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Within the framework of QCD factorization, we consider two different types of power correction effects

in order to resolve the CP puzzles and rate deficit problems with penguin-dominated two-body decays of

B mesons and color-suppressed tree-dominated �0�0 and �0�0 modes: penguin annihilation and soft

corrections to the color-suppressed tree amplitude. We emphasize that the electroweak penguin solution to

the B ! K� CP puzzle via new physics is irrelevant for solving the CP and rate puzzles related to tree-

dominated decays. While some channels, e.g. K��þ, K��0, �þ��, ���� need penguin annihilation to

induce the correct magnitudes and signs for their CP violation, some other decays such as B� ! K��0,

���, K�� and �B0 ! �K�0�, �0�0 require the presence of both power corrections to account for the

measured CP asymmetries. In general, QCD factorization predictions for the branching fractions and

direct CP asymmetries of �B ! PP, VP, VV decays are in good agreement with experiment. The

predictions of perturbaive QCD and soft-collinear effective theory are included for comparison.
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I. INTRODUCTION

Although the underlying dynamics for the hadronic B
decays is extremely complicated, it is greatly simplified in
the heavy quark limit. In the mb ! 1 limit, hadronic
matrix elements can be expressed in terms of certain non-
perturbative input quantities such as light-cone distribution
amplitudes and transition form factors. Consequently, the
decay amplitudes of charmless two-body decays of B
mesons can be described in terms of decay constants and
form factors. However, the leading-order 1=mb predictions
encounter three major difficulties: (i) the predicted branch-
ing fractions for penguin-dominated �B ! PP, VP, VV
decays are systematically below the measurements [1]
and the rates for color-suppressed tree-dominated decays
�B0 ! �0�0, �0�0 are too small, (ii) direct CP-violating
asymmetries for �B ! K��þ, �B ! K���þ, B� ! K��0,
�B ! �þ��, and �Bs ! Kþ�� disagree with experiment in
signs, and (iii) the transverse polarization fraction in
penguin-dominated charmless B ! VV decays is pre-
dicted to be very small, while experimentally it is compa-
rable to the longitudinal polarization one. All these
indicate the necessity of going beyond zeroth 1=mb power
expansion.

In the QCD factorization (QCDF) approach [2], power
corrections often involve end-point divergences. For ex-
ample, the hard spectator-scattering diagram at twist-3
order is power suppressed and posses soft and collinear
divergences arising from the soft spectator quark and the
1=mb annihilation amplitude has endpoint divergences
even at the twist-2 level. Since the treatment of endpoint
divergences is model dependent, subleading power correc-

tions generally can be studied only in a phenomenological
way. Therefore, 1=mb power suppressed effects are gen-
erally nonperturbative in nature and hence not calculable
by the perturbative method.
As a first step, let us consider power corrections to the

QCD penguin amplitude of the �B ! PP decay, which has
the generic expression

P ¼ PSD þ PLD;

¼ APP½�uðau4 þ rP�a
u
6Þ þ �cðac4 þ rP�a

c
6Þ�

þ 1=mb corrections; (1.1)

where �ðqÞ
p ¼ VpbV

�
pq with q ¼ s, d, a4;6 are the effective

parameters to be defined below, and rP� is a chiral factor of

order unity. Strictly speaking, the penguin contributions
associated with the chiral factor rP� are formerly 1=mb

suppressed but chirally enhanced. Since they are of order
1=m0

b numerically, their effects are included in the zeroth

order calculation. Possible power corrections to penguin
amplitudes include long-distance charming penguins,
final-state interactions, and penguin annihilation charac-
terized by the parameters �u;c

3 . Because of possible

‘‘double counting’’ problems, one should not take into
account all power correction effects simultaneously. As
we shall see below in Sec. IVB, CP violation of K��þ
and �þ�� arise from the interference between the tree

amplitude �u
ðqÞa1 and the penguin amplitude �c

ðqÞðac4 þ
rP�a

c
6Þ with q ¼ s for the former and q ¼ d for the latter.

The short-distance contribution to ac4 þ rP�a6 will yield a

positive ACPðK��þÞ and a negative ACPð�þ��Þ. Both are
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wrong in signs when confronted with experiment. In the
so-called ‘‘S4’’ scenario of QCDF [1], power corrections to
the penguin-annihilation topology characterized by
�u�

u
3 þ �c�

c
3 are added to Eq. (1.1). By adjusting the

magnitude and phase of �3 in this scenario, all the
above-mentioned discrepancies except for the rate deficit
problem with the decays �B0 ! �0�0, �0�0 can be
resolved.

However, a scrutiny of the QCDF predictions reveals
more puzzles with respect to directCP violation. While the
signs of CP asymmetries in K��þ, K��0 modes are
flipped to the right ones in the presence of power correc-
tions from penguin annihilation, the signs of ACP in B� !
K��0, K��, ��� and �B0 ! �0�0, �K�0� will also get
reversed in such a way that they disagree with experiment.
In other words, in the heavy quark limit the CP asymme-
tries of these five modes have the right signs when com-
pared with experiment.

The so-called B ! K� CP puzzle is related to the
difference of CP asymmetries of B� ! K��0 and �B0 !
K��þ. This can be illustrated by considering the decay
amplitudes of �B ! �K� in terms of topological diagrams

Að �B0 ! K��þÞ ¼ P0 þ T0 þ 2

3
P0c
EW þ P0

A;

Að �B0 ! �K0�0Þ ¼ �1ffiffiffi
2

p
�
P0 � C0 � P0

EW � 1

3
P0c
EW þ P0

A

�
;

AðB� ! �K0��Þ ¼ P0 � 1

3
P0c
EW þ A0 þ P0

A;

AðB� ! K��0Þ ¼ 1ffiffiffi
2

p
�
P0 þ T0 þ C0 þ P0

EW

þ 2

3
P0c
EW þ A0 þ P0

A

�
; (1.2)

where T, C, E, A, PEW, and Pc
EW are color-allowed tree,

color-suppressed tree,W-exchange,W-annihilation, color-
allowed, and color-suppressed electroweak penguin ampli-
tudes, respectively, and PA is the penguin-induced weak
annihilation amplitude. We use unprimed and primed sym-
bols to denote �S ¼ 0 and j�Sj ¼ 1 transitions, respec-
tively. We notice that if C0, P0

EW and A0 are negligible
compared with T0, it is clear from Eq. (1.2) that the decay
amplitudes of K��0 and K��þ will be the same apart

from a trivial factor of 1=
ffiffiffi
2

p
. Hence, one will expect that

ACPðK��0Þ � ACPðK��þÞ, while they differ by 5:3� ex-
perimentally, �AK� � ACPðK��0Þ � ACPðK��þÞ ¼
0:148� 0:028 [3].

The aforementioned direct CP puzzles indicate that it is
necessary to consider subleading power corrections other
than penguin annihilation. For example, the large power
corrections due to P0 cannot explain the �AK� puzzle as
they contribute equally to both B� ! K��0 and �B0 !
K��þ. The additional power correction should have little

effect on the decay rates of penguin-dominated decays but
will manifest in the measurement of direct CP asymme-
tries. Note that all the ‘‘problematic’’ modes receive a

contribution from cð0Þ ¼ Cð0Þ þ Pð0Þ
EW. Since AðB� !

K��0Þ / t0 þ c0 þ p0 and Að �B0 ! K��þÞ / t0 þ p0 with
t0 ¼ T0 þ P0c

EW and p0 ¼ P0 � 1
3P

0c
EW þ P0

A, we can con-

sider this puzzle resolved, provided that c0=t0 is of order
1:3� 1:4 with a large negative phase (jc0=t0j � 0:9 in the
standard short-distance effective Hamiltonian approach).
There are several possibilities for a large complex c0: either
a large complexC0 or a large complex electroweak penguin
P0
EW or a combination of them. Various scenarios for

accommodating large C0 [4–11] or P0
EW [12,13] have

been proposed. To get a large complex C0, one can resort
to spectator scattering or final-state interactions (see dis-
cussions in Sec. III E). However, the general consensus for
a large complex P0

EW is that one needs new physics beyond
the standard model (SM) because it is well known that P0

EW

is essentially real in the SM as it does not carry a nontrivial
strong phase [14]. In principle, one cannot discriminate
between these two possibilities in penguin-dominated de-
cays as it is always the combination c0 ¼ C0 þ P0

EW that
enters into the decay amplitude except for the decays
involving � and/or �0 in the final state where both c0 and
P0
EW present in the amplitudes [15]. Nevertheless, these

two scenarios will lead to very distinct predictions for tree-
dominated decays where PEW 	 C. (In penguin-
dominated decays, P0

EW is comparable to C0 due to the

fact that �c
ðsÞ 
 �u

ðsÞ.) The decay rates of �B0 ! �0�0,
�0�0 will be substantially enhanced for a large C but
remain intact for a large PEW. Since PEW 	 C in tree-
dominated channels, CP puzzles with ��� and �0�0

cannot be resolved with a large PEW. Therefore, it is
most likely that the color-suppressed tree amplitude is
large and complex. In other words, the B ! K�CP puzzle
can be resolved without invoking New Physics.
In this work we shall consider the possibility of having a

large color-suppressed tree amplitude with a sizable strong
phase relative to the color-allowed tree amplitude [16]

C ¼ ½�ua
u
2�SD þ ½�ua

u
2�LD þ FSIsþ � � � : (1.3)

As will be discussed below, the long-distance contribution
to a2 can come from the twist-3 effects in spectator re-
scattering, while an example of final-state rescattering
contribution to C will be illustrated below.
Note that our phenomenological study of power correc-

tions to penguin annihilation and to color-suppressed tree
topology is in the same spirit of S4 and S2 scenarios,
respectively, considered by Beneke and Neubert [1]. In
the ‘‘large �2’’ S2 scenario, the ratio a2=a1 is enhanced
basically by having a smaller �B and a smaller strange
quark mass. It turns out that theCP asymmetries ofK��þ,
K���þ, K��, K��0, �þ�� have correct signs in S4 but
not so in S2, whereas the signs of ACPðK��0Þ, ACPðK��Þ,
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ACPð�0�0Þ in S2 (or in the heavy quark limit) agree with
experiment but not in S4. In a sense, our study is a combi-
nation of S4 and S2. However, there is a crucial difference
between our work and [1], namely, our a2 is not only large
in the magnitude but also has a large strong phase. As we
shall see, a large and complex a2 is needed to account for
all the remaining CP puzzles.

It should be remarked that the aforementioned B-CP
puzzles with the K��0, K��, ���, �K�0�, �0�0 modes
also occur in the approach of soft-collinear effective theory
(SCET) [17] where the penguin-annihilation effect in
QCDF is replaced by the long-distance charming penguins.
Owing to a different treatment of endpoint divergence in
penguin-annihilation diagrams, some of the CP puzzles do
not occur in the approach of perturbative quantum chro-
modynamics (pQCD) [18]. For example, pQCD predicts
the right sign for CP asymmetries of �B0 ! �0�0 and
B� ! ��� as we shall see below. In this work, we shall
show that soft power correction to the color-suppressed
tree amplitude will bring the signs of ACP back to the right
track. As a bonus, the rates of �B0 ! �0�0, �0�0 can be
accommodated.

In the past decade, nearly 100 charmless decays of Bu;d

mesons have been observed at B factories with a statistical
significance of at least 4 standard deviations (for a review,
see [19]). Before moving to the era of LHCb and Super B
factories in the next few years, it is timing to have an
overview on charmless hadronic B decays to see what we
have learned from the fruitful experimental results ob-
tained by BABAR and Belle. In this work, we will update

QCDF calculations and compare with experiment and
other theoretical predictions.
This work is organized as follows: We outline the QCDF

framework in Sec. II and specify various input parameters,
such as form factors, light-cone distribution amplitudes
(LCDAs), and the parameters for power corrections in
Sec. III. Then Bu;d ! PP, VP, VV decays are analyzed

in detail in Secs. IV, V, and VI, respectively. Conclusions
are given in Sec. VII.

II. B DECAYS IN QCD FACTORIZATION

Within the framework of QCD factorization [2], the
effective Hamiltonian matrix elements are written in the
form

hM1M2jH effj �Bi ¼ GFffiffiffi
2

p X
p¼u;c

�p
ðqÞ

� hM1M2jTA
h;p þT B

h;pj �Bi; (2.1)

where the superscript h denotes the helicity of the final-
state meson. For PP and VP final states, h ¼ 0. TA

h;p

describes contributions from naive factorization, vertex
corrections, penguin contractions, and spectator scattering

expressed in terms of the flavor operators ap;hi , while T B
contains annihilation topology amplitudes characterized

by the annihilation operators bp;hi . Specifically, [2],

TA
h ¼ ap1 ðM1M2Þ	puð �ubÞV�A 
 ð �quÞV�A þ ap2 ðM1M2Þ	puð �qbÞV�A 
 ð �uuÞV�A þ ap3 ðM1M2Þ

Xð �qbÞV�A 
 ð �q0q0ÞV�A

þ ap4 ðM1M2Þ
Xð �q0bÞV�A 
 ð �qq0ÞV�A þ ap5 ðM1M2Þ

Xð �qbÞV�A 
 ð �q0q0ÞVþA

þ ap6 ðM1M2Þ
Xð�2Þð �q0bÞS�P 
 ð �qq0ÞSþP þ ap7 ðM1M2Þ

Xð �qbÞV�A 
 3

2
eqð �q0q0ÞVþA

þ ap8 ðM1M2Þ
Xð�2Þð �q0bÞS�P 
 3

2
ð �qq0ÞSþP þ ap9 ðM1M2Þ

Xð �qbÞV�A 
 3

2
eqð �q0q0ÞV�A

þ ap10ðM1M2Þ
Xð �q0bÞV�A 
 3

2
eqð �qq0ÞV�A; (2.2)

where ð �q1q2ÞV�A � �q1
�ð1� 
5Þq2 and ð �q1q2ÞS�P � �q1ð1� 
5Þq2 and the summation is over q0 ¼ u, d, s. The symbol

 indicates that the matrix elements of the operators in TA are to be evaluated in the factorized form. For the decays
�B ! PP, VP, VV, the relevant factorizable matrix elements are
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Xð �BP1;P2Þ � hP2jJ�j0ihP1jJ0�j �Bi ¼ ifP2
ðm2

B �m2
P1
ÞFBP1

0 ðm2
P2
Þ;

Xð �BP;VÞ � hVjJ�j0ihPjJ0�j �Bi ¼ 2fVmBpcF
BP
1 ðm2

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

BV
0 ðm2

PÞ;

Xð �BV1;V2Þ
h � hV2jJ�j0ihV1jJ0�j �Bi ¼ �ifV2

m2

�
ð"�1 � "�2ÞðmB þmV1

ÞABV1

1 ðm2
V2
Þ � ð"�1 � pBÞð"�2 � pBÞ

2ABV1

2 ðm2
V2
Þ

ðmB þmV1
Þ

þ i"����"
��
2 "��1 p�

Bp
�
1

2VBV1ðm2
V2
Þ

ðmB þmV1
Þ
�
; (2.3)

where we have followed the conventional definition for form factors [20]. For B ! VP, PV amplitudes, we have applied
the replacement mVð"� � pBÞ ! mBpc with pc being the c.m. momentum. The longitudinal (h ¼ 0) and transverse
(h ¼ �) components of Xð �BV1;V2Þ

h are given by

Xð �BV1;V2Þ
0 ¼ ifV2

2mV1

�
ðm2

B �m2
V1

�m2
V2
ÞðmB þmV1

ÞABV1

1 ðq2Þ � 4m2
Bp

2
c

mB þmV1

ABV1

2 ðq2Þ
�
;

Xð �BV1;V2Þ� ¼ �ifV2
mBmV2

��
1þmV1

mB

�
ABV1

1 ðq2Þ � 2pc

mB þmV1

VBV1ðq2Þ
�
:

(2.4)

The flavor operators ap;hi are basically the Wilson co-
efficients in conjunction with short-distance nonfactoriz-
able corrections such as vertex corrections and hard
spectator interactions. In general, they have the expressions
[1,2]

ap;hi ðM1M2Þ ¼
�
ci þ ci�1

Nc

�
Nh

i ðM2Þ þ ci�1

Nc

CF�s

4�

�
�
Vh
i ðM2Þ þ 4�2

Nc

Hh
i ðM1M2Þ

�

þ Ph;p
i ðM2Þ; (2.5)

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

c �
1Þ=ð2NcÞ with Nc ¼ 3, M2 is the emitted meson, and M1

shares the same spectator quark with the B meson. The
quantities Vh

i ðM2Þ account for vertex corrections,
Hh

i ðM1M2Þ for hard spectator interactions with a hard
gluon exchange between the emitted meson and the spec-
tator quark of the B meson and PiðM2Þ for penguin con-
tractions. The expression of the quantities Nh

i ðM2Þ reads

Nh
i ðM2Þ ¼

�
0; i ¼ 6; 8;
1; else:

(2.6)

The weak annihilation contributions to the decay �B !
M1M2 can be described in terms of the building blocks bp;hi

and bp;hi;EW

GFffiffiffi
2

p X
p¼u;c

�phM1M2jT B
h;pj �B0i

¼ i
GFffiffiffi
2

p X
p¼u;c

�pfBfM1
fM2

X
i

ðdibp;hi þ d0ib
p;h
i;EWÞ: (2.7)

The building blocks have the expressions [1]

b1 ¼ CF

N2
c

c1A
i
1;

b3 ¼ CF

N2
c

½c3Ai
1 þ c5ðAi

3 þ Af
3Þ þ Ncc6A

f
3�;

b2 ¼ CF

N2
c

c2A
i
1;

b4 ¼ CF

N2
c

½c4Ai
1 þ c6A

f
2�;

b3;EW ¼ CF

N2
c

½c9Ai
1 þ c7ðAi

3 þ Af
3Þ þ Ncc8A

i
3�;

b4;EW ¼ CF

N2
c

½c10Ai
1 þ c8A

i
2�:

(2.8)

Here, for simplicity we have omitted the superscripts p and

h in above expressions. The subscripts 1, 2, 3 of Ai;f
n denote

the annihilation amplitudes induced from ðV � AÞðV � AÞ,
ðV � AÞðV þ AÞ, and ðS� PÞðSþ PÞ operators, respec-
tively, and the superscripts i and f refer to gluon emission
from the initial and final-state quarks, respectively.
Following [1] we choose the convention that M1 contains
an antiquark from the weak vertex, and M2 contains a
quark from the weak vertex.
For the explicit expressions of vertex, hard spectator

corrections and annihilation contributions, the reader is
referred to [1,2,21] for details. The decay amplitudes of
B ! PP, VP are given in Appendix A of [1] and can be
easily generalized to B ! VV (see [22] for explicit ex-
pressions of B ! VV amplitudes). In practice, it is more
convenient to express the decay amplitudes in terms of the

flavor operators �h;p
i and the annihilation operators �p

i ,
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which are related to the coefficients ah;pi and bpi by

�h
1ðM1M2Þ ¼ ah1ðM1M2Þ; �h

2ðM1M2Þ ¼ ah2ðM1M2Þ;

�h;p
3 ðM1M2Þ ¼

8<
:
ah;p3 ðM1M2Þ � ah;p5 ðM1M2Þ for M1M2 ¼ PP; VP;

ah;p3 ðM1M2Þ þ ah;p5 ðM1M2Þ for M1M2 ¼ VV; PV;

�h;p
4 ðM1M2Þ ¼

8<
:
ah;p4 ðM1M2Þ þ rM2

� ah;p6 ðM1M2Þ for M1M2 ¼ PP;PV;

ah;p4 ðM1M2Þ � rM2
� ah;p6 ðM1M2Þ for M1M2 ¼ VP; VV;

�h;p
3;EWðM1M2Þ ¼

8<
:
ah;p9 ðM1M2Þ � ah;p7 ðM1M2Þ for M1M2 ¼ PP; VP;

ah;p9 ðM1M2Þ þ ah;p7 ðM1M2Þ for M1M2 ¼ VV; PV;

�h;p
4;EWðM1M2Þ ¼

8<
:
ah;p10 ðM1M2Þ þ rM2

� ah;p8 ðM1M2Þ for M1M2 ¼ PP;PV;

ah;p10 ðM1M2Þ � rM2
� ah;p8 ðM1M2Þ for M1M2 ¼ VP; VV;

(2.9)

and

�p
i ðM1M2Þ ¼

ifBfM1
fM2

Xð �BM1;M2Þ bpi : (2.10)

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

i ðM1M2Þ is
consistent with the order of the arguments of Xð �BM1;M2Þ �
AM1M2

. The chiral factor r� is given by

rP�ð�Þ ¼ 2m2
P

mbð�Þðm2 þm1Þð�Þ ;

rV�ð�Þ ¼ 2mV

mbð�Þ
f?V ð�Þ
fV

:

(2.11)

The Wilson coefficients cið�Þ at various scales, � ¼
4:4 GeV, 2.1 GeV, 1.45 GeV, and 1 GeV are taken from
[23]. For the renormalization scale of the decay amplitude,
we choose � ¼ mbðmbÞ.1 However, as stressed in [2], the
hard spectator and annihilation contributions should be

evaluated at the hard-collinear scale �h ¼ ffiffiffiffiffiffiffiffiffiffi
��h

p
with

�h � 500 MeV.

III. INPUT PARAMETERS

A. Form factors

There exist many model calculations of form factors for
B ! P, V transitions. For B ! P transitions, recent light-
cone sum rule results for form factors at q2 ¼ 0 are col-
lected in Table I. A small FB�

0 of order 0.25 is also

preferred by the measurement of B� ! ���0. It is more

convenient to express the form factors for B ! �ð0Þ tran-
sitions in terms of the flavor states q �q � ðu �uþ d �dÞ= ffiffiffi

2
p

,
s�s, and c �c labeled by the �q, �s, and �0

c, respectively.

