1.2t, respectively. The last ones are caused by the uncer-
tainties of the CKM matrix elements.
If the narrow-width approximation holds in these decays,

then the branching fraction of the quasi-two-body B meson
decay can be decomposed as

BðB → M1ðR →ÞM2M3Þ
≃ BðB → M1RÞ × BðR → M2M3Þ; ð12Þ

where R represents a resonance. If two decays have a same
resonance, we then define a ratio as

RV1=V2
¼ BðB → V1RÞ

BðB → V2RÞ
¼ BðB → V1RÞ × BðR → πþπ−Þ

BðB → V2RÞ × BðR → πþπ−Þ ≃
BðB → V1ðR →Þπþπ−Þ
BðB → V2ðR →Þπþπ−Þ : ð13Þ

Based on the predictions in Table I, the ratio between the
B0 → ρ0f0 and B0 → ωf0 is given as

Rρ0=ω ¼ BðB → ρ0f0Þ
BðB → ωf0Þ

∼ 1; ð14Þ

which is in agreement with the results of QCDF [48].
Within the isospin relation

r ¼ Bðf0 → πþπ−Þ
Bðf0 → π0π0Þ ¼ 2; ð15Þ

we obtain the relation

BðB→Vðf0→Þπ0π0Þ¼1

2
BðB→Vðf0→Þπþπ−Þ; ð16Þ

which can be used to predict the branching fractions of the
corresponding quasi-two-body B → Vðf0 →Þπ0π0 decays.
Now we turn to discuss the local direct CP asymmetries

of these decays. In the quark level, B → K�ðf0 →Þπþπ−,
Bs → ρ0=ωðf0 →Þπþπ−, and Bs → ϕðf0ð980Þ →Þπþπ−
are induced by b̄ → s̄qq̄ transition, while B → ðρ;ωÞ
ðf0 →Þπþπ− and Bs → K�ðf0ð980Þ →Þπþπ− are con-
trolled by b̄ → d̄qq̄ transition. From Table I, it is found
that the local CP asymmetries of decays B0 → K�0ðf0 →Þ
πþπ− and Bs → ρ0=ωðf0 →Þπþπ− are very small, and the
reason is that the tree diagrams contributions are both color
and CKM elements suppressed. However, for the decay
Bþ → K�þðf0 →Þπþπ−, because the spectator u quark
enters into not only K�þ meson but also ππ pair, the
contributions from tree and penguin operators are compa-
rable, leading to a large CP asymmetry. For the decays
B0 → ρ0=ωðf0 →Þπþπ−, although the contributions from

TABLE I. The results of CP averaged branching fractions (in 10−6) and the direct CP asymmetries (%) in PQCD
approach.

Decay Modes Br(PQCD) Br(EXP) [24] Adir
CP

B0 → ρ0ðf0 →Þπþπ− 0.82þ0.36þ0.02þ0.05
−0.34−0.16−0.10 0.78� 0.25 −11.4þ14.0þ23.6þ9.77

