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We study the charmless decays B ! Kh� and B ! Kh�
0 within the framework of QCD factorization

(QCDF) for Kh ¼ K, K�, K�
0ð1430Þ and naive factorization for Kh ¼ K�

2ð1430Þ. There are three distinct

types of penguin contributions: (i) b ! sq �q ! s�q, (ii) b ! ss �s ! s�s, and (iii) b ! sq �q ! q �Kh, where

�q ¼ ðu �uþ d �dÞ= ffiffiffi
2

p
and �s ¼ s�s. B ! Kð�Þ�ð0Þ decays are dominated by type-II and type-III penguin

contributions. The interference, constructive for K�0 and K�� and destructive for K� and K��0, between
type-II and type-III diagrams explains the pattern of �ðB ! K�0Þ � �ðB ! K�Þ and �ðB ! K��0Þ �
�ðB ! K��Þ. Within QCDF, the observed large rate of the K�0 mode can be naturally explained without

invoking flavor-singlet contributions or something exotic. The decay pattern for B ! K�
0ð1430Þ�ð0Þ decays

depends on whether the scalar meson K�
0ð1430Þ is an excited state of � or a lowest-lying P-wave q �q state.

Hence, the experimental measurements of B ! K�
0ð1430Þ�ð0Þ can be used to explore the quark structure of

K�
0ð1430Þ. If K�

0ð1430Þ is a low-lying q �q bound state, we find that K�
0� has a rate slightly larger than K�

0�
0

owing to the fact that the �� �0 mixing angle in the �q, �s flavor basis is less than 45�, in agreement

with experiment. The type-III penguin diagram does not contribute to B ! K�
2�

ð0Þ under the factorization
hypothesis and the type-II diagram dominates. The ratio �ðB ! K�

2�
0Þ=�ðB ! K�

2�Þ is expected to be of

order 2.5 as a consequence of (i) jfs
�0 j> jfs�j and (ii) a destructive (constructive) interference between

type-I and type-II penguin diagrams for K�
2� (K�

2�
0). However, the predicted rates of B ! K�

2�
ð0Þ in naive

factorization are too small by 1 order of magnitude and this issue remains to be resolved. There are two

Kð�Þ�ð0Þ modes in which direct CP asymmetries have been measured with significance around 4�:

ACPðK��Þ ¼ �0:37� 0:09 and ACPð �K�0�Þ ¼ 0:19� 0:05. In QCDF, power corrections from penguin

annihilation which are needed to resolve CP puzzles in K��þ and �þ�� modes will flip ACPðK��Þ into
a wrong sign. We show that soft corrections to the color-suppressed tree amplitude a2 in conjunction with

the charm content of the �will finally lead to ACPðK��Þ ¼ �0:15þ0:19
�0:28. Likewise, this power correction is

needed to improve the prediction for ACPð �K�0�Þ.
DOI: 10.1103/PhysRevD.82.034014 PACS numbers: 13.25.Hw, 13.30.Eg

I. INTRODUCTION

Recently BABAR has measured charmless B decays with
final states containing � or �0 [1]. Comparing the first
measurements of B ! K�

0ð1430Þ�0 and B ! K�
2ð1430Þ�0

by BABAR with previous results of B ! K�
0ð1430Þ� and

B ! K�
2ð1430Þ� (see Table I) clearly indicates thatBðB !

K�
0ð1430Þ�0Þ<BðB ! K�

0ð1430Þ�Þ and BðB !
K�

2ð1430Þ�0Þ>BðB ! K�
2ð1430Þ�Þ. It is well known that

BðB ! K�0Þ � BðB ! K�Þ and BðB ! K��0Þ �
BðB ! K��Þ. The last two patterns can be understood as
the interference between the dominant penguin
amplitudes.

For the � and �0 particles, it is more convenient to

consider the flavor states q �q � ðu �uþ d �dÞ= ffiffiffi
2

p
, s�s, and c �c

labeled by the �q, �s, and �
0
c, respectively. Neglecting the

small mixing with �0
c, we write

j�i
j�0i

� �
¼ cos� � sin�

sin� cos�

� � j�qi
j�si

� �
; (1)

where� ¼ ð39:3� 1:0Þ� [3] is the�� �0 mixing angle in
the �q and �s flavor basis. Three different penguin con-

tributions are depicted in Fig. 1: (i) b ! sq �q ! s�q,

(ii) b ! ss �s ! s�s, and (iii) b ! sq �q ! q �Kh, corre-

sponding to Figs. 1(a)–1(c), respectively. For B !
Kð�Þ�ð0Þ decays, the dominant penguin amplitudes arise
from Figs. 1(b) and 1(c) governed by the parameters
�4ðKh�sÞ and �4ð�qKhÞ, respectively. Their expressions
in terms of the effective Wilson coefficients a4 and a6 are
summarized in Table II.
It is clear that the interference between the B ! K�q

amplitude induced by the b ! sq �q penguin and the B !
K�s amplitude induced by b ! ss�s is constructive for
B ! K�0 and destructive for B ! K�. This explains the
large rate of the former and the suppression of the latter [4].

For B ! K��ð0Þ decays, it is the other way around. The
sign difference between �4ð�qK

�Þ and �4ðK��sÞ explains
why �ðB ! K��Þ � �ðB ! K��0Þ, recalling that a4 and
a6 are negative and the magnitude of the latter is larger
than the former and that the chiral factor r� to be defined

below is of order unity for light mesons.

The decay pattern for B ! K�
0ð1430Þ�ð0Þ decays depends

on whether K�
0ð1430Þ is an excited state of � [or K�

0ð800Þ]
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or a low-lying P-wave q �q state. Hence, the experimental

measurements of B ! K�
0ð1430Þ�ð0Þ can be used to explore

the quark structure of the scalar meson K�
0ð1430Þ. A de-

tailed study in this work shows that �ðB ! K�
0�Þ �

�ðB ! K�
0�

0Þ in the first scenario for K�
0ð1430Þ and �ðB !

K�
0�Þ> �ðB ! K�

0�
0Þ in the latter scenario. As for B !

K�
2ð1430Þ�ð0Þ decays, Fig. 1(c) does not make contribution

owing to the vanishing decay constant of K�
2 . Since the

interference between Figs. 1(a) and 1(b) is constructive for
K�

2�
0 and destructive for K�

2� and since the decay constant

fs
�0 is larger than fs�, one will expect a larger rate for K

�
2�

0

than K�
2�.

Recently we have studied the decays B ! ðK;K�Þ�ð0Þ
within the framework of QCD factorization (QCDF) [5,6].
Here we shall present updated results with some discus-
sions. Then in the rest of this work we will focus on B !
ðK�

0ð1430Þ, K�
2ð1430ÞÞ�ð0Þ decays and study their decay

pattern.
The layout of the present paper is as follows. In Sec. II

we recapitulate the framework of QCD factorization. Then
we proceed to study B ! ðK;K�Þð�;�0Þ decays in Sec. III
and B ! K�

0ð1430Þð�;�0Þ decays in Sec. IV. Because the

QCDF approach for the K�
2ð1430Þ�ð0Þ modes has not been

developed, we rely on naive factorization to study the
tensor meson production in Sec. V. Section VI presents

our conclusions. An appendix is devoted to the decay
constants and matrix elements of the � and �0 mesons.

