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We study the nonleptonic charmless Bu;d;s → K�
0ð1430ÞP (P ¼ K, π) and K�

0ð1430ÞV ðV ¼ K�; ρ;ω;ϕÞ
decays. The amplitudes are calculated within the QCD factorization, and the nonperturbative quantities are
evaluated by using a covariant light-front approach. The branching fractions and CP asymmetries of theses
decay modes are calculated, some decay modes are first predicted, and some useful relations based on
SUð3Þ flavor symmetry are discussed. Comparing the theoretical results with the current available
experimental data, it is found that K�

0ð1430Þ can be described as the lowest-lying p-wave ðs; u=dÞ state
rather than the first excited one.
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I. INTRODUCTION

The inner structure of the scalar (S) meson has been
studied for a long time, and now it is still a hot topic in
particle physics. There are several proposals for their inner
structure, e.g., q̄q state, tetraquark states, molecule states,
glueball and hybrid states, while there is still no general
agreement on such issue. For the light scalar mesons, in the
2-quark scenario (namely S1), it is suggested that the scalar
mesons with mass below 1 GeV (such as a0ð980Þ, f0ð980Þ,
κ=K�

0ð700Þ, etc.) are interpreted as the lowest lying qq̄
states having a unit of orbital angular momentum and form
a SUð3Þ nonet; while, the ones with mass above 1 GeV
(such as a0ð1450Þ, f0ð1370Þ, K�

0ð1430Þ, etc.) are treated as
the first excited qq̄ states and are classified into another
SUð3Þ nonet. On the contrary, in the tetraquark scenario
advocated by Jaffe [1,2], the former are predominately the
qqq̄q̄ states without introducing a unit of orbital angular
momentum; accordingly, the latter are treated as the lowest
lying qq̄ p-wave states (namely S2). This scenario is
favored by some lattice calculations [3,4] and mesonic
spectroscopy data [5]; it is also much more acceptable
because the 0þ meson has a unit of orbital angular
momentum and hence should have a higher mass above
1 GeV in the qq̄ model. Besides of studies of mass spectra
and decays of scalar mesons, the nonleptonic two-body B
meson decay involving a scalar final state, B → SM,

provides another efficient way to investigate the features
and the possible inner structures of scalar mesons.
In recent years, although the identification of scalar

mesons is difficult experimentally, some experimental
efforts have been devoted to measuring Bu;d → SM decay
modes. For instance, the light scalar f0ð980Þ was first
observed in the B → f0ð980ÞK decay by the Belle [6] and
BABAR [7] collaborations in 2002 and 2004, respectively.
Since then, more and more B → SM decay modes have
been observed by Belle [8–11], BABAR [12–20], and LHCb
[21,22] collaborations. Motivated by the rapid development
of experiment, some theoretical studies on these decays are
made within some QCD inspired approaches, such as the
generalized factorization approach [23], QCD factorization
(QCDF) [24–34], perturbative QCD approach (PQCD)
[35–53] and other methods [54–65]. Most of these previous
works mainly focus on the Bu;d → SM decay modes, but
the Bs → SM decays have not been fully studied theoreti-
cally because most of the Bs → SM decay modes have not
been observed.
In 2019, the Bs → K�

0ð1430ÞþK− þ c:c: and Bs →
K̄�

0ð1430Þ0K0 þ c:c: decays are observed for the first time
by LHCb collaboration, each with significance over
10 standard deviations. The measured branching fractions
are [21]

BðB0
s → K�

0ð1430ÞþK− þ c:c:Þ
¼ ð31.3� 2.3� 0.7� 25.1� 3.3Þ × 10−6;

BðB0
s → K̄�

0ð1430Þ0K0 þ c:c:Þ
¼ ð33.0� 2.5� 0.9� 9.1� 3.5Þ × 10−6; ð1Þ

Unfortunately, there is no relevant theoretical prediction for
these decays before. It is expected that more Bs → SM
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decays will be observed by LHCb and Belle-II collabora-
tions in the near future. Therefore, we would like to make a
detailed study of Bs → K�

0ð1430ÞP and K�
0ð1430ÞV (P

denotes pseudoscalar meson, and V denotes vector meson)
decay modes within the framework of QCDF in this paper.
Besides, the Bu;d → K�

0ð1430ÞP and K�
0ð1430ÞV decays

will also be investigated.1 In order to test whetherK�
0ð1430Þ

is a lowest lying qq̄ state or a first excited state, our
calculation and analysis will be made within the just
mentioned two scenarios (S1 and S2).
This paper is organized as follows. In Sec. II, we present

the theoretical framework and calculations for Bu;d;s →
K�

0ð1430ÞP;K�
0ð1430ÞV decays. In Sec. III, the values of

nonperturbative input parameters are calculated; after that,
the numerical results and discussions are presented. Finally,
we give our summary in Sec. IV. The definitions of decay
constant, form factor and distribution amplitude are given
in the Appendix A, and the amplitudes of Bu;d;s →
K�

0ð1430ÞP;K�
0ð1430ÞV decays are summarized in

Appendix B.

II. THEORETICAL FRAMEWORK

In the Standard Model (SM), the effective weak
Hamiltonian responsible for Bu;d;s → M1M2 decay induced
by b → p transition is given as [66]

Heff ¼
GFffiffiffi
2

p
�
VubV�

upðC1Ou
1 þ C2Ou

2Þ þ VcbV�
cpðC1Oc

1 þ C2Oc
2Þ − VtbV�

tp

�X10
i¼3

CiOi þ C7γO7γ þ C8gO8g

��
þ H:c:; ð2Þ

where VqbV�
qp (q ¼ u, c and t) are products of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, Ci the

Wilson coefficients, and Oi the relevant effective four-quark operators. To obtain the decay amplitude, the main work is to
calculate the hadronic matrix element, hM1M2jOijBi. In the QCDF, the hadronic matrix element of each operator can be
written as the convolution integrals of the scattering kernel with the distribution amplitudes (DAs) of the participating
mesons [67–69],

hM1M2jQijBi¼
X
j

FB→M1

j fM2

Z
dyT I

ijðyÞφM2
ðyÞþ ½M1↔M2�þfBfM1

fM2

Z
dxdydzT II

i ðx;y;zÞφM1
ðxÞφM2

ðyÞφBðzÞ;

ð3Þ

where x, y, z are the momentum fractions; FB→M1

j is an appropriate form factor of B → M1 transition; fB and fM are decay
constants of B and light mesons, respectively. The definitions of decay constant, form factor and DAs are given in the
Appendix A. The kernels T I

ijðyÞ and T II
i ðx; y; zÞ in Eq. (3) are hard-scattering functions and are calculable in perturbation

theory. The former starts at tree level and contains the vertex, penguin corrections at next-to-leading order in αs; the later
contains the order αs contributions caused by hard spectator-scattering and annihilation topologies.
Applying the factorization formula, one can obtain the amplitudes of Bu;d;s → K�

0ð1430ÞP and K�
0ð1430ÞV decay modes,

which are collected in the Appendix B. In each amplitude, the quantity AM1M2 is the factorized matrix element and can be
written as

AM1M2 ¼
GFffiffiffi
2

p

8>>>>><
>>>>>:

−ðm2
B −m2

M1
ÞUB→M1

0 ðm2
M2
ÞfM2

if M1M2 ¼ SP;

ðm2
B −m2

M1
ÞFB→M1

0 ðm2
M2
ÞfM2

if M1M2 ¼ PS;

2mM2
ϵ� · pBU

B→M1

1 ðm2
M2
ÞfM2

if M1M2 ¼ SV;

−2mM1
ϵ� · pBA

B→M1

0 ðm2
M2
ÞfM2

if M1M2 ¼ VS:

ð4Þ

Here, it has been assumed that the final-state meson M1 carries away the spectator quark from B meson, and the other
one is M2. The coefficients of flavor operators αpi appeared in the amplitudes are expressed in terms of the effective
coefficients api as

1The Bu;d → SP and SV decay modes have been investigated in detail in Ref. [30] and Ref. [31], respectively. Some problems in these
works are corrected and the predictions are updated by the same authors in Ref. [33]. Besides the corrections made in Ref. [33], some
essential improvements will be made in this work.
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α1ðM1M2Þ ¼ a1ðM1M2Þ; α2ðM1M2Þ ¼ a2ðM1M2Þ; ð5Þ

αp3 ðM1M2Þ ¼
(
ap3 ðM1M2Þ þ ap5 ðM1M2Þ if M1M2 ¼ PS; SV; VS;

ap3 ðM1M2Þ − ap5 ðM1M2Þ if M1M2 ¼ SP;
ð6Þ

αp4 ðM1M2Þ ¼
(
ap4 ðM1M2Þ − rM2

χ ap6 ðM1M2Þ if M1M2 ¼ PS; SP; SV;

ap4 ðM1M2Þ þ rM2
χ ap6 ðM1M2Þ if M1M2 ¼ VS;

ð7Þ

αp3;EWðM1M2Þ ¼
(
ap9 ðM1M2Þ þ ap7 ðM1M2Þ if M1M2 ¼ PS; SV; VS;

ap9 ðM1M2Þ − ap7 ðM1M2Þ if M1M2 ¼ SP;
ð8Þ

αp4;EWðM1M2Þ ¼
(
ap10ðM1M2Þ − rM2

χ ap8 ðM1M2Þ if M1M2 ¼ PS; SP; SV;

ap10ðM1M2Þ þ rM2
χ ap8 ðM1M2Þ if M1M2 ¼ VS;

ð9Þ

where the ratio rχ is defined as

rPχ ðμÞ¼
2m2

P

mbðμÞðm1ðμÞþm2ðμÞÞ
; rVχ ðμÞ¼

2mV

mbðμÞ
f⊥V ðμÞ
fV

;

ð10Þ

rSχðμÞ ¼
2mS

mbðμÞ
f̄SðμÞ
fS

¼ 2m2
S

mbðμÞðm1ðμÞ −m2ðμÞÞ
: ð11Þ

In Eqs. (5)–(9), the general form of effective coefficient
api at next-to-leading order in αs is

api ðM1M2Þ ¼
�
Ci þ

Ci�1

Nc

�
NiðM2Þ

þ Ci�1

Nc

CFαs
4π

�
ViðM2Þ þ

4π2

Nc
HiðM1M2Þ

�
þ Pp

i ðM2Þ; ð12Þ

where i ¼ 1;…; 10, the upper (lower) sign applies when i
is odd (even), CF ¼ ðN2

c − 1Þ=ð2NcÞ with Nc ¼ 3,
and NiðM2Þ ¼ 1 except for N6;8ðVÞ ¼ 0. The terms
proportional to NiðM2Þ are the leading order contribu-
tions, and are the same as the results obtained by
naive factorization approach; the αs corrections are
encoded in the quantities ViðM2Þ, HiðM1M2Þ and
Pp
i ðM2Þ, which are obtained by calculating vertex,

hard-spectator and penguin diagrams, and can be written
as the convolution integrals of the hard-scattering kernels
with meson light-cone DAs. The convolution integrals for
these quantities can be evaluated by using expansions of
the DAs in terms of Gegenbauer polynomials. In this
work, we include the first four terms in the Gegenbauer
expansion for the twist-2 DAs due to the nontrivial

contribution related to the odd Gegenbauer moments of
scalar meson.
The integral forms of ViðM2Þ and Pp

i ðM2Þ for B → SP
and SV modes are the same as the ones for B → PP and PV
modes, which have been obtained in Ref. [69]. After
integrating out the momentum fraction, we obtain

ViðM2Þ ¼
�
12 ln

mb

μ
−
37

2
− 3iπ

�
aM2

0 þ
�
11

2
− 3iπ

�
aM2

1

−
21

20
aM2

2 þ
�
79

36
−
2iπ
3

�
aM2

3 ð13Þ

for i ¼ 1–4, 9, 10, and

ViðM2Þ ¼
�
−12 ln

mb

μ
þ 13

2
þ 3iπ

�
aM2

0 þ
�
11

2
− 3iπ

�
aM2

1

þ 21

20
aM2

2 þ
�
79

36
−
2iπ
3

�
aM2

3 ð14Þ

for i ¼ 5, 7 whenM2 ¼ P, S, V; while, for i ¼ 6 and 8, we
have

ViðMÞ ¼
�−6 if M2 ¼ P and S;