−3.54−8.72−0.00

B0 → K�0ðf0 →Þπþπ− 2.45þ0.66þ0.56þ0.00
−1.28−1.04−0.35 2.6þ1.4

−1.2 −5.97þ13.7þ6.72þ2.82
−0.57−0.00−0.00

B0 → ωðf0 →Þπþπ− 0.97þ0.51þ0.16þ0.13
−0.39−0.19−0.10 < 1.5 −13.7þ6.10þ11.5þ1.99

−3.15−14.9−0.00

Bþ → ρþðf0 →Þπþπ− 1.23þ0.50þ0.25þ0.00
−0.76−0.38−0.12 < 2.0 −55.9þ15.4þ31.5þ2.50

−19.5−4.34−7.33

Bþ → K�þðf0 →Þπþπ− 3.18þ0.94þ0.76þ0.00
−1.48−1.11−0.39 … −26.4þ9.87þ4.18þ3.05

−6.34−1.21−3.05

Bs → ρ0ðf0 →Þπþπ− 0.06þ0.02þ0.01þ0.00
−0.02−0.01−0.00 … 8.82þ4.23þ1.68þ0.00

−3.51−0.72−0.02

Bs → ωðf0 →Þπþπ− 0.17þ0.10þ0.02þ0.00
−0.09−0.04−0.02 … 14.8þ9.43þ11.1þ2.56

−13.1−8.17−0.53

Bs → K̄�0ðf0 →Þπþπ− 0.15þ0.09þ0.05þ0.01
−0.04−0.02−0.00 … 87.7þ0.00þ0.00þ0.00

−22.1−14.3−7.51
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tree operators are color suppressed, the destructive inter-
ference between the diagrams with the vector meson
emitted and ones with the ππ-pair emitted decreases the
effects of penguin operators remarkably, therefore the
CP asymmetries are as small as about 10%. For Bþ →
ρþðf0 →Þπþπ− decay, its amplitude is more complicated.
In Eq. (7), if the mixing angle θ of f0ð980Þ is an obtuse
angle, the sign of nn̄ is negative. The spectator u quark of
Bþ → ρþðf0 →Þπþπ− can enter into both f0 and ππ pairs,
so the negative sign leads to the cancellation between two
tree operators contributions. With the sizable contributions
of penguin operators, the CP asymmetry of this decay is as
large as −55%. The decay of Bs → K̄�0ðf0 →Þπþπ− is very
similar to Bþ → ρþðf0 →Þπþπ−, but the spectator is a
strange quark. When the spectator enters into the kaon, both
the tree and penguin operators contribute, and the tree
operators are color suppressed. However, when it enters
into the ππ pair, only penguin operators play roles. Due to
large interference between two kinds of above contribu-
tions, the large CP asymmetry in Bs → K̄�0ðf0 →Þπþπ− is
reasonable. On the experimental side, these CP asymme-
tries have not been measured, and we hope these predic-
tions can be tested in future.

IV. SUMMARY

In this work, we investigated the quasi-two-body
B=Bs → Vðf0ð980Þ →Þπþπ− decays in PQCD approach,
assuming that f0ð980Þ is a mixture of nn̄ ¼ ðuūþ dd̄Þ= ffiffiffi

2
p

and ss̄ with the mixing angle θ. Within the S-wave two-
pion wave function, both the branching fractions and the
located CP asymmetries have been calculated. When
the mixing angle θ is around 145°, the obtained branching
fractions of the B0 → ρ0ðf0ð980Þ →Þπþπ− and B0 →
K�0ðf0ð980Þ →Þπþπ− are in good agreement with the
experimental data, and other results could be tested in
the future experiments. In addition, the branching fractions
of B=Bs → Vðf0 →Þπ0π0 could be predicted based on the
isospin symmetry, which can be measured in the LHCb
and Belle II experiments. We note that the calculated
CP asymmetries of the Bþ → ρþðf0 →Þπþπ− and Bs →
K̄�0ðf0 →Þπþπ− decays are very large, which can be tested
in the ongoing experiments. We acknowledge that there are
many uncertainties in the calculation, and the dominant one
is the two-meson wave function. Therefore, more precise
multimeson wave functions from the nonperturbative
approach are needed.

ACKNOWLEDGMENTS

This work is supported in part by the National Science
Foundation of China under the Grants No. 11705159,
No. 11975195, No. 11875033, and No. 11765012, and the
Natural Science Foundation of Shandong province under
the Grant No. ZR2019JQ04. This work is also supported
by the Project of Shandong Province Higher Educational
Science and Technology Program under Grant
No. 2019KJJ007.

[1] J. P. Lees et al. (BABAR Collaboration), Study of CP
violation in Dalitz-plot analyses of B0 → KþK−K0

S,
Bþ → KþK−Kþ, and Bþ → K0

SK
0
SK

þ, Phys. Rev. D 85,
112010 (2012).

[2] Y. Nakahama et al. (Belle Collaboration), Measurement of
CP violating asymmetries in B0 → KþK−K0

S decays with a
time-dependent Dalitz approach, Phys. Rev. D 82, 073011
(2010).

[3] E. Eckhart et al. (CLEO Collaboration), Observation of
B → K0

Sπ
þπ− and Evidence for B → K��π∓, Phys. Rev.

Lett. 89, 251801 (2002).
[4] R. Aaij et al. (LHCb Collaboration), Observation of the

decay B0
s → D̄0KþK−, Phys. Rev. D 98, 072006 (2018).

[5] R. Aaij et al. (LHCb Collaboration), Observation of the
decay B0

s → ϕπþπ− and evidence for B0 → ϕπþπ−, Phys.
Rev. D 95, 012006 (2017).

