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Nonfactorizable effects in spectator and penguin amplitudes of hadronic charmlessB decays
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Nonfactorizable effects in hadronic charmlessB→PP,VP decays can be parametrized in terms of the
effective number of colors,Nc

eff , in the effective parametersai
eff that are linear combinations of Wilson

coefficients. It is shown thatNc
eff(V1A) in the penguin amplitudes induced by the (V2A)(V1A) four-quark

operators is different fromNc
eff(V2A) in the decay amplitudes arising from the (V2A)(V2A) operators.

Central values of the branching ratios forB6→vp6 andB→pp decays favorNc
eff(V2A)'2, in accordance

with the nonfactorizable effect observed inB→D (* )p(r). Measurements of the interference effects inB2

→p2(r2)p0(r0) decays will provide a more decisive test of the parameterNc
eff(V2A). However,Nc

eff(V
1A);2 is ruled out byB6→fK6. We find that the current bound onB6→fK6 implies Nc

eff(V1A)
*4.3, which is subject to the corrections fromW-annihilation and spacelike penguin effects. WithNc

eff(V
2A)'2 we show that the branching ratio ofB→h8K is enhanced considerably at small values of 1/Nc

eff(V
1A) so that it is compatible with experiment. In particular, the measurement ofB0→h8K0 is now well
explained without resorting to any new mechanism or new physics beyond the standard model. It is crucial to
measure the charged and neutral decay modes ofB→fK andB→fK* to test the generalized factorization
hypothesis. Finally, we point out that it is difficult to understand the observed large branching ratio ofB6

→vK6 within the present framework. Inelastic final-state interactions may alleviate the difficulty with this
decay mode.@S0556-2821~98!06117-7#

PACS number~s!: 13.25.Hw, 12.38.Bx
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I. INTRODUCTION

To describe the hadronic weak decays of mesons, the
sonic matrix elments are customarily evaluated under
factorization hypothesis so that they are factorized into
product of two matrix elements of single currents, govern
by decay constants and form factors. In the naive factor
tion approach, the relevant Wilson coefficient functions
color-allowed externalW-emission~or so-called ‘‘class-I’’!
and color-suppressed~class-II! internal W-emission ampli-
tudes are given bya15c11c2 /Nc , a25c21c1 /Nc , respec-
tively, with Nc the number of colors. In spite of its tremen
dous simplicity, naive factorization encounters two ma
difficulties. First, it never works for the decay rate of class
decay modes, though it usually operates for a class-I tra
tion. For example, the predicted decay rate of the co

suppressed decayD0→K̄0p0 in the naive approach is to
small when compared with experiment~for a review, see
@1#!. Second, the hadronic matrix element under factoriza
is renormalization scalem independent as the vector or axia
vector current is partially conserved. Consequently, the
plitude ci(m)^O& fact is not truly physical as the scale depe
dence of Wilson coefficients does not get compensation f
the matrix elements. The first difficulty indicates that it
inevitable and mandatory to take into account nonfacto
able contributions, especially for class-II decays, to ren
the color suppression of internalW emission ineffective. The
second difficulty also should not occur since the matrix e
ments of four-quark operators ought to be evaluated in
same renormalization scheme as that for Wilson coefficie
0556-2821/98/58~9!/094005~20!/$15.00 58 0940
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and renormalized at the same scalem.
Because there is only one single form factor~or Lorentz

scalar! involved in the class-I or class-II decay amplitude
B(D)→PP,PV decays (P is the pseudoscalar meson;V is
the vector meson!, the effects of nonfactorization can b
lumped into the effective parametersa1 anda2 @2#:1

a1
eff5c11c2S 1

Nc
1x1D , a2

eff5c21c1S 1

Nc
1x2D ,

~1.1!

wherec1,2 are the Wilson coefficients of the spectator fou
quark operators, and nonfactorizable contributions are c
acterized by the parametersx1 and x2 . Taking the decay
B2→D0p2 as an example, we have@4–6#

x15«8
~BD,p!1

a1

c2
«1

~BD,p! , x25«8
~Bp,D !1

a2

c1
«1

~Bp,D ! ,

~1.2!

where

1As pointed out in@3#, the general amplitude ofB(D)→VV decay
consists of three independent Lorentz scalars, corresponding tS-,
P-, andD-wave amplitudes. Consequently, it is in general not p
sible to define an effectivea1 or a2 unless nonfactorizable term
contribute in equal weight to all partial-wave amplitudes.
© 1998 The American Physical Society05-1
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«1
~BD,p!5

^D0p2u~ d̄u!
V2A

~ c̄b!
V2A

uB2&n f

^D0p2u~ d̄u!
V2A

~ c̄b!
V2A

uB2& f

5
^D0p2u~ d̄u!

V2A
~ c̄b!

V2A
uB2&

^p2u~ d̄u!
V2A

u0&^D0u~ c̄b!
V2A

uB2&
21,

«8
~BD,p!5

1

2

^D0p2u~ d̄lau!
V2A

~ c̄lab!
V2A

uB2&

^p2u~ d̄u!
V2A

u0&^D0u~ c̄b!
V2A

uB2&
~1.3!

are nonfactorizable terms originated from color-singlet a
color-octet currents, respectively, (q̄1q2)

V2A
[q̄1gm(1

2g5)q2 and (q̄1laq2)
V2A

[q̄1lagm(12g5)q2 . The sub-
scripts f and nf in Eq. ~1.3! stand for factorizable and non
factorizable contributions, respectively, and the supersc
(BD,p) in Eq. ~1.2! means that the pion is factored out
the factorizable amplitude ofB→Dp and likewise for the
superscript (Bp,D). In the large-Nc limit, «15O(1/Nc

2) and
«85O(1/Nc) @6#. Therefore, the nonfactorizable termx in
theNc→` limit is dominated by color octet-octet operator
Since uc1 /c2u@1, it is evident from Eq.~1.1! that even a
small amount of nonfactorizable contributions will have
significant effect on the color-suppressed class-II amplitu
If x1,2 are universal~i.e., process independent! in charm or
bottom decays, then we still have a new factorization sche
in which the decay amplitude is expressed in terms of f
torizable contributions multiplied by the universal effecti
parametersa1,2

eff . ~For B→VV decays, new factorization im
plies that nonfactorizable terms contribute in equal weigh
all partial-wave amplitudes so thata1,2

eff can be defined.! The
first systematical study of nonleptonic weak decays of he
mesons within the framework of the generalized factori
tion was carried out by Bauer, Stech, and Wirbel@7#. Phe-
nomenological analyses of two-body decay data ofD andB
mesons indicate that while the generalized factorization
pothesis in general works reasonably well, the effective
rametersa1,2

eff do show some variation from channel to cha
nel, especially for the weak decays of charmed mes
@2,5,8#. An eminent feature emerging from the data analy
is that a2

eff is negative in charm decay, whereas it becom
positive in the two-body decays of theB meson@2,9,6#:
a

d
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a2
eff~D→K̄p!;20.50, a2

eff~B→Dp!;0.26. ~1.4!

It should be stressed that since the magnitude ofa1,2 depends
on the model results for form factors, the above values ofa2

should be considered as representative ones. The sign oa2
eff

is fixed by the observed destructive interference inD1

→K̄0p1 and constructive interference inB2→D0p2.
Equation~1.4! then leads to

x2~m;mc ;D→K̄p!;20.36,

x2~m;mb ;B→Dp!;0.11. ~1.5!

