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Phenomenological analysis of charmless decaysB\PV with QCD factorization
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We study hadronic charmless two-bodyB decays to final states involving pseudoscalar and vector mesons
with the QCD factorization approach, including the contributions from the chirally enhanced power corrections
and weak annihilations. TheCP-averaged branching ratios andCP-violating asymmetries are given. Most of
our results are in agreement with the present measurements, but the branching ratios of some decay channels
are only marginally consistent with the experimental observations. Considering the large uncertainties, great
advances in both experiment and theory in the near future are strongly expected.
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I. INTRODUCTION

In the standard model~SM!, CP violation is described by
the phase of the Cabibbo-Kobayashi-Maskawa~CKM! ma-
trix. Phenomenologically, it is clear and convenient to e
plore CP violation with the well-known unitarity triangle
VudVub* 1VcdVcb* 1VtdVtb* 50. In a sense, the study ofB me-
son decays is mainly to make enough independent meas
ments of the sides and angles of this unitarity triangle. I
thus crucial to have a clear understanding of exclusive h
ronic charmlessB decays which would give some useful in
formation about and/or constraints on the unitarity triang
Recently, several experimental groups have reported t
latest results@1–16#, and moreB decay channels will be
measured with great precision soon. With the accumula
of the experimental data, theorists are urged to gain d
insight into the rare hadronicB decays, and reduce the th
oretical uncertainties in determining the CKM paramet
from experimental measurements.

Theoretically, intense investigations of hadronic char
less two-bodyB decays have been carried out in great de
with the effective Hamiltonian. Combining operator produ
expansion with the renormalization group method, the eff
tive Hamiltonian forB decays is generally expressed by t
products of the Wilson coefficients and dimension-6 eff
tive operators. The Wilson coefficients can be calculated
liably by perturbation theory; they have been evaluated to
next-to-leading order@17#. Thus, the main task for us is t
evaluate the hadronic matrix elements of the effective op
tors. Based on the naive factorization~NF! hypothesis@18#,
which is supported by the argument of color transpare
@19#, the hadronic matrix elements are usually parametri
into the product of the decay constants and the transi
form factors phenomenologically. The NF approach wo
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well for B andD decays; at least it can give the proper orde
of magnitude of the branching ratios forB and D decays.
However, the NF approach is a very rough approximati
and has obvious shortcomings:~1! In the NF framework, the
renormalization scheme and scale dependence in the
ronic matrix elements is completely missing. Its predictio
would be physical only when the hadronic matrix eleme
could make compensation for the renormalization sche
and scale dependence of the Wilson coefficients.~2! There is
no direct CP violation in hadronicB decays with the NF
approach because the Wilson coefficients, decay const
and form factors are all real. This indicates that ‘‘nonfact
izable’’ contributions, which account for final-state rescatt
ing and the strong interaction phase shift, are important.~3!
As stated in@20#, it is questionable whether ‘‘nonfactoriz
able’’ effects can be simply absorbed into decay consta
and form factors. They will have great effects on the clas
(a2 dominant! decay modes, e.g.,B0→r0p0,r0h,vh, . . . .
So it is imperative to go beyond this level of understandin

Recently, Beneke, Buchalla, Neubert, and Sachrajda s
gested a QCD factorization~QCDF! method for hadronicB
decays in the heavy quark limit, combining the har
scattering approach with power counting in 1/mb @21#. The
hadronic matrix elementŝM1M2uOi uB& ~here M1 denotes
the recoiled meson which picks up the light spectator qu
in the B meson,M2 is the emitted meson, andOi are effec-
tive operators! can be computed from first principles an
expressed in terms of form factors and meson light-cone
tribution amplitudes~LCDAs! only if M2 is light or an
onium. In addition, whenM1 is light, there exist hard-
scattering interactions betweenM2 and the spectator which
do not exist in the NF approach. The QCDF approach sho
that the ‘‘nonfactorizable’’ contributions are dominated b
hard gluon exchange and therefore computable system
cally. Detailed proofs and arguments can be found in@21#; its
applications to hadronic two-bodyB decays can be found in
the literature@21–28#.

In recent work@28#, we calculated the branching ratio
andCP asymmetries forB→PP ~whereP denotes the pseu
doscalar meson! within the QCDF approach. We found tha
with appropriate parameters our results are in agreement
the current experimental data. This encouraged us to fur
©2002 The American Physical Society25-1
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TABLE I. Wilson coefficients in NDR scheme. The input parameters in numerical calculations are
as as(mZ)50.1185, ae.m.(mW)51/128, mW580.42 GeV, mZ591.188 GeV, mt5168.2 GeV, mb

54.6 GeV.

m5mb/2 m5mb m52mb

NLO LO NLO LO NLO LO

C1 1.136 1.178 1.080 1.115 1.044 1.073
C2 20.283 20.353 20.181 20.245 20.105 20.165
C3 0.021 0.020 0.014 0.012 0.009 0.008
C4 20.050 20.048 20.035 20.033 20.024 20.023
C5 0.010 0.010 0.009 0.008 0.007 0.006
C6 20.063 20.061 20.041 20.038 20.026 20.024
C7 /ae.m. 20.020 20.103 20.004 20.096 0.019 20.081
C8 /ae.m. 0.082 0.024 0.052 0.015 0.033 0.010
C9 /ae.m. 21.339 20.089 21.263 20.086 21.201 20.074
C10/ae.m. 0.369 20.022 0.253 20.016 0.168 20.012
C7g 20.341 20.304 20.272
C8g 20.160 20.145 20.132
to
ee
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investigate the exclusive decaysB→PV ~whereV denotes
the vector meson! with the QCDF method. TheB→PV de-
cays have been carefully studied within generalized fac
ization @20,29,30#, and some decay channels have also b
studied with the perturbative QCD approach@31# where the
form factors are believed to be perturbatively calculable w
the assistance of the Sudakov factors. However, it is stil
open question whether the Sudakov factor is applicable iB
meson decays@32#. In the QCDF framework, it is argue
@21# that the form factors are not fully calculable accordi
to naive power counting. Yang and Yang studied the de
modesB→h1h2 (h15p,K andh25K* ,r,v) in @25# using
the QCDF approach. The differences between their work
ours are that we consider the chirally enhanced contribut
from another type of twist-3 LCDAfs of the pseudoscala
mesons, which is crucial for gauge independence, and
also take the weak annihilation topologies into accou
Cheng and Yang pointed out that the annihilation contri
tions could be sizable for the decaysB→fK @24#. Some-
times, the annihilation contributions may even be domina
e.g.,B0→K6K* 7. In this paper, we will undertake a com
prehensive study of the hadronic charmless decaysB→PV
within the QCDF framework, including the effects of wea
annihilation and the chirally enhanced contributions.

This paper is organized as follows. Section II is devo
to the theoretical framework. There we calculate the ‘‘no
factorizable’’ corrections to hadronic matrix elements of t
effective operators with the QCDF approach, including
chirally enhanced power corrections and weak annihilatio
The input parameters in our calculations are given in Sec.
09402
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I.

The numerical values and some remarks about
CP-averaged branching ratios andCP-violating asymme-
tries for B→PV decays are arranged in Sec. IV and Sec.
respectively. We come to our final conclusions in Sec. VI

II. THEORETICAL FRAMEWORK FOR B DECAYS

A. The effective Hamiltonian

The effective Hamiltonian for hadronic charmlessB de-
cays is written as@17#

He f f5
GF

A2
H (

q5u,c
vqFC1~m!Q1

q~m!1C2~m!Q2
q~m!

1 (
k53

10

Ck~m!Qk~m!G2v t@C7gQ7g1C8gQ8g#J
1H.c., ~2.1!

wherevq5VqbVqd* ~for b→d transitions! or vq5VqbVqs* ~for
b→s transitions! are CKM factors.Ci(m) are Wilson coef-
ficients; they are universal and process independent,
have been evaluated to the next-to-leading logarithmic or
~NLO! with the perturbation theory and renormalizatio
group method. We list their numerical values in the na
dimensional regularization~NDR! scheme at three differen
scales in Table I. The dimension-6 local operators, includ
tree operatorsQ1

q ,Q2
q , QCD penguin operatorsQ3–Q6, elec-

troweak penguin operatorsQ7–Q10, and magnetic penguin
operatorsQ7g ,Q8g , can be expressed explicitly as
Q1
u5~ ūaba!V2A~ q̄bub!V2A , Q1

c5~ c̄aba!V2A~ q̄bcb!V2A , ~2.2a!

Q2
u5~ ūabb!V2A~ q̄bua!V2A , Q2

c5~ c̄abb!V2A~ q̄bca!V2A , ~2.2b!
5-2
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Q35~ q̄aba!V2A(
q8

~ q̄b8qb8 !V2A , Q45~ q̄bba!V2A(
q8

~ q̄a8qb8 !V2A , ~2.2c!

Q55~ q̄aba!V2A(
q8

~ q̄b8qb8 !V1A , Q65~ q̄bba!V2A(
q8

~ q̄a8qb8 !V1A , ~2.2d!

Q75
3

2
~ q̄aba!V2A(

q8
eq8~ q̄b8qb8 !V1A , Q85

3

2
~ q̄bba!V2A(

q8
eq8~ q̄a8qb8 !V1A , ~2.2e!

Q95
3

2
~ q̄aba!V2A(

q8
eq8~ q̄b8qb8 !V2A , Q105

3

2
~ q̄bba!V2A(

q8
eq8~ q̄a8qb8 !V2A , ~2.2f!

Q7g5
e

8p2
mbq̄asmn~11g5!baFmn , Q8g5

g

8p2
mbq̄asmn~11g5!tab

a bbGmn
a , ~2.2g!
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where q8 denotes all the active quarks at the scalem
5O(mb), i.e., q85u,d,s,c,b.

B. B\PV in the QCDF framework

When the QCDF method is applied to the decaysB
→PV, the hadronic matrix elements of the local effecti
operators can be written as

^PVuOi uB&5F j
B→P~0!E

0

1

dx Ti j
I ~x!FV~x!

1Ak
B→V~0!E

0

1

dy Tik
I ~y!FP~y!

1E
0

1

djE
0

1

dxE
0

1

dy Ti
II ~j,x,y!

3FB~j!FV~x!FP~y!. ~2.3!