II. QCD FACTORIZATION

Within the framework of QCDF [7], the effective
Hamiltonian matrix elements are written in the form

hM1M2jH eff j �Bi ¼ GFffiffiffi
2

p X
p¼u;c

�ðqÞ
p hM1M2jTA

p þT B
pj �Bi;

(2)

where �ðqÞ
p ¼ VpbV

�
pq with q ¼ s; d, TA describes con-

tributions from naive factorization, vertex corrections, pen-
guin contractions, and spectator scattering expressed in
terms of the flavor operators api , while T B contains anni-
hilation topology amplitudes characterized by the annihi-
lation operators bpi . The explicit expressions of TA and
T B can be found in [7,8]. In practice, it is more convenient
to express the decay amplitudes in terms of the flavor
operators �p

i and the annihilation operators 	p
i . Their

relations to the coefficients api and bpi will be specified
below.

The expressions of �B ! �Kh�
ð0Þ decay amplitudes for

Kh ¼ K, K�, K�
0ð1430Þ, and K�

2ð1430Þ are given by [8]

TABLE II. The parameters �4ðKh�sÞ and �4ð�qKhÞ with Kh ¼ K, K�, K�
0ð1430Þ, and

K�
2ð1430Þ.

K K� K�
0ð1430Þ K�

2ð1430Þ
�4ðKh�sÞ a4 þ r

�s
� a6 a4 � r

�s
� a6 a4 � r

�s
� a6 a4 � r

�s
� a6

�4ð�qKhÞ a4 þ rK�a6 a4 þ rK
�

� a6 a4 � r
K�

0
� a6 -

(b)(a) (c)

FIG. 1. Three different penguin contributions to �B ! �Kh�
ð0Þ with Kh denoting K, K�, K�

0ð1430Þ, and K�
2ð1430Þ. Figure 1(a) is

induced by the penguin operators O3;5;7;9.

TABLE I. Experimental branching fractions (in units of 10�6) of B ! Kh�
ð0Þ with Kh ¼ K, K�, K�

0ð1430Þ, and K�
2ð1430Þ taken from

[1,2].

K� K�0 K�� K��0 K�
0� K�

0�
0 K�

2� K�
2�

0

Bþ 2:36� 0:27 71:1� 2:6 19:3� 1:6 4:9þ2:1�1:9 15:8� 3:1 5:2� 2:1 9:1� 3:0 28:0þ5:3
�5:0

B0 1:12þ0:30
�0:28 66:1� 3:1 15:9� 1:0 3:8� 1:2 9:6� 1:9 6:3� 1:6 9:6� 2:1 13:7þ3:2

�3:1
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ffiffiffi
2

p
A
B�!K�

h
�ð0Þ ¼ Xð �B �Kh;�

ð0 Þ
q Þ½
puð�2 þ 2	S2Þ þ 2�p

3 þ
1

2
�p
3;EW þ 2	p

S3 þ 2	p
S3;EW� þ

ffiffiffi
2

p
Xð �B �Kh;�

ð0 Þ
s Þ½
puð	2 þ 2	S2Þ þ �p

3

þ �p
4 �

1

2
�p
3;EW � 1

2
�p
4;EW þ 	p

3 þ 	p
3;EW þ 	p

S3 þ 	p
S3;EW� þ

ffiffiffi
2

p
Xð �B �Kh;�

ð0Þ
c Þ½
pc�2 þ �p

3 �

þ Xð �B�ð0 Þ
q ; �KhÞ½
puð�1 þ 	2Þ þ �p

4 þ �p
4;EW þ 	p

3 þ 	p
3;EW�;ffiffiffi

2
p

A �B0! �K0
h
�ð0Þ ¼ Xð �B �Kh;�

ð0 Þ
q Þ
�

pu�2 þ 2�p

3 þ
1

2
�p
3;EW þ 2	p

S3 � 	p
S3;EW

�
þ ffiffiffi

2
p

Xð �B �Kh;�
ð0 Þ
s Þ
�
�p
3 þ �p

4 �
1

2
�p
3;EW � 1

2
�p
4;EW

þ 	p
3 �

1

2
	p

3;EW þ 	p
S3 �

1

2
	p

S3;EW

�
þ ffiffiffi

2
p

Xð �B �Kh;�
ð0 Þ
c Þ½
pc�2 þ �p

3 �

þ Xð �B�ð0 Þ
q ; �KhÞ

�
�p
4 �

1

2
�p
4;EW þ 	p

3 �
1

2
	p

3;EW

�
: (3)

The order of the arguments of �p
i ðM1M2Þ and 	p

i ðM1M2Þ, which are not shown explicitly here, is consistent with the order
of the arguments of the factorizable matrix elements Xð �BM1;M2Þ given by

Xð �BP1;P2Þ � hP2jJ�j0ihP1jJ0�j �Bi ¼ ifP2
ðm2

B �m2
P1
ÞFBP1

0 ðm2
P2
Þ; Xð �BP;VÞ � hVjJ�j0ihPjJ0�j �Bi ¼ 2fVmBpcF

BP
1 ðm2

VÞ;
Xð �BV;PÞ � hPjJ�j0ihVjJ0�j �Bi ¼ 2fPmBpcA

BV
0 ðm2

PÞ; Xð �BP;SÞ � hSjJ�j0ihPjJ0�j �Bi ¼ fSðm2
B �m2

PÞFBP
0 ðm2

SÞ;
Xð �BS;PÞ � hPjJ�j0ihSjJ0�j �Bi ¼ �fPðm2

B �m2
SÞFBS

0 ðm2
PÞ;

Xð �BT;PÞ � hPjJ�j0ihTjJ0�j �Bi ¼ �ifP½kðm2
PÞ þ ðm2

B �m2
TÞbþðm2

PÞ þm2
Pb�ðm2

PÞ�"���p
�
Bp

�
B;

Xð �BP;TÞ � hTjJ�j0ihPjJ0�j �Bi ¼ 0; (4)

where fP, fV , fS are the decay constants of pseudoscalar, vector, and scalar mesons, respectively, and k, bþ, b� are B to
tensor meson transition form factors defined in Eq. (27) below.

The flavor operators �p
i and the annihilation operators 	p

i are related to the coefficients api and bpi by

�1ðM1M2Þ ¼ a1ðM1M2Þ; �2ðM1M2Þ ¼ a2ðM1M2Þ;

�p
3 ðM1M2Þ ¼

�
ap3 ðM1M2Þ � ap5 ðM1M2Þ for M1M2 ¼ PP; VP; SP; TP
ap3 ðM1M2Þ þ ap5 ðM1M2Þ for M1M2 ¼ PV; PS;

�p
4 ðM1M2Þ ¼

�
ap4 ðM1M2Þ þ rM2

� ap6 ðM1M2Þ for M1M2 ¼ PP;PV;

ap4 ðM1M2Þ � rM2
� ap6 ðM1M2Þ for M1M2 ¼ VP; SP; PS; TP

�p
3;EWðM1M2Þ ¼

�
ap9 ðM1M2Þ � ap7 ðM1M2Þ for M1M2 ¼ PP; VP; SP; TP
ap9 ðM1M2Þ þ ap7 ðM1M2Þ for M1M2 ¼ PV;PS;

�p
4;EWðM1M2Þ ¼

�
ap10ðM1M2Þ þ rM2

� ap8 ðM1M2Þ for M1M2 ¼ PP; PV

ap10ðM1M2Þ � rM2
� ap8 ðM1M2Þ for M1M2 ¼ VP; SP; PS; TP;