9 − 6πi if M2 ¼ V:
ð15Þ

It is noted that our result given by Eq. (14) is different
from the one given in Ref. [30] but is consistent
with the one given by the same authors in Ref. [31]. For
the penguin functions GM2

ðsÞ appeared in Pp
i ðM2Þ (one

may refer to Ref. [69] for detail), we have the following
analytic results,

GM2
ð0Þ ¼

�
5

3
þ 2iπ

3

�
aM2

0 þ aM2

1

2
þ aM2

2

5
þ aM2

3

9
; ð16Þ
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GM2
ðscÞ ¼

�
5

3
−
2

3
ln sc

�
aM2

0 þ aM2

1

2
þ aM2

2

5
þ aM2

3

9
þ 4

3
ð8aM2

0 þ 9aM2

1 þ 9aM2

2 þ 9aM2

3 Þsc

þ 2

�
8aM2

0 þ 63aM2

1 þ 214aM2

2 þ 1505aM2

3

3

�
s2c − 24

�
9aM2

1 þ 80aM2

2 þ 9490aM2

3

27

�
s3c

þ
�
2880aM2

2 þ 91000aM2

3

3

�
s4c − 39200aM2

3 s5c −
2

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4sc

p �
ð1þ 2scÞaM2

0

þ 6ð4aM2

0 þ 27aM2

1 þ 78aM2

2 þ 160aM2

3 Þs2c − 36

�
9aM2

1 þ 70aM2

2 þ 2440aM2

3

9

�
s3c

þ ð4320aM2

2 þ 40600aM2

3 Þs4c − 58800aM2

3 s5c

�
ð2 arctanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4sc

p
− iπÞ þ 12s2c

�
aM2

0

þ 3aM2

1 þ 6aM2

2 þ 10aM2

3 −
4

3
ðaM2

0 þ 9aM2

1 þ 36aM2

2 þ 100aM2

3 Þsc þ 18ðaM2

1 þ 10aM2

2 þ 50aM2

3 Þs2c

− ð240aM2

2 þ 2800aM2

3 Þs3c þ
9800aM2

3

3
s4c

�
ð2 arctanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4sc

p
− iπÞ2; ð17Þ

GM2
ð1Þ ¼

�
85

3
− 6

ffiffiffi
3

p
π þ 4π2

9

�
aM2

0 −
�
155

2
− 36

ffiffiffi
3

p
π þ 12π2

�
aM2

1 þ
�
7001

5
− 504

ffiffiffi
3

p
π þ 136π2

�
aM2

2

−
�
146581

9
− 6000

ffiffiffi
3

p
π þ 14920

9
π2
�
aM2

3 : ð18Þ

where, sc ¼ ðmc=mbÞ2; while, the functions ĜM2
ðsÞ read

ĜM2
ðscÞ ¼

16

9
ð1 − 3scÞ −

2

3
ln sc −

2

3
ð1 − 4scÞ3=2ð2arctanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4sc

p
− iπÞ;

ĜM2
ð0Þ ¼ 16

9
þ 2π

3
i; ĜM2

ð1Þ ¼ 2πffiffiffi
3

p −
32

9
; ð19Þ

when M2 ¼ P, S, and

ĜM2
ðscÞ ¼ 1 − 36sc þ 12sc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4sc

p
ð2arctanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4sc

p
− iπÞ − 12s2cð2arctanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4sc

p
− iπÞ2;

ĜM2
ð0Þ ¼ 1; ĜM2

ð1Þ ¼ −35þ 4
ffiffiffi
3

p
π þ 4π2

3
; ð20Þ

when M2 ¼ V.
The hard-spectator corrections can be written as

HiðM1M2Þ ¼
BM1M2

AM1M2

Z
1

0

dξ
ξ
ΦBðξÞ

Z
1

0

dx
Z

1

0

dy

�
ΦM2

ðxÞΦM1
ðyÞ

x̄ ȳ
� γM1

χ
ΦM2

ðxÞϕM1
ðyÞ

xȳ

�
ð21Þ

for i ¼ 1–4, 9, 10,

HiðM1M2Þ ¼ −
BM1M2

AM1M2

Z
1

0

dξ
ξ
ΦBðξÞ

Z
1

0

dx
Z

1

0

dy

�
ΦM2

ðxÞΦM1
ðyÞ

xȳ
� γM1

χ
ΦM2

ðxÞϕM1
ðyÞ

x̄ ȳ

�
ð22Þ

for i ¼ 5, 7, and HiðM1M2Þ ¼ 0 for i ¼ 6, 8, where x̄ ¼ 1 − x, ȳ ¼ 1 − y. The upper (lower) sign should be applied when
M1 ¼ V, P (M1 ¼ S). The quantity BM1M2

is defined as

BM1M2 ¼
GFffiffiffi
2

p
� fBq

fM1
fM2

if M1M2 ¼ PS; SP;

−fBq
fM1

fM2
if M1M2 ¼ VS; SV:

ð23Þ
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Integrating out the momentum fraction, we can finally obtain

Hi ¼
BM1M2

AM1M2

mB

λB
·
½3ðaM1

0 þ aM1

1 þ aM1

2 þ aM1

3 Þ · 3ðaM2

0 þ aM2

1 þ aM2

2 þ aM2

3 Þ
�3γM1

χ ðaM2

0 − aM2

1 þ aM2

2 − aM2

3 ÞXH�; M1 ¼ PðSÞ;
ð24Þ

Hi ¼
BM1M2

AM1M2

mB

λB
·
½3ðaM1

0 þ aM1

1 þ aM1

2 þ aM1

3 Þ · 3ðaM2

0 þ aM2

1 þ aM2

2 þ aM2

3 Þ
þ3γM1

χ ðaM2

0 − aM2

1 þ aM2

2 − aM2

3 Þð3XH − 6Þ�; M1 ¼ V;
ð25Þ

for i ¼ 1–4, 9, 10, and

Hi ¼ −
BM1M2

AM1M2

mB

λB
·
½3ðaM1

0 þ aM1

1 þ aM1

2 þ aM1

3 Þ · 3ðaM2

0 − aM2

1 þ aM2

2 − aM2

3 Þ
�3γM1

χ ðaM2

0 þ aM2

1 þ aM2

2 þ aM2

3 ÞXH�; M1 ¼ PðSÞ;
ð26Þ

Hi ¼ −
BM1M2

AM1M2

mB

λB
·
½3ðaM1

0 þ aM1

1 þ aM1

2 þ aM1

3 Þ · 3ðaM2

0 − aM2

1 þ aM2

2 − aM2

3 Þ
þ3γM1

χ ðaM2

0 þ aM2

1 þ aM2

2 þ aM2

3 Þð3XH − 6Þ�; M1 ¼ V;
ð27Þ

for i ¼ 5 and 7, where, the upper (lower) sign in Eqs. (24)
and (26) is applied when M1 ¼ P (S). As has been
discussed in many previous works [33,55,69–75], hard-
spectator corrections suffer from the endpoint divergence,
which is usually parametrized by the endpoint parameter

XH ¼ ln

�
mB

Λh

�
ð1þ ρHeiϕHÞ: ð28Þ

The parameters ρH and ϕH reflect the strength and possible
strong phase of the end-point contributions, respectively.
The amplitudes of Bu;d;s → K�

0ð1430ÞP and K�
0ð1430ÞV

decays collected in the Appendix B also receives the
contributions of weak annihilation, which are involved
in the effective coefficients βpi defined as

βpi ðM1M2Þ≡ BM1M2

AM1M2

bpi ; ð29Þ

where,2

b1 ¼
CF

N2
c
C1Ai

1; b2 ¼
CF

N2
c
C2Ai

1;

bp3 ¼ CF

N2
c
½C3Ai

1 þ C5ðAi
3 þ Af

3Þ þ NcC6A
f
3 �;

bp4 ¼ CF

N2
c
½C4Ai

1 þ C6Ai
2�;

bp3;EW ¼ CF

N2
c
½C9Ai

1 þ C7ðAi
3 þ Af

3Þ þ NcC8A
f
3 �;

bp4;EW ¼ CF

N2
c
½C10Ai

1 þ C8Ai
2�: ð30Þ

The subscripts n ¼ 1, 2, 3 of Ai;f
n correspond to the possible

Dirac structures ðV − AÞðV − AÞ, ðV − AÞðV þ AÞ and
ðS − PÞðSþ PÞ, respectively; and the superscripts i and
f refer to gluon emission from the initial- and final-state
quarks, respectively. The explicit expressions of Ai;f

n for
B → PS and SP decays can be written as

Ai
1 ¼ παs

Z
1

0

dxdy

�
ΦM2

ðxÞΦM1
ðyÞ

�
1

yð1 − xȳÞ þ
1

x̄2y

�

∓ γM1
χ γM2

χ ϕM2
ðxÞϕM1

ðyÞ 2

x̄y

�
; ð31Þ

Af
1 ¼ 0; ð32Þ

Ai
2 ¼ παs

Z
1

0

dxdy

�
−ΦM2

ðxÞΦM1
ðyÞ

�
1

x̄ð1 − xȳÞ þ
1

x̄y2

�

� γM1
χ γM2

χ ϕM2
ðxÞϕM1

ðyÞ 2

x̄y

�
; ð33Þ

Af
2 ¼ 0; ð34Þ

Ai
3 ¼ παs

Z
1

0

dxdy

�
�γM1

χ ΦM2
ðxÞϕM1

ðyÞ 2ȳ
x̄yð1 − xȳÞ

þ γM2
χ ϕM2

ðxÞΦM1
ðyÞ 2x

x̄yð1 − xȳÞ
�
; ð35Þ

Af
3 ¼ παs

Z
1

0

dxdy
�
�γM1

χ ΦM2
ðxÞϕM1

ðyÞ 2ð1þ x̄Þ
x̄2y

− γM2
χ ϕM2

ðxÞΦM1
ðyÞ 2ð1þ yÞ

x̄y2

�
; ð36Þ

where, the upper and lower signs are applied to B → PS
and SP decays, respectively. The Ai;f

n for B → VS decay

2In Refs. [30,31], the superscript of the last terms in bp4 and
bp3;EW [Eq. (3.12)] should be corrected, i.e.,Af