HereFB→P andAB→V denote the form factors forB→P and
B→V transitions, respectively.FB(j), FV(x), and FP(y)
are the LCDAs of valence quark Fock states forB, vector,
and pseudoscalar mesons, respectively.Ti

I ,II denote the hard-
scattering kernels, which are dominated by hard gluon
change when the power suppressedO(LQCD /mb) terms are
neglected. So they are calculable order by order in pertu
tion theory. The leading terms ofTI come from the tree leve
and correspond to the NF approximation. The order ofas
terms of TI can be depicted by vertex-correction diagra
Figs. 1~a!–1~d! and penguin-correction diagrams Figs. 1~e!
and 1~f!. TII describes the hard interactions between
spectator quark and the emitted mesonM2 when the gluon
virtuality is large. Its lowest order terms areO(as) and can
be depicted by hard spectator scattering diagrams Figs.~g!,
1~h!. One of the most interesting results of the QCDF a
proach is that, in the heavy quark limit, the strong pha
arise naturally from the hard-scattering kernels at the or
of as . As for the nonperturbative part, it is either pow
suppressed in 1/mb or separated into the form factors an
LCDAs of mesons.
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Because theb quark mass is not asymptotically large, th
power suppression might fail in some cases. For instance
contributions of operatorQ6 to the decay amplitudes woul
formally vanish in the strict heavy quark limit. However, it
numerically very important in penguin-dominatedB rare de-
cays, such as the interesting channelsB→pK, etc. This is
becauseQ6 is always multiplied by a formally power sup
pressed but chirally enhanced factorr x52mP

2 /mb(m11m2)
;O(1), wherem1 andm2 are current quark masses. Ther
fore phenomenological application of QCD factorization inB
rare decays requires at least a consistent inclusion of chir
enhanced corrections. The readers may refer to Refs.@22,27#
for more details.

With the above discussions on the effective Hamilton
of B decays Eq.~2.1! and the QCDF expressions of hadron
matrix elements Eq.~2.3!, the decay amplitudes forB
→PV in the heavy quark limit can be written as

A~B→PV!5
GF

A2
(

p5u,c
(
i 51

10

vpai
p^PVuOi uB& f . ~2.4!

The above^PVuOi uB& f are the factorized hadronic matri
elements, which have the same definitions as those in the
approach. The ‘‘nonfactorizable’’ effects are included in t

FIG. 1. Order ofas corrections to the hard-scattering kerne
The upward quark lines represent the emitted mesons fromb quark
weak decays. These diagrams are commonly called vertex co
tions, penguin corrections, and hard spectator scattering diag
for ~a!–~d!, ~e!, ~f! and ~g!, ~h!, respectively.
5-3
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FIG. 2. Order of as correc-
tions to the weak annihilations o
charmless decaysB→PV.
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coefficientsai which are process dependent. The coefficie
ai are collected in Sec. II C, and the explicit expressions
the decay amplitudes ofB→PV can be found in Appendix B
of @29#. The only differences from ours are the expressio
for the coefficientsai .

According to the arguments in@21#, the contributions of
weak annihilation to the decay amplitudes are power s
pressed, and they do not appear in the QCDF formula
~2.3!. But, as emphasized in@34,35#, the contributions from
weak annihilation could give large strong phases with Q
corrections, and hence largeCP violation could be expected
so their effects cannot simply be neglected. However, in
QCDF method, the annihilation topologies~see Fig. 2! vio-
late factorization because of the end point divergence. Th
is similar end point divergence when considering the chira
enhanced hard spectator scattering. One possible way
treat the end point divergence from different sources as
ferent phenomenological parameters@22#. The corresponding
price is the introduction of model dependence and extra
merical uncertainties in the decay amplitudes. In this wo
we will follow the treatment of Ref.@22# and express the
weak annihilation topological decay amplitudes as

A a~B→PV!} f Bf Pf V( vpbi , ~2.5!

where the parametersbi are collected in Sec. II D, and th
expressions for the weak annihilation decay amplitudes
09402
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B→PV are listed in the Appendix. To distinguish the dec
amplitudes Eq.~2.4! from Eq. ~2.5!, we will add a super-
script f to the symbol in Eq.~2.4!, and write it asA(B
→PV)→A f(B→PV).

C. The QCD coefficientsai

We now present the QCD coefficientsai in Eq. ~2.4!. In
our calculations, we neglect the mass of light quarks wh
we apply the equation of motion to the external quarks.
consider the chirally enhanced contributions from twis
LCDAs of the pseudoscalar mesons. As for the vector m
sons, only the leading twist LCDAs for the longitudinal
polarized componentsFV

i contribute to the hadronic matrix
elements, while the effects of twist-2 LCDAs for the tran
versely polarized componentsFV

' and higher twist LCDAs
of the vector mesons are power suppressed and can ther
be neglected under the QCDF framework. We express
coefficientsai in two parts, i.e.,ai5ai ,I1ai ,II . The first
term ai ,I contains the ‘‘nonfactorizable’’ effects which ar
described by Figs. 1~a!–1~f!, while the second partai ,II cor-
responds to the hard spectator scattering diagrams Figs.~g!,
1~h!.

There are two different cases according to the final sta
Case I is that the recoiled mesonM1 is a vector meson (V),
and the emitted mesonM2 corresponds to a pseudoscal
meson (P), and vice versa for case II. For case I, we sum
the results forai as follows:
a1,I5C11
C2

Nc
F11

CFas

4p
VM G , a1,II 5

pCFas

Nc
2

C2H~BM1 ,M2!, ~2.6a!

a2,I5C21
C1

Nc
F11

CFas

4p
VM G , a2,II 5

pCFas

Nc
2

C1H~BM1 ,M2!, ~2.6b!

a3,I5C31
C4

Nc
F11

CFas

4p
VM G , a3,II 5

pCFas

Nc
2

C4H~BM1 ,M2!, ~2.6c!

a4,I
p 5C41

C3

Nc
F11

CFas

4p
VM G1

CFas

4p

PM ,2
p

Nc
, a4,II 5

pCFas

Nc
2

C3H~BM1 ,M2!, ~2.6d!

a5,I5C51
C6

Nc
F12

CFas

4p
VM8 G , a5,II 52

pCFas

Nc
2

C6H8~BM1 ,M2!, ~2.6e!

a6,I
p 5C61

C5

Nc
F126

CFas

4p G1
CFas

4p

PM ,3
p

Nc
, a6,II 50, ~2.6f!
5-4
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a7,I5C71
C8

Nc
F12

CFas

4p
VM8 G , a7,II 52

pCFas

Nc
2

C8H8~BM1 ,M2!, ~2.6g!

a8,I
p 5C81

C7

Nc
F126

CFas

4p G1
a

9p

PM ,3
p,ew

Nc
, a8,II 50, ~2.6h!

a9,I5C91
C10

Nc
F11

CFas

4p
VM G , a9,II 5

pCFas

Nc
2

C10H~BM1 ,M2!, ~2.6i!

a10,I
p 5C101

C9

Nc
F11

CFas

4p
VM G1

a

9p

PM ,2
p,ew

Nc
, a10,II 5

pCFas

Nc
2

C9H~BM1 ,M2!, ~2.6j!

where CF5(Nc
221)/2Nc , and Nc53. The vertex parametersVM and VM8 result from Figs. 1~a!–1~d!; the QCD penguin

parametersPM ,i
p and the electroweak penguin parametersPM ,i

p,ew result from Figs. 1~e!, 1~f!. The expressions for the pengu
parameters are a little different from those in@22#. Here we consider the corrections of the electroweak penguins toPM ,i

p , and
the contributions of the QCD penguins toPM ,i

p,ew . They can be written as

PM ,2
p 5C1F4

3
ln

mb

m
1

2

3
2GM~sp!G1S C32

1

2
C9D F8

3
ln

mb

m
1

4

3
2GM~0!2GM~1!G1 (

q5q8
S C41C61

3

2
eqC81

3

2
eqC10D

3F4

3
ln

mb

m
2GM~sq!G22C8gE

0

1

dx
FM~x!

12x
, ~2.7a!

PM ,3
p 5C1F4

3
ln

mb

m
1

2

3
2ĜM~sp!G1S C32

1

2
C9D F8

3
ln

mb

m
1

4

3
2ĜM~0!2ĜM~1!G1 (

q5q8
S C41C61

3

2
eqC81

3

2
eqC10D

3F4

3
ln

mb

m
2ĜM~sq!G22C8g , ~2.7b!

PM ,2
p,ew5~C11NcC2!F4

3
ln

mb

m
1

2

3
2GM~sp!G2~C31NcC4!F4

3
ln

mb

m
1

2

3
2

1

2
GM~0!2

1

2
GM~1!G1 (

q5q8
~NcC31C4

1NcC51C6!
3

2
eqF4

3
ln

mb

m
2GM~sq!G2NcC7gE

0

1

dx
FM~x!

12x
, ~2.7c!

PM ,3
p,ew5~C11NcC2!F4

3
ln

mb

m
1

2

3
2ĜM~sp!G2~C31NcC4!F4

3
ln

mb

m
1

2

3
2

1

2
ĜM~0!2

1

2
ĜM~1!G1 (

q5q8
~NcC31C4

1NcC51C6!
3

2
eqF4

3
ln

mb

m
2ĜM~sq!G2NcC7g . ~2.7d!
r
e

a

The definitions of quantitiesVM , VM8 , GM(sq), andĜM(sq)
can be found in@22#, andsq5mq

2/mb
2 . In the expressions fo

PM ,i
p andPM ,i

p,ew , q8 will run over all the active quarks at th
scalem5O(mb), i.e., q85u,d,s,c, and b. The parameters
H(BM1 ,M2) and H8(BM1 ,M2) in ai ,II , which originate
from hard gluon exchanges between the spectator quark
the emitted mesonM2, are written as
09402
nd

H~BV,P!5
f Bf V

mB
2A0

B→VE0

1

djE
0

1

dxE
0

1

dy

3
FB~j!

j

FP~x!

x̄

FV~y!

ȳ
, ~2.8a!
5-5
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TABLE II. Numerical values of coefficientsai ,I with the default values of various parameters for cas
~the recoiled mesonsM1 are vector mesons, and the emitted mesonsM2 are pseudoscalar mesons!.

m5mb/2 m5mb m52mb

a1,I 1.07710.033i 1.05510.018i 1.03810.010i

a2,I 20.02320.110i 0.01820.082i 0.05720.065i

a3,I(1024) 91.649144.722i 70.951124.259i 49.938114.036i

a4,I
u (1024) 2331.42188.31i 2299.262152.67i 2270.972129.36i

a4,I
c (1024) 2406.48260.422i 2355.33257.162i 2315.76253.065i

a5,I(1024) 299.038256.834i 265.932227.934i 239.693214.646i

a6,I
u (1024) 2558.532169.85i 2416.462143.94i 2327.552124.53i

a6,I
c (1024) 2600.85240.033i 2448.06246.988i 2352.8247.08i

a6,I
u r x(1024) 2484.02147.19i 2483.152166.99i 2474.922180.56i

a6,I
c r x(1024) 2520.68234.691i 2519.81254.512i 2511.53268.263i

a7,I(1024) 0.53910.175i 1.10110.086i 2.41910.048i

a8,I
u (1024) 7.38320.330i 4.75920.803i 2.93421.165i

a8,I
c (1024) 7.34420.209i 4.63220.415i 2.74120.574i

a8,I
u r x(1024) 6.39820.286i 5.52120.932i 4.25421.689i

a8,I
c r x(1024) 6.36420.181i 5.37420.481i 3.97420.832i

a9,I(1024) 294.82710.160i 291.90310.092i 289.2910.057i

a10,I
u (1024) 22.42610.318i 29.98920.309i 215.97220.812i

a10,I
c (1024) 22.49710.438i 210.21410.073i 216.31420.230i
a
-
h,
-
r

-

i-
q.
tive
H8~BV,P!5
f Bf V

mB
2A0

B→VE0

1

djE
0

1

dxE
0

1

dy

3
FB~j!

j

FP~x!

x

FV~y!