Neglecting the small mixing with �0
c, we have

FB� ¼ FB�q cos
; FB�0 ¼ FB�q sin
; (3.1)

where 
 is the �q-�s mixing angle defined by

j�i ¼ cos
j�qi � sin
j�si;
j�0i ¼ sin
j�qi þ cos
j�si;

(3.2)

with 
 ¼ ð39:3� 1:0Þ� in the Feldmann-Kroll-Stech mix-
ing scheme [29]. From the sum rule results shown in

Table I we obtain F
B�q

0 ð0Þ ¼ 0:296. The flavor-singlet

contribution to the B ! �ð0Þ form factors is characterized
by the parameter Bg

2 , a gluonic Gegenbauer moment. It
appears that the singlet contribution to the form factor is
small unless Bg

2 assumes extreme values �40 [28].

The B ! �, K, �q transition form factors to be used in

this work are displayed in Table II. We shall use the form
factors determined from QCD sum rules for B ! V tran-
sitions [32].

B. Decay constants

Decay constants of various vector mesons defined by

hVðp; "Þj �q2
�q1j0i ¼ �ifVmV"
�
�;

hVðp; "Þj �q2���q1j0i ¼ �f?V ð"��p� � "��p�Þ
(3.3)

1In principle, physics should be independent of the choice of
�, but in practice there exists some residual � dependence in the
truncated calculations. We have checked explicitly that the decay
rates without annihilation are indeed essentially stable against�.
However, when penguin annihilation is turned on, it is sensitive
to the choice of the renormalization scale because the penguin-
annihilation contribution characterized by the parameter b3 is
dominantly proportional to �sð�hÞc6ð�hÞ at the hard-collinear
scale �h ¼ ffiffiffiffiffiffiffiffiffiffiffi

��h

p
. In our study of B ! VV decays [24], we

found that if the renormalization scale is chosen to be � ¼
mbðmbÞ=2 ¼ 2:1 GeV, we cannot fit the branching ratios and
polarization fractions simultaneously for both B ! K�� and
B ! K�� decays. In order to ensure the validity of the
penguin-annihilation mechanism for describing B ! VV decays,
we will confine ourselves to the renormalization scale � ¼
mbðmbÞ in the ensuing study.
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are listed in Table II. They are taken from [33]. For
pseudoscalar mesons, we use f� ¼ 132 MeV and fK ¼
160 MeV. Decay constants fq

�ð0Þ , f
s

�ð0Þ and fc
�ð0 Þ defined by

h0j �q
�
5qj�ð0Þi ¼ i
1ffiffiffi
2

p fq
�ð0 Þq�;

h0j�s
�
5sj�ð0Þi ¼ ifs
�ð0 Þq�;

h0j �c
�
5cj�ð0Þi ¼ ifc
�ð0 Þq�

(3.4)

are also needed in calculations. For the decay constants
fq
�ð0Þ and fs

�ð0 Þ , we shall use the values

fq� ¼ 107 MeV; fs� ¼ �112 MeV;

fq
�0 ¼ 89 MeV; fs

�0 ¼ 137 MeV
(3.5)

obtained in [29]. As for fc
�ð0 Þ , a straightforward perturbative

calculation gives [34]

fc
�ð0Þ ¼ �

m2

�ð0Þ

12m2
c

fq
�ð0 Þffiffiffi
2

p : (3.6)

C. LCDAs

We next specify the LCDAs for pseudoscalar and vector
mesons. The general expressions of twist-2 LCDAs are

TABLE II. Input parameters. The values of the scale dependent quantities f?V ð�Þ and a?;V
1;2 ð�Þ are given for � ¼ 1 GeV. The values

of Gegenbauer moments are taken from [30] and Wolfenstein parameters from [31].

Light vector mesons

V fV (MeV) f?V (MeV) aV1 aV2 a?;V
1 a?;V

2

� 216� 3 165� 9 0 0:15� 0:07 0 0:14� 0:06
! 187� 5 151� 9 0 0:15� 0:07 0 0:14� 0:06
� 215� 5 186� 9 0 0:18� 0:08 0 0:14� 0:07
K� 220� 5 185� 10 0:03� 0:02 0:11� 0:09 0:04� 0:03 0:10� 0:08

Light pseudoscalar mesons

a�1 a�2 aK1 aK2
0 0:25� 0:15 0:06� 0:03 0:25� 0:15

B mesons

B mB (GeV) �B (ps) fB (MeV) �B (MeV)

Bu 5.279 1.638 210� 20 300� 100
Bd 5.279 1.525 210� 20 300� 100
Bs 5.366 1.472 230� 20 300� 100

Form factors at q2 ¼ 0
FBK
0 ð0Þ ABK�

0 ð0Þ ABK�
1 ð0Þ ABK�

2 ð0Þ VBK�
0 ð0Þ

0:35� 0:04 0:374� 0:033 0:292� 0:028 0:259� 0:027 0:411� 0:033
FB�
0 ð0Þ A

B�
0 ð0Þ A

B�
1 ð0Þ A

B�
2 ð0Þ V

B�
0 ð0Þ

0:25� 0:03 0:303� 0:029 0:242� 0:023 0:221� 0:023 0:323� 0:030
F
B�q

0 ð0Þ AB!
0 ð0Þ AB!

1 ð0Þ AB!
2 ð0Þ VB!

0 ð0Þ
0:296� 0:028 0:281� 0:030 0:219� 0:024 0:198� 0:023 0:293� 0:029

Quark masses

mbðmbÞ=GeV mcðmbÞ=GeV m
pole
c =m

pole
b msð2:1 GeVÞ=GeV

4.2 0.91 0.3 0:095� 0:020
Wolfenstein parameters

A � �� �� 

0.8116 0.2252 0.139 0.341 ð67:8þ4:2�3:9Þ�

TABLE I. Form factors for B ! P transitions obtained in the QCD sum rules with Bg
2 being

the gluonic Gegenbauer moment.

FB�
0 ð0Þ 0:258� 0:031 [25] 0:26þ0:04

�0:03 [26]

FBK
0 ð0Þ 0:331� 0:041 [25] 0:36þ0:05

�0:04 [27]

F
B�
0 ð0Þ 0:229� 0:024� 0:011 [28]

F
B�0
0 ð0Þ 0:188� 0:002Bg

2 � 0:019� 0:009 [28]
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�Pðx;�Þ ¼ 6xð1� xÞ
�
1þ X1

n¼1

aPn ð�ÞC3=2
n ð2x� 1Þ

�
;

�V
k ðx;�Þ ¼ 6xð1� xÞ

�
1þ X1

n¼1

aVn ð�ÞC3=2
n ð2x� 1Þ

�
;

�V
?ðx;�Þ ¼ 6xð1� xÞ

�
1þ X1

n¼1

a?;V
n ð�ÞC3=2

n ð2x� 1Þ
�
;

(3.7)

and twist-3 ones

�pðxÞ ¼ 1; ��ðxÞ ¼ 6xð1� xÞ;

�vðx;�Þ ¼ 3

�
2x� 1þ X1

n¼1

a?;V
n ð�ÞPnþ1ð2x� 1Þ

�
;

(3.8)

where CnðxÞ and PnðxÞ are the Gegenbauer and Legendre
polynomials, respectively. When three-particle amplitudes
are neglected, the twist-3 �vðxÞ can be expressed in terms
of �?

�vðxÞ ¼
Z x

0

�?ðuÞ
�u

du�
Z 1

x

�?ðuÞ
u

du: (3.9)

The normalization of LCDAs is

Z 1

0
dx�VðxÞ ¼ 1;

Z 1

0
dx�vðxÞ ¼ 0: (3.10)

Note that the Gegenbauer moments að?Þ;K�
i displayed in

Table II taken from [30] are for the mesons containing a
strange quark.

The integral of the B meson wave function is parame-
terized as [2]

Z 1

0

d�

1� �
�B

1 ð�Þ �
mB

�B

; (3.11)

where 1� � is the momentum fraction carried by the
light spectator quark in the Bmeson. The study of hadronic
B decays favors a smaller first inverse moment �B: a
value of 350� 150 MeV was employed in [2] and
200þ250

�0 MeV in [21], though QCD sum rule and other

studies prefer a larger �B � 460 MeV [35]. We shall use
�B ¼ 300� 100 MeV.

For the running quark masses we shall use [36,37]

mbðmbÞ ¼ 4:2 GeV; mbð2:1 GeVÞ ¼ 4:94 GeV;

mbð1 GeVÞ ¼ 6:34 GeV; mcðmbÞ ¼ 0:91 GeV;

mcð2:1 GeVÞ ¼ 1:06 GeV; mcð1 GeVÞ ¼ 1:32 GeV;

msð2:1 GeVÞ ¼ 95 MeV; msð1 GeVÞ ¼ 118 MeV;

mdð2:1 GeVÞ ¼ 5:0 MeV; muð2:1 GeVÞ ¼ 2:2 MeV:

(3.12)

Note that the charm quark masses here are smaller than the

one mcðmbÞ ¼ 1:3� 0:2 GeV adopted in [1,22] and con-
sistent with the high precision mass determination from
lattice QCD [38]: mcð3 GeVÞ ¼ 0:986� 0:010 GeV and
mcðmcÞ ¼ 1:267� 0:009 GeV (see also [39]). Among the
quarks, the strange quark gives the major theoretical un-
certainty to the decay amplitude. Hence, we will only
consider the uncertainty in the strange quark mass given
by msð2:1 GeVÞ ¼ 95� 20 MeV. Notice that for the one-
loop penguin contribution, the relevant quark mass is the
pole mass rather than the current one [40]. Since the
penguin loop correction is governed by the ratio of the

pole masses squared si � ðmpole
i =m

pole
b Þ2 and since the pole

mass is meaningful only for heavy quarks, we only need to
consider the ratio of c and b quark pole masses given by
sc � ð0:3Þ2.

D. Penguin annihilation

In the QCDF approach, the hadronic B decay amplitude
receives contributions from tree, penguin, electroweak
penguin, and weak annihilation topologies. In the absence
of 1=mb power corrections except for the chiral enhanced
penguin contributions, the leading QCDF predictions en-
counter three major difficulties as discussed in the
Introduction. This implies the necessity of introducing
1=mb power corrections. Soft corrections due to penguin
annihilation have been proposed to resolve the rate deficit
problem for penguin-dominated decays and the CP puzzle
for �B0 ! K��þ.2 However, the penguin-annihilation am-
plitude involve troublesome endpoint divergences. Hence,
subleading power corrections generally can be studied only
in a phenomenological way. We shall follow [2] to model
the endpoint divergence X � R

1
0 dx= �x in the annihilation

and hard spectator-scattering diagrams as

XA ¼ ln

�
mB

�h

�
ð1þ �Ae

i�AÞ; (3.13)

with �h being a typical scale of order 500 MeV, and �A,
�A being the unknown real parameters.
A fit to the data of Bu;d ! PP, VP, PV, and VV decays

yields the values of �A and �A shown in Table III.
Basically, it is very similar to the so-called ‘‘S4 scenario’’
presented in [1]. Within the framework of QCDF, one
cannot account for all charmless two-body B decay data
by a universal set of �A and �A parameters. Since the
penguin-annihilation effects are different for B ! VP
and B ! PV decays,

2Besides the mechanisms of penguin annihilation, charming
penguins and final-state rescattering, another possibility of solv-
ing the rate and CP puzzle for �B0 ! K��þ was advocated
recently in [41] by adding to the B ! K� QCDF amplitude a
real and an absorptive part with a strength 10% and 30% of the
penguin amplitude, respectively.
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Ai
1 � �Ai

2

� 6��s

�
3

�
XVP
A � 4þ �2

3

�
þ rV�r

P
�ððXVP

A Þ2 � 2XVP
A Þ

�
;

Ai
3 � 6��s

�
�3rV�

�
ðXVP

A Þ2 � 2XVP
A þ 4� �2

3

�

þ rP�

�
ðXVP

A Þ2 � 2XVP
A þ �2

3

��
;

Af
3 � 6��s½3rV�ð2XVP

A � 1Þð2� XVP
A Þ

� rP�ð2ðXVP
A Þ2 � XVP

A Þ� (3.14)

for M1M2 ¼ VP and

Ai
1 � �Ai

2

� 6��s

�
3

�
XPV
A � 4þ �2

3

�
þ rV�r

P
�ððXPV

A Þ2 � 2XPV
A Þ

�
;

Ai
3 � 6��s

�
�3rP�

�
ðXPV

A Þ2 � 2XPV
A þ 4� �2

3

�

þ rV�

�
ðXPV

A Þ2 � 2XPV
A þ �2

3

��
;

Af
3 � 6��s½�3rP�ð2XPV

A � 1Þð2� XPV
A Þ

þ rV�ð2ðXPV
A Þ2 � XPV

A Þ� (3.15)

for M1M2 ¼ PV, the parameters XVP
A and XPV

A are not

necessarily the same. Indeed, a fit to the B ! VP, PV
decays yields �VP

A � 1:07, �VP
A � �70� and �PV

A �
0:87, �PV

A � �30� (see Table III). For the estimate of

theoretical uncertainties, we shall assign an error of �0:1
to �A and �20� to �A. Note that penguin-annihilation
contributions to K� (K��) are smaller than other PV
(VV) modes. In general, penguin annihilation is dominated
by b3 or �3 through ðS� PÞðSþ PÞ interactions.

E. Power corrections to a2

As pointed out in [16], while the discrepancies between
theory and experiment for the rates of penguin-dominated
two-body decays of B mesons and direct CP asymmetries
of �Bd ! K��þ, B� ! K��0, and �Bd ! �þ�� are re-
solved by the power corrections due to penguin annihila-
tion, the signs of direct CP-violating effects in
B� ! K��0, B� ! K��, and �B0 ! �0�0 are flipped to
the wrong ones when confronted with experiment. These
new B-CP puzzles in QCDF can be explained by the

subleading power corrections to the color-suppressed tree
amplitudes due to hard spectator interactions and/or final-
state interactions that yield not only correct signs for
aforementioned CP asymmetries but also accommodate
the observed �Bd ! �0�0 and �0�0 rates simultaneously.
Following [16], power corrections to the color-

suppressed topology are parametrized as

a2 ! a2ð1þ �Ce
i�CÞ; (3.16)

with the unknown parameters �C and �C to be inferred
from experiment. We shall use [16]

�C � 1:3; 0:8; 0; �C � �70�;�80�; 0 (3.17)

for �B ! PP, VP, VV decays, respectively. This pattern
that soft power corrections to a2 are large for PP modes,
moderate for VP ones and very small for VV cases is
consistent with the observation made in [9] that soft power
correction dominance is much larger for PP than VP and
VV final states. It has been argued that this has to do with
the special nature of the pion, which is a q �q bound state on
the one hand and a nearly massless Nambu-Goldstone
boson on the other hand [9].
What is the origin of power corrections to a2? There are

two possible sources: hard spectator interactions and final-
state interactions. From Eq. (3.18) we have the expression

a2ðM1M2Þ ¼ c2 þ c1
Nc

þ c1
Nc

CF�s

4�

�
V2ðM2Þ

þ 4�2

Nc

H2ðM1M2Þ
�
þ a2ðM1M2ÞLD (3.18)

for a2. The hard spectator term H2ðM1M2Þ reads

H2ðM1M2Þ ¼
ifBfM1

fM2

Xð �BM1;M2Þ
mB

�B

Z 1

0
dxdy

�
�M1

ðxÞ�M2
ðyÞ

�x �y

þ rM1
�

�m1
ðxÞ�M2

ðyÞ
�xy

�
; (3.19)

where Xð �BM1;M2Þ is the factorizable amplitude for �B !
M1M2, �x ¼ 1� x. Power corrections from the twist-3
amplitude �m are divergent and can be parameterized as

XH �
Z 1

0

dy

y
¼ ln

mB

�h

ð1þ �He
i�H Þ: (3.20)

Since c1 �Oð1Þ and c9 �Oð�1:3Þ in units of �em, it is
clear that hard spectator contributions to ai are usually very
small except for a2 and a10. Indeed, there is a huge can-
cellation between the vertex and naive factorizable terms
so that the real part of a2 is governed by spectator inter-
actions, while its imaginary part comes mainly from the
vertex corrections [42]. The value of a2ðK�Þ � 0:51e�i58�

needed to solve the B ! K� CP puzzle [see Eq. (4.4)]
corresponds to �H � 4:9 and �H � �77�. Therefore,
there is no reason to restrict �H to the range 0 � �H �
1. A sizable color-suppressed tree amplitude also can be
induced via color-allowed decay B� ! K��0 followed by

TABLE III. The parameters �A and �A for penguin annihila-
tion. The fitted �A and �A for B ! VV decays are taken from
[24].

Mode �A �A Mode �A �A

B ! PP 1.10 �50� B ! VP 1.07 �70�
B ! PV 0.87 �30� B ! K� 0.70 �40�
B ! K�� 0.78 �43� B ! K�� 0.65 �53�
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the rescattering of K��0 into K��0 as depicted in Fig. 1.
Recall that among the 2-body B decays, B ! K�0 has the
largest branching fraction, of order 70� 10�6. This final-
state rescattering has the same topology as the color-
suppressed tree diagram [43]. One of us (C. K. C.) has
studied the final-state interaction (FSI) effects through
residual rescattering among PP states and resolved the
B-CP puzzles [7]. As stressed by Neubert sometime ago,
in the presence of soft final-state interactions, there is no
color suppression of C with respect to T [44].

Since the chiral factor rV� for the vector meson is sub-

stantially smaller than rP� for the pseudoscalar meson (typi-

cally, rP� ¼ Oð0:8Þ and rV� ¼ Oð0:2Þ at the hard-collinear

scale �h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
�hmb

p
), one may argue that Eq. (3.19) pro-

vides a natural explanation as to why the power corrections
to a2 are smaller whenM1 is a vector meson, provided that
soft corrections arise from spectator rescattering.
Unfortunately, this is not the case. Numerically, we found
that, for example,HðK��Þ is comparable toHðK�Þ. This is
due to the fact that

R
1
0 dxr

M
� �mðxÞ=ð1� xÞ is equal toXHr

P
�

for M ¼ P and approximated to 3ðXH � 2ÞrV� for M ¼ V.

We use next leading order (NLO) results for a2 in
Eq. (3.16) as a benchmark to define the parameters �C

and �C. The next to next leading order calculations of
spectator-scattering tree amplitudes and vertex corrections
at order �2

s have been carried out in [45,46], respectively.
As pointed out in [47,48], a smaller value of �B can
enhance the hard spectator interaction and hence a2 sub-
stantially. For example, a2ð��Þ � 0:375� 0:076i for
�B ¼ 200 MeV was found in [48]. However, the recent
BABAR data on B ! 
‘ �� [49] seems to imply a larger �B

(> 300 MeV at the 90% C.L.). While next to next leading
order corrections can in principle push the magnitude of
a2ð��Þ up to the order of 0.40 by lowering the value of the
Bmeson parameter �B, the strong phase of a2 relative to a1
cannot be larger than 15� [47]. In this work we reply on �C

and �C to get a large magnitude and strong phase for a2.

FIG. 1. Contribution to the color-suppressed tree amplitude of
B� ! K��0 from the weak decay B� ! K��0 followed by the
final-state rescattering of K��0 into K��0. This has the same
topology as the color-suppressed tree diagram.

TABLE IV. CP-averaged branching fractions (in units of 10�6) and direct CP asymmetries (in %) of some selective B ! PP decays
obtained in QCD factorization for three distinct cases: (i) without any power corrections, (ii) with power corrections to penguin
annihilation, and (iii) with power corrections to both penguin annihilation and color-suppressed tree amplitudes. The parameters �A

and �A are taken from Table III, �C ¼ 1:3 and �C ¼ �70�. The theoretical errors correspond to the uncertainties due to the variation
of (i) Gegenbauer moments, decay constants, quark masses, form factors, the �B parameter for the B meson wave function, and
(ii) �A;H , �A;H , respectively.

