
PHYSICAL REVIEW D 73, 014017 (2006)
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The hadronic charmless B decays into a scalar meson and a pseudoscalar meson are studied within the
framework of QCD factorization. Based on the QCD sum rule method, we have derived the leading-twist
light-cone distribution amplitudes of scalar mesons and their decay constants. Although the light scalar
mesons f0�980� and a0�980� are widely perceived as primarily the four-quark bound states, in practice it is
difficult to make quantitative predictions based on the four-quark picture for light scalars. Hence,
predictions are made in the 2-quark model for the scalar mesons. The short-distance approach suffices
to explain the observed large rates of f0�980�K� and f0�980�K0 that receive major penguin contributions
from the b! ss�s process. When f0�980� is assigned as a four-quark bound state, there exist extra
diagrams contributing to B! f0�980�K. Therefore, a priori the f0�980�K rate is not necessarily
suppressed for a four-quark state f0�980�. The predicted B0 ! a�0 �980��� and a�0 �980�K� rates exceed
the current experimental limits, favoring a four-quark nature for a0�980�. The penguin-dominated modes
a0�980�K and a0�1450�K receive predominant weak annihilation contributions. There exists a twofold
experimental ambiguity in extracting the branching ratio of B� ! K�00 �1430���, which can be resolved
by measuring other K�0�1430�� modes in conjunction with the isospin symmetry consideration. Large
weak annihilation contributions are needed to explain the K�0�1430�� data. The decay B0 ! ��K�

provides a nice ground for testing the 4-quark and 2-quark nature of the � meson. It can proceed through
W-exchange and hence is quite suppressed if � is made of two quarks, while it receives a tree contribution
if � is predominately a four-quark state. Hence, an observation of this channel at the level of * 10�7 may
imply a four-quark assignment for the �. Mixing-induced CP asymmetries in penguin-dominated modes
are studied and their deviations from sin2� are found to be tiny.
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I. INTRODUCTION

The first charmless B decay into a scalar meson that has
been observed is B! f0�980�K. It was first measured by
Belle in the charged B decays to K����� and a large
branching fraction product for the f0�980�K� final states
was found [1] (updated in [2,3]) and subsequently con-
firmed by BABAR [4]. Recently, BABAR has searched for
the decays B! a0� and B! a0K for both charged and
neutral a0 mesons [5]. Many measurements of B decays to
other p-wave mesons such as K�0�1430�, f0�1370�,
f0�1500�, a1�1260�, f2�1270�, a2�1320�, and K�2�1430�
have also been reported recently by both BABAR [6–9]
and Belle [2,3,10,11]. The experimental results for the
product of the branching ratios B�B! SP� and B�S!
P1P2� are summarized in Table I, where S and P stand for
scalar and pseudoscalar mesons, respectively.

These measurements should provide information on the
nature of the even-parity mesons. It is known that the
identification of scalar mesons is difficult experimentally
and the underlying structure of scalar mesons is not well
established theoretically (for a review, see e.g. [13–15]).
Studies of the mass spectrum of scalar mesons and their
strong as well as electromagnetic decays suggest that the
light scalars below or near 1 GeV form an SU(3) flavor
nonet and are predominately the q2 �q2 states as originally
06=73(1)=014017(27)$23.00 014017
advocated by Jaffe [16], while the scalar mesons above
1 GeV can be described as a q �q nonet with a possible
mixing with 0� q �q and glueball states. It is hoped that
through the study of B! SP, old puzzles related to the
internal structure and related parameters, e.g. the masses
and widths, of light scalar mesons can receive new under-
standing. For example, it has been argued that a best
candidate to distinguish the nature of the a0�980� scalar
is B�B� ! a�0 �

0� since the prediction for a four-quark
model is 1 order of magnitude smaller than for the two-
quark assignment [17].

One of the salient features of the scalar meson is that its
decay constant is either zero or small of order md �mu,
ms �md;u. Therefore, when one of the pseudoscalar me-
sons in B! PP decays is replaced by the corresponding
scalar, the resulting decay pattern could be very different.
Consider the decays B! a0�980�� as an example. It is
expected that ��B� ! a�0 �

0� � ��B� ! a0
0�
�� and

��B0 ! a�0 �
�� � ��B0 ! a�0 �

�� as the factorizable
contribution proportional to the decay constant of the
scalar meson is suppressed relative to the one proportional
to the pseudoscalar meson decay constant. This feature can
be checked experimentally.

Experimentally, BABAR [7] and Belle [2] have adopted
different approaches for parametrizing the nonresonant
-1 © 2006 The American Physical Society
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TABLE I. Experimental branching ratio products (in units of 10�6) of B decays to final states containing scalar mesons. The third
error whenever occurred represents the model dependence.

Mode BABAR [4–9] Belle [2,3,10–12] Average

B�B� ! ���� <4:1 <4:1
B�B� ! f0�980�K��B�f0�980� ! ����� 9:3� 1:0� 0:5�0:3

�0:7
a 8:8� 0:8� 0:7�0:6

�1:6
a 9:1�0:8

�1:1

B�B� ! f0�980�K��B�f0�980� ! K�K�� <2:9 <2:9
B�B0 ! f0�980�K0�B�f0�980� ! ����� 5:5� 0:7� 0:6 7:60� 1:66� 0:59�0:48

�0:67 5:9� 0:8
B�B� ! f0�980����B�f0�980� ! ����� <3:0 <3:0
B�B� ! a0

0�980�K��B�a0�980�0 ! ��0� <2:5 <2:5
B�B� ! a�0 �980�K0�B�a0�980�� ! ���� <3:9 <3:9
B�B� ! a0

0�980����B�a0�980�0 ! ��0� <5:8 <5:8
B�B0 ! a�0 �980�K��B�a0�980�� ! ���� <2:1 <1:6 <1:6
B�B0 ! a0

0�980�K0�B�a0�980�0 ! ��0� <7:8 <7:8
B�B0 ! a�0 �980����B�a0�980�� ! ���� <5:1 <2:8 <2:8
B�B� ! f0�1370�K��B�f0�1370� ! ����� <10:7 <10:7
B�B� ! f0�1370����B�f0�1370� ! ����� <3:0 <3:0
B�B� ! f0�1500�K��B�f0�1500� ! ����� <4:4 <4:4
B�B� ! K�00 �1430����B�K�00 �1430� ! K���� 34:4� 1:7� 1:8�0:1

�1:4
b 27:9� 1:8� 2:6�8:5

�5:4
c

5:1� 1:4� 0:5�1:9
�0:5

c

B�B0 ! K��0 �1430����B�K��0 �1430� ! K0��� 30:8� 2:4� 2:4�0:8
�3:0 30:8�3:5

�4:5
B�B0 ! K��0 �1430����B�K��0 �1430� ! K��0� 11:2� 1:5� 3:5 11:2� 3:8d

B�B0 ! K�00 �1430��0�B�K�00 �1430� ! K���� 7:9� 1:5� 2:7 7:9� 3:1d

aThe previously published results are �9:2� 1:2�2:1
�2:6� 
 10�6 by BABAR [4] and �7:6� 1:2�1:6

�1:2� 
 10�6 by Belle [2].
bThe BABAR result is for B� ! �K���00 �

� followed by �K���00 ! K��� The �K���00 component consists of a nonresonant effective
range term plus the K�00 �1430� resonance itself. Using the knowledge of the composition of the K�00 �1430� component, BABAR
obtained the branching ratio of B� ! K�00 �1430��� as shown in Eq. (2.4).
cTwo solutions with significantly different branching ratios of the B� ! K�0�1430�0�� channel but similar likelihood values were
obtained by Belle from the fit to K����� events [2]. A new Belle measurement of K����� yields 32:0� 1:0� 2:4�1:1

�1:9 for the
larger solution [3].
dThe results B�B0 ! K��0 �1430����B�K��0 �1430� ! K��0� � �5:1� 1:5�0:6

�0:7� 
 10�6 and B�B0 ! K�00 �1430��0�B�K�00 �1430� !
K���� � �6:1�1:6�0:5

�1:5�0:6� 
 10�6 are quoted in [8] as Belle measurements, but they will not be included for the average as we cannot
find these results in any Belle publications.
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amplitudes in the 3-body decays B� ! K�����. Belle
found two solutions with significantly different fractions of
the B� ! K�0�1430�0�� channel from the fit to K�����

events. At first sight, it appears that the solution with the
larger branching ratio, namely, B�B� ! K�0�1430�0��� 	
45
 10�6 [see Eq. (2.4) below], is preferable as it is
TABLE II. Experimental branching ratios (in
containing scalar mesons.

Mode Br

B�B� ! ���� <4:1
B�B� ! f0�980���� <5:7
B�B� ! f0�980�K�� 17:1�3:3

�3:5

B�B� ! a0
0�980���� <6:9

B�B� ! a0
0�980�K�� <3:0

B�B� ! a�0 �980�K0� <4:6
B�B� ! K�00 �1430���� 38:2�4:6

�4:5

aExperimentally, one cannot separate B0 from
indicate ��B0 ! a�0 �

�� � ��B0 ! a�0 �
�� (see

014017
consistent with the BABAR measurement and supported
by a phenomenological estimate in [18]. However, since
the counterpart of this decay in the 2 pseudoscalar produc-
tion, namely, B� ! K0�� has a branching ratio of order
24
 10�6 [19], one may wonder why the K�00 �

� produc-
tion is much more favorable than K0��, while the K�00 �

0

units of 10�6) of B decays to final states

Mode Br

B�B0 ! f0�980�K0� 11:1� 2:4
B�B0 ! a�0 �980���� <3:3 a

B�B0 ! a0
0�980�K0� <9:2

B�B0 ! a�0 �980�K�� <1:9
B�B0 ! K�00 �1430��0� 12:7� 5:4
B�B0 ! K��0 �1430���� 47:2�5:6

�6:9

B0 decays, though theoretical calculations
Table V).
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TABLE III. Experimental results of direct CP asymmetries in B decays to final states containing scalar mesons.

Mode BABAR [7–9,21] Belle [2,3,22,23] Average

B� ! f0�980�K� 0:09� 0:10� 0:03�0:14
�0:10 �0:077� 0:065� 0:030�0:041

�0:016 �0:020�0:068
�0:065

B0 ! f0�980�K0 0:24� 0:31� 0:15 �0:23� 0:23� 0:13 �0:06� 0:21

B� ! f0�980��� �0:50� 0:54� 0:06 �0:50� 0:54

B� ! K�00 �1430��� �0:06� 0:03�0:05
�0:06 0:06� 0:05�0:02

�0:32 �0:05�0:05
�0:08

B0 ! K��0 �1430��� �0:07� 0:12� 0:08 �0:07� 0:14

B0 ! K�00 �1430��0 �0:34� 0:15� 0:11 �0:34� 0:19
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mode is comparable to K0�0 (see Table II). In this work,
we shall examine the K�0� modes carefully within the
framework of QCD factorization [20].

Direct CP asymmetries in f0K and K�0�1430�� modes
have been measured recently by BABAR and Belle (see
Table III). Since direct CP violation is sensitive to the
strong phases involved in the decay processes, the com-
parison between theory and experiment will provide infor-
mation on the strong phases necessary for producing the
measured direct CP asymmetries.

The layout of the present paper is as follows. In Sec. II,
we extract the absolute branching ratios of B! SP from
the measured product of the branching ratios B�B! SP�
and B�S! P1P2�. The physical properties of the scalar
mesons such as the quark contents, decay constants, form
factors and their light-cone distribution amplitudes are
discussed in Sec. III. We then apply QCD factorization in
Sec. IV to calculate the branching ratios and CP asymme-
tries for B! SP decays. Section V contains our conclu-
sions. The factorizable amplitudes of various B! SP
decays are summarized in Appendix A). Based on the
QCD sum rule method, the decay constants and the
leading-twist light-cone distribution amplitudes of the sca-
lar mesons are evaluated in Appendices B and C,
respectively.

II. EXPERIMENTAL STATUS

The experimental results for the product of the branch-
ing ratios B�B! SP� and B�S! P1P2� are summarized
in Table I. Here we shall try to determine B�B! SP�
given the information on B�S! P1P2�. The absolute
branching ratios for B! f0�980�K and f0�980�� depend
critically on the branching fraction of f0�980� ! ��. For
this purpose, we shall use the results from the most recent
analysis of [24], namely, ��� � 64� 8 MeV, �K �K �
12� 1 MeV and �tot � 80� 10 MeV for f0�980�.
Therefore,
014017
B�f0�980� ! ����� � 0:53� 0:09;

B�f0�980� ! K�K�� � 0:08� 0:01:
(2.1)

The obtained ratio r � B�f0�980� ! �����=
B�f0�980� ! K�K�� ’ 7:1 is consistent with the
result of r > 3:0�0:4

�0:7 inferred from the Belle measurements
of B�B� ! f0�980�K� ! ����K�� and B�B� !
f0�980�K� ! K�K�K�� (see Table I).

For a0, we apply the Particle Data Group (PDG) average
��a0 ! KK�=��a0 ! ��� � 0:183� 0:024 [25] to ob-
tain

B �a0�980� ! ��� � 0:845� 0:017: (2.2)

Needless to say, it is of great importance to have more
precise measurements of the branching fractions of f0 and
a0. For K�0�1430� we have [25]

B �K�00 ! K���� � 2
3�0:93� 0:10�;

B�K�00 ! K0�0� � 1
3�0:93� 0:10�:

(2.3)

As noted in Table I, Belle found two solutions for the
branching ratios of B� ! K�0�1430�0�� from the fit to
B� ! K����� events [2]. BABAR [7] adopted a different
approach to analyze the K����� data by parametrizing
K�0�1430�0�� and the nonresonant component by a
single amplitude suggested by the Large Aperture
Superconducting Solenoid spectrometer (LASS) collabo-
ration to describe the scalar amplitude in elastic K� scat-
tering. As commented in [2], while this approach is
experimentally motivated, the use of the LASS parametri-
zation is limited to the elastic region of M�K�� &

2:0 GeV, and an additional amplitude is still required for
a satisfactory description of the data. Therefore, additional
external information is needed in order to resolve the
ambiguity in regard to the branching fraction of B� !
K�0�1430�0�� [2,7]:
B �B� ! K�0�1430�0��� �

8><>:
�37:0� 1:8� 1:9�0:1

�1:5 � 4:1� 
 10�6; BABAR;
�45:0� 2:9� 4:2�13:7

�8:7 � 4:8� 
 10�6; Belle �solution I�;
�8:2� 2:2� 0:8�3:1

�0:8 � 0:9� 
 10�6; Belle �solution II�;
(2.4)

where the fourth error is due to the uncertainty on the branching fraction of K�0�1430� ! K� [see Eq. (2.3)]. For the
BABAR result, the uncertainty on the proportion of the �K���00 component due to the K�00 �1430� resonance is also included
in the fourth error.
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As shown in Sec. IV B 3, the aforementioned ambiguity can be resolved by measuring other K�0�1430�� modes. The
�I � 0 penguin dominance implies, for example, the isospin relation ��B� ! K�00 �

�� � ��B0 ! K��0 ���. The recent
measurements of the three-body decays B0 ! K����0 by BABAR [8] and B0 ! K0

S�
��� by Belle [12] yield [8,12]

B �B0 ! K�0�1430����� �
�
�36:1� 4:8� 11:3� 3:9� 
 10�6; BABAR;
�49:7� 3:8� 3:8�1:2

�4:8� 
 10�6; Belle.
(2.5)
It is clear that the isospin relation is well respected by both
BABAR and Belle measurements of K�00 �

� and K��0 ��

and that the smaller of the two solutions found by Belle
(solution II) is ruled out.