2 →Ai
2 andA

i
3 → Af

3 .
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can be obtained from the Ai;f
n for B → PS decay by

changing the sign of second term in Ai
1;3 and Af

3 , and

the first term in Ai
2; while, the A

i;f
n for B → SV decay is the

same as Ai;f
n for B → SP decay except for the overall sign

of Ai
2. After integrating out the momentum fractions, we

can finally obtain

Ai
1ðPSÞ ≈ 2παs

�
9

�
aM2

0

�
XA − 4þ π2

3

�
þ aM2

1 ð3XA þ 4 − π2Þ þ aM2

2

�
6XA −

107

3
þ 2π2

�

þ aM2

3

�
10XA þ 23

18
−
10

3
π2
��

− γPχ γ
S
χX2

A

�
; ð37Þ

Ai
2ðPSÞ ≈ 2παs

�
−9

�
aM2

0

�
XA − 4þ π2

3

�
þ aM2

1 ðXA þ 29 − 3π2Þ þ aM2

2 ðXA − 119þ 12π2Þ

þ aM2

3

�
XA þ 2956

9
−
100

3
π2
��

þ γPχ γ
S
χX2

A

�
; ð38Þ

Ai
3ðPSÞ ≈ 6παs

�
γPχ

�
aM2

0

�
X2
A − 2XA þ π2

3

�
þ 3aM2

1

�
X2
A − 4XA þ 4þ π2

3

�
þ 6aM2

2

�
X2
A −

16

3
XA þ 15

2
þ π2

3

�

þ 10aM2

3

�
X2
A −

19

3
XA þ 191

18
þ π2

3

��
þ γSχ

�
X2
A − 2XA þ π2

3

��
; ð39Þ

Af
3ðPSÞ≈6παsXA

�
γPχ

�
aM2

0 ð2XA−1ÞþaM2

1 ð6XA−11ÞþaM2

2 ð12XA−31ÞþaM2

3

�
20XA−

187

3

��
− γSχð2XA−1Þ

�
ð40Þ

for M1M2 ¼ PS, and

Ai
1ðVSÞ ≈ 6παs

�
3

�
aM2

0

�
XA − 4þ π2

3

�
þ aM2

1 ð3XA þ 4 − π2Þ þ aM2

2

�
6XA −

107

3
þ 2π2

�

þ aM2

3

�
10XA þ 23

18
−
10

3
π2
��

− γVχ γ
S
χXAðXA − 2Þ

�
; ð41Þ

Ai
2ðVSÞ ≈ 6παs

�
3

�
aM2

0

�
XA − 4þ π2

3

�
þ aM2

1 ðXA þ 29 − 3π2Þ þ aM2

2 ðXA − 119þ 12π2Þ

þ aM2

3

�
XA þ 2956

9
−
100

3
π2
��

− γVχ γ
S
χXAðXA − 2Þ

�
; ð42Þ

Ai
3ðVSÞ ≈ 6παs

�
−γVχ

�
3aM2

0

�
X2
A − 2XA þ 4 −

π2

3

�
þ 9aM2

1 ðX2
A − 4XA − 4þ π2Þ þ 3aM2

2 ð6X2
A − 32XA þ 79 − 2π2Þ

þ 10aM2

3

�
3X2

A − 19XA þ 61

6
þ 3π2

��
− γSχ

�
X2
A − 2XA þ π2

3

��
; ð43Þ

Af
3ðVSÞ ≈ 6παs

�
−3γVχ ðXA − 2Þ

�
aM2

0 ð2XA − 1Þ þ aM2

1 ð6XA − 11Þ þ aM2

2 ð12XA − 31Þ

þ aM2

3

�
20XA −

187

3

��
þ γSχXAð2XA − 1Þ

�
ð44Þ

for M1M2 ¼ VS, where, XA is the endpoint parameter and is defined in the same manner as XH given by Eq. (28). The
results for the cases of M1M2 ¼ SP and M1M2 ¼ SV can be obtained via the relation

Ai
1ðSPÞ ¼ Ai

2ðPSÞ; Ai
2ðSPÞ ¼ Ai

1ðPSÞ; Ai
3ðSPÞ ¼ −Ai

3ðPSÞ; Af
3ðSPÞ ¼ Af

3ðPSÞ; ð45Þ

Ai
1ðSVÞ ¼ −Ai

2ðVSÞ; Ai
2ðSVÞ ¼ −Ai

1ðVSÞ; Ai
3ðSVÞ ¼ Ai

3ðVSÞ; Af
3ðSVÞ ¼ −Af

3ðVSÞ; ð46Þ
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but with different sign of aM2

0 and aM2

2 . In above evaluation,
the asymptotic DAs of P and V mesons are used for
simplicity; while, for the DA of S meson, the first four
terms in the Gegenbauer expansion are included because of
the dominance of aS1. In the previous works [30–33], the
contributions related to aS0 and aS2 are neglected, which is
reasonable for the cases of scalar ðu; dÞ state and quarko-
nium because aS0;2 ≃ 0. However, for the case of K�

0ð1430Þ,
the contributions related to nonzero aS0;2 are possibly
nontrivial compared with the ones related to aS1;3, and
hence are considered in this work.

III. NUMERICAL RESULTS AND DISCUSSIONS

Before presenting our numerical results, we would like
to clarify the input parameters used in the evaluations. For
the CKM matrix elements, we adopt the Wolfenstein
parametrization and choose the four parameters as [76]

A ¼ 0.790þ0.017
−0.012 ; λ ¼ 0.22650þ0.00048

−0.00048 ;

ρ̄ ¼ 0.141þ0.016
−0.017 ; η̄ ¼ 0.357þ0.011

−0.011 : ð47Þ

As for the quark masses, we take [76]

msðμÞ=mqðμÞ ¼ 27.3þ0.7
−1.3 ; msð2 GeVÞ ¼ 93þ11

−5 MeV;

mbðmbÞ ¼ 4.18þ0.03
−0.02 GeV; ð48Þ

mc ¼ 1.67� 0.07 GeV; mb ¼ 4.78� 0.06 GeV;

mt ¼ 172.76� 0.30 GeV; ð49Þ

where mq ≡ ðmu þmdÞ=2. For the well-determined Fermi
coupling constant, masses of mesons and lifetimes of B
mesons, we take their default values given by PDG [76].
The nonperturbative inputs used in this work

include decay constant, Gegenbauer moment and form
factor. Unfortunately, for the Bu;d;s→K�

0ð1430ÞP and
K�

0ð1430ÞV decays concerned in this work, some of these
nonperturbative inputs are not known. The standard light-
front (SLF) approach [77–80] provides a conceptually
simple and phenomenologically feasible framework for
calculating the nonperturbative quantities of hadrons.
However, it is powerless for determining the zero-mode
contributions by itself and the Lorentz covariance is lost. In
order to cover the shortages of SLF approach, a manifestly
covariant light-front (CLF) approach is exploited [55,81,82]
with the help of the manifestly covariant Bethe-Salpeter
(BS) approach, and has been applied to study theBu;d → SP
and SV decays [30–33]. Unfortunately, this traditional CLF
approach has some self-consistence problems, and the
covariance in fact can not be strictly guaranteed due to
the residual spurious ω-dependent contribution [55,83,84].
In order to resolve these problems, a self-consistent scheme
is presented in Ref. [83] by improving the correspondence

between CLF and BS calculation, and has been tested in, for
instance, Refs. [84–92]. Most of the results based on such
improved self-consistent CLF approach for the decay con-
stant and form factors generally agree with the experimental
data and the predictions obtained by using lattice QCD
(LQCD) and light cone sum rules (LCSR) (some examples
can be found in Refs. [85–89]), while the self-consistent
CLF results for some DAs of light P-mesons (for instance,
the twist-3 DAs of π and K mesons [92,93]) are different
from the QCD sum rule (QCD SR) results.
In the previous works for Bu;d → SP and SV decays

[30–33], the decay constant and Gegenbauer moments are
evaluated by using the QCD SR, while and the form
factor is evaluated by using the traditional CLF approach.
In this work, all of the nonperturbative parameters will
be calculated by using the self-consistent CLF approach
for consistence. The theoretical framework for the decay
constant of S, P, and V mesons and the form factors of
P → ðS; P; VÞ transitions within the CLF approach has
been given in, for instance, Refs. [55,85], and the self-
consistent correspondence relation between the BS and
the LF approaches has been discussed in detail in
Refs. [83–86,88,89,91,92]. Using the Gaussian-type wave
functions3

ψ1sðx;k⊥Þ ¼
4π

3
4

β
3
2

ffiffiffiffiffiffiffi∂kz
∂x

r
exp

�
−

k⃗2

2β2

�
; ð50Þ

ψ1pðx;k⊥Þ ¼
ffiffiffi
2

p

β
ψ1sðx;k⊥Þ; ð51Þ

ψ2pðx;k⊥Þ ¼
ffiffiffi
5

2

r �
2k⃗2

5β2
− 1

�
ψ1pðx;k⊥Þ; ð52Þ

and the values of input parameters collected in Ref. [84], we
obtain (in units of MeV)

fK�
0
ð1430Þ ¼18�5 S1; fK�

0
ð1430Þ ¼43�10 S2; ð53Þ

fBu;d
¼ 186� 7; fBs

¼ 224� 9;

fπ ¼ 131� 7; fK ¼ 156� 5; ð54Þ

fK� ¼ 205� 8; fρ ¼ 210� 4;

fω ¼ 210� 4; fϕ ¼ 228� 5; ð55Þ

f⊥K� ¼ 173� 6; f⊥ρ ¼ 167� 4;

f⊥ω ¼ 167� 4; f⊥ϕ ¼ 198� 4; ð56Þ

3Our sign convention for ψ2pðx;k⊥Þ is different from the one
in Ref. [94], and ensures the positive decay constant of Sð2PÞ and
form factor of P → Sð2PÞ transition. It should be noted that the
different conventions do not affect the final results of observables.
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where, as has been mentioned in the introduction, S1 and
S2 are the two assumptions for K�

0ð1430Þ meson that
(i) S1: K�

0ð1430Þ is the first excited p-wave two-
quark state;

(ii) S2: K�
0ð1430Þ is the lowest-lying p-wave two-

quark state.
It is found that our result for fK�

0
ð1430Þ in S2 is in agreement

with the results fK�
0
¼ 34� 7 MeV [95] and 42� 8 MeV

[96] obtained within QCD SR and fK�
0
¼ 42� 2 MeV [97]

obtained within the finite-energy sum rules. The heavy
lepton τ decay process τ → K�

0ð1430Þντ is very suitable
for testing the value of fK�

0
because there is only one

hadron evolved in this decay, the interaction in the leptonic
vertex can be calculated with high precision, and its
branching fraction is dependent on fK�

0
directly. Using

our prediction fK�
0
¼ 43 MeV and the formulae given in

Ref. [96], we obtain Bðτ→K�
0ð1430ÞνÞ≃0.81×10−4 (S2),

which is allowed by current data Bðτ → K�
0ð1430ÞνÞexp <

5 × 10−4 [76].
Our results for the form factors of B → K�

0ð1430Þ;
K; K�; π; ρ;ω, and Bs → K�

0ð1430Þ; K; K�;ϕ transitions

are collected in Table I. Our results U
B→K�

0

0;1 ¼ 0.29�
0.02ðS2Þ and 0.18� 0.01ðS1Þ are a little larger and smaller

than the traditional CLF results U
B→K�

0

0;1 ¼ 0.26ðS2Þ and
0.21(S1) [30]. The results for Bs → K�

0 transition are first
obtained in this work. The previous results for the B →
K;K�; π; ρ;ω and Bs → K;K�;ϕ transitions at q2 ¼
0 GeV2 obtained via other approaches are collected in
Table II for comparison. It can be found that these results
based on different approaches are generally consistent with

each other except for the large ABs→ðK�;ϕÞ
0 ¼ ð0.363�

0.034; 0.474� 0.037Þ predicted by LCSR [98,99] (rela-

tively small results ABs→ðK�;ϕÞ
0 ¼ ð0.314� 0.048; 0.389�

0.045Þ are obtained in Ref. [100]). From above discussion
and Table II, we can roughly conclude that the uncertainties
of form factors associated with B and Bs decays caused by
different approaches are less than about 20% and 35%,
respectively.
The DAs of mesons have been studied within the LF

approaches in, for instance, Refs. [83,92,93]. The
Gegenbauer moments can be extracted from DAs via

aMn ¼ 2ð2nþ 3Þ
3ðnþ 1Þðnþ 2Þ

Z
1

0

dxC3=2
n ðx − x̄ÞΦðxÞ; ð57Þ

where, C3=2
n are Gegenbauer polynomials. Our numerical

results for the Gegenbauer moments at μ¼ 1 GeV are

TABLE I. Form factors of B → K�
0ð1430Þ; K; K�; π; ρ;ω, and Bs → K�

0ð1430Þ; K; K�;ϕ transitions in S1 (lower entry) and S2 (upper
entry) by using the self-consistent CLF approach.

F Fð0Þ a b F Fð0Þ a b

U
B→K�

0

1
0.29� 0.02 1.27 0.33 U

B→K�
0

0
0.29� 0.02 0.16 0.11

0.18� 0.01 1.03 0.15 0.18� 0.01 −0.23 0.29

U
Bs→K�

0

1
0.28� 0.02 1.58 0.84 U

Bs→K�
0

0
0.28� 0.02 0.55 0.20

0.23� 0.02 0.92 0.29 0.23� 0.02 −0.23 0.36

FB→π
0

0.27� 0.03 0.65 0.03 FB→K
0

0.34� 0.03 0.66 0.07

FBs→K
0

0.23� 0.03 0.95 0.28 AB→ω
0

0.29� 0.03 1.54 0.74

AB→ρ
0

0.29� 0.03 1.54 0.74 AB→K�
0

0.34� 0.04 1.52 0.65

ABs→K�
0

0.21� 0.04 1.94 1.62 ABs→ϕ
0

0.28� 0.04 1.80 1.29

TABLE II. Form factors of B → K;K�; π; ρ;ω and Bs → K;K�;ϕ transitions at q2 ¼ 0 GeV2 obtained in this and some previous
works.