Mode W/o �A;C, �A;C With �A, �A With �A;C, �A;C Expt. [3]

Bð �B0 ! K��þÞ 13:1þ5:8þ0:7
�3:5�0:7 19:3þ7:9þ8:2

�4:8�6:2 19:3þ7:9þ8:2
�4:8�6:2 19:4� 0:6

Bð �B0 ! �K0�0Þ 5:5þ2:8þ0:3
�1:7�0:3 8:4þ3:8þ3:8

�2:3�2:9 8:6þ3:8þ3:8
�2:2�2:9 9:5� 0:5

BðB� ! �K0��Þ 14:9þ6:9þ0:9
�4:5�1:0 21:7þ9:2þ9:0

�6:0�6:9 21:7þ9:2þ9:0
�6:0�6:9 23:1� 1:0

BðB� ! K��0Þ 9:1þ3:6þ0:5
�2:3þ0:5 12:6þ4:7þ4:8

�3:0�3:7 12:5þ4:7þ4:9
�3:0�3:8 12:9� 0:6

BðB� ! K��Þ 1:6þ1:1þ0:3
�0:7�0:4 2:4þ1:8þ1:3

�1:1�1:0 2:4þ1:8þ1:3
�1:1�1:0 2:36� 0:27

Bð �B0 ! �þ��Þ 6:2þ0:4þ0:2
�0:6�0:4 7:0þ0:4þ0:7

�0:7�0:7 7:0þ0:4þ0:7
�0:7�0:7 5:16� 0:22

Bð �B0 ! �0�0Þ 0:42þ0:29þ0:18
�0:11�0:08 0:52þ0:26þ0:21

�0:10�0:10 1:1þ1:0þ0:7
�0:4�0:3 1:55� 0:19 a

BðB� ! ���0Þ 4:9þ0:9þ0:6
�0:5�0:3 4:9þ0:9þ0:6

�0:5�0:3 5:9þ2:2þ1:4
�1:1�1:1 5:59þ0:41

�0:40

BðB� ! ���Þ 4:4þ0:6þ0:4
�0:3�0:2 4:5þ0:6þ0:5

�0:3�0:3 5:0þ1:2þ0:9
�0:6�0:7 4:1� 0:3

ACPð �B0 ! K��þÞ 4:0þ0:6þ1:1
�0:7�1:1 �7:4þ1:7þ4:3

�1:5�4:8 �7:4þ1:7þ4:3
�1:5�4:8 �9:8þ1:2

�1:1

ACPð �B0 ! �K0�0Þ �4:0þ1:2þ3:5
�1:8�3:0 0:75þ1:88þ2:56

�0:94�3:32 �10:6þ2:7þ5:6
�3:8�4:3 �1� 10

ACPðB� ! �K0��Þ 0:72þ0:06þ0:05
�0:05�0:05 0:28þ0:03þ0:09

�0:03�0:10 0:28þ0:03þ0:09
�0:03�0:10 0:9� 2:5

ACPðB� ! K��0Þ 7:3þ1:6þ2:3
�1:2�2:7 �5:5þ1:3þ4:9

�1:8�4:6 4:9þ3:9þ4:4
�2:1�5:4 5:0� 2:5

ACPðB� ! K��Þ �22:1þ7:7þ14:0
�16:7�7:3 12:7þ7:7þ13:4

�5:0�15:0 �11:0þ8:4þ14:9
�21:6�10:1 �37� 9

ACPð �B0 ! �þ��Þ �6:2þ0:4þ2:0
�0:5�1:8 17:0þ1:3þ4:3

�1:2�8:7 17:0þ1:3þ4:3
�1:2�8:7 38� 6

ACPð �B0 ! �0�0Þ 33:4þ6:8þ34:8
�10:6�37:7 �26:9þ8:4þ48:5

�6:0�37:5 57:2þ14:8þ30:3
�20:8�34:6 43þ25

�24

ACPðB� ! ���0Þ �0:06þ0:01þ0:01
�0:01�0:02 �0:06þ0:01þ0:01

�0:01�0:02 �0:11þ0:01þ0:06
�0:01�0:03 6� 5

ACPðB� ! ���Þ �11:4þ1:1þ2:3
�1:0�2:7 11:4þ0:9þ4:5

�0:9�9:1 �5:0þ2:4þ8:4
�3:4�10:3 �13� 7

aIf an S factor is included, the average will become 1:55� 0:35.
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IV. B ! PP DECAYS

Effects of power corrections on penguin annihilation and
the color-suppressed tree amplitude for some selective
B ! PP decays are shown in Table IV. The implications
will be discussed below. Branching fractions and CP
asymmetries for all B ! PP decays are shown in
Tables V and VII, respectively. The theoretical errors cor-
respond to the uncertainties due to the variation of (i) the
Gegenbauer moments, the decay constants, (ii) the heavy-
to-light form factors and the strange quark mass, and
(iii) the wave function of the B meson characterized by
the parameter �B, the power corrections due to weak
annihilation and hard spectator interactions described by
the parameters �A;H, �A;H, respectively. To obtain the

errors shown in these tables, we first scan randomly the
points in the allowed ranges of the above nine parameters

(specifically, the ranges �0
A � 0:1 � �A � �0

A þ 0:1,
�0

A � 20� � �A � �0
A þ 20�, 0 � �H � 1, and 0 �

�H � 2� are used in this work, where the values of �0
A

and �0
A are displayed in Table III) and then add errors in

quadrature. More specifically, the second error in the table
is referred to the uncertainties caused by the variation of
�A;H and �A;H, where all other uncertainties are lumped

into the first error. Power corrections beyond the heavy
quark limit generally give the major theoretical
uncertainties.

A. Branching fractions

1. B ! K�

The B ! K� decays are dominated by penguin contri-
butions because of jVusV

�
ubj 	 jVcsV

�
cbj � jVtsV

�
tbj and the

large top quark mass. For the ratios defined by

TABLE V. CP-averaged branching fractions (in units of 10�6) of B ! PP decays obtained in various approaches. The pQCD results
are taken from [50–54]. Note that there exist several pQCD calculations for B ! K�ð0Þ [52,55–57] and here we cite the pQCD results
with partial NLO corrections [52]. There are two solution sets with SCET predictions for decays involving � and/or �0 [58].

Mode QCDF (this work) pQCD SCET Expt. [3]

B� ! �K0�� 21:7þ9:2þ9:0
�6:0�6:9 23:6þ14:5

�8:4 20:8� 7:9� 0:6� 0:7 23:1� 1:0

B� ! K��0 12:5þ4:7þ4:9
�3:0�3:8 13:6þ10:3

�5:7 11:3� 4:1� 1:0� 0:3 12:9� 0:6
�B0 ! K��þ 19:3þ7:9þ8:2

�4:8�6:2 20:4þ16:1
�8:4 20:1� 7:4� 1:3� 0:6 19:4� 0:6

�B0 ! �K0�0 8:6þ3:8þ3:8
�2:2�2:9 8:7þ6:0

�3:4 9:4� 3:6� 0:2� 0:3 9:5� 0:5

B� ! ���0 5:9þ2:2þ1:4�1:1�1:1 4:0þ3:4
�1:9 5:2� 1:6� 2:1� 0:6 5:59þ0:41

�0:40

�B0 ! �þ�� 7:0þ0:4þ0:7
�0:7�0:7 6:5þ6:7

�3:8 5:4� 1:3� 1:4� 0:4 5:16� 0:22
�B0 ! �0�0 1:1þ1:0þ0:7

�0:4�0:3 0:29þ0:50
�0:20 0:84� 0:29� 0:30� 0:19 1:55� 0:19

B� ! K�K0 1:8þ0:9þ0:7
�0:5�0:5 1.66 1:1� 0:4� 1:4� 0:03 1:36þ0:29

�0:27

�B0 ! KþK� 0:10þ0:03þ0:03
�0:02�0:03 0.046 - 0:15þ0:11

�0:10

�B0 ! K0 �K0 2:1þ1:0þ0:8
�0:6�0:6 1.75 1:0� 0:4� 1:4� 0:03 0:96þ0:21

�0:19

B� ! K�� 2:3þ1:8þ1:3
�1:1�1:0 3:2þ1:2þ2:7þ1:1

�0:9�1:2�1:0 2:7� 4:8� 0:4� 0:3
2:3� 4:5� 0:4� 0:3

2:36� 0:27

B� ! K��0 78:4þ61:2þ26:4
�26:8�19:5 51:0þ13:5þ11:2þ4:2

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

71:1� 2:6

�B0 ! �K0� 1:6þ1:5þ1:1
�0:9�0:8 2:1þ0:8þ2:3þ1:0

�0:6�1:0�0:9 2:4� 4:4� 0:2� 0:3
2:3� 4:4� 0:2� 0:5

1:12þ0:30
�0:28

�B0 ! �K0�0 74:2þ56:5þ24:7
�24:9�18:4 50:3þ11:8þ11:1þ4:5

�8:2�6:2�2:7 63:2� 24:7� 4:2� 8:1
62:2� 23:7� 5:5� 7:2

66:1� 3:1

B� ! ��� 5:0þ1:2þ0:9
�0:6�0:7 4:1þ1:3þ0:4þ0:6

�0:9�0:3�0:5 4:9� 1:7� 1:0� 0:5
5:0� 1:7� 1:2� 0:4

4:07� 0:32

B� ! ���0 3:8þ1:3þ0:9
�0:6�0:6 2:4þ0:8

�0:5 � 0:2� 0:3 2:4� 1:2� 0:2� 0:4
2:8� 1:2� 0:3� 0:3

2:7þ0:5
�0:4

�B0 ! �0� 0:36þ0:03þ0:13
�0:02�0:10 0:23þ0:04þ0:04

�0:03�0:03 � 0:05 0:88� 0:54� 0:06� 0:42
0:68� 0:46� 0:03� 0:41

<1:5

�B0 ! �0�0 0:42þ0:21þ0:18
�0:09�0:12 0:19� 0:02� 0:03þ0:04

�0:05 2:3� 0:8� 0:3� 2:7
1:3� 0:5� 0:1� 0:3

1:2� 0:4

�B0 ! �� 0:32þ0:13þ0:07
�0:05�0:06 0:67þ0:32

�0:25 0:69� 0:38� 0:13� 0:58
1:0� 0:4� 0:3� 1:4

<1:0

�B0 ! ��0 0:36þ0:24þ0:12
�0:10�0:08 0:18� 0:11 1:0� 0:5� 0:1� 1:5

2:2� 0:7� 0:6� 5:4
<1:2

�B0 ! �0�0 0:22þ0:14þ0:08
�0:06�0:06 0:11þ0:12

�0:09 0:57� 0:23� 0:03� 0:69
1:2� 0:4� 0:3� 3:7

<1:7
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Rc � 2�ðB� !K��0Þ
�ðB� ! �K0��Þ ; Rn � �ð �B0 !K��þÞ

2�ð �B0 ! �K0�0Þ ; (4.1)

we have Rc ¼ Rn � 1 if the other quark-diagram ampli-
tudes are negligible compared with P0. The current experi-
mental measurements give Rc ¼ 1:12� 0:07 and
Rn ¼ 0:99� 0:07. In QCDF we have Rc ¼ 1:15� 0:03
and Rn ¼ 1:12� 0:03, which are consistent with
experiment.

From Table IV, we see that the predicted rates for
penguin-dominated B ! PP decays to the zeroth order
of 1=mb expansion are usually ð30� 45Þ% below mea-
surements (see the second column of Table IV). Also the
directCP asymmetry ACPðK��þÞ is wrong in sign. We use
penguin annihilation dictated by �A ¼ 1:10 and �A ¼
�50� to fix both problems.

2. B ! K�ð0Þ

Among the 2-body B decays, B ! K�0 has the largest
branching fraction, of order 70� 10�6, whileBðB ! �KÞ
is only ð1–3Þ � 10�6. This can be qualitatively understood
as follows: Since the �-�0 mixing angle in the quark-flavor

basis �q ¼ ðu �uþ d �dÞ= ffiffiffi
2

p
and �s ¼ s�s

� ¼ cos��q � sin��s; �0 ¼ sin��q þ cos��s

(4.2)

is extracted from the data to be � ¼ 39:3� [29], it is clear
that the interference between the B ! K�q amplitude

induced by the b ! sq �q penguin and the B ! K�s ampli-
tude induced by b ! ss �s is constructive for B ! K�0 and
destructive for B ! �K. This explains the large rate of
the former and the suppression of the latter. However, most
of the model calculations still fall short of the data for
BðB ! K�0Þ.

Many possible solutions to the puzzle for the abnormally
large K�0 rate have been proposed in the past: (i) a sig-
nificant flavor-singlet contribution [15,59], (ii) a large B !
�0 form factor [60], (iii) a contribution from the charm
content of the�0, (iv) an enhanced hadronic matrix element
h0j�s
5sj�0i due to the axial U(1) anomaly [61], (v) a large
chiral scale mq

0 associated with the �q [55,56], (vi) a long-

distance charming penguin in SCET [58], and (vii) a large
contribution from the two-gluon fusion mechanism [62].

Numerically, Beneke and Neubert already obtained
BðB� ! K��0Þ �Oð50� 10�6Þ in QCDF using the de-
fault values �A ¼ �H ¼ 0 [1]. Here, we found similar
results 57� 10�6 (53� 10�6) with (without) the
contributions from the ‘‘charm content’’ of the �0. In the
presence of penguin annihilation, we obtain BðB� !
K��0Þ � 78� 10�6 (71� 10�6) with (without) the
‘‘charm content’’ contributions. Therefore, the observed
large B ! K�0 rates are naturally explained in QCDF
without invoking, for example, flavor-singlet contribu-
tions. Data on B ! K� modes are also well accounted
for by QCDF.

3. B ! ��

From Table IV we see that power corrections to the
color-suppressed tree amplitude have almost no effect on
the decay rates of penguin-dominated decays, but will
enhance the color-suppressed tree-dominated decay B !
�0�0 substantially owing to the enhancement of ja2j �
Oð0:6Þ [see Eq. (4.4) below]. Since jPEW=Cj is of order
0.06 before any power corrections, it is very unlikely that
an enhancement of PEW through new physics effects can
render c ¼ Cþ PEW large and complex. Notice that the
central values of the branching fractions of B0 ! �0�0

measured by BABAR [63] and Belle [64], ð1:83� 0:21�
0:13Þ � 10�6 and ð1:1� 0:3� 0:1Þ � 10�6, respectively,
are somewhat different in their central values. The charged
mode B� ! ���0 also gets an enhancement as its ampli-
tude is proportional to a1 þ a2. The prediction of QCDF or
pQCD (see Table V) for BðB0 ! �þ��Þ is slightly too
large compared to the data. This is a long-standing issue.
One possibility for the remedy is that there exists �� !
�� meson annihilation contributions in which two initial
quark pairs in the zero isospin configuration are destroyed
and then created. Indeed, in the topological quark-diagram
approach, this corresponds to the vertical W-loop diagram
[65]. As shown in [7,43], this additional long-distance
contribution may lower the �þ�� rate. In the final-state
rescattering model considered by Hou and Yang [66] and
elaborated more by one of us (C.K. C.) [7], �B0 ! �þ��
and �0�0 rates are reduced and enhanced roughly by a
factor of 2, respectively, through FSIs. It should be re-
marked that in the pQCD approach, it has been shown
recently that the color-suppressed tree amplitude will be
enhanced by a soft factor arising from the uncanceled soft
divergences in the kT factorization for nonfactorizable
hadronic B decays [10]. As a consequence, the B0 !
�0�0 rate can be enhanced to the right magnitude.

4. B ! K �K

The decays B� ! K�K0 and �B0 ! �K0K0 receive b !
d penguin contributions and �B0 ! KþK� proceeds only
through weak annihilation. Hence, the first two modes have
branching fractions of order 10�6, while the last one is
suppressed to the order of 10�8.

5. B ! ��ð0Þ

The decay amplitudes of B ! �� areffiffiffi
2

p
AðB� ! ���Þ � A��q

½	puð�2 þ �2Þ þ 2�p
3 þ �̂p

4 �
þ A�q�½	puð�1 þ �2Þ þ �̂p

4 �;
�2Að �B0 ! �0�Þ � A��q

½	puð�2 � �1Þ þ 2�p
3 þ �̂p

4 �
þ A�q�½	puð��2 � �1Þ þ �̂p

4 �;
(4.3)

with �̂4 ¼ �4 þ �3 and similar expressions for B ! ��0.
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It is clear that the decays �B0 ! �ð0Þ�0 have very small rates
because of near cancellation of the color-suppressed tree

amplitudes, while the charged modes �ð0Þ�� receive color-
allowed tree contributions. From the experimental data
shown in Table VI, it is clear that BABAR’s measurement
of BðB� ! ���0Þ 
 Bð �B0 ! �0�0Þ is in accordance
with the theoretical expectation, whereas Belle’s results
indicate the other way around. Nevertheless, BABAR and
Bell agree with each other on BðB ! ��Þ. QCDF predic-

tions for B ! ��ð0Þ agree well with the BABAR data. As
for the pQCD approach, it appears that its prediction for
Bð �B0 ! �0�0Þ is too small. At any rate, it is important to

have more accurate measurements of B ! ��ð0Þ.

B. Direct CP asymmetries

For �C � 1:3 and �C � �70�, we find that all the CP
puzzles in B ! PP decays are resolved as shown in fourth
column of Table IV. The corresponding a2’s are

a2ð��Þ � 0:60e�i55� ; a2ðK�Þ � 0:51e�i58� : (4.4)

They are consistent with the phenomenological determi-

nation of Cð0Þ=Tð0Þ � a2=a1 from a global fit to the available
data [15]. Because of the interference between the penguin
and the large complex color-suppressed tree amplitudes, it
is clear from Table IV that theoretical predictions for direct
CP asymmetries now agree with experiment in signs even
for those modes with the significance of ACP less than 3�.
We shall discuss each case one by one.

1. ACPðK��þÞ
Neglecting electroweak penguin contributions, the de-

cay amplitude of �B0 ! K��þ reads

Að �B0 ! K��þÞ ¼ A� �Kð	u�1 þ �p
4 þ �p

3 Þ: (4.5)

Following [1], the CP asymmetry of �B0 ! K��þ can be
expressed as

ACPð �B0 ! K��þÞRFM ¼ �2 sin
 ImrFM; (4.6)

with

RFM � �ð �B0 ! K��þÞ
�ðB� ! �K0��Þ ¼ 1� 2 cos
RerFM þ jrFMj2;

rFM ¼
��������
�u

ðsÞ

�c
ðsÞ

��������
�1ð� �KÞ

��c
4ð� �KÞ � �c

3ð� �KÞ ; (4.7)

where the small contribution from �̂u
4 has been neglected

and the decay amplitude of B� ! �K0�� is given in

Eq. (4.11). Theoretically, we obtain rFM ¼ 0:14 for 
 ¼
67:8� with a small imaginary part and RFM ¼ 0:91, to be
compared with the experimental value RFM ¼ 0:84�
0:04. In the absence of penguin annihilation, direct CP
violation of �B0 ! K��þ is positive as Im�c

4 � 0:013.
When the power correction to penguin annihilation is
turned on, we have Imð�c

4 þ �c
3Þ � �0:039 and hence a

negative ACPðK��þÞ. This also explains why CP asym-
metries of penguin-dominated decays in the QCDF frame-
work will often reverse their signs in the presence of
penguin annihilation.

2. ACPðK��0Þ
The decay amplitude isffiffiffi
2

p
AðB� ! K��0Þ ¼ A� �Kð	u�1 þ �p

4 þ �p
3 Þ

þ A �K�ð	pu�2 þ 3
2�

p
3;EWÞ: (4.8)

If the color-suppressed tree and electroweak penguin am-
plitudes are negligible, it is obvious that the amplitude of
K��0 will be the same as that of K��þ except for a trivial

factor of 1=
ffiffiffi
2

p
. The CP asymmetry difference �AK� �

ACPðK��0Þ � ACPðK��þÞ arising from the interference
between P0 and C0 and between P0

EW and T0 is expected to
be small, while it is 0:148� 0:028 experimentally [3]. To
identify the effect due to the color-suppressed tree ampli-
tude, we write

�AK� ¼ 0:015þ0:006þ0:008
�0:006�0:013 � 2 sin
 ImrC þ � � � ; (4.9)

where the first term on the right-hand side is due to the
interference of the electroweak penguin with color-allowed
tree and QCD penguin amplitudes and

rC ¼
��������
�u

ðsÞ

�c
ðsÞ

��������
f�F

BK
0 ð0Þ

fKF
B�
0 ð0Þ

�2ð� �KÞ
��c

4ð� �KÞ � �c
3ð� �KÞ : (4.10)

The imaginary part of rC is rather small because of the
cancellation of the phases between �2 and �

c
4 þ �c

3. When

soft corrections to a2 are included, we have rC � 0:078�
0:063i. It follows from Eq. (4.9) that �AK� will become of
order 0.13.
As first emphasized by Lunghi and Soni [72], in the

QCDF analysis of the quantity �AK�, although the theo-
retical uncertainties due to power corrections from penguin
annihilation are large for individual asymmetries
ACPðK��0Þ and ACPðK��þÞ, they essentially cancel out
in their difference, rendering the theoretical prediction
more reliable. We find �AK� ¼ ð12:3þ2:2þ2:1�0:9�4:7Þ%, while it

TABLE VI. CP-averaged branching fractions (in units of 10�6) of B ! ��ð0Þ decays.

���0 �0�0 ��� �0�

BABAR 3:5� 0:6� 0:2 [67] 0:9� 0:4� 0:1 [68] 4:00� 0:40� 0:24 [67] <1:5 [68]

Belle 1:8þ0:7
�0:6 � 0:1 [69] 2:8� 1:0� 0:3 [69] 4:2� 0:4� 0:2 [70] <2:5 [71]

Average 2:7þ0:5
�0:4 1:2� 0:4 4:1� 0:3 <1:5
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is only ð1:9þ0:5þ1:6
�0:4�1:0Þ% in the absence of power corrections

to a2 or to the topological amplitude C0.

3. ACPð �K0�0Þ and ACPð �K0��Þ
The decay amplitudes areffiffiffi
2

p
Að �B0 ! �K0�0Þ ¼ A� �Kð��p

4 � �p
3 Þ

þ A �K�

�
	pu�2 þ 3

2
�p
3;EW

�

¼ �p0 þ c0;

AðB� ! �K0��Þ ¼ A� �Kð�p
4 þ �p

3 Þ ¼ p0;

(4.11)

where the amplitudes p0 ¼ P0 � 1
3P

0c
EW þ P0

A, and c0 ¼
C0 þ P0

EW have been introduced in Sec. I. CP violation
of B� ! �K0�� is expected to be very small as it is a pure
penguin process. Indeed, QCDF predicts ACPð �K0��Þ �
0:003. If c0 is negligible compared to p0, ACPð �K0�0Þ will
be very small. Just as the previous case, the CP asymmetry
difference of the �K0�0 and �K0�� modes reads

�A0
K� � ACPð �K0�0Þ � ACPð �K0��Þ

¼ ð0:57þ0:04þ0:14
�0:04�0:06Þ%þ 2 sin
 ImrC þ � � � ; (4.12)

where the first term on the right-hand side is due to
the interference between the electroweak and QCD pen-
guin amplitudes. To a good approximation, we have
�A0

K� ���AK�. This together with the measured value
of �AK� and the smallness of ACPð �K0��Þ indicates that
ACPð �K0�0Þ should be roughly of order �0:15. Using
ImrC � �0:063 as discussed before, it follows from the
above equation that ACPð �K0�0Þ is of order �11%. More
precisely, we predict ACPð �K0�0Þ ¼ ð�10:6þ2:7þ5:6

�3:8�4:3Þ% and

�A0
K� ¼ ð�11:0þ2:7þ5:8

�3:8�4:3Þ%, while they are of order 0.0075

and 0.0057, respectively, in the absence of �C and �C.
Therefore, an observation of ACPð �K0�0Þ at the level of
�ð10� 15Þ% will be strong support for the presence of
power corrections to c0. This is essentially a model-
independent statement.