Experimental measurements of direct CP asymmetries
for various B! SP decays are shown in Table III. We see
that BABAR and Belle results for direct CP violation are
consistent with zero.

III. PHYSICAL PROPERTIES OF SCALAR
MESONS

It is known that the underlying structure of scalar me-
sons is not well established theoretically (for a review, see
e.g. [13–15]). It has been suggested that the light scalars
below or near 1 GeV—the isoscalars f0�600� (or �),
f0�980�, the isodoublet K�0�800� (or �), and the isovector
a0�980�—form a SU(3) flavor nonet, while scalar mesons
above 1 GeV, namely, f0�1370�, a0�1450�, K�0�1430�, and
f0�1500�=f0�1710�, form another nonet. A consistent pic-
ture [15] provided by the data suggests that the scalar
meson states above 1 GeV can be identified as a conven-
tional q �q nonet with some possible glue content, whereas
the light scalar mesons below or near 1 GeV form predom-
inately a qq �q �q nonet [16,26] with a possible mixing with
0� q �q and glueball states. This is understandable because
in the q �q quark model, the 0� meson has a unit of orbital
angular momentum and hence it should have a higher mass
above 1 GeV. On the contrary, four quarks q2 �q2 can form a
0� meson without introducing a unit of orbital angular
momentum. Moreover, color and spin dependent interac-
tions favor a flavor nonet configuration with attraction
between the qq and �q �q pairs. Therefore, the 0� q2 �q2 nonet
has a mass near or below 1 GeV. This four-quark scenario
explains naturally the mass degeneracy of f0�980� and
a0�980�, the broader decay widths of ��600� and ��800�
than f0�980� and a0�980�, and the large coupling of
f0�980� and a0�980� to KK. The four-quark flavor wave
functions of light scalar mesons are symbolically given by
[16]

� � u �ud �d; f0 � s�s�u �u� d �d�=
���
2
p
;

a0
0 �

1���
2
p �u �u� d �d�s�s; a�0 � u �ds�s; a�0 � d �us �s;

�� � u �sd �d; �0 � d �su �u;

��0 � s �du �u; �� � s �ud �d: (3.1)

This is supported by a lattice calculation [26].
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While the above-mentioned four-quark assignment of
light scalar mesons is certainly plausible when the light
scalar meson is produced in low-energy reactions, one may
wonder if the energetic f0�980� produced in B decays is
dominated by the four-quark configuration as it requires to
pick up two energetic quark-antiquark pairs to form a fast-
moving light four-quark scalar meson. The Fock states of
f0�980� consist of q �q, q2 �q2, q �qg;    , etc. Naively, it is
expected that the distribution amplitude of f0�980� would
be smaller in the four-quark model than in the two-quark
picture.

In the naive 2-quark model, the flavor wave functions of
the light scalars read

� �
1���
2
p �u �u� d �d�; f0 � s�s;

a0
0 �

1���
2
p �u �u� d �d�; a�0 � u �d; a�0 � d �u;

�� � u �s; �0 � d �s; ��0 � s �d; �� � s �u;

(3.2)
where the ideal mixing for f0 and � is assumed as f0�980�
is the heaviest and � is the lightest one in the light scalar
nonet. In this picture, f0�980� is purely a s�s state and this is
supported by the data of D�s ! f0�

� and �! f0�
implying the copious f0�980� production via its s�s compo-
nent. However, there also exist some experimental eviden-
ces indicating that f0�980� is not purely a s�s state. First, the
observation of ��J= ! f0!� �

1
2 ��J= ! f0�� [25]

clearly indicates the existence of the nonstrange and
strange quark content in f0�980�. Second, the fact that
f0�980� and a0�980� have similar widths and that the f0

width is dominated by�� also suggests the composition of
u �u and d �d pairs in f0�980�; that is, f0�980� ! �� should
not be OZI suppressed relative to a0�980� ! ��.
Therefore, isoscalars ��600� and f0 must have a mixing

jf0�980�i � js�si cos�� jn �ni sin�;

j��600�i � �js�si sin�� jn �ni cos�; (3.3)
with n �n � � �uu� �dd�=
���
2
p

.
Experimental implications for the f0 � � mixing angle

have been discussed in detail in [26–29]:
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J= ! f0�; f0!) � � �34� 6�� or � � �146� 6��;

R � 4:03� 0:14) � � �25:1� 0:5�� or � � �164:3� 0:2��;

R � 1:63� 0:46) � � �42:3�8:3
�5:5�

� or � � �158� 2��;

�! f0�; f0 ! ��) � � �5� 5�� or � � �138� 6��;

QCD sum rules and f0 data) � � �27� 13�� or � � �153� 13��;

QCD sum rules and a0 data) � � �41� 11�� or � � �139� 11��;

(3.4)
1The estimate by Chernyak [18], namely, fK�0 � �70�
10� MeV, seems to be too large.
where R � g2
f0K�K�

=g2
f0����

measures the ratio of the
f0�980� coupling to K�K� and ����. In short, � lies in
the ranges of 25� < �< 40� and 140� < �< 165�. Note
that the phenomenological analysis of the radiative decays
�! f0�980�� and f0�980� ! �� favors the second solu-
tion, namely, � � �138� 6��. The fact that phenomeno-
logically there does not exist a unique mixing angle
solution may already indicate that f0�980� and � are not
purely q �q bound states.

Likewise, in the four-quark scenario for light scalar
mesons, one can also define a similar f0 � � mixing angle

jf0�980�i � jn �ns�si cos�� ju �ud �di sin�;

j��600�i � �jn �ns �si sin�� ju �ud �di cos�:
(3.5)

It has been shown that � � 174:6� [30].

A. Decay constants

To proceed we first discuss the decay constants of the
pseudoscalar meson P and the scalar meson S defined by

hP�p�j �q2�	�5q1j0i � �ifPp	;

hS�p�j �q2�	q1j0i � fSp	; hSj �q2q1j0i � mS
�fS:

(3.6)

If the scalar meson is a four-quark bound state, it is
pertinent to consider the interpolating current jS, for ex-
ample,

jf0
�

1���
2
p 
abc
dec��uTaC�5sb�� �ud�5C�sTe ���u!d��; (3.7)

with a; b; c    being the color indices and C the charge
conjugation matrix. The coupling of the scalar meson S to
the scalar current jS is parametrized in terms of the scalar
decay constant FS defined by

hSjjSj0i �
���
2
p
FSm

4
S: (3.8)

The neutral scalar mesons �, f0, and a0
0 cannot be

produced via the vector current owing to charge conjuga-
tion invariance or conservation of vector current:

f� � ff0
� fa0

0
� 0: (3.9)

For other scalar mesons, the vector decay constant fS and
the scale-dependent scalar decay constant �fS are related by
equations of motion
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	SfS � �fS; with 	S �
mS

m2�	� �m1�	�
; (3.10)

where m2 and m1 are the running current quark masses.
Therefore, contrary to the case of pseudoscalar mesons, the
vector decay constant of the scalar meson, namely, fS,
vanishes in the SU(3) or isospin limit. For example, the
vector decay constant of K��0 (a�0 ) is proportional to the
mass difference between the constituent s (d) and u quarks;
that is, the decay constants of K�0�1430� and the charged
a0�980� are suppressed. In short, the vector decay constants
of scalar mesons are either zero or small.

For light scalar mesons, only two estimates of FS in the
four-quark scenario are available in the literature [31,32]
and all other decay constant calculations are done in the 2-
quark picture for light scalars. The results of FS are [32]

F� � �7:5� 1:0� MeV; F� � �1:6� 0:3� MeV;

Ff0
� Fa0

� �1:1� 0:1� MeV: (3.11)

We now turn to the model calculations in which the light
scalar is assumed to be a two-quark bound state. Based on
the finite-energy sum rule, Maltman obtained [33]

fa0�980� � 1:1� 0:2 MeV; fa0�1450� � 0:7� 0:1 MeV;

fK�0 � 42� 2 MeV; (3.12)

in accordance with the ranges estimated by Narison [34]

fa0�980� � 0:7–2:5 MeV; fK�0 � 33–46 MeV: (3.13)

A different calculation of the scalar meson decay constants
based on the generalized NLJ model yields [35]

fa0�980� � 1:6 MeV; fa0�1450� � 0:4 MeV;

fK�0 � 31 MeV:
(3.14)

Note that in [33,35] the a0 decay constant is defined with
an extra factor of �ms �mu�=�md �mu�. We have taken
the quark masses ms � 119 MeV, md � 6:3 MeV, and
mu � 3:5 MeV at 	 � 1 GeV to convert it into our con-
vention. Based on the QCD sum rule method, a recent
estimate of the K�0�1430� scalar decay constant yields
�fK�0 � 427� 85 MeV at 		 1 GeV [36] which corre-
sponds to fK�0 � 34� 7 MeV.1
-5
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Because of the f0 � � mixing, we shall treat f0 and �
separately. Just like the case of � and �0, each meson is
described by four decay constants:2

hf0j �uuj0i �
1���
2
p mf0

�fnf0
;

hf0j �ssj0i � mf0
�fsf0
;

h�j �uuj0i �
1���
2
p m�

�fn�;

h�j �ssj0i � m�
�fs�;

(3.15)

or

hfn0 j �uuj0i �
1���
2
p mf0

~fnf0
;

hfs0j �ssj0i � mf0
~fsf0
;

h�nj �uuj0i �
1���
2
p m�

~fn�;

h�sj �ssj0i � m�
~fs�;

(3.16)

where fn0 ; �
n � �nn and fs0; �

s � �ss. It follows that [37]

�fnf0
� ~fnf0

sin�; �fsf0
� ~fsf0

cos�;

�fn� � ~fn� cos�; �fs� � �~fs� sin�:
(3.17)

Using the QCD sum-rule method, the scalar decay constant
~fsf0

defined in Eq. (3.16) has been estimated in [38,39] with
similar results, namely, ~fsf0

� 180 MeV at a typical had-
ronic scale. Taking into account the scale dependence of
~ff0

and radiative corrections to the quark loops in the OPE
series, we have made a careful evaluation of the scalar
decay constant in [40] using the sum rule approach. Our
updated results for ~fsf0

and ~fa0
of order 370 MeV at 	 �

1 GeV (see Appendix B) are much larger than previous
estimates.3 Note that taking fa0

� 1:1 MeV from
Eq. (3.12) leads to �fa0

�1 GeV� � 385 MeV, which is
also very similar to our estimate. Therefore, a typical scalar
decay constant of the scalar meson is above 300 MeV. In
Appendix B we give a complete summary on the sum rule
estimates of scalar meson decay constants.

B. Light-cone distribution amplitudes

The twist-2 light-cone distribution amplitude (LCDA)
�S�x� and twist-3 �s

S�x� and ��
S �x� for the scalar meson S

made of the quarks q2 �q1 are given by
2Note that ha0j �ssj0i � 0 even when a0 is a four-quark bound
state. This is because �ss is an isospin singlet while a0 is an
isospin triplet.

3The decay constants ~fsf0
and ~fnf0

have been determined
separately in using the sum rule approach and they are found
to be very close. Hence, for simplicity, we shall assume ~fsf0

�
~fnf0

in the present work.
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hS�p�j �q2�z2��	q1�z1�j0i � p	
Z 1

0
dxei�xpz2� �xpz1��S�x�;

hS�p�j �q2�z2�q1�z1�j0i � mS

Z 1

0
dxei�xpz2� �xpz1��s

S�x�;

hS�p�j �q2�z2��	�q1�z1�j0i � �mS�p	z� � p�z	�



Z 1

0
dxei�xpz2� �xpz1�

��
S �x�
6

;

(3.18)

with z � z2 � z1, �x � 1� x, and their normalizations areZ 1

0
dx�S�x� � fS;Z 1

0
dx�s

S�x� �
Z 1

0
dx��

S �x� � �fS:
(3.19)

The definitions of LCDAs given in Eq. (3.18) can be
combined into a single matrix element

hS�p�j �q2��z2�q1��z1�j0i

�
1

4

Z 1

0
dxei�xpz2� �xpz1�

�
6p�S�x�

�mS

�
�s
S�x� � �	�p

	z�
��
S �x�
6

��
��
: (3.20)

In general, the twist-2 light-cone distribution amplitude �S
has the form

�S�x;	�� �fS�	�6x�1�x�




"
B0�	��

X1
m�1

Bm�	�C
3=2
m �2x�1�

#
; (3.21)

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

Gegenbauer polynomials. The normalization condition
(3.19) indicates

B0 � 	�1
S ; (3.22)

where we have applied Eq. (3.10) and neglected the con-
tributions from the even Gegenbaur moments. It is clear
that the B0 term is either zero or small of ordermd �mu or
ms �md;u, so are other even Gegenbaur moments [see also
Eq. (C3)]. For the neutral scalar mesons f0, a0

0 and�, B0 �
0 and only odd Gegenbauer polynomials contribute. The
LCDA also can be recast to the form

�S�x;	� � fS6x�1� x�

"
1�	S

X1
m�1

Bm�	�C
3=2
m �2x� 1�

#
;

(3.23)

which we shall use for later purposes. Since 	S � 1 and
even Gegenbauer coefficients are suppressed, it is clear that
the LCDA of the scalar meson is dominated by the odd
Gegenabuer moments. In contrast, the odd Gegenbauer
moments vanish for the � and  mesons.
-6
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When the three-particle contributions are neglected, the
twist-3 two-particle distribution amplitudes are determined
by the equations of motion, leading to

�1� 2x��s
S�x� �

���
S �x��

0

6
; (3.24)

where use of Eq. (3.18) has been made. This means that we
shall take the asymptotic forms

�s
S�x� � �fS; ��

S �x� � �fS6x�1� x�; (3.25)

recalling that it has been shown to the leading conformal
expansion, the asymptotic forms of the twist-3 distribution
amplitudes are the same as that for the pseudoscalar me-
sons [41]. The corresponding light-cone projection opera-
tor of Eq. (3.20) in momentum space can be obtained by
assigning momenta [20]

k	1 � xp	 � k	? �
~k2
?