In general the determination ofx2 is easier and more reliabl
than x1 . The observationux2(B)u!ux2(D)u is consistent
with the intuitive picture that soft gluon effects becom
stronger when the final-state particles move slower, allow
more time for significant final-state interactions after ha
ronization@2#.

Phenomenologically, the number of colorsNc is often
treated as a free parameter and fit to the data. Theoretic
this amounts to defining an effective number of colors,Nc

eff ,
called 1/j in @7#, by

1/Nc
eff[~1/Nc!1x. ~1.6!

It is clear from Eq.~1.5! that

Nc
eff~D→K̄p!@3, Nc

eff~B→Dp!'2. ~1.7!

Consequently, the empirical rule of discarding sublead
1/Nc terms formulated in the large-Nc approach@10# is jus-
tified for exclusive charm decay; the dynamical origin of t
1/Nc expansion comes from the fact that the Fierz 1/Nc terms
are largely compensated by nonfactorizable effects in ch
decay. Since the large-Nc approach impliesa2

eff;c2 and
since a2

eff is observed to be positive inB2→D0(p2,r2)
decays, one may wonder why the 1/Nc expansion is no
longer applicable to theB meson. Contrary to common be
lief, a careful study shows this is not the case. As pointed
in @6#, the large-Nc color counting rule for the Wilson coef
ficient c2(m) is different atm;mb and m;mc due to the
presence of the large logarithm atm;mc . More specifically,
c2(mb)5O(1/Nc) and c2(mc)5O(1). Recalling that c1
5O(1), it follows that, in the large-Nc limit @6#,
a2
eff5H c2(mc)1O(1/Nc) for the D meson,

c2(mb)1c1(mb)S 1

Nc
1«8(mb) D1O(1/Nc

3) for theB meson.
~1.8!
ome

the
e a
Therefore,a priori the 1/Nc expansion does not demand
negativea2

eff for bottom decay andNc
eff(B→Dp);2 is not

in conflict with the large-Nc approach. It should be remarke
that althoughx2 is positive in two-body decays of theB
meson, a theoretical argument suggests that it may bec
negative in high multiplicity decay modes@6#.

Thus far the nonfactorizable effect is discussed at
purely phenomenological level. It is thus important to hav
5-2
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NONFACTORIZABLE EFFECTS IN SPECTATOR AND . . . PHYSICAL REVIEW D 58 094005
theoretical estimate ofx i even approximately. Unfortunately
all existing theoretical calculations based on the QCD s
rule @11#, though they confirm the cancellation between t
1/Nc Fierz terms and nonfactorizable soft gluon effects@12#,

tend to predict a negativex in B̄0→D1p2,D0p0 and B
→J/cK decays. This tantalizing issue should be clarifi
and resolved in the near future. It is interesting to rem
that, relying on a different approach, namely, the three-sc
perturbative QCD~PQCD! factorization theorem, to tackle
the nonfactorizable effect, Li and one of us@13# are able to
explain the sign change ofx2 from bottom to charm decays

For B meson decay, the effective parametersa1,2
eff have

been determined so far only forB→D(p,r) andB→J/cK
where nonfactorizable effects amount to havingNc

eff;2. Re-
cently, several exclusive charmless rareB decay modes have
been reported for the first time by CLEO@14–19# and many
of them are dominated by the penguin mechanism. It is t
important to know~i! if the constructive interference of tre
amplitudes persists in class-III charmlessB decay~class-III
transitions receive contributions from both external and
ternal W emissions! and ~ii ! if Nc

eff is the same in spectato
and penguin amplitudes. In the literature it is customary
assume thatNc

eff behaves in the same way in the penguin a
nonpenguin amplitudes. The decay rate of the rareB decays
is then studied as a function of 1/Nc

eff . In the present paper
we shall see that, theoretically and experimentally,Nc

eff(V
1A) in the penguin amplitude induced by the (V2A)(V
1A) quark operators is different fromNc

eff(V2A) in the tree
or penguin amplitude induced by the (V2A)(V2A)
operators.2 We find thatNc

eff(V1A) in penguin-dominated
charmlessB decays is clearly larger thanNc

eff(V2A) ex-
tracted from spectator-dominated processes. Therefore
nonfactorizable effect in tree and penguin diagrams beha
in a different manner. This observation is the key element
understanding the CLEO measurement ofB6→h8K6 and
B0→h8K0. By treatingNc

eff(V2A) and Nc
eff(V1A) differ-

ently, the data ofB→h8K can be explained in the frame
work of the standard model without resorting to new mec
nisms or new physics beyond the standard model.

This paper is organized as follows. In Sec. II we ske
the starting point of the effective Hamiltonian and emphas
that vertex and penguin corrections to the four-quark ope
tors should be combined together with the Wilson coe
cients to render the resulting physical amplitude independ
of the choice of the renormalization scheme and scale. T
we extract the information ofNc

eff(V2A) from spectator-
dominated charmlessB decaysB6→vp6 and B→pp in
Sec. III andNc

eff(V1A) from the penguin-dominated proce
B→fK in Sec. IV. In Sec. V we demonstrate that the me
surement ofB→h8K also favors a different treatment o
Nc

eff(V2A) andNc
eff(V1A). In Sec. VI we point out a dif-

ficulty with B6→vK6 within the present framework. Con
clusions and discussions are presented in Sec. VII.

2In @20# we have assumed thatNc
eff(V2A)'Nc

eff(V1A)'2. The
present paper is an improved version of@20#.
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II. CALCULATIONAL FRAMEWORK

We briefly sketch in this section the calculational fram
work. The relevant effectiveDB51 weak Hamiltonian is

Heff~DB51!5
GF

A2
FVubVuq* ~c1O1

u1c2O2
u!

1VcbVcq* (c1O1
c 1c2O2

c)

2VtbVtq* (
i 53

10

ciOi G1H.c., ~2.1!

whereq5d,s, and

O1
u5~ ūb!

V2A
~ q̄u!

V2A
, O2

u5~ q̄b!
V2A

~ ūu!
V2A

,

O3~5!5~ q̄b!
V2A(

q8
~ q̄8q8!V2A~V1A! ,

O4~6!5~ q̄abb!
V2A(

q8
~ q̄b8qa8 !V2A~V1A! ,

O7~9!5
3

2
~ q̄b!

V2A(
q8

eq8~ q̄8q8!V1A~V2A! ,

O8~10!5
3

2
~ q̄abb!

V2A(
q8

eq8~ q̄b8qa8 !V1A~V2A! ,

~2.2!

with O3–O6 being the QCD penguin operators andO7–O10
the electroweak penguin operators. As noted in passing
order to ensure the renormalization-scale and -scheme i
pendence for the physical amplitude, the matrix elements
four-quark operators have to be evaluated in the same re
malization scheme as that for Wilson coefficients and ren
malized at the same scalem.

In full theory, the leading QCD correction to the wea
transition is of the formasln(MW

2 /2p2) for massless quarks
wherep is the off-shell momentum of external quark line
and its magnitude2p2 depends on the system under cons
eration. For example,2p2;mb

2 in the energetic two-body
charmlessB decays. The merit of the effective Hamiltonia
approach is that one can choose a renormalization scalem so
that the leading logarithmic correction ln(MW

2 /2p2)
5ln(MW

2 /m2)1ln(m2/2p2) is decomposed in such a way th
the large logarithmic term ln(MM

2 /m2) is lumped into the Wil-
son coefficient functionc(m) and summed over to all order
in as using the renormalization group equation, while t
logarithmic correction ln(m2/2p2) to the matrix element
^O(m)& is small ~for a review, see@26#!. SinceO(m) is the
four-quark operator renormalized at the scalem, its hadronic
matrix element is related to the tree level one via

^O~m!&5 g~m!^O& tree, ~2.3!

with
5-3
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g~m!;11as~m!S g ln
m2

2p2 1cD ~2.4!

for current-current operators, where we have included
nonlogarithmic constant contributionc since the logarithmic
contribution ln(m2/2p2) is small whenm2;2p2 and hence
the momentum-independent constant term cannot be
glected. It follows that, schematically,

^Heff&5 c~m!g~m!^O& tree5ceff^O& tree. ~2.5!

