
PHYSICAL REVIEW D 67, 094019 ~2003!
Testing QCD factorization and charming penguin diagrams in charmlessB\PV
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We try a global fit of the experimental branching ratios andCP asymmetries of the charmlessB→PV
decays according to QCD factorization. We find it impossible to reach satisfactory agreement, the confidence
level ~C.L.! of the best fit being smaller than 0.1%. The main reason for this failure is the difficulty to
accommodate several large experimental branching ratios of the strange channels. Furthermore, experiment

was not able to exclude a large directCP asymmetry inB0̄→r1p2, which is predicted to be very small by
QCD factorization. Trying a fit with QCD factorization complemented by a charming-penguin-diagram-
inspired model we reach a best fit which is not excluded by experiment~C.L. of about 8%! but is not fully
convincing. These negative results must be tempered by the remark that some of the experimental data used are
recent and might still evolve significantly.
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I. INTRODUCTION

It is an important theoretical challenge to master the n
leptonic decay amplitudes and particularlyB nonleptonic de-
cay. It is not only importantper se, in view of the many
experimental branching ratios which have been measure
cently with increasing accuracy by BaBar@1–10#, Belle @11–
15#, and CLEO@16–21#, but it is also necessary in order t
get control over the measurement ofCP violating param-
eters and particularly the so-called anglea of the unitarity
triangle. It is well known that extractinga from measured
indirect CP asymmetries needs a sufficient control of t
relative size of the so-called tree~T! and penguin~P! ampli-
tudes.

However, the theory of nonleptonic weak decays is a d
ficult issue. Lattice QCD gives predictions for semilepton
or purely leptonic decays but not directly for nonlepton
ones. For a while, one has used what is now called ‘‘na
factorization’’ which replaces the matrix element of a fou
fermion operator in a heavy-quark decay by the produc
the matrix elements of two currents, one semileptonic ma
element and one purely leptonic. It has been noticed fo
while that naive factorization did provide reasonable resu
although it was impossible to derive it rigorously from QC
except in theNc→` limit. It is also well known that the
matrix elements computed via naive factorization have
wrong anomalous dimension.

Recently an important theoretical progress has been
formed @22,23# which is commonly called ‘‘QCD factoriza
tion.’’ It is based on the fact that theb quark is heavy com-
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pared to the intrinsic scale of strong interactions. This allo
one to deduce that nonleptonic decay amplitudes in
heavy-quark limit have a simple structure. It implies th
corrections termed ‘‘nonfactorizable,’’ which were thought
be intractable, can be calculated rigorously. The anoma
dimension of the matrix elements is now correct to the or
at which the calculation is performed. Unluckily the sublea
ing O(L/mb) contributions cannot in general be comput
rigorously because of infrared singularities, and some
these which are chirally enhanced are not small, of or
O„mp

2 /mb(mu1md)…, which shows that the inversemb

power is compensated bymp /(mu1md). In the seminal pa-
pers of@22,23#, these contributions are simply bounded a
cording to a qualitative argument which could as well just
a significantly larger bound with the risk of seeing the
unpredictable terms become dominant. It is then of utm
importance to check experimentally QCD factorizati
~QCDF!.

Since a few years, it has been applied toB→PP ~two
charmless pseudoscalar mesons! decays. The general featur
is that the decay to nonstrange final states is predicted t
slightly larger than experiment while the decay to stran
final states is significantly underestimated. In@23# it is
claimed that this can be cured by a value of the unitar
triangle angleg larger than generally expected, larger may
than 90 °. Taking also into account various uncertainties
authors conclude positively as for the agreement of Q
factorization with the data. In@24,25# it was objected that the
large branching ratios for strange channels argued in favo
the presence of a specific nonperturbative contribution ca
‘‘charming penguin diagrams’’@25–30#. We will return to
this approach later.

The B→PV ~charmless pseudoscalar1 vector mesons!
channels are more numerous and allow a more exten
check. In Ref.@31# it was shown that naive factorizatio

implied a rather smalluPu/uTu ratio, for theB0̄→r6p7 de-
cay channel, to be compared to the larger one for theB
©2003 The American Physical Society19-1



e

t

he

e

d
-

D

bl
ro
n
l
n
d
r
o
e

ex
io
o
th

he

t i
ve
io
ic

iz

e
e
o
a

gu
ef
ro
a-

ire

-
e
e

ti

tri-
in
nd
uin
er,
ile
t

s a

ibe
wl-
mi-
ex-
for
ht

nds
size
re-

er-
p-
of
ap-

a
ed

on-
e a
on-
ake
han
in

e

n-

nd

ely.

ors

ALEKSAN et al. PHYSICAL REVIEW D 67, 094019 ~2003!
→p1p2. This prediction is still valid in QCD factorization

where theuPu/uTu ratio is of about 3%~8%! for the B0̄

→r1p2 (B0̄→r2p1) channel against about 20% for th

B0̄→p1p2 one. If this prediction were reliable, it would pu

the B0̄→r1p2 channel in a good position to measure t
Cabibbo-Kobayashi-Maskawa~CKM! angle a via indirect
CP violation. This remark triggered the present work: w
wanted to check QCD factorization in theB→PV sector to
estimate the chances for a relatively easy determination
the anglea.

The noncharmedB→PV amplitudes have been compute
in naive factorization@32#, in some extension of naive fac
torization including strong phases@33#, in QCD factorization
@34–36#, and some of them in so-called perturbative QC
@37,38#. In @39#, a global fit toB→PP,PV,VV was investi-
gated using QCDF in the heavy-quark limit and a plausi
set of soft QCD parameters has been found that, apart f
three pseudoscalar vector channels, fit well the experime
branching ratios. Recently@36# it was claimed from a globa
fit to B→PP,PV that the predictions of QCD factorizatio
are in good agreement with experiment when one exclu
some channels from the global fit. When this paper appea
we had been for some time considering this question and
feeling was significantly less optimistic. This differenc
shows that the matter is far from trivial mainly because
perimental uncertainties can still be open to some discuss
We would like in this paper to understand better the origin
the difference between our unpublished conclusion and
one presented in@36# and try to settle the present status of t
comparison of QCD factorization with experiment.

One general remark about QCD factorization is tha
yields predictions which do not differ so much from nai
factorization ones. This is expected since QCD factorizat
makes a perturbative expansion the zeroth order of wh
being naive factorization. As a consequence, QCD factor
tion predicts very small directCP violation in the nonstrange
channels. Naive factorization predicts vanishing directCP
violation. Indeed, directCP violation needs the occurrenc
of two distinct strong contributions with a strong phase b
tween them. It vanishes when the subdominant strong c
tribution vanishes and also when the relative strong ph
does as is the case in naive factorization. In the case
nonstrange decays, the penguin~P! and tree~T! contributions
being at the same order in the Cabibbo angle, the pen
diagram is strongly suppressed because the Wilson co
cients are suppressed by at least one power of the st
coupling constantas and the strong phase in QCD factoriz
tion is generated by aO(as) correction. Having bothP/T
and the strong phase small, the directCP asymmetries are
doubly suppressed. Therefore a sizable experimental d

CP asymmetry inB0̄→r1p2 which is not excluded by ex
periment@9# would be at odds with QCD factorization. W
will discuss this later on. Notice that this argument is ind
pendent of the value of the unitarity angleg, contrarily to
arguments based on the value of some branching ra
which depend ong @23#.

The perturbative QCD~PQCD! predicts larger directCP
09401
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asymmetries than QCDF due to the fact that penguin con
butions to annihilation diagrams, claimed to be calculable
PQCD, contribute to a larger amount to the amplitude a
have a large strong phase. In fact, in PQCD, this peng
annihilation diagram is claimed to be of the same ord
O(as), than the dominant naive factorization diagram wh
in QCDF it is alsoO(as) but smaller than the dominan
naive factorization which isO(1). Hence, in PQCD, this
large penguin contribution with a large strong phase yield
largeCP asymmetry@40–42#.