2xp  �p
�p	;

k	2 � �xp	 � k	? �
~k2
?

2�xp  �p
�p	;

(3.26)

to the quark and antiquark in the scalar meson, where �p is a
lightlike vector whose 3-components point into the oppo-
site direction of ~p. As stressed in [20], the collinear ap-
proximation for the parton momentum (e.g. k1 � xp and
k2 � �xp) can be taken only after the light-cone projection
has been applied. The light-cone projection operator of the
scalar meson in momentum space then reads

MS
�� �

1

4

�
6p�S�x� �mS

6k2 6k1

k2  k1
�s
S�x�

�
��
; (3.27)

where use of Eq. (3.25) has been made. By comparison, the
longitudinal part of the projection operator for the vector
meson is given by [42]

�MV
k
��� � �

ifV
4

�
6p�V�x� �

mVf
?
V

fV

6k2 6k1

k2  k1
�v�x�

�
��
;

(3.28)

where the definitions for the twist-3 function �v�x� and the
transverse decay constant f?V can be found in [42].
Therefore, the hard-scattering kernels for SP mesons in
the final state can be obtained from those for VP by
performing the replacements fV�V�x� ! i�S�x� and
mVf

?
V �v�x� ! �imS�s

S�x�, recalling that the normaliza-
tion for �V and �v is given by [42]Z 1

0
dx�V�x� � 1;

Z 1

0
dx�v�x� � 0: (3.29)

Just as the decay constants for f0�980� and �, their
LCDAs should also be treated separately. The twist-2 and
twist-3 distribution amplitudes ��q�S and ��q�sS �q � n; s�,4

respectively, are given by
4The quark flavor s should not be confused with the super-
script s for the twist-3 LCDA �s�x�.
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hS�n��p�j �n�z��	n�0�j0i � p	
Z 1

0
dxeixpz��n�S �x�;

hS�s��p�j�s�z��	s�0�j0i � p	
Z 1

0
dxeixpz��s�S �x�;

hS�n��p�j �n�z�n�0�j0i � m�n�S
Z 1

0
dxeixpz��n�sS �x�;

hS�s��p�j�s�z�s�0�j0i � m�s�S
Z 1

0
dxeixpz��s�sS �x�:

(3.30)

They satisfy the relations �S�x� � ��S�1� x� due to
charge conjugation invariance (that is, the distribution
amplitude vanishes at x � 1=2) and �s

S�x� � �s
S�1� x�

so thatZ 1

0
dx��n;s�S �x� � 0;

Z 1

0
dx��n;s�sS �x� � ~fn;sS ; (3.31)

with ~fn;sS being defined in Eq. (3.16). Hence, the light-cone
distribution amplitudes for S � f0; � read

��n;s�S �x;	�� ~fn;sS 6x�1�x�
X

m�1;3;5;

B�n;s�m �	�C3=2
m �2x�1�:

(3.32)
The LCDAs are

�f0
�x;	� � ��s�f0

cos����n�f0
sin�;

���x;	� � ���s�� sin����n�� cos�:
(3.33)

Since the B0 term in the LCDA for the charged a0 is of
order md �mu, it can be safely neglected. Hence, in
practice we shall use the same LCDA for both neutral
and charged a0 scalar mesons.

Based on the QCD sum rule technique, the Gegenbauer
moments in Eq. (3.32) have been evaluated in [40] up to
m � 5. For an updated analysis, see Appendix C. Note that
our result �fa0

Ba0
1 � �340 MeV is much larger than the

estimate of j �fB1ja0
� 100 MeV at 	 � mb inferred from

the analysis in [43] (see Eq. (52) of [43]).
For pseudoscalar mesons, the asymptotic forms for

twist-2 and twist-3 distribution amplitudes for pseuodsca-
lar mesons are

�P�x� � fP6x�1� x�; �p
P�x� � fP;

��
P�x� � fP6x�1� x�:

(3.34)

C. Form factors

Form factors for B! P; S transitions are defined by [44]

hP�p0�jV	jB�p�i �
�
P	 �

m2
B �m

2
P

q2 q	

�
FBP1 �q

2�

�
m2
B �m

2
P

q2 q	F
BP
0 �q

2�;

hS�p0�jA	jB�p�i � �i
��
P	 �

m2
B �m

2
S

q2 q	

�
FBS1 �q

2�

�
m2
B �m

2
S

q2 q	FBS0 �q
2�

�
; (3.35)
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where P	 � �p� p
0�	, q	 � �p� p0�	. As shown in

[45], a factor of ��i� is needed in B! S transition in order
for the B! S form factors to be positive. This also can be
checked from heavy quark symmetry [45].

Various form factors for B! S transitions have been
evaluated in the relativistic covariant light-front quark
model [45]. In this model form factors are first calculated
in the spacelike region and their momentum dependence is
fitted to a 3-parameter form

F�q2� �
F�0�

1� a�q2=m2
B� � b�q

2=m2
B�

2 : (3.36)

The parameters a, b, and F�0� are first determined in the
spacelike region. This parametrization is then analytically
continued to the timelike region to determine the physical
form factors at q2 � 0. The results relevant for our pur-
poses are summarized in Table IV. Note that the calculation
of B to scalar meson form factors in [45] coauthored
by two of us is for the case where the scalar meson
is made of q �q0 quarks. Since it is possible that
K�0�1430�; a0�1450�; f0�1500� are the first excited states
of �; a0�980� and f0�980�, respectively, we also extend
the calculation to the case where K�0�1430� and a0�1450�
are first excited states by working out their wave functions
from a simple-harmonic-oscillator-type potential. The re-
sultant form factors are shown in Table IV.

Assuming that the light scalar mesons are the bound
states of q �q, form factors for B to light scalar mesons also
can be estimated in this approach. Taking the decay con-
stants of f0�980� and a0�980� estimated in Appendix B, it
is found that the form factor of B to f0�980� or a0�980� is of
order 0.25 at q2 � 0. Therefore, the form factor FBa0�980�

0 is
not necessarily smaller than FB�0 . This is understandable
because the a0�980� distribution amplitude peaks at x	
0:25 and x	 0:75 while the pion LCDA peaks at x � 1=2.
As pointed out in [43], since �a0

is more pronounced
towards the endpoints x � 0 and x � 1, it can have a
greater overlap with the highly asymmetric wave function
of the B meson than the pion wave function can.
Consequently, the B to a0�980� transition form factor is
anticipated to be at least of the same order as the B! �
TABLE IV. Form factors of B! �;K; a0�1450
riant light-front model [45].

F F�0� F�q2
max� a b

FB�1 0.25 1.16 1.73 0.95
FBK1 0.35 2.17 1.58 0.68
FBa0�1450�

1 0.26 0.68 1.57 0.70
0.21a 0.52a 1.66a 1.00a

F
BK�0
1 0.26 0.70 1.52 0.64

0.21a 0.52a 1.59a 0.91a

aForm factors obtained by considering the scalar m
the corresponding light scalar meson.

014017
case. Note that based on the light-cone sum rules,
Chernyak [18] has estimated the B! a0�1450� transition
form factor and obtained FBa0�1450�

0 �0� � 0:46, while our
result is 0.26 and is similar to the B! � form factor at
q2 � 0. We will make a comment on this when discussing
the decay B0 ! a�0 �1450��� in Sec. IV B.
IV. B! SP DECAYS

A. Decay amplitudes in QCD factorization

We shall use the QCD factorization approach [20,42] to
study the short-distance contributions to the decays B!
f0�980�K;K�0�1430��, and a0�; a0K for a0 � a0�980� and
a0�1450�. In QCD factorization, the factorization ampli-
tudes of the above-mentioned decays are summarized in
Appendix A. The effective parameters api with p � u; c in
Eq. (A5) can be calculated in the QCD factorization ap-
proach [20]. They are basically the Wilson coefficients in
conjunction with short-distance nonfactorizable correc-
tions such as vertex corrections and hard spectator inter-
actions. In general, they have the expressions [20,42]
api �M1M2� � ci �
ci�1

Nc
�
ci�1

Nc

CF�s
4�

�
Vi�M2�

�
4�2

Nc
Hi�M1M2�

�
� Ppi �M2�; (4.1)
where i � 1;    ; 10, the upper (lower) signs apply when i
is odd (even), ci are the Wilson coefficients, CF � �N2

c �
1�=�2Nc� with Nc � 3, M2 is the emitted meson and M1

shares the same spectator quark with the B meson. The
quantities Vi�M2� account for vertex corrections,
Hi�M1M2� for hard spectator interactions with a hard gluon
exchange between the emitted meson and the spectator
quark of the Bmeson and Pi�M2� for penguin contractions.
The vertex and penguin corrections for SP final states have
the same expressions as those for PP states and can be
found in [20,42]. Using the general LCDA
�; K�0�1430� transitions obtained in the cova-

F F�0� F�q2
max� a b

FB�0 0.25 0.86 0.84 0.10
FBK0 0.35 0.80 0.71 0.04

FBa0�1450�
0 0.26 0.35 0.55 0.03

0.21a 0.33a 0.73a 0.09a

F
BK�0
0 0.26 0.33 0.44 0.05

0.21a 0.30a 0.59a 0.09a

eson above 1 GeV as the first excited state of
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�M�x;	� � fM6x�1� x�
�

1�
X1
n�1

�Mn �	�C
3=2
n �2x� 1�

�
(4.2)

with �n � 	SBn for the scalar meson [see Eq. (3.23)] and
applying Eq. (37) in [42] for vertex corrections, we obtain
(apart from the decay constant fM)

Vi�M� � 12 ln
mb

	
� 18�

1

2
� 3i��

�
11

2
� 3i�

�
�M1

�
21

20
�M2 �

�
79

36
�

2i�
3

�
�M3 �    ; (4.3)

for i � 1� 4; 9; 10,

Vi�M� � �12 ln
mb

	
� 6�

1

2
� 3i��

�
11

2
� 3i�

�
�M1

�
21

20
�M2 �

�
79

36
�

2i�
3

�
�M3 �    ; (4.4)

for i � 5; 7 and Vi�M2� � �6 for i � 6; 8 in the naive
dimensional regularization scheme for �5. The expressions
of Vi�M� up to the �M2 term are the same as that in [20].

As for the hard spectator function H, it reads

Hi�M1M2� �
1

fM2
FBM1

0 �0�m2
B

Z 1

0

d


�B��
Z 1

0

d�
��

�M2
���



Z 1

0

d�
��

�
�M1
��� � rM1

�

��
�

�m1
���

�
; (4.5)

for i � 1� 4; 9; 10,
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Hi�M1M2���
1

fM2
FBM1

0 �0�m2
B

Z 1

0

d


�B��
Z 1

0

d�
�

�M2
���



Z 1

0

d�
��

�
�M1
����rM1

�
�
��
�m1
���

�
; (4.6)

for i � 5; 7 and Hi � 0 for i � 6; 8, where �� � 1� � and
�� � 1� �, �M (�m) is the twist-2 (twist-3) light-cone
distribution amplitude of the meson M. The ratios rP�, rV�,
and rS� are defined in Eqs. (A4) and (A1). As shown in
Appendix A, the factorizable amplitudes APS and ASP have
an opposite relative sign [see Eq. (A3)] and one has to
replace rV� by �rS� when M1 is a scalar meson. This
amounts to changing the sign of the first term in the
expression of Hi�M1M2� for a scalar meson M1.

Weak annihilation contributions are described by the
terms bi, and bi;EW in Eq. (A5) which have the expressions

b1�
CF
N2
c
c1Ai1; b3�

CF
N2
c
�c3Ai1�c5�Ai3�A

f
3��Ncc6A

f
3�;

b2�
CF
N2
c
c2Ai1; b4�

CF
N2
c
�c4Ai1�c6A

f
2�;

b3;EW�
CF
N2
c
�c9Ai1�c7�Ai3�A

f
3��Ncc8Ai3�;

b4;EW�
CF
N2
c
�c10Ai1�c8Ai2�;

(4.7)

where the subscripts 1,2,3 of Ai;fn denote the annihilation
amplitudes induced from �V � A��V � A�, �V � A��V �
A� and �S� P��S� P� operators, respectively, and the
superscripts i and f refer to gluon emission from the initial
and final-state quarks, respectively. Their explicit expres-
sions are given by
Ai1 �
Z
  

8<: ��M2
�x��M1

�y�� 1
y�1�x �y� �

1
�x2y
� � rM1

� rM2
� �m2

�x��m1
�y� 2

�xy�; for M1M2 � PS;

��M2
�x��M1

�y�� 1
y�1�x �y� �

1
�x2y� � r

M1
� rM2

� �m2
�x��m1

�y� 2
�xy�; for M1M2 � SP;

Ai2 �
Z
  

8<: ���M2
�x��M1

�y�� 1
�x�1�x �y� �

1
�xy2� � r

M1
� rM2

� �m2
�x��m1

�y� 2
�xy�; for M1M2 � PS;

���M2
�x��M1

�y�� 1
�x�1�x �y� �

1
�xy2� � r

M1
� rM2

� �m2
�x��m1

�y� 2
�xy�; for M1M2 � SP;

Ai3 �
Z
  

8<
: �r

M1
� �M2

�x��m1
�y� 2�y

�xy�1�x �y� � r
M2
� �M1

�y��m2
�x� 2x

�xy�1�x �y��; for M1M2 � PS;

��rM1
� �M2

�x��m1
�y� 2 �y

�xy�1�x �y� � r
M2
� �M1

�y��m2
�x� 2x

�xy�1�x �y��; for M1M2 � SP;

Af3 �
Z
  

8<: �r
M1
� �M2

�x��m1
�y� 2�1� �x�

�x2y � r
M2
� �M1

�y��m2
�x� 2�1�y�

�xy2 �; for M1M2 � PS;

��rM1
� �M2

�x��m1
�y� 2�1� �x�

�x2y
� rM2

� �M1
�y��m2

�x� 2x
�xy�1�x �y��; for M1M2 � SP;

Af1 � Af2 � 0;

(4.8)

where
R
   � ��s

R
1
0 dxdy, �x � 1� x and �y � 1� y. Note that we have adopted the same convention as in [42] that M1

contains an antiquark from the weak vertex with longitudinal fraction �y, while M2 contains a quark from the weak vertex
with momentum fraction x.