ȳ
. ~2.8b!

For case II, except for the parameters ofH(BM1 ,M2)
and H8(BM1 ,M2), the expressions forai are similar to
those in case I. In particular, we would like to point out th
becausê Vu(q̄q)S6Pu0&50, the contributions of the effec
tive operatorsO6,8 to the hadronic matrix elements vanis
i.e., the terms that are related toa6,8 disappear from the de
cay amplitudes for case II. As to the paramete
H(BM1 ,M2) andH8(BM1 ,M2) in ai ,II , they are defined as

H~BP,V!5
f Bf P

mB
2F1

B→PE0

1

djE
0

1

dxE
0

1

dy
FB~j!

j

FV~x!

x̄

3FFP~y!

ȳ
1

2mP

m

x̄

x

FP
p~y!

ȳ
G , ~2.9a!
09402
t

s

H8~BP,V!52
f Bf P

mB
2F1

B→PE0

1

djE
0

1

dxE
0

1

dy
FB~j!

j

FV~x!

x

3FFP~y!

ȳ
1

2mP

m

x

x̄

FP
p~y!

ȳ
G . ~2.9b!

Now we would like to make some comments onai .
~1! It was shown in@27# that at leading order approxima

tion ai are renormalization scale independent, i.e.,

d ai ,I

d lnm
50 ~ iÞ6,8!

and

d ai ,I r x

d lnm
50 ~ i 56,8! ~2.10!

where r x is the chirally enhanced factor, e.g.,r x
K(m)

52mK1
2 /mb(m)@mu(m)1ms(m)# for the decayB0→K1r2.

It is formally O(LQCD /mb) power suppressed, but numer
cally large. The deviation of the data in Table II from E
~2.10! can be reduced further when the higher order radia
5-6
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corrections to the hadronic matrix elements are included
in the following calculations, we will fixm5mb . In addi-
tion, it has been proved thatai are free of gauge dependenc
These two points guarantee that the decay amplitudes
physical.

~2! From Eq. ~2.6! we can see that, in the heavy qua
limit, when the corrections at the order ofas and a are
neglected, we return to the NF approximation.

~3! ‘‘Nonfactorizable’’ effects appear at the order ofas
or/andLQCD /mb . This reflects the fact that the final sta
interactions are either dominated by hard processes or po
suppressed. Therefore the strong phases for the classa1
er
he
-
-

ey
th

an
io

09402
o

.
re

er

dominant! decays are small and furthermore perturbativ
calculable in the heavy quark limit. Moreover, from the da
in Table II, we find that the ‘‘nonfactorizable’’ effects con
tribute a large imaginary part toa2,I , i.e., the class II (a2
dominant! decays, especially theCP asymmetries, might be
sensitive to the ‘‘nonfactorizable’’ corrections.

D. The annihilation parameters bi

The parameters ofbi in Eq. ~2.5! correspond to weak
annihilation contributions. Now we give their expression
which are analogous to those in@22#:
b1~M1 ,M2!5
CF

Nc
2

C1A1
i ~M1 ,M2!, b2~M1 ,M2!5

CF

Nc
2

C2A1
i ~M1 ,M2!, ~2.11a!

b3~M1 ,M2!5
CF

Nc
2 $C3A1

i ~M1 ,M2!1C5A3
i ~M1 ,M2!1@C51NcC6#A3

f ~M1 ,M2!%,

~2.11b!

b4~M1 ,M2!5
CF

Nc
2 $C4A1

i ~M1 ,M2!1C6A2
i ~M1 ,M2!%, ~2.11c!

b3
ew~M1 ,M2!5

CF

Nc
2 $C9A1

i ~M1 ,M2!1C7A3
i ~M1 ,M2!1@C71NcC8#A3

f ~M1 ,M2!%,

~2.11d!

b4
ew~M1 ,M2!5

CF

Nc
2 $C10A1

i ~M1 ,M2!1C8A2
i ~M1 ,M2!%. ~2.11e!
Here the current-current annihilation paramet
b1,2(M1 ,M2) arise from the hadronic matrix elements of t
effective operatorsO1,2, the QCD penguin annihilation pa
rametersb3,4(M1 ,M2) from O3 –6, and the electroweak pen
guin annihilation parametersb3,4

ew(M1 ,M2) from O7 –10. The
parameters ofbi are closely related to the final states; th
can also be divided into two different cases according to
final states. Case I is thatM1 is a vector meson, andM2 is a
pseudoscalar meson~hereM1 andM2 are tagged in Fig. 2!.
Case II is thatM1 corresponds to a pseudoscalar meson,
M2 corresponds to a vector meson. For case I, the definit
of Ak

i , f(M1 ,M2) in Eq. ~2.11! are

A1
f ~V,P!50, A2

f ~V,P!50, ~2.12a!

A3
f ~V,P!5pasE

0

1

dxE
0

1

dyFV~x!FP
p~y!

3
2mP

m

2~11 x̄!

x̄2y
, ~2.12b!
s

e

d
ns

A1
i ~V,P!5pasE

0

1

dxE
0

1

dyFV~x!FP~y!

3F 1

y~12xȳ!
1

1

x̄2y
G , ~2.12c!

A2
i ~V,P!52pasE

0

1

dxE
0

1

dyFV~x!FP~y!

3F 1

x̄~12xȳ!
1

1

x̄y2G , ~2.12d!

A3
i ~V,P!5pasE

0

1

dxE
0

1

dyFV~x!FP
p~y!

3
2mp

m

2ȳ

x̄y~12xȳ!
. ~2.12e!

For case II,
5-7
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A1
f ~P,V!50, A2

f ~P,V!50, ~2.13a!

A3
f ~P,V!52pasE

0

1

dxE
0

1

dyFP
p~x!FV~y!

3
2mP

m

2~11y!

x̄y2
, ~2.13b!

A1
i ~P,V!5pasE

0

1

dxE
0

1

dyFP~x!FV~y!

3F 1

y~12xȳ!
1

1

x̄2y
G , ~2.13c!

A2
i ~P,V!52pasE

0

1

dxE
0

1

dyFP~x!FV~y!

3F 1

x̄~12xȳ!
1

1

x̄y2G , ~2.13d!

A3
i ~P,V!5pasE

0

1

dxE
0

1

dyFP
p~x!FV~y!

3
2mp

m

2x

x̄y~12xȳ!
. ~2.13e!

Here our notation and convention are the same as thos
@22#. The superscriptsi and f on Ai , f correspond to the con
tributions from Figs. 2~a!, 2~b! and Figs. 2~c!, 2~d!, respec-
tively. The subscriptsk51,2,3 on Ak

i , f refer to the Dirac
structures (V2A) ^ (V2A), (V2A) ^ (V1A), and
(22)(S2P) ^ (S1P), respectively. FV(x) denotes the
leading-twist LCDAs of a vector meson, andFP(x) and
FP

p(x) denote twist-2 and twist-3 LCDAs of a pseudosca
meson, respectively.1

Note that assuming SU~3! flavor symmetry and symmet
ric ~under x↔ x̄) LCDAs of light mesons, we haveA1

i 5

2A2
i . In this approximation the weak annihilation contrib

tions ~for case I! can be parametrized as

1The expression forA3
i is different from that in@24#. This differ-

ence originates from the two different ways of dealing with t
annihilation contribution from the twist-3 LCDAs. Cheng and Ya
calculated them in coordinate space, and we take the projectio
momentum space given in@22#. We made some investigation of th
problem in@27#, and discussed it with Benekeet al. The point lies
in how to deal with the surface terms in the integral. In addition,
found that, when the annihilation contributions from the twis
LCDAs are considered forB→PP decays in coordinate space, n
only logarithmic divergence but also linear and quadratic div
gences appear, which is a very serious problem. So we use
method given in@22#, which gives only a logarithmic divergenc
even forB→PP decays.
09402
in

r

A1
i ~V,P!.18pasS XA241

p2

3 D , ~2.14a!

A3
i ~V,P!.pasr x@2p226~XA

212XA!#, ~2.14b!

A3
f ~V,P!.6pasr x~2XA

22XA!, ~2.14c!

whereXA5*0
1dx/x parametrizes the divergent end point i

tegrals. We can get similar forms to Eq.~2.14! for case II, but
with A3

f (P,V)52A3
f (V,P). In our calculation, we will treat

XA as a phenomenological parameter, and take the s
value for all annihilation terms, although this approximati
is crude and there is no known physical argument for ju
fying this assumption. We shall see below thatXA gives large
uncertainties in the theoretical prediction.

III. INPUT PARAMETERS

The QCDF expressions for the hadronic matrix eleme
are written as the product of hard-scattering kernels
LCDAs of mesons. The hard-scattering kernels are pertu
tively calculable, while the soft and nonperturbative effe
are incorporated into two kinds of universal parameter:
form factors and the LCDAs of mesons. The decay am
tudes are also related to the CKM matrix elements,
masses of quarks and mesons, various decay constan
mesons, and so on. We will specify them in the followin
discussions.

A. The CKM matrix elements

The CKM matrix is described by four independent para
eters. Using the Wolfenstein parametrization@33#, it can be
expressed as

VCKM5S 12l2/2 l Al3~r2 ih!

2l 12l2/2 Al2

Al3~12r2 ih! 2Al2 1
D

1O~l4!. ~3.1!

Two of them are well determined:A50.81960.040 andl
50.223760.0033@36#. Recently, Ciuchini revised the value
of r andh in @37# r̄50.21860.038, h̄50.31660.040, and
g5(55.566.2)°. This gives r50.22460.039 and h
50.32460.039. Höcker et al. @38# advocate another ap
proach to a global CKM matrix analysis, using the freque
tist statistics namedRFIT; their best fit results areA50.83
60.07, l50.22260.004, r̄50.2160.12, h̄50.3860.11,
andg5(62615)° at 95% confidence level. Lacker and Ne
bert suggest that it is possible to derive constraints ong from
a globalRFIT analysis of variousCP-averaged branching ra
tios B→pp,pK; their best fit of the QCDF theory to th
data yields (r̄,h̄)5(0.05,0.381) withx2/ndo f50.46 @39#,
and correspondinglyg.83°. In our calculation, we will take
the central values of the results in@37# as input parameters
At the same time, we will also give estimations based on
results in@39#.

in
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-
he
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B. Quark masses

The masses of quarks appear in our calculations in
different ways. The pole masses of quarks arise from
loop integration over the virtual internal quarks in pengu
correction diagrams. They contribute to the penguin para
etersPM ,i

p and PM ,i
p,ew in Eq. ~2.7! in terms of GM(sq) and

ĜM(sq) @22#, wheresq5mq
2/mb

2 . We fix them as

mu5md5ms50,

mc51.45 GeV, mb54.6 GeV. ~3.2!