If QCD factorization is concluded to be unable to descr
the present data satisfactorily, while there is to our kno
edge no theoretical argument against it, we have to incri
nate nonperturbative contributions which are larger than
pected. One could simply enlarge the allowed bound
those contributions which are formally subleading but mig
be large. However, a simple factor of 2 on these bou
makes these unpredictable contributions comparable in
with the predictable ones, if not larger. This spoils the p
dictivity of the whole program.

A second line is to make some model about the nonp
turbative contribution. The ‘‘charming penguin diagram’’ a
proach @27,30# starts from noticing the underestimate
strange-channel branching ratios by the factorization
proaches. This will be shown to apply to thePV channels as
well as to thePP ones. This has triggered us to try
charming-penguin-diagram-inspired approach. It is assum
that some hadronic contribution to the penguin loop is n
perturbative, in other words that weak interactions creat
charm-anticharm intermediate state which turns into n
charmed final states by strong rescattering. In order to m
the model as predictive as possible we will use not more t
two unkown complex numbers and use flavor symmetry
strong rescattering.

In Sec. II we will recall the weak-interaction effectiv
Hamiltonian. In Sec. III we will recall QCD factorization. In
Sec. IV we will compare QCD factorization with experime
tal branching ratios and directCP asymmetries. In Sec. V we
will propose a model for nonperturbative contribution a
compare it to experiment. We will then conclude.

II. EFFECTIVE HAMILTONIAN

The effective weak Hamiltonian for charmless hadronicB
decays consists of a sum of local operatorsQi multiplied by
short-distance coefficientsCi given in Table I and products
of elements of the quark mixing matrix,lp5VpbVps* or lp8
5VpbVpd* . Below we will focus onB→PV decays, whereP
andV hold for pseudoscalar and vector mesons, respectiv
Using the unitarity relation2l t5lu1lc , we write

Heff5
GF

A2
(

p5u,c
lpS C1Q1

p1C2Q2
p1 (

i 53, . . . ,10
CiQi

1C7gQ7g1C8gQ8gD 1H.c., ~1!

where Q1,2
p are the left-handed current–current operat

arising from W-boson exchange,Q3, . . . ,6 and Q7, . . . ,10 are
9-2
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TESTING QCD FACTORIZATION AND CHARMING . . . PHYSICAL REVIEW D67, 094019 ~2003!
QCD and electroweak penguin operators, andQ7g andQ8g
are the electromagnetic and chromomagnetic dipole op
tors. They are given by

Q1
p5~ p̄b!V2A~ s̄p!V2A , Q2

p5~ p̄ibj !V2A~ s̄j pi !V2A ,

Q35~ s̄b!V2A(
q

~ q̄q!V2A ,

Q45~ s̄ibj !V2A(
q

~ q̄ jqi !V2A ,

Q55~ s̄b!V2A(
q

~ q̄q!V1A ,

Q65~ s̄ibj !V2A(
q

~ q̄ jqi !V1A ,

Q75~ s̄b!V2A(
q

3
2 eq~ q̄q!V1A ,

Q85~ s̄ibj !V2A(
q

3
2 eq~ q̄ jqi !V1A ,

TABLE I. Wilson coefficientsCi in the NDR scheme. Inpu
parameters areLMS

(5)
50.225 GeV, mt(mt)5167 GeV, mb(mb)

54.2 GeV, MW580.4 GeV,a51/129, and sin2uW50.23 @23#.

NLO C1 C2 C3 C4 C5 C6

m5mb/2 1.137 20.295 0.021 20.051 0.010 20.065
m5mb 1.081 20.190 0.014 20.036 0.009 20.042
m52mb 1.045 20.113 0.009 20.025 0.007 20.027

C7 /a C8 /a C9 /a C10/a C7g
eff C8g

eff

m5mb/2 20.024 0.096 21.325 0.331 — —
m5mb 20.011 0.060 21.254 0.223 — —
m52mb 0.011 0.039 21.195 0.144 — —

LO C1 C2 C3 C4 C5 C6

m5mb/2 1.185 20.387 0.018 20.038 0.010 20.053
m5mb 1.117 20.268 0.012 20.027 0.008 20.034
m52mb 1.074 20.181 0.008 20.019 0.006 20.022

C7 /a C8 /a C9 /a C10/a C7g
eff C8g

eff

m5mb/2 20.012 0.045 21.358 0.418 20.364 20.169
m5mb 20.001 0.029 21.276 0.288 20.318 20.151
m52mb 0.018 0.019 21.212 0.193 20.281 20.136
09401
a-

Q95~ s̄b!V2A(
q

3
2 eq~ q̄q!V2A ,

Q105~ s̄ibj !V2A(
q

3
2 eq~ q̄ jqi !V2A ,

Q7g5
2e

8p2
mbs̄smn~11g5!Fmnb,

Q8g5
2gs

8p2
mbs̄smn~11g5!Gmnb, ~2!

where (q̄1q2)V6A5q̄1gm(16g5)q2 , i , j are color indices,eq
are the electric charges of the quarks in units ofueu, and a
summation overq5u,d,s,c,b is implied. The definition of
the dipole operatorsQ7g and Q8g corresponds to the sign
conventioniD m5 i ]m1gsAa

mta for the gauge-covariant de
rivative. The Wilson coefficients are calculated at a hi
scalem;MW and evolved down to a characteristic scalem
;mb using next-to-leading order renormalization-gro
equations. The essential problem obstructing the calcula
of nonleptonic decay amplitudes resides in the evaluation
the hadronic matrix elements of the local operators contai
in the effective Hamiltonian.

III. QCD FACTORIZATION IN B\PV DECAYS

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&5F1
B→P~0!TV,i

I ! f VFV1A0
B→V~0!TP,i

I ! f PFP

1Ti
II! f BFB! f VFV! f PFP , ~3!

where FM are leading-twist light-cone distribution ampl
tudes, and the!-products imply an integration over the ligh
cone momentum fractions of the constituent quarks ins
the mesons. A graphical representation of this result is sho
in Fig. 1.

Here F1
B→P and A0

B→V denote the form factors forB
→P andB→V transitions, respectively.FB(j), FV(x), and
r-
r

FIG. 1. Graphical representation of the facto
ization formula. Only one of the two form-facto
terms in Eq.~3! is shown for simplicity.
9-3
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FIG. 2. Orderas corrections to
the hard-scattering kernels. Th
upward quark lines represent th
emitted mesons from b quar
weak decays. These diagrams a
commonly called vertex correc
tions, penguin corrections, an
hard-spectator-scattering diagram
for ~a!–~d!, ~e!,~f!, and~g!,~h!, re-
spectively.
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valence quark Fock states forB, vector, and pseudoscala
mesons, respectively.Ti

I ,II denote the hard-scattering kerne
which are dominated by hard gluon exchange when
power suppressedO(LQCD /mb) terms are neglected. S
they are calculable order by order in perturbation theory. T
leading terms ofTI come from the tree level and correspo
to the naive factorization~NF! approximation. The order o
as terms ofTI can be depicted by vertex-correction diagra
Figs. 2~a!–2~d! and penguin-correction diagrams Fig
2~e!,~f!. TII describes the hard interactions between the sp
tator quark and the emitted mesonM2 when the gluon virtu-
ality is large. Its lowest order terms areO(as) and can be
depicted by hard-spectator-scattering diagrams, Figs. 2~g!–
2~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, they are, as alrea
mentioned, taken into account by the form factors and
LCDAs of mesons up to corrections which are power s
pressed in 1/mb .

With the above discussions on the effective Hamilton
of B decays Eq.~1! and the QCDF expressions of hadron
matrix elements, Eq.~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

lpai
p^PVuOi uB&n f . ~4!

The abovê PVuOi uB&n f are the factorized hadronic matri
elements, which have the same definitions as those in the
approach. The ‘‘nonfactorizable’’ effects are included in t
coefficientsai which are process dependent. The coefficie
ai are collected in Sec. III A, and the explicit expressions
the decay amplitudes ofB→PV can be found in Appen-
dix A.