Using the asymptotic distribution amplitudes for pseudoscalar mesons and keeping the LCDA of the scalar meson to the
third Gegenbaur polynomial in Eq. (3.23), the annihilation contributions can be simplified to
-9



Ai1�PS� � 2fPfS��s

�
9	S

�
B1�3XA � 4� �2� � B3

�
10XA �

23

18
�

10

3
�2

��
� rS�r

P
�X

2
A

�
;

Ai2�PS� � 2fPfS��s

�
�9	S

�
B1�XA � 29� 3�2� � B3

�
XA �

2956

9
�

100

3
�2

��
� rS�rP�X2

A

�
;

Ai3�PS� � 6fPfS��s

�
rP�	S

�
3B1

�
X2
A � 4XA � 4�

�2

3

�
� 10B3

�
X2
A �

19

3
XA �

191

18
�
�2

3

��
� rS�

�
X2
A � 2XA �

�2

3

��
;

Af3�PS� � 6fPfS��sXA

�
rP�	S

�
B1�6XA � 11� � B3

�
20XA �

187

3

��
� rS��2XA � 1�

�
;

(4.9)
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5B decays into light scalar mesons are not listed in Tables VI
and VIII as we do not have a handle for light scalars made of four
quarks as explained in the text.
for M1M2 � PS, and

Ai1�SP� � Ai2�PS�; Ai2�SP� � Ai1�PS�;

Ai3�SP� � �A
i
3�PS�; Af3�SP� � Af3�PS�;

(4.10)

for M1M2 � SP, where the endpoint divergence XA is
defined in Eq. (4.11). As noticed in passing, for neutral
scalars �, f0, and a0

0, one needs to express fSrS� by �fS �rS�
and fS	S by �fS. Numerically, the dominant annihilation
contribution arises from the factorizable penguin-induced
annihilation characterized by Af3 . Physically, this is be-
cause the penguin-induced annihilation contribution is
not subject to helicity suppression.

Although the parameters ai�i � 6; 8� and a6;8r� are
formally renormalization scale and �5 scheme indepen-
dent, in practice there exists some residual scale depen-
dence in ai�	� to finite order. To be specific, we shall
evaluate the vertex corrections to the decay amplitude at
the scale 	 � mb=2. In contrast, as stressed in [20], the
hard spectator and annihilation contributions should be
evaluated at the hard-collinear scale 	h �

����������
	�h

p
with

�h � 500 MeV. There is one more serious complication
about these contributions; that is, while QCD factorization
predictions are model independent in the mb ! 1 limit,
power corrections always involve troublesome endpoint
divergences. For example, the annihilation amplitude has
endpoint divergences even at twist-2 level and the hard
spectator scattering diagram at twist-3 order is power sup-
pressed and posses soft and collinear divergences 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 phenomeno-
logical way. We shall follow [20] to parametrize the end-
point divergence XA �

R
1
0 dx= �x in the annihilation

diagram as

XA � ln
�
mB

�h

�
�1� Ae

i�A�; (4.11)

with the unknown real parameters A and �A. Likewise,
the endpoint divergence XH in the hard spectator contribu-
tions can be parametrized in a similar manner.

Besides the penguin and annihilation contributions for-
mally of order 1=mb, there may exist other power correc-
tions which unfortunately cannot be studied in a
systematical way as they are nonperturbative in nature.
The so-called ‘‘charming penguin’’ contribution is one of
014017
the long-distance effects that have been widely discussed.
The importance of this nonpertrubative effect has also been
conjectured to be justified in the context of soft-collinear
effective theory [46]. More recently, it has been shown that
such an effect can be incorporated in final-state interac-
tions [47]. However, in order to see the relevance of the
charming penguin effect to B decays into scalar reso-
nances, we need to await more data with better accuracy.

B. Results and discussions

While it is widely believed that f0�980� and a0�980� are
predominately four-quark states, in practice it is difficult to
make quantitative predictions on hadronic B! SP decays
based on the four-quark picture for light scalar mesons as it
involves not only the unknown form factors and decay
constants that are beyond the conventional quark model
but also additional nonfactorizable contributions that are
difficult to estimate (an example will be shown shortly
below). Hence, we shall assume the two-quark scenario
for f0�980� and a0�980�.

For form factors we shall use those derived in the
covariant light-front quark model [45]. For Cabibbo-
Kobayashi-Maskawa quark-mixing matrix (CKM) ele-
ments we use the updated Wolfenstein parameters A �
0:825, � � 0:2262, � � 0:207 and �� � 0:340 [48]. For
the running current quark masses we employ

mb�mb� � 4:2 GeV; mb�2:1 GeV� � 4:95 GeV;

mb�1 GeV� � 6:89 GeV; mc�mb� � 1:3 GeV;

mc�2:1 GeV� � 1:51 GeV;

ms�2:1 GeV� � 90 MeV; ms�1 GeV� � 119 MeV;

md�1 GeV� � 6:3 MeV; mu�1 GeV� � 3:5 MeV:

(4.12)

The strong coupling constants are given by

�s�2:1 GeV� � 0:303; �s�1 GeV� � 0:517; (4.13)

corresponding to the world average �s�mZ� � 0:1213 [25].
The calculated results for branching ratios and CP

asymmetries are exhibited in Tables V, VI, VII, and
VIII.5 In these tables we have included theoretical errors
-10



TABLE V. Branching ratios (in units of 10�6) of B decays to final states containing scalar mesons. The theoretical errors correspond
to the uncertainties due to (i) the Gegenbauer moments B1;3, the scalar meson decay constants, (ii) the heavy-to-light form factors and
the strange quark mass, and (iii) the power corrections due to weak annihilation and hard spectator interactions, respectively. The
predicted branching ratios of B! f0�980�K; f0�980�� are for the f0 � � mixing angle � � 155�. For light scalar mesons f0�980�,
a0�980�, and � we have assumed the 2-quark content for them. The scalar mesons a0�1450� and K�0�1450� are treated as the first excited
states of a0�980� and �, respectively, corresponding to scenario 1 explained in Appendices B and C. Experimental results are taken
from Table II.

Mode Theory Expt Mode Theory Expt

B� ! f0�980�K� 15:6�0:3�4:7�5:4
�0:3�3:3�2:4 17:1�3:3

�3:5 B0 ! f0�980�K0 13:3�0:2�4:1�4:5
�0:2�2:9�2:1 11:2� 2:4

B� ! f0�980��� 0:9�0:0�0:3�0:2
�0:0�0:2�0:0 <5:7 B0 ! f0�980��0 0:03�0:01�0:03�0:08

�0:01�0:00�0:01

B� ! a0
0�980�K� 2:2�0:7�0:7�7:6

�0:5�0:5�1:7 <3:0 B0 ! a�0 �980�K� 4:3�1:3�1:4�14:8
�1:1�1:0�3:4 <1:9

B� ! a�0 �980�K0 4:9�1:4�1:8�16:1
�1:1�1:2�4:0 <4:6 B0 ! a0

0�980�K0 2:4�0:7�0:9�7:9
�0:6�0:6�2:0 <9:2

B� ! a0
0�980��� 3:4�0:2�1:0�0:4

�0:2�0:8�0:4 <6:9 B0 ! a�0 �980��� 7:6�0:7�2:0�2:2
�0:6�1:8�1:6 <3:3 a

B� ! a�0 �980��0 0:2�0:1�0:0�0:2
�0:1�0:0�0:1 B0 ! a�0 �980��� 0:6�0:2�0:1�0:7

�0:1�0:1�0:3

B0 ! a0
0�980��0 0:2�0:1�0:0�0:1

�0:1�0:0�0:0

B� ! a0
0�1450�K� 5:6�2:2�3:5�8:6

�1:7�1:9�5:2 B0 ! a�0 �1450�K� 11:1�4:4�6:9�17:1
�3:4�3:8�10:2

B� ! a�0 �1450�K0 14:1�5:0�8:2�18:9
�3:9�4:6�14:0 B0 ! a0

0�1450�K0 6:6�2:3�3:9�9:0
�1:9�2:2�6:6

B� ! a0
0�1450��� 4:1�0:5�1:1�1:3

�0:4�1:0�1:1 B0 ! a�0 �1450��� 12:9�2:3�2:4�10:0
�2:0�2:2�7:5

B� ! a�0 �1450��0 0:6�0:2�0:1�0:5
�0:2�0:1�0:3 B0 ! a�0 �1450��� 0:1�0:1�0:1�0:9

�0:1�0:0�0:0

B0 ! a0
0�1450��0 0:3�0:2�0:1�0:2

�0:1�0:1�0:1

B� ! K�00 �1430��� 1:0�0:8�2:0�19:5
�0:5�0:7�0:9 38:2�4:6

�4:5 B0 ! K��0 �1430��� 1:1�0:8�2:1�17:7
�0:5�0:9�1:0 47:2�5:6

�6:9

B� ! K��0 �1430��0 0:3�0:3�0:8�8:9
�0:2�0:2�0:3 B0 ! K�00 �1430��0 0:6�0:4�1:0�8:8

�0:3�0:5�0:5 12:7� 5:4

aThe cited upper limit 3:3
 10�6 is for B0 ! a�0 �980���.
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arising from the uncertainties in the Gegenbauer moments
B1;3 (cf. Appendix C), the scalar meson decay constant fS
or �fS (see Appendix B), the form factors FBP;BS, the quark
masses and the power corrections from weak annihilation
and hard spectator interactions characterized by the pa-
rameters XA and XH, respectively. For form factors
we assign their uncertainties to be �FBP;BS�0� � �0:03,

for example, FBK0 �0� � 0:35� 0:03 and F
BK�0
0 �0� �

0:26� 0:03. The strange quark mass is taken to be
ms�2 GeV� � 90� 20 MeV. For the quantities XA and
XH we adopt the form (4.11) with A;H � 0:5 and arbitrary
strong phases �A;H. Note that the central values (or ‘‘de-
fault’’ results) correspond to A;H � 0 and �A;H � 0.

To obtain the errors shown in Tables V, VI, VII, and VIII,
we first scan randomly the points in the allowed ranges of
TABLE VI. Same as Table V except that the mesons a0�1450�
corresponding to scenario 2 explained in Appendices B and C.

Mode Theory Expt

B� ! a0
0�1450�K� 0:2�0:2�0:1�17:6

�0:0�0:1�0:0

B� ! a�0 �1450�K0 0:1�0:6�0:3�35:9
�0:0�0:0�0:1

B� ! a0
0�1450��� 2:5�0:3�0:9�1:2

�0:3�0:7�0:8

B� ! a�0 �1450��0 1:1�0:4�0:1�1:1
�0:3�0:1�0:6

B� ! K�00 �1430��� 11:0�10:3�7:5�49:9
�6:0�3:5�10:1 38:2�4:6

�4:5

B� ! K��0 �1430��0 5:3�4:7�1:6�22:3
�2:8�1:7�4:7
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the above six parameters in three separated groups: the first
two, the second two and the last two, and then add errors in
each group in quadrature. Therefore, the first theoretical
error shown in the Tables is due to the variation of B1;3 and
fS, the second error comes from the uncertainties of the
form factors and the strange quark mass, while the third
error from the power corrections due to weak annihilation
and hard spectator interactions.

Just like the B decays into PP or VP final states in the
QCD factorization approach [20,42], the theoretical errors
are dominated by the 1=mb power corrections due to weak
annihilation. However, it is clear from Tables V-VI that
the theoretical uncertainties in decay rates due to weak
annihilation in some B! SP decays, e.g. B!
a0�980�K; a0�1450�K and K�0�1430�� can be much larger
and K�0�1450� are treated as the lowest lying scalar states,

Mode Theory Expt

B0 ! a�0 �1450�K� 0:3�0:5�0:3�36:4
�0:0�0:1�0:0

B0 ! a0
0�1450�K0 0:1�0:3�0:2�17:7

�0:0�0:0�0:0

B0 ! a�0 �1450��� 3:1�1:0�1:3�6:8
�0:9�1:0�1:8

B0 ! a�0 �1450��� 0:5�0:2�0:2�2:6
�0:2�0:2�0:3

B0 ! a0
0�1450��0 0:7�0:3�0:1�0:5

�0:2�0:0�0:3

B0 ! K��0 �1430��� 11:3�9:4�3:7�45:8
�5:8�3:7�9:9 47:2�5:6

�6:9

B0 ! K�00 �1430��0 6:4�5:4�2:2�26:1
�3:3�2:1�5:7 12:7� 5:4
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TABLE VIII. Same as Table VI except for CP asymmetries (in %).

Mode Theory Expt Mode Theory Expt

B� ! a0
0�1450�K� 54:7�2:3�3:6�10:4

�33:1�16:2�101:0 B0 ! a�0 �1450�K� 53:3�4:8�5:3�10:0
�35:0�18:3�96:4

B� ! a�0 �1450�K0 19:9�4:1�8:8�8:4
�17:0�13:5�4:5 B0 ! a0

0�1450�K0 4:9�0:6�0:5�1:9
�6:5�6:2�6:2

B� ! a0
0�1450��� �0:9�0:2�0:1�6:3

�0:2�0:3�6:6 B0 ! a�0 �1450��� �0:7�0:0�0:3�46:9
�0:0�0:2�45:2

B� ! a�0 �1450��0 �41:4�6:7�1:0�123:7
�6:2�1:7�64:8 B0 ! a�0 �1450��� 37:6�10:0�1:3�48:6

�11:9�2:1�68:0

B0 ! a0
0�1450��0 20:8�7:5�3:3�43:3

�4:9�4:0�45:6

B� ! K�00 �1430��� 1:1�1:3�0:2�8:0
�0:7�0:1�17:8 �5�5

�8 B0 ! K��0 �1430��� �3:8�1:9�0:3�8:3
�3:6�0:3�13:2 �7� 14

B� ! K��0 �1430��0 4:2�3:6�1:2�5:0
�2:9�1:2�3:7 B0 ! K�00 �1430��0 0:6�0:5�0:1�0:7

�0:3�0:1�0:7 �34� 19

TABLE VII. Same as Table V except for CP asymmetries (in %).