(5)

and

	p
i ðM1M2Þ ¼

ifBfM1
fM2

Xð �BM1;M2Þ bpi ; (6)

where the chiral factors r�’s are given by

rP�ð�Þ ¼ 2m2
P

mbð�Þðm2 þm1Þð�Þ ;

r�s
� ¼ hsP

fsPmbð�Þmsð�Þ ;

rV�ð�Þ ¼ 2mV

mbð�Þ
f?V ð�Þ
fV

;

r
K�
0

� ð�Þ ¼
2m2

K�
0

mbð�Þðms �mqÞð�Þ ; (7)

with the parameters fsP and hsP being defined in the
Appendix.
The flavor operators api are basically the Wilson coef-

ficients in conjunction with short-distance nonfactorizable
corrections such as vertex corrections and hard spectator
interactions. In general, they have the expressions [7,8]

api ðM1M2Þ ¼
�
ci þ ci�1

Nc

�
NiðM2Þ þ ci�1

Nc

CF�s

4�

�
ViðM2Þ

þ 4�2

Nc

HiðM1M2Þ
�
þ Pp

i ðM2Þ; (8)

where i ¼ 1; . . . ; 10, the upper (lower) signs apply when i
is odd (even), ci are the Wilson coefficients, CF ¼ ðN2

c �
1Þ=ð2NcÞ with Nc ¼ 3, M2 is the emitted meson and M1
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shares the same spectator quark with the B meson. The
quantities ViðM2Þ account for vertex corrections,
HiðM1M2Þ for hard spectator interactions with a hard gluon
exchange between the emitted meson and the spectator
quark of the Bmeson and PiðM2Þ for penguin contractions.
The expression of the quantities NiðM2Þ reads

NiðM2Þ ¼
�
0; i ¼ 6; 8 and M2 ¼ V
1 else:

(9)

In Eq. (3), possible flavor-singlet penguin annihilation
contributions are denoted by 	S’s which will not be con-
sidered in this work.

Power corrections in QCDF always involve troublesome
end-point divergences. For example, the annihilation am-
plitude has end-point divergences even at twist-2 level and
the hard spectator scattering diagram at twist-3 order is
power suppressed and possesses soft and collinear diver-
gences arising from the soft spectator quark. Since the
treatment of end-point divergences is model dependent,
subleading power corrections generally can be studied
only in a phenomenological way. We shall follow [7] to
model the end-point divergence X � R

1
0 dx=ð1� xÞ in the

annihilation and hard spectator scattering diagrams as

XA ¼ ln

�
mB

�h

�
ð1þ Ae

i�AÞ;

XH ¼ ln

�
mB

�h

�
ð1þ He

i�H Þ;
(10)

with �h being a typical scale of order 500 MeV, and A;H,

�A;H being the unknown real parameters.

As pointed out in [6], while the discrepancies between
experiment and theory in the heavy quark limit for the rates
of penguin-dominated two-body decays of B mesons and
direct CP asymmetries of �B0 ! K��þ, B� ! K�0, and
�B0 ! �þ�� are resolved by introducing power correc-
tions coming from penguin annihilation, the signs of direct
CP-violating effects in B� ! K��0, B� ! K��, and
�B0 ! �0�0 are flipped to the wrong ones when confronted
with experiment. These new B-CP puzzles in QCDF can
be resolved by the subleading power corrections to the
color-suppressed tree amplitudes due to spectator interac-
tions and/or final-state interactions [9] that not only repro-
duce correct signs for the aforementioned CP asymmetries
but also accommodate the observed �Bd ! �0�0 and 0�0

rates simultaneously. Following [6], power corrections to
the color-suppressed topology are parametrized as

a2 ! a2ð1þ Ce
i�CÞ; (11)

with the unknown parameters C and �C to be inferred
from experiment.

For S-wave mesons, input parameters such as decay
constants, form factors, quark masses, Wolfenstein pa-
rameters, light-cone distribution amplitudes, and power
correction parameters can be found in [5]. Input parameters
for parity-even mesons such as K�

0ð1430Þ and K�
2ð1430Þ

will be specified later. For the renormalization scale of the
decay amplitude, we choose � ¼ mbðmbÞ ¼ 4:2 GeV.

III. B ! ðK;K�Þð�;�0Þ DECAYS
A. Branching fractions

Details of the calculations in the framework of QCDF
for all B ! PP, VP decays can be found in [5,6]. The
updated results for the branching fractions and direct CP

asymmetries in B ! Kð�Þ�ð0Þ decays are exhibited in
Table III after correcting some minor errors in the previous
computer codes.
Numerically, Beneke and Neubert already obtained

BðB� ! K��0Þ 	Oð50
 10�6Þ in QCDF using the de-
fault values A ¼ H ¼ 0 [8]. Here we found similar
results 57
 10�6 (53
 10�6) with (without) the contri-
butions from the ‘‘charm content’’ of the �0. In the pres-
ence of penguin annihilation, we obtain BðB�!K��0Þ	
75
10�6 (67
10�6) with (without) the charm content
contributions. Therefore, the observed large B ! K�0
rates are naturally explained in QCDF without invoking,
for example, significant flavor-singlet contributions or an
enhanced hadronic matrix element h0j�s�5sj�0i. Data on
B ! K� modes are also well accounted for by QCDF.

The values of the parameters �4ðKð�Þ�q;sÞ and

�4ð�qK
ð�ÞÞ are given by

�4ðK�sÞ ¼ �0:098� 0:013i;

�4ð�qKÞ ¼ �0:094� 0:013i;

�4ðK��sÞ ¼ 0:035� 0:0009i;

�4ð�qK
�Þ ¼ �0:036� 0:0085i:

(12)

The magnitude of �4ð�qK
�Þ is smaller than �4ð�qKÞ ow-

ing to the smallness of rK
�

� 	0:36 compared to rK� 	 1:45 at

the scale � ¼ 4:2 GeV, while the smallness of �4ðK��sÞ
relative to �4ðK�sÞ is due to the destructive interference in
the former. The sign difference between �4ð�qK

�Þ and

�4ðK��sÞ explains why �ðB ! K��Þ � �ðB ! K��0Þ.
Although the rates of K��0 and K� are comparable,
BðB ! K��Þ is much smaller than BðB ! K�0Þ.
The QCDF prediction for the branching fraction of B !

K��0, of order 1:5
 10�6,1 is smaller than the predictions
of perturbative QCD (pQCD) and soft-collinear effective
theory (SCET), but it is consistent with experiment within
errors. The experimental values quoted in Table III are the
BABAR measurements [1]. Belle obtained only the upper
bounds: BðB� ! K���0Þ< 2:9
 10�6 and Bð �B0 !
�K�0�0Þ< 2:6
 10�6 [14]. Therefore, although our central
values are smaller than BABAR, they are consistent with

1The predictionsBðB� ! K���0Þ ¼ 2:2
 10�6 andBð �B0 !
�K�0�0Þ ¼ 1:9
 10�6 obtained by Beneke and Neubert [8] in the
so-called ‘‘S4’’ scenario in which power corrections to penguin
annihilation are taken into account are consistent with ours.
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Belle. It is very important to measure them to discriminate
between various model predictions.

B. CP asymmetries

There are two modes in which direct CP asymmetries
have been measured with significance around 4�:
ACPðK��Þ¼�0:37�0:09 and ACPð �K�0�Þ¼0:19�0:05.
It is crucial to understand them. Since the two penguin
diagrams in Figs. 1(b) and 1(c) contribute destructively to
B ! K� due to the opposite sign of fq� and fs�, the penguin

amplitude is comparable in magnitude to the tree ampli-
tude induced from b ! us �u, contrary to the decay B !
K�0 which is dominated by large penguin amplitudes.