The other type of quark mass is the running quark m
which is renormalization scale dependent. It appears in te
of the chirally enhanced factorr x which arises from the had
ronic matrix elements of (S1P) ^ (S2P) operators through
the equations of motion, and the twist-3 LCDAs of the pse
doscalar mesons. Estimations of the running quark ma
within the QCD sum rules approach are collected in@40#.
Here we would like to use the central values of Particle D
Group 2000~PDG2000! data@41# for discussion:

m̄b~m̄b!54.2 GeV, m̄s~2 GeV!5122.5 MeV,
~3.3a!
f
d

n
o

in
in
a

09402
o
e

-

s
s

-
es

a

m̄d~2 GeV!56 MeV, m̄u~2 GeV!53 MeV. ~3.3b!

Using the renormalization group equation, we can get th
corresponding values at the scalem5O(mb). In addition, we
would like to point out that, because the running masses
light quarks have large uncertainties, we will take t

r x
h(8)

(12 f
h(8)
u

/ f
h(8)
s

).r x
p.r x

K[r x approximation for simplic-
ity in our numerical calculations.

C. The form factors and decay constants

Now let us parametrize the hadronic matrix elements
^PVuOi uB& f in Eq. ~2.4!. After Fierz reordering, with the NF
assumption@18#, they can be written as

^PVuOi uB&5Z1^PuJmu0&^VuJmuB&

1Z2^VuJ8mu0&^PuJm8 uB&, ~3.4!

whereJm andJ8mare hadronic currents, andZ1,2 are the cor-
responding coefficients. The hadronic current matrix e
ments are defined as follows@18#:
^P~ l !uq̄gmg5qu0&52 i f Pl m, ^V~ l ,e!uq̄gmqu0&5 f VmVe* m, ~3.5a!

^P~ l !uq̄gm~12g5!quB&5F pB
m1 l m2

mB
22mP

2

k2
kmGF1~k2!1

mB
22mP

2

k2
kmF0~k2!, ~3.5b!

^V~ l ,e!uq̄gm~12g5!quB&5emnabe* npB
al b

2V~k2!

mB1mV
1 i

2mV~e* •k!

k2
kmA0~k2!1 i em* ~mb1mV!A1~k2!

2 i
e* •k

mb1mV
~pB1 l !mA2~k2!2 i

2mV~e* •k!

k2
kmA3~k2!, ~3.5c!
-
arm
wherek5pB2 l , and e* denotes the polarization vector o
the vector mesonV. f P and f V are decay constants, an
F0,1(k

2), V(k2), and A0,1,2,3(k
2) are form factors. In addi-

tion, at the polesk250, we have

F0~0!5F1~0!, A0~0!5A3~0!, ~3.6a!

2mVA3~0!5~mB1mV!A1~0!2~mB2mV!A2~0!.
~3.6b!

In the QCDF framework, they are all nonperturbative qua
tities, and appear as universal input parameters. As a g
approximation, we take these form factors atk250 in our
calculations.

Because the flavor octet mixes with the flavor singlet
the SU~3! quark representation of mesons, the correspond
hadronic parameters are difficult to determine. Here we
-
od

g
s-

sume ideal mixing betweenv and f, i.e., v5(uū

1dd̄)/A2 andf5ss̄. As to h and h8, we follow the con-
vention in @29,42,43#: the two-mixing-angle formula is ap
plied for the decay constants and form factors, and the ch
quark content inh andh8 is assumed to be negligible:

^0uq̄gmg5quh (8)~p!&5 i f
h(8)
q

pm ~q5u,d,s!,
~3.7a!

^0uūg5uuh (8)&

^0us̄g5suh (8)&
5

f
h(8)
u

f
h(8)
s ,

^0us̄g5suh (8)&52 i
m

h(8)
2

2ms
~ f

h(8)
s

2 f
h(8)
u

!, ~3.7b!
5-9
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f h
u5

f 8

A6
cosu82

f 0

A3
sinu0 ,

f h
s 522

f 8

A6
cosu82

f 0

A3
sinu0 ,

~3.7c!

f h8
u

5
f 8

A6
sinu81

f 0

A3
cosu0 ,

f h8
s

522
f 8

A6
sinu81

f 0

A3
cosu0 ,

~3.7d!

F0,1
Bh5F0,1

BpS cosu8

A6
2

sinu0

A3
D ,

F0,1
Bh85F0,1

BpS sinu8

A6
1

cosu0

A3
D . ~3.7e!

We take the mixing angles asu85222.2° andu0529.1°.
For theB→K transition form factors we use the SU~3! flavor
symmetry approximation

f p

f K
'

F0,1
Bp~0!

F0,1
BK~0!

. ~3.8!

The decay constants and form factors are nonperturba
parameters; they are available from the experimental d
and/or estimated with well-founded theories, such as lat
calculations, QCD sum rules, etc. Now we take their valu
in our calculations as@29,41,44–47#:

f p5131 MeV, f K5160 MeV,

f K* 5214 MeV, f r5210 MeV,

f v5195 MeV, f f5233 MeV,

f 05157 MeV, f 85168 MeV,

f B5180 MeV,

F0,1
Bp~0!50.2860.05, A0

BK* ~0!50.3960.10,

A0
Br~0!50.3060.05, A0

Bv~0!50.3060.05.

D. The LCDAs of mesons

The LCDAs of mesons are also basic input parameter
the QCDF formula Eq.~2.3!. The LCDAs of light pseudo-
scalar mesons are defined as@48#
09402
ve
ta
e
s

in

^P~k!uq̄~z2!q~z1!u0&

5
i f P

4 E
0

1

dx ei (xk•z21 x̄k•z1)H k”g5FP~x!

2mPg5FFP
p~x!2smnkmzn

FP
s~x!

6 G J , ~3.9!

where f P is a decay constant.z5z22z1 , x̄512x, andmP

5mP
2 /@m1(m)1m2(m)# ~here m1 and m2 are running

masses of the valence quarks of the pseudoscalar mesP
with massmP). FP(x) are the leading twist LCDAs and
FP

p(x),FP
s(x) are twist-3 LCDAs of the meson. We shall us

the asymptotic forms of the LCDAs for the following discu
sion:

FP~x!56xx̄, FP
p~x!51, FP

s~x!56xx̄. ~3.10!

The twist-2 LCDAs of the vector mesons are defined
@47,49#

^0uq̄~0!smnq~z!uV~k,l!&5 i ~em
l kn2en

lkm! f V
'E

0

1

dx

3e2 ixk•zFV
'~x!, ~3.11a!

^0uq̄~0!gmq~z!uV~k,l!&5km

el
•z

k•z
f VmVE

0

1

dx

3e2 ixk•zFV
i ~x!, ~3.11b!

wheree is a polarization vector, and for longitudinally po
larized mesonse i5k/mV . FV

i (x) and FV
'(x) describe the

quark distributions of transversely and longitudinally pola
ized mesons. In our calculations, the contributions fro
FV

'(x) are power suppressed and hence can be negle
i.e., we take the following approximation:

FV~x!5FV
i ~x!56xx̄. ~3.12!

For the wave function of theB meson, we take the form in
@34,35,50#:

FB~j!5NBj2~12j!2expF2
mB

2j2

2vB
2 G , ~3.13!

where NB is the normalization constant.FB(j) is peaked
aroundj'0.1 with vB50.4 GeV.

With these LCDAs of the mesons, we still cannot get t
parametersai andbi at once, because we will encounter e
point divergence in dealing with the integrals Eq.~2.9!, Eq.
~2.12!, and Eq.~2.13!. If the transverse momentumk' of the
partons and the Sudakov resummation can be taken into
count consistently in the QCDF approach, the abo
mentioned integrals might be convergent. But now we ha
to treat these divergent integrals as phenomenological
rameters:
5-10
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TABLE III. Summary of experimental data for the branching ratios~in units of 1026) for several charmless hadronicB→PV. Inequality
denotes 90% C.L. upper limits. The last column is for the averages of the uncorrelated measurements

Decay BaBar Belle CLEO Averaged

B̄0→p7r6 28.965.464.3 @8# 20.226.6
18.363.3 @1# 27.627.4

18.464.2 @15# 25.964.5

(,35.7)
B2→p2r0 ,39 @6# 11.224.8

15.361.9 @1# 10.423.4
13.362.1 @15# 10.763.2

(,28.8)
B2→p2v 6.621.8

12.160.7 @9# ,9.4 @1# 11.322.9
13.361.4 @15# 8.061.7

B̄0→K2r1 15.824.623.0
15.111.7 @3# 16.026.4

17.662.8 @15# 15.964.4

(,32)

B̄0→K̄0v 6.422.8
13.660.8 @9# 10.024.2

15.461.4 @15# 7.562.8

(,13) (,21)

B̄0→K̄0f 8.122.5
13.160.8 @5# 8.922.7

13.461.0 @4# 5.422.7
13.760.7 @16# 7.561.8

(,12.3)

B̄0→hK̄* 0 19.825.6
16.561.7 @7# 21.224.7

15.462.0 @4# 13.824.6
15.561.6 @13# 18.063.2

B2→p2K̄* 0 15.563.461.8 @11# 19.423.922.126.8
14.212.113.5 @2# 7.623.0

13.561.6 @15# 14.362.4

(,16)
B2→hK* 2 22.129.2

111.163.3 @7# 26.428.2
19.663.3 @13# 24.567.1

(,33.9)
B2→K2r0 ,29 @6# ,13.5 @1# 8.423.4

14.061.8 @15# 8.464.1
(,17)

B2→K2v 1.421.0
11.360.3 @9# ,10.5 @1# 3.221.9

12.460.8 @15# 1.861.1
(,4) (,7.9)

B2→K2f 7.721.4
11.660.8 @5# 11.222.0

12.261.4 @4# 5.521.8
12.160.6 @16# 7.961.2

B̄0→p1K* 2 26.068.363.5 @3# 222625
1814 @12# 23.866.1
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1dx

x
5 ln

mB

L̄
1%e2 if, ~3.14!

where% can vary from 0 to 6,f is an arbitrary phase, an
0°<f<360°. These notations are almost the same as th
in @22,24#. In our calculation,XH and XA denote the end
point divergent integrals from hard spectator scattering
~2.9!, and weak annihilations Eq.~2.12!, Eq. ~2.13!, respec-
tively. We takeL̄5LQCD and%e2 if5 ip as default values

IV. BRANCHING RATIOS

The branching ratios of charmlessB decaysB→PV in the
B meson rest frame can be written as

BR~B→PV!5
tB

8p

upu

mB
2

uA~B→PV!u2. ~4.1!

In our calculation, we taketB051.548 ps,tB651.653 ps,
and

upu5
A@mB

22~mP1mV!2#@mB
22~mP2mV!2#

2mB
. ~4.2!

Since QCD factorization works in the heavy quark limit, t
above masses of light mesons should be taken as zero
consistency.

The experimental measurements are collected in Table
09402
se

q.

for

II.

Our numerical results forCP-averaged branching ratios fo
B→PV are listed in Table IV and Table V, calculated at th
scalem5mb for two choices of CKM matrix elements:~1!