To the next-to-leading order~NLO!, c(m) depends on the
renormalization scheme chosen and so does the constanc in
g(m). However, the effective Wilson coefficientceff is inde-
pendent of the choice of the renormalization scheme
scale. It should be stressed that, except for the lattice Q
model calculations of the hadronic matrix elements are a
ally performed for^O& tree rather than for̂ O(m)&. ~Quark
model calculation of̂ O& tree, for example, may involve an
implicit low energy scale, but it has nothing to do with th
renormalization scalem.) For example, in the factorizatio
approximation, the matrix element^O& fact is scale indepen-
dent and hence it cannot be identified with^O(m)&. There-
fore, it is important to evaluateg(m), the perturbative cor-
rections to the four-quark operators at the scalem.

As emphasized above, before applying factorization
carrying out any model calculation of hadronic matrix e
ments, it is necessary to incorporate QCD and electrow
corrections to the operators

^Oi~m!&5F I1
as~m!

4p
m̂s~m!1

a

4p
m̂e~m!G

i j

^Oj& tree,

~2.6!

so thatci(m)^Oi(m)&5ci
eff^Oi& tree, where

ci
eff5F I1

as~m!

4p
m̂s

T~m!1
a

4p
m̂e

T~m!G
i j

cj~m!. ~2.7!

Then the factorization approximation is applied to the h
ronic matrix elements of the operatorO at the tree level.
Perturbative QCD and electroweak corrections to the ma
cesm̂s andm̂e from vertex diagrams and penguin diagram
have been calculated in@21–24#. It should be remarked tha
although the penguin coefficientsc3–c10 are governed by
penguin diagrams witht quark exchange, the effective Wi
son coefficients do incorporate the effects of the peng
diagrams with internalu and c quarks induced by the
current-current operatorO1 . For example@24#,

c6
eff5 c6~m!2

as~m!

8p Flc

l t
G̃~mc ,k,m!1

lu

l t
G̃~mu ,k,m!G

3c1~m!1¯, ~2.8!

where l i5VibViq* (q5d,s), G̃(mq ,k,m)5 2
3 k

2G(mq ,k,m), k is a constant depending on the renorm
ization scheme,k is the gluon’s virtual momentum, and
09400
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G~m,k,m!524E
0

1

dx x~12x!lnS m22k2x~12x!

m2 D .

~2.9!

For b→s transitions,uluu!ul tu, lc;2l t , and hence

c6
eff5c6~m!1

as~m!

8p
G̃~mc ,k,m!c1~m!1¯ . ~2.10!

The importance of the so-called ‘‘charming’’ penguin di
grams for b→s transition was emphasized recently~and
probably overemphasized! in @25#.

Using the next-to-leading orderDB51 Wilson coeffi-
cients obtained in the ’t Hooft–Veltman~HV! scheme and
the naive dimension regularization~NDR! scheme atm
5mb(mb), LMS̄

(5)
5225 MeV andmt5170 GeV in Table 22

of @26#, we obtain the effective renormalization-scheme- a
-scale-independent Wilson coefficientsci

eff at k25mb
2/2:3

c1
eff51.149, c2

eff520.325,

c3
eff50.02111 i0.0045, c4

eff520.04502 i0.0136,

c5
eff50.01341 i0.0045, c6

eff520.05602 i0.0136,

c7
eff52~0.02761 i0.0369!a, c8

eff50.054a,

c9
eff52~1.3181 i0.0369!a, c10

eff50.263a. ~2.11!

Two important remarks are in order. First of all,c1,2
eff are

surprisingly very close to the leading order Wilson coef
cients, c1

LO51.144 andc2
LO520.308 atm5mb(mb) @26#,

recalling thatc2
NDR520.185 andc2

HV520.228 at NLO@26#
deviate substantially from the leading order values. T
means that̂O1,2(m)&'^O1,2& tree. Hence, it explains why the
conventional way of applying the Wilson coefficients
leading order and evaluating the matrix elements of curre
current operators at the tree level is ‘‘accidentally’’ justifie
provided thatm2;2p2. Second, comparing Eqs.~2.11! with
the leading order penguin coefficients@26#

c3
LO50.014, c4

LO520.030, c5
LO50.009, c6

LO520.038
~2.12!

at m5mb(mb), we see that Re(c3 – 6
eff )' 3

2 c3 – 6
LO (m). This im-

plies that, contrary to the case of current-current operat
penguin corrections to the current-current operators give
portant contributions to the QCD penguin operators. T
means that the decay rates of charmlessB decay modes
dominated by penguin diagrams will be too small by a fac
of ;(1.5)252.3 if only leading order penguin coefficient
are employed for calculation.

3We use the complete expressions ofm̂s(m) given in @24# and

m̂e(m) in @22# to evaluateci
eff . Note that while ourc1 – 6

eff are con-
sistent with the numerical results given in@24,27#, our values for
c7 – 10

eff are different from those shown in@27#.
5-4
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We shall see later that running quark masses appear in
matrix elements of (S2P)(S1P) penguin operators
through the use of equations of motion. The running qu
mass should be applied at the scalem;mb because the en
ergy released in the energetic two-body charmless decay
the B meson is of ordermb . Explicitly, we use@28#

mu~mb!53.2 MeV, md~mb!56.4 MeV,

ms~mb!5105 MeV, mc~mb!50.95 GeV,

mb~mb!54.34 GeV, ~2.13!

in the ensuing calculation, where we have appliedms5150
MeV at m51 GeV.

It is convenient to parametrize the quark mixing matrix
terms of the Wolfenstein parametersA, l, r, and h @29#,
whereA50.804 andl50.22. In the present paper we em
ploy two representative values forr and h: ~i! r50.16,
h50.34 and~ii ! r520.12,h50.35. Both of them satisfy the
constraintAr21h250.37. A recent analysis of all availabl
experimental constraints imposed on the Wolfenstein par
eters yields@30#

r̄5 0.15660.090 , h̄50.32860.054, ~2.14!

where r̄5r(12 l2/2) and h̄5h(12 l2/2), and it implies
that the negativer region is excluded at 93% C.L.

III. NONFACTORIZABLE EFFECTS IN SPECTATOR
AMPLITUDES

The combinations of the effective Wilson coefficien
a2i5c2i

eff1 (1/Nc) c2i 21
eff , a2i 215c2i 21

eff 1 (1/Nc) c2i
eff ( i

51, . . . ,5) appear in the decay amplitudes. As discusse
the Introduction, nonfactorizable effects in the decay am
tudes ofB→PP,VP can be absorbed into the paramete
ai

eff . This amounts to replacingNc in ai by (Nc
eff) i . ~It must

be emphasized that the factor ofNc appearing in any place
other thanai shouldnot be replaced byNc

eff .) Explicitly,

a2i
eff5c2i

eff1
1

~Nc
eff!2i

c2i 21
eff , a2i 21

eff 5c2i 21
eff 1

1

~Nc
eff!2i 21

c2i
eff .

~3.1!