[6] R. Aaij et al. (LHCb Collaboration), Amplitude analysis of
B0
s → K0

SK
�π∓ decays, J. High Energy Phys. 06 (2019)

114.
[7] R. Aaij et al. (LHCb Collaboration), Resonances and CP

violation in B0
s and B̄0

s → J=ψKþK− decays in the mass

region above the ϕð1020Þ, J. High Energy Phys. 08 (2017)
037.

[8] R. Aaij et al. (LHCb Collaboration), Amplitude analysis
of the Bþ → πþπþπ− decay, Phys. Rev. D 101, 012006
(2020).

[9] R. Aaij et al. (LHCb Collaboration), Amplitude analysis of
the Bþ → DþD−Kþ decay, Phys. Rev. D 102, 112003
(2020).

[10] R. Aaij et al. (LHCb Collaboration), Measurement of the
relative branching fractions of Bþ → hþh0þh0− decays,
Phys. Rev. D 102, 112010 (2020).

[11] X.-G. He, G.-N. Li, and D. Xu, SU(3) and isospin breaking
effects on B → PPP amplitudes, Phys. Rev. D 91, 014029
(2015).

[12] S. Krankl, T. Mannel, and J. Virto, Three-body non-leptonic
B decays and QCD factorization, Nucl. Phys. B899, 247
(2015).

[13] J. Virto, Charmless non-leptonic multi-body B decays, Proc.
Sci., FPCP2016 (2017) 007 [arXiv:1609.07430].

[14] H.-Y. Cheng, C.-K. Chua, and A. Soni, Charmless
three-body decays of B mesons, Phys. Rev. D 76,
094006 (2007).

YANG, ZOU, LI, LIU, and LI PHYS. REV. D 103, 113005 (2021)

113005-6

https://doi.org/10.1103/PhysRevD.85.112010
https://doi.org/10.1103/PhysRevD.85.112010
https://doi.org/10.1103/PhysRevD.82.073011
https://doi.org/10.1103/PhysRevD.82.073011
https://doi.org/10.1103/PhysRevLett.89.251801
https://doi.org/10.1103/PhysRevLett.89.251801
https://doi.org/10.1103/PhysRevD.98.072006
https://doi.org/10.1103/PhysRevD.95.012006
https://doi.org/10.1103/PhysRevD.95.012006
https://doi.org/10.1007/JHEP06(2019)114
https://doi.org/10.1007/JHEP06(2019)114
https://doi.org/10.1007/JHEP08(2017)037
https://doi.org/10.1007/JHEP08(2017)037
https://doi.org/10.1103/PhysRevD.101.012006
https://doi.org/10.1103/PhysRevD.101.012006
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112010
https://doi.org/10.1103/PhysRevD.91.014029
https://doi.org/10.1103/PhysRevD.91.014029
https://doi.org/10.1016/j.nuclphysb.2015.08.004
https://doi.org/10.1016/j.nuclphysb.2015.08.004
https://arXiv.org/abs/1609.07430
https://doi.org/10.1103/PhysRevD.76.094006
https://doi.org/10.1103/PhysRevD.76.094006


[15] H.-Y. Cheng, C.-K. Chua, and Z.-Q. Zhang, Direct CP
violation in charmless three-body decays of B mesons,
Phys. Rev. D 94, 094015 (2016).

[16] Y. Li, Comprehensive study of B̄0 → K0ðK̄0ÞK∓π� decays
in the factorization approach, Phys. Rev. D 89, 094007
(2014).

[17] W.-F. Wang and H.-N. Li, Quasi-two-body decays B →
Kρ → Kππ in perturbative QCD approach, Phys. Lett. B
763, 29 (2016).

[18] Y. Li, A.-J. Ma, W.-F. Wang, and Z.-J. Xiao, Quasi-two-
body decays BðsÞ → Pρ → Pππ in perturbative QCD ap-
proach, Phys. Rev. D 95, 056008 (2017).

[19] Z.-T. Zou, Y. Li, Q.-X. Li, and X. Liu, Resonant contribu-
tions to three-body B → KKK decays in perturbative QCD
approach, Eur. Phys. J. C 80, 394 (2020).

[20] Z.-T. Zou, Y. Li, and X. Liu, Branching fractions and
CP asymmetries of the quasi-two-body decays in Bs →
K0ðK̄0ÞK�π∓ within PQCD approach, Eur. Phys. J. C 80,
517 (2020).