According to the arguments in@22#, the contributions of
weak annihilation to the decay amplitudes are power s
pressed, and they do not appear in the QCDF formula,
09401
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~3!. But as emphasized in@40–42#, the contributions from
weak annihilation could give large strong phases with QC
corrections, and hence largeCP violation could be expected
so their effects cannot simply be neglected. However, in
QCDF method, the annihilation topologies~see Fig. 3! 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 endpoint divergence from different sources as
ferent phenomenological parameters@23#. 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.@23# and express the
weak annihilation topological decay amplitudes as

A a~B→PV!} f Bf Pf V( lpbi , ~5!

where the parametersbi are collected in Sec. III B, and th
expressions for the weak annihilation decay amplitudes
B→P V are listed in Appendix B.

A. QCD coefficientsai

We express the QCD coefficientsai @see Eq.~4!# in two
parts: i.e.,ai5ai ,I1ai ,II . The first termai ,I contains the
naive factorization and the vertex corrections which are
scribed by Figs. 2~a!–2~f!, while the second partai ,II corre-
sponds to the hard-spectator-scattering diagrams F
2~g!,~h!.

There are two different cases according to the final sta
Case I is that the recoiled mesonM1 is a vector meson, and
the emitted mesonM2 corresponds to a pseudoscalar mes
and vice versa for case II. For case I, we sum up the res
for ai as follows:
-

FIG. 3. Orderas corrections to

the weak annihilations of charm
less decaysB→PV.
9-4
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a1,I5C11
C2

Nc
F11

CFas

4p
VM G ,

a1,II 5
pCFas

Nc
2

C2H~BM1 ,M2!,

a2,I5C21
C1

Nc
F11

CFas

4p
VM G ,

a2,II 5
pCFas

Nc
2

C1H~BM1 ,M2!,

a3,I5C31
C4

Nc
F11

CFas

4p
VM G ,

a3,II 5
pCFas

Nc
2

C4H~BM1 ,M2!,

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!,

a5,I5C51
C6

Nc
F12

CFas

4p
VM8 G ,

a5,II 52
pCFas

Nc
2

C6H8~BM1 ,M2!,

a6,I
p 5C61

C5

Nc
F126

CFas

4p G1
CFas

4p

PM ,3
p

Nc
,

a6,II 50, a7,I5C71
C8

Nc
F12

CFas

4p
VM8 G ,

a7,II 52
pCFas

Nc
2

C8H8~BM1 ,M2!,

a8,I
p 5C81

C7

Nc
F126

CFas

4p G1
a

9p

PM ,3
p,ew

Nc
,

a8,II 50, a9,I5C91
C10

Nc
F11

CFas

4p
VM G ,

a9,II 5
pCFas

Nc
2

C10H~BM1 ,M2!,

a10,I
p 5C101

C9

Nc
F11

CFas

4p
VM G1

a

9p

PM ,2
p,ew

Nc
,

09401
a10,II 5
pCFas

Nc
2

C9H~BM1 ,M2!, ~6!

where CF5(Nc
221)/2Nc , and Nc53. The vertex param-

etersVM andVM8 result from Figs. 2~a!–2~d!; the QCD pen-
guin parametersPM ,i

p and the electroweak penguin param
etersPM ,i

p,ew result from Figs. 2~e!–2~f!.
The vertex corrections are given by

VM512 ln
mb

m
2181E

0

1

dxg~x!FM~x!,

VM8 512 ln
mb

m
261E

0

1

dxg~12x!FM~x!,

g~x!53S 122x

12x
ln x2 ip D1F2 Li2~x!2 ln2x1

2 lnx

12x

2~312ip!ln x2~x↔12x!G , ~7!

where Li2(x) is the dilogarithm function, whereas the co
stants 18 and 6 are specific to the naive dimensional red
tion ~NDR! scheme.

The penguin contributions are

PM ,2
p 5C1F4

3
ln

mb

m
1

2

3
2GM~sp!G1S C32

1

2
C9D

3F8

3
ln

mb

m
1

4

3
2GM~0!2GM~1!G

1 (
q5q8

S C41C61
3

2
eqC81

3

2
eqC10D

3F4

3
ln

mb

m
2GM~sq!G22C8g

effE
0

1

dx
FM~x!

12x
,

PM ,3
p 5C1F4

3
ln

mb

m
1

2

3
2ĜM~sp!G1S C32

1

2
C9D

3F8

3
ln

mb

m
1

4

3
2ĜM~0!2ĜM~1!G

1 (
q5q8

S C41C61
3

2
eqC81

3

2
eqC10D

3F4

3
ln

mb

m
2ĜM~sq!G22C8g

eff , ~8!

and the electroweak penguin parametersPM ,i
p,ew ,
9-5
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PM ,2
p,ew5~C11NcC2!F4

3
ln

mb

m
1

2

3
2GM~sp!G2~C31NcC4!

3F4

3
ln

mb

m
1

2

3
2

1

2
GM~0!2

1

2
GM~1!G

1 (
q5q8

~NcC31C41NcC51C6!

3
3

2
eqF4

3
ln

mb

m
2GM~sq!G2NcC7g

effE
0

1

dx
FM~x!

12x
,

PM ,3
p,ew5~C11NcC2!F4

3
ln

mb

m
1

2

3
2ĜM~sp!G2~C31NcC4!

3F4

3
ln

mb

m
1

2

3
2

1

2
ĜM~0!2

1

2
ĜM~1!G

1 (
q5q8

~NcC31C41NcC51C6!

3
3

2
eqF4

3
ln

mb

m
2ĜM~sq!G2NcC7g

eff , ~9!

wheresq5mq
2/mb

2 , and whereq8 in the expressions forPM ,i
p

and PM ,i
p,ew runs over all the active quarks at the scalem

5O(mb), i.e., q85u,d,s,c,b. The functionsGM(s) and
ĜM(s) are given, respectively, by

GM~s!5E
0

1

dxG~s2 i e,12x!FM~x!, ~10!

ĜM~s!5E
0

1

dxG~s2 i e,12x!FM
p ~x!, ~11!

G~s,x!524E
0

1

duu~12u!ln@s2u~12u!x#

5
2~12s15x23x ln s!

9x

2
4A4s2x~2s1x!

3x3/2
arctanA x

4s2x
. ~12!

The parametersH(BM1 ,M2) andH8(BM1 ,M2) in ai ,II ,
which originate from hard gluon exchanges between
spectator quark and the emitted mesonM2, are written as

H~BV,P!5
f Bf V

mB
2A0

B→V~0!
E

0

1

djE
0

1

dx

3E
0

1

dy
FB~j!

j

FP~x!

x̄

FV~y!

ȳ
,

09401
e

H8~BV,P!5
f Bf V

mB
2A0

B→V~0!
E

0

1

djE
0

1

dx

3E
0

1

dy
FB~j!

j

FP~x!

x

FV~y!

ȳ
. ~13!

For case II~vector meson emitted! except for the param-
eters ofH(BM1 ,M2) and H8(BM1 ,M2), the expressions
for ai are similar to those in case I. However, we would li
to point out that, becausêVu(q̄q)S6Pu0&50, the contribu-
tions of the effective operatorsO6,8 to the hadronic matrix
elements vanish; i.e., the terms that are related toa6,8 disap-
pear from the decay amplitudes for case II. As to the para
etersH(BM1 ,M2) andH8(BM1 ,M2) in ai ,II , they are de-
fined as

H~BP,V!5
f Bf P

mB
2F1

B→P~0!
E

0

1

djE
0

1

dxE
0

1

dy
FB~j!

j

3
FV~x!

x̄
FFP~y!

ȳ
1

2mP

mb

x̄

x

FP
p~y!

ȳ
G ,

H8~BP,V!52
f Bf P

mB
2F1

B→P~0!
E

0

1

djE
0

1

dxE
0

1

dy
FB~j!

j

3
FV~x!

x FFP~y!

ȳ
1

2mP

mb

x

x̄

FP
p~y!

ȳ
G . ~14!

The parametermP5mP
2 /(m11m2), wherem1,2 are the cur-

rent quark masses of the meson constituents, is proporti
to the chiral quark condensate.