Consequently, a sizable direct CP asymmetry is expected
in B� ! K�� but not in K��0 [15].
In the absence of any power corrections, it appears that

the QCDF prediction ACPðK��Þ ¼ �0:233þ0:164
�0:193 obtained

in the leading 1=mb expansion already agrees well with the
data.2 However, this agreement is just an accident. Recall
that when power corrections are turned off, the predicted
CP asymmetries for the penguin-dominated modesK��þ,
K���þ, K�þ, K�0, and tree-dominated modes �þ��,
���, and ��þ are wrong in signs when confronted
with experiment [5,6]. That is why it is important to con-

TABLE III. Branching fractions (top, in units of 10�6) and direct CP asymmetries (bottom, in units of percent) of B ! ðK;K�Þ

ð�;�0Þ decays obtained in various approaches. The pQCD results are taken from [10] for B ! K�ð0Þ with partial NLO corrections and
from [11] for B ! K��ð0Þ. There are two solution sets with SCET predictions for decays involving � and/or �0 [12,13]. The theoretical
errors correspond to the uncertainties due to the variation of (i) Gegenbauer moments, decay constants, quark masses, form factors, the
�B parameter for the B meson wave function, and (ii) A;H , �A;H, respectively.

Mode QCDF (this work) pQCD SCET Expt. [1,2]

B� ! K�� 2:2þ1:7þ1:1�1:0�0:9 3:2þ1:2þ2:7þ1:1�0:9�1:2�1:0 2:7� 4:8� 0:4� 0:3 2:36� 0:27
2:3� 4:5� 0:4� 0:3

B� ! K��0 74:5þ57:9þ25:6
�25:3�19:0 51:0þ13:5þ11:2þ4:2

�8:2�6:2�3:5 69:5� 27:0� 4:4� 7:7 71:1� 2:6
69:3� 26:0� 7:1� 6:3

�B0 ! �K0� 1:5þ1:4þ0:9
�0:8�0:7 2:1þ0:8þ2:3þ1:0

�0:6�1:0�0:9 2:4� 4:4� 0:2� 0:3 1:12þ0:30
�0:28

2:3� 4:4� 0:2� 0:5
�B0 ! �K0�0 70:9þ54:1þ24:2

�23:8�18:0 50:3þ11:8þ11:1þ4:5
�8:2�6:2�2:7 63:2� 24:7� 4:2� 8:1 66:1� 3:1

62:2� 23:7� 5:5� 7:2
B� ! K��� 15:8þ8:2þ9:6

�4:2�7:3 22:13þ0:26
�0:27 17:9þ5:5þ3:5

�5:4�2:9 19:3� 1:6
18:6þ4:5þ2:5

�4:8�2:2

B� ! K���0 1:6þ2:1þ3:7
�0:3�1:6 6:38� 0:26 4:5þ6:6þ0:9

�3:9�0:8 4:8þ1:8
�1:6

a

4:8þ5:3þ0:8
�3:7�0:6

�B0 ! �K�0� 15:7þ7:7þ9:6
�4:0�7:3 22:31þ0:28

�0:29 16:6þ5:1þ3:2
�5:0�2:7 15:9� 1:0

16:5þ4:1þ2:3
�4:3�2:0

�B0 ! �K�0�0 1:5þ1:8þ3:5
�0:3�1:6 3:35þ0:29

�0:27 4:1þ6:2þ0:9
�3:6�0:7 3:1þ1:0

�0:9
b

4:0þ4:7þ0:7
�3:4�0:6

B� ! K�� �14:5þ10:3þ15:5
�26:0�10:7 �11:7þ6:8þ3:9þ2:9

�9:6�4:2�5:6 33� 30� 7� 3 �37� 9
�33� 39� 10� 4

B� ! K��0 0:45þ0:69þ1:20
�0:55�0:98 �6:2þ1:2þ1:3þ1:3

�1:1�1:0�1:0 �10� 6� 7� 5 1:3þ1:6
�1:7

0:7� 0:5� 0:2� 0:9
�B0 ! �K0� �23:6þ9:8þ12:6

�26:2�12:5 �12:7þ4:1þ3:2þ3:2
�4:1�1:5�6:7 21� 20� 4� 3

�18� 22� 6� 4
�B0 ! �K0�0 3:0þ0:6þ0:8

�0:5�0:8 2:3þ0:5þ0:3þ0:2
�0:4�0:6�0:1 11� 6� 12� 2 5� 5

�27� 7� 8� 5
B� ! K��� �10:1þ3:9þ6:5

�3:7�7:8 �24:57þ0:72
�0:27 �2:6þ5:4þ0:3

�5:5�0:3 2� 6
�1:9þ3:4þ0:1

�3:6�0:1

B� ! K���0 69:7þ6:5þ27:9
�38:6�49:5 4:60þ1:16

�1:32 2:7þ27:4þ0:4
�19:5�0:3 �26� 27

2:6þ26:7þ0:2
�32:9�0:2

�B0 ! �K�0� 3:4þ0:4þ2:7
�0:4�2:4 0:57� 0:011 �1:1þ2:3þ0:1

�2:4�0:1 19� 5
�0:7þ1:2þ0:1

�1:3�0:0
�B0 ! �K�0�0 8:8þ8:8þ30:8

�10:7�24:1 �1:30� 0:08 9:6þ8:9þ1:3
�11:0�1:2 2� 23

9:9þ6:2þ0:9
�4:3�0:9

aThis is from the BABAR data [1]. Belle obtained an upper limit 2:9
 10�6 [14].
bThis is from the BABAR data [1]. Belle obtained an upper limit 2:6
 10�6 [14].

2Beneke and Neubert [8] obtained ACPðK��Þ ¼ �0:189þ0:290
�0:300

in their default predictions.
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sider the effects of power corrections step by step. The
QCDF results in the heavy quark limit should not be
considered as the final QCDF predictions to be compared
with experiment. It turns out that the aforementioned
wrong signs can be flipped into the right direction by the
power corrections from penguin annihilation.

However, a scrutiny of the QCDF predictions reveals
more puzzles with respect to directCP violation. While the
signs of CP asymmetries in K��þ, K�0 modes, etc., are
flipped to the right ones in the presence of power correc-
tions from penguin annihilation, the signs of ACP in B� !
K��0, K��, ��� and �B0 ! �0�0, �K�0� will also get
reversed in such a way that they disagree with experiment
[5,6]. Specifically, ACPðK��Þ is found to be of order 0.11
in the presence of penguin annihilation and hence it has a
wrong sign. These CP puzzles can be resolved by having
soft corrections to the color-suppressed tree coefficient a2
so that a2 is large and complex. When C and �C are
turned on (see Eq. (11) with C ¼ 1:3 and �C ¼ �70�
[5]), ACPðK��Þ will be reduced to �0:02 if there is no
intrinsic charm content of the �. Although the decay
constant fc� � �2 MeV is much smaller than fq;s� [see

Eq. (A12)], its effect is Cabibbo-Kobayashi-Maskawa
(CKM) enhanced by VcbV

�
cs=ðVubV

�
usÞ. Therefore, the

charm content of the � may have a significant impact on
CP violation. Indeed, when fc� is turned on, ACPðK��Þ
finally reaches the level of�15% with a sign in agreement
with experiment. Hence, CP asymmetry in B� ! K�� is
the place where the charm content of the � plays a role.3

The pQCD prediction is similar to QCDF. For comments
on the pQCD calculation of ACPðK��Þ, the reader is
referred to [5]. Note that while both QCDF and pQCD
lead to a correct sign for ACPðK��Þ, the predicted magni-
tude still falls short of the measurement �0:37� 0:09.

As for CP asymmetry in �B0 ! �K�0�, we have
ACPð �K�0�Þ ¼ ð3:1þ2:0

�1:9Þ% in the heavy quark limit. It is

modified to ð0:12þ2:10
�1:60Þ% by penguin annihilation. Soft

corrections to the color-suppressed tree amplitude is
needed to improve the prediction and finally we obtain
ACPð �K�0�Þ ¼ ð3:4þ2:8

�2:4Þ% (Table III). Unlike the K0�
mode, the charm content of the � here does not play an
essential role for CP violation in K�0�. We see from
Table III that QCDF is in better agreement with experiment
than pQCD and SCET, though it is still smaller than the
data.