Mode Theory Expt Mode Theory Expt

B� ! f0�980�K� 0:4�0:0�0:0�0:6
�0:0�0:0�0:6 �2:0�6:8

�6:5 B0 ! f0�980�K0 0:7�0:0�0:0�0:1
�0:0�0:0�0:1 �6� 21

B� ! f0�980��� �2:0�0:2�0:1�43:0
�0:2�3:4�41:9 �50� 54 B0 ! f0�980��0 38:6�11:8�2:9�44:1

�11:0�18:3�114:4

B� ! a0
0�980�K� 3:8�1:6�1:5�52:8

�1:1�1:5�63:6 B0 ! a�0 �980�K� 3:4�1:4�1:4�51:3
�1:0�1:4�61:9

B� ! a�0 �980�K0 0:9�0:1�0:1�1:2
�0:1�0:2�0:9 B0 ! a0

0�980�K0 0:7�0:1�0:1�1:0
�0:1�0:1�0:5

B� ! a0
0�980��� �0:6�0:1�0:1�3:6

�0:1�0:2�3:8 B0 ! a�0 �980��� �0:3�0:2�0:5�23:6
�0:2�0:3�22:8

B� ! a�0 �980��0 �65:9�6:1�7:8�24:6
�8:3�5:2�22:0 B0 ! a�0 �980��� 76:5�5:9�4:0�21:0

�10:5�5:9�36:1

B0 ! a0
0�980��0 34:3�12:3�9:1�28:6

�8:3�11:6�30:5

B� ! a0
0�1450�K� 0:9�0:5�0:9�21:4

�0:3�0:6�18:7 B0 ! a�0 �1450�K� 0:9�0:5�0:9�19:7
�0:3�0:6�18:9

B� ! a�0 �1450�K0 0:3�0:1�0:1�0:2
�0:1�0:1�6:6 B0 ! a0

0�1450�K0 0:3�0:1�0:1�0:2
�0:0�0:1�1:7

B� ! a0
0�1450��� �2:9�0:2�0:4�5:4

�0:2�0:3�5:7 B0 ! a�0 �1450��� 0:4�0:1�0:5�36:2
�0:1�0:3�35:4

B� ! a�0 �1450��0 19:8�1:8�3:2�44:9
�6:4�3:6�46:6 B0 ! a�0 �1450��� 59:2�13:8�12:6�33:0

�36:7�66:6�152:7

B0 ! a0
0�1450��0 �32:8�11:7�7:8�66:2

�16:7�6:6�52:4

B� ! K�00 �1430��� �4:4�2:8�4:1�63:8
�4:9�25:7�30:5 �5�5

�8 B0 ! K��0 �1430��� 15:1�5:0�18:5�16:1
�3:6�5:9�21:2 �7� 14

B� ! K��0 �1430��0 �42:1�12:6�78:6�128:7
�10:1�2:1�12:3 B0 ! K�00 �1430��0 3:4�0:4�0:3�10:8

�0:3�7:4�9:1 �34� 19
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than the default central values, while in B! PP or VP
decays, the errors due to XA;H are comparable to or smaller
than the central values (see e.g. Table 2 of [42]). This can
be understood as follows. Consider the penguin-induced
annihilation diagram for B! PP. Its amplitude is helicity
suppressed as the helicity of one of the final-state mesons
cannot match with that of its quarks. However, this helicity
suppression can be alleviated in the scalar meson produc-
tion because of the nonvanishing orbital angular momen-
tum Lz with the scalar state. Consequently, weak
annihilation contributions to B! SP can be much larger
than the B! PP case.

Finally, it is worth mentioning that we shall implicitly
use the narrow width approximation in the calculation of
TABLE IX. Mixing-induced CP parameter �S � sin2�eff � sin2�
The sources of theoretical errors are same as in previous tables exc

Mode Theory (Scenari

B0 ! f0
0�980�KS 0:023�0:000�0:000�0:

�0:000�0:000�0:

B0 ! a0
0�980�KS 0:022�0:000�0:000�0:

�0:000�0:000�0:

B0 ! a0
0�1450�KS 0:023�0:000�0:000�0:

�0:000�0:000�0:

B0 ! K�00 �1430��0 0:004�0:005�0:010�0:
�0:008�0:040�0:
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the B decays into resonances; that is, we will neglect the
finite width effect even for very broad resonances such as�
and � states. Under the narrow width approximation, the
resonant decay rate respects a simple factorization relation
(see e.g. [49])

��B! SP! P1P2P� � ��B! SP�B�S! P1P2�:

(4.14)

It has been shown in [49] that in practice, this factorization
relation works reasonably well even for charmed meson
decays as long as the two-body decay D! SP is kine-
matically allowed and the resonance is narrow. The off
resonance peak effect of the intermediate resonant state
CKM in scenarios 1 and 2 as explained in Appendices B and C.
ept the last one is from the uncertainty in the unitarity angle �.

o 1) Theory (Scenario 2)
001�0:001
001�0:001
005�0:001
006�0:001
027�0:001
001�0:001 0:021�0:014�0:008�0:031�0:001

�0:000�0:000�0:009�0:001
030�0:000
036�0:000 0:021�0:001�0:000�0:004�0:001

�0:002�0:013�0:008�0:001
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FIG. 2 (color online). The branching ratio of B� !
f0�980�K� versus the mixing angle � of strange and nonstrange
components of f0�980�, where the middle bold solid curve inside
the allowed region corresponds to the central value. For sim-
plicity, theoretical errors due to weak annihilation and hard
spectator interactions are not taken into account. The horizontal
band within the dashed lines shows the experimentally allowed
region with one sigma error.
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FIG. 1 (color online). Penguin contributions to B� !
f0�980�K�.

CHARMLESS HADRONIC B DECAYS INVOLVING . . . PHYSICAL REVIEW D 73, 014017 (2006)
will become important only when D! SP is kinemati-
cally barely or even not allowed. The factorization relation
presumably works much better in B decays due to its large
energy release.

1. B! f0�980�K and a0�980�K decays

The decay mode B! f0�980�K has been studied in [50]
within the framework of the pQCD approach based on the
kT factorization theorem. It is found that the branching
ratio is of order 5
 10�6 (see Fig. 2 of the second refer-
ence in [50]), which is smaller than the measured value by
a factor of 3.

The penguin-dominated B! f0K decay receives two
different types of penguin contributions as depicted in
Fig. 1. In the expression of B! f0K decay amplitudes

given in Eq. (A5), the superscript u of the form factor F
Bfu0
0

reminds us that it is the u quark component of f0 involved
in the form factor transition [Fig. 1(a)]. In contrast, the
superscript s of the decay constant �fsf0

indicates that it is
the strange quark content of f0 responsible for the penguin
contribution of Fig. 1(b). Note that a4 and a6 penguin terms
contribute constructively to �0K� but destructively to
f0K

�. Therefore, the contribution to B! f0K from
Fig. 1(a) will be severely suppressed. Likewise, the con-
tribution from Fig. 1(b) is suppressed by �rf0

� 	mf0
=mb.

Hence, it is naively expected that the f0K rate is smaller
than the �0K one. However, as shown in Appendix B, the
scale-dependent decay constant �fsf0

is much larger than f�
owing to its scale dependence and the large radiative
corrections to the quark loops in the OPE series. As a
consequence, the branching ratio of B! f0K turns out
to be comparable to and even larger than B! �0K.

Based on the QCD factorization approach, we obtain
B�B� ! f0K�� � �9:0� 13:5� 
 10�6 for 25� < �<
40� and �12:0� 17:2� 
 10�6 for 140� < �< 165�

(Fig. 2), where only the central values are quoted.6
6The calculated branching ratios in the present work are
slightly larger than that in [40] because of the larger scalar decay
constant �fsf0

and different estimates of the leading-twist LCDA
for f0�980�. It was originally argued in [40] that while the
extrinsic gluon contribution to B! f0K is negligible, the in-
trinsic gluon within the B meson may play an eminent role for
the enhancement of f0�980�K.
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Hence, the short-distance contributions suffice to explain
the observed large rates of f0K� and f0K

0.
Thus far we have discussed f0K modes with the two-

quark assignment for the f0�980�. It is natural to ask what
will happen if f0 is a four-quark bound state. Naively, one
may wonder if the energetic f0�980� produced in B decays
is dominated by the four-quark configuration as it requires
to pick up two energetic quark-antiquark pairs to form a
fast-moving light four-quark scalar meson. The Fock states
of f0�980� consist of q �q, q2 �q2, q �qg;    ; etc. It is thus
expected that the distribution amplitude of f0 would be
smaller in the four-quark model than in the two-quark
picture. Naively, the observed B! f0�980�K rates seem
to imply that the two-quark component of f0�980� play an
essential role for this weak decay.

Nevertheless, as pointed out in [32], the number of the
quark diagrams for the penguin contributions to B!
f0�980�K (Fig. 3) in the four-quark scheme for f0�980� is
2 times as many as that in the usual 2-quark picture (Fig. 1).
That is, besides the factorizable diagrams in Fig. 3(a), there
exist two more nonfactorizable contributions depicted in
Fig. 3(b). Therefore, a priori there is no reason that the
B! f0�980�K rate will be suppressed if f0 is a four-quark
state. However, in practice, it is difficult to give quantita-
tive predictions based on this scenario as the nonfactoriz-
able diagrams are usually not amenable. Moreover, even
for the factorizable contributions, the calculation of the
f0�980� decay constant and its form factors is beyond the
conventional quark model, though an attempt has
been made in [32]. In order to make quantitative calcula-
tions for B! f0�980�K, we have assumed the conven-
tional 2-quark description of the light scalar mesons.
However, as explained before, the fact that its rate can be
-13
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accommodated in the 2-quark picture for f0�980� does not
mean that the measurement of B! f0K can be used to
distinguish between the 2-quark and 4-quark assignment
for f0�980�.

We next turn to B! a0�980�K decays. A main differ-
ence between a0

0K and f0K modes is that the latter receives
the dominant contribution from the s quark component of
the f0 [see Fig. 1(b)], while such a contribution vanishes in
the former mode even when a0

0 is assigned with the
s�s�u �u� d �d�=

���
2
p

quark content. Because of the destructive
interference between the a4 and a6 terms, the penguin
contributions related to the u quark component of the a0

and f0 are largely suppressed. Consequently, the weak
annihilation contribution becomes as important as the pen-
guin one. For example, the branching ratio of a0

0K
� is of

order 3:3
 10�7 in the absence of weak annihilation,
while it becomes 2:4
 10�6 when weak annihilation is
turned on. From Table V we see that ��B! a0

0K� �
��B! f0K� and the a�0 K rate is enhanced by a factor of
2 for charged a0. The predicted central value of B�B0 !
a�0 K

�� is larger than the current upper limit by a factor of
2. However, one cannot conclude definitely at this stage
that the 2-quark picture for a0�980� is ruled out since it is
still consistent with experiment when theoretical uncer-
tainties are taken into account. Nevertheless, as we shall
see below, when the unknown parameter A for weak
annihilation is fixed to be of order 0.7 in order to accom-
modate the K�0�1430�� data, this in turn implies too large
a0�980�K rates compared to experiment. There will be
more about this when we discuss B! K�0�1430�� decays.
Note that the prediction of B�B� ! a�0 �980�K0� � 15

10�6 made in [51] in the absence of the gluonic component
is ruled out by experiment.
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2. B! a0�980��; f0�980�� decays

The tree dominated decays B! a0�980��; f0�980��
are governed by the B! a0 and B! fu0 transition form
factors, respectively. The f0� rate is rather small because
of the small u �u component in the f0�980� and the destruc-
tive interference between a4 and a6 penguin terms. Since
the B! a0�980� form factor is predicted to be similar to
that for B! � one according to the covariant light-front
model (see Sec. III C), it is interesting to compare B!
a0� decays with B! ��. First, B0 ! a�0 �

� is highly
suppressed. This means that the B0 � B0 interference plays
no role in the a�0 �

� channels. Thus the decays B0 !
a�0 �

� are expected to be self-tagging; that is, the charge
of the pion identifies the B flavor. Second, we see from
Table V that the branching ratio B�B0 ! a�0 �

�� 	 7:6

10�6 is slightly larger than B�B0 ! ����� �
�4:5� 0:4� 
 10�6 [19] and that B�B� ! ���0�>
B�B� ! a0

0�
��>B�B� ! a�0 �

0�.
Just as the a�0 K

� mode, the predicted branching ratio
B�B0 ! a�0 �980���� � �8:2�0:9�2:1�2:9

�0:7�1:9�1:9� 
 10�6 exceeds
the current experimental limit of 3:3
 10�6 by more
than a factor of 2 (cf. Table V). If the measured rate of
a�0 �

� is at the level of �1–2� 
 10�6 or even smaller, this
will imply a substantially smaller B! a0 form factor than
the B! � one. Hence, the four-quark explanation of the
a0 (see Fig. 4) is preferred to account for the B! a0 form
factor suppression. We shall see later that since a0�1450�
can be described by the q �q quark model, the study of
a�0 �1450��� relative to a�0 �980��� can provide a more
strong test on the quark content of a0�980�. It has been
claimed in [52] that the positive identification of B0=B0 !
a�0 �980��� is an evidence against the four-quark assign-
ment of a0�980� or else for breakdown of perturbative
QCD. We disagree and we argue below that if the branch-
ing ratio of B0 ! a�0 �1450��� is measured at the level of
3
 10�6 and the a�0 �980��� rate is found to be smaller,
say, of order �1	 2� 
 10�6, it will be likely to imply a
-14
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2-quark nature for a0�1450� and a four-quark assignment
for a0�980�.

In short, although it is unlikely that the penguin-
dominated decay B! f0K can be used to distinguish
between the 2-quark and 4-quark assignment for f0�980�,
the decays B! a0� and a0K may serve for the same
purpose for a0�980�. For example, the former mode is
tree dominated and its amplitude is proportional to the
form factor FBa0

0 which is suppressed in the four-quark
model for a0�980�. It has been claimed in [17] that a best
candidate to distinguish the nature of the a0 scalar is
B�B� ! a�0 �

0� as the prediction for a four-quark model
is 1 order of magnitude smaller than for the two-quark
assignment. We see from Table V that the branching ratio
of this mode is only of order 2
 10�7 even when a0�980�
is treated as a 2-quark state. Experimentally, it would be
extremely difficult to test the a0�980� nature from the study
of a�0 �980��0.

It is commonly assumed that only the valence quarks of
the initial and final state hadrons participate in the decays.
Nevertheless, a real hadron in QCD language should be
described by a set of Fock states for which each state has
the same quantum number as the hadron. For example,

ja��980�i �  a0

u �d
ju �di �  a0

u �dg
ju �dgi �  a0

u �ds�s
ju �ds �si � . . . :

(4.15)

The possibility that a0�980� can be viewed as a bound state
of four quarks at low energies, while its 2-quark component
manifests at high energies is also allowed by current
experiments.

Note that the production of a0�980� in hadronic B decays
has not been seen so far and only some limits have been set.
In contrast, the a0�980� production in charm decays has
been measured in several places, e.g.D0 ! K0a0

0�980� and
K�a�0 �980� in the three-body decays D0 ! K�K�K0

[53]. It is conceivable that the scalar resonance a0�980�
in B decays will be seen at B factories soon.