B. Annihilation parameters bi

The parameters ofbi in Eq. ~5! correspond to weak-
annihilation contributions. Now we give their expression
which are analogous to those in@23#:

b1~M1 ,M2!5
CF

Nc
2

C1A1
i ~M1 ,M2!,

b2~M1 ,M2!5
CF

Nc
2

C2A1
i ~M1 ,M2!,

b3~M1 ,M2!5
CF

Nc
2 $C3A1

i ~M1 ,M2!1C5A3
i ~M1 ,M2!

1@C51NcC6#A3
f ~M1 ,M2!%,

b4~M1 ,M2!5
CF

Nc
2 $C4A1

i ~M1 ,M2!1C6A2
i ~M1 ,M2!%,
9-6
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b3
ew~M1 ,M2!5

CF

Nc
2 $C9A1

i ~M1 ,M2!1C7A3
i ~M1 ,M2!

1@C71NcC8#A3
f ~M1 ,M2!%,

b4
ew~M1 ,M2!5

CF

Nc
2 $C10A1

i ~M1 ,M2!1C8A2
i ~M1 ,M2!%.

~15!

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 O326, and the electroweak pen
guin annihilation parametersb3,4

ew(M1 ,M2) from O7210. 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. 3!.
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. ~15! are

A1,2
f ~V,P!50,

A3
f ~V,P!5pasE

0

1

dxE
0

1

dyFV~x!FP
p~y!

2mP

mb

2~11 x̄!

x̄2y
,

A1
i ~V,P!5pasE

0

1

dxE
0

1

dyFV~x!FP~y!

1 1

3F

y~12xȳ!
1

x̄2y
G ,

09401
s

e

d
ns

A2
i ~V,P!52pasE

0

1

dxE
0

1

dyFV~x!FP~y!

3F 1

x̄~12xȳ!
1

1

x̄y2G ,

A3
i ~V,P!5pasE

0

1

dxE
0

1

dyFV~x!FP
p~y!

3
2mP

mb

2ȳ

x̄y~12xȳ!
. ~16!

For case II,

A1,2
f ~P,V!50,

A3
f ~P,V!52pasE

0

1

dxE
0

1

dyFP
p~x!FV~y!

3
2mP

mb

2~11y!

x̄y2
,

A1
i ~P,V!5pasE

0

1

dxE
0

1

dyFP~x!FV~y!

3F 1

y~12xȳ!
1

1

x̄2y
G ,

A2
i ~P,V!52pasE

0

1

dxE
0

1

dyFP~x!FV~y!

3
1

1
1

,
F
x̄~12xȳ! x̄y2G
TABLE II. Experimentally known data ofCP-averaged branching ratios for the charmlessB→PV decay
modes, used as input for the global fit. The channels containing theh8 meson have been excluded.

BR (3106) BaBar @1–10# Belle @11–15# CLEO @16–21# Average

B0→p6r7 28.965.464.3 20.826.3
16.0

23.1
12.8 27.627.4

18.464.2 25.5364.32
B1→p1r0 246863(,39) 8.022.0

12.360.7 10.423.4
13.362.1 9.4962.57

B0→p0r0 3.663.561.7(,10.6) ,5.3 1.621.4
12.060.8(,5.5) 2.0761.88

B1→p1v 6.621.8
12.160.7 4.221.8

12.060.5 11.322.9
13.361.4 6.2261.70

B0→K1r2 – 15.824.6
15.1

23.0
11.7 16.026.4

17.662.8(,32) 15.8864.65
B1→K1r0 106662(,29) – 8.423.4

14.061.8(,17) 8.9263.60
B1→K1v 1.421.0

11.360.3(,4) 9.222.3
12.661.0 3.221.9

12.460.8(,7.9) 2.9261.94
B0→K0v 5.921.5

11.760.9 – 10.024.2
15.461.4(,21) 6.3461.82

B0→K* 1p2 – 26.068.363.5 1625
1662 19.365.2

B1→K* 0p2 15.563.461.8 19.423.9
14.262.126.8

13.5 7.623.0
13.561.6(,16) 12.1263.13

B1→K* 2p0 – – 7.127.1
111.461.0(,31) 7.1611.4

B1→K* 1h 22.129.2
111.163.3 26.527.0

17.863.0 26.428.2
19.663.3 25.465.6

B0→K* 0h 19.825.6
16.561.7 16.524.2

14.661.2 13.824.6
15.561.6 16.4163.21

B1→K1f 9.261.060.8 10.761.021.6
10.9 5.521.8

12.160.6 8.5861.24
B0→K0f 8.721.5

11.760.9 10.021.7
11.9

21.3
10.9 5.422.7

13.760.7(,12.3) 8.7261.37
9-7
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TABLE III. Experimental measured data of directCP asymmetries for the charmlessB→PV decay
modes, used as input for the global fit.

ACP BaBar @1–10# Belle @11–15# CLEO @16–21# Average

B2→p2v 20.0120.31
10.2960.03 – 20.3460.2560.02 20.2160.19

B2→K2v – 20.2160.2860.03 – 20.2160.28
B2→K* 2h – 20.0520.30

10.2560.01 – 20.0560.30

B̄0→K̄* 0h – 0.1720.25
10.2860.01 – 0.1760.28

B2→K2f 20.0560.2060.03 – – 20.0560.20
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A3
i ~P,V!5pasE

0

1

dxE
0

1

dyFP
p~x!FV~y!

3
2mP

mb

2x

x̄y~12xȳ!
. ~17!

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

i , f refer to the Dirac structure
(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.

Note that assuming SU~3! flavor symmetry implies sym-
metric LCDAs of light mesons~underx↔ x̄), whenceA1

i 5

2A2
i . In this approximation the weak-annihilation contrib

tions ~for case I! can be parametrized as

A1
i ~V,P!.18pasS XA241

p2

3 D ,

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

212XA!#,

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

22XA!, ~18!

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

tegrals andr x52mP /mb is the so-calledchirally enhanced
factor. We can get similar forms to Eq.~18! 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

TABLE IV. Experimental results and correlation matrix for th
various asymmetries measured in the channelsr6p7/r6K7. The
notation is explained in@9#.

Correlation coefficient~%!

B0→r6p7 Measurement A CP
rp A CP

rK Crp DCrp

A CP
rp 20.2260.0860.07 – 3.4 211.8 210.4

A CP
rK 0.1960.1460.11 3.4 – 21.3 21.1

Crp 0.4520.19
10.1860.09 211.8 21.3 – 23.9

DCrp 0.3820.20
10.1960.11 210.4 21.1 23.9 –
09401
in

r

e

is crude and there is no known physical argument justify
this assumption. We shall see below thatXA gives large un-
certainties in the theoretical prediction.

IV. QCD FACTORIZATION VERSUS EXPERIMENT

In order to propose a test of QCD factorization with r
spect to experiment, a compilation of various charmle
branching fractions and directCP asymmetries was per
formed and is given in Tables II, III, and IV. This compila
tion includes the latest results from BaBar, Belle, and CLE
The measurements were combined into a single central v
and error, which may be compared with the theoretical p
diction. First, the total error from each experiment was co
puted by summing quadratically the statistic and system
error: this approach is valid in the limit that the systema
error is not so large with respect to the statistic error. Seco
when the experiment provides an asymmetric error

2s2

1s1, a

conservative symmetric error was assumed in the calcula
by using6Max(s1 ,s2). In case of a disagreement betwe
several experiments for a given measurement, the total e
was increased by a ‘‘scale factor’’ computed from ax2 com-
bining the various experiments, using the standard proced
given by the Particle Data Group~PDG! @43#.

In order to compare the theoretical predictions$y% with
the experimental measurements$x6sx%, the following x2

was defined:

x25( S x2y

sx
D 2

.