A50.819, l50.2237, r̄50.218, andh̄50.316 @37#; ~2! A

50.83, l50.222, r̄50.05, andh̄50.381 @39#. The other
related parameters are taken at their default values. In
tables, BR stands for the values that are calculated with
including weak annihilation contributions under the N
framework; BRf}uA f u2 and BRf 1a}uA f1A au2 are esti-
mated with the QCDF approach whereA a denotes the anni-
hilation contributions. Since the above two choices of CK
matrix elements are nearly equivalent to two choices of
angleg, many of theCP-averaged branching ratios are sim
lar to each other for these two sets of CKM matrix elemen
as can be seen from Table IV and Table V. Only the de
channels that have large interference between tree and
guin contributions are sensitive to the angleg, such asB̄0

→p1K* 2 andB2→p0K* 2. It is thus possible to extractg
from these decay channels. However, we must consider
uncertainties due to the variations of various paramet
such as form factors, and the model dependence of the
rametrization of chirally enhanced hard-spectator contri
tions and annihilation contributions, and so on. Neverthele
it is still possible to obtain some information ong with de-
tailed analysis. The readers may notice that some nume
results in Table IV and Table V are inconsistent with t
experimental measurements listed in Table III. The incon
tency is not serious because we use default values of
5-11
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TABLE IV. CP-averaged branching ratios~in units of 1026) of decaysB→PV for b→d transitions with
central values of various parameters. The results in columns 2–4 are calculated withA50.819, l

50.2237, r̄50.218, andh̄50.316, while the results in columns 5–7 are computed withA50.83, l

50.222, r̄50.05, andh̄50.381.

Decay NF QCDF NF QCDF

modes BR BRf BRf 1a BR BRf BRf 1a Experiment

B̄0→K0K̄* 0 0.023 0.034 0.040 0.034 0.050 0.061 —

B̄0→K̄0K* 0 0.132 0.198 0.210 0.191 0.270 0.293 —

B̄0→K6K* 7 — — 0.019 — — 0.019 —

B̄0→p2r1 9.231 9.685 10.13 9.31 9.836 10.28 See Table II

B̄0→p1r2 21.59 22.72 23.36 19.8 20.70 21.34 See Table II

B̄0→p0r0 0.452 0.132 0.139 0.434 0.124 0.127 ,5.5 @15#

B̄0→p0v 0.022 0.035 0.022 0.016 0.027 0.027 ,3 @9#

B̄0→p0f 0.0003 0.0006 — 0.0004 0.0008 — ,5 @41#

B̄0→hr0 0.002 0.010 0.037 0.004 0.014 0.042 ,10 @41#

B̄0→h8r0 0.009 0.019 0.040 0.007 0.016 0.030 ,12 @41#

B̄0→hv 0.253 0.113 0.129 0.206 0.092 0.100 ,12 @41#

B̄0→h8v 0.161 0.061 0.068 0.162 0.063 0.072 ,60 @41#

B̄0→hf 0.0001 0.0004 0.0005 0.0002 0.0006 0.0007 ,9 @41#

B̄0→h8f 0.0001 0.0003 0.0002 0.0001 0.0004 0.0003 ,31 @41#

B2→p2r0 7.758 6.464 6.498 8.125 6.949 6.954 See Table II
B2→p2v 7.988 7.08 6.977 7.292 6.349 6.260 See Table II
B2→p2f 0.0006 0.0012 — 0.0009 0.0017 — ,5 @41#

B2→p0r2 14.64 13.55 13.54 13.05 11.91 11.97 ,43 @15#

B2→hr2 6.627 5.879 5.798 6.197 5.489 5.415 ,15 @13#

B2→h8r2 4.954 4.424 4.366 4.935 4.494 4.438 ,33 @13#

B2→K0K* 2 0.025 0.036 0.045 0.036 0.054 0.061 —
B2→K2K* 0 0.141 0.20 0.211 0.204 0.274 0.311 ,5.3 @15#
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parameters for the tables and do not consider the uncer
ties from the input parameters. In fact, we will see that
appropriate regions of parameters predictions from
QCDF approach are in agreement with current measurem
for most of theB→PV decays.

From the experience inB→PP analysis@28#, we know
that the main theoretical uncertainties of branching ra
come from CKM matrix elements, form factors, and we
annihilation contributions. It is easy to imagine the impo
tance of CKM matrix elements and form factors, but f
weak annihilation topologies the importance was first notic
recently in@34# within the perturbative QCD approach. How
ever, under the QCDF framework, the annihilation topo
gies introduce end point divergence, which violates fac
ization; in Ref. @22#, the authors phenomenological
parametrize the end point divergence integral asXA . In this
work, we will follow their way of estimating the annihilation
contributions, although it will introduce model dependen
and numerical uncertainties.

We know that the leading power of the annihilation co
tribution is alwaysXA

2 for B→PP decay amplitudes. But fo
B→PV, the case is different: According to the formulas
Sec. II D, b3

ew and b4
ew are negligible in general because

small Wilson coefficients, andb4 is also small due to the
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cancellation betweenA1
i andA2

i . For the otherbi parameters
we have

b15
CF

Nc
2

C1A1
i 518

CF

Nc
2

C1pasS XA1
p2

3
24D , ~4.3!

b25
CF

Nc
2

C2A1
i 518

CF

Nc
2

C2pasS XA1
p2

3
24D ,

~4.4!

b3.
CF

Nc
2

NcC6A3
f 566

CF

Nc
2

NcC6r xpas~2XA
22XA!.

~4.5!

So whenb1 or b2 is dominant, the leading power of th
annihilation contributions isXA . This indicates that in some
cases, compared withB→PP decays~where XA

2 appears!,
annihilation topologies might introduce smaller uncertaint
into B→PV branching ratios.

In the following we will proceed to analyze some dec
modes forB→PV in detail.
5-12
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TABLE V. CP-averaged branching ratios~in units of 1026) of decaysB→PV for b→s transitions with
central values of various parameters. The results in columns 2–4 are calculated withA50.819, l

50.2237, r̄50.218, andh̄50.316, while the results in columns 5–7 are computed withA50.83, l

50.222, r̄50.05, andh̄50.381.

Decay NF QCDF NF QCDF

modes BR BRf BRf 1a BR BRf BRf 1a Experiment

B̄0→K2r1 1.485 1.848 2.008 1.081 1.321 1.501 See Table II

B̄0→K̄0r0 0.918 1.184 1.256 1.038 1.239 1.297 ,39 @41#

B̄0→K̄0v 0.034 0.083 0.007 0.026 0.076 0.012 See Table II

B̄0→K̄0f 3.663 5.945 6.703 3.589 5.833 6.569 See Table II

B̄0→p1K* 2 1.838 2.411 2.743 3.281 4.077 4.36 See Table II

B̄0→p0K̄* 0 0.533 0.744 0.896 0.459 0.714 0.875 ,3.6 @15#

B̄0→hK̄* 0 2.072 2.681 2.972 2.15 2.67 2.927 See Table II

B̄0→h8K̄* 0 0.759 1.717 1.891 0.689 1.662 1.84 ,24 @13#

B2→p2K̄* 0 2.583 3.497 3.814 2.531 3.433 3.731 See Table II

B2→p0K* 2 1.852 2.317 2.489 3.067 3.543 3.667 ,31 @15#

B2→hK* 2 1.777 2.247 2.591 2.564 3.022 3.306 See Table II
B2→h8K* 2 1.446 2.664 2.83 1.046 2.091 2.277 ,35 @13#

B2→K̄0r2 0.403 0.598 0.789 0.395 0.585 0.777 ,48 @41#

B2→K2r0 0.453 0.426 0.528 0.609 0.503 0.631 See Table II
B2→K2v 0.583 0.530 0.435 0.580 0.565 0.495 See Table II
B2→K2f 3.911 6.346 7.179 3.831 6.227 7.02 See Table II
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A. B0\pÁrÂ decays

From Table III and Table IV, we can see that the theor
ical estimation of theCP-averaged branching ratio BR(B0

→p1r21p2r1) is in agreement with the measurements
the BaBar and CLEO Collaborations within one stand
deviation, especially when we consider the uncertainties
to the variations of input parameters~see Fig. 3!.

The decays ofB0→p6r7 area1 dominant. The ‘‘nonfac-
torizable’’ contributions are small, so there is no distinct d
ference between the results obtained with the QCDF
proach and those with the NF approach. We can see
point from Table IV. The annihilation amplitudes of the
decay channels areb1 dominant, so they do not contribut
large uncertainties to the branching ratios. From Fig. 3~c!, it
is obvious that the hard spectator scattering has little imp
on the branching ratio. Therefore the main uncertainties
the CP-averaged branching ratios of these decay mo
originate from the form factors and CKM matrix elemen
~especiallyuVubu), as can be seen from Fig. 3.

The ratio of branching ratios, BR(B0→p2r1)/BR(B0

→p1r2), has been discussed in@29#. From Fig. 3~f!, it is
obvious that BR(B0→p2r1).BR(B0→p1r2), mainly
due to the difference between the decay constants:f r. f p .
In addition, the destructive interference among penguin a
plitudes also lowers the branching ratio ofB0→p1r2, al-
though this effect is relatively small. In fact, because
decay constants of vector mesons are generally larger
those of pseudoscalar mesons, i.e.,f V. f P , it seems univer-
sal that, for thea1 dominantB→PV decay modes, the deca
channels with emitted vector mesons have larger branc
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ratios than the corresponding decay channels with emi
pseudoscalar mesons. From Fig. 3~a!, it is clear that the av-
eraged branching ratio of these decays is only mildly dep
dent on the angleg, which hints the small contribution from
penguin amplitudes. So it is reasonable to neglect the p
guin amplitudes, which leads to

BR~B0→p2r1!

BR~B0→p1r2!
'F f rF1

Bp~0!

f pA0
Br~0!

G 2

. ~4.6!

Clearly, this ratio is insensitive to the CKM matrix elemen
dynamical coefficientsai , and so on. Since it relates differ
ent form factors, a measurement of this ratio may be help
to improve theoretical predictability. We draw this ratio ve
susg in Fig. 3~f!.

B. BÀ\pr,pv decays

The decaysB2→pr,pv are also tree dominant, but the
are determined bya11ja2. From Fig. 4~a! and Fig. 5~a!, we
can see that within appropriate ranges of the parameters
results for BR(B2→p2r0) and BR(B2→p2v) are in
good agreement with the measurements. For BR(B2

→p0r2), the branching ratio is predicted numerically to b
large and it should be observed readily, although there
only an experimental upper limit so far.

Generally speaking, for the branching ratios, the num
cal uncertainties due to the variations of the CKM mat
elements and form factors are always large. But it is disti
tive for B2→pr,pv decays that hard spectator scatteri
5-13
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FIG. 3. DecaysB̄0 andB0→p6r7 versusg
at scalem5mb within the QCDF approach, in-
cluding the effects of weak annihilations.~a!–~e!
are CP-averaged branching ratios, and~f! is the
ratio of BR(B0→p2r1)/BR(B0→p1r2). The
solid lines are drawn with central values of var
ous parameters; the bands between the das
lines denote measurements within 1s. The
shaded dots originate from uncertainties due
variations of parameters, e.g., in~b! due toXA , in
~c! due toXH , in ~d! due to form factors, in~e!
due to CKM elements, and in~a!, ~f! due to vari-
ous parameters.
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also causes sizable uncertainties@about 20%; see Fig. 4~c!
and Fig. 5~c!#. This is because, as mentioned above, th
decay modes are determined bya11ja2, and ‘‘nonfactoriz-
able’’ effects, in particular, terms of hard spectator scatter
contribute greatly toa2. As for annihilation contributions
due to the cancellations such asb2(P,V)2b2(V,P) and
b3(P,V)1b3(V,P), Aa(B2→p2r0) and Aa(B2→p2v)
are dominated byb3 and b2, respectively. So forB2

→p2r0 the annihilation topologies also contribute large u
certainties to the branching ratio, while forB2→p2v, the
uncertainty due to the annihilation parameterXA is negligible
@see Fig. 4~b! and Fig. 5~b!#.