3. B! K�0�1430�� decays

For weak decays involving scalar mesons above 1 GeV
such as K�0�1430�, a0�1450� and f0�1500� we consider two
different scenarios to evaluate their decay constants and
LCDAs based on the QCD sum rule method (see
Appendices B and C): (i) K�0�1430�; a0�1450�; f0�1500�
are treated as the first excited states of �; a0�980� and
f0�980�, respectively, and (ii) they are the lowest lying
resonances and the corresponding first excited states lie
in between �2:0–2:3� GeV. Scenario 2 corresponds to the
case that light scalar mesons are four-quark bound states,
while all scalar mesons are made of two quarks in scenario
1. The resultant decay constants and LCDAs for the scalar
mesons above 1 GeV in these two different scenarios are
summarized in Appendices B and C. The B! K�0�1430�
form factors in scenarios 1 and 2 can be found in Table IV.
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It should be stressed that the decay constants of
K�0�1430�; a0�1450�; f0�1500� have the signs flipped from
scenario 1 to scenario 2 as explained in footnote 9 in
Appendix B.

As mentioned in the Introduction, there exists a twofold
experimental ambiguity in extracting the branching ratio of
B� ! K�0�1430�0��: Belle found two different solutions
for its branching ratios from the fit to B� ! K�����

events [2]. The larger solution is consistent with BABAR
[7] while the other one is smaller by a factor of 5 [see
Eq. (2.4)]. It appears that the larger of the two solutions,
namely, B�B� ! K�0�1430�0��� 	 45
 10�6 , is prefer-
able as it is consistent with the BABAR measurement and
supported by a phenomenological estimate in [18].
However, since B� ! K0�� has a branching ratio of order
24
 10�6 [19], one may wonder why the K�00 �

� produc-
tion is much more favorable than K0��, while the K�00 �

0

mode is comparable to K0�0 (see Table II).
To proceed we consider the pure penguin decays B� !

K�00 �
� and B� ! K0�� for the purpose of illustration.

The dominant penguin amplitudes read [see also Eq. (A5)]

A�B� ! K�00 �
�� / �ap4 � r

K�0
� a

p
6 ��K�0fK�0F

B�
0 �m

2
K�0
�


 �m2
B �m

2
��;

A�B� ! K0��� / �ap4 � r
K
�a

p
6 ��KfKF

B�
0 �m

2
K�


 �m2
B �m

2
��; (4.16)

where we have neglected annihilation contributions for the
time being. Although the decay constant of K�0�1430�,
which is 37� 4 MeV in scenario 2 [cf. Equation (B16)],
is much smaller than that of the kaon, it is compensated by

the large ratio r
K�0
� � 8:9 at 	 � 2:1 GeV compared to

rK� � 1:1. Since the penguin coefficient a6 is the same
for both K�0� and K� modes, it is thus expected that
��K�00 �

��=��K0��� � 3:2 in the absence of the a4 con-
tribution. When a4 is turned on, we notice that its contri-
bution is destructive to K�00 �

� and constructive to K0��.
In order to see the effect of a4 explicitly we give the
numerical results for the relevant api ��K

�
0� at the scale	 �

2:1 GeV

a1�1:417� i0:181; a2�0:673� i0:111;

au4��0:199� i0:009; ac4��0:162� i0:059;

au6��0:0558� i0:0163; ac6��0:0602� i0:0039;

au8��79:4� i4:8�
10�5; ac8��78:5� i2:4�
10�5;

au10��70� i64�
10�4; ac10��70� i62�
10�4;

(4.17)

and for api ��K�
-15
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a1�0:993� i0:0288; a2�0:144� i0:111;

au4��0:0267� i0:0183; ac4��0:0343� i0:0064;

au6��0:0568� i0:0163; ac6��0:0612� i0:0039;

au8��74:4� i4:5�
10�5; ac8��73:6� i2:3�
10�5;

au10���208� i90�
10�5; ac10���209� i90�
10�5;

(4.18)

where scenario 2 has been used to evaluate both api ��K
�
0�

and api ��K�. Comparing Eq. (4.17) and (4.18), it is evident
that vertex and spectator interaction corrections to
a1; a2; a4 and a10 for �K�0 are quite large compared to
the corresponding ai��K� due mainly to the different
nature of the K�0 LCDA. Note that the a6 and a8 penguin
terms remain intact as they do not receive vertex and hard
spectator interaction contributions. Since the magnitude of
ap4 ��K

�
0� is increased significantly, it is clear that the

K�00 �
� rate eventually becomes slightly smaller than

K0�� due to the large destructive contribution from
ap4 ��K

�
0�. Hence, we conclude that B�B� ! K�00 �

�� 	

1
 10�5 	 1
2B�B

� ! K0��� in the absence of weak an-
nihilation contributions.

From Tables V and VI it is clear that when weak anni-
hilation is turned on, the K�0� rates are highly suppressed
in scenario 1 due to the large destructive contributions from
the defaulted weak annihilation. In order to accommodate
the data, one has to take into account the power corrections
due to the nonvanishing A and H from weak annihilation
and hard spectator interactions, respectively. Since power
corrections are dominated by weak annihilation, a fit to the
data yields A 	 0:4 for scenario 2 and A 	 0:7 for sce-
nario 1, where we have taken �A � 0.

We see from Eq. (A5) that the amplitudes of B� !
K�00 �

� and B0 ! K��0 �� are identical when the small
contributions from the electroweak penguin and �ua1,
�ub2 terms are neglected. This amounts to assuming
the dominance of the �I � 0 penguin contributions.
Hence, these two modes should have the same rates under
the isospin approximation [54]. Likewise, ��B0 !
K�00 �

0�=��B0 ! K��0 ��� � 1=2 is expected to hold in
the isospin limit. Indeed, it is found in QCD factorization
calculations that7
7From Table V and Eq. (4.19), it appears that the mode K��0 �0

does not respect the approximated isospin relation ��B� !
K��0 �0�=��B0 ! K��0 ��� � 1=2. This is mainly ascribed to
the large cancellation between penguin and annihilation terms
in the amplitude of B� ! K��0 �0 [see Eq. (A5)] and the remain-
ing term proportional to �a2�

p
u � 3�a9 � a7�=2� breaks isospin

symmetry.
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R1 �
B�B0 ! K�00 �1430��0�

B�B0 ! K��0 �1430����

�

�
0:51�0:01�0:08�0:04

�0:02�0:02�0:06 scenario 1;
0:47�0:01�0:02�0:04

�0:02�0:01�0:10 scenario 2;

R2 �
B�B� ! K��0 �1430��0�

B�B� ! K�00 �1430����

�

�
0:30�0:03�0:43�0:79

�0:02�0:02�0:02 scenario 1;
0:58�0:05�0:01�0:17

�0:03�0:01�0:05 scenario 2;

R3 �
��B0�B�B� ! K�00 �1430����

��B��B�B0 ! K��0 �1430����

�

�
0:81�0:06�0:62�0:93

�0:07�0:04�0:57 scenario 1;
0:90�0:05�0:03�0:18

�0:06�0:03�0:27 scenario 2.

(4.19)

Consequently, the ambiguity in regard to B� ! K�00 �
�

found by Belle can be resolved by the measurement of
B0 ! K��0 ��. As noted in passing, both BABAR and Belle
measurements of B� ! K�00 �

� and B0 ! K��0 �� [see
Eq. (2.4) and Table II] do respect the isospin relation. It
is also important to measure the ratio of B�B0 !
K�00 �1430��0�=B�B0 ! K��0 �1430���� to see if it is close
to one half. At any rate, both BABAR and Belle should
measure all K�0�1430�� modes with a careful Dalitz plot
analysis of nonresonant contributions to three-body decays
to avoid any possible ambiguities.

We now turn to the implications of sizable weak anni-
hilation characterized by the parameter A which is of
order 0.7 in scenario 1 and O�0:4� in scenario 2. We
find that all the calculated a0�980�K rates are too large
compared to experiment. For example, B�B0 !
a�0 �980�K�� � 31:4
 10�6 for A � 0:7 and � 14:6

10�6 for A � 0:4. Both are ruled out by the current limit
of 1:9
 10�6. This clearly indicates that a0�980� cannot
be a purely two-quark state and that scenario 2 in which the
light scalar meson is assigned to be a four-quark state is
preferable.

4. B! a0�1450�K;a0�1450�� decays

For B! a0�1450�� and a0�1450�K decays, the calcu-
lated results should be reliable as the a0�1450� can be
described by the q �q quark model. Just as a0�980�K modes,
weak annihilation gives a dominant contribution to
a0�1450�K rates. It is found that their rates are much larger
in scenario 1 than in scenario 2 due to the relative sign
difference between the Gegenbauer moments B1 and B3 for
a0�1450� and the sign of the a0�1450� decay constant
flipped in these two scenarios (see Tables X and XI). The
interference pattern between the penguin and annihilation
amplitudes is generally opposite in scenarios 1 and 2. For
example, the interference in B0 ! a�0 �1450�K� is con-
structive in scenario 1 but becomes destructive in scenario
2. By the same token, the a�0 �1450��� and a0

0�1450��0

rates are also quite different in scenarios 1 and 2.
-16
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FIG. 5 (color online). Annihilation and tree contributions to
B0 ! ��K� in the 4-quark picture for �.

TABLE X. Gegenbauer moments at the scales 	 � 1 GeV and 2.1 GeV (shown in parentheses) in scenario 1.

State h�i h�3i B1 B3

a0�980� �0:56� 0:05 �0:21� 0:03 �0:93� 0:10��0:64� 0:07� 0:14� 0:08�0:08� 0:04�
a0�1450� 0:53� 0:20 0:00� 0:04 0:89� 0:20�0:62� 0:14� �1:38� 0:18��0:81� 0:11�
f0�980� �0:47� 0:05 �0:20� 0:03 �0:78� 0:08��0:54� 0:06� 0:02� 0:07�0:01� 0:04�
f0�1500� 0:48� 0:24 �0:05� 0:04 0:80� 0:40�0:47� 0:28� �1:32� 0:14��0:77� 0:08�
��800� �0:55� 0:07 �0:21� 0:05 �0:92� 0:11��0:64� 0:08� 0:15� 0:09�0:09� 0:05�
K�0�1430� 0:35� 0:07 �0:08� 0:06 0:58� 0:07�0:39� 0:05� �1:20� 0:08��0:70� 0:05�

TABLE XI. Same as Table X except for scenario 2.

State h�i h�3i B1 B3

a0�1450� �0:35� 0:07 �0:24� 0:06 �0:58� 0:12��0:40� 0:08� �0:49� 0:15��0:29� 0:09�
Higher resonance 0:44� 0:27 0:22� 0:11 0:73� 0:45�0:51� 0:26� 0:17� 0:20�0:10� 0:12�
f0�1500� �0:29� 0:06 �0:19� 0:05 �0:48� 0:11��0:33� 0:08� �0:37� 0:20��0:22� 0:12�
Higher resonance 0:34� 0:30 0:16� 0:15 0:56� 0:50�0:39� 0:35� 0:07� 0:23�0:04� 0:13�
K�0�1430� �0:35� 0:08 �0:23� 0:06 �0:57� 0:13��0:39� 0:09� �0:42� 0:22��0:25� 0:13�
Higher resonance 0:25� 0:11 0:12� 0:05 0:41� 0:34�0:28� 0:24� 0:09� 0:14�0:05� 0:08�
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As discussed in the previous subsection on K�0�1430��,
predictions under scenario 2 are more preferable. Hence, if
the branching ratio of B0 ! a�0 �1450��� is measured at
the level of 4
 10�6 and the a�0 �980��� rate is found to
be smaller, say, of order �1	 2� 
 10�6 or even smaller
than this, it will be likely to imply a 2-quark nature for
a0�1450� and a four-quark assignment for a0�980�. Note
that the naive estimate of 20
 10�6 made by [18] for this
mode appears to be too large due to the usage of a large
B! a0�1450� form factor, FBa0�1450�

0 �0� � 0:46. Experi-
mentally, a0�1450� will be more difficult to identify than
a0�980� because of its broad width, 265� 13 MeV [25].

5. B0 ! ��K� as spectroscope for � four-quark state

As for � [or K�0�800�], there is a nice and unique place
where one can discriminate between the 4-quark and
2-quark pictures for the � meson, namely, the B0 !
��K� decay. Recall that B0 ! K�K� is strongly sup-
pressed as it can only proceed through the W-exchange
diagram. The experimental upper bound on its branching
ratio is 0:6
 10�6 [19,25] while it is predicted to be of
order 1
 10�8 theoretically (see e.g. [42]). Naively B0 !
��K� is also rather suppressed if � is made of two quarks.
However, if � has primarily a four-quark content, this
decay can receive a tree contribution as depicted in
Fig. 5(b). Hence, if B0 ! ��K� is observed at the level
of * 10�7, it may imply a four-quark content for the �.
Presumably, this can be checked from the Dalitz plot
analysis of the three-body decay B0 ! K�K��0 or B0 !
K0K���. As noticed before, scenario 2 is more favored
for explaining the B! K�0�1430�� data. This already im-
plies that � is preferred to be a four-quark state.