Experimentally, the current world average �0:01�
0:10 is consistent with no CP violation because the
BABAR and Belle measurements �0:13� 0:13� 0:03
[73] and 0:14� 0:13� 0:06 [74], respectively, are of op-
posite sign. Nevertheless, there exist several model-
independent determinations of this asymmetry: one is the
SU(3) relation ��ð�0�0Þ ¼ ���ð �K0�0Þ [75], and the
other is the approximate sum rule for CP rate asymmetries
[76]

��ðK��þÞ þ ��ð �K0��Þ � 2½��ðK��0Þ þ ��ð �K0�0Þ�;
(4.13)

based on isospin symmetry, where ��ðK�Þ � �ð �B !
�K ��Þ � �ðB ! K�Þ. This sum rule allows us to extract
ACPð �K0�0Þ in terms of the other three asymmetries of
K��þ, K��0, �K0�� modes that have been measured.

From the current data of branching fractions and CP
asymmetries, the above SU(3) relation and
CP-asymmetry sum rule lead to ACPð �K0�0Þ ¼
�0:073þ0:042

�0:041 and ACPð �K0�0Þ ¼ �0:15� 0:04, respec-

tively. An analysis based on the topological quark diagrams
also yields a similar result �0:08��0:12 [77]. All these
indicate that the direct CP violation ACPð �K0�0Þ should be
negative and has a magnitude of order 0.10.

4. ACPðK�ð0ÞÞ
The world average of ACPðB� ! K��Þ ¼ �0:37�

0:09 due to the measurements �0:36� 0:11� 0:03 from
BABAR [67] and �0:39� 0:16� 0:03 from Belle [70]
differs from zero by 4:1� deviations. The decay amplitude
of B� ! K�� is given by [1]

ffiffiffi
2

p
AðB� ! K��Þ ¼ A �K�q

½	pu�2 þ 2�p
3 �

þ ffiffiffi
2

p
A �K�s

½	pu�2 þ �p
3 þ �p

4 þ �p
3 �

þ ffiffiffi
2

p
A �K�c

½	pc�2 þ �p
3 �

þ A�q
�K½	puð�1 þ �2Þ þ �p

4 þ �p
3 �;

(4.14)

where the flavor states of the � meson, q �q � ðu �uþ
d �dÞ= ffiffiffi

2
p

, s�s and c �c are labeled by �q, �s, and �0
c, respec-

tively. Since the two penguin processes b ! ss�s and b !
sq �q contribute destructively to B ! K� (i.e. A �K�s

¼
Xð �B �K;�sÞ has an opposite sign to A �K�q

and A�q
�K), the

penguin amplitude is comparable in magnitude to the
tree amplitude induced from b ! us �u, contrary to the
decay B ! K�0 which is dominated by large penguin
amplitudes. Consequently, a sizable direct CP asymmetry
is expected in B� ! K�� but not in K��0 [78].
The decay constants fq�, fs� and fc� are given before in

Eqs. (3.5) and (3.6). Although fc� � �2 MeV is much

smaller than fq;s� , its effect is Cabibbo-Kobayashi-
Maskawa (CKM) enhanced by VcbV

�
cs=ðVubV

�
usÞ. In the

presence of penguin annihilation, ACPðK��Þ is found to
be of order 0.127 (see Table IV). When �C and �C are
turned on, ACPðK��Þwill be reduced to 0.004 if there is no
intrinsic charm content of the �. When the effect of fc� is

taken into account, ACPðK��Þ finally reaches the level of
�11% and has a sign in agreement with experiment.
Hence, CP violation in B� ! K�� is the place where
the charm content of the � plays a role.
Two remarks are in order. First, the pQCD prediction for

ACPðK��Þ is very sensitive to mqq, the mass of the �q,

which is generally taken to be of order m�. It was found in
[55] that for mqq ¼ 0:14, 0.18 and 0.22 GeV, ACPðK��Þ
becomes 0.0562, 0.0588, and�0:3064, respectively. There
are two issues here: (i) Is it reasonable to have a large value
of mqq? and (ii) The fact that ACPðK��Þ is so sensitive to

mqq implies that the pQCD prediction is not stable. Within

REVISITING CHARMLESS HADRONIC Bu;d DECAYS . . . PHYSICAL REVIEW D 80, 114008 (2009)

114008-13



the framework of pQCD, the authors of [79] rely on the
NLO corrections to get a negative CP asymmetry and
avoid the aforementioned issues. At the lowest order,
pQCD predicts ACPðK��Þ � 9:3%. Then NLO corrections
will flip the sign and give rise to ACPðK��Þ ¼
ð�11:7þ8:4

�11:4Þ%. In view of the sign change of ACP by

NLO effects here, this indicates that pQCD calculations
should be carried out systematically to NLO in order to
have a reliable estimate of CP asymmetries. Second, while
both QCDF and pQCD can manage to lead to a correct sign
for ACPðK��Þ, the predicted magnitude still falls short of
the measurement �0:37� 0:09. At first sight, it appears
that the QCDF prediction ACPðK��Þ ¼ �0:221þ0:160

�0:182 (see

Table IV) obtained in the leading 1=mb expansion already
agrees well with the data. However, the agreement is just
an accident. Recall that in the absence of power correc-
tions, the calculated CP asymmetries for K��þ and
�þ�� modes are wrong in signs. That is why it is impor-
tant to consider the major power corrections step by step.
The QCDF results in the heavy quark limit should not be
considered as the final QCDF predictions to be compared
with experiment.

5. ACPð���Þ
As for the decay B� ! ���, it is interesting to see that

penguin annihilation will flip the sign of ACPð���Þ into a
wrong one without affecting its magnitude (see Table IV).
Again, soft corrections to a2 will bring the CP asymmetry
back to the right track. Contrary to the previous case of
B� ! K��, the charm content of the � here does not play
a role as it does not get a CKM enhancement.

6. ACPð�þ��Þ
It is well known that based on SU(3) flavor symmetry,

direct CP asymmetries in K� and �� systems are related
as [75]:

��ðK��þÞ ¼ ���ð�þ��Þ;
��ð �K0�0Þ ¼ ���ð�0�0Þ:

(4.15)

The first relation leads to ACPð�þ��Þ ¼
½BðK��þÞ=Bð�þ��Þ�ACPðK��þÞ � 0:37, which is in
good agreement with the current world average of 0:38�
0:06 [3].

The decay amplitude is

Að �B0 ! �þ��Þ ¼ A��½	puð�1 þ �1Þ þ �p
4 þ �p

3 þ � � ��;
(4.16)

which is very similar to the amplitude of the K��þ mode
[see Eq. (4.5)] except for the CKM matrix elements. Since
the penguin contribution is small compared to the tree one,
its CP asymmetry is approximately given by

ACPð�þ��Þ � 2 sin
 Imr��; (4.17)

with

r�� ¼
��������
�c

ðdÞ

�u
ðdÞ

��������
�c
4ð��Þ þ �c

3ð��Þ
�1ð��Þ : (4.18)

Numerically, we obtain Imr�� ¼ 0:107 (� 0:033) with
(without) the annihilation term �c

3. Hence, one needs pen-

guin annihilation in order to have a correct sign for
ACPð�þ��Þ. However, the dynamical calculation of both
QCDF and pQCD yields ACPð�þ��Þ � 0:17� 0:20. It is
hard to push the CP asymmetry to the level of 0.38. Note
that the central values of current B factory measurements
of CP asymmetry: �0:25� 0:08� 0:02 by BABAR [80]
and �0:55� 0:08� 0:05 by Belle [81], differ by a factor
of 2.

7. ACPð�0�0Þ
Just like the �0� mode, penguin annihilation will flip

the sign of ACPð�0�0Þ into a wrong one (see Table IV). If
the amplitude c ¼ Cþ PEW is large and complex, its
interference with the QCD penguin will bring the sign of
CP asymmetry into the right one. As mentioned before,
jPEW=Cj is of order 0.06 before any power corrections. It is
thus very unlikely that an enhancement of PEW through
new physics can render c large and complex. For the
a2ð��Þ given by Eq. (4.4), we find that ACPð�0�0Þ is of
order 0.55, to be compared with the current average,
0:43þ0:25

�0:24 [3].

8. ACPð���0Þ
It is generally believed that direct CP violation of B� !

���0 is very small. This is because the isospin of the
���0 state is I ¼ 2 and hence it does not receive QCD
penguin contributions and receives only the loop contribu-
tions from electroweak penguins. Since this decay is tree
dominated, SM predicts an almost null CP asymmetry, of
order 10�3 � 10�4. What will happen if a2 has a large
magnitude and strong phase? We find that power correc-
tions to the color-suppressed tree amplitude will enhance
ACPð���0Þ substantially to the level of 2%. Similar con-
clusions were also obtained by the analysis based on the
diagrammatic approach [15]. However, one must be very
cautious about this. The point is that power corrections will
affect not only a2, but also other parameters ai with i � 2.
Since the isospin of ���0 is I ¼ 2, the soft corrections to
a2 and ai must be conspired in such a way that ���0 is
always an I ¼ 2 state. As explained below, there are two
possible sources of power corrections to a2: spectator
scattering and final-state interactions. For final-state rescat-
tering, it is found in [43] that effects of FSIs on ACPð���0Þ
are small, consistent with the requirement followed from
the CPT theorem. In the specific residual scattering model
considered by one of us (C.K. C.) [7], ���0 can only
rescatter into itself, and as a consequence, direct CP vio-
lation will not receive any contribution from residual final-
state interactions. Likewise, if large �H and �H are turned
on to mimic Eq. (4.4), we find ACPð���0Þ is at most of
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order 10�3. (The result of ACPð���0Þ in QCDF listed in
Tables IV and VII is obtained in this manner.) This is
because spectator scattering will contribute to not only a2
but also a1 and the electroweak penguin parameters a7–10.
Therefore, a measurement of direct CP violation in B� !
���0 provides a nice test of the standard model and new
physics.

9. CP asymmetries in pQCD and SCET

For most of the B ! PP decays, pQCD predictions of
CP asymmetries are similar to the QCDF ones at least in
signs except for the K �K, K��0, K��0, ��, ��0, �0�0
modes. Experimental measurements of ACP in ���, ���0
modes are in better agreement with QCDF than pQCD. It is
known that power corrections such as penguin annihilation
in QCDF are often plagued by the endpoint divergence that
in turn breaks the factorization theorem. In the pQCD
approach, the endpoint singularity is cured by including
the parton’s transverse momentum. Because of a different

treatment of endpoint divergences in penguin-annihilation
diagrams, some of the CP puzzles do not occur in the
approach of pQCD. For example, pQCD predicts the right
sign of CP asymmetries for �B0 ! �0�0 and B� ! ���
without invoking soft corrections to a2.
For decays involving � and �0, there are two sets of

SCET solutions as there exist two different sets of SCET
parameters that minimize �2. It is clear from Table VII that
the predicted signs of CP asymmetries for K��0, �0�0,
��� disagree with the data and hence the �AK� puzzle is
not resolved. Also the predicted CP violation for �K0�0 and
�K�0�0 is of opposite sign to QCDF and pQCD. This is not a
surprise because the long-distance charming penguins in
SCET mimic the penguin-annihilation effects in QCDF.
All the B-CP puzzles occurred in QCDF will also manifest
in SCET. (The reader can compare the SCET results of ACP

in Tables VII (for B ! PP) and XIII and XIV (for B !
VP) with the QCDF predictions in the third column of
Tables IV and X.) This means that one needs other power

TABLE VII. Same as Table V except for direct CP asymmetries (in %) of B ! PP decays obtained in various approaches.

Mode QCDF (this work) pQCD SCET Expt. [3]

B� ! �K0�� 0:28þ0:03þ0:09
�0:03�0:10 0 <5 0:9� 2:5

B� ! K��0 4:9þ3:9þ4:4
�2:1�5:4 �1þ3

�6 �11� 9� 11� 2 5:0� 2:5
�B0 ! K��þ �7:4þ1:7þ4:3

�1:5�4:8 �10þ7
�8 �6� 5� 6� 2 �9:8þ1:2

�1:1

�B0 ! �K0�0 �10:6þ2:7þ5:6
�3:8�4:3 �7þ3

�4 5� 4� 4� 1 �1� 10

B� ! ���0 �0:11þ0:01þ0:06
�0:01�0:03 0 <4 6� 5

�B0 ! �þ�� 17:0þ1:3þ4:3
�1:2�8:7 18þ20

�12 20� 17� 19� 5 38� 6
�B0 ! �0�0 57:2þ14:8þ30:3

�20:8�34:6 63þ35
�34 �58� 39� 39� 13 43þ25

�24

B� ! K�K0 �6:4þ0:8þ1:8
�0:6�1:8 11 1:1� 0:4� 1:4� 0:03 12þ17

�18
�B0 ! KþK� 0 29
�B0 ! K0 �K0 �10:0þ0:7þ1:0

�0:7�1:9 0 1:0� 0:4� 1:4� 0:03

B� ! K�� �11:2þ8:5þ15:2
�22:0�10:3 �11:7þ6:8þ3:9þ2:9

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

�37� 9

B� ! K��0 0:52þ0:66þ1:14
�0:53�0:90 �6:2þ1:2þ1:3þ1:3

�1:1�1:0�1:0 �10� 6� 7� 5
0:7� 0:5� 0:2� 0:9

1:3þ1:6
�1:7

�B0 ! �K0� �21:4þ8:6þ11:8
�22:9�11:3 �12:7þ4:1þ3:2þ3:2

�4:1�1:5�6:7 21� 20� 4� 3
�18� 22� 6� 4

�B0 ! �K0�0 3:0þ0:6þ0:7
�0:5�0:8 2:3þ0:5þ0:3þ0:2

�0:4�0:6�0:1 11� 6� 12� 2
�27� 7� 8� 5

5� 5

B� ! ��� �5:0þ2:4þ8:4
�3:4�10:3 �37þ8þ4þ0

�6�4�1 5� 19� 21� 5
37� 19� 21� 5

�13� 7

B� ! ���0 1:6þ5:0þ9:4
�8:2�11:1 �33þ6þ4þ0

�4�6�2 21� 12� 10� 14
2� 10� 4� 15

6� 15

�B0 ! �0� �5:2þ2:8þ24:6
�5:0�15:6 �42þ9þ3þ1

�12�2�3 3� 10� 12� 5
�7� 16� 4� 90

�B0 ! �0�0 �7:3þ1:0þ17:6
�1:8�14:0 �36þ10þ2þ2

�9�1�3 �24� 10� 19� 24
-

�B0 ! �� �63:5þ10:4þ9:8
�6:4�12:4 �33þ2:6þ4:1þ3:5

�2:8�3:8�0:0 �9� 24� 21� 4
48� 22� 20� 13

�B0 ! ��0 �59:2þ7:2þ3:8
�6:8�4:8 77:4þ0:0þ6:9þ8:0

�5:6�11:2�9:0 -

70� 13� 20� 4
�B0 ! �0�0 �44:9þ3:1þ8:5

�3:1�9:2 23:7þ10:0þ18:5þ6:0
�6:9�16:9�8:5 -

60� 11� 22� 29
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corrections to resolve the CP puzzles induced by charming
penguins. In the current phenomenological analysis of

SCET [93], the ratio of Cð0Þ=Tð0Þ is small and real to the
leading order. This constraint should be released.

C. Mixing-induced CP asymmetry

Possible new physics beyond the standard model is
being intensively searched via the measurements of time-
dependent CP asymmetries in neutral Bmeson decays into
final CP eigenstates defined by

�ð �BðtÞ ! fÞ��ðBðtÞ ! fÞ
�ð �BðtÞ ! fÞþ�ðBðtÞ ! fÞ ¼ Sf sinð�mtÞ�Cf cosð�mtÞ;

(4.19)

where �m is the mass difference of the two neutral B
eigenstates, Sf monitors mixing-induced CP asymmetry

and Af measures direct CP violation (note that Cf ¼
�ACP). The CP-violating parameters Cf and Sf can be

expressed as

Cf ¼ 1� j�fj2
1þ j�fj2

; Sf ¼
2 Im�f

1þ j�fj2
; (4.20)

where

�f ¼ qB
pB

Að �B0 ! fÞ
AðB0 ! fÞ : (4.21)

In the standard model �f � �fe
�2i� for b ! s penguin-

dominated or pure penguin modes with �f ¼ 1 (� 1) for

final CP-even (odd) states. Therefore, it is anticipated in
the standard model that ��fSf � sin2� and Af � 0.

The predictions of Sf of B ! PP decays in various

approaches and the experimental measurements from
BABAR and Belle are summarized in Table VIII. It is clear
that �0KS appears theoretically very clean in QCDF and
SCET and is close to sin2� ¼ 0:672� 0:023 determined
from b ! c �cs transitions [3]. Note also that the experi-
mental errors on S�0KS

are the smallest, and its branching

fraction is the largest, making it especially suitable for
faster experimental progress in the near future.
Time-dependent CP violation in �B0 ! �0KS has re-

ceived a great deal of attention. A correlation between
S�0KS

and ACPð�0KSÞ has been investigated in [99].

Recently, it has been argued that soft corrections to the
color-suppressed tree amplitude will reduce the mixing-
induced asymmetry S�0KS

to the level of 0.63 [10].

However, we find that it is the other way around in our
case. The asymmetry S�0KS

is enhanced from 0.76 to

0:79þ0:06þ0:04
�0:04�0:04 in the presence of power correction effects

on a2. Our result of S�0KS
is consistent with [7–9] where

power corrections were studied.3 Although this deviates

TABLE VIII. Mixing-induced CP violation Sf in B ! PP decays predicted in various approaches. The pQCD results are taken from
[50,52–54]. For final states involving � and/or �0, there are two solutions with SCET predictions [58]. The parameter �f ¼ 1 except

for KSð�0; �; �0Þ modes where �f ¼ �1. Experimental results from BABAR (first entry) and Belle (second entry) are listed whenever

available. The input values of sin2� used at the time of theoretical calculations are displayed.

Mode QCDF (this work) pQCD SCET Expt. [94–98] Average

sin2� 0.670 0.685 0.725

�0KS 0:67þ0:01þ0:01
�0:01�0:01 0:63þ0:50

�0:91 0:706� 0:008 0:57� 0:08� 0:02 0:59� 0:07
0:715� 0:010 0:64� 0:10� 0:04

�KS 0:79þ0:04þ0:08
�0:06�0:06 0:62þ0:50

�0:92 0:69� 0:16
0:79� 0:15

�0KS 0:79þ0:06þ0:04
�0:04�0:04 0:74þ0:02

�0:03 0:80� 0:03 0:55� 0:20� 0:03 0:57� 0:17
0:67� 0:31� 0:08

�þ�� �0:69þ0:08þ0:19
�0:10�0:09 �0:42þ1:00

�0:56 �0:86� 0:10 �0:68� 0:10� 0:03 �0:65� 0:07
�0:61� 0:10� 0:04

�0� 0:08þ0:06þ0:19
�0:12�0:23 0:067þ0:005

�0:010 �0:90� 0:24
�0:67� 0:82

�0�0 0:16þ0:05þ0:11
�0:07�0:14 0:067þ0:004

�0:011 �0:96� 0:12
�0:60� 1:31

�� �0:77þ0:07þ0:12
�0:05�0:06 0:535þ0:004

�0:004 �0:98� 0:11
�0:78� 0:31

��0 �0:76þ0:07þ0:06
�0:05�0:03 �0:131þ0:056

�0:050 �0:82� 0:77
�0:71� 0:37

�0�0 �0:85þ0:03þ0:07
�0:02�0:06 0:93þ0:08

�0:12 �0:59� 1:10
�0:78� 0:31

3Since power corrections will affect not only a2, but also other
parameters ai with i � 2, we have examined such effects by
using �H � 4:9 and �H � �77� [see discussions after
Eq. (3.20)] and obtained the same result as before.
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somewhat from the world average value of 0:57� 0:17 [3],
it does agree with the Belle measurement of 0:67� 0:31�
0:08 [96].

In sharp contrast to QCDF and SCET where the theo-
retical predictions for S�0KS

are very clean, the theoretical

errors in pQCD predictions for both S�0KS
and S�KS

arising

from uncertainties in the CKM angles � and 
 are very
large [52]. This issue should be resolved.

For the mixing-induced asymmetry in B ! �þ��, we
obtain S�þ�� ¼ �0:69þ0:08þ0:19

�0:10�0:09, in accordance with the

world average of �0:65� 0:07 [3]. For comparison, the
SCET prediction �0:86� 0:10 [58] is too large and the
theoretical uncertainty of the pQCD result�0:42þ1:00

�0:56 [50]

is too large. For �0�ð0Þ modes, SCET predictions are
opposite to QCDF and pQCD in signs. For ��0, the
pQCD result is very small compared to QCDF and SCET.