This work LCSR [98,99] SCET [101] LFQM [102] pQCD [103,104] CCQM [105]

FB→π
0

0.27� 0.03 0.258� 0.030 0.247 0.25 0.26þ0.05
−0.05 0.283� 0.019

FB→K
0

0.34� 0.03 0.331� 0.040 0.297 0.34 0.31þ0.05
−0.05 …

FBs→K
0

0.23� 0.03 … 0.290 0.23 0.26þ0.05
−0.05 0.247� 0.015

AB→ρ
0

0.29� 0.03 0.303� 0.028 0.260 0.32 0.25þ0.07
−0.06 0.266� 0.013

AB→ω
0

0.29� 0.03 0.281� 0.030 0.240 0.28 0.23þ0.06
−0.05 0.236� 0.011

AB→K�
0

0.34� 0.04 0.374� 0.034 0.283 0.38 0.31þ0.09
−0.07 …

ABs→K�
0

0.21� 0.04 0.363� 0.034 0.279 0.25 0.24þ0.06
−0.05 0.225� 0.090

ABs→ϕ
0

0.28� 0.04 0.474� 0.037 0.279 0.31 0.31þ0.09
−0.07 …
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collected in Tables III and IV. The results obtained by using
LQCD [106], QCD SR [30,99,107,109] and traditional
light-front quark model (LFQM) with linear confining and
harmonic oscillator (HO) potentials [108] are also collected
in these tables for comparison. For the pseudoscalar and
vector mesons, our results are generally agree with the
results based on the other approaches within errors except
for the signs of aρ;K

�;ϕ
2 , which is caused by the fact that

the DAs predicted by LF approaches are usually different
from the QCD SR predictions especially at x → 0 or 1
(some examples can be found in, for instance,
Refs. [92,108,110]). For the K�

0ð1430Þ meson, it is found
from Table IV that our results are much smaller than the
ones given by QCD SR [30]. In order to clearly show their
difference, we plot the DA of K�

0ð1430Þ in Fig. 1. For the
case of n ¼ 1 (dashed lines), our results in S1 and S2 are
similar, while the QCD SR results in S1 and S2 are totally

different with each other due to the different signs of a
K�

0

1

(QCD SR, −7.21 vs 7.33). In addition, the aK
�
0

3 correction to
ΦK�

0
ðxÞ in our evaluation is not as significant as the one

predicted by QCD SR. More theoretical and experimental
efforts are needed for a clear picture of ΦK�

0
ðxÞ.4

Using the inputs given above, we then present our
numerical results and discussion. The QCDF approach

itself cannot give the exact values of the end-point
parameters XHðρH;ϕHÞ in the hard-spectator scattering
corrections and XAðρA;ϕAÞ in the annihilation amplitudes,
which can only be determined by fitting to the exper-
imental data. The current data indicate that ρAðHÞ is at the
level of 1, but ϕAðHÞ is generally different for kinds of
decay types. For instance, ϕA ¼ −55°, −22° and −70° with
ρA ¼ 1 (the so-called “Scenario S4” in Ref. [69]) are
favored by the B → PP, PV and VP decays, respectively
[69–71]. In order to clearly show the effects of end-point
contributions, we plot the dependences of the measured
BðBu;d → K�

0ð1430Þðπ; ρ;ω;ϕÞÞ on the end-point param-
eters in Fig. 2, in addition, the experimental data are also
shown in such figure for comparison. The dash and dash-
dotted lines show the dependences on ϕA with ðρA; ρHÞ ¼
ð1; 0Þ and ϕH with ðρA; ρHÞ ¼ ð0; 1Þ, respectively.
Comparing the dash with the dash-dotted lines, it can
be found that the measured decay modes are very sensitive
to XAðρA;ϕAÞ, but the effect of XHðρH;ϕHÞ is trivial. It can
be easily understood because these decay modes are

TABLE III. Gegenbauer moments of pseudoscalar and vector mesons at μ¼ 1 GeV.

a1 a2 a3

π This work 0 0.10� 0.04 0
LQCD [106] 0 0.116� 0.020 0
QCD SR [107] 0 0.25� 0.15 0

Linear (HO) [108] 0 0.12(0.05) 0

K̄ This work 0.09� 0.01 0.02� 0.02 0.05� 0.01
LQCD [106] 0.053þ0.031

−0.033 0.106� 0.016 …
QCD SR [107] 0.06� 0.03 0.25� 0.15 …

Linear (HO) [108] 0.09(0.13) 0.03ð−0.03Þ 0.06(0.04)

ρ This work 0 −0.01� 0.02 0
QCD SR [99] 0 0.09þ0.10

−0.07 0
QCD SR [109] 0 0.15� 0.07 0

Linear (HO) [108] 0 0.02ð−0.02Þ 0

K̄� This work 0.13� 0.04 −0.07� 0.00 0.02� 0.00
QCD SR [99] 0.10� 0.07 0.07þ0.09

−0.07 …
QCD SR [109] 0.03� 0.02 0.11� 0.09 …

Linear (HO) [108] 0.11(0.14) −0.03ð−0.07Þ 0.03(0.02)

ϕ This work 0 −0.13� 0.03 0
QCD SR [99] 0 0.06þ0.09

−0.07 0
QCD SR [109] 0 0.18� 0.08 0

TABLE IV. Gegenbauer moments of K�
0ð1430Þ at μ¼ 1 GeV in

S1 (lower entry) and S2 (upper entry).

a1 a2 a3

This work −1.65� 0.38 −0.38� 0.02 −0.06� 0.01
−1.93� 0.69 0.75� 0.13 −1.13� 0.72

QCD SR [30] −7.21� 1.64 … −5.31� 2.70
7.33� 0.89 … −15.17� 1.01

4The γγ → K�þ
0 ð1430ÞK�−

0 ð1430Þ → 2K2π process may pro-
vide a way to test the DA of K�

0ð1430Þ, which is similar to the
cases of γγ → πþπ− and KþK− processes for testing the DAs
of π and K mesons [111,112]. Such process is in the scope of
Belle(-II) in principle [113], but the specific measurement has not
been made.
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penguin-dominated, and the hard-spectator scattering
corrections may be significant only when the decays
are dominated by the color-suppressed tree contribution

[69]. Therefore, we assume that the endpoint parameters
are universal in the annihilation and hard-spectator scat-
tering corrections, i.e., XHðρH;ϕHÞ ¼ XAðρA;ϕAÞ, in our

(a) (b)

FIG. 1. The DA of K�
0ð1430Þ predicted in this work and QCD SR [30]. The dashed and solid lines correspond to the truncations up to

n ¼ 1 and n ¼ 3, respectively, according to Eq. (A11).

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 2. The dependences of measured BðBu;d;s → K�
0ð1430Þðπ; ρ;ω;ϕÞÞ on ϕA with ðρA; ρHÞ ¼ ð1; 0Þ and ϕH with ðρA; ρHÞ ¼ ð0; 1Þ

are shown by the dash and dash-dotted lines, respectively. The solid lines are plotted with the simplification that XHðρH;ϕHÞ ¼
XAðρA;ϕAÞ with ρA ¼ 1. The shaded region is the experimental result with 1σ error bar. See text for further discussion.
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following discussions for simplification.5 Under this
assumption, the dependences of the measured branching
fractions and direct CP asymmetries of Bu;d →
K�

0ð1430Þðπ; ρ;ω;ϕÞ decays on the endpoint parameters
are shown in Figs. 2 and 3 (solid lines), respectively.

(i) From Figs. 2 and 3, it can be found that the scenarios
S1 and S2 give significantly different results for the
branching fractions, but the directCP asymmetries are
similar with each other. As shown byFig. 2, the results
based on S2 could agree well with the experimental
data at the level of 1σ when a proper value of ϕA is
taken; however, the results for most of decay modes
based on S1 are much smaller than data for any value
of ϕA. This implies that the measured Bu;d →
K�

0ð1430ÞP and K�
0ð1430ÞV decays favor K�

0ð1430Þ
as the lowest-lying ðs; u=dÞ state rather than it as the

first excited one. In addition, this conclusion would
not change even if the 20% uncertainties of form
factors caused by different approaches are considered.
Therefore, our following discussion is mainly based
on S2, unless otherwise stated.

(ii) In S2, it can be found from Figs. 2 that ϕA ∼
½−50°;−100°� and ½50°; 100°� is allowed by the
branching fractions, while a negative ϕA is favored
by the CP asymmetries as shown by Fig. 3. In our
following numerical calculation, we take

ðρA;ϕAÞ ¼ ð1;−55°Þ and ð1;−64°Þ ð58Þ
for B → SP and SV decay modes, respectively.

Using the values of endpoint parameters given above,
we then present our numerical results and discussions.
The branching fractions and the direct CP asymmetries
of Bu;d;s → K�

0ð1430ÞPðP ¼ π; KÞ and K�
0ð1430ÞVðV ¼

K�; ρ;ω;ϕÞ decays are given in tables V–IX and X. For
each result, the first error is caused by the uncertainties of
CKM parameters, the second error comes from the varia-
tion of quark masses, and the third error from the decay
constants, form factors and Gegenbauer moments. In each

(a) (b) (c)

(d) (e) (f)

(g) (h)

FIG. 3. The dependences of measured ACPðBu;d → K�
0ð1430Þðπ; ρ;ω;ϕÞÞ on ϕA with ρA ¼ 1 in S1 and S2. The shaded region is the

experimental result with 1σ error bar. See text for further discussion.

5In the decay modes considered in this work, B̄s →
K�0

0 ðπ0; ρ0;ωÞ decays are color-suppressed tree dominated, thus
the simplification XHðρH;ϕHÞ ¼ XAðρA;ϕAÞ may affect our
following predictions for these decays.
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table, the experimental data given by PDG [76] or HFAG
[114] and the theoretical results obtained in previous works
are also listed for comparison.

(i) From Tables V and VI, it can be found that the
branching fractions obtained based on S2 are gen-
erally much larger than the ones based on S1
because relatively larger decay constant of
K�

0ð1430Þ and form factors of B → K�
0ð1430Þ tran-

sition are predicated in S2. In addition, most of
predictions based on S2 (S1) are favored (disfa-
vored) by experimental data, the only exception is
B− → K�

0ð1430Þ0K− decay. Our result BðB− →
K�

0ð1430Þ0K−Þ ¼ ð3.19þ0.18þ0.36þ1.73
−0.14−0.62−1.39 Þ × 10−6 in S2

is consistent with the results obtained in the previous
works, ð3.37þ1.03

−0.85Þ × 10−6 (QCDF) [29] and ð3.99�
1.38Þ × 10−6 (pQCD) [115], however all of these
theoretical predictions are an order of magnitude
larger than experimental data ð0.38� 0.13Þ × 10−6.
The reason will be analyzed in the next item.

(ii) B− → K�
0ð1430Þ0K− and K�

0ð1430Þ−K0 decays are
penguin dominated. After neglecting the power
suppressed contribution, their simplified amplitudes
can be written as

AðB− →K�
0ð1430Þ0K−Þ∼ ðap4 − γ

K�0
0

χ ap6 ÞAK−K�
0
ð1430Þ0 ;

ð59Þ

AðB− →K�
0ð1430Þ−K0Þ∼ ðap4 − γK

0

χ ap6 ÞAK�
0
ð1430Þ0K− :

ð60Þ

A significant feature of scalar meson is that its chiral
factor is proportional to M2

S=ðm1ðμÞ −m2ðμÞÞ,
which results in that γ

K�0
0

χ is much larger than γK
0

χ .

Numerically, we obtain γ
K�0

0
χ ∶γK0

χ ≈ 12.6∶1.4 at
μ ∼mb. As a result, it is expected that BðB− →
K�

0ð1430Þ0K−Þ ≫ BðB− → K�
0ð1430Þ−K0Þ. More-

over, for all of the penguin dominated B → SP
and SV decays, the decay modes with M2 ¼ S (M2

is the emitted meson) generally have relatively larger
branching fractions than the ones withM2 ¼ ðP;VÞ,
which can also be found from the numerical results
listed in Tables V and VI.