It is customary to assume in the literature that (Nc
eff)1

'(Nc
eff)2•••'(Nc

eff)10 so that the subscripti can be dropped
A closer investigation shows that this is not the case. C
sider an operator of the formO5q̄1

aGq2
b q̄3

bG8q4
a which

arises from the Fierz transformation of a singlet-singlet
erator with G and G8 being some combinations of Dira
matrices. Applying the identity

O5
1

3
q̄1Gq2 q̄3G8q41

1

2
q̄1laGq2 q̄3laG8q4 ~3.2!

to the matrix element ofM→P1P2 leads to~assuming the
quark contentq̄1q2 for P1)
09400
he
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^P1P2uOuM &5
1

3
^P1uq̄1Gq2u0&^P2uq̄3G8q4uM &

1
1

3
^P1P2uq̄1Gq2 q̄3G8q4uM &n f

1
1

2
^P1P2uq̄1laGq2 q̄3laG8q4uM &.

~3.3!

The nonfactorizable effects due to octet-octet and sing
singlet operators are characterized by the parameters«8 and
«1, respectively, as shown in Eq.~1.3!:

«15
^P1P2uq̄1Gq2 q̄3G8q4uM &n f

^P1P2uq̄1Gq2 q̄3G8q4uM & f

3
^P1P2uq̄1Gq2 q̄3G8q4uM & f

^P1P2u~ q̄1q2!
V2A

~ q̄3q4!
V2A

uM & f

,

«85
1

2

^P1P2uq̄1laGq2 q̄3laG8q4uM &

^P1P2uq̄1Gq2 q̄3G8q4uM & f

3
^P1P2uq̄1Gq2 q̄3G8q4uM & f

^P1P2u~ q̄1q2!
V2A

~ q̄3q4!
V2A

uM & f

. ~3.4!

However, the Fierz transformation of the (V2A)(V1A) op-
erators O5,6,7,8 is quite different from that of (V2A)(V
2A) operatorsO1,2,3,4andO9,10; that is,

~V2A!~V1A!→22~S2P!~S1P!,
~3.5!

~V2A!~V2A!→~V2A!~V2A!.

Therefore,G andG8 are the combinations of the Dirac ma
trices 1 andg5 for the Fierz transformation of (V2A)(V
1A) operators and the combinations ofgm and gmg5 for
(V2A)(V2A) operators. As a result, nonfactorizable e
fects in the matrix elements of (V2A)(V1A) operators are
a priori different from that of (V2A)(V2A) operators, i.e.,
x(V1A)Þx(V2A). Since 1/Nc

eff51/Nc1x @cf. Eq. ~1.6!#,
theoretically it is expected that

Nc
eff~V2A![~Nc

eff!1'~Nc
eff!2'~Nc

eff!3'~Nc
eff!4

'~Nc
eff!9'~Nc

eff!10,

Nc
eff~V1A![~Nc

eff!5'~Nc
eff!6'~Nc

eff!7'~Nc
eff!8 , ~3.6!

and Nc
eff(V1A)ÞNc

eff(V2A) in general. In principle,Nc
eff

can vary from channel to channel, as in the case of ch
decay. However, in energetic two-bodyB decays,Nc

eff is
expected to be process insensitive as supported by data@6#.
As stressed in the Introduction, ifNc

eff is process indepen
dent, then we have a generalized factorization. Contrary
the naive one, the improved factorization does incorpor
5-5
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HAI-YANG CHENG AND B. TSENG PHYSICAL REVIEW D58 094005
nonfactorizable effects in a process-independent form.

example,x15x252 1
3 in the large-Nc approximation of

factorization.
The unknown parameters (Nc

eff) i in charmlessB decays in
principle can be determined if the decay rates are meas
for a handful of decay modes with sufficient accuracy. B
cause of the limited data and limited significance available
present, we shall use Eqs.~3.6! and the experimental resu
for Nc

eff(B→Dp) as a guidance to determine (Nc
eff) i . To

begin with, we focus in this section on the decay mod
e-
e
t:

ng

pp
vy
qs
s
th

ur

09400
or

ed
-
t

s

dominated by the spectator diagrams induced by the curr
current operatorsO1 andO2 . In particular, we would like to
study these modes which are sensitive to the interfere
between external and internalW-emission amplitudes. The
fact thatNc

eff,3.5 (Nc
eff.3.5) implies a positive~negative!

a2
eff and hence a constructive~destructive! interference will

enable us to differentiate between them. Good examples
the class-III modesB6→vp6,p0p6,hp6,p0r6, . . . , etc.

We first consider the decayB2→vp2. Under the gener-
alized factorization, its decay amplitude is given by
A~B2→vp2!5
GF

A2
HVubVud* ~a1X~Bv,p!1a2X~Bp,v!12a1X~B,pv!!

‘

2VtbVtd* F S a41a1022~a61a8!
mp

2

~mb1mu!~mu1md!
DX~Bv,p!

1
1

2
~4a312a414a51a71a92a10!X

~Bp,v!

12S a41a1022~a61a8!
mB

2

~mb1mu!~mu1md!
DX~B,pv!G J , ~3.7!
where we have dropped the superscript ‘‘eff’’ for conv
nience, and the notationX(Bv,p), for example, denotes th
factorization amplitude with thep meson being factored ou

X~Bv,p![^p2u~ d̄u!
V2A

u0&^vu~ ūb!V2AuB2&,

X~Bp,v![^vu~ ūu!
V2A

u0&^p2u~ d̄b!V2AuB2&,

X~B,pv![^p2vu~ d̄u!
V2A

u0&^0u~ ūb!V2AuB2&. ~3.8!

Note that in the penguin amplitude, the termX(B,pv) arises
from the spacelike penguin diagram. Using the followi
parametrization for decay constants and form factors,4

4Once the one-body matrix elements are defined, one can a
heavy-quark symmetry to the two-body matrix elements for hea
to-heavy transition to show that all the form factors defined in E
~3.9! are positively defined atq2>0 and that the relative sign
between two-body and one-body matrix elements are fixed. In
way, we find that the vector form factorV(q2) defined by Wirbel,
Stech, and Bauer@31# has a sign opposite to ours. Note that o
convention ise012351.
^0uAmuP~q!&5 i f Pqm , ^0uVmuV~p,«!&5 f VmV«m ,

^P8~p8!uVmuP~p!&5S pm1pm8 2
mP

2 2mP8
2

q2
qmD F1~q2!

1F0~q2!
mP

2 2mP8
2

q2
qm ,

^V~p8,«!uVmuP~p!&5
2

mP1mV
emnab«* npap8bV~q2!,

^V~p8,«!uAmuP~p!&5 i F ~mP1mV!«mA1~q2!

2
«•p

mP1mV
~p1p8!mA2~q2!

22mV

«•p

q2 qm@A3~q2!2A0~q2!#G ,
~3.9!

whereq5p2p8, F1(0)5F0(0), A3(0)5A0(0), and

A3~q2!5
mP1mV

2mV
A1~q2!2

mP2mV

2mV
A2~q2!, ~3.10!

we obtain

ly
-
.

is
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X~Bv,p!522 f pmvA0
Bv~mp

2 !«•pB ,

X~Bp,v!52A2 f vmvF1
Bp~mv

2 !«•pB .
~3.11!

For theq2 dependence of form factors in the region whereq2

is not too large, we shall use the pole dominance ans
namely,

f ~q2!5
f ~0!