The reader may wonder why the QCDF result S�0KS
�

0:67 presented in this work is smaller than the previous
result � 0:74 obtained in [100–102]. This is because the
theoretical calculation of Sf depends on the input of the

angle � or sin2�. For example, sin2� � 0:725was used in
the earlier estimate of Sf around 2005, while a smaller

value of 0.670 is used in the present work.4 Therefore, it is
more sensible to consider the difference

�Sf � ��fSf � sin2� (4.22)

for penguin-dominated decays. In the SM, Sf for these

decays should be nearly the same as the value measured

from the b ! c �cs decays such as �B0 ! J=cK0; there is a
small deviation at most Oð0:1Þ [104]. In Table VIII we
have listed the values of sin2� used in the theoretical
calculations. Writing the decay amplitude in the form

Mð �B0 ! fÞ ¼ VubV
�
usA

u
f þ VcbV

�
csA

c
f (4.23)

it is known that to the first order in rf � ð�uA
u
fÞ=ð�cA

c
fÞ

[105,106]

�Sf ¼ 2jrfj cos2� sin
 cos	f; (4.24)

with 	f ¼ argðAu
f=A

c
fÞ. Hence, the magnitude of the CP

asymmetry difference �Sf is governed by the size of

Au
f=A

c
f. In QCDF the dominant contributions to Au

f=A
c
f

are given by [101]

Au

Ac

���������0KS

� ½�Pu� � ½C�
½�Pc� � ½�ðau4 þ r�a

u
6Þ� � ½au2R�0KS

�
½�ðac4 þ r�a

c
6Þ�

;

Au

Ac

���������KS

� ½Pu� þ ½C�
½Pc� � ½�ðau4 þ r�a

u
6Þ� þ ½au2R�KS

�
½�ðac4 þ r�a

c
6Þ�

;

Au

Ac

���������0KS

� ½�Pu� þ ½C�
½�Pc� � ½�ðau4 þ r�a

u
6Þ� þ ½au2R�KS

�
½�ðac4 þ r�a

c
6Þ�

;

(4.25)

where R’s are real and positive ratios of form factors and
decay constants and we have followed [101] to denote the
complex quantities by square brackets if they have real
positive parts. For �0KS, [� P] is enhanced because of the
constructive interference of various penguin amplitudes.
This together with the destructive interference between
penguin and color-suppressed tree amplitudes implies the
smallness of �S�0KS

. As explained before, the penguin

amplitude of �B0 ! �KS is small because of the destructive
interference of two penguin amplitudes [see Eq. (4.14)].
This together with the fact that the color-suppressed tree
amplitude contributes constructively to Au=Ac explains
why �S�KS

is positive and sizable.

Mixing-induced CP asymmetries in various approaches
are listed in Table IX where the soft effects due to �C and

TABLE IX. Same as Table VIII except for �Sf for penguin-dominated modes. The QCDF results obtained by Beneke [101] are
displayed for comparison.

QCDF (this work)

Mode With �C, �C W/o �C QCDF (Beneke) pQCD SCET Expt. Average

�0KS 0:00þ0:01
�0:01 0:01þ0:01

�0:01 0:01þ0:01
�0:01 �0:06þ0:50

�0:91 �0:02� 0:01 �0:10� 0:08 �0:08� 0:07
�0:01� 0:01 �0:03� 0:11

�KS 0:12þ0:09
�0:08 0:12þ0:04

�0:03 0:10þ0:11
�0:07 �0:07þ0:50

�0:92 �0:04� 0:16
0:07� 0:15

�0KS 0:12þ0:07
�0:06 0:09þ0:07

�0:06 0:07þ0:05
�0:04 0:06þ0:02

�0:03 0:08� 0:03 �0:12� 0:20 �0:10� 0:17
0:00� 0:32

4The experimental value of sin2� determined from all
B-factory charmonium data is 0:672� 0:023 [3]. However, as
pointed out by Lunghi and Soni [103], one can use some
observables to deduce the value of sin2�: CP-violating parame-
ter "K, �Ms=�Md and Vcb from experiment along with the
lattice hadronic matrix elements, namely, the kaon B-parameter
BK and the SU(3) breaking ratio �s. A prediction sin2� ¼
0:87� 0:09 is yielded in the SM. If the ratio jVub=Vcbj is also
included as an input, one gets a smaller value 0:75� 0:04. The
deduced value of sin2� thus differs from the directly measured
value at the 2� level. If the SM description of CP violation
through the CKM paradigm with a single CP-odd phase is
correct, then the deduced value of sin2� should agree with the
directly measured value of sin2� in B-factory experiments.
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�C are also displayed. In the QCDF approach, soft correc-
tions to the color-suppressed tree amplitude will enhance
�S�0KS

slightly fromOð0:09Þ toOð0:12Þ. It is clear that the
QCDF results in the absence of power corrections are
consistent with that obtained by Beneke [101], by us
[100], and by Buchalla et al. [102]. For example, we
obtained S�0KS

� 0:737 in 2005 and S�0KS
� 0:674 this

time. But the value of �S�0KS
remains the same as the

value of sin2� has been changed since 2005.

V. B ! VP DECAYS

Power corrections to a2 for B ! VP and B ! VV are
not the same as that for B ! PP as described by Eq. (4.4).
From Table X we see that an enhancement of a2 is needed
to improve the rates of B ! �0�0 and the direct CP
asymmetry of �B0 ! �K�0�. However, it is constrained by

the measured rates of �0�� and ���0 modes. The central
values of their branching fractions are already saturated
even for vanishing �CðVPÞ. This means that �CðVPÞ is
preferred to be smaller than �CðPPÞ ¼ 1:3. In Table X we
show the dependence of the branching fractions and CP
asymmetries in B ! VP decays with respect to �A;C and

�A;C. The corresponding values of a2 for �C ¼ 0:8 and

�C ¼ �80� are

a2ð��Þ � 0:40e�i51� ; a2ð��Þ � 0:38e�i52� ;

a2ð� �KÞ � 0:36e�i52� ; a2ð� �K�Þ � 0:39e�i51� :
(5.1)

It is clear from Table X that in the heavy quark limit, the
predicted rates for �B ! �K�� are too small by a factor of

TABLE X. Same as Table IV except for some selective B ! VP decays with �C ¼ 0:8 and �C ¼ �80�.

Mode W/o �A;C, �A;C With �A, �A With �A;C, �A;C Expt. [3]

Bð �B0 ! K��þÞ 6:5þ5:4þ0:4
�2:6�0:4 8:6þ5:7þ7:4

�2:8�4:5 8:6þ5:7þ7:4
�2:8�4:5 8:6þ0:9

�1:1

Bð �B0 ! �K0�0Þ 4:7þ3:3þ0:3
�1:7�0:3 5:5þ3:5þ4:3

�1:8�2:8 5:4þ3:3þ4:3
�1:7�2:8 4:7� 0:7

BðB� ! �K0��Þ 5:5þ6:1þ0:7
�2:8�0:5 7:8þ6:3þ7:3

�2:9�4:4 7:8þ6:3þ7:3
�2:9�4:4 8:0þ1:5

�1:4

BðB� ! K��0Þ 1:9þ2:5þ0:3
�1:0�0:2 3:3þ2:6þ2:9

�1:1�1:7 3:5þ2:9þ2:9
�1:2�1:8 3:81þ0:48

�0:46

Bð �B0 ! K���þÞ 3:7þ0:5þ0:4
�0:5�0:4 9:2þ1:0þ3:7

�1:0�3:3 9:2þ1:0þ3:7
�1:0�3:3 8:6þ0:9

�1:0

Bð �B0 ! �K�0�0Þ 1:1þ0:2þ0:2
�0:2�0:2 3:5þ0:4þ1:7

�0:5�1:5 3:5þ0:4þ1:6
�0:4�1:4 2:4� 0:7

BðB� ! �K�0��Þ 4:0þ0:7þ0:6
�0:9�0:6 10:4þ1:3þ4:3

�1:5�3:9 10:4þ1:3þ4:3
�1:5�3:9 9:9þ0:8

�0:9

BðB� ! K���0Þ 3:2þ0:4þ0:3
�0:4�0:3 6:8þ0:7þ2:3

�0:7�2:2 6:7þ0:7þ2:4
�0:7�2:2 6:9� 2:3

Bð �B0 ! �K�0�Þ 11:0þ6:9þ1:7
�3:5�1:0 15:4þ7:7þ9:4

�4:0�7:1 15:6þ7:9þ9:4
�4:1�7:1 15:9� 1:0

Bð �B0 ! ! �K0Þ 2:9þ4:0þ0:9
�1:6�0:4 3:9þ4:0þ3:3

�1:6�2:2 4:1þ4:2þ3:3
�1:7�2:2 5:0� 0:6

Bð �B0 ! �0�0Þ 0:76þ0:96þ0:66
�0:37�0:31 0:58þ0:88þ0:60

�0:32�0:22 1:3þ1:7þ1:2
�0:6�0:6 2:0� 0:5 a

BðB� ! ���0Þ 11:6þ1:2þ0:9
�0:9�0:5 11:8þ1:3þ1:0

�0:9�0:6 11:8þ1:8þ1:4
�1:1�1:4 10:9þ1:4

�1:5

BðB� ! �0��Þ 8:2þ1:8þ1:2
�0:9�0:6 8:5þ1:8þ1:2

�0:9�0:6 8:7þ2:7þ1:7�1:3�1:4 8:3þ1:2�1:3

Bð �B0 ! ���þÞ 15:3þ1:0þ0:5
�1:5�0:9 15:9þ1:1þ0:9

�1:5�1:1 15:9þ1:1þ0:9
�1:5�1:1 15:7� 1:8

Bð �B0 ! �þ��Þ 8:4þ0:4þ0:3
�0:7�0:5 9:2þ0:4þ0:5

�0:7�0:7 9:2þ0:4þ0:5
�0:7�0:7 7:3� 1:2

ACPð �B0 ! K��þÞ �1:3þ0:7þ3:8
�0:3�3:8 31:9þ11:5þ19:6

�11:0�12:7 31:9þ11:5þ19:6
�11:0�12:7 15� 6

ACPð �B0 ! �K0�0Þ 6:8þ1:1þ4:9
�1:2�4:9 �5:0þ3:2þ6:0

�6:4�4:5 8:7þ1:2þ8:7
�1:2�6:8 6� 20

ACPðB� ! �K0��Þ 0:24þ0:12þ0:08
�0:15�0:07 0:27þ0:19þ0:46

�0:27�0:17 0:27þ0:19þ0:46
�0:27�0:17 �12� 17

ACPðB� ! K��0Þ �8:3þ3:5þ7:0
�0:9�7:0 56:5þ16:1þ30:0

�18:2�22:8 45:4þ17:8þ31:4
�19:4�23:2 37� 11

ACPð �B0 ! K���þÞ 15:6þ0:9þ4:5
�0:7�4:7 �12:1þ0:5þ12:6

�0:5�16:0 �12:1þ0:5þ12:6
�0:5�16:0 �18� 8

ACPð �B0 ! �K�0�0Þ �12:0þ2:4þ11:3
�4:6�7:6 �0:87þ1:71þ6:04

�0:89�6:79 �10:7þ1:8þ9:1
�2:8�6:3 �15� 12

ACPðB� ! �K�0��Þ 0:97þ0:11þ0:12
�0:07�0:11 0:39þ0:04þ0:10

�0:03�0:12 0:39þ0:04þ0:10
�0:03�0:12 �3:8� 4:2

ACPðB� ! K���0Þ 17:5þ2:0þ6:3
�1:3�8:0 �6:7þ0:7þ11:8

�1:1�14:0 1:6þ3:1þ11:1
�1:7�14:3 4� 29

ACPð �B0 ! �K�0�Þ 3:0þ0:4þ1:9
�0:4�1:8 0:20þ0:51þ2:00

�1:00�1:21 3:5þ0:4þ2:7
�0:5�2:4 19� 5

ACPð �B0 ! ! �K0Þ �5:9þ1:9þ3:4
�2:3�4:1 6:6þ4:7þ6:0

�3:4�5:3 �4:7þ1:8þ5:5
�1:6�5:8 32� 17

ACPð �B0 ! �0�0Þ �2:3þ2:4þ9:9
�3:7�9:2 31:5þ13:3þ21:5

�12:5�30:9 11:0þ5:0þ23:5
�5:7�28:8 �30� 38

ACPðB� ! ���0Þ �5:4þ0:4þ2:0
�0:3�2:1 16:3þ1:1þ7:1

�1:2�10:5 9:7þ2:1þ8:0
�3:1�10:3 2� 11

ACPðB� ! �0��Þ 6:7þ0:5þ3:5
�0:8�3:1 �19:8þ1:7þ12:6

�1:2�8:8 �9:8þ3:4þ11:4
�2:6�10:2 18þ9

�17

ACPð �B0 ! ���þÞ �3:5þ0:2þ1:0
�0:2�0:9 4:4þ0:3þ5:8

�0:3�6:8 4:4þ0:3þ5:8
�0:3�6:8 11� 6

ACPð �B0 ! �þ��Þ 0:6þ0:1þ2:2
�0:1�2:2 �22:7þ0:9þ8:2

�1:1�4:4 �22:7þ0:9þ8:2
�1:1�4:4 �18� 12

aIf an S factor is included, the average will become 2:0� 0:8.
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2� 3, while Bð �B ! �K�Þ are too small by ð15� 100Þ%
compared with experiment. The rate deficit for penguin-
dominated decays can be accounted by the subleading
power corrections from penguin annihilation. Soft correc-
tions to a2 will enhance BðB ! �0�0Þ to the order of
1:3� 10�6, while the BABAR and Belle results, ð1:4�
0:6� 0:3Þ � 10�6 [107] and ð3:0� 0:5� 0:7Þ � 10�6

[108], respectively, differ in their central values by a factor
of 2. Improved measurements are certainly needed for this
decay mode.

A. Branching fractions

1. B ! ��, !�

From Table XI it is evident that the calculated B ! ��,
!� rates in QCDF are in good agreement with experiment.
The previous QCDF predictions [1] for B ! �� (except
B0 ! �0�0) are too large because of the large form factor

AB�
0 ð0Þ ¼ 0:37� 0:06 adopted in [1]. In this work we use

the updated sum rule result AB�
0 ð0Þ ¼ 0:303� 0:029 [25].

It appears that there is no updated pQCD calculation for
B ! �� and B ! !�.

2. B ! ð�;!;�Þ�ð0Þ

The relevant decay amplitudes are

ffiffiffi
2

p
AðB� ! ���Þ � A��q

½	puð�2 þ �2Þ þ 2�p
3 þ �̂p

4 �
þ A�q�½	puð�1 þ �2Þ þ �̂p

4 �;
�2Að �B0 ! �0�Þ � A��q

½	puð�2 � �1Þ þ 2�p
3 þ �̂p

4 �
þ A�q�½	puð��2 � �1Þ þ �̂p

4 �;
2Að �B0 ! !�Þ � A!�q

½	puð�2 þ �1Þ þ 2�p
3 þ �̂p

4 �
þ A�q!½	puð�2 þ �1Þ þ 2�p

3 þ �̂p
4 �;ffiffiffi

2
p

Að �B0 ! ��Þ � A�q��
p
3 þ

ffiffiffi
2

p
B�s�b

p
4 þ

ffiffiffi
2

p
B��s

bp4 ;

(5.2)

and similar expressions for �0. It is clear that the decays

B� ! ���ð0Þ have rates much larger than �B0 ! �0�ð0Þ as
the former receive color-allowed tree contributions, while
the color-suppressed tree amplitudes in the latter cancel
each other. Both QCDF and pQCD lead to the pattern
�ðB� ! ���Þ> �ðB� ! ���0Þ. This should be tested

TABLE XI. Branching fractions (in units of 10�6) of B ! VP decays induced by the b ! d (�S ¼ 0) transition. We also cite the
experimental data [3,36] and theoretical results given in pQCD [82–85] and in SCET [86].

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

B� ! ���0 11:8þ1:8þ1:4
�1:1�1:4 6� 9 8:9þ0:3þ1:0

�0:1�1:0 11:4þ0:6þ1:1
�0:6�0:9 10:9þ1:4

�1:5

B� ! �0�� 8:7þ2:7þ1:7�1:3�1:4 5� 6 10:7þ0:7þ1:0
�0:7�0:9 7:9þ0:2þ0:8

�0:1�0:8 8:3þ1:2�1:3

�B0 ! ���� 25:1þ1:5þ1:4
�2:2�1:8 18� 45 13:4þ0:6þ1:2

�0:5�1:2 16:8þ0:5þ1:6
�0:5�1:5 23:0� 2:3

�B0 ! �þ�� 9:2þ0:4þ0:5
�0:7�0:7 5:9þ0:5þ0:5

�0:5�0:5 6:6þ0:2þ0:7
�0:1�0:7 7:3� 1:2

�B0 ! ���þ 15:9þ1:1þ0:9
�1:5�1:1 7:5þ0:3þ0:8

�0:1�0:8 10:2þ0:4þ0:9
�0:5�0:9 15:7� 1:8

�B0 ! �0�0 1:3þ1:7þ1:2
�0:6�0:6 0:07� 0:11 2:5þ0:2þ0:2

�0:1�0:2 1:5þ0:1þ0:1
�0:1�0:1 2:0� 0:5

B� ! !�� 6:7þ2:1þ1:3
�1:0�1:1 4� 8 6:7þ0:4þ0:7

�0:3�0:6 8:5þ0:3þ0:8
�0:3�0:8 6:9� 0:5

�B0 ! !�0 0:01þ0:02þ0:04
�0:00�0:01 0:10� 0:28 0:0003þ0:0299þ0:0000

�0:0000�0:0000 0:015þ0:024þ0:002
�0:000�0:002 <0:5

B� ! K�0K� 0:80þ0:20þ0:31
�0:17�0:28 0:32þ0:12

�0:07 0:49þ0:26þ0:09
�0:20�0:08 0:51þ0:18þ0:07

�0:16�0:06 0:68� 0:19a

B� ! K��K0 0:46þ0:37þ0:42
�0:17�0:26 0:21þ0:14

�0:13 0:54þ0:26þ0:10
�0:21�0:08 0:51þ0:21þ0:08

�0:17�0:07

�B0 ! K�þK� 0:08þ0:01þ0:02
�0:01�0:02 0:083þ0:072

�0:067

�B0 ! K��Kþ 0:07þ0:01þ0:04
�0:01�0:03 0:017þ0:027

�0:011

�B0 ! K�0 �K0 0:70þ0:18þ0:28
�0:15�0:25 0:24þ0:07

�0:06 0:45þ0:24þ0:09
�0:19�0:07 0:47þ0:17þ0:06

�0:14�0:05

�B0 ! �K�0K0 0:47þ0:36þ0:43
�0:17�0:27 0:49þ0:15

�0:09 0:51þ0:24þ0:09
�0:20�0:08 0:48þ0:20þ0:07

�0:16�0:06 <1:9

B� ! ��� � 0:043b 0:032þ0:012
�0:014 � 0:003 � 0:003 <0:24

�B0 ! ��0 0:01þ0:03þ0:02
�0:01�0:01 0:0068þ0:0010

�0:0008 � 0:001 � 0:001 <0:28

B� ! ��� 8:3þ1:0þ0:9
�0:6�0:9 6:7þ2:6

�1:9 3:9þ2:0þ0:4
�1:7�0:4 3:3þ1:9þ0:3

�1:6�0:3 6:9� 1:0

B� ! ���0 5:6þ0:9þ0:8
�0:5�0:7 4:6þ1:6

�1:4 0:37þ2:46þ0:08
�0:22�0:07 0:44þ3:18þ0:06

�0:20�0:05 9:1þ3:7
�2:8

�B0 ! �0� 0:10þ0:02þ0:04
�0:01�0:03 0:13þ0:13

�0:06 0:04þ0:20þ0:00
�0:01�0:00 0:14þ0:33þ0:01

�0:13�0:01 <1:5
�B0 ! �0�0 0:09þ0:10þ0:07

�0:04�0:03 0:10þ0:05
�0:05 0:43þ2:51þ0:05

�0:12�0:05 1:0þ3:5þ0:1
�0:9�0:1 <1:3

�B0 ! !� 0:85þ0:65þ0:40
�0:26�0:24 0:71þ0:37

�0:28 0:91þ0:66þ0:09
�0:49�0:09 1:4þ0:8þ0:1

�0:6�0:1 0:94þ0:36
�0:31

�B0 ! !�0 0:59þ0:50þ0:33
�0:20�0:18 0:55þ0:31

�0:26 0:18þ1:31þ0:04
�0:10�0:03 3:1þ4:9þ0:3

�2:6�0:3 1:01þ0:47
�0:39

�B0 ! �� � 0:005b 0:011þ0:062
�0:009 � 0:0004 � 0:0008 <0:5

�B0 ! ��0 � 0:004 0:017þ0:161
�0:010 � 0:0001 � 0:0007 <0:5

afrom the preliminary Belle measurement [87]. bdue to the !-� mixing effect.
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by more accurate measurements. The SCET prediction of
BðB� ! ��0Þ � 0:4� 10�6 is far too small and clearly
ruled out by experiment. Since the color-suppressed tree

amplitudes in the decay �B ! !�ð0Þ are added together, one
should have �ð �B0 ! !�ð0ÞÞ> �ð �B0 ! �0�ð0ÞÞ. It appears
that SCET predictions for ð��; �0; !Þ�0 [86] are at odds
with experiment. For example, solution I yields �ð �B0 !
!�0Þ< �ð �B0 ! �0�0Þ in contradiction to the theoretical
expectation and solution II gives �ð �B0 ! �0�0Þ>
�ðB� ! ���0Þ in disagreement with the data.