C. B\Kf decays

The decaysB0→K0f and B2→K2f have triggered
great theoretical interest@24,29,30,51# because they are pur
penguin processes. Experimentally, these two decay m
have been observed by the BaBar, Belle, and CLEO Colla
rations; the averaged measurements ignoring correlation
BR(B0→K0f)5(7.561.8)31026 and BR(B2→K2f)
5(7.961.2)31026. Our results in the QCDF framework ar
in good agreement with the experimental data within 1s @see
Figs. 6~a! and 6~b!#.

From the expressions for the decay amplitudes in App
dix B of @29#, we can see that the decaysB→Kf only relate
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to the CKM factorVtbVts* , which is well determined experi
mentally. So the decay rates are independent of the angg
and the uncertainties due to the variations of the CKM
rameters should be very small.

For B→Kf decays, it is very interesting that the predi
tion is much different between the generalized factorizat
~GF! approach and the QCDF approach. In the GF fram
work, the predicted branching ratios of the decaysB→Kf
are very sensitive to the ‘‘nonfactorizable’’ effects; they va
from 1831026 to 0.431026 @29# ~or from 1331026 to
0.331026 @20#! with the effective number of colorsNc

e f f

52 –`. But in the QCDF framework, there is no need
introduce the effective color numberNc

e f f . However, since
Aa(B→Kf) is dominated byb3, the branching ratios will be
very sensitive to the annihilation parameterXA . As for hard
spectator scattering, sinceA f(B→Kf) is dominated bya4,
the uncertainties from the variations ofXH should be small.
In @24#, the authors also analyzed the decaysB→Kf with
the QCDF approach. The effects of the twist-3 LCDAs ofK
mesons on the hard spectator interactions were consid
there in spite of their small corrections to the decay am
tudes. When the contributions from the weak annihilatio
are taken into account, their predictions are BR(B0→K0f)
5(4.021.4

12.9)31026 and BR(B2→K2f)5(4.321.4
13.0)31026

~their central values correspond to%H5%A50), which are
5-14
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FIG. 4. BR(B2→p2r0) versusg at the scale
m5mb within the QCDF approach, including th
weak annihilation contributions. The solid line
are drawn with the default values of various p
rameters; the bands between the dashed lines
note averaged measurement within 1s. The
shaded dots demonstrate the uncertainties du
variations of various parameters in~a!, XA in ~b!,
XH in ~c!, form factors in~d!, and CKM matrix
elements in~e!.
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consistent with our estimation atm5mb , although the val-
ues of input parameters are slightly different.

D. B\hK* decays

TheB→hK* decays, are well established experimenta
by the BaBar, Belle, and CLEO Collaborations~see Table
III !. But in the QCDF framework our estimations~see Table
V! using default input parameters are several times sma
than the experimental measurements. Even considering
large numerical uncertainties, the predicted branching ra
are only marginally consistent with the experiments@see
Figs. 6~c! and 6~d!#.

In fact, there is a similar problem forB→h (8)K decays
which aroused intense discussion several years ago~see, for
example, Refs.@52–57#!. It is now commonly believed tha
this puzzle may be related to a special property ofh8: it has
large coupling with two gluons@55,56#. However, there are
definitely no largehgg contributions to the decay ampl
tudes ofB→hK* .

Here we would like to point out that theCP-averaged
branching ratios forB→h8K* decays are similar to thos
for B→hK* decays with the default parameters~see Table
V!, which are different from the results listed in@20,29,57#.
Cheng and Yang thought that BR(B→hK* ) should be much
larger than BR(B→h8K* ) in the GF approach, and the
09402
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favorable values are BR(B0→hK* 0)/BR(B0→h8K* 0)
.20 and BR(B2→hK* 2)/BR(B2→h8K* 2).18 with
Nc

e f f(LL)52 andNc
e f f(LR)56 @20#. In @29#, Ali et al. pre-

dicted that BR(B→h8K* ) would be too small to exceed 1
31026. In this work @20,29,57#, the small branching ratios
for B→h8K* decays are due to delicate cancellation b
tween different parts of the decay amplitudes. However,
cancellation is sensitive to the choice of the input parame
such as form factors and so on~see Table IV in@20#!. In our
analyses, we find that the weak annihilation contributio
might cause large uncertainties in the predictions ofB

→h (8)K* decays.
Let us have a closer look at the numerical uncertainties

BR(B→hK* ). Their decay amplitudes are penguin dom
nant, so for the CKM factors onlyuVtbVts* u plays an impor-
tant role. SinceuVtbVts* u is well determined experimentally
we do not expect large uncertainties from the CKM para
eters. As for hard spectator scattering, sincea4 anda6 are the
most important coefficients in the amplitudes, the hard sp
tator parameterXH has a small effect on the branching ratio
The decay amplitudes also depend on the form factorsF1

B→h

andA0
B→K* , but it seems unlikely that the form factors wou

be dramatically different from the default values. Fort
nately, the annihilation contribution is dominated byb3,
5-15
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FIG. 5. BR(B2→p2v) versusg at the scale
m5mb within the QCDF approach, including th
weak annihilation contributions. The meaning
the solid lines, the bands, and the shaded dot
the same as in Fig. 4.
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which could bring large uncertainties to the branching rati
However, considering the big gap between experiments
default numerical predictions, the annihilation parameterXA
should be very large. In this paper, we choose the model
XA is universal for allB→PV channels, and even univers
for all B→PP channels@28#, so is it possible for a largeXA
to survive for a globalB→PV and PP fit? It may be a
challenge for the QCDF approach to obtain a large BRB
→hK* ).

E. Other decay modes

There are still some decay modes forB→PV where the
QCDF predictions are marginally consistent or even inc
sistent with the experimental results, such asB2→p2K̄* 0

and B̄0→K2r1,p1K* 2 ~see Fig. 6!. As an illustration, let
us see what the QCDF prediction forB2→p2K̄* 0 and its
uncertainties are. Without considering annihilation topo
gies, this decay channel is a pure penguin process and d
nated by the QCD coefficienta4 and the CKM factor
uVtbVts* u. So the branching ratio is independent of the an
g, and the variation of the CKM parameters and hard sp
tator parameter will have very little effect on the decay ra
As for the form factors, onlyFB→p is involved. But from the
experience ofB→pp @28# we know that it is favorable to
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have a small form factor. Hence we need a large annihila
parameterXA again. This indicates that soft interactions pl
a very important role in some cases. Anyway, it is not go
news because the soft annihilation part is model depend
As we know, annihilation topologies are very important f
B→PP decays; therefore it is very important to che
whether a largeXA could be acceptable for other deca
modes, such asB→pp and pK. Experimentally, it is also
important to search for pure annihilation processes, suc
B0→K1K2 andK6K* 7, which may be helpful in learning
more about the annihilation mechanism.

In the QCDF framework, someB→PV decay modes are
predicted to have small branching ratios. One type is thea2

dominant neutral B decays, such as B̄0

→p0r0,p0v,h (8)r0,h (8)v, etc. Another type is those de
cays whose tree amplitudes are denoted bya2 and sup-
pressed by the CKM factors; moreover, the interferen
among penguin amplitudes is destructive, for example,
decaysB̄0→K̄0r0,K̄0v can be classified into this type. Th
third type is pure penguin processes includingB2

→K̄0r2,K0K* 2 andB̄0→K0K̄* 0; their small branching ra-
tios are due to the delicate cancellations among various c
peting terms. The last type is those decays that are gove
by the small coefficientsai , or electroweak penguin domi
5-16
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FIG. 6. TheCP-averaged branching ratios ofB→PV versusg at the scale ofm5mb within the QCDF approach, including the wea
annihilation contributions. The meanings of the solid lines and bands are the same as in Fig. 4. The shaded dots denote the uncer
to variations of various parameters.
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nant decays, includingB2→fp2 andB̄0→fp0,fh (8), etc.
Our numerical results in Table IV and Table V indicate th
the CP-averaged branching ratios of the above-mention
decay modes are indeed small, and do not exceed 131026

without considering the uncertainties. They are much be
the corresponding experimental upper limits. But for the
decays, the effects of weak annihilations, soft final-state
teractions, and other kinds of power corrections might
very important or even dominant.

V. CP VIOLATION

CP violation and quark mixing are closely related to ea
other in the SM. The existence of aCP-violating phase in
the top sector of the CKM matrix has been established,
Im(Vtd)}h̄Þ0. LargeCP-violating effects are anticipate
and have been observed in theB meson system. In this sec
tion, we will studyCP violation for charmless decays ofB
→PV within the QCDF approach.

Suppose that the decay amplitude forB→ f can be ex-
pressed as

A~B→ f !5A1e2 i j1e2 id11A2e2 i j2e2 id2, ~5.1!
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where theAi are the magnitudes, andj i andd i are the strong
and weak phases, respectively. Then we can get
CP-violating asymmetries

ACP5
G~B→ f !2G~B̄→ f̄ !

G~B→ f !1G~B̄→ f̄ !

5
uA~B→ f !u22uA~B̄→ f̄ !u2

uA~B→ f !u21uA~B̄→ f̄ !u2

5
2A1A2sin~j12j2!sin~d12d2!

A1
21A2

212A1A2cos~j12j2!cos~d12d2!
; ~5.2!

clearly, ACP}sin(j12j2). So we would like to repeat som
remarks.~1! In the NF framework, there are no directCP
violations for hadronic charmless two-bodyB decays, be-
cause in the decay amplitudes the Wilson coefficients and
hadronic matrix elements, which are expressed by the p
ucts of the decay constants and form factors, are all rea
the strong phase shiftj12j250. This indicates that ‘‘non-
factorizable’’ effects are important forCP violations in had-
5-17
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DU, GONG, SUN, YANG, AND ZHU PHYSICAL REVIEW D65 094025
ronic B decays.~2! In the QCDF framework, theCP viola-
tions for the class I (a1 dominant! decay modes should b
small, because the strong phases arise at the order oas
and/orLQCD /mb , and hence sin(j12j2) is small in general.
For class II (a2 dominant! decay modes, sincea2,I has a
large imaginary part~see Table II!, a largeCP violation
might occur.

For chargedB decays, the final states are self-tagging. T
direct CP-violating asymmetries are defined as

ACP5
G~B2→ f 2!2G~B1→ f 1!

G~B2→ f 2!2G~B1→ f 1!
. ~5.3!