In the case when a correlation matrix between several m
surements is given by the experiment, as in the case of
r1p2/r1K2 measurements, thex2 was corrected to ac
count for it. The abovex2 was then minimized usingMINUIT

@44#, letting free all theoretical parameters in their allow
range. The quality of the minimum yielded byMINUIT was
assessed by replacing it with anad hocminimizer scanning
the entire parameter space. The theoretical predictions,
the theoretical parameters yielding the best fits, are comp
to experiment in Table V for two scenarios to be explain
below. The asymmetries of ther6p7 channels can be ex
pressed@9# in terms of the quantities reported in Table IV
The comparison between their theoretical predictions and
periment is reported in Table VI.

Scenario 1 refers to a fit according to QCD factorizatio
varying all theoretical parameters in the range presente
9-8
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TABLE V. Best-fit values using the global analysis ofB→PV decays in QCDF with freeg ~scenario 1!
and QCDF1charming penguin diagrams~scenario 2! with constrainedg. TheCP-averaged branching ratio
are in units of 1026.

Experiment Scenario 1 Scenario 2
Prediction x2 Prediction x2

BR(B̄0→r0p0) 2.0761.88 0.132 1.1 0.177 1.0

BR(B̄0→r1p2) 11.023 10.962

BR(B̄0→r2p1) 18.374 17.429

BR(B̄0→r6p7) 25.5364.32 29.397 0.8 28.391 0.4

BR(B2→r0p2) 9.4962.57 9.889 0.0 7.879 0.4
BR(B2→vp2) 6.2261.7 6.002 0.0 5.186 0.4
BR(B2→K* 2K0) 0.457 0.788
BR(B2→K* 0K2) 0.490 0.494
BR(B2→Fp2) 0.004 0.003
BR(B2→r2p0) 9.646 11.404

BR(B̄0→r0K̄0) 5.865 8.893

BR(B̄0→vK̄0) 6.3461.82 2.318 4.9 5.606 0.2

BR(B̄0→r1K2) 15.8864.65 6.531 4.0 14.304 0.1

BR(B̄0→K* 2p1) 19.365.2 9.760 3.4 10.787 2.7

BR(B2→K* 2p0) 7.1611.4 7.303 0.0 8.292 0.0

BR(B̄0→FK̄0) 8.7261.37 8.360 0.1 8.898 0.0

BR(B2→K̄* 0p2) 12.1263.13 7.889 1.8 11.080 0.1

BR(B2→r0K2) 8.9263.6 1.882 3.8 5.655 0.8

BR(B2→r2K̄0) 7.140 14.006

BR(B2→vK2) 2.9261.94 2.398 0.1 6.320 3.1
BR(B2→FK2) 8.8861.24 8.941 0.0 9.479 0.2

BR(B̄0→K̄* 0h) 16.4163.21 22.807 4.0 18.968 0.6

BR(B2→K* 2h) 25.465.6 17.855 1.8 15.543 3.1
DCrp 0.3860.23 0.250 J8.1/4

0.228 J3.9/4Crp 0.4560.21 0.019 0.092
A CP

rp 20.2260.11 20.015 20.115
A CP

rK 0.1960.18 0.060 0.197

A CP
vp2

20.2160.19 20.072 0.5 20.198 0.0

A CP
vK2

20.2160.28 0.029 0.7 0.189 2.0

A CP
hK* 2

20.0560.3 20.138 0.1 20.217 0.3

A CP
hK̄* 0 0.1760.28 20.186 1.6 20.158 1.4

A CP
fK2

20.0560.2 0.006 0.1 0.005 0.1

36.9 20.8
rba-
la-

me
ed
ith

g-
ich

s

Table VII. Even the unitarity triangle angleg is varied freely
and ends up not far from 90 °. We have takenXA5XH in the
range proposed in Ref.@23#:

TABLE VI. Values of theCP asymmetries forB→pr decays
in QCDF ~scenario 1! and QCDF1charming penguin diagram
~scenario 2!. The notation is explained in@9#.

Experiment Scenario 1 Scenario 2

A CP
r1p2

20.8260.3160.16 20.04 20.23

A CP
r2p1

20.1160.1660.09 20.0002 0.04
09401
XA,H5E
0

1dx

x
5 ln

mB

Lh
~11rA,HeifA,H!. ~19!

These parameters label our ignorance of the nonpertu
tively calculable subdominant contribution to the annihi
tion and hard scattering, defined in Eqs.~16!,~17! and Eqs.
~13!,~14!, respectively. They do not need to have the sa
value for allPV channels but we have nevertheless assum
one common value since a fit would become impossible w
too many unknown parameters.

Scenario 2 in Table V refers to a fit adding a charmin
penguin-diagram-inspired long-distance contribution wh
9-9
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will be presented and discussed in Sec. V. In this fitg is
constrained within the range@34°,82°#.

The values of the theoretical parameters found for the
best fits is given in Table VII: many parameters are found
be at the edge of their allowed range.1 In order to estimate
the quality of the agreement between measurements and
dictions, the standard Monte Carlo based ‘‘goodness of
test was performed.

~i! The best-fit values of the theoretical parameters w
used to make predictions for the branching ratios andCP
asymmetries.

~ii ! The total experimental error from each measurem
was used to generate new experimental values distrib
around the predictions with a Gaussian probability.

~iii ! The full fit previously performed on real measur
ments is now run on this simulated data, and thex2 of this fit
is saved in a histogramH.

It is then possible to compare thexdata
2 obtained from the

measurement with thex2 one would obtain if the prediction
were true. Additionally, one may compute the confiden
level of the tested model by using

1Table VII shows that the fit value ofrA appears at the edge of th
input range,rA51. However enlarging the range ofrA , such as
urAu<10, brings a large annihilation contribution (rA ,fA)5(2.3,
241°) for scenario 1 and (4.4,2108°) for scenario 2. With so
large values ofurAu the unpredictable contributions would domina
the total result making the whole exercise void of signification.

TABLE VII. Various theoretical inputs used in our global anal
sis of B→PV decays in QCDF. The parameter ranges have b
taken from literature@23,34,35,45#. The two last columns give the
best fits of both scenarios.

Input Range Scenario 1 Scenario 2

g (deg) 99.955 81.933
ms (GeV) @0.085,0.135# 0.085 0.085
m (GeV) @2.1,8.4# 3.355 5.971
rA @21,1# 1.000 1.000
fA (deg) @2180,180# 222.928 287.907
lB (GeV) @0.2,0.5# 0.500 0.500
f B (GeV) @0.14,0.22# 0.220 0.203
Ru @0.35,0.49# 0.350 0.350
Rc @0.018,0.025# 0.018 0.018
A0

B→r @0.3162,0.4278# 0.373 0.377
F1

B→p @0.23,0.33# 0.330 0.301
A0

B→v @0.25,0.35# 0.350 0.326

A0
B→K* @0.3995,0.5405# 0.400 0.469

F1
B→K @0.28,0.4# 0.333 0.280

Re@A P# @20.01,0.01# 0.00253
Im@A P# @20.01,0.01# 20.00181
Re@A V# @20.01,0.01# 20.00187
Im@A V# @20.01,0.01# 0.00049
09401
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C.L.<

E
x2.xdata

2
H~x2!dx2

E
x2.0

H~x2!dx2

.

The results of the ‘‘goodness of fit’’ tests are given in Fi
4. From these tests, one may quote an upper limit for
confidence level in scenario 1, C.L.<0.1% and, in the case
of scenario 2, C.L.<7.7%.

In Tables II ~III ! we give the experimentalCP-averaged
branching ratios~direct CP asymmetries! which we have
used in our fits. We have also used the quantities reporte
Table IV which are related to the branching ratios andCP
asymmetries of theB→r6p7 channels.

For the sake of definiteness let us recall that the branch
ratios for any charmlessB decays,B→PV channel, in the
rest frame of theB meson, is given by

BR~B→PV!5
tB

8p

upu

mB
2

uA~B→PV!1A a~B→PV!

1A LD~B→PV!u2, ~20!

where tB represents theB-meson lifetime~charged or un-
charged according to the case!. The amplitudesA,A a and
A LD are defined in Appendixes A, B and in Eqs.~24! and
~25!, respectively. In the case of pure QCD factorizati
~scenario 1! we take of courseA LD50. The kinematical
factor upu is written as

upu5
A@mB

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

2mB
. ~21!