~12q2/m
*
2 !n

, ~3.12!

wherem* is the pole mass given in@7#. A direct calculation
of B→P and B→V form factors at timelike momentum
transfer is available in the relativistic light-front quark mod
@32# with the results that theq2 dependence of the form
factors A0 , F1 is a dipole behavior~i.e., n52), while F0
exhibits a monopole dependence (n51). The decay rate is
then given by

G~B2→p2v!5
pc

8pmB
2 S ~mB

22mp
2 2mv

2 !2

4mv
2

2mp
2 D

3U A~B2→p2v!

«•pB
U2

, ~3.13!

wherepc is the c.m. momentum:

pc5
A@mB

22~mv1mp!2#@mB
22~mv2mp!2#

2mB
. ~3.14!

Since

VubVud* 5Al3~r2 ih!, VcbVcd* 52Al3,

VtbVtd* 5Al3~12r1 ih!, ~3.15!

in terms of the Wolfenstein parametrization@29#, are of the
same order of magnitude, it is clear thatB2→vp2 is domi-
nated by external and internalW emissions and that pengui

FIG. 1. The branching ratio ofB6→vp6 vs 1/Nc
eff . The solid

and dashed curves are forh50.34, r50.16 andh50.35, r5
20.12, respectively. The solid thick lines are the CLEO measu
ments with one sigma errors.
09400
tz,

l

contributions are suppressed by the smallness of the pen
coefficients. Neglecting theW-annihilation contribution de-
noted byX(B,pv), and usingf p5132 MeV, f v5195 MeV
for decay constants,A0

Bv(0)50.28/A2,F1
Bp(0)50.33 for

form factors@31#, andt(B6)5(1.6760.04) ps@33# for the
chargedB lifetime, the branching ratio ofB6→p6v aver-
aged overCP-conjugate modes is shown in Fig. 1 where w
have set Nc

eff(V1A)5Nc
eff(V2A)5Nc

eff and plotted the
branching ratio as a function of 1/Nc

eff . We see that the
branching ratio is sensitive to 1/Nc

eff and has the lowest valu
of order 231026 at Nc

eff5` and then increases with 1/Nc
eff .

Since, experimentally@16#,5

B~B6→vp6!5~1.120.5
10.660.2!31025, ~3.16!

it is evident that 1/Nc
eff.0.35 is preferred by the data. Be

cause this decay is dominated by tree amplitudes, this in
implies that

Nc
eff~V2A!,2.9 from B6→p6v. ~3.17!

With the value ofNc
eff(V2A) being fixed to be 2, the branch

ing ratio of B6→p6v is plotted in Fig. 2 as a function o
Nc

eff(V1A). We see that for positiver, which is preferred
by the current analysis@30#, the branching ratio is of orde
(0.9– 1.0)31025, very close to the central value of the me
sured one.

The fact thatNc
eff(V2A),2.9 in charmless two-body de

cays of theB meson is consistent with the nonfactorizab
term extracted fromB→(D,D* )p,Dr decays, namely,x
;0.10 orNc

eff(B→Dp)'2. Since the energy release in th
energetic two-body decaysB→vp, B→Dp is of the same
order of magnitude, it is thus expected thatNc

eff(V
2A)uB→vp'2.

5The significance ofB6→vp6 is reduced in the recent CLEO
analysis and only an upper limit is quoted@34,19#: B(B6→p6v)
,2.331025. Since B(B6→K6v)5(1.520.6

10.760.2)31025 and
B(B6→h6v)5(2.520.7

10.860.3)31025 with h5p,K, the central
value ofB(B6→p6v) remains about the same as in Eq.~3.16!.

-

FIG. 2. Same as Fig. 1 except that the branching ratio is plo
against 1/Nc

eff(V1A) with Nc
eff(V2A) being fixed at the value of 2
5-7
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The main uncertainty of the above analysis is the ne
gence of the spacelike penguin diagrams andW annihila-
tions. It is common to argue thatW annihilation is negligible
due to helicity suppression, corresponding to form fac
suppression at a large momentum transfer,q25mB

2 ~for a
recent study, see@35#!. However, we see from Eq.~3.7! that
the spacelike penguin contribution gains a large enhan
ment by a factor ofmB

2/@mb(mu1md)#'670. Therefore,
there is no good reason to ignore the spacelike penguin e
@36# that has been largely overlooked in the literature. U
fortunately, we do not have a reliable method for estimat
W-annihilation and hence spacelike penguin diagrams.

We next come to the decayB2→p2p0 which is quite
clean and unique in the sense that this is the only two-b
charmlessB decay mode that does not receive any contri
tions from the QCD penguin operators. Under the gene
ized factorization approximation,

A~B2→p2p0!5
GF

A2
VubVud* ~a11a2!i f p

3~mB
22mp

2 !F0
Bp0

~mp
2 !,

~3.18!

with F0
Bp0

5F0
Bp6

/A2, where we have neglected the ve
small electroweak penguin contributions. The decay rate

G~B2→p2p0!5
pc

8pmB
2 uA~B2→p2p0!u2. ~3.19!

Just like the decayB2→p2v, the branching ratio ofB2

→p2p0 also increases with 1/Nc
eff as shown in Fig. 3. The

CLEO measurement is@17#

B~B6→p6p0!5~0.920.5
10.6!31025,2.031025.

~3.20!

However, the errors are so large that it is meaningless to
a sensible constraint onNc

eff(V2A). Nevertheless, we se
that in the range 0<1/Nc

eff<0.5 @24#, Nc
eff(V2A)'2 is fa-

vored.

FIG. 3. Same as Fig. 1 except forB6→p6p0. The thick dotted
line is the CLEO upper limit@see Eq.~3.20!#.
09400
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In analogy to the decaysB→D (* )p(r), the interference
effect of spectator amplitudes in class-III charmlessB decay
can be tested by measuring the ratios

R1[2
B~B2→p2p0!

B~B̄0→p2p1!
, R2[2

B~B2→r2p0!

B~B̄0→r2p1!
,

R3[2
B~B2→p2r0!

B~B̄0→p2r1!
. ~3.21!

Since penguin contributions are very small as we ha
checked numerically, to a good approximation we have

R15
t~B2!

t~Bd
0!

S 11
a2

a1
D 2

,

R25
t~B2!

t~Bd
0! S 11

f p

f r

A0
Br~mp

2 !

F1
Bp~mr

2!

a2

a1
D 2

,

R35
t~B2!

t~Bd
0! S 11

f r

f p

F1
Bp~mr

2!

A0
Br~mp

2 !

a2

a1
D 2

.

~3.22!

Evidently, the ratiosRi are greater~less! than unity when the
interference is constructive~destructive!. Numerically we
find

R15H 1.74,

0.58,
R25H 1.40,

0.80,

R35H 2.50 for Nc
eff52,

0.26 for Nc
eff5`,

~3.23!

where use oft(Bd
0)5(1.5760.04) ps@33#, f r5216 MeV,

A0
Br(0)50.28@32# has been made. Hence, a measuremen

Ri ~in particularR3), which has the advantage of being in
dependent of the parametersr andh, will constitute a very
useful test of the effective number of colorsNc

eff(V2A). The

present experimental information onB̄0→p1p2 is @17#

B~B̄0→p6p7!5~0.760.4!31025,1.531025.
~3.24!

As far as the experimental central value ofR1 is concerned,
it appears that 1/Nc

eff;0.5 is more favored than any othe
small values of 1/Nc

eff .
In short, using the central values of the branching rat

for class-III decay modes,B→pv, B→pp, we find that
within the range 0<1/Nc

eff<0.5, Nc
eff (V2A);2 is certainly

more preferred. Measurements of class-III decays are
gently needed in order to pin down the nonfactorizable eff
in tree amplitudes. In particular, measurements of the in
5-8
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ference effects in chargedB decaysB2→p2(r2)p0(r0)
will be very helpful in determiningNc

eff(V2A).