Unlike the other light scalar mesons, the experimental
evidence for � is still controversial. The � state has been
014017
reported by E791 in the analysis of D� ! K����� with
the mass 797� 19� 43 MeV and width 410� 43�
87 MeV [55]. However, CLEO did not see evidence for
the � in D0 ! K����0 [56]. The � state was also re-
ported by the reanalyses of LASS data on �K scattering
phase shifts using the T-matrix method [57] and the uni-
tarization method combined with chiral symmetry [58].
Most recently, BES has reported the evidence for the �
in J= ! K�0K��� process with the mass 878�
23�64
�55 MeV and width 499� 52�55

�87 MeV [59].
It is interesting to notice that the decays B0 ! D�s K�

and B0 ! D�s0�2317��K�, the analogues of B0 ! K�K�

and B0 ! ��K�, have been measured recently. The mea-
sured branching ratios are B�B0 ! D�s K�� � �3:8�
1:3� 
 10�5 [25] and B�B0 ! D��s0 K

��B�D��s0 !
D�s �0� � �5:3�1:5

�1:3 � 1:6� 
 10�6 [60]. Since D�s0�2317��

is dominated by the hadronic decay into D�s �0, it is clear
that ��B0 ! D��s0 K

�� * ��B0 ! D�s K
��. These two de-

cays can only proceed via a short-distance W-exchange
process or through the long-distance final-state rescattering
processes B0 ! D��� ! D�s K

� and B0 ! D��0 �� !
D��s0 K

�. (In fact, the rescattering process has the same
-17
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topology as W-exchange.) Since B�B0 ! D���� �
2:8
 10�3 � B�B0 ! D�s K

��, it is thus expected that
the decay B0 ! D�s K� is dominated by the long-distance
rescattering process. As B�B0 ! D��0 ���< 1:8
 10�4

[25], we will naively conclude that ��B0 !
D��s0 K

��=��B0 ! D�s K��< 0:06, in contradiction to the
experimental observation. Nevertheless, if D�s0�2317�� is a
bound state of c�sd �d [61], then a tree diagram similar to
Fig. 5(b) will contribute and this may allow us to explain
why ��B0 ! D��s0 K

�� * ��B0 ! D�s K��.
6. B! �� decays

The tree dominated B! �� decays are expected to
have similar rates as B! �0� ones if the � meson is
assumed to be a bound state of 2 quarks. Assuming that �
has similar decay constant and LCDA as f0�980�, it is
found that B�B� ! ���� � 4:5
 10�6 and B�B0 !
��0� � 1:7
 10�7. The former is to be compared with
the upper limit 4:1
 10�6 [9].
7. Direct CP asymmetries

We see from Tables VII and VIII that CP partial rate
asymmetries in those charmless B! SP decays with
branching ratios * 10�6 are in general at most a few
percents. This is ascribed to the fact that the strong phases
calculable in QCD factorization are generally small and
that the observation of direct CP violation requires at least
two different contributing amplitudes with distinct strong
and weak phases. Hence, if the observed direct CP asym-
metry is of order O�0:1� or larger, then strong phases
induced from power corrections could be important. As
pointed out in [47], final-state rescattering processes can
have important effects on the decay rates and their direct
CP violation, especially for color-suppressed and penguin-
dominated modes. However, this is beyond the scope of the
present work.
8. Mixing-induced CP asymmetries

It is of great interest to measure the mixing-induced
indirect CP asymmetries Sf for penguin-dominated modes
and compare them to the one inferred from the charmo-
nium mode (J= KS) in B decays. It is expected in the
standard model that sin2�eff defined via Sf �
��f sin2�eff with �f being the CP eigenvalue of the final
state f should be equal to SJ= KS with a small deviation at
most O�0:1� [62]. See [63] for recent studies of sin2�eff in
some of B! PP and PV modes using the QCD factoriza-
tion approach with or without the presence of final
state interactions. In Table IX we show the predictions on
the mixing-induced CP parameter �S � sin2�eff �
014017
sin2�CKM for the CP eigenstates f0�980�KS, a0
0�980�KS,

a0
0�1450�KS, and K�00 �1430��0, where only the CP compo-

nent of K�00 �1430� namely, KS�0, is considered in the last
mode. In addition to the theoretical errors considered
before, the uncertainty of 7� in the unitarity angle � is
included. Note that main errors arise from the uncertainties
in annihilation contributions and �. Our results indicate
that �Sf in these penguin-dominated modes are positive
and very small.
V. CONCLUSIONS

In this work we have studied the hadronic B decays into
a scalar meson and a pseudoscalar meson within the frame-
work of QCD factorization. Vertex corrections, hard spec-
tator interactions, and weak annihilation contributions to
the hadronic B! SP decays are studied using the QCD
factorization approach. Our main results are as follows:

(i) Based on the QCD sum rule method, we have de-
rived the leading-twist light-cone distribution ampli-
tudes (LCDAs) of scalar mesons and their decay
constants. It is found that the scalar decay constant
is much larger than the previous estimates owing to
its scale dependence and the large radiative correc-
tions to the quark loops in the OPE series. Unlike the
pseudoscalar or vector mesons, the scalar LCDAs are
governed by the odd Gegenbauer polynomials.

(ii) While it is widely believed that light scalar mesons
such as f0�980�, a0�980�, � are predominately four-
quark states, in practice it is difficult to make quan-
titative predictions on B! SP based on the four-
quark picture for S as it involves not only the form
factors and decay constants that are beyond the
conventional quark model but also additional non-
factorizable contributions that are difficult to
estimate. Hence, in practice we shall assume the
two-quark scenario for light scalar mesons in
calculations.

(iii) The short-distance approach suffices to explain the
observed large rates of f0K

� and f0K
0 that receive

major penguin contributions from the penguin pro-
cess b! ss�s and are governed by the large f0

scalar decay constant. When f0�980� is assigned
as a four-quark bound state, there exist 2 times
more diagrams contributing to B! f0�980�K.
Therefore, although the f0�980�K rates can be ac-
commodated in the 2-quark picture for f0�980�, it
does not mean that the measurement of B! f0K
can be used to distinguish between the 2-quark and
4-quark assignment for f0�980�.

(iv) When a0�980� is treated as a q �q bound state, it is
found that the predicted B0 ! a�0 �980��� and
a�0 �980�K� rates exceed substantially the current
experimental limits. Hence, a four-quark assign-
ment for a0�980� is favored. The a0�980�K and
-18
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the LCDAs of scalar mesons including decay constants. In this
appendix we try to make connections between B! SP and B!
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a0�1450�K receive dominant contributions from
weak annihilation.

(v) Belle found two different solutions for the branching
ratios of B� ! K�0�1430�0�� from the fit to B� !
K����� events. The larger solution is consistent
with BABAR while the other one is smaller by a
factor of 5. Based on the isospin argument, we have
shown that the smaller of the two solutions is ruled
out by the measurements of K�0�1430���� by
BABAR and Belle.

(vi) For B! a0�1450��; a0�1450�K, and K�0�1430��
decays, we have explored two possible scenarios
for the scalar mesons above 1 GeV in the QCD sum
rule method, depending on whether the light scalars
�; a0�980�, and f0�980� are treated as the lowest
lying q �q states or four-quark particles. We pointed
out that in both scenarios, one needs sizable weak
annihilation in order to accommodate theK�0� data.
This in turn implies that all the predicted a0�980�K
rates in scenario 1 will be too large compared to the
current limits if a0�980� is a bound state of two
quarks. This means that the scenario in which the
scalar mesons above 1 GeV are lowest lying q �q
scalar state and the light scalar mesons are four-
quark states is preferable. The branching ratio of
B0 ! a�0 �1450��� is predicted to be at the level of
4
 10�6.

(vii) The decay B0 ! ��K� can be used to discrimi-
nate between the 4-quark and 2-quark nature for
the �meson. This mode is strongly suppressed if �
is made of two quarks as it can proceed through the
W-exchange process. However, if � is predomi-
nately a four-quark state, it will receive a color-
suppressed tree contribution. Hence, an observa-
tion of this channel at the level of * 10�7 would
mostly imply a four-quark picture for the �.
Presumably, this can be checked from the Dalitz
plot analysis of three-body decay B0 ! K�K��0

or B0 ! K0K���.
(viii) Direct CP asymmetries in those decay modes with

branching ratios * 10�6 are usually small of or-
der a few percents. However, final-state rescatter-
ing processes can have important impact on the
decay rates and their direct CP violation.

(ix) Mixing-induced CP asymmetries in the penguin-
dominated SP modes such as f0�980�KS,
a0

0�980�KS, a0
0�1450�KS and K�00 �1430��KS�

0��0

are studied. Their deviations from sin2�CKM are
found to be positive (�S > 0) and tiny.
VP amplitudes. The latter have been worked out in detail in [42].
Since the LCDAs in [42] are defined with the decay constants
being excluded, for our purposes it is more convenient to factor
out the decay constants in the scalar LCDAs so that it is ready to
obtain B! SP amplitudes from B! VP ones via the replace-
ment (A1).
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APPENDIX A: DECAY AMPLITUDES OF B! SP

The B! SP (PS) decay amplitudes can be either eval-
uated directly or obtained readily from B! VP (PV)
amplitudes with the replacements: fV�V�x� ! �S�x� and
mVf

?
V �v�x� ! �mS�s

S�x�. (The factor of i will be taken
care of by the factorizable amplitudes of B! SP shown
below.) To make the replacements more transparent, it is
convenient to employ the LCDA �S�x� in the form (3.23)
and factor out the decay constants fS in �S�x� and �fS in
�s
S�x� [see Eq. (3.25)], so that we have8

�V�x� ! �S�x�; �v�x� ! �s
S�x�;

fV ! fS; rV� ! �r
S
�;

(A1)

where

rV��	� �
2mV

mb�	�
f?V �	�
fV

;

rS��	� �
2mS

mb�	�

�fS�	�
fS

�
2m2

S

mb�	��m2�	� �m1�	��
;

(A2)

and use of Eq. (3.10) has been made. For the neutral scalars
�, f0 and a0

0, rS� becomes divergent while fS vanishes. In
this case one needs to express fSrS� by �fS �rS� with

�r S��	� �
2mS

mb�	�
: (A3)

With the above-mentioned replacements, the quantity
AM1M2

and the coefficients of the flavor operators �pi
defined in [42] read
-19
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AM1M2
�
GF���

2
p

�
�m2

B �m
2
P�F

BP
0 �m

2
S�fS; for M1M2 � PS;

��m2
B �m

2
S�F

BS
0 �m

2
P�fP; for M1M2 � SP;

�p3 �M1M2� �

� ap3 �M1M2� � a
p
5 �M1M2�; for M1M2 � PS;

ap3 �M1M2� � a
p
5 �M1M2�; for M1M2 � SP;

�p4 �M1M2� �

� ap4 �M1M2� � r
S
�a

p
6 �M1M2�; for M1M2 � PS;

ap4 �M1M2� � r
P
�a

p
6 �M1M2�; for M1M2 � SP;

�p3;EW�M1M2� �

� ap9 �M1M2� � a
p
7 �M1M2�; for M1M2 � PS;

ap9 �M1M2� � a
p
7 �M1M2�; for M1M2 � SP;

�p4;EW�M1M2� �

� ap10�M1M2� � r
S
�a

p
8 �M1M2�; for M1M2 � PS;

ap10�M1M2� � rP�a
p
8 �M1M2�; for M1M2 � SP;

(A4)

where

rP� �
2m2

P

mb�	��m2 �m1��	�
: (A5)

It should be stressed that the api F
BP
0 and api F

BS
0 terms in the decay amplitudes have an opposite sign.

Applying the replacement (A1) and Eq. (A4) to the B! VP and PV amplitudes given in the appendix of [42], we obtain
the following the factorizable amplitudes of the decays B! f0K; a0�;��; a0K;K�0�

A�B� ! f0K
�� � �

GF���
2
p

X
p�u;c

��s�p

�
�a1�

p
u � a

p
4 � r
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K
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0 �m2
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B �m
2
K� � fB��b2�

p
u � b3 � b3;EW�fu0K

� �b2�
p
u � b3 � b3;EW�Kfs0�

�
;

A�B0 ! f0K
0� � �

GF���
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p

X
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��s�p

��
ap4 � r

K
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p
6 �

1
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0 �m2
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2
B �m
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1

2
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;

A�B� ! a0
0K
�� � �

GF

2

X
p�u;c

��s�p f�a1�
p
u � a

p
4 � r

K
�a
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K
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p
8 �a0KfKF
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p
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1
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p
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A�B0 ! a�0 K
�� � �

GF���
2
p

X
p�u;c

��s�p

�
�a1�

p
u � a

p
4 � r
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6 � a

p
10� r
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p
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2
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a0
� � fB

�
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1
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A�B0 ! a0
0K

0� �
GF

2

X
p�u;c

��s�p

��
ap4 � r

K
�a

p
6 �

1

2
�ap10� r

K
�a

p
8 �

�
a0K
fKF

Ba0
0 �m

2
K��m

2
B�m

2
a0
� � fB

�
b3�

1

2
b3;EW

�
a0K

�
;
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where ��q�p � VpbV�pq with q � d; s and

rK� �	� �
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a0

mb�	��md�	� �mu�	��
;

�ra0
� �	� �

2ma0

mb�	�
; �rf0

� �	� �
2mf0

mb�	�
:

(A7)

Note that the f0-� mixing angle (i.e. sin�) and Clebsch-
Gordon coefficient 1=

���
2
p

have been included in the f0�980�
014017
form factors FBf
u;d
0 and decay constants fu;df0

and likewise
for the form factors FB�

u;d
0 and decay constants fu;d� .

Throughout, the order of the arguments of the api �M1M2�
and bi�M1M2� coefficients is dictated by the subscript
M1M2, where M2 is the emitted meson and M1 shares the
same spectator quark with the B meson. For the annihila-
tion diagram, M1 is referred to the one containing an
antiquark from the weak vertex, while M2 contains a quark
from the weak vertex.

APPENDIX B: DETERMINATION OF THE SCALAR
COUPLINGS OF SCALAR MESONS

To determine the scalar decay constant �fS of the scalar
meson S defined by h0j �q2q1jSi � mS

�fS, we consider the
-22
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following two-point correlation function

��q2� � i
Z
d4xeiqxh0jT�jq2q1�x�jq2q1y�0�j0i; (B1)

with jq2q1 � �q2q1. The above correlation function can be
calculated from the hadron and quark-gluon dynamical
points of view, respectively. Therefore, the correlation
function arising from the lowest-lying meson S can be
approximately written as

m2
S

�f2
S

m2
S � q

2
�

1

�

Z s0

0
ds

Im�OPE

s� q2 ; (B2)

where �OPE is the QCD operator-product-expansion
014017
(OPE) result at the quark-gluon level, s0 is the threshold
of the higher resonant states, and the contributions origi-
nating from higher resonances are approximated by

1

�

Z 1
s0

ds
Im�OPE

s� q2 : (B3)

We apply the Borel transformation to both sides of
Eq. (B2) to improve the convergence of the OPE series
and suppress the contributions from higher resonances.
Consequently, the sum rule for lowest lying resonance
with OPE series up to dimension 6 and O��s� corrections
reads [64]
m2
S

�f2
Se
�m2

S=M
2

�
�s�	�
�s�M�

�
8=b
�

3

8�2 M
4

�
1�

�s�M�
�

�
17

3
� 2

I�1�
f�1�

� 2 ln
M2

	2

�
f�1�

�
�

1

8
h
�sG2

�
i �

�
1

2
m1 �m2

�
h �q1q1i

�

�
1

2
m2 �m1

�
h �q2q2i �

1

M2

�
1

2
m2h �q1gs� Gq1i �

1

2
m1h �q2gs� Gq2i

� ��sh �q1�	��
aq2 �q2�

	��aq1i � ��s
1

3
h �q1�	�

aq1 �q�	�aq1i

� ��s
1

3
h �q2�	�aq2 �q2�	�aq2i

�
; (B4)
where f�1� � 1� e�s0=M2
�1� s0=M2�, I�1� �R

1

e�s0=M
2 �lnt� ln�� lnt�dt, the scale dependence of �fS is

�f S�M� � �fS�	�
�
�s�	�
�s�M�

�
4=b
; (B5)
and the anomalous dimensions of relevant operators can be
found in Ref. [65] to be
mq;	 � mq;	0

�
�s�	0�

�s�	�

�
�4=b

;

h �qqi	 � h �qqi	0

�
�s�	0�

�s�	�

�
4=b
;

hgs �q�  Gqi	 � hgs �q�  Gqi	0

�
�s�	0�

�s�	�

�
�2=3b

;

h�sG2i	 � h�sG2i	0
;

(B6)
with b � �11Nc � 2nf�=3, where we have neglected the
anomalous dimensions of the 4-quark operators. In the
numerical analysis, we shall use �s�1 GeV� � 0:517 cor-
responding to the world average �s�mZ� � 0:1213, and the
following values for vacuum condensates and quark
masses at the scale 	 � 1 GeV [65]:
h�sG
a
	�G

a	�i � 0:474 GeV4=�4��;

h �uui � h �ddi � ��0:24 GeV�3; h�ssi � 0:8h �uui;

�mu �md�=2 � 5 MeV; ms � 119 MeV;

hgs �u�Gui � hgs �d�Gdi � �0:8h �uui;

hgs �s�Gsi � 0:8hgs �u�Gui: (B7)

We adopt the vacuum saturation approximation for de-
scribing the four-quark condensates, i.e.,

h0j �q�i�aq �q�i�aqj0i � �
1

16N2
c

Tr��i�i�Tr��a�a�h �qqi2:

(B8)

Taking the logarithm of both sides of Eq. (B4) and then
applying the differential operator M4@=@M2 to them, one
can obtain the mass sum rule for the lowest-lying reso-
nance S, where s0 is determined by the maximum stability
of the sum rule. Substituting the obtained s0 and mass into
Eq. (B4), one arrives at the sum rule for the decay constant
�fS.