The decays �B0 ! ��ð0Þ are very suppressed as their
amplitudes are governed by VubV

�
udðau3 � au5Þ. For ex-

ample, we obtain Bð �B0 ! ��Þ � 10�9 in the QCDF ap-
proach. Since the branching fraction of the !� mode is of
order 10�6, it appears that the � meson can be produced
from the decay �B0 ! !� followed by !-� mixing. This
will be possible if � is not a pure s�s state and contains a
tiny q �q component. Neglecting isospin violation and the
admixture with the �0 meson, one can parametrize the!-�
mixing in terms of an angle 	 such that the physical ! and

� are related to the ideally mixed states !I � ðu �uþ
d �dÞ= ffiffiffi

2
p

and �I � s�s by

!
�

� �
¼ cos	 sin	

� sin	 cos	

� �
!I

�I

� �
; (5.3)

and the mixing angle is about j	j � 3:3� [109] (see [110]
for the latest determination of 	). Therefore, the produc-
tion of �� through !-� mixing is expected to be

Bð �B0 ! ��Þ!-� mixing ¼ Bð �B0 ! !�Þsin2	
� 0:85� 10�6 � ð0:08Þ2
� 5:4� 10�9: (5.4)

It turns out that the !-� mixing effect dominates over the
short-distance contribution. By the same token, the !-�
mixing effect should also manifest in the decay B� !
���:

BðB� ! ���Þ!-� mixing ¼ BðB� ! !��Þsin2	
� 6:7� 10�6 � ð0:08Þ2
� 4:3� 10�8: (5.5)

For this decay, the short-distance contribution is only of
order 2� 10�9.

3. B ! K� �K, K �K�

The decays B� ! K��K0, K�0K� and �B0 ! �K�0K0,
K�0 �K0 are governed by b ! d penguin contributions and
�B0 ! K�þK�, K��Kþ proceed only through weak anni-
hilation. Hence, the last two modes are suppressed relative
to the first four decays by 1 order of magnitude. The recent
preliminary measurement by Belle [87], BðB� !

K�0K�Þ ¼ ð0:68� 0:16� 0:10Þ � 10�6, is in agreement
with the QCDF prediction (see Table XI).

4. B ! K��, �K
The relevant decay amplitudes are

Að �B ! � �KÞ ¼ A�Kðac4 � rK�a
c
6 þ �c

3 þ � � �Þ;
Að �B ! � �K�Þ ¼ A�K� ðac4 þ rK

�
� ac6 þ �c

3 þ � � �Þ:
(5.6)

Since the chiral factor rK� is of order unity and rK
�

� is small,

it turns out numerically �c
4ð�KÞ � ��c

4ð�K�Þ. For-
tunately, �c

3ð�KÞ and �c
3ð�K�Þ are also of opposite sign

so that penguin annihilation will contribute con-
structively. As noted before, in order to accommodate the
data, penguin annihilation should enhance the rates by
ð15� 100Þ% for �K modes and by a factor of 2� 3 for
K�� ones. A fit to the K�� and K� data including CP
asymmetries yields �AðVPÞ � 1:07, �AðVPÞ � �70�,
�AðPVÞ � 0:87 and �AðPVÞ � �30� as shown in
Table III.
The pQCD predictions are too small for the branching

fractions of �K�0�� andK���þ, and too large for!K� and
! �K0.

5. B ! �K

A direct use of the parameter set �AðPVÞ � 0:87 and
�AðPVÞ � �30� gives BðB� ! K��Þ � 13� 10�6,
which is too large compared to the measured value ð8:30�
0:65Þ � 10�6 [3]. This means that penguin-annihilation
effects should be smaller for the �K case. The values of
�AðK�Þ and �AðK�Þ are shown in Table III. It is interest-
ing to notice that a smaller �A for the � meson production
also occurs again in VV decays.

6. B ! K��ð0Þ

In the PP sector we learn that �ðB ! K�0Þ 
 �ðB !
K�Þ. It is the other way around in the VP sector, namely,
�ðB ! K��Þ 
 �ðB ! K��0Þ. This is due to an addi-
tional sign difference between �4ð�qK

�Þ and �4ðK��sÞ
as discussed before.
The QCDF prediction for the branching fraction of B !

K��0, of order 1:5� 10�6, is smaller compared to pQCD
and SCET. The experimental averages quoted in Table XII
are dominated by the BABAR data [89]. Belle obtained only
the upper bounds [90]: BðB� ! K���0Þ< 2:9� 10�6

and BðB� ! �K�0�0Þ< 2:6� 10�6. Therefore, although
our predictions are smaller compared to BABAR, they are
consistent with Belle. It will be of importance to measure
them to discriminate between various model predictions.

B. Direct CP asymmetries

1. ACPðK��Þ and ACPðK�Þ
First of all, CP violation for �K�0�� and �� �K0 is ex-

pected to be very small as they are pure penguin processes
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(apart from a W-annihilation contribution). From Table X
we see thatCP asymmetries for �0K�, �þK�, andK���þ
predicted in the heavy quark limit are all wrong in signs
when confronted with experiment. For the last two modes,
CP asymmetries are governed by the quantity rFM defined
in Eq. (4.7) except that PP is replaced by VP or PV. Since
�̂c
4ð�KÞ and �̂c

4ð�K�Þ are of opposite sign, this means
that ACPð�þK�Þ and ACPðK���þÞ should have different
signs. This is indeed borne out by experiment (see
Table XIV). Numerically, we have �c

4ð�KÞ ¼ 0:041þ
0:001i, �̂c

4ð�KÞ ¼ �c
4ð�KÞ þ �c

3ð�KÞ ¼ 0:045–0:046i,
�c
4ð�K�Þ ¼ �0:034þ 0:009i and �̂c

4ð�K�Þ ¼ �0:066þ
0:013i. Therefore, one needs the �c

3 terms (i.e. penguin

annihilation) to get correct signs forCP violation of above-
mentioned three modes. One can check from Eqs. (4.6) and
(4.7) that ACPð�þK�Þ is positive, while ACPðK���þÞ is
negative.

In order to see the effects of soft corrections to a2, we
consider the following quantities

�AK�� � ACPðK���0Þ � ACPðK���þÞ
¼ 0:036þ0:002þ0:035

�0:003�0:045 � 2 sin
 ImrCðK��Þ þ � � � ;
�A0

K�� � ACPð �K�0�0Þ � ACPð �K�0��Þ
¼ ð�0:23þ0:01þ0:01

�0:01�0:04Þ%þ 2 sin
 ImrCðK��Þ þ � � � ;
(5.7)

defined in analogy to �AK� and �A0
K� with

rCðK��Þ ¼
��������
�u

ðsÞ

�c
ðsÞ

��������
f�A

BK�
0 ð0Þ

fK�FB�
1 ð0Þ

�2ðK��Þ
��c

4ð� �K�Þ � �c
3ð� �K�Þ :

(5.8)

The first terms on the right-hand side of Eq. (5.7) come
from the interference between QCD and electroweak pen-
guins. We will not consider similar quantities for K�
modes as the first term there will become large. In other
words, as far as CP violation is concerned, K�� mimics
K� more than K�. We obtain ImrCðK��Þ ¼ �0:057 and
ImrCðK�Þ ¼ 0:023 and predict that �AK�� ¼
ð13:7þ2:9þ3:6

�1:4�6:9Þ% and �A0
K�� ¼ ð�11:1þ1:7þ9:1

�2:8�6:3Þ%, while it

is naively expected that K���0 and K���þ have similar
CP-violating effects. It will be very important to measure
CP asymmetries of these two modes to test our prediction.
It is clear from Eqs. (4.6) and (5.7) [see also Tables IV and
X] that CP asymmetries of �K�0�0 and �K0�0 are of order
�0:10 and arise dominantly from soft corrections to a2. As
for ACPð �K0�0Þ, it is predicted to be � 0:09 ( � �0:05)
with (without) soft corrections to a2 (cf. Table X).
Power corrections to the color-suppressed tree ampli-

tude is needed to improve the prediction for ACPð �K�0�Þ.
The current experimental measurement ACPð �K�0�Þ ¼
0:19� 0:05 is in better agreement with QCDF than
pQCD and SCET.
In the pQCD approach, the predictions for some of the

VP modes, e.g. ACPðK���þÞ, ACPð�0K�Þ and
ACPð�þK�Þ are very large, above 50%. This is because

TABLE XII. Branching fractions (in units of 10�6) of B ! VP decays induced by the b ! s (�S ¼ 1) transition. We also cite the
average of the experimental data [3,36] and theoretical results given in pQCD [55,88] and in SCET [86].

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

B� ! K���0 6:7þ0:7þ2:4
�0:7�2:2 4:3þ5:0

�2:2 4:2þ2:2þ0:8
�1:7�0:7 6:5þ1:9þ0:7

�1:7�0:7 6:9� 2:3

B� ! �K�0�� 10:4þ1:3þ4:3
�1:5�3:9 6:0þ2:8

�1:5 8:5þ4:7þ1:7
�3:6�1:4 9:9þ3:5þ1:3

�3:0�1:1 9:9þ0:8
�0:9

�B0 ! �K�0�0 3:5þ0:4þ1:6
�0:4�1:4 2:0þ1:2

�0:6 4:6þ2:3þ0:9
�1:8�0:7 3:7þ1:4þ0:5

�1:2�0:5 2:4� 0:7
�B0 ! K���þ 9:2þ1:0þ3:7

�1:0�3:3 6:0þ6:8
�2:6 8:4þ4:4þ1:6

�3:4�1:3 9:5þ3:2þ1:2
�2:8�1:1 8:6þ0:9

�1:0

B� ! �0K� 3:5þ2:9þ2:9
�1:2�1:8 5:1þ4:1

�2:8 6:7þ2:7þ1:0
�2:2�0:9 4:6þ1:8þ0:7

�1:5�0:6 3:81þ0:48
�0:46

B� ! �� �K0 7:8þ6:3þ7:3
�2:9�4:4 8:7þ6:8

�4:4 9:3þ4:7þ1:7�3:7�1:4 10:1þ4:0þ1:5
�3:3�1:3 8:0þ1:5

�1:4

�B0 ! �0 �K0 5:4þ3:4þ4:3
�1:7�2:8 4:8þ4:3

�2:3 3:5þ2:0þ0:7
�1:5�0:6 5:8þ2:1þ0:8

�1:8�0:7 4:7� 0:7
�B0 ! �þK� 8:6þ5:7þ7:4

�2:8�4:5 8:8þ6:8
�4:5 9:8þ4:6þ1:7

�3:7�1:4 10:2þ3:8þ1:5
�3:2�1:2 8:6þ0:9

�1:1

B� ! !K� 4:8þ4:4þ3:5
�1:9�2:3 10:6þ10:4

�5:8 5:1þ2:4þ0:9
�1:9�0:8 5:9þ2:1þ0:8

�1:7�0:7 6:7� 0:5
�B0 ! ! �K0 4:1þ4:2þ3:3

�1:7�2:2 9:8þ8:6
�4:9 4:1þ2:1þ0:8

�1:7�0:7 4:9þ1:9þ0:7
�1:6�0:6 5:0� 0:6

B� ! �K� 8:8þ2:8þ4:7
�2:7�3:6 7:8þ5:9

�1:8 9:7þ4:9þ1:8
�3:9�1:5 8:6þ3:2þ1:2

�2:7�1:0 8:30� 0:65
�B0 ! � �K0 8:1þ2:6þ4:4

�2:5�3:3 7:3þ5:4
�1:6 9:1þ4:6þ1:7

�3:6�1:4 8:0þ3:0þ1:1
�2:5�1:0 8:3þ1:2�1:0

B� ! K��� 15:7þ8:5þ9:4
�4:3�7:1 22:13þ0:26

�0:27 17:9þ5:5þ3:5
�5:4�2:9 18:6þ4:5þ2:5

�4:8�2:2 19:3� 1:6

B� ! K���0 1:7þ2:7þ4:1
�0:4�1:6 6:38� 0:26 4:5þ6:6þ0:9

�3:9�0:8 4:8þ5:3þ0:8
�3:7�0:6 4:9þ2:1

�1:9
a

�B0 ! �K�0� 15:6þ7:9þ9:4
�4:1�7:1 22:31þ0:28

�0:29 16:6þ5:1þ3:2
�5:0�2:7 16:5þ4:1þ2:3

�4:3�2:0 15:9� 1:0
�B0 ! �K�0�0 1:5þ2:4þ3:9

�0:4�1:7 3:35þ0:29
�0:27 4:1þ6:2þ0:9

�3:6�0:7 4:0þ4:7þ0:7
�3:4�0:6 3:8� 1:2b

aThis is from the BABAR data [89]. Belle obtained an upper limit 2:9� 10�6 [90].
bThis is from the BABAR data [89]. Belle obtained an upper limit 2:6� 10�6 [90].
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QCD penguin contributions in these modes are small, and
direct CP violation arises from the interference between
tree and annihilation diagrams. The strong phase comes
mainly from the annihilation diagram in this approach. On
the other hand, the predicted ACPð �K�0�Þ is too small. So far

the pQCD results for ACPðK��ð0ÞÞ are quoted from [55]
where mqq ¼ 0:22 GeV is used. Since the pQCD study of

B ! K�ð0Þ has been carried to the (partial) NLO and a
drastic different prediction for ACPðK��Þ has been found,
it will be crucial to generalize the NLO calculation to the

K��ð0Þ sector.
We would like to point out the CP violation of �B0 !

! �K0. It is clear from Table X that power correction on a2
will flip the sign of ACPð! �K0Þ to a negative one. The pQCD
estimate is similar to the QCDF one. At first sight, it seems
that QCDF and pQCD predictions are ruled out by the data
ACPð! �K0Þ ¼ 0:032� 0:017. However, the BABAR and
Belle measurements 0:52þ0:22

�0:20 � 0:03 [91] and �0:09�
0:29� 0:06 [92], respectively, are opposite in sign. Hence,
we need to await more accurate experimental studies to test
theory predictions.

As for the approach of SCET, the predicted CP asym-
metries for the neutral modes �K�0�0, �0 �K0, ! �K0, and
�K�0� have signs opposite to QCDF and pQCD.
Especially, the predicted ACPð �K�0�Þ is already ruled out
by experiment.

2. ACPð��Þ
The decay amplitudes of �B0 ! ���� are given by

Að �B0 ! ���þÞ ¼ A��½	pu�1 þ �p
4 þ �p

3 þ � � ��;
Að �B0 ! �þ��Þ ¼ A��½	pu�1 þ �p

4 þ �p
3 þ � � ��: (5.9)

Since the penguin contribution is small compared to the
tree one, its CP asymmetry is approximately given by

ACPð���þÞ � 2 sin
 Imr��;

ACPð�þ��Þ � 2 sin
 Imr��;
(5.10)

with

r�� ¼
��������
�c

ðdÞ

�u
ðdÞ

��������
�c
4ð��Þ þ �c

3ð��Þ
�1ð��Þ ;

r�� ¼
��������
�c

ðdÞ

�u
ðdÞ

��������
�c
4ð��Þ þ �c

3ð��Þ
�1ð��Þ :

(5.11)

We obtain the values Imr�� ¼ 0:037 and Imr�� ¼
�0:134. Therefore, CP asymmetries for �þ�� and
���þ are opposite in signs, and the former is much bigger
than the latter. We see from Table XIII that the predicted
signs for CP violation of �þ�� and ���þ agree with
experiment. The B� ! �0�� decay amplitude reads

TABLE XIII. Same as Table XI except for direct CP asymmetries involving b ! d (�S ¼ 0) transitions.

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

B� ! ���0 9:7þ2:1þ8:0
�3:1�10:3 0� 20 15:5þ16:9þ1:6

�18:9�1:4 12:3þ9:4þ0:9
�10:0�1:1 2� 11

B� ! �0�� �9:8þ3:4þ11:4
�2:6�10:2 �20� 0 �10:8þ13:1þ0:9

�12:7�0:7 �19:2þ15:5þ1:7
�13:4�1:9 18þ9

�17

�B0 ! �þ�� �22:7þ0:9þ8:2
�1:1�4:4 �9:9þ17:2þ0:9

�16:7�0:7 �12:4þ17:6þ1:1
�15:3�1:2 �18� 12

�B0 ! ���þ 4:4þ0:3þ5:8
�0:3�6:8 11:8þ17:5þ1:2

�20:0�1:1 10:8þ9:4þ0:9
�10:2�1:0 11� 6

�B0 ! �0�0 11:0þ5:0þ23:5
�5:7�28:8 �75� 0 �0:6þ21:4þ0:1

�21:9�0:1 �3:5þ21:4þ0:3
�20:3�0:3 �30� 38

B� ! !�� �13:2þ3:2þ12:0
�2:1�10:7 �0 0:5þ19:1þ0:1

�19:6�0:0 2:3þ13:4þ0:2
�13:2�0:2 �4� 6

�B0 ! !�0 �17:0þ55:4þ98:6
�22:8�82:3 �20� 75 �9:4þ24:0þ1:1

�0:0�0:9 39:5þ79:1þ3:4
�185:5�3:1

B� ! K�0K� �8:9þ1:1þ2:8
�1:1�2:4 �6:9þ5:6þ1:0þ9:2þ4:0

�5:3�0:3�6:5�6:0 �3:6þ6:1þ0:4
�5:3�0:4 �4:4þ4:1þ0:2

�4:1�0:2

B� ! K��K0 �7:8þ5:9þ4:1
�4:1�10:0 6:5þ7:9þ1:1þ9:1þ2:1

�7:3�1:4�7:7�3:9 �1:5þ2:6þ0:1
�2:3�0:1 �1:2þ1:7þ0:1

�1:7�0:1

�B0 ! K�þK� �4:7þ0:1þ4:7
�0:2�2:7

�B0 ! K��Kþ 5:5þ0:2þ7:0
�0:2�5:5

�B0 ! K�0 �K0 �13:5þ1:6þ1:4
�1:7�2:3 �3:6þ6:1þ0:4

�5:3�0:4 �4:4þ4:1þ0:2
�4:1�0:2

�B0 ! �K�0K0 �3:5þ1:3þ0:7
�1:7þ2:0 �1:5þ2:6þ0:1

�2:3�0:1 �1:2þ1:7þ0:1
�1:7�0:1

B� ! ��� 0 �8:0þ0:9þ1:5
�1:0�0:1

�B0 ! ��0 0 �6:3þ0:7þ2:5
�0:5�2:5

B� ! ��� �8:5þ0:4þ6:5
�0:4�5:3 1:9þ0:1þ0:2þ0:1þ0:6

�0:0�0:3�0:0�0:5 �6:6þ21:5þ0:6
�21:3�0:7 �9:1þ16:7þ0:9

�15:8�0:8 11� 11

B� ! ���0 1:4þ0:8þ14:0
�2:2�11:7 �25:0þ0:4þ4:1þ0:8þ2:1

�0:3�1:6�0:7�1:8 �19:8þ66:5þ2:8
�37:5�3:1 �21:7þ135:9þ2:1

�24:3�1:7 4� 28
�B0 ! �0� 86:2þ3:7þ10:4

�5:8�21:4 �89:6þ1:9þ13:7þ0:7þ4:6
�0:9�3:9�0:1�9:0 �46:7þ170:4þ2:9

�74:3�3:7 33:3þ66:9þ3:1
�62:4�2:8

�B0 ! �0�0 53:5þ4:5þ39:5
�7:9�57:6 �75:7þ5:6þ13:1þ6:3þ12:9

�4:8�7:0�4:0�9:9 �51:7þ103:3þ3:4
�42:9�3:9 52:2þ19:9þ4:4

�80:6�4:1

�B0 ! !� �44:7þ13:1þ17:7
�9:9�11:6 33:5þ1:0þ0:8þ5:9þ3:9

�1:4�4:6�6:8�4:4 �9:4þ30:7þ0:9
�30:2�1:0 �9:6þ17:8þ0:9

�16:8�0:9

�B0 ! !�0 �41:4þ2:5þ19:5
�2:4�14:4 16:0þ0:1þ3:3þ2:2þ1:7

�0:9�3:9�3:2�2:0 �43:0þ87:5þ4:8
�38:8�5:1 �27:2þ18:1þ2:4

�29:7�2:2

�B0 ! �� 0 0
�B0 ! ��0 0 0
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AðB� ! �0��Þ ¼ A��½	pu�1 þ �p
4 þ �p

3 �
þ A��½	pu�2 � �p

4 � �p
3 �: (5.12)

As far as the sign is concerned, it suffices to keep terms in

the first square bracket on the right-hand side and obtain a
negative ACPð�0��Þ. By the same token, ACPð���0Þ is
predicted to be positive.
CP violation of �B0 ! �0�0 is predicted to be of order

0.11 by QCDF and negative by pQCD and SCET. The

TABLE XV. Mixing-induced CP violation Sf in �B ! VP decays predicted in various approaches. The pQCD results are taken from
[83,88]. There are two solutions with SCET predictions [86]. The parameter �f ¼ 1 except for ð�;�;!ÞKS modes where �f ¼ �1.

Experimental results from BABAR (first entry) and Belle (second entry) are listed whenever available. The input values of sin2� used
at the time of theoretical calculations which are needed for the calculation of �Sf are displayed.