Comparison with Du et al.

Our negative conclusion about the QCD factorization
of theB→PV channels is at odds with the conclusion of t
authors of Ref.@36#, who have performed a successful fit
both B→PP andB→PV channels using the same theore
cal starting point. These authors have excluded from their
the channels containing aK* in the final state, arguing tha
these channels seemed questionable to them. We have
made a fit without the channels containing theK* , and in-
deed we find as the authors of Ref.@36# that the global agree
ment between QCD factorization and experiment was sa
factory. Notice that this fit was done without discarding t
channelsB1→vp1(K1) as done by Duet al.

Notice also that the parametersCrp and theACP
rp have

been kept in this fit. The disagreement between QCDF
experiment for these quantities was not enough to spoil
satisfactory agreement of the global fit because the exp
mental errors are still large on these quantities.

The conclusion of this subsection is that the differen
between the ‘‘optimistic’’ conclusion about QCDF of D
et al. and our rather pessimistic one comes from their cho
of discarding the channels containing theK* ’s. In other
words the conclusion about the status of QCDF in theB
→PV channels depends on the confidence we give to

n

9-10
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FIG. 4. Goodness-of-fit test of the two proposed theoretical models: the arrow points at the valuexdata
2 found from the measurements, an

the histogram shows the values allowed forx2 in the case that the models predictions are correct.
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published results on these channels.

V. SIMPLE MODEL FOR LONG-DISTANCE
INTERACTIONS

As seen in Table V the failure of our overall fit wit
QCDF can be traced to two main facts. First the stran
branching ratios are underestimated by QCDF. Second
direct CP asymmetries in the nonstrange channels mi
also be underestimated.A priori this could be cured if some
nonperturbative mechanism were contributing touPu. In-
deed, first, in the strange channels,uPu is Cabibbo enhanced
and such a nonperturbative contribution could increase
branching ratios, and second, increasinguPu/uTu in the non-
strange channels with nonsmall strong phases could incr
significantly the directCP asymmetries as already discusse
We have therefore tried a charming-penguin-diagra
inspired model. We wanted nevertheless to avoid to add
many new parameters which would make the fit void of s
nification. We have therefore tried a model for long-distan
penguin contributions which depends only on two fitt
complex numbers.

Let us start by describing our charming-penguin-diagra
inspired model for strange final states. In the ‘‘charming p
guin diagram’’ picture the weak decay of aB̄0 (B2) meson
through the action of the operatorQ1

c @see notation in Eqs
~1! and~2!# creates an hadronic system containing the qua
s,d̄(ū),c,c̄, for exampleD̄s

(* ) 1 D (* ) systems. This system

goes to long distances, thec,c̄ eventually annihilate, a pair o
light quarks are created by a nonperturbative strong inte
tion and one is left with two light mesons. Let us here rest
ourselves to the case of aPV pair of mesons; i.e., one of th
final mesons is a light pseudoscalar (p,K,h) and the other a
light vector meson (r,v,f,K* ). In this paper we leave asid
the h8 which is presumably quite special.

We will picture now this hadronic system as a coher
state which decays into the two final mesons with to
strangeness21. This state has a total angular momentu
J50. Its flavorsd̄ is that of a member of an octet of flavo
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SU~3! symmetry. We will assume flavor-SU~3! symmetry in
the decay amplitude of this hadronic state. This still leav
four SU~3!-invariant amplitudes since bothP andV can have
an octet and a singlet component and that there exist
octets in the decomposition of 838. We make a further sim-
plifying assumption based on the Okubo-Zweig-Iizuka~OZI!
rule. Let us give an example: we assume thatV5(sq̄) where
q is any of the light quarksu,d,s, and thatP5(qd̄). Then
we compute the contractions between

^~sq̄!~qd̄!us~ ūu1d̄d1 s̄s!d̄&51. ~22!

The meaning of this rule is simple. We add to thesd̄

quarks in our hadronic state an SU~3! singlet ūu1d̄d1 s̄s
and compute an ‘‘overlap’’ making contractions so that t
quarks in the singlet go into two different mesons. This lat
constraint is the OZI rule. This is why the overlap in Eq.~22!
is 1 even ifq5d since it is forbidden to have bothd quarks
from the singlet in the same final meson. As an example,
decayB→K̄0r0 gives the following overlap coefficient:

K ~sd̄!
~uū2dd̄!

A2
Us~ ūu1d̄d1 s̄s!d̄L 52

1

A2
. ~23!

For theh meson we will use the decomposition in@32#.
The overlap coefficients thus computed play the role
SU~3! Clebsch-Gordan~CG! coefficients computed in a
simple way. These coefficients are assumed to be multip
by an universal complex amplitude to be fitted from expe
ment. Up to now we have assumed that the active qu
~here, s) ended up in the vector meson. We need anot
universal amplitude for the case where the active quark e
up in the pseudoscalar meson.

We are thus left with two theoretically independent a
unknown amplitudes: one withV5(sq̄), P5(qd̄), one
with P5(sq̄), V5(qd̄). We shall write them respectively
asA P (A V) when the active quark ends up in the pseud
scalar~vector! meson.
9-11
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Concerning theB̄ decay into a pseudoscalar1 vector
meson of vanishing total strangeness, we apply the s
recipe with the same amplitudesA P andA V, replacing thes
quark by ad quark and, of course, the corresponding repla
ment of the CKM factorVcbVcs* by VcbVcd* .

To summarize, the long-distance term is given by t
universal complex amplitudes multiplied by a CG coefficie
computed simply by the overlap factor in Eq.~23!; see Table
VIII.

In practice, to the amplitudes described in the Appendi
we add the long-distance amplitudes, given by

A LD~B→PV!5
GF

A2
mB

2lc8~ClPA P1ClVA V! ~24!

for the nonstrange channels and

A LD~B→PV!5
GF

A2
mB

2lc~ClPA P1ClVA V! ~25!

for the strange channels. In Eqs.~24! and ~25!, A P andA V

are two complex numbers which are fitted in the global fit
scenario 2 andClP and ClV are the flavor-SU~3! Clebsch-
Gordan coefficients which are given in Table VIII. For bo
channels containing theh we have used the formulas

TABLE VIII. Flavor-SU~3! Clebsch-Gordan coefficient fo
long-distance penguin-diagram-like contributions. Notice that
channelB2→Fp2 vanishes due to the OZI rule.

ClP ClV

BR(B̄0→r0p0) 0.5 0.5

BR(B̄0→r1p2) 1.0 0.

BR(B̄0→r2p1) 0. 1.0

BR(B2→r0p2) 1/A2 21/A2
BR(B2→vp2) 1/A2 1/A2
BR(B2→K* 2K0) 1.0 0.
BR(B2→K* 0K2) 0. 1.0
BR(B2→Fp2) 0. 0.
BR(B2→r2p0) 21/A2 1/A2

BR(B̄0→r0K̄0) 21/A2 0.

BR(B̄0→vK̄0) 1/A2 0.

BR(B̄0→r1K2) 1.0 0.

BR(B̄0→K* 2p1) 0. 1.0

BR(B2→K* 2p0) 0. 1/A2

BR(B̄0→FK̄0) 0. 1.0

BR(B2→K̄* 0p2) 0. 1.0

BR(B2→r0K2) 1/A2 0.

BR(B2→r2K̄0) 1.0 0.

BR(B2→vK2) 1/A2 0.
BR(B2→FK2) 0. 1.0

BR(B̄0→K̄* 0h) 20.665 0.469

BR(B2→K* 2h) 20.665 0.469
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ClV5
cosu8

A6
2

sinu0

A3
, ClP522

cosu8

A6
2

sinu0

A3
,

~26!

with u0529.1° andu85222.2°.
The fit with long-distance penguin contributions is pr

sented in Table V under the label ‘‘Scenario 2.’’ The agre
ment with experiment is improved, and it should be so,
not in such a fully convincing manner. The goodness of
fit is about 8% which implies that this model is not exclud
by experiment. However, a look at Table VII shows th
several fitted parameters are still stuck at the end of the
lowed range of variation. In particularrA51 means that the
uncalculable subleading contribution to QCDF is aga
stretched to its extreme.