Nevertheless, in order to extract the decay constant �fS0
for the first excited state S0, we shall consider two lowest
lying states on the left-hand side of Eq. (B4), i.e.,

m2
S

�f2
Se
�m2

S=M
2
�m2

S0
�f2
S0e
�m2

S0
=M2

�
1

�

Z s00

0
dse�s=M

2
Im�OPE�s�: (B9)
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9In the quark model with a simple harmonic like potential, the
wave functions for a state with the quantum numbers �n; l;m� is
given by fnl� ~p2=�2�Ylm�p̂� exp�� ~p2=2�2� up to an overall sign,
with f10�x� � f11�x� � 1 and f21�x� �

��������
5=2

p
�1� 2x=5�. For the

n � 2; l � 1 state, the decay constant �fS is dominated by the
second term in f21, while the B! S form factors is governed by
the first term in f21 as the spectator light quark in the B meson is
soft. Consequently, the decay constant and the form factor for the
excited state have opposite signs. The overall sign with the wave
function can be fixed by the sign of the form factor which is
chosen to be positive in general practice.
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1. a0�980� and a0�1450�

Taking �q1q2 � �ud and considering only the ground state
meson, we obtain

mS ’ �0:99� 0:05� GeV;

�fS�1 GeV� � 370 MeV;

�fS�2:1 GeV� � 440 MeV;

(B10)

corresponding to s0 ’ 3:1 GeV2 and the Borel window
1:1 GeV2 <M2 < 1:6 GeV2, so that the resulting mass is
consistent with a0�980�. However, if one would like to
have the mass result of the ground state to be consistent
with that of a0�1450�, then one should choose a larger s0 ’
6:0 GeV2 together with the Borel window with a larger
magnitude: 2:6 GeV2 <M2 < 3:1 GeV2. Since �; a0�980�
and f0�980�may be four-quark states, we therefore explore
two possible scenarios: (i) In scenario 1, we treat
�; a0�980�; f0�980� as the lowest lying states, and
K�0�1430�; a0�1450�; f0�1500� as the corresponding first
excited states, respectively, where we have assumed
that f0�980� and f0�1500� are dominated by the �ss
component and (ii) we assume in scenario 2 that
K�0�1430�; a0�1450�; f0�1500� are the lowest lying reso-
nances and the corresponding first excited states lie be-
tween �2:0–2:3� GeV. Scenario 2 corresponds to the case
that light scalar mesons are four-quark bound states, while
all scalar mesons are made of two quarks in scenario 1.

In the numerical analysis, we adopt the first two lowest
resonances as inputs in these two scenarios and perform the
quadratic fits to both the left-hand side and right-hand side
of the renormalization-improved sum rules in Eq. (B9). We
find that in scenario 1 the resulting threshold and Borel
window are s0 � �5:0� 0:3� GeV2 and 1:1 GeV2 <M2 <
1:6 GeV2, respectively, while in scenario 2, s0 � �9:0�
1:0� GeV2 and 2:6 GeV2 <M2 < 3:1 GeV2. Thus for
a0�980� and a0�1450�, we obtain

�fa0�980��1 GeV� � �365� 20� MeV;

�fa0�980��2:1 GeV� � �450� 25� MeV;

�fa0�1450��1 GeV� � ��280� 30� MeV;

�fa0�1450��2:1 GeV� � ��345� 35� MeV;

(B11)

in scenario 1 and

�fa0�1450��1 GeV� � �460� 50� MeV;

�fa0�1450��2:1 GeV� � �570� 60� MeV;

�fS0 �1 GeV� � �390� 80� MeV;

�fS0 �2:1 GeV� � �480� 100� MeV;

(B12)

in scenario 2, where S0 denotes the first excited state. Note
that the sign of the decay constants for the excited states in
scenario 1 cannot be determined in the QCD sum rule
approach [see Eqs. (B9) and (C6)]. They are fixed from
014017
the signs of the form factors as shown in Table IV using the
potential model calculation.9

2. f0�980� and f0�1500�

Here we will assume that f0�980� and f0�1500� are both
dominated by the �ss component, i.e. jss � �ss. The results
read

�ff0�980��1 GeV� � �370� 20� MeV;

�ff0�980��2:1 GeV� � �460� 25� MeV;

�ff0�1500��1 GeV� � ��255� 30� MeV;

�ff0�1500��2:1 GeV� � ��315� 35� MeV;

(B13)

in scenario 1, and

�ff0�1500��1 GeV� � �490� 50� MeV;

�ff0�1500��2:1 GeV� � �605� 60� MeV;

�fS0 �1 GeV� � �375� 80� MeV;

�fS0 �2:1 GeV� � �465� 100� MeV;

(B14)

in scenario 2.

3. ��800� and K�0�1430�

The relevant current is jqs � �qs with �q � �u or �d for the
cases of ��800� and K�0�1430�. Using the single resonance
approximation as given in Eq. (B4), we find that the lowest
lying mass roughly equals to �0:86� 0:02� GeV2, corre-
sponding to s0 ’ 2:4 GeV and the Borel window of
0:8 GeV2 <M2 < 1:3 GeV2. In analogy with the case of
a0�1450�, if K�0�1430� is justified by the result of the lowest
lying mass sum rule, then it is necessary to have a large
threshold s0 ’ 6:0 GeV2 corresponding to a larger Borel
mass region 2:6 GeV2 <M2 < 3:1 GeV2, where the stable
plateau can be reached.

For ��800� and K�0�1430�, we find

�f��800��1 GeV� � �340� 20� MeV;

�f��800��2:1 GeV� � �420� 25� MeV;

�fK�0�1430��1 GeV� � ��300� 30� MeV;

�fK�0�1430��	 � 2:1 GeV� � ��370� 35� MeV;

(B15)

in scenario 1 and
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�fK�0�1430��1 GeV� � �445� 50� MeV;

�fK�0�1430��2:1 GeV� � �550� 60� MeV;

�fS0 �1 GeV� � ��420� 80� MeV;

�fS0 �2:1 GeV� � ��520� 100� MeV;

(B16)

in scenario 2.
Two remarks are in order. First, if neglecting the RG

improvement for the mass sum rules and considering only
the lowest lying resonance state, the results, as stressed in
Ref. [64], become sensitive to the values of the four-quark
condensates for which the vacuum saturation approxima-
tion has been applied. Then it is possible to have results to
be consistent with a0�1450�; K�0�1430� and f0�1500� in the
range of 0:8 GeV2 <M2 < 1:2 GeV2 if s0 becomes larger
and four-quark condensates are several times larger than
that in the vacuum saturation approximation. Second, thus
far we have considered renormalization-group (RG) im-
proved QCD sum rules. It is found that sum rule results
become insensitive to four-quark condensates if the RG
improved effects are considered. For the RG improved
mass sum rules, if taking a0�1450�; K�0�1430� and
f0�1500� as lowest resonances, then it is necessary to
have a large threshold s0 * 4:9 GeV2 corresponding to a
much larger Borel mass region 2:6 GeV2 <M2 <
3:2 GeV2, in contrast with the conclusion in Ref. [36]
where the stable Borel window
for the K�0�1430� mass sum rule is 1:0 GeV2 <M2 <
1:2 GeV2.

CHARMLESS HADRONIC B DECAYS INVOLVING . . .
APPENDIX C: LEADING-TWIST LCDAS FOR
SCALAR MESONS

The LCDA �S�x;	� corresponding to the quark content
q1 �q2 is defined by

hS�p�j �q1�z��	q2�0�j0i � p	
Z 1

0
dxeixpz�S�x;	�; (C1)

where x ( �x � 1� x) is the momentum fraction carried by
014017
the quark q (antiquark �q) and 	 is the normalization scale
of the LCDA. �S�x;	� can be expanded in a series of
Gegenbauer polynomials [41,66]

�S�x;	� � �fS6x�1� x�

"X1
l�0

Bl�	�C
3=2
l �2x� 1�

#
; (C2)

where multiplicatively renormalizable coefficients (or the
so-called Gegenbauer moments) are given by

Bl�	� �
1
�fS

2�2l� 3�

3�l� 1��l� 2�

Z 1

0
C3=2
l �2x� 1��S�x;	�dx;

(C3)

which vanish for even l in the SU(3) limit. Consider the
following two-point correlation function

�l�q� � i
Z
d4xeiqxh0jT�Ol�x�Oy�0�j0i � �zq�l�1Il�q2�;

(C4)

where

h0jOljS�p�i � h0j �q2z�izD
$

�lq1jS�p�i

� �zp�l�1
Z 1

0
�2x� 1�l�S�x�dx

� �zp�l�1 �fSh�lSi;

h0jOjS�p�i � h0j �q2q1jS�p�i � mS
�fS;

(C5)

with z2 � 0 and � � 2x� 1.
We shall saturate the physical spectrum with two lowest

lying resonances for reasons to be explained later.
Therefore, the correlation function Il can be approximately
written as

m2
S

�f2
Sh�

l
Si

m2
S � q

2
�
m2
S0

�f2
S0 h�

l
S0 i

m2
S0 � q

2 �
1

�

Z s0

0
ds

ImIOPE
l �s�

s� q2 ; (C6)

where S and S0 refer to the lowest and first excited reso-
nance states, respectively, and
Il�q
2� �

3

16�2

�mq2
�mq1

l� 2
�
mq2
�mq1

l� 1

�
ln
�
�q2

	2

�
�
h �q2q2i

q2 �
10l� 3

24

h �q2gs� Gq2i

q4 �
l�4l� 5�

18

hg2
sG2ih �q2q2i

q6

� ��1�l�1

�
3

16�2

�mq2
�mq1

l� 2
�
mq2
�mq1

l� 1

�
ln
�
�q2

	2

�
�
h �q1q1i

q2 �
10l� 3

24

h �q1gs�  Gq1i

q4

�
l�4l� 5�

18

hg2
sG

2ih �q1q1i

q6

�
: (C7)
In terms of the above defined moments h�lSi, the sum rule reads
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h�lSimS
�f2
Se
�m2

S=M
2
� h�lS0 imS0

�f2
S0e
�m2

S0
=M2

�

�
�

3

16�2 M
2

�mq2
�mq1

l� 2
�
mq2
�mq1

l� 1

�
f�0� � h �q2q2i

�
10l� 3

24

h �q2gs� Gq2i

M2 �
l�4l� 5�

36

hg2
sG

2ih �q2q2i

M4

� ��1�l�1

�
�

3

16�2 M
2

�mq2
�mq1

l� 2
�
mq2
�mq1

l� 1

�
f�0� � h �q1q1i

�
10l� 3

24

h �q1gs� Gq1i

M2 �
l�4l� 5�

36

hg2
sG2ih �q1q1i

M4

��
; (C8)
with f�0� � 1� e�s0=M2
, while the Gegenbauer moments

are given by

BS
�0�

l �	� �
1

�fS�0�

2�2l� 3�

3�l� 1��l� 2�
hC3=2

l ��
�0�
S �i: (C9)

Conformal invariance in QCD indicates that partial waves
in the expansion of �S�x;	� in Eq. (C2) with different
conformal spin cannot mix under renormalization to the
leading-order accuracy. Consequently, the Gegenbauer
moments Bl renormalize multiplicatively:

Bl�	� � Bl�	0�

�
�s�	0�

�s�	�

�
����l��4�=b

; (C10)

where the one-loop anomalous dimensions are [67]

��l� � CF

 
1�

2

�l� 1��l� 2�
� 4

Xl�1

j�2

1

j

!
; (C11)

with CF � �N2
c � 1�=�2Nc�. Note that �fSB0 is independent

of the renormalization scale. It should be also stressed that
if only the lowest resonances are taken into account in
Eq. (C8), the resultant mass reading from the sum rule that
follows the same line as before by taking ��M4@=@M2� ln�
to both sides of Eq. (C8) is less than 0.4 GeV, which is too
014017
small compared with the observables. Therefore, in the
numerical analysis, we shall consider the first two lowest
resonances and perform the quadratic fits to both the left-
hand side and right-hand side of the renormalization-
improved moment sum rules, given in Eq. (C8), within
the Borel window Mmin <M2 <M2

max with M2
min;M

2
max 2

�1:1 GeV2; 1:6 GeV2� [and M2
min;M

2
max 2 �0:8 GeV2;

1:3 GeV2�] corresponding to h�a0;f0
i [and h��;K�0�1430i] in

scenario 1 and M2
min;M

2
max 2 �2:6 GeV2; 3:1 GeV2� in

scenario 2, where the Borel windows are same as those
in the previous section. It should be noted that for the
moment sum rule for h�li in the large l limit, the actual
expansion parameter is M2=l. Therefore, for h�3i we re-
scale the Borel windows to be M2

min;M
2
max 2 �1:4 GeV2;

1:9 GeV2� for a0; f0 [and M2
min;M

2
max 2 �1:1 GeV2;

1:6 GeV2� for �;K�0�1430�] in scenario 1 and
M2

min;M
2
max 2 �2:9 GeV2; 3:4 GeV2� in scenario 2.

Furthermore, for l � 5 and fixed M2, the OPE series are
convergent slowly or even divergent, i.e. the resulting sum-
rule result becomes less reliable. Following the same line
as given in the previous section, we explore two possible
scenarios. The results for the fist and second moments of
h�li together with the fist and second Gegenbauer moments
are collected in Tables X and XI.
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