IV. NONFACTORIZABLE EFFECTS
IN PENGUIN AMPLITUDES

In Sec. III we have shown that for spectator diagram a
plitudesNc

eff(V2A);2 is preferred, as expected. Howeve
the nonfactorizable effect in the penguin amplitude is
necessarily the same as that in the tree amplitude since
s

et

is

ia

he

th

09400
-
,
t
he

chiral structure and the Fierz transformation of theV
2A)(V1A) four-quark operatorsO5,6,7,8 are different from
that of (V2A)(V2A) operators; that is,Nc

eff(V1A) is a
priori not the same asNc

eff(V2A). By studying the penguin-
dominated decaysB→fK and B→fK* , we shall see that
Nc

eff(V1A);2 is ruled out by the current bound onB2

→K2f.
The decay B2→K2f receives contributions from

W-annihilation and penguin diagrams:
A~B2→K2f!5
GF

A2
H VubVus* a1X~B,Kf!2VtbVts* F S a31a41a52

1

2
~a71a91a10! DX~BK,f!

1S a41a1022~a61a8!
mB

2

~mb1mu!~ms1mu!
DX~B,Kf!G J , ~4.1!
ive

ca-
le
me
cay
of
where

X~BK,f![^fu~ s̄s!
V2A

u0&^K2u~ s̄b!
V2A

uB2&

522 f fmfF1
BK~mf

2 !~«•pB!,

X~B,Kf![^fK2u~ s̄u!
V2A

u0&^0u~ ūb!
V2A

uB2&.
~4.2!

NeglectingW-annihilation and spacelike penguin diagram
and usingf f5237 MeV,F1

BK(0)50.34@32#, we plot in Fig.
4 the branching ratio ofB6→fK6 against 1/Nc

eff for two
different cases: the dotted curve for the free param
Nc

eff(V1A)5Nc
eff(V2A)5Nc

eff and the solid curve with
Nc

eff(V2A) being fixed at the value of 2. In either case, it
clear that Nc

eff(V1A)52 is evidently excluded from the
present CLEO upper limit@34#

B~B6→fK6!,0.531025. ~4.3!

A similar observation was also made in@37#. The conclusion
that Nc

eff(V1A)Þ2 will be further reinforced if the decay
rate ofB6→fK6 is enhanced by the spacelike penguin d
grams. From Fig. 4 we also see that 1/Nc

eff(V1A),0.23 or
Nc

eff(V1A).4.3. Note that this constraint is subject to t
corrections from spacelike penguin andW-annihilation con-
tributions. At any rate, it is safe to conclude that

Nc
eff~V1A!.Nc

eff~V2A!. ~4.4!

The branching ratio ofB→fK* , the average offK* 2 and
fK* 0 modes, is also measured recently by CLEO with
result @34#
er

-

e

B~B→fK* ![
1

2
@B~B6→fK* 6!1B~B0→fK* 0!#

5~1.120.5
10.660.2!31025. ~4.5!

As emphasized in the first footnote of Sec. I, the effect
parametersai in general cannot be defined for theB→VV
decay as its amplitude involves more than one Lorentz s
lar. In the absence of information for the nonfactorizab
contributions to various Lorentz scalars, we shall assu
generalized factorization. Under this hypothesis, the de
amplitude ofB→fK* has a similar expression as that
B→fK. Its decay rate is given by

G~B2→fK* 2!

5
pc

8pmB
2UGF

A2
VtbVts* f fmf~mB1mK* !

3A1
BK* ~mf

2 !S a31a41a52
1

2
~a71a91a10! D U2

3@~a2bx!212~11c2y2!#, ~4.6!

with

x5 A2
BK* ~mf

2 !/A1
BK* ~mf

2 !, y5 VBK* ~mf
2 !/A1

BK* ~mf
2 !,

a5
mB

22mK*
2

2mf
2

2mK* mf

, b5
2pc

2mB
2

mK* mf~mB1mK* !2
,

c5
2pcmB

~mB1mK* !2
, ~4.7!
5-9
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HAI-YANG CHENG AND B. TSENG PHYSICAL REVIEW D58 094005
where we have neglected contributions proportional
X(B,K* f).

We calculate the decay rates using two different sets
values for form factors:

A1
BK* ~0!50.328, A2

BK* ~0!50.331, VBK* ~0!50.369
~4.8!

from @7# and

A1
BK* ~0!50.26, A2

BK* ~0!50.23, VBK* ~0!50.32
~4.9!

from @32#. As for theq2 dependence, light-front calculation
indicate a dipole behavior forV(q2), A2(q2) and a mono-
pole dependence forA1(q2) @32#. The result is shown in Fig
5. It is interesting to note that the branching ratios are v
insensitive to the choice of the values for form factors, E
~4.8! or ~4.9!. We see that the allowed region is 0
*1/Nc

eff(V1A)*0.25 or 4*Nc
eff(V1A)*1.4, bearing in

mind that this constraint is subject to the corrections fr
annihilation terms. This seems to be in contradiction to
constraint Nc

eff(V1A).4.3 derived from B6→fK6. In
fact, it is expected in the factorization approach thatG(B
→fK* )'G(B→fK) when theW-annihilation type of con-
tribution is neglected. The current CLEO measurements~4.3!
and ~4.5! are obviously not consistent with the predictio
based on factorization. One possibility is that generaliz
factorization is not applicable toB→VV. Therefore, the dis-
crepancy betweenB(B→fK) and B(B→fK* ) will mea-
sure the degree of deviation from the generalized factor
tion that has been applied toB→fK* . At any rate, in order
to clarify this issue and to pin down the effective number
colors Nc

eff(V1A), we need measurements ofB→fK and
B→fK* , especially the neutral modes, with sufficient acc
racy.

Since CLEO has measuredB2→p2K̄0 and B̄0→p1K2

@17#, we have also studied these two decay modes. We fo
that for a fixedNc

eff(V2A)52, the predicted branching ratio

FIG. 4. The branching ratio ofB6→fK6 vs 1/Nc
eff for h

50.34 andr50.16. The dotted curve is forNc
eff(V1A)5Nc

eff(V
2A)5Nc

eff and the solid curve is the branching ratio again
1/Nc

eff(V1A) with Nc
eff(V2A) being fixed at the value of 2. The

solid thick line is the CLEO upper limit.
09400
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of B→pK are in agreement with the CLEO measureme
within errors for all values of 1/Nc

eff(V1A). Hence, no use-
ful constraint on Nc

eff(V1A) can be derived fromB2

→p2K̄0 and B̄0→p1K2.
Since Nc

eff(V1A).Nc
eff(V2A), one may wonder if the

leading 1/Nc expansion may happen to be applicable again
the matrix elements of (V2A)(V1A) operators. We believe
thatNc

eff(V1A)5` is very unlikely for two reasons. First, i
will predict a too small branching ratio ofB→fK* as
shown in Fig. 5. Second, it implies a nonfactorizable te
xB(V1A);2 1

3 , as in the charm case. Since the energy
lease in the energetic two-body decays of theB meson is
much larger than that in charm decay, it is thus expected

ux~D→K̄p!u.uxB~V1A!u;ux~B→Dp!u. ~4.10!

BecauseNc
eff(V1A)*4.3, it is then plausible to assume th

xB(V1A);2x(B→Dp)'2(0.10–0.12). Hence,Nc
eff(V

1A);(4.3– 4.9).