IV. B ! K�
0ð1430Þ�ð0Þ DECAYS IN QCDF

The hadronic charmless B decays into a scalar meson
and a pseudoscalar meson have been studied in QCDF in

[16]. For scalar mesons above 1 GeV we have explored two
possible scenarios in the QCD sum rule method, depending
on whether the light scalars �, a0ð980Þ, and f0ð980Þ are
treated as the lowest-lying q �q states or 4-quark particles:
(i) In scenario 1, we treat �, a0ð980Þ, f0ð980Þ as the lowest-
lying states, and K�

0ð1430Þ, a0ð1450Þ, f0ð1500Þ as the

corresponding first excited states, respectively, and
(ii) we assume in scenario 2 that K�

0ð1430Þ, a0ð1450Þ,
f0ð1500Þ are the lowest-lying resonances and the corre-
sponding first excited states lie between (2.0–2.3) GeV.
Scenario 2 corresponds to the case that light scalar mesons
are 4-quark bound states, while all scalar mesons are made
of two quarks in scenario 1. We found that scenario 2 is
preferable. Indeed, lattice calculations have confirmed that
a0ð1450Þ and K�

0ð1430Þ are lowest-lying P-wave q �q me-

sons [17], and suggested that � and � are S-wave tetra-
quark mesonia [17,18].
Decay constants of scalar mesons are defined as

hSðpÞj �q2��q1j0i ¼ fSp�; hSj �q2q1j0i ¼ mS
�fS: (13)

The vector decay constant fS and the scale-dependent
scalar decay constant �fS are related by equations of motion

�SfS ¼ �fS; with �S ¼ mS

m2ð�Þ �m1ð�Þ ; (14)

wherem2 andm1 are the running current quark masses and
mS is the scalar meson mass. In general, the twist-2 light-
cone distribution amplitude (LCDA) of the scalar meson
�S has the form

�Sðx;�Þ ¼ fS6xð1� xÞ



�
1þ�S

X1
m¼1

Bmð�ÞC3=2
m ð2x� 1Þ

�
; (15)

where Bm are Gegenbauer moments and C3=2
m are the

Gegenbauer polynomials. For twist-3 LCDAs, we use

�s
SðxÞ ¼ �fS; ��

S ðxÞ ¼ �fS6xð1� xÞ: (16)

Since �S � 1=B0 � 1 and even Gegenbauer coefficients
are suppressed, it is clear that the LCDA of the scalar
meson is dominated by the odd Gegenbauer moments. In
contrast, the odd Gegenbauer moments vanish for the �
and  mesons. The Gegenbauer moments B1, B3, and the
scalar decay constant �fK�

0
in scenarios 1 and 2 obtained

using the QCD sum rule method [16] are listed in Table IV.
Form factors for B ! S transitions are defined by

hSðp0ÞjA�jBðpÞi ¼ �i

��
P� �m2

B �m2
S

q2
q�

�
FBS
1 ðq2Þ

þm2
B �m2

S

q2
q�F

BS
0 ðq2Þ

�
; (17)

where P� ¼ ðpþ p0Þ�, q� ¼ ðp� p0Þ�. As shown in

[19], a factor of (� i) is needed in B ! S transition in
order to obtain positive B ! S form factors. This also can

3One of us (C. K. C.) has studied residual final-state interaction
effects in charmless B decays [9]. In this approach, ACPðK��Þ of
order �0:27 can be induced through the decay B� ! K��0
followed by K��0 ! K�� rescattering via penguin diagrams.
This rescattering mimics the effect of the charm content in the �.
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be checked from heavy quark symmetry [19]. As a con-

sequence, the factorizable amplitudes XðBP;SÞ and XðBS;PÞ
defined in Eq. (4) are of opposite sign. In this work we shall
use the form factors4

F
BK�

0

0 ðq2Þ ¼ 0:21

1� 0:59ðq2=m2
BÞ þ 0:09ðq4=m4

BÞ
(18)

in scenario 1 and

F
BK�

0

0 ðq2Þ ¼ 0:26

1� 0:44ðq2=m2
BÞ þ 0:05ðq4=m4

BÞ
(19)

in scenario 2. They are obtained using the covariant light-
front quark model [19].

For the convenience of ensuing discussions, we would
write

AB!K�
0
� ¼ XðBK�

0
;�qÞC1 þ XðBK�

0
;�sÞC2 þ XðB�q;K

�
0
ÞC3;

AB!K�
0
�0 ¼ XðBK�

0 ;�
0
qÞC1 þ XðBK�

0 ;�
0
sÞC2 þ XðB�0

q;K
�
0ÞC3;

(20)

where C1, C2, and C3 terms correspond to Figs. 1(a)–1(c),
respectively. The expressions of Ci ’s in terms of the pa-
rameters �p

i can be found in Eq. (3). As noticed in [16], the
pattern of ai or �i in B ! SP decays (see Table V) can be
quite different from that in PP modes. For example, we
have

�2ðK�q;sÞ ¼ 0:21� 0:08i;

�3ðK�q;sÞ ¼ �0:010� 0:0058i;

�c
4ðK�qÞ ¼ �0:073� 0:011i;

�c
4ðK�sÞ ¼ �0:098� 0:013i;

�c
4ð�qKÞ ¼ �0:094� 0:013i;

(21)

for K�ð0Þ modes. Since the chiral factor r
K�

0
� ¼ 12:3 at � ¼

4:2 GeV is larger than rK� ¼ 1:5 by 1 order of magnitude

owing to the large mass of K�
0ð1430Þ, it follows that

�c
4ð�qK

�
0Þ is much greater than �c

4ðK�
0�sÞ and �c

4ðK�
0�qÞ.

Likewise, the real part of �2;3ðK�
0�q;sÞ is greater than that

of �2;3ðK�q;sÞ because the hard spectator term HðM1M2Þ

HðM1M2Þ ¼
ifBfM1

fM2

Xð �BM1;M2Þ
mB

�B

Z 1

0
dxdy

�
�M1

ðxÞ�M2
ðyÞ

ð1� xÞð1� yÞ
þ rM1

�
�m1

ðxÞ�M2
ðyÞ

ð1� xÞy
�
; (22)

with �M and �m being the twist-2 and twist-3 LCDAs of
the meson M, respectively, is greatly enhanced for M1 ¼
K�

0ð1430Þ due to the large chiral factor r
K�

0
� .

Because of the small vector decay constant of K�
0ð1430Þ,

XðB�ð0 Þ
q ;K�

0
Þ is suppressed relative to XðBK�

0
;�ð0Þ

q Þ and XðBK�
0
;�ð0Þ

s Þ.
However, C3 gains a large enhancement from �c

4ð�qK
�
0Þ.

As a result, the amplitude of Fig. 1(c) is comparable to that

of Fig. 1(a). The decay pattern of B ! K�
0�

ð0Þ depends on
whether the scalar meson K�

0ð1430Þ is an excited state of �
or a lowest-lying P-wave q �q state. In scenario 1, we have
(in units of GeV3)

XðBK�
0 ;�qÞ ¼ �0:60; XðBK�

0 ;�sÞ ¼ 0:61;

XðB�q;K
�
0
Þ ¼ �0:15; XðBK�

0
;�0

qÞ ¼ �0:49;

XðBK�
0
;�0

sÞ ¼ �0:75; XðB�0
q;K

�
0
Þ ¼ �0:12:

(23)

Consequently, Fig. 1(b) interferes destructively (construc-
tively) with Figs. 1(a) and 1(c) for K�

0� (K�
0�

0). This leads
toBðB ! K�

0�
0Þ � BðB ! K�

0�Þ (see Table VI), which is
in sharp disagreement with experiment.
The decay pattern in scenario 2 is quite different.