[21] Z.-T. Zou, Y. Li, and H.-N. Li, Is fXð1500Þ observed in the
B → πðKÞKK decays ρ0ð1450Þ?, Phys. Rev. D 103, 013005
(2021).

[22] Z.-T. Zou, L. Yang, Y. Li, and X. Liu, Study of quasi-two-
body BðsÞ → ϕðf0ð980Þ=f2ð1270Þ →Þππ decays in pertur-
bative QCD approach, Eur. Phys. J. C 81, 91 (2021).

[23] C. Wang, Z.-H. Zhang, Z.-Y. Wang, and X.-H. Guo,
Localized direct CP violation in B� → ρ0ðωÞπ� →
πþπ−π�, Eur. Phys. J. C 75, 536 (2015).

[24] P. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

[25] H.-N. Li, Threshold resummation for exclusive B meson
decays, Phys. Rev. D 66, 094010 (2002).

[26] C.-D. Lu and M.-Z. Yang, B → πρ, πω decays in perturba-
tive QCD approach, Eur. Phys. J. C 23, 275 (2002).

[27] X. Liu, Z.-T. Zou, Y. Li, and Z.-J. Xiao, Phenomenological
studies on the B0

d;s → J=ψf0ð500Þ½f0ð980Þ� decays, Phys.
Rev. D 100, 013006 (2019).

[28] Y. Li, C.-D. Lu, Z.-J. Xiao, and X.-Q. Yu, Branching ratio
and CP asymmetry of Bs → πþπ− decays in the perturba-
tive QCD approach, Phys. Rev. D 70, 034009 (2004).

[29] M. Diehl, T. Gousset, B. Pire, and O. Teryaev, Probing
Partonic Structure in γ�γ → ππ near Threshold, Phys. Rev.
Lett. 81, 1782 (1998).

[30] M. Diehl, T. Gousset, and B. Pire, Exclusive production of
pion pairs in γ�γ collisions at large Q2, Phys. Rev. D 62,
073014 (2000).

[31] B. Pire and L. Szymanowski, Impact representation of
generalized distribution amplitudes, Phys. Lett. B 556,
129 (2003).

[32] Y. Xing and Z.-P. Xing, S-wave contributions in B̄0
s →

ðD0; D̄0Þπþπ− within perturbative QCD approach, Chin.
Phys. C 43, 073103 (2019).

[33] N. Wang, Q. Chang, Y. Yang, and J. Sun, Study of the
Bs → ϕf0ð980Þ → ϕπþπ− decay with perturbative QCD
approach, J. Phys. G 46, 095001 (2019).

[34] W.-F. Wang, H.-C. Hu, H.-N. Li, and C.-D. Lü, Direct CP
asymmetries of three-body B decays in perturbative QCD,
Phys. Rev. D 89, 074031 (2014).

[35] W.-F. Wang, H.-N. Li, W. Wang, and C.-D. Lü, S-wave
resonance contributions to the B0

ðsÞ → J=ψπþπ− and

Bs → πþπ−μþμ− decays, Phys. Rev. D 91, 094024 (2015).
[36] J. Back et al., LAURAþþ: A Dalitz plot fitter, Comput.

Phys. Commun. 231, 198 (2018).
[37] S. M. Flatte, Coupled—channel analysis of the πη and

KK̄ systems near KK̄ threshold, Phys. Lett. 63B, 224
(1976).

[38] R. Aaij et al. (LHCb Collaboration), Measurement of
resonant and CP components in B̄0

s → J=ψπþπ− decays,
Phys. Rev. D 89, 092006 (2014).

[39] F. E. Close and N. A. Tornqvist, Scalar mesons above and
below 1-GeV, J. Phys. G 28, R249 (2002).

[40] H.-Y. Cheng and K.-C. Yang, B → f0ð980ÞK decays
and subleading corrections, Phys. Rev. D 71, 054020
(2005).

[41] R. L. Jaffe, Multi-quark hadrons. 1. The phenomenology
of (2 quark 2 anti-quark) mesons, Phys. Rev. D 15, 267
(1977).

[42] M. G. Alford and R. L. Jaffe, Insight into the scalar
mesons from a lattice calculation, Nucl. Phys. B578, 367
(2000).

[43] H.-Y. Cheng, Hadronic D decays involving scalar mesons,
Phys. Rev. D 67, 034024 (2003).