In addition, the large γ
K�0

0
χ also results in the large

theoretical predictions for BðB− → K�
0ð1430Þ0K−Þ

compared with data, which has been mentioned in
the last item. It should be noted that the significance
of data, ð0.38� 0.13Þ × 10−6, is smaller than 3σ,
thus more precise measurement on BðB− →
K�

0ð1430Þ0K−Þ is required for confirming or refuting
such possible anomaly.

TABLE V. Branching fractions (in units of 10−6) of Bu;d;s → K�
0ð1430ÞPðP ¼ π; KÞ decays.

Decay modes S2 S1 QCDF(S2) pQCD Data

B− → K�
0ð1430Þ−K0 0.08þ0.00þ0.01þ0.03

−0.00−0.02−0.03 0.06þ0.00þ0.01þ0.04
−0.00−0.01−0.03 0.11þ0.05

−0.04 [29] 0.38� 0.22 [115]

B− → K�
0ð1430Þ0K− 3.19þ0.18þ0.36þ1.73

−0.14−0.62−1.39 0.54þ0.03þ0.06þ0.35
−0.02−0.11−0.27 3.37þ1.03

−0.85 [29] 3.99� 1.38 [115] 0.38� 0.13

B− → K̄�
0ð1430Þ0π− 33.37þ1.48þ4.28þ18.52

−1.04−7.29−14.95 5.85þ0.26þ0.75þ3.88
−0.18−1.27−2.99 12.9þ4.6

−3.7 [33] 47.6þ11.3
−10.1 [127] 39þ6

−5

36.6� 11.3 [115]

B− → K�
0ð1430Þ−π0 18.42þ0.82þ2.18þ9.52

−0.58−3.73−7.80 3.41þ0.15þ0.39þ2.03
−0.11−0.67−1.61 7.4þ2.4

−1.9 [33] 28.8þ6.8
−6.1 [127] 11.9þ2.0

−2.3

12.7� 4.2 [115]

B̄0
d → K̄�

0ð1430Þ0K0 0.08þ0.00þ0.01þ0.04
−0.00−0.02−0.03 0.06þ0.00þ0.01þ0.04

−0.00−0.01−0.03 0.24þ0.12
−0.09 [29] 0.49� 0.33 [115]

B̄0
d → K�

0ð1430Þ0K̄0 2.97þ0.16þ0.33þ1.61
−0.13−0.57−1.29 0.50þ0.03þ0.06þ0.33

−0.02−0.10−0.25 4.05þ1.34
−1.08 [29] 4.61� 1.50 [115]

B̄0
d → K�

0ð1430Þ−Kþ 0.08þ0.01þ0.02þ0.04
−0.01−0.02−0.03 0.02þ0.00þ0.00þ0.01

−0.00−0.00−0.01 0.11þ0.07
−0.05 [29] 0.09� 0.06 [115]

B̄0
d → K�

0ð1430ÞþK− 0.09þ0.01þ0.02þ0.05
−0.01−0.03−0.04 0.05þ0.00þ0.01þ0.04

−0.00−0.01−0.03 0.06þ0.05
−0.03 [29] 0.62� 0.40 [115]

B̄0
d → K�

0ð1430Þ−πþ 30.55þ1.36þ3.85þ16.97
−0.97−6.56−13.70 5.31þ0.24þ0.66þ3.52

−0.17−1.13−2.72 13.8þ4.5
−3.6 [33] 43.0þ10.2

−9.1 [127] 33.5þ3.9
−3.8

33.4� 10.2 [115]

B̄0
d → K̄�

0ð1430Þ0π0 13.78þ0.61þ1.89þ8.24
−0.44−3.20−6.54 2.26þ0.10þ0.32þ1.68

−0.07−0.54−1.25 5.6þ2.6
−1.3 [33] 18.4þ4.4

−3.9 [127]

22.4� 6.6 [115]

B̄0
s → K̄�

0ð1430Þ0K0 29.70þ1.31þ3.74þ16.51
−0.93−6.37−13.32 5.40þ0.24þ0.66þ3.59

−0.17−1.13−2.76

B̄0
s → K�

0ð1430Þ0K̄0 3.08þ0.14þ0.44þ1.51
−0.10−0.72−1.17 1.22þ0.05þ0.22þ0.78

−0.04−0.35−0.59

B̄0
s → K�

0ð1430Þ−Kþ 29.79þ1.33þ3.70þ16.56
−0.95−6.30−13.36 5.37þ0.24þ0.65þ3.57

−0.17−1.11−2.75

B̄0
s → K�

0ð1430ÞþK− 3.94þ0.18þ0.47þ1.57
−0.13−0.79−1.21 1.82þ0.09þ0.24þ0.81

−0.07−0.40−0.63

B̄0
s → K�

0ð1430Þþπ− 6.41þ0.49þ0.04þ1.22
−0.44−0.02−1.14 4.51þ0.35þ0.01þ0.98

−0.31−0.01−0.91 37.0þ14.0
−10.0 [51]

B̄0
s → K�

0ð1430Þ0π0 0.70þ0.05þ0.07þ0.31
−0.04−0.12−0.26 0.21þ0.01þ0.02þ0.09

−0.01−0.03−0.07 0.41þ0.10
−0.07 [51]
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TABLE VI. Branching fractions (in units of 10−6) of Bu;d;s → K�
0ð1430ÞVðV ¼ K�; ρ;ω;ϕÞ decays.

Decay modes S2 S1 QCDF(S2) pQCD(S2) Data

B− → K�
0ð1430Þ−K�0 0.24þ0.01þ0.01þ0.05

−0.01−0.01−0.04 0.07þ0.00þ0.00þ0.01
−0.00−0.00−0.01 0.01þ0.01

−0.01 [29] 1.3þ0.5
−0.3 [45]

B− → K�
0ð1430Þ0K�− 2.48þ0.14þ0.30þ1.38

−0.11−0.52−1.12 0.43þ0.02þ0.05þ0.29
−0.02−0.09−0.22 2.17þ0.55

−0.47 [29] 1.5þ0.5
−0.3 [45]

B− → K̄�
0ð1430Þ0ρ− 51.81þ2.29þ5.64þ28.39

−1.62−9.71−22.86 8.66þ0.38þ0.97þ5.71
−0.27−1.66−4.40 39.0þ34.5

−35.8 [33] 12.1þ2.8
−0.0 [52]

B− → K�
0ð1430Þ−ρ0 20.99þ0.93þ2.55þ12.72

−0.66−4.35−10.02 3.15þ0.14þ0.41þ2.44
−0.10−0.70−1.80 14.8þ3.7

−3.2 [33] 8.4þ2.3
−0.0 [52]

B− → K�
0ð1430Þ−ω 25.08þ1.11þ2.82þ13.98

−0.78−4.84−11.20 4.11þ0.18þ0.48þ2.79
−0.13−0.82−2.13 21.5þ5.8

−4.9 [33] 7.4þ2.1
−1.5 [52] 24.0� 5.1

B− → K�
0ð1430Þ−ϕ 4.97þ0.22þ0.21þ1.08

−0.16−0.37−0.96 1.29þ0.06þ0.08þ0.35
−0.04−0.11−0.22 3.80þ0.7

−0.6 [33] 25.6þ6.2
−5.4 [128] 7.0� 1.6

B̄0
d → K̄�

0ð1430Þ0K�0 0.22þ0.01þ0.01þ0.05
−0.01−0.01−0.04 0.06þ0.00þ0.00þ0.01

−0.00−0.00−0.01 <3.3

B̄0
d → K�

0ð1430Þ0K̄�0 2.30þ0.13þ0.28þ1.28
−0.10−0.48−1.03 0.39þ0.02þ0.05þ0.26

−0.02−0.08−0.20 2.01þ0.54
−0.45 [29]

B̄0
d → K�

0ð1430Þ−K�þ 0.03þ0.00þ0.00þ0.02
−0.00−0.00−0.01 0.01þ0.00þ0.00þ0.01

−0.00−0.00−0.01 0.18þ0.13
−0.08 [29]

B̄0
d → K�

0ð1430ÞþK�− 0.04þ0.00þ0.00þ0.03
−0.00−0.00−0.02 0.05þ0.00þ0.00þ0.04

−0.00−0.00−0.03 0.01þ0.01
−0.01 [29]

B̄0
d → K�

0ð1430Þ−ρþ 45.92þ2.03þ5.05þ25.14
−1.43−8.69−20.24 7.67þ0.34þ0.86þ5.05

−0.24−1.48−3.89 36.3þ8.5
−7.4 [33] 10.5þ2.7

−0.0 [52] 28.0� 11.0

B̄0
d → K̄�

0ð1430Þ0ρ0 27.95þ1.24þ2.78þ13.95
−0.87−4.82−11.45 5.10þ0.23þ0.50þ2.91

−0.16−0.86−2.32 23.4þ5.1
−4.5 [33] 4.8þ1.1

−0.0 [52] 27.0� 5.0

B̄0
d → K̄�

0ð1430Þ0ω 24.71þ1.10þ2.74þ13.76
−0.78−4.71−11.03 4.06þ0.18þ0.46þ2.75

−0.13−0.80−2.10 21.9þ5.9
−5.0 [33] 9.3þ2.1

−2.0 [52] 16.0� 3.4

B̄0
d → K̄�

0ð1430Þ0ϕ 4.80þ0.21þ0.21þ1.46
−0.15−0.38−1.18 1.25þ0.06þ0.08þ0.42

−0.04−0.11−0.29 3.7þ0.8
−0.6 [33] 23.6þ5.6

−5.0 [128] 4.2� 0.5

B̄0
s → K̄�

0ð1430Þ0K�0 29.87þ1.32þ3.28þ17.95
−0.93−5.64−14.51 5.08þ0.22þ0.56þ3.57

−0.16−0.97−2.77

B̄0
s → K�

0ð1430Þ0K̄�0 5.11þ0.23þ0.29þ1.43
−0.16−0.50−1.17 2.15þ0.09þ0.07þ0.50

−0.07−0.12−0.42

B̄0
s → K�

0ð1430Þ−K�þ 28.39þ1.26þ3.15þ17.04
−0.89−5.42−13.77 4.83þ0.21þ0.54þ3.39

−0.15−0.93−2.63

B̄0
s → K�

0ð1430ÞþK�− 5.42þ0.28þ0.32þ1.63
−0.21−0.56−1.34 2.17þ0.13þ0.08þ0.51

−0.11−0.13−0.42

B̄0
s → K�

0ð1430Þþρ− 17.77þ1.36þ0.12þ2.74
−1.22−0.07−2.56 12.57þ0.97þ0.05þ2.30

−0.86−0.03−2.12 108þ25
−23 [53]

B̄0
s → K�

0ð1430Þ0ρ0 1.28þ0.10þ0.11þ0.56
−0.09−0.20−0.46 0.35þ0.03þ0.02þ0.16

−0.02−0.04−0.13 0.96þ0.22
−0.20 [53]

B̄0
s → K�

0ð1430Þ0ω 1.45þ0.11þ0.12þ0.57
−0.10−0.20−0.48 0.44þ0.03þ0.03þ0.17

−0.03−0.05−0.14 0.86þ0.21
−0.18 [53]

B̄0
s → K�

0ð1430Þ0ϕ 1.90þ0.11þ0.22þ1.03
−0.08−0.38−0.84 0.35þ0.02þ0.04þ0.21

−0.01−0.07−0.17 0.95þ0.25
−0.17 [53]

TABLE VII. The direct CP asymmetries (in units of %) of Bu;d;s → K�
0ð1430ÞPðP ¼ π; KÞ decays.