Because of the large magnitude of �3ðK�
0�q;sÞ and the

large cancellation between �3ðK�
0�sÞ and �4ðK�

0�sÞ in

C2, B ! K�
0�

ð0Þ decays are dominated by the contributions

from Figs. 1(a) and 1(c), contrary to the B ! Kð�Þ�ð0Þ
decays which are governed by Figs. 1(b) and 1(c).
Numerically, we obtain

C1 ¼ �0:098þ 0:011i; C3 ¼ 0:455þ 0:017i;

XðB�q;K
�
0
Þ ¼ 0:22; XðBK�

0
;�qÞ ¼ �0:74;

XðBK�
0
;�0

qÞ ¼ �0:60; XðB�0
q;K

�
0
Þ ¼ 0:18:

(24)

Therefore, the penguin diagrams in Figs. 1(a) and 1(c)
contribute constructively to both K�

0� and K�
0�

0 with com-

parable magnitudes. Since XðBK�
0
;�qÞ=XðBK�

0
;�0

qÞ ¼
XðB�q;K

�
0
Þ=XðB�0

q;K
�
0
Þ ¼ cot� � 1:23, it is clear that

AB!K�
0
�=AB!K�

0
�0 � cot� and hence B ! K�

0� should

have a rate larger than B ! K�
0�

0 in scenario 2 as the

mixing angle � is less than 45�.

TABLE IV. Gegenbauer moments B1, B3 and the scalar decay constant �fK�
0
(in units of MeV) in scenario 1 and scenario 2 at the

scales � ¼ 1 GeV and 2.1 GeV (shown in parentheses) obtained using the QCD sum-rule method [16].

B1 B3
�fK�

0

Scenario 1 0:58� 0:07ð0:39� 0:05Þ �1:20� 0:08ð�0:70� 0:05Þ �300� 30ð�370� 35Þ
Scenario 2 �0:57� 0:13ð�0:39� 0:09Þ �0:42� 0:22ð�0:25� 0:13Þ 445� 50ð550� 60Þ

4In footnote 9 of [16], we have emphasized that the decay
constant and the form factor for the excited state are of opposite
sign. Hence, we do not agree with [10,20] on the sign of F

BK�
0

0 in
scenario 1.
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The QCDF results for branching fractions and CP asym-

metries of B ! K�
0ð1430Þ�ð0Þ obtained in two different

scenarios are shown in Table VI where the central values
are for A ¼ C ¼ 0 and �A ¼ �C ¼ 0 and the ranges
0  A;H  0:5 and 0  �A;H  2� have been considered

for the estimate of uncertainties. It is evident that scenario 2
is in better agreement with experiment than scenario 1.
This implies that the scalar meson K�

0ð1430Þ is a lowest-

lying rather than excited q �q state.

Several remarks are in order. (i) If XðBK�
0 ;�qÞ and XðB�q;K

�
0Þ

are of the same sign, the interference between the C1 and
C3 terms will become destructive in scenario 2 and yield
too small rates for both K�

0� and K�
0�

0. (ii) A recent pQCD

calculation [10] indicates that BðB ! K�
0�

0Þ=BðB !
K�

0�Þ � 2 in scenario 1 and BðB ! K�
0�

0Þ � 75
 10�6

in scenario 2. Neither of them is consistent with experi-
ment. (iii) Different estimates of form factors at q2 ¼ 0

were obtained recently: F
BK�

0

0 ð0Þ 	 �0:34 [20],�0:44 [10]

in scenario 1, and F
BK�

0

0 ð0Þ 	 0:60 [20], 0.76 [10] in sce-

nario 2. If these form factors are used in QCDF calcula-
tions, we will have BðB ! K�

0�Þ 	 22
 10�6 �
BðB ! K�

0�
0Þ 	 1
 10�6 in scenario 2 for F

BK�
0

0 ð0Þ ¼
0:60 as an example. This implies that a small form factor
for B ! K�

0ð1430Þ transition is preferable.

V. B ! K�
2ð1430Þ�ð0Þ IN NAIVE FACTORIZATION

The observed JP ¼ 2þ tensor mesons f2ð1270Þ,
f02ð1525Þ, a2ð1320Þ, and K�

2ð1430Þ form an SU(3) 13P2

nonet. The q �q content for isodoublet and isovector tensor
resonances is obvious. The polarization tensor "�� of a

3P2

tensor meson with JPC ¼ 2þþ satisfies the relations

"�� ¼ "��; "�� ¼ 0; p�"
�� ¼ p�"

�� ¼ 0;

(25)

where p� is the momentum of the tensor meson.
Therefore,

h0jðV � AÞ�jTð"; pÞi ¼ a"��p
� þ b"��p� ¼ 0; (26)

and hence the decay constant of the tensor meson vanishes
identically; that is, the tensor meson cannot be produced
from the V � A current. This means that Fig. 1(c) does not

contribute to B ! K�
2�

ð0Þ under the factorization
hypothesis.
The general expression for the B ! T transition has the

form [22]

TABLE V. Values of �2;3;4 at � ¼ 4:2 GeV in scenarios 1 and 2.

�2ðK�
0�q;sÞ �3ðK�

0�q;sÞ �c
4ðK�

0�sÞ �c
4ðK�

0�qÞ �c
4ð�qK

�
0Þ

Scenario 1 �0:27� 0:08i 0:050þ 0:006i 0:025þ 0:001i 0:0001� 0:0017i 0:50þ 0:09i
Scenario 2 0:51� 0:08i �0:047þ 0:006i 0:043þ 0:009i 0:018� 0:002i 0:45þ 0:02i

TABLE VI. Branching fractions (top, in units of 10�6) and direct CP asymmetries (bottom, in
units of percent) of B ! K�

0ð1430Þð�;�0Þ decays obtained in QCDF (this work) and pQCD [21]

in scenario 1 (first entry) and scenario 2 (second entry).

Mode QCDF (this work) pQCD Expt. [1,2]

B� ! K��
0 ð1430Þ� 0:5þ1:7þ11:9

�0:4�0:5 11:8þ5:3þ0:3þ1:1þ2:5
�3:5�0:4�1:2�2:3 15:8� 3:1

13:3þ6:2þ48:6
�3:6�10:1 33:8þ13:5þ1:1þ7:7þ8:2

�9:0�1:1�7:0�7:3

B� ! K��
0 ð1430Þ�0 27:8þ20:8þ14:1

�10:2�17:6 21:6þ1:6þ3:1þ4:0þ4:5
�0:5�2:8�3:6�4:1 5:2� 2:1

9:6þ12:9þ10:0
�6:1�9:4 77:5þ15:8þ6:2þ21:0þ18:0

�10:8�5:8�16:5�16:1
�B0 ! �K�0

0 ð1430Þ� 0:4þ1:5þ11:8
�0:3�0:4 9:1þ4:4þ0:0þ1:1þ2:0

�2:8�0:1�1:1�1:8 9:6� 1:9
12:6þ5:7þ50:1

�3:4�9:3 28:4þ11:6þ1:4þ6:4þ6:9
�7:8�1:4�5:9�6:2

�B0 ! �K�0
0 ð1430Þ�0 26:6þ19:7þ17:3

�9:8�16:5 22:0þ1:6þ3:2þ3:9þ4:6
�0:5�3:6�3:0�4:2 6:3� 1:6

8:7þ11:7þ7:5
�5:5�3:1 74:2þ15:0þ6:4þ20:5þ17:2

�10:3�5:7�16:2�15:5

B� ! K��
0 ð1430Þ� 8:3þ21:1þ11:7

�5:4�11:7 5� 13
1:7þ0:2þ2:4

�0:2�2:4

B� ! K��
0 ð1430Þ�0 �0:3þ0:2þ0:4

�0:2�0:4 6� 20
1:2þ0:7þ1:7

�0:6�1:7
�B0 ! �K�0

0 ð1430Þ� 14:5þ36:3þ20:4
�10:8�20:4 6� 13

2:2þ0:2þ3:1
�0:2�3:1

�B0 ! �K�0
0 ð1430Þ�0 �0:2þ0:1þ0:3

�0:1�0:3 �19� 17
1:1þ0:5þ1:6

�0:5�1:6
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hTð";pTÞjðV � AÞ�jBðpBÞi
¼ ihðq2Þ����"