[44] A. V. Anisovich, V. V. Anisovich, V. N. Markov, and N. A.
Nikonov (SIGMA-AYAKS Collaboration), Radiative de-
cays and quark content of f0ð980Þ and ϕð1020Þ, Phys. At.
Nucl. 65, 497 (2002).

[45] A. Gokalp, Y. Sarac, and O. Yilmaz, An analysis of f0 − σ
mixing in light cone QCD sum rules, Phys. Lett. B 609, 291
(2005).

[46] Q.-X. Li, L. Yang, Z.-T. Zou, Y. Li, and X. Liu, Calculation
of the B → K�

0;2ð1430Þf0ð980Þ=σ decays in the perturbative
QCD approach, Eur. Phys. J. C 79, 960 (2019).

[47] J. P. Lees et al. (BABAR Collaboration), B0 meson decays to
ρ0K�0, f0K�0, and ρ−K�þ, including higher K� resonances,
Phys. Rev. D 85, 072005 (2012).

[48] H.-Y. Cheng, C.-K. Chua, K.-C. Yang, and Z.-Q. Zhang,
Revisiting charmless hadronic B decays to scalar mesons,
Phys. Rev. D 87, 114001 (2013).

QUASI-TWO-BODY BðSÞ → Vππ DECAYS WITH … PHYS. REV. D 103, 113005 (2021)

113005-7

https://doi.org/10.1103/PhysRevD.94.094015
https://doi.org/10.1103/PhysRevD.89.094007
https://doi.org/10.1103/PhysRevD.89.094007
https://doi.org/10.1016/j.physletb.2016.10.026
https://doi.org/10.1016/j.physletb.2016.10.026
https://doi.org/10.1103/PhysRevD.95.056008
https://doi.org/10.1140/epjc/s10052-020-7925-7
https://doi.org/10.1140/epjc/s10052-020-8094-4
https://doi.org/10.1140/epjc/s10052-020-8094-4
https://doi.org/10.1103/PhysRevD.103.013005
https://doi.org/10.1103/PhysRevD.103.013005
https://doi.org/10.1140/epjc/s10052-021-08875-6
https://doi.org/10.1140/epjc/s10052-015-3757-2
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.66.094010
https://doi.org/10.1007/s100520100878
https://doi.org/10.1103/PhysRevD.100.013006
https://doi.org/10.1103/PhysRevD.100.013006
https://doi.org/10.1103/PhysRevD.70.034009
https://doi.org/10.1103/PhysRevLett.81.1782
https://doi.org/10.1103/PhysRevLett.81.1782
https://doi.org/10.1103/PhysRevD.62.073014
https://doi.org/10.1103/PhysRevD.62.073014
https://doi.org/10.1016/S0370-2693(03)00134-5
https://doi.org/10.1016/S0370-2693(03)00134-5
https://doi.org/10.1088/1674-1137/43/7/073103
https://doi.org/10.1088/1674-1137/43/7/073103
https://doi.org/10.1088/1361-6471/ab2553
https://doi.org/10.1103/PhysRevD.89.074031
https://doi.org/10.1103/PhysRevD.91.094024
https://doi.org/10.1016/j.cpc.2018.04.017
https://doi.org/10.1016/j.cpc.2018.04.017
https://doi.org/10.1016/0370-2693(76)90654-7
https://doi.org/10.1016/0370-2693(76)90654-7
https://doi.org/10.1103/PhysRevD.89.092006
https://doi.org/10.1088/0954-3899/28/10/201
https://doi.org/10.1103/PhysRevD.71.054020
https://doi.org/10.1103/PhysRevD.71.054020
https://doi.org/10.1103/PhysRevD.15.267
https://doi.org/10.1103/PhysRevD.15.267
https://doi.org/10.1016/S0550-3213(00)00155-3
https://doi.org/10.1016/S0550-3213(00)00155-3
https://doi.org/10.1103/PhysRevD.67.034024
https://doi.org/10.1134/1.1465490
https://doi.org/10.1134/1.1465490
https://doi.org/10.1016/j.physletb.2005.01.055
https://doi.org/10.1016/j.physletb.2005.01.055
https://doi.org/10.1140/epjc/s10052-019-7484-y
https://doi.org/10.1103/PhysRevD.85.072005
https://doi.org/10.1103/PhysRevD.87.114001