Finally the fitted complex numbers which fix the size
the long-distance penguin contribution~last four lines in
Table VII! are small. To make this statement quantitativ
assuming the long-distance amplitude were alone, the va
for A P and A V in Table V correspond to branching ratio
which reach at their maximum 631026 but are more gener
ally in the vicinity of 231026. In part, this is due to the fac
that, if some strange channels want a large nonperturba
contribution to increase their branching ratios, some ot
strange channels and particularly theB→Kf channels
which are in good agreement with QCDF cannot accept
addition of a too large nonperturbative penguin contributio
This last point should be stressed: if the strange chan
show a general tendency to be underestimated by QC
there is the striking exception of thes̄ss channels which
agree very well with QCDF and make the case for charm
penguins diagrams rather difficult.

VI. CONCLUSION

We have made a global fit according to QCD factorizati
of published experimental data concerning charmlessB
→PV decays includingCP asymmetries. We have only ex
cluded from the fit the channels containing theh8 meson.
Our conclusion is that it is impossible to reach a good fit.
can be seen in scenario 1 of Table V, the reason for
failure is that the branching ratios for the strange chann
are predicted to be significantly smaller than experiment
cept for theB→fK channels, and in Table VI it can be see
that the directCP asymmetry ofB̄→r1p2 is predicted very
small while experiment gives it very large but only two si
mas from zero. Not only is the ‘‘goodness of the fit’’ small
than 0.1%, but the fitted parameters show a tendency
evade the allowed domain of QCD factorization. One mig
wonder if we were not too strict in imposing the same sc
m in all terms since the value ofm, representing the effect o
unknown higher order corrections, could be different in d
ferent classes of channels.2 We have performed several tes
relaxing this unicity ofm and concluded that it affected ver
little the outcome of our fit.

2We thank Gerhard Buchalla for raising this question.

e
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For the sake of comparison with the authors of Ref.@36#
we have tried a fit without the channels containing aK* . The
result improves significantly. The only lesson we can rece
from this is that one must look carefully at the evolution
the experimental results, many of them being recent, be
drawing a final conclusion.

Both the small predicted branching ratios of the stran
channels and the small predicted directCP asymmetries in
the nonstrange channels could be blamed on too smaP
amplitudes with too small ‘‘strong phases’’ relatively to theT
amplitudes. We have therefore tried the addition of t
‘‘charming-penguin’’-diagram-inspired long-distance com
plex amplitudes combined, in order to make the model p
dictive enough, with exact flavor-SU~3! symmetry and the
OZI rule. This fit is better than the pure QCDF one: with
goodness of fit of about 8% the model is not excluded
experiment. But the parameters show again a tendenc
reach the limits of the allowed domain and the best fit giv
rather small value to the long-distance contribution. The
ter fact is presumably due to theB→fK which are well
predicted by QCDF and thus deliver a message which c
tradicts the other strange channels. This seems to be the
son of the moderate success of our ‘‘charming-pengui
diagram-inspired model.

Altogether, the present situation is unpleasant. QC
seems to be unable to comply to experiment. QCDF imp
mented by anad hoc long-distance model is not fully con
vincing. No clear hint at the origin of this problem is pro
vided by the total set of experimental data. PQCD, a
calledkT factorization, would predict larger directCP asym-
metries, but we do not know if their sign would fit exper
ment either if an overall agreement of the branching ra
with data can be achieved.
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Maybe, however, the coming experimental data will mo
enough to resolve, at least partly, this discrepancy. We wo
like to insist on the crucial importance of directCP asym-
metries in nonstrange channels. If they confirm the tende
to be large, this would make the case for QCDF really di
cult.

Finally we do not know yet the answer to our initial que
tion: are we in a good position to study the unitarity-triang
anglea from indirectCP asymmetries thanks to small pen
guin diagrams. If experimental data evolve so as to provid
better support to QCDF, one could become bold enough
use it in estimatinga and this would reduce the errors. Els
only model-independent bounds@46# could be used but they
are not very constraining in part because of discrete amb
ities.

Note added in proof.Since this paper was submitted, on
of us ~P.-F.G.! has finalized a new experimental estimate
the →rp andB→rK channels for the Babar Collaboratio
and redone the fits presented in this paper@47#. As a result,
the confidence level raises to 1% for the QCDF and drop
3% for the charming penquins.
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APPENDIX A: THE DECAY AMPLITUDES FOR B\PV

Following Ref.@32#, we give the decay amplitudes for the followingB→PV decay processes.

1. b\d processes

A~B̄0→r2p1!5
GF

A2
mB

2 f rF1
B→p~mr

2!$lu8a11~lu81lc8!@a41a10#%, ~A1!

A~B̄0→r1p2!5
GF

A2
mB

2 f pA0
B→r~mp

2 !$lu8a11~lu81lc8!@a41a102r x
p~a61a8!#%, ~A2!

A~B̄0→p0r0!52
GF

2A2
mB

2 S f pA0
B→r~mp

2 !H lu8a22~lu81lc8!Fa42
1

2
a102r x

pS a62
1

2
a8D1

3

2
~a72a9!G J

1 f rF1
B→p~mr

2!H lu8a22~lu81lc8!Xa42
1

2
a102

3

2
~a71a9! CJ D , ~A3!
9-13



ALEKSAN et al. PHYSICAL REVIEW D 67, 094019 ~2003!
A~B2→p2r0!5
GF

2
mB

2F f pA0
B→r~mp

2 !$lu8a11~lu81lc8!@a41a102r x
p~a61a8!#%

1 f rF1
B→p~mr

2!H lu8a21~lu81lc8!X2a41
1

2
a101

3

2
~a71a9! CJ G , ~A4!

A~B2→r2p0!5
GF

2
mB

2 X f pA0
B→r~mp

2 !H lu8a21~lu81lc8!F2a41
1

2
a102r x

pS 2a61
1

2
a8D1

3

2
~a92a7!G J

1 f rF1
B→p~mr

2!$lu8a11~lu81lc8!@a41a10#% C, ~A5!

A~B2→p2v!5
GF

2
mB

2 S f pA0
B→v~mp

2 !$lu8a11~lu81lc8!@a41a102r x
p~a61a8!#%

1 f vF1
B→p~mv

2 !H lu8a21~lu81lc8!Fa412~a31a5!1
1

2
~a71a92a10!G J D , ~A6!

2. b\s processes

A~B̄0→K* 2p1!5
GF

A2
mB

2 f K* F1
B→p~mK*

2
!$lua11~lu1lc!@a41a10#%, ~A7!

A~B̄0→K2r1!5
GF

A2
mB

2 f KA0
B→r~mK

2 !$lua11~lu1lc!@a41a102r x
K~a61a8!#%, ~A8!

A~B̄0→K̄0r0!5
GF

2
mB

2 H f KA0
B→r~mK0

2
!~2lu2lc!Fa42

1

2
a102r x

KS a62
1

2
a8D G

1 f rF1
B→K~mr

2!Flua21~lu1lc!3
3

2
~a91a7!G J , ~A9!

A~B2→K* 2p0!5
GF

2
mB

2F f pA0
B→K* ~mp

2 !H lua21~lu1lc!3
3

2
~a92a7!J

1 f K* F1
B→p~mK*

2 !$lua11~lu1lc!~a41a10!%G , ~A10!

A~B2→K2r0!5
GF

2
mB

2F f KA0
B→r~mK

2 !$lua11~lu1lc!@a41a102r x
K~a61a8!#%

1 f rF1
B→K~mr

2!H lua21~lu1lc!3
3

2
~a91a7!J G , ~A11!

A~B̄0→K̄0v!5
GF

2
mB

2 X f KA0
B→v~mK0

2
!~lu1lc!Fa42

1

2
a102r x

KS a62
1

2
a8D G

1 f vF1
B→K~mv

2 !H lua21~lu1lc!F2~a31a5!1
1

2
~a91a7!G J C, ~A12!