V. IMPLICATIONS ON CHARMLESS B DECAYS
INTO h8 AND h

When the preliminary CLEO measurement ofB6

→h8K6 was reported last year@14#,

B~B6→h8K6!5~7.822.2
12.761.0!31025, ~5.1!

it stimulated great interest in the community since early t
oretical estimates of theB6→h8K6 branching ratio
@36,38,23# lie in the range of6 (122)31025. Since then,
many theoretical studies and speculation have surged, as
denced by the recent literature@24,27,39–49# that offers

6The predictionB(B6→h8K6)53.631025 given in @36# is too
large by about a factor of 2 because the normalization constan
theh8 wave function was not taken into account in the form fac

F0
Bh8 . This negligence was also erroneously made in some re

papers onB→h8K. Note that all early calculations@36,38,23# did
not take into account the anomaly contribution to the matrix e
ment ^h8us̄g5su0& ~see below!.

t

FIG. 5. Same as Fig. 1 except forB→fK* .
5-10
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various interpretations on the abnormally large branching
tios. It was soon realized@24,27# that the running strange
quark mass at the scalem5O(mb) and SU~3! breaking in the
decay constants of theh0 and h8 will provide a large en-
hancement to the decay rate ofB→h8K ~for a review, see
@50#!. Unfortunately, as pointed out in@24#, this enhance-
ment is partially washed out by the anomaly contribution
the matrix element̂h8us̄g5su0&, an effect overlooked previ
ously. As a consequence, the branching ratio ofB→h8K is
of the order of (2 – 3)31025 in the range 0<1/Nc

eff<0.5.
The discrepancy between theory and current measurem
@18#,

B~B6→h8K6!5~6.521.4
11.560.9!31025,

B~B0→h8K0!5~4.722.0
12.760.9!31025, ~5.2!
09400
-

nts

seems to call for some new mechanisms unique toh8 pro-
duction or even some new physics beyond the stand
model.

All the previous analyses ofB→h8K in the literature are
based on the assumption that (Nc

eff) i are the same fori
51,2, . . .,10. In this section we will show that the fact th
Nc

eff(V1A) and Nc
eff(V2A) are not the same and that the

are subject to the constraints~3.17! and~4.10! will lead to a
significant enhancement for the decay rate ofB→h8K at
small values of 1/Nc

eff . Moreover, we shall see that the pr
diction ofB(B→h8K) is compatible with experiment. Espe
cially, the measurement ofB0→h8K0 is well explained, im-
plying that no new mechanism in the standard model or n
physics beyond the standard model is needed to accoun
the data.

To begin with, we write down the factorizable amplitud
A~B2→h8K2!5
GF

A2
XVubVus* ~a1X~Bh8,K !1a2Xu

~BK,h8!1a1X~B,h8K !!1VcbVcs* a2Xc
~BK,h8!

2VtbVts* H S a41a1012~a61a8!
mK

2

~ms1mu!~mb2mu!
DX~Bh8,K !

1S 2a322a52
1

2
a71

1

2
a9DXu

~BK,h8!1~a32a52a71a9!Xc
~BK,h8!

1S a41a1012~a61a8!
mB

2

~ms2mu!~mb1mu!
DX~B,h8K !

1Fa31a42a51
1

2
a72

1

2
a92

1

2
a101S a62

1

2
a8D mh8

2

ms~mb2ms!
S 12

f h8
u

f h8
s D GXs

~BK,h8!J C ~5.3!

for B2→h8K2 and

A~B̄0→h8K̄0!5
GF

A2
XVubVus* a2Xu

~BK,h8!1VcbVcs* a2Xc
~BK,h8!

2VtbVts* H S a42
1

2
a101~2a62a8!

mK
2

~ms1md!~mb2md!
DX~Bh8,K !

1S 2a322a52
1

2
a71

1

2
a9DXu

~BK,h8!1~a32a52a71a9!Xc
~BK,h8!

1S a41a1012~a61a8!
mB

2

~ms2md!~mb1md!
DX~B,h8K !

1Fa31a42a51
1

2
a72

1

2
a92

1

2
a101S a62

1

2
a8D mh8

2

ms~mb2ms!
S 12

f h8
u

f h8
s D GXs

~BK,h8!J C ~5.4!
5-11
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for B̄0→h8K̄0, where

X~Bh8,K ![^K2u~ s̄u!
V2A

u0&^h8u~ ūb!
V2A

uB2&

5^K̄0u~ s̄d!
V2A

u0&^h8u~ d̄b!
V2A

uB̄0&

5 i f K~mB
22mh8

2
!F0

Bh8~mK
2 !,

Xq
~BK,h8![^h8u~ q̄q!

V2A
u0&^K2u~ s̄b!V2AuB2&

5^h8u~ q̄q!
V2A

u0&^K̄0u~ s̄b!V2AuB̄0&

5 i f h8
q

~mB
22mK

2 !F0
BK~mh8

2
!,

X~B,h8K ![^h8K2u~ s̄u!
V2A

u0&^0u~ ūb!V2AuB2&, ~5.5!

and use of the isospin relationXd
(BK,h8)5Xu

(BK,h8) has been
made. For the amplitude ofB2→h8K2, the terms propor-

tional to X(B,h8K) andXc
(BK,h8) with penguin coefficients are

often missed or not considered in previous analyses. N
that the neutral modeB̄0→h8K̄0 differs from the charged
mode in that it does not receive contributions from exter
W-emission andW-annihilation diagrams. From the releva
quark mixing angles

VubVus* 5Al4~r2 ih!, VcbVcs* 5Al2S 12
1

2
l2D ,

VtbVts* 52Al21
1

2
A~122r!l41 ihAl4, ~5.6!

it is clear thatB→h8K decays are dominated by pengu
diagrams.

The presence of the term 12( f h8
u / f h8

s ) in Eqs. ~5.3! and
~5.4! is necessary and mandatory in order to ensure a co
chiral-limit behavior for the (S2P)(S1P) matrix elements
of the penguin operatorsO5,6,7,8. In the chiral limit
mu ,md ,ms→0, the ratiomK

2 /(ms1mu)5mp
2 /(mu1md) re-

mains finite,7 but this is no longer the case formh8
2 /ms asso-

ciated with the matrix element̂h8us̄g5su0& since theh8
mass originates from the QCD anomaly and does not va
in the chiral limit. As pointed out in@42,24#, because of the
presence of the anomaly in the equation of motion

7For the annihilation term, the chiral-limit behavior o

@mB
2/mb(ms2mu)#X(B,h8K) is supposed to be taken care of by t

form factors inX(B,h8K).
09400
te

l

ct

sh

]m~ s̄gmg5s!52mss̄ig5s1
as

4p
GmnG̃mn, ~5.7!

it is erroneous to apply the relation

^h8us̄g5su0&52 i
mh8

2

2ms
f h8

s , ~5.8!

as adopted previously in the literature, whe
^0uq̄gmg5quh8&5 i f h8

q pm . Neglecting theu and d quark
masses in the equations of motion leads to@51#

K h8U as

4p
GG̃U0L 5 f h8

u mh8
2 ~5.9!

and hence@42,24#

^h8us̄g5su0&52 i
mh8

2

2ms
~ f h8

s
2 f h8

u
!. ~5.10!

It is easily seen that this matrix element has the correct ch
behavior. It should be stressed that in order to go the chi
symmetry limit, one must consider bothms→0 and u→0
together@52#, whereu is the h-h8 mixing angle to be de-
fined below. Sincef h8

u ; 1
2 f h8

s ~see below! and the decay am
plitude is dominated by (S2P)(S1P) matrix elements, it is
obvious that the decay rate ofB→h8K is reduced consider
ably by the presence of the anomaly term in^h8us̄g5su0&.