Decay QCDF (this work) pQCD SCET Expt. [94,95,113–118] Average

sin2� 0.670 0.687 0.687

�KS 0:692þ0:003þ0:002
�0:000�0:002 0:71� 0:01 0:69 0:26� 0:26� 0:03 0:44þ0:17

�0:18

0:69 0:67þ0:22
�0:32

!KS 0:84þ0:05þ0:04
�0:05�0:06 0:84þ0:03

�0:07 0:51þ0:05þ0:02
�0:06�0:02 0:55þ0:26

�0:29 � 0:02 0:45� 0:24
0:80þ0:02þ0:01

�0:02�0:01 0:11� 0:46� 0:07

�0KS 0:50þ0:07þ0:06
�0:14�0:12 0:50þ0:10

�0:06 0:85þ0:04þ0:01
�0:05�0:01 0:35þ0:26

�0:31 � 0:06� 0:03 0:54þ0:18
�0:21

0:56þ0:02þ0:01
�0:03�0:01 0:64þ0:19

�0:25 � 0:09� 0:10

�0�0 �0:24þ0:15þ0:20
�0:14�0:22 �0:11þ0:14þ0:10

�0:14�0:15 0:04� 0:44� 0:18 0:12� 0:38
�0:19þ0:14þ0:10

�0:14�0:15 0:17� 0:57� 0:35

!�0 0:78þ0:14þ0:20
�0:20�1:39 �0:87þ0:44þ0:02

�0:00�0:01

0:72þ0:36þ0:07
�1:54�0:11

�0� 0:51þ0:08þ0:19
�0:07�0:32 0:23þ0:30

�0:37 0:86þ0:15þ0:03
�2:03�0:07

0:29þ0:36þ0:09
�0:44�0:15

�0�0 0:80þ0:04þ0:24
�0:09�0:43 �0:49þ0:25

�0:20 0:79þ0:20þ0:05
�1:73�0:09

0:38þ0:22þ0:09
�1:24�0:14

!� �0:16þ0:13þ0:17
�0:13�0:16 0:39þ0:51

�0:66 0:12þ0:19þ0:10
�0:20�0:17

�0:16þ0:14þ0:10
�0:15�0:15

!�0 �0:28þ0:14þ0:16
�0:13�0:13 0:77þ0:22

�0:53 0:23þ0:59þ0:10
�1:10�0:10

�0:27þ0:17þ0:09
�0:33�0:14

TABLE XIV. Same as Table XII except for direct CP asymmetries (in %) involving �S ¼ 1 processes.

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

B� ! K���0 1:6þ3:1þ11:1
�1:7�14:4 �32þ21

�28 �17:8þ30:3þ2:2
�24:6�2:0 �12:9þ12:0þ0:8

�12:2�0:8 4� 29

B� ! �K�0�� 0:4þ1:3þ4:3
�1:6�3:9 �1þ1�0 0 0 �3:8� 4:2

�B0 ! �K�0�0 �10:8þ1:8þ9:1
�2:8�6:3 �11þ7

�5 5:0þ7:5þ0:5
�8:4�0:5 5:4þ4:8þ0:4

�5:1�0:5 �15� 12
�B0 ! K���þ �12:1þ0:5þ12:6

�0:5�16:0 �60þ32
�19 �11:2þ19:0þ1:3

�16:2�1:3 �12:2þ11:4þ0:8
�11:3�0:8 �18� 8

B� ! �0K� 45:4þ17:8þ31:4
�19:4�23:2 71þ25

�35 9:2þ15:2þ0:7
�16:1�0:7 16:0þ20:5þ1:3

�22:4�1:6 37� 11

B� ! �� �K0 0:3þ0:2þ0:5
�0:3�0:2 1� 1 0 0 �12� 17

�B0 ! �0 �K0 8:7þ1:2þ8:7
�1:2�6:8 7þ8

�5 �6:6þ11:6þ0:8
�9:7�0:9 �3:5þ4:8þ0:3

�4:8�0:2 6� 20
�B0 ! �þK� 31:9þ11:5þ19:6

�11:0�12:7 64þ24
�30 7:1þ11:2þ0:7

�12:4�0:7 9:6þ13:0þ0:7
�13:5�0:9 15� 6

B� ! !K� 22:1þ13:7þ14:0
�12:8�13:0 32þ15

�17 11:6þ18:2þ1:1
�20:4�1:1 12:3þ16:6þ0:8

�17:3�1:1 2� 5
�B0 ! ! �K0 �4:7þ1:8þ5:5

�1:6�5:8 �3þ2
�4 5:2þ8:0þ0:6

�9:2�0:6 3:8þ5:2þ0:3
�5:4�0:3 32� 17a

B� ! �K� 0:6þ0:1þ0:1
�0:1�0:1 1þ0

�1 0 0 �1� 6
�B0 ! � �K0 0:9þ0:2þ0:2

�0:1�0:1 3þ1
�2 0 0 23� 15

B� ! K��� �9:7þ3:9þ6:2
�3:7�7:1 �24:57þ0:72

�0:27 �2:6þ5:4þ0:3
�5:5�0:3 �1:9þ3:4þ0:1

�3:6�0:1 2� 6

B� ! K���0 65:5þ10:1þ34:2
�39:5�50:2 4:60þ1:16

�1:32 2:7þ27:4þ0:4
�19:5�0:3 2:6þ26:7þ0:2

�32:9�0:2 �30þ37
�33

�B0 ! �K�0� 3:5þ0:4þ2:7
�0:5�2:4 0:57� 0:011 �1:1þ2:3þ0:1

�2:4�0:1 �0:7þ1:2þ0:1
�1:3�0:0 19� 5

�B0 ! �K�0�0 6:8þ10:7þ33:2
�9:2�50:2 �1:30� 0:08 9:6þ8:9þ1:3

�11:0�1:2 9:9þ6:2þ0:9
�4:3�0:9 8� 25

aNote that the measurements of 52þ22�20 � 3 by BABAR [91] and �9� 29� 6 by Belle [92] are of opposite sign.
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current data are 0:10� 0:40� 0:53 by BABAR [111] and
�0:49� 0:36� 0:28 by Belle [112]. It is of interest to
notice that QCDF and pQCD predictions for CP asymme-

tries of B ! ð�;!Þ�ð0Þ are opposite in signs.

C. Mixing-induced CP asymmetries

Mixing-induced CP asymmetries Sf and �Sf of B !
VP in various approaches are listed in Tables XVand XVI,
respectively. Just as the �0KS mode, �KS is also theoreti-
cally very clean as it is a pure penguin process. Although
the prediction of S�KS

� 0:69 has some deviation from the

world average of 0:44þ0:17
�0:18, it does agree with one of the

B-factory measurements, namely, 0:67þ0:22
�0:32 by Belle [95].

In short, it appears that the theoretical predictions of Sf for

several penguin-dominated B ! PP, VP decays deviate
from the world averages and hence may indicate some new
physics effects. However, if we look at the individual
measurement made by BABAR or Belle, the theory predic-
tion actually agrees with one of the measurements. Hence,
in order to uncover new physics effects through the time
evolution of CP violation, we certainly need more accurate
measurements of time-dependent CP violation and better
theoretical estimates of Sf. This poses a great challenge to

both theorists and experimentalists.
The ratio of Au=Ac for the penguin-dominated decays

ð�;!; �0ÞKS has the expressions [101]

Au

Ac

���������KS

�½�Pu�
½�Pc��

½�ðau4þr��au6Þ�
½�ðac4þr��ac6Þ�

;

Au

Ac

��������!KS

�½Pu�þ½C�
½Pc� �½ðau4�rK�a

u
6Þ�þ½au2R!KS

�
½ðac4�rK�a

c
6Þ�

;

Au

Ac

���������0KS

�½Pu��½C�
½Pc� �½ðau4�rK�a

u
6Þ��½au2R�KS

�
½ðac4�rK�a

c
6Þ�

: (5.13)

As discussed before, the quantity (ac4 � rK�a
c
6) in above

equations is positive and has a magnitude similar to jac4j.
Since a2 is larger than �ac4, �Sf is positive for !KS but

negative for �0KS and both have large magnitude due to
the small denominator of�Sf. From Table XVI we see that

�S!KS
¼ Oð0:17Þ, while �S�0KS

¼ Oð�0:17Þ. Effects of

soft corrections on them are sizable. For example, �S�0KS

is shifted from � �0:11 to � �0:17 in the presence of
power corrections. This explains why our prediction of
�S�0KS

is substantially different from the Beneke’s esti-

mate [101] and our previous calculation [100].
For tree-dominated decays, so far there is only one

measurement, namely, S�0�0 with a sign opposite to the

theoretical predictions of QCDF and SCET.

1. Time-dependent CP violation of the ���� systems

The study of CP violation for �B0 ! �þ�� and ���þ
becomes more complicated as ���� are not CP eigen-
states. The time-dependent CP asymmetries are given by

A ðtÞ � �ð �B0ðtÞ ! ����Þ � �ðB0ðtÞ ! ����Þ
�ð �B0ðtÞ ! ����Þ þ �ðB0ðtÞ ! ����Þ

¼ ðS� �SÞ sinð�mtÞ � ðC��CÞ cosð�mtÞ;
(5.14)

where �m is the mass difference of the two neutral B0

eigenstates, S is referred to as mixing-induced CP asym-
metry, andC is the directCP asymmetry, while�S and�C
are CP-conserving quantities. Defining

Aþ� � AðB0 ! �þ��Þ; A�þ � AðB0 ! ���þÞ;
�A�þ � Að �B0 ! ���þÞ; �Aþ� � Að �B0 ! �þ��Þ;

(5.15)

and

�þ� ¼ qB
pB

�Aþ�
Aþ�

; ��þ ¼ qB
pB

�A�þ
A�þ

; (5.16)

with qB=pB � e�2i�, we have

Cþ �C ¼ 1� j�þ�j2
1þ j�þ�j2

¼ jAþ�j2 � j �Aþ�j2
jAþ�j2 þ j �Aþ�j2

;

C��C ¼ 1� j��þj2
1þ j��þj2

¼ jA�þj2 � j �A�þj2
jA�þj2 þ j �A�þj2

;

(5.17)

and

TABLE XVI. Same as Table XV except for �Sf for penguin-dominated modes. The QCDF results obtained by Beneke [101] are
included for comparison.

QCDF (this work)

Decay With �C, �C W/o �C QCDF (Beneke) pQCD SCET Expt. Average

�KS 0:022þ0:004
�0:002 0:022þ0:004

�0:002 0:02þ0:01
�0:01 0:02� 0:01 �0 �0:43� 0:26 �0:25þ0:17

�0:18

�0 0:02þ0:22
�0:32

!KS 0:17þ0:06
�0:08 0:13þ0:06

�0:04 0:13þ0:08
�0:08 0:15þ0:03

�0:07 �0:18þ0:05
�0:06 �0:43� 0:26 �0:14þ0:26

�0:29

0:11þ0:02
�0:02 0:02þ0:22

�0:32

�0KS �0:17þ0:09
�0:18 �0:11þ0:07

�0:11 �0:08þ0:08
�0:12 �0:19þ0:10

�0:06 0:16þ0:04
�0:05 �0:34þ0:27

�0:31 �0:10� 0:17

�0:13þ0:02
�0:03 �0:05þ0:23

�0:28
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Sþ�S � 2 Im�þ�
1þ j�þ�j2

¼ 2 Imðe2i� �Aþ�A�þ�Þ
jAþ�j2 þ j �Aþ�j2

;

S� �S � 2 Im��þ
1þ j��þj2

¼ 2 Imðe2i� �A�þA��þÞ
jA�þj2 þ j �A�þj2

:

(5.18)

Hence, we see that �S describes the strong phase differ-
ence between the amplitudes contributing to B0 ! ����,
and �C measures the asymmetry between �ðB0 !
�þ��Þ þ �ð �B0 ! ���þÞ and �ðB0 ! ���þÞ þ �ð �B0 !
�þ��Þ.

Next consider the time- and flavor-integrated charge
asymmetry

A �� � jAþ�j2 þ j �Aþ�j2 � jA�þj2 � j �A�þj2
jAþ�j2 þ j �Aþ�j2 þ jA�þj2 þ j �A�þj2

: (5.19)

Then, following [31] one can transform the experimentally
motivated CP parameters A�� and C�� into the physi-

cally motivated choices

ACPð�þ��Þ � j��þj2 � 1

j��þj2 þ 1
;

ACPð���þÞ � j�þ�j2 � 1

j�þ�j2 þ 1
;

(5.20)

with

�þ� ¼ qB
pB

�A�þ
Aþ�

; ��þ ¼ qB
pB

�Aþ�
A�þ

: (5.21)

Hence,

ACPð�þ��Þ ¼ �ð �B0 ! �þ��Þ � �ðB0 ! ���þÞ
�ð �B0 ! �þ��Þ þ �ðB0 ! ���þÞ

¼ A�� � C�� �A���C��

1��C�� �A��C��

;

ACPð���þÞ ¼ �ð �B0 ! ���þÞ � �ðB0 ! �þ��Þ
�ð �B0 ! ���þÞ þ �ðB0 ! �þ��Þ

¼ �A�� þ C�� þA���C��

1þ �C�� þA��C��

: (5.22)

Therefore, direct CP asymmetries ACPð�þ��Þ and
ACPð���þÞ are determined from the above two equations
and shown in Tables X and XIII. Results for various
CP-violating parameters in the decays �B0 ! ���� are

displayed in Table XVII. The CP-violating quantity
A�� with the experimental value �0:13� 0:04 is differ-

ent from zero by 3:3� deviations. The QCDF prediction is
in good agreement with experiment.

VI. B ! VV DECAYS

A. Branching fractions

In two-body decays Bu;d ! PP, VP, VV, we have the

pattern VV > PV > VP> PP for the branching fractions
of tree-dominated modes and PP> PV � VV > VP for
penguin-dominated ones, where B ! VPðPVÞ here means
that the factorizable amplitude is given by hVðPÞjJ�jBi�
hPðVÞjJ�j0i. For example,

BðB� ! ���0Þ>BðB� ! ���0Þ
>BðB� ! �0��Þ>BðB� ! ���0Þ;

BðB� ! �K0��Þ>BðB� ! �K�0��Þ �BðB� ! �K�0��Þ
>BðB� ! �K0��Þ; (6.1)

for tree- and penguin-dominated B� decays, respectively.
The first hierarchy is due to the pattern of decay constants
fV > fP and the second hierarchy stems from the fact that
the penguin amplitudes are proportional to a4 þ rP�a6,

a4 þ rV�a6, a4 � rP�a6 a4 þ rV�a6, respectively, for B !
PP, PV, VP, VV. Recall that rP� �Oð1Þ 
 rV� . There are

a few exceptions to the above hierarchy patterns. For
example, BðB0 ! �0�0Þ & BðB0 ! �0�0Þ is observed.
This is ascribed to the fact that the latter receives a large
soft correction to a2, while the former does not.
There exist three QCDF calculations of B ! VV

[21,22,24]. However, only the longitudinal polarization
states of B ! VV were considered in [22]. The analyses
in [21,24] differ mainly in (i) the values of the parameters
�A and �A and (ii) the treatment of penguin-annihilation
contributions characterized by the parameters �i [see
Eq. (2.10)] for penguin-dominated VV modes. Beneke,
Rohrer, and Yang (BRY) applied the values �AðK��Þ ¼
0:6 and�AðK��Þ ¼ �40� obtained from a fit to the data of
B ! K�� to study other �B ! VV decays. However, as
pointed out in [24], the parameters �AðK��Þ � 0:78 and
�AðK��Þ � �43� fit to the data of B ! K�� decays are
slightly different from the ones �AðK��Þ and �AðK��Þ.

TABLE XVII. Various CP-violating parameters in the decays �B0 ! ����. SCET results are quoted from [86]. Experimental results
are taken from [111,112] and the world average from [3].

Parameter QCDF (this work) SCET 1 SCET 2 Expt.

A�� �0:11þ0:00þ0:07
�0:00�0:05 �0:12þ0:04þ0:04

�0:05�0:03 �0:21þ0:03þ0:02
�0:02�0:03 �0:13� 0:04

C 0:09þ0:00þ0:05
�0:00�0:07 �0:01þ0:13þ0:00

�0:12�0:00 0:01þ0:09þ0:00
�0:10�0:00 0:01� 0:07

S �0:04þ0:01þ0:10
�0:01�0:09 �0:11þ0:07þ0:08

�0:08�0:13 �0:01þ0:06þ0:08
�0:07�0:14 0:01� 0:09

�C 0:26þ0:02þ0:02
�0:02�0:02 0:11þ0:12þ0:01

�0:13�0:01 0:12þ0:09þ0:01
�0:10�0:01 0:37� 0:08

�S �0:02þ0:00þ0:03
�0:00�0:02 �0:47þ0:08þ0:05

�0:06�0:04 0:43þ0:05þ0:03
�0:07�0:03 �0:04� 0:10
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Indeed, we have noticed before that phenomenologically
penguin annihilation should contribute less to�K than �K
and �K�. This explains why the K�� branching fractions
obtained by BRY are systematically below the measure-
ments. Second, as noticed in [24], there are sign errors in

the expressions of the annihilation terms Af;0
3 and Ai;0

3

obtained by BRY. As a consequence, BRY claimed
(wrongly) that the longitudinal penguin-annihilation am-
plitude �0

3 is strongly suppressed, while the ��
3 term

receives a sizable penguin-annihilation contribution. This
will affect the decay rates and longitudinal polarization
fractions in some of B ! K�� modes, as discussed in
details in [24].

In Table XVIII, QCDF results are taken from [24] except
that (i) a new channel �B0 ! !! is added, and
(ii) branching fractions and fL for B ! ð�;K�Þ! decays
are updated.5 We see that the overall agreement between

QCDF and experiment is excellent. In QCDF, the decay
�B0 ! !�0 has a very small rate

�2Að �B0 ! !�0Þ � A�!½	puð�2 � �1Þ þ 2�̂p
3 þ �̂p

4 �
þ A!�½	puð��2 � �1Þ þ �̂p

4 �; (6.2)

due to a near cancellation of the color-suppressed tree
amplitudes. In view of this, it seems rather peculiar that
the rate of �B0 ! �0! predicted by pQCD [120] is larger
than QCDF by a factor of 20 and exceeds the current
experimental upper bound. Likewise, BðB� ! �K�0��Þ
obtained by pQCD is slightly too large.
We notice that the calculated B0 ! �0�0 rate in QCDF

is BðB0 ! �0�0Þ ¼ ð0:88þ1:46þ1:06
�0:41�0:20Þ � 10�6 for �C ¼ 0

[24], while BABAR and Belle obtained ð0:92� 0:32�
0:14Þ � 10�6 [126] and ð0:4� 0:4þ0:2

�0:3Þ � 10�6 [127], re-

spectively. Therefore, soft corrections to a2, i.e. �CðVVÞ
should be very small for B0 ! �0�0. Consequently, a
pattern follows: Power corrections to a2 are large for PP
modes, moderate for VP ones, and very small for VV
cases. This is consistent with the observation made in [9]
that soft power correction dominance is much larger for PP

TABLE XVIII. CP-averaged branching fractions (in units of 10�6) and polarization fractions for �B ! VV decays. For QCDF, the
annihilation parameters are specified to be �A ¼ 0:78 and �A ¼ �43� for K��, K� �K� and �A ¼ 0:65 and �A ¼ �53� for K�� and
K�! by default. The world averages of experimental results are taken from [3]. The pQCD results are taken from [119–122]. There are
two distinct pQCD predictions for the branching fractions and longitudinal polarization fractions of B ! K�ð�;�;!Þ decays,
depending on the type of wave functions. Numbers in parentheses are for asymptotic wave functions. Estimates of uncertainties
are not available in many of pQCD predictions.

B fL
Decay QCDF pQCD Expt. QCDF pQCD Expt.

B� ! ���0 20:0þ4:0þ2:0
�1:9�0:9 16:0þ15:0

�8:1
a 24:0þ1:9

�2:0 0:96þ0:01þ0:02
�0:01�0:02 0:950� 0:016

�B0 ! �þ�� 25:5þ1:5þ2:4
�2:6�1:5 25:3þ25:3

�13:8
a 24:2þ3:1

�3:2 0:92þ0:01þ0:01
�0:02�0:02 0:978þ0:025

�0:022

�B0 ! �0�0 0:9þ1:5þ1:1
�0:4�0:2 0:92þ1:10

�0:56
a 0:73þ0:27

�0:28 0:92þ0:03þ0:06
�0:04�0:37 0.78 0:75þ0:12

�0:15

B� ! ��! 16:9þ3:2þ1:7
�1:6�0:9 19� 2� 1 15:9� 2:1 0:96þ0:01þ0:02

�0:01�0:03 0.97 0:90� 0:06
�B0 ! �0! 0:08þ0:02þ0:36

�0:02�0:00 1:9� 0:2� 0:2 <1:5 0:52þ0:11þ0:50
�0:25�0:36 0.87

�B0 ! !! 0:7þ0:9þ0:7
�0:3�0:2 1:2� 0:2� 0:2 <4:0 0:94þ0:01þ0:04

�0:01�0:20 0:82

B� ! K�0K�� 0:6þ0:1þ0:3
�0:1�0:3 0:48þ0:12

�0:08 1:2� 0:5 0:45þ0:02þ0:55
�0:04�0:38 0.82 0:75þ0:16

�0:26

�B0 ! K��K�þ 0:1þ0:0þ0:1
�0:0�0:1 0:064þ0:005

�0:010 <2:0 � 1 0.99
�B0 ! K�0 �K�0 0:6þ0:1þ0:2

�0:1�0:3 0:35þ0:13
�0:07 1:28þ0:37

�0:32
b 0:52þ0:04þ0:48

�0:07�0:48 0.78 0:80þ0:12
�0:13

B� ! �K�0��c 9:2þ1:2þ3:6
�1:1�5:4 17ð13Þ 9:2� 1:5 0:48þ0:03þ0:52

�0:04�0:40 0:82ð0:76Þ 0:48� 0:08

B� ! K���0 5:5þ0:6þ1:3
�0:5�2:5 9.0 (6.4) <6:1 0:67þ0:02þ0:31

�0:03�0:48 0.85 (0.78) 0:96þ0:06
�0:16

d

�B0 ! K���þ 8:9þ1:1þ4:8
�1:0�5:5 13 (9.8) <12 0:53þ0:02þ0:45

�0:03�0:32 0.78 (0.71)
�B0 ! �K�0�0 4:6þ0:6þ3:5

�0:5�3:5 5.9 (4.7) 3:4� 1:0 0:39þ0:00þ0:60
�0:00�0:31 0.74 (0.68) 0:57� 0:12

B� ! K���e 10:0þ1:4þ12:3
�1:3�6:1

f 10:0� 1:1 0:49þ0:04þ0:51
�0:07�0:42

f 0:50� 0:05
�B0 ! �K�0� 9:5þ1:3þ11:9

�1:2�5:9
f 9:8� 0:7 0:50þ0:04þ0:51

�0:06�0:43
f 0:480� 0:030

B� ! K��! 3:0þ0:4þ2:5
�0:3�1:5 7.9 (5.5) <7:4 0:67þ0:03þ0:32

�0:04�0:39 0:81ð0:73Þ 0:41� 0:19
�B0 ! �K�0! 2:5þ0:4þ2:5

�0:4�1:5 9.6 (6.6) 2:0� 0:5 0:58þ0:07þ0:43
�0:10�0:14 0:82ð0:74Þ 0:70� 0:13

aThere exist several pQCD calculations for �� modes [120,122,123]. Here, we cite the NLO results from [122].
bThis is from the BABAR data [124]. The Belle’s new measurement yields ð0:3� 0:3� 0:1Þ � 10�6 [87].
cThis mode is employed as an input for extracting the parameters �A and �A for B ! K�� decays.
dA recent BABAR measurement gives fLðK���0Þ ¼ 0:9� 0:2 [125], but it has only 2:5� significance.
eThis mode is employed as an input for extracting the parameters �A and �A for B ! K�� decays.
fSee footnote 6 in Sec. VIB.