For neutralB mesons, effects ofB0-B̄0 oscillation will
induceCP asymmetries, so time-dependent measuremen
CP-violating asymmetries are needed:

ACP~ t !5
G„B̄0~ t !→ f̄ …2G„B0~ t !→ f …

G„B̄0~ t !→ f̄ …1G„B0~ t !→ f …
. ~5.4!

As discussed in@29,58#, here we consider three cases f
decays ofB̄0 andB0→PV.

Case 1:B0→ f , B̄0→ f̄ , but B0→” f̄ , B̄0→” f , for example,
B̄0→K2r1. CP-violating asymmetries for these decays a
similar to those forB6 decays, and no mixing is involved.

Case 2: B0→( f 5 f̄ )←B̄0, for example, B̄0 and B0

→p0r0,hv, etc. The time-integrated asymmetries are

ACP5
1

11x2
ae81

x

11x2
ae1e8 , ~5.5!

ae85
12ulCPu2

11ulCPu2
, ae1e85

22Im~lCP!

11ulCPu2
,

lCP5
VtdVtb*

Vtd* Vtb

A„B̄0~0!→ f̄ …

A„B0~0!→ f …
, ~5.6!

wherex5Dm/G50.7360.03 @41#. ae8 andae1e8 are direct
and mixing-inducedCP-violating asymmetries, respectivel

Case 3:B0→( f and f̄ )←B̄0. There are three example
for B→PV decays; they areB̄0 and B0→p6r7,K6K* 7

andB̄0 andB0→KS
0K* 0,KS

0K̄* 0. We follow the conventions
for the time-dependent asymmetries in@29,58#. The four ba-
sic decay amplitudes of transitionsB̄0(t) and B0(t)
→ f and f̄ at t50 are written as

g5A„B0~0!→ f …, ḡ5A„B̄0~0!→ f̄ …, ~5.7a!

h5A„B̄0~0!→ f …, h̄5A„B0~0!→ f̄ … .
~5.7b!

For example, iff 5K1K* 2, thenh andḡ will correspond to
Eq. ~A2! and Eq.~A6!. The time-dependent decay widths a
written as
09402
e

of

G„B0~ t !→ f …5
e2Gt

2
~ ugu21uhu2!

3@11ae8cos~Dmt!1ae1e8sin~Dmt!#,

~5.8a!

G„B̄0~ t !→ f̄ …5
e2Gt

2
~ uḡu21uh̄u2!

3@12aē8cos~Dmt!2ae1 ē8sin~Dmt!#,

~5.8b!

G„B0~ t !→ f̄ …5
e2Gt

2
~ uḡu21uh̄u2!@11aē8cos~Dmt!

1ae1 ē8sin~Dmt!#, ~5.8c!

G„B̄0~ t !→ f …5
e2Gt

2
~ ugu21uhu2!

3@12ae8cos~Dmt!2ae1e8sin~Dmt!#,

~5.8d!

whereq/p5VtdVtb* /Vtd* Vtb , and

ae85
ugu22uhu2

ugu21uhu2
, ae1e85

22 Im@~q/p!3~h/g!#

11uh/gu2
,

~5.9a!

aē85
uh̄u22uḡu2

uh̄u21uḡu2
, ae1 ē85

22 Im@~q/p!3~ ḡ/h̄!#

11uḡ/h̄u2
.

~5.9b!

Our results forCP-violating asymmetries for decaysB
→PV are listed in Tables VI–VIII. The parameters~includ-
ing ae8 , aē8 , ae1e8 , ae1 ē8 , and ACP! with superscriptsf
and f 1a are in the QCDF framework calculated with dec
amplitudesA f(B→PV) and A f(B→PV)1A a(B→PV),
respectively. Some remarks are in order.

~1! In the QCDF framework, the strong phases are eit
at the order ofas or power suppressed inLQCD /mb . Only
radiative corrections are in principle calculable in the QCD
approach. However, numerically power corrections
LQCD /mb might be as important as the radiative correctio
So in a sense the QCDF method can predict only the orde
magnitude of theCP-violating asymmetries.

~2! The theoretical predictions forCP-violating asymme-
tries are compatible with measurements within one stand
deviation ~see Fig. 7!. However, so far, the present exper
mental measurements onB→PV have too large uncertain
ties, e.g., ACP(vp6)520.3460.25 @14# or 20.0120.31

10.29

60.03 @10#, and ACP(fK6)520.0560.2060.03 @10#, so
they cannot provide any useful information.

~3! Although the uncertainties from variations of nonpe
turbative parameters, such as form factors and so on,
reduced to some extent for theCP-violating asymmetries,
the weak annihilations can still have great effects on theCP
5-18
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TABLE VI. CP-violating asymmetry parametersae8 and ae1e8 ~in units of 1022) for decaysB̄0→PV
with central values of various parameters within the QCDF framework. The results in columns 2–

calculated withA50.819,l50.2237,r̄50.218, andh̄50.316, while the results in columns 6–9 are calc

lated withA50.83, l50.222, r̄50.05, andh̄50.381.

Modes ae8
f ae8

f 1a ae1e8
f ae1e8

f 1a ae8
f ae8

f 1a ae1e8
f ae1e8

f 1a

p0r0 211.11 26.90 48.29 51.66 214.01 28.88 239.15 234.80
p0v 19.08 80.95 94.80 32.56 28.82 80.02 95.35 10.70
hr0 31.78 16.77 217.31 10.53 28.11 17.11 287.88 275.06
h8r0 228.02 234.78 89.23 92.18 239.96 254.92 88.09 66.99
hv 44.82 29.66 74.53 81.05 64.64 45.06 16.02 26.05
h8v 220.57 216.88 32.27 26.95 223.60 218.81 256.70 262.16
KS

0r0 25.56 28.92 64.39 66.25 26.27 210.20 62.38 64.40
KS

0v 241.77 86.90 79.28 248.78 254.10 62.18 73.15 261.69
KS

0f 20.99 20.97 73.24 73.40 21.19 21.17 72.91 73.11
p0f 0 — 2.29 — 0 — 1.83 —

h (8)f 0 0 2.29 2.29 0 0 1.83 1.83
in
m

m

in
mns

m-
asymmetries for some decay channels, such asae8 andae1e8
for the a2 dominant decaysB̄0→pv,hr0, etc.

~4! It is worth noting that, for the decaysB0

→fp,fh (8), there are no directCP asymmetriesae8 within
the QCDF approach, while under the GF framework,ae8

TABLE VII. CP-violating asymmetriesACP ~%! for B→PV
(b→d transitions! with central values of various parameters with
the QCDF approach. The results in the second and third colu

are calculated withA50.819, l50.2237, r̄50.218, and h̄
50.316, while the results in the fourth and fifth columns are co

puted withA50.83, l50.222, r̄50.05, andh̄50.381.

Modes A CP
f A CP

f 1a A CP
f A CP

f 1a

B0→KS
0K̄* 0 22.38 23.89 19.60 20.37

B0→KS
0K* 0 211.34 211.97 29.14 29.36

B0→K6K* 7 — 17.41 — 225.49
B0→p2r1 17.09 20.16 213.47 29.60
B0→p1r2 25.64 21.51 226.91 231.85

B̄0→p0r0 15.75 20.10 227.78 222.36

B̄0→p0v 57.59 68.32 64.21 57.29

B̄0→hr0 12.49 15.95 223.52 224.58

B̄0→h8r0 24.21 21.21 15.88 23.92

B̄0→hv 64.74 57.95 49.80 41.81

B̄0→h8v 1.95 1.83 242.40 241.88

B̄0→p0f 1.09 — 0.87 —

B̄0→h (8)f 1.09 1.09 0.87 0.87

B2→p2r0 3.26 12.47 3.58 13.76
B2→p2v 26.22 26.64 28.18 28.73
B2→p2f 0 — 0 —
B2→p0r2 22.98 29.09 24.0 212.14
B2→hr2 21.75 22.05 22.21 22.59
B2→h8r2 5.03 4.94 5.85 5.74
B2→KS

0K* 2 28.82 8.94 26.94 7.83
B2→K2K* 0 225.28 233.23 221.78 226.58
09402
varies from;1% to ;23% with Nc
e f f52 –` @29#.

~5! One might wonder why theCP-violating asymmetries
for the a1 dominant decaysB0→p6r7 are not as small as
we expected. In fact, we only expect that the directCP

asymmetries att50 are small, i.e.,ae885(ugu22uḡu2)/(ugu2

1uḡu2) andaē885(uhu22uh̄u2)/(uhu21uh̄u2). For instance, we
take g5A(B0→p2r1); then with the CKM parameters in
@37#, ae88

f
52.3%, ae88

f 1a
55.2%, aē88

f
520.2%, and aē88

f 1a

54.6% at the scalem5mb . They are really small.
ns

-

TABLE VIII. CP-violating asymmetriesACP ~%! for B→PV
(b→s transitions! with central values of various parameters with
the QCDF approach. The results in the second and third colu

are calculated withA50.819, l50.2237, r̄50.218, and h̄
50.316, while the results in the fourth and fifth columns are co

puted withA50.83, l50.222, r̄50.05, andh̄50.381.

Modes A CP
f A CP

f 1a A CP
f A CP

f 1a

B̄0→K2r1 1.62 234.31 2.68 254.21

B̄0→KS
0r0 27.04 25.73 25.62 24.01

B̄0→KS
0v 10.51 33.46 20.46 11.19

B̄0→KS
0f 34.23 34.32 33.95 34.05

B̄0→p1K* 2 20.57 47.0 14.36 34.92

B̄0→p0K̄* 0 29.49 29.51 211.69 211.50

B̄0→hK̄* 0 5.05 5.52 5.99 6.61

B̄0→h8K̄* 0 25.51 25.56 26.72 26.75

B2→p2K̄* 0 0.97 1.23 1.17 1.49

B2→p0K* 2 18.86 35.57 14.56 28.51
B2→hK* 2 7.73 29.28 6.79 27.09
B2→h8K* 2 213.78 220.39 220.73 229.92
B2→KS

0r2 0.31 20.34 0.38 20.41
B2→K2r0 2.88 280.25 2.87 279.31
B2→K2v 59.85 219.92 66.26 220.63
B2→K2f 0.99 1.17 1.19 1.41
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FIG. 7. CP-violating asymme-
tries ACP(B6→K6f) in ~a! and
ACP(B6→p6v) in ~b! versusg
at scalem5mb within the QCDF
approach, including the effects o
weak annihilations. The meaning
of the solid lines, bands, and
shaded dots are the same as in F
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VI. CONCLUSION

~1! In the heavy quark limit, we calculated the hadron
charmless decaysB→PV with the QCDF approach includ
ing chirally enhanced corrections and weak annihilation
pologies. Neglecting the power suppressedLQCD /mb ef-
fects, the ‘‘nonfactorizable’’ contributions that cannot b
calculated in the NF framework are perturbatively calcula
with the QCDF approach at least at the order ofas . They
provide the strong phases which are important forCP viola-
tions.