���pB�ðpB þ pTÞðpB � pTÞ�
þ kðq2Þ"���p

�
B þ bþðq2Þ"��	p�

Bp
	
BðpB þ pTÞ�

þ b�ðq2Þ"��	p�
Bp

	
BðpB � pTÞ�: (27)

The form factors h, k, bþ, and b� have been calculated in
the Isgur-Scora-Grinstein-Wise (ISGW) quark model [22]
and its improved version, the ISGW2 model [23]. They
have also been computed in the covariant light-front (CLF)
quark model [19] and are listed in Table VII for form
factors fitted to a 3-parameter form

Fðq2Þ ¼ Fð0Þ
1� aðq2=m2

BÞ þ bðq2=m2
BÞ2

: (28)

Notice that when q2 increases, hðq2Þ, bþðq2Þ, and b�ðq2Þ
increase more rapidly in the CLF model than in the ISGW2
model and that the form factor k in both models is quite
different.

The decay amplitude of B ! TP always has the generic
expression

AðB ! TPÞ ¼ "���p
�
Bp

�
BMðB ! TPÞ: (29)

The decay rate is given by

�ðB ! TPÞ ¼ p5
c

12�m2
T

�
mB

mT

�
2jMðB ! TPÞj2; (30)

where pc is the magnitude of the 3-momentum of either
final-state meson in the rest frame of the B meson. Since
the QCDF approach for B ! TP has not been developed,
we will reply on naive factorization to make estimates; that
is, we will not include vertex, hard spectator, and penguin
corrections in Eq. (8) for the calculation of ai.

The predictions of B ! K�
2ð1430Þ�ð0Þ in various models

are shown in Table VIII. We see that the predicted rates in
naive factorization are too small by 1 order of magnitude.5

It was found in [24] that BðB ! K�
2�

0Þ=BðB ! K�
2�Þ 	

45, a prediction not borne out by experiment. This is
ascribed to the fact that the matrix element

h�0j�s�5sj0i ¼ �i
m2

�0

2ms

fs
�0 ; (31)

used in [24] is erroneous as it does not have the correct
chiral behavior in the chiral limit; the SU(3)-singlet �1

acquires a mass of the QCD anomaly which does not
vanish in the chiral limit. Applying the anomalous equation
of motion Eq. (A7) and neglecting the masses of u and d
quarks, one gets [27,28]

h�ð0Þj�s�5sj0i ¼ �i
m2

�ð0 Þ

2ms

�
fs
�ð0 Þ �

1ffiffiffi
2

p fq
�ð0Þ

�
: (32)

Since fq
�0=

ffiffiffi
2

p
is about half of fs

�0 , this means that the �0

matrix element of the pseudoscalar density is reduced
roughly by a factor of 2. On the contrary, the � matrix
element is enhanced owing to the opposite sign of fq� and
fs�. A rigorous result without neglecting light quark masses

is h�ð0Þj�s�5sj0i ¼ �ihs
�ð0 Þ=ð2msÞ [cf. Eq. (A4)]. Since the

magnitude of hs� is numerically close to hs
�0 [see

Eq. (A12)], it becomes clear that the rate of K�
2� is com-

parable to but slightly smaller than the K�
2�

0 one. Our
results agree with [25] as we use the same form factors
derived from the CLF model.6 The predictions of [26] are
too small as the authors only considered the tree diagram
effects and neglected the important penguin contributions.
A slightly large rate of K�

2�
0 over K�

2� comes from two
sources: (i) jfs

�0 j> jfs�j and (ii) a destructive (constructive)
interference between Figs. 1(a) and 1(b) for K�

2� (K�
2�

0). It
is expected that �ðB ! K�

2�
0Þ=�ðB ! K�

2�Þ 	 2:5. Since
the predicted absolute rates are too small by 1 order of
magnitude,7 the discrepancy between theory and experi-
ment may call for the study of (i) next-to-leading order
(NLO) effects from vertex, hard spectator scattering, and
penguin corrections; (ii) power corrections from penguin
annihilation; and (iii) improved estimate of B ! T form
factors. The detailed investigation will be left to a future
work.

TABLE VII. Parameters for the B ! K�
2ð1430Þ transition form factors obtained in the covariant light-front model [19]. The form

factor k is dimensionless, while k, bþ, and b� are in units of GeV�2. The numbers in parentheses are the form factors at q2 ¼ 0
obtained using the ISGW2 model [23].

F Fð0Þ a b F Fð0Þ a b

hBK
�
2 0.008 (0.016) 2.17 2.22 kBK

�
2 0.015 (0.293) �3:70 1.78

b
BK�

2þ �0:006ð�0:006Þ 1.96 1.79 b
BK�

2� 0.002 (0.0063) 0.38 0.92

5Although the form factor kðq2Þ is very different in the CLF
and ISGW2 models, the magnitude of Fðq2Þ ¼ kðq2Þ þ ðm2

B �
m2

TÞbþðq2Þ þ q2b�ðq2Þ ¼ �0:15 in the former and 0.14 in the
latter for q2 in the range between m2

� and m2
�0 is about the same.

Consequently, the predicted rates of B ! K�
2�

ð0Þ are basically
independent of the form-factor models.

6The only difference between our work and [25] is that we use
Eq. (A4) for the �ð0Þ matrix elements of pseudoscalar densities,
while the authors of [25] use Eq. (32).

7The same issue also occurs in the D ! TP system [29]. The
predicted branching fractions based on factorization are at least 2
orders of magnitude smaller than data, even for decays free of
weak annihilation contributions. We cannot find possible sources
of rate enhancement.
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VI. CONCLUSIONS

We have studied the decays B ! Kh� and B ! Kh�
0

within the framework of QCDF for Kh ¼ K, K�, K�
0ð1430Þ

and naive factorization forKh ¼ K�
2ð1430Þ. There are three

different types of penguin contributions: (i) b! sq �q!
s�q, (ii) b ! ss �s ! s�s, and (iii) b ! sq �q ! q �Kh, cor-

responding to Figs. 1(a)–1(c), respectively. Our conclu-
sions are as follows:

(i) B ! Kð�Þ�ð0Þ decays are dominated by type-II and
type-III penguin contributions. The interference,
constructive for K�0 and K�� and destructive for
K� and K��0, between Figs. 1(b) and 1(c) explains
the pattern of �ðB ! K�0Þ � �ðB ! K�Þ and
�ðB ! K��0Þ � �ðB ! K��Þ. Within QCDF, the
observed large rate of the K�0 mode can be naturally
explained without invoking flavor-singlet contribu-
tions or something exotic. The predicted central
values of the decay rates for K���0 and K�0�0 are
smaller than BABAR but consistent with Belle.