Decay modes S2 S1 QCDF(S2) pQCD(S2) Data

B− → K�
0ð1430Þ−K0 30.32þ1.08þ0.73þ1.23

−1.11−0.42−1.43 18.58þ0.71þ1.79þ2.67
−0.72−0.79−1.94 −22.51þ4.90

−7.57 [29]
B− → K�

0ð1430Þ0K− −16.56þ0.64þ0.28þ0.88
−0.63−0.56−0.84 −12.25þ0.48þ1.42þ2.23

−0.47−1.47−2.25 −2.60þ1.61
−1.76 [29] 10� 17

B− → K̄�
0ð1430Þ0π− 0.65þ0.02þ0.02þ0.05

−0.02−0.01−0.06 0.57þ0.02þ0.07þ0.13
−0.02−0.07−0.13 1.3þ0.1

−0.1 [33] 6.1� 3.2
B− → K�

0ð1430Þ−π0 4.71þ0.15þ0.30þ0.43
−0.15−0.14−0.34 5.20þ0.16þ0.37þ0.64

−0.16−0.18−0.46 3.0þ0.4
−0.4 [33] 3.5 [127] 26þ18

−14

B̄0
d → K̄�

0ð1430Þ0K0 0.68þ0.03þ3.08þ1.34
−0.03−1.48−2.62 0.08þ0.00þ2.05þ0.81

−0.00−0.97−1.81
B̄0
d → K�

0ð1430Þ0K̄0 −20.75þ0.79þ0.13þ0.61
−0.77−0.28−0.59 −19.68þ0.74þ1.27þ1.38

−0.72−1.35−1.29
B̄0
d → K�

0ð1430Þ−Kþ −1.38þ0.05þ0.16þ0.28
−0.05−0.38−0.28 −9.01þ0.32þ0.80þ4.82

−0.32−1.77−4.43
B̄0
d → K�

0ð1430ÞþK− 1.46þ0.06þ0.33þ0.14
−0.06−0.15−0.16 3.56þ0.14þ0.25þ0.79

−0.14−0.13−1.46
B̄0
d → K�

0ð1430Þ−πþ 2.25þ0.07þ0.21þ0.17
−0.07−0.09−0.16 2.59þ0.08þ0.31þ0.50

−0.08−0.22−0.53 0.21þ0.06
−0.06 [33] 9� 8

B̄0
d → K̄�

0ð1430Þ0π0 −2.04þ0.06þ0.07þ0.38
−0.06−0.16−0.54 −2.42þ0.08þ0.23þ0.85

−0.08−0.31−1.11 −1.9þ0.4
−0.5 [33] −15� 11

B̄0
s → K̄�

0ð1430Þ0K0 0.82þ0.03þ0.01þ0.04
−0.03−0.00−0.05 0.77þ0.02þ0.06þ0.09

−0.02−0.06−0.10
B̄0
s → K�

0ð1430Þ0K̄0 0.03þ0.00þ0.04þ0.06
−0.00−0.07−0.04 0.17þ0.01þ0.06þ0.15

−0.01−0.14−0.10
B̄0
s → K�

0ð1430Þ−Kþ 1.25þ0.04þ0.41þ0.14
−0.04−0.19−0.14 1.78þ0.06þ0.50þ0.77

−0.06−0.28−0.86
B̄0
s → K�

0ð1430ÞþK− −63.79þ1.59þ3.12þ7.34
−1.56−6.56−4.83 −61.91þ1.80þ3.82þ8.67

−1.83−8.20−2.54
B̄0
s → K�

0ð1430Þþπ− 25.23þ0.92þ1.51þ6.69
−0.91−2.83−6.57 15.14þ0.55þ0.92þ6.42

−0.55−1.72−6.37 21.0þ3.4
−3.1 [51]

B̄0
s → K�

0ð1430Þ0π0 −58.32þ1.82þ3.32þ3.83
−1.80−1.62−4.91 −71.72þ2.14þ4.17þ10.77

−2.16−1.97−10.12 95.5þ1.2
−8.7 [51]
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(iii) The B̄0
d → K�

0ð1430Þ−Kð�Þþ and K�
0ð1430ÞþKð�Þ−

decays are pure annihilation processes, and thus
are very suitable for probing the effects of annihi-
lation corrections. However, these decays have very
small branching fractions ∼10−7 because their am-
plitudes are power suppressed, and therefore are not
easy to be precisely measured in the near future.

(iv) The B̄0
s→K�

0ð1430Þþπ−=ρ− and B̄0
s→K�

0ð1430Þ0π0=
ρ0ðωÞ decays are tree-dominated, while the former
are color-allowed and the later are color-suppressed.
As a result, the branching fractions of former are an
order of magnitude larger than the later.

(v) The SUð3Þ flavor symmetry indicates some useful
relations between the decays considered in this
work. Taking Bu;d;s → SP decays as examples, after
applying SUð3Þ flavor symmetry on the spectator
quark, one may expect that

AðB− →K�
0ð1430Þ−K0Þ≈AðB̄0

d → K̄�
0ð1430Þ0K0Þ;

ð61Þ
AðB− →K�

0ð1430Þ0K−Þ≈AðB̄0
d →K�

0ð1430Þ0K̄0Þ;
ð62Þ

AðB− → K̄�
0ð1430Þ0π−Þ ≈AðB̄0

d → K̄�
0ð1430Þ0π0Þ

≈AðB̄0
s → K̄�

0ð1430Þ0K0Þ;
ð63Þ

AðB− → K�
0ð1430Þ−π0Þ

≈AðB0
d → K�

0ð1430Þ−πþÞ
≈AðB̄0

s → K�
0ð1430Þ−KþÞ; ð64Þ

which further imply that

R1≡
ΓB−→K�

0
ð1430Þ−K0

ΓB̄0
d→K̄�

0
ð1430Þ0K0

≈1; R2≡
ΓB−→K�

0
ð1430Þ0K−

ΓB̄0
d→K�

0
ð1430Þ0K̄0Þ

≈1;

ð65Þ

R3 ≡
ΓB−→K̄�

0
ð1430Þ0π−

2ΓB̄0
d→K̄�

0
ð1430Þ0π0

≈ 1;

R0
3 ≡

ΓB−→K̄�
0
ð1430Þ0π−

ΓB̄0
s→K̄�

0
ð1430Þ0K0

≈ 1; ð66Þ

R4 ≡
2ΓB−→K�

0
ð1430Þ−π0

ΓB0
d→K�

0
ð1430Þ−πþ

≈ 1;

R0
4 ≡

2ΓB−→K�
0
ð1430Þ−π0

ΓB̄0
s→K�

0
ð1430Þ−Kþ

≈ 1: ð67Þ

Besides, the SUð3Þ flavor symmetry also expects
that

TABLE VIII. The direct CP asymmetries (in units of %) of Bu;d;s → K�
0ð1430ÞVðV ¼ K�; ρ;ω;ϕÞ decays.

Decay modes S2 S1 QCDF(S2) pQCD(S2) Data

B− → K�
0ð1430Þ−K�0 −13.24þ0.46þ0.39þ2.34

−0.45−0.77−2.36 −11.37þ0.39þ1.24þ6.04
−0.38−1.46−5.30 −31.02þ4.67

−6.56 [29] −34.9þ5.0
−4.5 [45]

B− → K�
0ð1430Þ0K�− −19.99þ0.75þ0.19þ0.66

−0.73−0.10−0.66 −26.27þ0.94þ1.19þ3.06
−0.92−1.28−3.02 0.64þ2.54

−2.64 [29] −67.9þ4.9
−5.2 [45]

B− → K̄�
0ð1430Þ0ρ− 1.02þ0.03þ0.01þ0.03

−0.03−0.00−0.03 1.13þ0.04þ0.06þ0.17
−0.04−0.06−0.16 0.32þ0.34

−0.29 [33] −7.1þ0.0
−0.0 [52]

B− → K�
0ð1430Þ−ρ0 −4.64þ0.14þ0.18þ0.65

−0.14−0.39−0.93 −6.10þ0.19þ0.30þ1.09
−0.19−0.64−1.88 1.6þ0.6

−0.6 [33] 6.3þ0.0
−0.1 [52]

B− → K�
0ð1430Þ−ω −4.25þ0.13þ0.14þ0.53

−0.13−0.32−0.73 −5.34þ0.17þ0.23þ0.83
−0.17−0.47−1.32 0.55þ0.35

−0.34 [33] 6.2þ0.0
−0.0 [52] −10� 9

B− → K�
0ð1430Þ−ϕ 0.68þ0.02þ0.05þ0.17

−0.02−0.02−0.16 0.42þ0.01þ0.07þ0.46
−0.01−0.06−0.47 0.64þ0.02

−0.03 [33] 1.9 [128] 4� 15

B̄0
d → K̄�

0ð1430Þ0K�0 −3.95þ0.14þ0.50þ2.61
−0.14−1.01−3.21 −4.49þ0.16þ1.78þ5.25

−0.16−2.04−5.59
B̄0
d → K�

0ð1430Þ0K̄�0 −15.78þ0.60þ0.38þ0.64
−0.59−0.17−0.61 −15.61þ0.59þ1.40þ1.07

−0.58−1.36−1.05
B̄0
d → K�

0ð1430Þ−K�þ −5.10þ0.19þ0.19þ0.35
−0.20−0.38−0.39 −1.37þ0.06þ0.64þ1.74

−0.06−0.30−2.18 −83.9� 0.7 [45]
B̄0
d → K�

0ð1430ÞþK�− −4.27þ0.16þ0.14þ0.43
−0.16−0.29−0.52 −3.64þ0.14þ0.02þ0.61

−0.15−0.03−0.68 38.5þ1.1
−0.8 [45]

B̄0
d → K�

0ð1430Þ−ρþ −0.15þ0.00þ0.05þ0.15
−0.00−0.11−0.16 −0.30þ0.01þ0.08þ0.27

−0.01−0.15−0.30 1.1þ0.0
−0.0 [33] −4.8þ0.3

−0.0 [52]
B̄0
d → K̄�

0ð1430Þ0ρ0 4.85þ0.15þ0.13þ0.53
−0.15−0.06−0.39 5.64þ0.18þ0.21þ0.87

−0.18−0.10−0.59 0.54þ0.45
−0.46 [33] −24.2þ0.2

−0.0 [52]
B̄0
d → K̄�

0ð1430Þ0ω −3.30þ0.10þ0.09þ0.44
−0.10−0.19−0.63 −4.24þ0.13þ0.23þ0.73

−0.13−0.35−1.18 0.03þ0.37
−0.35 [33] 10.0þ0.1

−0.0 [52] −7� 9

B̄0
d → K̄�

0ð1430Þ0ϕ 0.15þ0.00þ0.06þ0.20
−0.00−0.03−0.14 0.03þ0.00þ0.10þ0.40

−0.00−0.09−0.30 0.43þ0.04
−0.04 [33] 12.4� 8.1

B̄0
s → K̄�

0ð1430Þ0K�0 0.68þ0.02þ0.00þ0.04
−0.02−0.01−0.06 0.67þ0.02þ0.05þ0.06

−0.02−0.05−0.07
B̄0
s → K�

0ð1430Þ0K̄�0 0.20þ0.01þ0.05þ0.17
−0.01−0.02−0.13 0.54þ0.02þ0.10þ0.20

−0.02−0.09−0.20
B̄0
s → K�

0ð1430Þ−K�þ 0.41þ0.01þ0.09þ0.17
−0.01−0.19−0.21 0.15þ0.00þ0.13þ0.45

−0.00−0.28−0.54 1.7þ0.3
−0.4 [45]

B̄0
s → K�

0ð1430ÞþK�− −46.13þ1.54þ0.32þ2.53
−1.49−0.31−1.11 −36.91þ1.47þ3.09þ12.56

−1.44−2.53−10.14 −63.6þ10.7
−8.4 [45]

B̄0
s → K�

0ð1430Þþρ− 15.11þ0.63þ0.87þ4.48
−0.61−1.61−4.37 6.85þ0.29þ0.67þ2.92

−0.28−0.94−2.86 12.6þ0.0
−0.0 [53]

B̄0
s → K�

0ð1430Þ0ρ0 −7.83þ0.25þ2.14þ8.79
−0.25−1.02−6.17 8.98þ0.29þ3.37þ15.96

−0.28−3.47−11.94 84.5þ0.1
−0.1 [53]

B̄0
s → K�

0ð1430Þ0ω −5.01þ0.22þ1.50þ8.30
−0.24−3.11−11.42 −26.89þ1.14þ2.24þ13.59

−1.24−3.71−17.23 −86.7þ0.1
−0.1 [53]