~2! Most of the CP-averaged branching ratios are
agreement with present measurements, but there are
large theoretical uncertainties due to the variations of in
parameters. However, some decay channels, such aB

→hK* and B2→p2K̄* 0, are only marginally consisten
with the experimental observations. In these decay chann
nonperturbative contributions, such as weak annihilation
pologies, play a crucial role and need further investigatio

~3! The CP asymmetries for thea1 dominant decays are
small because of small strong phases,O(as) and/or
O(LQCD /mb). However, the ‘‘nonfactorizable’’ effects an
09402
-

e

ery
t

ls,
-

.

the weak annihilations can provide large imaginary parts
the a2 dominant decay amplitudes, and lead to large dir
CP asymmetries. The theoretical predictions f
CP-violating asymmetries are compatible with current me
surements within one standard deviation. It is worth not
that the QCDF predictions might give only the proper ord
of magnitude of theCP asymmetries.

~4! The present experimental data for nonleptonicB me-
son decays are not yet sufficient, especially for measu
ments ofCP violation. On the other hand, there are st
many uncertainties in the theoretical frame, for instance,
weak annihilations and other potential power correctio
Great advances in both experiment and theory in the n
future are strongly expected.

ACKNOWLEDGMENTS

This work was supported in part by National Natural S
ence Foundation of China. G.Z. thanks JSPS of Japan
financial support. We thank Professor A. Kagan and
Cheng for their comments on and discussions about
manuscript.
APPENDIX: THE ANNIHILATION AMPLITUDES FOR B\PV

A a~B̄0→K0K̄* 0!5
GF

A2
f Bf K f K* H ~VubVud* 1VcbVcd* !Fb3~K0,K̄* 0!2

1

2
b3

ew~K0,K̄* 0!1b4~K0,K̄* 0!2
1

2
b4

ew~K0,K̄* 0!

1b4~K̄* 0,K0!2
1

2
b4

ew~K̄* 0,K0!G J , ~A1!

A a~B̄0→K1K* 2!5
GF

A2
f Bf K f K* H VubVud* b1~K1,K* 2!1~VubVud* 1VcbVcd* !Fb4~K1,K* 2!1b4~K* 2,K1!

1b4
ew~K1,K* 2!2

1

2
b4

ew~K* 2,K1!G J , ~A2!

A a~B̄0→p2r1!5
GF

A2
f Bf p f rH VubVud* b1~r1,p2!1~VubVud* 1VcbVcd* !Fb3~p2,r1!1b4~r1,p2!1b4~p2,r1!

2
1

2
b3

ew~p2,r1!1b4
ew~r1,p2!2

1

2
b4

ew~p2,r1!G J , ~A3!

A a~B̄0→p1r2!5
GF

A2
f Bf p f rH VubVud* b1~p1,r2!1~VubVud* 1VcbVcd* !Fb3~r2,p1!1b4~p1,r2!1b4~r2,p1!

2
1

2
b3

ew~r2,p1!1b4
ew~p1,r2!2

1

2
b4

ew~r2,p1!G J , ~A4!
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A a~B̄0→p1K* 2!5
GF

A2
f Bf p f K* H ~VubVus* 1VcbVcs* !Fb3~K* 2,p1!2

1

2
b3

ew~K* 2,p1!G J , ~A5!

A a~B̄0→K2K* 1!5
GF

A2
f Bf K f K* H VubVud* b1~K* 1,K2!1~VubVud* 1VcbVcd* !Fb4~K* 1,K2!1b4~K2,K* 1!

1b4
ew~K* 1,K2!2

1

2
b4

ew~K2,K* 1!G J , ~A6!

A a~B̄0→K2r1!5
GF

A2
f Bf K f rH ~VubVus* 1VcbVcs* !Fb3~K2,r1!2

1

2
b3

ew~K2,r1!G J , ~A7!

A a~B̄0→K̄0K* 0!5
GF

A2
f Bf K f K* H ~VubVud* 1VcbVcd* !Fb3~K* 0,K̄0!1b4~K* 0,K̄0!1b4~K̄0,K* 0!2

1

2
b3

ew~K* 0,K̄0!

2
1

2
b4

ew~K* 0,K̄0!2
1

2
b4

ew~K̄0,K* 0!G J , ~A8!

A a~B̄0→K̄0f!5
GF

A2
f Bf K f fH ~VubVus* 1VcbVcs* !Fb3~f,K̄0!2

1

2
b3

ew~f,K̄0!G J , ~A9!

A a~B̄0→K̄0r0!52
GF

2
f Bf K f rH ~VubVus* 1VcbVcs* !Fb3~K̄0,r0!2

1

2
b3

ew~K̄0,r0!G J , ~A10!

A a~B̄0→K̄0v!5
GF

2
f Bf K f vH ~VubVus* 1VcbVcs* !Fb3~K̄0,v!2

1

2
b3

ew~K̄0,v!G J , ~A11!

A a~B̄0→p0r0!5
GF

2A2
f Bf p f rH VubVud* @b1~r0,p0!1b1~p0,r0!#1~VubVud* 1VcbVcd* !Fb3~r0,p0!1b3~p0,r0!

12b4~p0,r0!12b4~r0,p0!2
1

2
b3

ew~r0,p0!2
1

2
b3

ew~p0,r0!1
1

2
b4

ew~p0,r0!

1
1

2
b4

ew~r0,p0!G J , ~A12!

A a~B̄0→p0v!5
GF

2A2
f Bf p f vH VubVud* @b1~v,p0!1b1~p0,v!#1~VubVud* 1VcbVcd* !F2b3~p0,v!2b3~v,p0!

1
1

2
b3

ew~p0,v!1
1

2
b3

ew~v,p0!1
3

2
b4

ew~p0,v!1
3

2
b4

ew~v,p0!G J , ~A13!

A a~B̄0→p0f!50, ~A14!

A a~B̄0→p0K̄* 0!52
GF

2
f Bf p f K* H ~VubVus* 1VcbVcs* !Fb3~K̄* 0,p0!2

1

2
b3

ew~K̄* 0,p0!G J , ~A15!

A a~B̄0→h (8)r0!5
GF

2
f Bf

h(8)
u

f rH VubVud* @b1~h (8),r0!1b1~r0,h (8)!#1~VubVud* 1VcbVcd* !F2b3~h (8),r0!

2b3~r0,h (8)!

1
1

2
b3

ew~h (8),r0!1
1

2
b3

ew~r0,h (8)!1
3

2
b4

ew~h (8),r0!1
3

2
b4

ew~r0,h (8)!G J , ~A16!
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A a~B̄0→h (8)v!5
GF

2
f Bf

h(8)
u

f vH VubVud* @b1~h (8),v!1b1~v,h (8)!#1~VubVud* 1VcbVcd* !Fb3~h (8),v!1b3~v,h (8)!

12b4~h (8),v!12b4~v,h (8)!2
1

2
b3

ew~h (8),v!2
1

2
b3

ew~v,h (8)!1
1

2
b4

ew~h (8),v!1
1

2
b4

ew~v,h (8)!G J ,

~A17!

A a~B̄0→h (8)f!5
GF

A2
f Bf

h(8)
s

f fH ~VubVud* 1VcbVcd* !Fb4~h (8),f!1b4~f,h (8)!2
1

2
b4

ew~h (8),f!2
1

2
b4

ew~f,h (8)!G J ,

~A18!

A a~B̄0→h (8)K̄* 0!5
GF

A2
f Bf

h(8)
u

f K* H ~VubVus* 1VcbVcs* !F b3~K̄* 0,h (8)!2
1

2
b3

ew~K̄* 0,h (8)!1
f

h(8)
s

f
h(8)
u S b3~h (8),K̄* 0!

2
1

2
b3

ew~h (8),K̄* 0! D G J , ~A19!

A a~B2→K0K* 2!5
GF

A2
f Bf K f K* $VubVud* b2~K0,K* 2!1~VubVud* 1VcbVcd* !@b3~K0,K* 2!1b3

ew~K0,K* 2!#%, ~A20!

A a~B2→p2r0!5
GF

2
f Bf p f r$VubVud* @b2~p2,r0!2b2~r0,p2!#1~VubVud* 1VcbVcd* !@b3~p2,r0!2b3~r0,p2!

1b3
ew~p2,r0!2b3

ew~r0,p2!] %, ~A21!

A a~B2→p2v!5
GF

2
f Bf p f v$VubVud* @b2~p2,v!1b2~v,p2!#1~VubVud* 1VcbVcd* !@b3~p2,v!1b3~v,p2!

1b3
ew~p2,v!1b3

ew~v,p2!] %, ~A22!

A a~B2→p2f!50, ~A23!

A a~B2→p2K̄* 0!5
GF

A2
f Bf p f K* $VubVus* b2~K̄* 0,p2!1~VubVus* 1VcbVcs* !@b3~K̄* 0,p2!1b3

ew~K̄* 0,p2!#%, ~A24!

A a~B2→p0r2!5
GF

2
f Bf p f r$VubVud* @b2~r2,p0!2b2~p0,r2!#1~VubVud* 1VcbVcd* !@b3~r2,p0!2b3~p0,r2!

1b3
ew~r2,p0!2b3

ew~p0,r2!] %, ~A25!

A a~B2→p0K* 2!5
GF

2
f Bf p f K* $VubVus* b2~K* 2,p0!1~VubVus* 1VcbVcs* !@b3~K* 2,p0!1b3

ew~K* 2,p0!#%, ~A26!

A a~B2→h (8)r2!5
GF

A2
f Bf

h(8)
u

f r$VubVud* @b2~r2,h (8)!1b2~h (8),r2!#1~VubVud* 1VcbVcd* !@b3~r2,h (8)!1b3~h (8),r2!

1b3
ew~r2,h (8)!1b3

ew~h (8),r2!] %, ~A27!

A a~B2→h (8)K* 2!5
GF

A2
f Bf

h(8)
u

f K* H VubVus* F b2~K* 2,h (8)!1
f

h(8)
s

f
h(8)
u b2~h (8),K* 2!G1~VubVus* 1VcbVcs* !F b3~K* 2,h (8)!

1b3
ew~K* 2,h (8)!1

f
h(8)
s

f
h(8)
u @b3~h (8),K* 2!1b3

ew~h (8),K* 2!#G J , ~A28!
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A a~B2→K2K* 0!5
GF

A2
f Bf K f K* $VubVud* b2~K* 0,K2!1~VubVud* 1VcbVcd* !@b3~K* 0,K2!1b3

ew~K* 0,K2!#%, ~A29!

A a~B2→K2f!5
GF

A2
f Bf K f f$VubVus* b2~f,K2!1~VubVus* 1VcbVcs* !@b3~f,K2!1b3

ew~f,K2!#%, ~A30!

A a~B2→K2v!5
GF

2
f Bf K f v$VubVus* b2~K2,v!1~VubVus* 1VcbVcs* !@b3~K2,v!1b3

ew~K2,v!#%, ~A31!

A a~B2→K2r0!5
GF

2
f Bf K f r$VubVus* b2~K2,r0!1~VubVus* 1VcbVcs* !@b3~K2,r0!1b3

ew~K2,r0!#%, ~A32!

A a~B2→K̄0r2!5
GF

A2
f Bf K f r$VubVus* b2~K̄0,r2!1~VubVus* 1VcbVcs* !@b3~K̄0,r2!1b3

ew~K̄0,r2!#%. ~A33!
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