5The B ! ! transition form factors were mistakenly treated to
be the same as that of B ! � ones in the computer code of [24].
Here, we use the light-cone sum rule results from [32] for B !
! form factors.
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than VP and VV final states. It has been argued that this has
to do with the special nature of the pion, which is a q �q
bound state on the one hand and a nearly massless Nambu-
Goldstone boson on the other hand [9]. The two seemingly
distinct pictures of the pion can be reconciled by consid-
ering a soft cloud of higher Fock states surrounding the
bound valence quarks. From the FSI point of view, since
B ! �þ�� has a rate much larger than B ! �þ��, it is
natural to expect that B ! �0�0 receives a large enhance-
ment from the weak decay B ! �þ�� followed by the
rescattering of �þ�� to �0�0 through the exchange of the
� particle. Likewise, it is anticipated that B ! �0�0 will
receive a large enhancement via isospin final-state inter-
actions from B ! �þ��. The fact that the branching
fraction of this mode is rather small and is consistent
with the theory prediction implies that the isospin phase
difference of 	

�
0 and 	

�
2 and the final-state interaction must

be negligible [128].
Both �B0 ! �K�0K�0 and B� ! K�0K�� are b ! d

penguin-dominated decays, while �B0 ! K��K�þ proceeds
only through weak annihilation. Hence, their branching
ratios are expected to be small, of order & 10�6.
However, the predicted rates for �K�0K�0 and K�0K��
modes are slightly smaller than the data. Note that a new
Belle measurement of Bð �B0 ! K�0 �K�0Þ ¼ ð0:3� 0:3�
0:1Þ � 10�6 < 0:8� 10�6 [87] is smaller than the
BABAR result Bð �B0 ! K�0 �K�0Þ ¼ ð1:28þ0:37

�0:32Þ � 10�6

[124]. Hence, the experimental issue with B ! K� �K� de-
cays needs to be resolved.

B. Polarization fractions

For charmless �B ! VV decays, it is naively expected

that the helicity amplitudes �Ah (helicities h ¼ 0, �, þ)
for both tree- and penguin-dominated �B ! VV decays
respect the hierarchy pattern

�A 0:
�A�: �Aþ ¼ 1:

�
�QCD

mb

�
:

�
�QCD

mb

�
2
: (6.3)

Hence, they are dominated by the longitudinal polarization
states and satisfy the scaling law, namely, [129],

fT � 1� fL ¼ O
�
m2

V

m2
B

�
;

f?
fk

¼ 1þO
�
mV

mB

�
; (6.4)

with fL, f?, fk, and fT being the longitudinal, perpen-

dicular, parallel and transverse polarization fractions, re-
spectively, defined as

f� � ��

�
¼ j �A�j2

j �A0j2 þ j �Akj2 þ j �A?j2
; (6.5)

with � ¼ L, k , ?. In sharp contrast to the �� case, the
large fraction of transverse polarization of order 0.5 ob-

served in �B ! �K�� and �B ! �K�� decays at B factories is
thus a surprise and poses an interesting challenge for any
theoretical interpretation. Therefore, in order to obtain a
large transverse polarization in �B ! �K��, �K��, this scal-
ing law must be circumvented in one way or another.
Various mechanisms such as sizable penguin-induced an-
nihilation contributions [129], final-state interactions
[43,130], form-factor tuning [131] and new physics
[132–135] have been proposed for solving the �B ! VV
polarization puzzle.
As pointed out by Yang and one of us (H. Y. C.) [24], in

the presence of NLO nonfactorizable corrections, e.g. ver-
tex, penguin and hard spectator-scattering contributions,
effective Wilson coefficients ahi are helicity dependent.

Although the factorizable helicity amplitudes X0, X�,
and Xþ defined by Eq. (2.4) respect the scaling law (6.3)
with �QCD=mb replaced by 2mV=mB for the light vector

meson production, one needs to consider the effects of
helicity-dependent Wilson coefficients: A�=A0 ¼
fða�i ÞX�=½fða0i ÞX0�. For some penguin-dominated modes,

the constructive (destructive) interference in the negative-
helicity (longitudinal-helicity) amplitude of the �B ! VV
decay will render fða�i Þ 
 fða0i Þ so that A� is compa-

rable to A0 and the transverse polarization is enhanced.
For example, fLð �K�0�0Þ � 0:91 is predicted in the absence
of NLO corrections. When NLO effects are turned on, their
corrections on a�i will render the negative-helicity ampli-
tude A�ð �B0 ! �K�0�0Þ comparable to the longitudinal
one A0ð �B0 ! �K�0�0Þ so that even at the short-distance
level, fL for �B0 ! �K�0�0 can be as low as 50%. However,
this does not mean that the polarization anomaly is re-
solved. This is because the calculations based on naive
factorization often predict too small rates for penguin-
dominated �B ! VV decays, e.g. �B ! �K�� and �B !
�K��, by a factor of 2� 3. Obviously, it does not make
sense to compare theory with experiment for fL;T as the

definition of polarization fractions depends on the partial
rate and hence the prediction can be easily off by a factor of
2� 3. Thus, the first important task is to have some
mechanism to bring up the rates. While the QCD factori-
zation and pQCD [136] approaches rely on penguin anni-
hilation, soft-collinear effective theory invokes charming
penguin [17] and the final-state interaction model consid-
ers final-state rescattering of intermediate charm states
[43,130,137]. A nice feature of the ðS� PÞðSþ PÞ pen-
guin annihilation is that it contributes toA0 andA� with
similar amount. This together with the NLO corrections
will lead to fL � 0:5 for penguin-dominated VV modes.
Hence, within the framework of QCDF we shall assume
weak annihilation to account for the discrepancy between
theory and experiment, and fit the existing data of branch-
ing fractions and fL simultaneously by adjusting the pa-
rameters �A and �A.
For the longitudinal fractions in �B ! �K�� decays, we

have the pattern (see also [21])
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fLðK���0Þ> fLðK���þÞ> fLð �K�0��Þ> fLð �K�0�0Þ:
(6.6)

Note that the quoted experimental value fLðK���0Þ ¼
0:96þ0:06

�0:16 in Table XVIII was obtained by BABAR in a

previous measurement where K���0 and K��f0ð980Þ
were not separated [138]. This has been overcome in a
recent BABAR measurement, but the resultant value
fLðK���0Þ ¼ 0:9� 0:2 has only 2:5� significance [125].
At any rate, it would be important to have a refined
measurement of the longitudinal polarization fraction for
K���0 and �K�0�0 and a new measurement of fLðK���þÞ
to test the hierarchy pattern (6.6).

In the QCDF approach, we expect that the b ! d
penguin-dominated modes K�0K�� and K�0 �K�0 have fL �
1=2 similar to the �S ¼ 1 penguin-dominated channels.
However, the data seem to prefer to fL �Oð0:75–0:80Þ.
Because of the near cancellation of the color-suppressed
tree amplitudes, the decay �B0 ! !�0 is actually domi-
nated by b ! d penguin transitions. Hence, it is expected
that fLð�0!Þ � 0:52. It will be interesting to measure fL
for this mode.

For �S ¼ 1 penguin-dominated modes, the pQCD ap-
proach predicts fL � 0:70–0:80.6

C. Direct CP asymmetries

Direct CP asymmetries of B ! VV decays are dis-
played in Table XIX. They are small for color-allowed
tree-dominated processes and large for penguin-dominated
decays. Direct CP violation is very small for the pure
penguin processes �K�0�� and K��.

D. Time-dependent CP violation

In principle, one can study time-dependent CP asym-
metries for each helicity component,

A hðtÞ � �ð �B0ðtÞ ! VhVhÞ � �ðB0ðtÞ ! VhVhÞ
�ð �B0ðtÞ ! VhVhÞ þ �ðB0ðtÞ ! VhVhÞ

¼ Sh sinð�mtÞ � Ch cosð�mtÞ: (6.7)

Time-dependent CP violation has been measured for the
longitudinally polarized components of �B0 ! �þ�� and
�0�0 with the results [140,141]:

S�
þ��

L ¼ �0:05� 0:17; C�þ��
L ¼ �0:06� 0:13;

S
�0�0

L ¼ �0:3� 0:7� 0:2; C
�0�0

L ¼ 0:2� 0:8� 0:3:

(6.8)

In the QCDF approach we obtain

Bð�þ��ÞL ¼ ð24:7þ1:6þ1:3
�2:8�2:8Þ � 10�6;

S
�þ��
L ¼ �0:19þ0:01þ0:09

�0:00�0:10;

C�þ��
L ¼ 0:11þ0:01þ0:11

�0:01�0:04;

Bð�0�0ÞL ¼ ð0:6þ1:3þ0:8
�0:3�0:3Þ � 10�6;

S
�0�0

L ¼ 0:16þ0:05þ0:50
�0:11�0:48;

C
�0�0

L ¼ �0:53þ0:23þ0:12
�0:25�0:48:

(6.9)

As pointed out in [1], since [see Eq. (33) of [21] and
Eq. (106) of [1]]

S�
þ��

L ¼ sin2�þ 2rP cos	P sin
 cos2�þOðr2PÞ;
(6.10)

with P ¼ jTjrP cos	P and � ¼ �� �� 
, the measure-

ment of S�
þ��

L can be used to fix the angle 
 with good
accuracy. For the QCDF predictions in Eq. (6.9) we have
used � ¼ ð21:6þ0:9

�0:8Þ� and 
 ¼ ð67:8þ4:2�3:9Þ� [31].

TABLE XIX. Direct CP asymmetries (in %) of �B ! VV de-
cays. The pQCD results are taken from [120] for ��, �!, K� �K�.
CP asymmetries of K�� and K�! in the pQCD approach are
shown in Fig. 4 of [119] as a function of 
 and only the signs of
ACPðK��Þ and ACPðK�!Þ are displayed here. Note that the
definition of ACP in [119] has a sign opposite to the usual
convention.

Decay QCDF (this work) pQCD Expt. [3]

B� ! ���0 0.06 0 �5:1� 5:4
�B0 ! �þ�� �4þ0þ3

�0�3 �7 6� 13
�B0 ! �0�0 30þ17þ14

�16�26 80

B� ! ��! �8þ1þ3
�1�4 �23� 7 �20� 9

�B0 ! �0! 3þ2þ51
�6�76

�B0 ! !! �30þ15þ16
�14�18

B� ! K�0K�� 16þ1þ17�3�34 �15
�B0 ! K��K�þ 0 �65
�B0 ! K�0 �K�0 �14þ1þ6

�1�2 0

B� ! �K�0�� �0:3þ0þ2
�0�0 þ �1� 16

B� ! K���0 43þ6þ12
�3�28 þ 20þ32

�29

�B0 ! K���þ 32þ1þ2�3�14 þ
�B0 ! �K�0�0 �15þ4þ16

�8�14 � 9� 19

B� ! K��� 0.05 �1� 8
�B0 ! K�0� 0:8þ0þ0:4

�0�0:5 1� 5

B� ! K��! 56þ3þ4
�4�43 þ 29� 35

�B0 ! �K�0! 23þ9þ5
�5�18 þ 45� 25

6Early pQCD calculations of B ! K�� tend to give a large
branching fraction of order 15� 10�6 and the polarization
fraction fL � 0:75 [136,139]. Two possible remedies have
been considered: a small form factor ABK�

0 ð0Þ ¼ 0:32 [131] and
a proper choice of the hard scale �� in B decays [123]. As shown
in [123], the branching fraction of �B0 ! �K�0� becomes 8:9�
10�6 and fL � 0:63 for �� ¼ 1:3 GeV.
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VII. CONCLUSION AND DISCUSSION

We have reexamined the branching fractions and
CP-violating asymmetries of charmless �B ! PP, VP,
VV decays in the framework of QCD factorization. We
have included subleading 1=mb power corrections to the
penguin-annihilation topology and to color-suppressed tree
amplitudes that are crucial for explaining the decay rates of
penguin-dominated decays, color-suppressed tree-
dominated�0�0, �0�0 modes and the measured CP asym-
metries in the Bu;d sectors. A solution to the �AK� puzzle

requires a large complex color-suppressed tree amplitude
and/or a large complex electroweak penguin. These two
possibilities can be discriminated in tree-dominated B
decays. The CP puzzles with ���, �0�0 and the rate
deficit problems with �0�0, �0�0 can only be resolved
by having a large complex color-suppressed tree topology
C. While the new physics solution to the B ! K� CP
puzzle is interesting, it is irrelevant for tree-dominated
decays.

The main results of the present paper are
(i) Branching fractions: The observed abnormally large

rates of B ! K�0 decays are naturally explained
in QCDF without invoking additional contributions,
such as flavor-singlet terms. It is important to

have more accurate measurements of B ! ��ð0Þ to
confirm the pattern BðB� ! ���0Þ 
 Bð �B0 !
�0�0Þ.

(ii) The observed large rates of the color-suppressed
tree-dominated decays �B0 ! �0�0, �0�0 can be
accommodated due to the enhancement of
ja2ð��Þj �Oð0:6Þ and ja2ð��Þj �Oð0:4Þ.

(iii) The decays �B0 ! �� and B� ! ��� are domi-
nated by the !-� mixing effect. They proceed
through the weak decays �B0 ! !� and B� !
!��, respectively, followed by !-� mixing.

(iv) QCDF predictions for charmless B ! VV rates are
in excellent agreement with experiment.

Direct CP asymmetries
(1) In the heavy quark limit, the predicted CP asymme-

tries for the penguin-dominated modes K��þ,
K���þ, K��þ, K��0, and tree-dominated modes
�þ��, ���� [with ACP defined in Eq. (5.19)] and
���þ are wrong in signs when confronted with
experiment. Their signs can be flipped into the right
direction by the power corrections from penguin
annihilation.

(2) On the contrary, the decays K��0, K��, �K�0�,
�0�0, and ��� get wrong signs for their direct
CP violation when penguin annihilation is turned
on. TheseCP puzzles can be resolved by having soft
corrections to the color-suppressed tree coefficient
a2 so that a2 is large and complex.

(3) The smallness of theCP asymmetry in B� ! ���0

is not affected by the soft corrections under consid-
eration. This is different from the topological quark-

diagram approach where the color-suppressed tree
topology is also large and complex, but ACPð���0Þ
is predicted to be of order a few percent.

(4) If the color-suppressed tree and electroweak pen-
guin amplitudes are negligible compared to QCD
penguins, CP asymmetry differences of K��0 and
K��þ, �K0�0 and �K0��, K���0 and K���þ,
�K�0�0 and �K�0�� will be expected to be

small. Defining �AKð�Þ� � ACPðKð�Þ��0Þ �
ACPðKð�Þ��þÞ and �A0

Kð�Þ� � ACPð �Kð�Þ0�0Þ �
ACPð �Kð�Þ0��Þ, we found �AK� ¼ ð12:3þ3:0

�4:8Þ%,

�A0
K� ¼ ð�11:0þ6:4

�5:7Þ%, �AK�� ¼ ð13:7þ4:6
�7:0Þ% and

�A0
K�� ¼ ð�11:1þ9:3

�6:9Þ%, while they are very small

(less than 2%) in the absence of power corrections to
the topological amplitude c0. Experimentally, it will
be important to measure the last three CP asymme-
try differences.

(5) For both �B0 ! �K0�0 and �B0 ! �K�0�0 decays, their
CP asymmetries are predicted to be of order �0:10
(less than 1%) in the presence (absence) of power
corrections to a2. The relation �A0

K� � ��AK�

and the smallness of ACPð �K0��Þ give a model-
independent statement that ACPð �K0�0Þ is roughly
of order �0:15. Hence, an observation of
ACPð �K0�0Þ at the level of �ð0:10� 0:15Þ will
give a strong support for the presence of soft cor-
rections to c0. It is also in agreement with the value
inferred from the CP-asymmetry sum rule, or SU(3)
relation or the diagrammatical approach. For �B0 !
�K0�0, we obtained ACPð �K0�0Þ ¼ 0:087þ0:088

�0:069.

(6) Power corrections to the color-suppressed tree
amplitude is needed to improve the prediction
for ACPð �K�0�Þ. The current measurement
ACPð �K�0�Þ ¼ 0:19� 0:05 is in better agreement
with QCDF than pQCD and SCET.

(7) There are 6 modes in which direct CP asymmetries
have been measured with significance above 3�:
K��þ, �þ��, K��, �K�0�, K��0 and ����.
There are also 7 channels with significance between
3:0� and 1:8� for CP violation: �þK�, K���þ,
K��0, ���, ! �K0, �0�0, and ���þ. We have
shown in this work that the QCDF predictions of
ACP for aforementioned 13 decays are in agreement
with experiment except the decay �B0 ! ! �K0. The
QCDF prediction ACPð! �K0Þ ¼ �0:047þ0:058

�0:060 is not

consistent with the experimental average, 0:32�
0:17. However, we notice that BABAR and Belle
measurements of ACPð! �K0Þ are of opposite sign.

Mixing-induced CP asymmetries
(a) The decay modes �0KS and �KS appear theoreti-

cally very clean in QCDF; for these modes the
central value of �Sf as well as the uncertainties

are rather small.
(b) The QCDF approach predicts �S�0KS

� 0:12,

�S!KS
� 0:17, and �S�0KS

� �0:17. Soft correc-
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tions to a2 have significant effects on these three
observables, especially the last one.

(c) For tree-dominated modes, the predicted S�þ�� �
�0:69 agrees well with experiment, while S�0�0 �
�0:24 disagrees with the data in sign.

Puzzles to be resolved
(i) Both QCDF and pQCD can manage to lead to a

correct sign for ACPðK��Þ, but the predicted magni-
tude still falls short of the measurement �0:37�
0:09. The same is also true for ACPð�þ��Þ.

(ii) The QCDF prediction for the branching fraction of
B ! K��0, of order 1:5� 10�6, is smaller com-
pared to pQCD and SCET. Moreover, although the
QCDF results are smaller than the BABARmeasure-
ments, they are consistent with Belle’s upper limits.
It will be crucial to measure them to discriminate
between various predictions.

(iii) CP asymmetry of �B0 ! ! �K0 is estimated to be of
order�0:047. The current data 0:52þ0:22

�0:20 � 0:03 by
BABAR and�0:09� 0:29� 0:06 by Belle seem to
favor a positive ACPð! �K0Þ. This should be clarified
by more accurate measurements.

(iv) CP violation of �B0 ! �0�0 is predicted to be of
order 0.11 by QCDF and negative by pQCD and
SCET. The current data are 0:10� 0:40� 0:53 by
BABAR and �0:49� 0:36� 0:28 by Belle. This
issue needs to be resolved.

In this work we have collected all the pQCD and SCET
predictions whenever available and made a detailed com-
parison with the QCDF results. In general, QCDF predic-
tions for the branching fractions and direct CP
asymmetries of �B ! PP, VP, VV decays are in good
agreement with experiment except for a few remaining
puzzles mentioned above. For the pQCD approach, pre-

dictions on the penguin-dominated VV modes and tree-
dominated VP channels should be updated. Since the sign
of ACPðK��Þ gets modified by the NLO effects, it appears
that all pQCD calculations should be carried out system-
atically to the complete NLO (not just partial NLO) in
order to have reliable estimates of CP violation.
As for the approach of SCET, its phenomenological

analysis so far is not quite successful in several places.
For example, the predicted branching fraction BðB� !
���0Þ � 0:4� 10�6 is far below the experimental value
of�9� 10�6. The most serious ones are the CP asymme-
tries forK��0,�0�0,���, and �K�0�. The predicted signs
of them disagree with the data (so the �AK� puzzle is not
resolved). Also the predicted CP violation for �K0�0 and
�K�0�0 is of opposite sign to QCDF and pQCD. As stressed
before, all the B-CP puzzles occurred in QCDF will also
manifest in SCET because the long-distance charming
penguins in the latter mimic the penguin-annihilation ef-
fects in the former. This means that one needs other large
and complex power corrections to resolve the CP puzzles
induced by charming penguins. For example, in the current

phenomenological analysis of SCET, the ratio of Cð0Þ=Tð0Þ
is small and real to the leading order. This constraint should
be released somehow.
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