B̄0
s → K�

0ð1430Þ0ϕ −13.11þ0.50þ0.44þ0.93
−0.49−0.20−0.80 −11.48þ0.43þ1.27þ1.49

−0.42−1.14−1.30
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R5 ≡
ΓB̄0

d→K�
0
ð1430Þ−πþ

2ΓB̄0
d→K̄�

0
ð1430Þ0π0

≈ 1;

R6 ≡
ΓB−→K̄�

0
ð1430Þ0π−

2ΓB−→K�
0
ð1430Þ−π0

≈ 1: ð68Þ

It is found in our calculation (S2) that

R1 ¼ 0.93; R2 ¼ 1.00; R3 ¼ 1.12;

R0
3 ¼ 1.10; R4 ¼ 0.99; R0

4 ¼ 1.08; ð69Þ
R5 ¼ 1.11; R6 ¼ 0.90; ð70Þ

which generally agree with the expectations of
SUð3Þ flavor symmetry. The flavor symmetry
breaking effect is mainly ascribed to the remaining
suppressed contributions. Taking R6 as an
example, the amplitude of B− → K�

0ð1430Þ−π0 de-
cay receives additional CKM-suppressed contribu-
tions proportional to δpuα1, as well as CKM- and
color-suppressed δpuα2, compared with B− →
K̄�

0ð1430Þ0π− decay.
(vi) The Oðα2sÞ corrections to the amplitudes of non-

leptonic two-body B decays have been evaluated in
recent years [116–126]. In Ref. [116], it is found that
the next-to-next-to-leading order (NNLO) vertex
correction to the color-suppressed amplitude
α2 is sizable, but when combined with the Oðα2sÞ

correction to spectator scattering, the overall NNLO
corrections to the color-allowed and -suppressed
tree amplitudes are small due to the large cancella-
tion. Therefore, the Oðα2sÞ corrections to the
tree-dominated B̄0

s → K�
0ð1430Þþπ−=ρ− and

B̄0
s → K�

0ð1430Þ0π0=ρ0ðωÞ decays would not be
significant. The NNLO correction to the penguin
amplitude has also been studied in Refs. [117,118].
It is found that the NNLO contributions from
current-current and penguin operators are sizable,
but there is a strong cancellation between them,
which results in a much reduced overall NNLO
corrections to the penguin amplitude au;c4 . As a
consequence the full NNLO result for au;c4 is very
close to the NLO result [118] (an example, au;c4 ðπK̄Þ,
is shown by Fig. 8 in Ref. [118]). Therefore, based
on these previous works on theOðα2sÞ correction, we
can expect that the Oðα2sÞ corrections do not affect
the main findings of this work.

Different from the other decxay modes, B̄0
s or B̄0

d can
decay into K̄�

0ð1430ÞKð�Þ and its CP conjugate state simul-
taneously. The sum of the K̄�

0ð1430ÞKð�Þ andK�
0ð1430ÞK̄ð�Þ

decay rates is measured more accurately than the individual
rates. Our prediction for B̄0

d;s → K̄�
0ð1430ÞKð�Þ þ c:c:

decays are given in Table IX, the LHCb data [21] given
by Eq. (1) and the pQCD predictions [45] are also listed
for comparision. In addition, the CP violations of

TABLE IX. The branching fractions (in units of 10−6) of B̄0
d;s → K̄�

0ð1430ÞKð�Þ þ c:c: decays in S2.

Decay modes This work pQCD [45] Data

B̄0
d → K�0

0 K̄0 þ c:c: 3.05þ0.17þ0.35þ1.61
−0.13−0.59−1.29

B̄0
d → K�þ

0 K− þ c:c: 0.17þ0.01þ0.03þ0.07
−0.01−0.05−0.05

B̄0
s → K�0

0 K̄0 þ c:c: 32.78þ1.45þ4.17þ16.59
−1.02−7.08−13.39 33.0� 10.1

B̄0
s → K�þ

0 K− þ c:c: 33.73þ1.51þ4.17þ16.65
−1.07−7.09−13.43 31.3� 25.4

B̄0
d → K�0

0 K̄�0 þ c:c: 2.52þ0.14þ0.29þ1.28
−0.11−0.49−1.03 0.59þ0.1

−0.1

B̄0
d → K�þ

0 K�− þ c:c: 0.07þ0.01þ0.01þ0.03
−0.00−0.01−0.02 1.1þ0.1

−0.1

B̄0
s → K�0

0 K̄�0 þ c:c: 34.98þ1.55þ3.56þ18.02
−1.09−6.14−14.57 13.0þ2.0

−2.0

B̄0
s → K�þ

0 K�− þ c:c: 33.81þ1.51þ3.47þ17.13
−1.07−5.98−13.85 15.0þ4.0

−3.0

TABLE X. The CP asymmetry parameters (in units of 10−2) of B̄0
d;s → K̄�

0ð1430ÞKð�Þ þ c:c: decays in S2.

ACP C ΔC S ΔS

B̄0
d → K̄�0

0 K0 þ c:c: −20.24þ0.77
−0.75 10.04þ0.37

−0.38 −10.72þ0.41
−0.40 2.15þ0.08

−0.08 8.70þ0.36
−0.36

B̄0
d → K�−

0 Kþ þ c:c: 1.42þ0.06
−0.05 −0.04þ0.00

−0.00 1.42þ0.05
−0.05 4.76þ8.13

−7.64 6.35þ0.22
−0.25

B̄0
s → K̄�0

0 K0 þ c:c: −0.74þ0.02
−0.02 −0.42þ0.01

−0.01 −0.40þ0.01
−0.01 0.03þ0.00

−0.00 0.31þ0.01
−0.01

B̄0
s → K�−

0 Kþ þ c:c: −8.56þ0.26
−0.26 31.27þ0.76

−0.78 −32.52þ0.82
−0.80 −11.39þ0.60

−0.56 3.49þ0.50
−0.54

B̄0
d → K̄�0

0 K�0 þ c:c: −14.03þ0.53
−0.52 9.87þ0.36

−0.37 −5.91þ0.23
−0.22 −14.20þ0.54

−0.53 −6.58þ0.24
−0.23

B̄0
d → K�−

0 K�þ þ c:c: −0.52þ0.02
−0.02 4.69þ0.18

−0.18 0.42þ0.02
−0.02 5.61þ8.16

−7.67 −0.75þ0.03
−0.03

B̄0
s → K̄�0

0 K�0 þ c:c: −0.55þ0.02
−0.02 −0.44þ0.01

−0.01 −0.24þ0.01
−0.01 0.70þ0.02

−0.02 −0.23þ0.01
−0.01

B̄0
s → K�−

0 K�þ þ c:c: −7.74þ0.23
−0.23 22.86þ0.74

−0.77 −23.27þ0.77
−0.75 30.72þ0.69

−0.71 −23.55þ0.49
−0.47
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B̄0
d;s → K̄�

0ð1430ÞKð�Þ þ c:c: decays are much more com-
plicated because K̄�

0ð1430ÞKð�Þ þ c:c: are not CP eigen-
states. The systemof these decays define fiveCP asymmetry
parameters, C,ΔC, S,ΔS and ACP, where S is referred to as
mixing-induced CP asymmetry, C is the direct CP asym-
metry,ΔC andΔS are CP conserving quantities, and ACP is
the time-integrated charge asymmetry. Our results for these
observables are first given in Table X.
The B̄0

d → K�−
0 Kð�Þþ þ c:c: decays are caused by the

pure annihilation transition, and therefore have very small
branching fractions ∼Oð10−7Þ. The B̄0

d → K̄�0
0 Kð�Þ0 þ c:c:

decays are dominated by penguin contributions,
but are CKM-suppressed. The penguin-dominated B̄0

s →
K�−

0 Kð�Þþ þ c:c: and K̄�0
0 Kð�Þ0 þ c:c: decays have relatively

large branching fractions, and our results for the SP modes
are in good agreement with the data obtained by the LHCb
collaboration with significance over 10 standard deviations
[21]. However, some systematic variations do impact
strongly on the need to include tensor resonances in the
fit model, and thus the model uncertainties of experimental
data are very large [21]. It is expected that the future refined
measurements for the B̄0

d;s → K̄�
0ð1430ÞKð�Þ þ c:c: decays

can provide serious test on the theoretical predictions.

IV. SUMMARY

In this paper, the nonleptonic charmless Bu;d;s→
K�

0ð1430ÞP (P¼K, π) and K�
0ð1430ÞV ðV ¼ K�; ρ;ω;ϕÞ

decays are studied. The amplitudes are calculated by using
the QCD factorization approach, and the nonperturbative
quantities (form factor, decay constant and distribution
amplitudes) are evaluated by using a covariant light-front
approach. The branching fractions and CP asymmetries of
theses decay modes are calculated, our main theoretical
results are collected in tables V–X. Some decay modes are
first predicted in this work. In order to test the underlying
structure of K�

0ð1430Þ meson, our calculation are made
based on two different scenarios that K�

0ð1430Þ is the first
excited (scenario S1) and the lowest-lying (scenario S2)
p-wave two-quark state. Comparing our results with data,
we find that the scenarios S1 and S2 lead to significantly
different results for branching factions, and the results
based on scenario S2 agree well with the experimental data,
which implies that K�

0ð1430Þ as the lowest-lying (scenario
S2) p-wave ðs; u=dÞ state is favored by data. However,
the theoretical results for BðB− → K�

0ð1430Þ0K−Þ are much

larger than data due to the large chiral factor γ
K�0

0
χ . The

future refined measurement on BðB− → K�
0ð1430Þ0K−Þ is

required for confirming or refuting such possible anomaly.
Besides, some useful relations based on SUð3Þ flavor
symmetry are studied.
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APPENDIX A: DECAY CONSTANT, FORM
FACTOR, AND DAS

The decay constant, form factor and DAs are essential
nonperturbative inputs for the amplitudes of B → SP and
SV. In this sections, we would like to clarify our convention
for the definitions of these nonperturbative quantities.

1. Decay constant

The decay constants of pseudoscalar (P), vector (V) and
scalar (S) mesons are defined as

hPðpÞjq̄1γμγ5q2j0i¼−ifPpμ;

hVðp;ϵÞjq̄1γμq2j0i¼−ifVmVϵ
�μ;

hSðpÞjq̄1γμq2j0i¼ fSpμ; hSðpÞjq̄1q2j0i¼mSf̄SðμÞ:
ðA1Þ

The scale-dependent scalar decay constant f̄SðμÞ and the
vector decay constant fS are related by the equation of
motion, and thus have the following relation,

f̄S ¼
μS
mS

fS≡ μ̄SfS; with μS¼
m2

S

m1ðμÞ−m2ðμÞ
; ðA2Þ

where m1ðμÞ and m2ðμÞ are running masses of current
quarks.

2. Form factor

The form factors of B → S; P; V transitions concerned in
this paper can be defined as

hSðp00Þjq̄γμγ5bjBðp0Þi ¼ −i
��

Pμ −
m2

B −m2
S

q2
qμ

�
U1ðq2Þ þ

m2
B −m2

S

q2
qμU0ðq2Þ

�
; ðA3Þ

hPðp00Þjq̄γμbjBðp0Þi ¼
�
Pμ −

m2
B −m2

P

q2
qμ

�
F1ðq2Þ þ

m2
B −m2

P

q2
qμF0ðq2Þ; ðA4Þ
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hVðϵ; p00Þjq̄γμbjBðp0Þi ¼ −i
Vðq2Þ

mB þmV
εμναβϵ

�νPαqβ; ðA5Þ

hVðϵ; p00Þjq̄γμγ5bjBðp0Þi ¼ 2mV
ϵ� · P
q2

qμA0ðq2Þ þ ðmB þmVÞ
�
ϵ�μ −

ϵ� · P
q2

qμ

�
A1ðq2Þ

−
ϵ� · P

mB þmV

�
Pμ −

m2
B −m2

V

q2
qμ

�
A2ðq2Þ; ðA6Þ

where Pμ ¼ ðp0 þ p00Þ; qμ ¼ ðp0 − p00Þ and ε0123 ¼ −1.
The momentum dependence of form factor can be para-
metrized as

Fðq2Þ ¼ Fð0Þ
1 − aðq2=m2

BÞ þ bðq2=m2
BÞ2

: ðA7Þ

The values of parameters a, b, and Fð0Þ for the transition
concerned in this work are summarized in Table I.