(ii) There are two Kð�Þ�ð0Þ modes in which direct CP
asymmetries have been measured with significance
around 4�: ACPðK��Þ ¼ �0:37� 0:09 and
ACPð �K�0�Þ ¼ 0:19� 0:05. In QCDF, power correc-
tions from penguin annihilation which are needed to
resolve CP puzzles in K��þ and �þ�� modes will
flip ACPðK��Þ into a wrong sign. We show that soft
corrections to the color-suppressed tree amplitude a2
in conjunction with the charm content of the � will
finally lead to ACPðK��Þ ¼ �0:15þ0:19

�0:28. Soft correc-

tions to a2 are also needed to improve the prediction
for ACPð �K�0�Þ. The QCDF prediction is in better
agreement with experiment than pQCD and SCET.

(iii) The decay pattern of B ! K�
0ð1430Þ�ð0Þ depends on

whetherK�
0ð1430Þ is an excited state of � or a lowest-

lying P-wave q �q state. IfK�
0ð1430Þ is an excited state

of q �q, one will have a destructive (constructive)
interference of Fig. 1(b) with Figs. 1(a) and 1(c)
for K�

0� (K�
0�

0). This leads to BðB ! K�
0�

0Þ �
BðB ! K�

0�Þ. If K�
0ð1430Þ is made of the lowest-

lying q �q, we found that Figs. 1(a) and 1(c) interfere
constructively and that AðB ! K�

0�Þ=AðB !
K�

0�
0Þ � cot� with � being the �� �0 mixing

angle in the �q, �s flavor basis. Hence, K
�
0� has a

rate slightly larger thanK�
0�

0 owing to the fact that�
is less than 45�. The agreement of the latter scenario

with experiment indicates that the scalar meson
K�

0ð1430Þ is indeed a bound state of the low-lying

q �q state in P-wave.
(iv) Figure 1(c) does not contribute to B ! K�

2�
ð0Þ under

the factorization hypothesis and Fig. 1(b) dominates.
The ratio �ðB ! K�

2�
0Þ=�ðB ! K�

2�Þ is expected to
be of order 2.5 as a consequence of (i) jfs

�0 j> jfs�j
and (ii) a destructive (constructive) interference be-
tween Figs. 1(a) and 1(b) for K�

2� (K�
2�

0). However,
the predicted rates of B ! K�

2�
ð0Þ in naive factoriza-

tion are too small by 1 order of magnitude and this
issue remains to be resolved.
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APPENDIX: THE �� �0 SYSTEM

Decay constants fq
�ð0 Þ , f

s

�ð0 Þ , and fc
�ð0Þ are defined by

h0j �q���5qj�ð0Þi ¼ i
1ffiffiffi
2

p fq
�ð0 Þp�;

h0j�s���5sj�ð0Þi ¼ ifs
�ð0 Þp�;

h0j �c���5cj�ð0Þi ¼ ifc
�ð0Þp�;

(A1)

while the widely studied decay constants fq and fs are

defined as [3]

h0j �q���5qj�qi ¼ iffiffiffi
2

p fqp
�;

h0j�s���5sj�si ¼ ifsp
�:

(A2)

The ansatz made by Feldmann, Kroll, and Stech (FKS) [3]
is that the decay constants in the quark flavor basis follow
the same pattern of �� �0 mixing given in Eq. (1)

fq� fs�
fq
�0 fs

�0

 !
¼ cos� � sin�

sin� cos�

� �
fq 0
0 fs

� �
: (A3)

Empirically, this ansatz works very well [3]. Theoretically,

TABLE VIII. Branching fractions (in units of 10�6) of B ! K�
2ð1430Þð�;�0Þ decays obtained in various approaches. The predictions

of [24] are for 1=Neff
c ¼ 0:3.

Mode This work Kim-Lee-Oh [24] Munoz-Quintero [25] Sharma-Verma [26] Expt. [1,2]

B� ! K��
2 ð1430Þ� 1.1 0.031 1.19 0.01 9:1� 3:0

B� ! K��
2 ð1430Þ�0 2.7 1.4 2.70 0.007 28:0þ5:3

�5:0

�B0 ! �K�0
2 ð1430Þ� 1.0 0.029 1.09 0.01 9:6� 2:1

�B0 ! �K�0
2 ð1430Þ�0 2.5 1.3 2.46 0.006 13:7þ3:2

�3:1
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it has been shown recently that this assumption can be
justified in the large-Nc approach [30].

Consider the matrix elements of pseudoscalar densities
[31]

2mqh0j �q�5qj�ð0Þi ¼ iffiffiffi
2

p hq
�ð0Þ ;

2msh0j�s�5sj�ð0Þi ¼ ihs
�ð0 Þ :

(A4)

One can define the parameters hq and hs in analogue to fq
and fs,

2mqh0j �q�5qj�qi ¼ iffiffiffi
2

p hq; 2msh0j�s�5sj�si ¼ ihs;

(A5)

and relate them to hq;s
�;�0 by the same FKS ansatz

hq� hs�
hq
�0 hs

�0

 !
¼ cos� � sin�

sin� cos�

� �
hq 0
0 hs

� �
: (A6)

Using the equations of motion

@�ð �q���5qÞ ¼ 2imq �q�5qþ �s

4�
G��

~G��;

@�ð�s���5sÞ ¼ 2ims �s�5sþ �s

4�
G��

~G��;
(A7)

one can express all nonperturbative parameters in terms of
the decay constants fq, fs, and the mixing angle �:

hq ¼ fqðm2
�cos

2�þm2
�0sin2�Þ

� ffiffiffi
2

p
fsðm2

�0 �m2
�Þ sin� cos�;

hs ¼ fsðm2
�0cos2�þm2

�sin
2�Þ

� fqffiffiffi
2

p ðm2
�0 �m2

�Þ sin� cos�: (A8)

For numerical calculations we shall use those parameters
determined from a fit to experimental data [3]

fq ¼ ð1:07� 0:02Þf�; fs ¼ ð1:34� 0:06Þf�;
� ¼ 39:3� � 1:0�:

(A9)

The masses of �q and �s read [3]

m2
�q

¼
ffiffiffi
2

p
fq

h0jmu �ui�5uþmd
�di�5dj�qi

þ
ffiffiffi
2

p
fq

h0j �s

4�
G ~Gj�qi

� m2
� þ

ffiffiffi
2

p
fq

h0j �s

4�
G ~Gj�qi;

m2
�s

¼ 2

fs
h0jms �si�5sj�si þ 1

fs
h0j �s

4�
G ~Gj�si

� 2m2
K �m2

� þ 1

fs
h0j �s

4�
G ~Gj�si; (A10)

where contributions to their masses from the gluonic
anomaly have been included. We shall use the parameters
extracted from a phenomenological fit [3]:

1ffiffiffi
2

p
fq

h0j �s

4�
G ~Gj�qi ¼ 0:265� 0:010;

h0j �s

4�G
~Gj�qiffiffiffi

2
p h0j �s

4�G
~Gj�si

¼ fs
fq

: (A11)

Numerically,

hq� ¼ 0:0013 GeV3; hs� ¼ �0:0555 GeV3;

hq
�0 ¼ 0:0011 GeV3; hs

�0 ¼ 0:068 GeV3;

fq� ¼ 109 MeV; fs� ¼ �111 MeV;

fq
�0 ¼ 89 MeV; fs

�0 ¼ 136 MeV;

fc� ¼ �2:3 MeV; fc�0 ¼ �5:8 MeV;

m�q
¼ 741 MeV; m�s

¼ 802 MeV;

(A12)

where we have used the perturbative result [32]

fc
�ð0Þ ¼ �

m2

�ð0Þ

12m2
c

fq
�ð0 Þffiffiffi
2

p : (A13)
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