A~B2→K2v!5
GF

2
mB

2F f KA0
B→v~mK

2 !$lua11~lu1lc!@a41a102r x
K~a61a8!#%

1 f vF1
B→K~mv

2 !H lua21~lu1lc!X2~a31a5!1
1

2
~a91a7! CJ G , ~A13!
094019-14
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A~B2→K* 2h (8)!5
GF

A2
mB

2Ff K~8!F1
B→h(8)

~mK
2 !$lua11~lu1lc!~a41a10!%1 f

h(8)
u

A0
B→K* ~m

h(8)
2

!

3Xlua21lca2

f
h(8)
c

f
h(8)
u 1~lu1lc!H 2~a32a5!1

1

2
~a92a7!1r x

h(8)S a62
1

2
a8D

1~a32a51a92a7!
f

h(8)
c

f
h(8)
u 1Fa32a52

1

2
~a92a7!1a42

1

2
a102r x

h(8)S a62
1

2
a8D G f

h(8)
s

f
h(8)
u J CG,

~A14!

A~B̄0→K̄* 0h (8)!5
GF

A2
mB

2Ff K* F1
B→h(8)

~mK
2 !~lu1lc!Fa42

1

2
a10G1 f h(8)

u A0
B→K* ~mh(8)

2
!

3Xlua21lca2

f h(8)
c

f h(8)
u 1~lu1lc!H 2~a32a5!1

1

2
~a92a7!1r x

h(8)S a62
1

2
a8D

1~a32a51a92a7!
f h(8)

c

f h(8)
u 1Fa32a52

1

2
~a92a7!1a42

1

2
a102r x

h(8)S a62
1

2
a8D G f h(8)

s

f h(8)
u J CG, ~A15!

with r x
h(8)52mh(8)

2 /(mb1ms)(ms1ms).

3. Pure penguin processes

A~B2→p2K̄* 0!5
GF

A2
mB

2 f K* F1
B→p~mK*

2 !~lu1lc!Fa42
1

2
a10G , ~A16!

A~B2→r2K̄0!5
GF

A2
mB

2 f KA0
B→r~mK0

2
!~lu1lc!Fa42

1

2
a102r x

KS a62
1

2
a8D G , ~A17!

A~B2→K2K* 0!5
GF

A2
mB

2 f K* F1
B→K~mK*

2 !~lu81lc8!Fa42
1

2
a10G , ~A18!

A~B2→K* 2K0!5
GF

A2
mB

2 f KA0
B→K* ~mK0

2
!~lu81lc8!Fa42

1

2
a102r x

KS a62
1

2
a8D G , ~A19!

A~B2→p2f!52
GF

2
mB

2 f fF1
B→p~mf

2 !~lu81lc8!Fa31a52
1

2
~a71a9!G , ~A20!

A~B2→K2f!5A~B̄0→K̄0f!

5
GF

A2
mB

2 f fF1
B→K~mf

2 !~lu1lc!Fa31a41a52
1

2
~a71a91a10!G . ~A21!

APPENDIX B: THE ANNIHILATION AMPLITUDES FOR B\PV

We give in this section the following annihilation amplitudes forB→PV already given in Ref.@35# but with different
notations.
094019-15
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1. b\d processes

A a~B̄0→p2r1!5
GF

A2
f Bf p f rH lu8b1~r1,p2!1~lu81lc8!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 , ~B1!

A a~B̄0→p1r2!5
GF

A2
f Bf p f rH lu8b1~p1,r2!1~lu81lc8!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 , ~B2!

A a~B̄0→p0r0!5
GF

2A2
f Bf p f rHlu8@b1~r0,p0!1b1~p0,r0!#1~lu81lc8!H b3~r0,p0!1b3~p0,r0!12b4~p0,r0!

12b4~r0,p0!1
1

2
@2b3

ew~r0,p0!2b3
ew~p0,r0!1b4

ew~p0,r0!1b4
ew~r0,p0!#J J, ~B3!

A a~B2→p2r0!5
GF

2
f Bf p f r$lu8@b2~p2,r0!2b2~r0,p2!#1~lu81lc8!@b3~p2,r0!2b3~r0,p2!

1b3
ew~p2,r0!2b3

ew~r0,p2!#%, ~B4!

A a~B2→p0r2!5
GF

2
f Bf p f r$lu8@b2~r2,p0!2b2~p0,r2!#1~lu81lc8!@b3~r2,p0!2b3~p0,r2!

1b3
ew~r2,p0!2b3

ew~p0,r2!#%, ~B5!

A a~B2→p2v!5
GF

2
f Bf p f v$lu8@b2~p2,v!1b2~v,p2!#1~lu81lc8!@b3~p2,v!1b3~v,p2!

1b3
ew~p2,v!1b3

ew~v,p2!#%, ~B6!

2. b\s processes

A a~B̄0→p1K* 2!5
GF

A2
f Bf p f K* H ~lu1lc!Fb3~K* 2,p1!2

1

2
b3

ew~K* 2,p1!G J , ~B7!

A a~B̄0→K2r1!5
GF

A2
f Bf K f rH ~lu1lc!Fb3~K2,r1!2

1

2
b3

ew~K2,r1!G J , ~B8!

A a~B̄0→K̄0r0!52
GF

2
f Bf K f rH ~lu1lc!Fb3~K̄0,r0!2

1

2
b3

ew~K̄0,r0!G J , ~B9!

A a~B̄0→K̄0v!5
GF

2
f Bf K f vH ~lu1lc!Fb3~K̄0,v!2

1

2
b3

ew~K̄0,v!G J , ~B10!

A a~B2→K2v!5
GF

2
f Bf K f v$lub2~K2,v!1~lu1lc!@b3~K2,v!1b3

ew~K2,v!#%. ~B11!

A a~B2→p0K* 2!5
GF

2
f Bf p f K* $lub2~K* 2,p0!1~lu1lc!@b3~K* 2,p0!1b3

ew~K* 2,p0!#%, ~B12!
094019-16
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A a~B2→K2r0!5
GF

2
f Bf K f r$lub2~K2,r0!1~lu1lc!@b3~K2,r0!1b3

ew~K2,r0!#%, ~B13!

A a~B̄0→h (8)K̄* 0!5
GF

A2
f Bf h(8)

u f K* H ~lu1lc!Fb3~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 , ~B14!

A a~B2→h (8)K* 2!5
GF

A2
f Bf h(8)

u f K* H luFb2~K* 2,h (8)!1
f h(8)

s

f h(8)
u b2~h (8),K* 2!G

1~lu1lc!Fb3~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 .

~B15!

3. Pure penguin diagram processes

A a~B2→p2K̄* 0!5
GF

A2
f Bf p f K* $lub2~K̄* 0,p2!1~lu1lc!@b3~K̄* 0,p2!1b3

ew~K̄* 0,p2!#%. ~B16!

A a~B2→K̄0r2!5
GF

A2
f Bf K f r$lub2~K̄0,r2!1~lu1lc!@b3~K̄0,r2!1b3

ew~K̄0,r2!#%, ~B17!

A a~B2→K2K* 0!5
GF

A2
f Bf K f K* $lu8b2~K* 0,K2!1~lu81lc8!@b3~K* 0,K2!1b3

ew~K* 0,K2!#%, ~B18!

A a~B2→K0K* 2!5
GF

A2
f Bf K f K* $lu8b2~K0,K* 2!1~lu81lc8!@b3~K0,K* 2!1b3

ew~K0,K* 2!#%, ~B19!

A a~B2→p2f!5A a~B̄0→p0f!50. ~B20!

A a~B2→K2f!5
GF

A2
f Bf K f f$lub2~f,K2!1~lu1lc!@b3~f,K2!1b3

ew~f,K2!#%, ~B21!

A a~B̄0→K̄0f!5
GF

A2
f Bf K f fH ~lu1lc!Fb3~f,K̄0!2

1

2
b3

ew~f,K̄0!G J . ~B22!
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