3. Distribution amplitude

For the light-cone distribution amplitudes of pseudosca-
lar and vector mesons, we take the same definition and
convention used in the Ref. [69]. For the scalar meson,
the twist-2 and -3 light-cone distribution amplitudes are
given by

hSðpÞjq̄2ðz2Þγμq1ðz1Þj0i¼ fSpμ

Z
1

0

dxeiðxp·z2þx̄p·z1ÞΦSðxÞ;

ðA8Þ

hSðpÞjq̄2ðz2Þq1ðz1Þj0i ¼ fSμS

Z
1

0

dxeiðxp·z2þx̄p·z1ÞϕSðxÞ;

ðA9Þ

hSðpÞjq̄2ðz2Þσμνq1ðz1Þj0i

¼−fSμSðpμzν−pνzμÞ
Z

1

0

dxeiðxp·z2þx̄p·z1Þϕ
σ
SðxÞ
6

: ðA10Þ

The leading-twist DAs are conventionally expended in
Gegenbauer polynomials,

ΦMðx;μÞ¼ 6xð1−xÞ
�
1þ

X∞
n¼1

aMn ðμÞC3=2
n ðx− x̄Þ

�
; ðA11Þ

whereM ¼ P, S, V. Equivalently, for the scalar meson, one
can also use

ΦSðxÞ ¼ 6xð1 − xÞμ̄SðμÞ
�
bS0 þ

X∞
n¼1

bSnðμÞC3=2
n ðx − x̄Þ

�
;

ðA12Þ

where, aSnðμÞ ¼ μ̄SðμÞbSnðμÞ and μ̄SðμÞ can be conveniently
absorbed by fS via Eq. (A2).
When three-particle contributions are neglected, the

twist-3 two-particle DAs of P and S mesons are determined
completely by the equation of motion, which then require

ϕP;S ¼ 1; ϕσ
P;S ¼ 6xx̄; ðA13Þ

For the vector meson, the twist-3 DAs can be expressed in
terms of the leading-twist DA Φ⊥ðxÞ of transversely
polarized state, are usually expressed by the function,
ϕV , defined as

ϕVðx; μÞ≡
Z

x

0

dv
Φ⊥ðvÞ

v̄
−
Z

1

x
dv

Φ⊥ðvÞ
v

¼ 3
X∞
n¼0

aVn;⊥ðμÞPnþ1ð2x − 1Þ; ðA14Þ

where aV0;⊥ ¼ 1 and PnðxÞ are the Legendre polynomials.

APPENDIX B: DECAY AMPLITUDES

The amplitudes of Bu;d;s → K�
0ð1430ÞP (P ¼ K, π)

decays are written as

AB−→K�−
0
K0 ¼ AK�

0
K

�
δpuβ2 þ αp4 −

1

2
αp4;EW þ βp3 þ βp3;EW

�
;

ðB1Þ

AB−→K�0
0
K− ¼ AKK�

0

�
δpuβ2 þ αp4 −

1

2
αp4;EW þ βp3 þ βp3;EW

�
;

ðB2Þ

AB−→K̄�0
0
π− ¼ AπK�

0

�
δpuβ2 þ αp4 −

1

2
αp4;EW þ βp3 þ βp3;EW

�
;

ðB3Þ

AB−→K�−
0
π0 ¼

1ffiffiffi
2

p AπK�
0
½δpuðα1þβ2Þþαp4

þαp4;EW þβp3 þβp3;EW �

þ 1ffiffiffi
2

p AK�
0
π

�
δpuα2þ

3

2
αp3;EW

�
; ðB4Þ
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AB̄0→K̄�0
0
K0 ¼ AK�

0
K

�
αp4 −

1

2
αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BKK�

0

�
bp4 −

1

2
bp4;EW

�
; ðB5Þ

AB̄0→K�0
0
K̄0 ¼ AKK�

0

�
αp4 −

1

2
αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BK�

0
K

�
bp4 −

1

2
bp4;EW

�
; ðB6Þ

AB̄0→K�−
0
Kþ ¼ AK�

0
K½δpuβ1 þ βp4 þ βp4;EW � þ BKK�

0

�
bp4 −

1

2
bp4;EW

�
; ðB7Þ

AB̄0→K�þ
0
K− ¼ AKK�

0
½δpuβ1 þ βp4 þ βp4;EW � þ BK�

0
K

�
bp4 −

1

2
bp4;EW

�
; ðB8Þ

AB̄0→K�−
0
πþ ¼ AπK�

0

�
δpuα1 þ αp4 þ αp4;EW þ βp3 −

1

2
βp3;EW

�
; ðB9Þ

AB̄0→K̄�0
0
π0 ¼

1ffiffiffi
2

p AπK�
0

�
−αp4 þ

1

2
αp4;EW − βp3 þ

1

2
βp3;EW

�
þ 1ffiffiffi

2
p AK�

0
π

�
δpuα2 þ

3

2
αp3;EW

�
; ðB10Þ

AB̄0
s→K̄�0

0
K0 ¼ AKK�

0

�
αp4 −

1

2
αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BK�

0
K

�
bp4 −

1

2
bp4;EW

�
; ðB11Þ

AB̄0
s→K�0

0
K̄0 ¼ AK�

0
K

�
αp4 −

1

2
αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BKK�

0

�
bp4 −

1

2
bp4;EW

�
; ðB12Þ

AB̄0
s→K�−

0
Kþ ¼ AKK�

0

�
δpuα1 þ αp4 þ αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BK�

0
K½δpub1 þ bp4 þ bp4;EW �; ðB13Þ

AB̄0
s→K�þ

0
K− ¼ AK�

0
K

�
δpuα1 þ αp4 þ αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BKK�

0
½δpub1 þ bp4 þ bp4;EW �; ðB14Þ

AB̄0
s→K�þ

0
π− ¼ AK�

0
π

�
δpuα1 þ αp4 þ αp4;EW þ βp3 −

1

2
βp3;EW

�
; ðB15Þ

AB̄0
s→K�0

0
π0 ¼

1ffiffiffi
2

p AK�
0
π

�
δpuα2 − αp4 þ

3

2
αp3;EW þ 1

2
αp4;EW − βp3 þ

1

2
βp3;EW

�
: ðB16Þ

The amplitudes of Bu;d;s → K�
0ð1430ÞV ðV ¼ ρ; K�;ω;ϕÞ decays are written as

AB−→K�−
0
K�0 ¼ AK�

0
K�

�
δpuβ2 þ αp4 −

1

2
αp4;EW þ βp3 þ βp3;EW

�
; ðB17Þ

AB−→K�0
0
K�− ¼ AK�K�

0

�
δpuβ2 þ αp4 −

1

2
αp4;EW þ βp3 þ βp3;EW

�
; ðB18Þ

AB−→K̄�0
0
ρ− ¼ AρK�

0

�
δpuβ2 þ αp4 −

1

2
αp4;EW þ βp3 þ βp3;EW

�
; ðB19Þ

AB−→K�−
0
ρ0 ¼

1ffiffiffi
2

p AρK�
0
½δpuðα1 þ β2Þ þ αp4 þ αp4;EW þ βp3 þ βp3;EW � þ

1ffiffiffi
2

p AK�
0
ρ

�
δpuα2 þ

3

2
αp3;EW

�
; ðB20Þ

AB−→K�−
0
ω ¼ 1ffiffiffi

2
p AωK�

0
½δpuðα1 þ β2Þ þ αp4 þ αp4;EW þ βp3 þ βp3;EW � þ

1ffiffiffi
2

p AK�
0
ω

�
δpuα2 þ 2αp3 þ

1

2
αp3;EW

�
; ðB21Þ
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AB−→K�−
0
ϕ ¼ AK�

0
ϕ

�
δpuβ2 þ αp3 þ αp4 −

1

2
αp3;EW −

1

2
αp4;EW þ βp3 þ βp3;EW

�
; ðB22Þ

AB̄0→K̄�0
0
K�0 ¼ AK�

0
K�

�
αp4 −

1

2
αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BK�K�

0

�
bp4 −

1

2
bp4;EW

�
; ðB23Þ

AB̄0→K�0
0
K̄�0 ¼ AK�K�

0

�
αp4 −

1

2
αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BK�

0
K�

�
bp4 −

1

2
bp4;EW

�
; ðB24Þ

AB̄0→K�−
0
K�þ ¼ AK�

0
K� ½δpuβ1 þ βp4 þ βp4;EW � þ BK�K�

0

�
bp4 −

1

2
bp4;EW

�
; ðB25Þ

AB̄0→K�þ
0
K�− ¼ AK�K�

0
½δpuβ1 þ βp4 þ βp4;EW � þ BK�

0
K�

�
bp4 −

1

2
bp4;EW

�
; ðB26Þ

AB̄0→K�−
0
ρþ ¼ AρK�

0

�
δpuα1 þ αp4 þ αp4;EW þ βp3 −

1

2
βp3;EW

�
; ðB27Þ

AB̄0→K̄�0
0
ρ0 ¼

1ffiffiffi
2

p AρK�
0

�
−αp4 þ

1

2
αp4;EW − βp3 þ

1

2
βp3;EW

�
þ 1ffiffiffi

2
p AK�

0
ρ

�
δpuα2 þ

3

2
αp3;EW

�
; ðB28Þ

AB̄0→K̄�0
0
ω ¼ 1ffiffiffi

2
p AωK�

0

�
αp4 −

1

2
αp4;EW þ βp3 −

1

2
βp3;EW

�
þ 1ffiffiffi

2
p AK�

0
ω

�
δpuα2 þ 2αp3 þ

1

2
αp3;EW

�
; ðB29Þ

AB̄0→K̄�0
0
ϕ ¼ AK�

0
ϕ

�
αp3 þ αp4 −

1

2
αp3;EW −

1

2
αp4;EW þ βp3 −

1

2
βp3;EW

�
; ðB30Þ

AB̄0
s→K̄�0

0
K�0 ¼ AK�K�

0

�
αp4 −

1

2
αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BK�

0
K�

�
bp4 −

1

2
bp4;EW

�
; ðB31Þ

AB̄0
s→K�0

0
K̄�0 ¼ AK�

0
K�

�
αp4 −

1

2
αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BK�K�

0

�
bp4 −

1

2
bp4;EW

�
; ðB32Þ

AB̄0
s→K�−

0
K�þ ¼ AK�K�

0

�
δpuα1 þ αp4 þ αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BK�

0
K� ½δpub1 þ bp4 þ bp4;EW �; ðB33Þ

AB̄0
s→K�þ

0
K�− ¼ þAK�

0
K�

�
δpuα1 þ αp4 þ αp4;EW þ βp3 þ βp4 −

1

2
βp3;EW −

1

2
βp4;EW

�
þ BK�K�

0
½δpub1 þ bp4 þ bp4;EW �; ðB34Þ

AB̄s→K�þ
0
ρ− ¼ AK�

0
ρ

�
δpuα1 þ αp4 þ αp4;EW þ βp3 −

1

2
βp3;EW

�
; ðB35Þ

AB̄s→K�0
0
ρ0 ¼

1ffiffiffi
2

p AK�
0
ρ

�
δpuα2 − αp4 þ

3

2
αp3;EW þ 1

2
αp4;EW − βp3 þ

1

2
βp3;EW

�
; ðB36Þ

AB̄s→K�0
0
ω ¼ 1ffiffiffi

2
p AK�

0
ω

�
δpuα2 þ 2αp3 þ αp4 þ

1

2
αp3;EW −

1

2
αp4;EW þ βp3 −

1

2
βp3;EW

�
; ðB37Þ

AB̄s→K�0
0
ϕ ¼ AϕK�

0

�
αp4 −

1

2
αp4;EW þ βp3 −

1

2
βp3;EW

�
þ AK�

0
ϕ

�
αp3 −

1

2
αp3;EW

�
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