To determine the decay constantf h8
q , we need to know

the wave functions of the physicalh8 andh states which are
related to that of the SU~3! singlet stateh0 and octet stateh8
by

h85h8 sin u1h0 cosu, h5h8 cosu2h0 sin u,

~5.11!

with u'220°. When theh-h8 mixing angle is219.5°, the
h8 andh wave functions have simple expressions@36#

uh8&5
1

A6
uūu1d̄d12s̄s&, uh&5

1

A3
uūu1d̄d2 s̄s&,

~5.12!

recalling that

uh0&5
1

A3
uūu1d̄d1 s̄s&, uh8&5

1

A6
uūu1d̄d22s̄s&.

~5.13!

At this specific mixing angle,f h8
u

5 1
2 f h8

s in the SU~3! limit.
Introducing the decay constantsf 8 and f 0 by

^0uAm
0 uh0&5 i f 0pm , ^0uAm

8 uh8&5 i f 8pm , ~5.14!
5-12
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f h8
u and f h8

s are then related tof 8 and f 0 by8

f h8
u

5
f 8

A6
sin u1

f 0

A3
cosu,

f h8
s

522
f 8

A6
sin u1

f 0

A3
cosu.

~5.15!

Likewise, for theh meson,

f h
u5

f 8

A6
cosu2

f 0

A3
sin u, f h

s 522
f 8

A6
cosu2

f 0

A3
sin u.

~5.16!

The factorizable amplitude denoted byXc
(BK,h8) involves a

conversion of thecc̄ pair into the h8 via two gluon ex-
changes. Although the charm content of theh8 is a priori
expected to be small, its contribution is potentially importa
because the Cabibbo-Kobayashi-Maskawa~CKM! mixing
angleVcbVcs* is of the same order of magnitude as that of t
penguin amplitude@cf. Eq. ~5.6!# and yet its effective coef-
ficient a2 is larger than the penguin coefficients by an ord
of magnitude. The decay constantf h8

c , defined by

^0uc̄gmg5cuh8&5 i f h8
c qm , has been estimated to bef h8

c

5(50– 180) MeV, based on the operator product expans
~OPE!, large-Nc approach and QCD low energy theorem
@39#. It was claimed in@39# that u f h8

c u;140 MeV is needed
in order to exhaust the CLEO observation ofB6→h8K6

and B→h81X by the mechanismb→cc̄1s→h81s via
gluon exchanges. However, a large value off h8

c seems to be

8A two-mixing-angle parametrization of theh andh8 wave func-
tions, h85h8sinu81h0cosu0,h5h8 cosu82h0 sinu0, is employed
in @24# for the calculation ofB→h8(h)K. However, in the absenc
of mixing with other pseudoscalar mesons, this parametrization
destroy the orthogonality of the physical statesh and h8 if u0

Þu8 . Because of SU~3! breaking, the matrix element
^0uAm

0(8)uh8(0)& do not vanish in general and they will induce
two-angle mixing among the decay constants:

f h8
u

5
f 8

A6
sin u81

f 0

A3
cosu0 ,

f h8
s

522
f 8

A6
sinu81

f 0

A3
cosu0 .

Based on the ansatz that the decay constants in the quark fl
basis follow the pattern of particle state mixing, relations betwe
u8 , u0 , and u are derived in@53#, whereu is the h-h8 mixing
angle introduced in Eqs.~5.11!. It is found in@53# that phenomeno-
logically u85221.2°,u0529.2°, andu5215.4°. It must be ac-
centuated that the two-mixing-angle formalism proposed in@54,53#
applies to the decay constants of theh8 andh rather than to their
wave functions. Numerically, we find that the branching rat
shown in Table I~see below! calculated in one-angle and two-ang
mixing schemes are different by at most 7%. In the present pa
we shall employ the former scheme.
09400
t

r

n

ruled out for several reasons@50#. For example, from the data
of J/c→hcg and J/c→h8g, one can show thatu f h8

c u>6
MeV, where the lower bound corresponds to the nonrela
istic quark model estimate. Based on thehg andh8g tran-
sition form factor data, the range of allowedf h8

c was recently
estimated to be265 MeV< f h8

c <15 MeV @55#. A most re-
cent reevaluation off h8

c along the line of@39# yields f h8
c

5

2(12.3– 18.4) MeV@56#, which is in strong contradiction in
magnitude and sign to the estimate of@39#. The sign off h8

c

can be fixed by using the QCD anomaly and is found to
negative@47# ~see also@49,53,56#!. In the presence of the
charm content in theh0 , an additional mixing angleuc is
needed to be introduced:

uh0&5
1

A3
cosucuuū1dd̄1ss̄&1sin ucucc̄&,

uhc&52
1

A3
sin ucuuū1dd̄1ss̄&1cosucucc̄&.

~5.17!

Then f h8
c

5cosu tan ucf hc
and f h

c 52sinu tan ucf hc
, where

the decay constantf hc
can be extracted fromhc→gg, and

uc from J/c→hcg andJ/c→h8g @24#. In the present pape
we shall use

f h8
c

526 MeV, f h
c 52tan u f h8

c
522.4 MeV,

~5.18!

for u5222° ~see below!, which are very close to the value

f h8
c

52~6.360.6! MeV, f h
c 52~2.460.2! MeV

~5.19!

obtained in@53#.
Using F0

BK(0)50.34 @32#, A3F0
Bh0(0)50.33 for form

factors,9 f 05 f 85 f p , ms(1 GeV)5150 MeV, u5219.5°,
and Eq.~5.10! for the matrix element̂h8us̄g5su0&, we find
that B(B→h8K)5(0.9– 1.0)31025 and it is insensitive to
Nc

eff and the choice of Wolfenstein parametersr and h as
long as Ar21h2'0.37, whereNc

eff5Nc
eff(V1A)5Nc

eff(V
2A). The discrepancy between theory and experiment
be greatly improved by the accumulation of several enhan
ments. First of all, the running quark masses appearing in
(S2P)(S1P) matrix elements should be applied at th
scale m5O(mb) as given in Eq.~2.13! so that the (S
2P)(S1P) matrix element is enhanced due to the decre

ill

vor
n

er

9The form factorsF0
Bh8(0)50.254 andF0

Bh(0)50.307 given in
@7# do not take into account the wave function normalization of
physicalh8 andh states. Since it is not clear to us what is theh-h8
mixing angle employed in@7#, we shall follow @24,27# to use the

nonet symmetry relation A3F0
Bh0(0)5A6F0

Bh8(0)5F0
Bp6

(0)

'0.33 to obtainF0
Bh0, F0

Bh8 and hence the form factorsF0
Bh8 as

well asF0
Bh for a givenu.
5-13
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of ms(m) at m5mb . ~The sensitivity of the branching rati
to ms was first noticed in@42#.! Second, a recent analysis o
the data ofh,h8→gg andh,h8→ppg yields @57#

f 8

f p
51.3860.22,

f 0

f p
51.0660.03, u5222.0°63.3°,

~5.20!

implying some SU~3! breaking in the decay constants. A
plying the new values of the aforementioned parameters,
result for the branching ratio ofB6→h8K6 is shown in Fig.
6 vs 1/Nc

eff ~see the lower set of solid and dotted curves!. We
find that B(B6→h8K6) is enhanced from (0.9– 1.0
31025 to (2 – 3)31025. The latter result is in agreemen
with @24# ~see the lower set of curves with negativef h8

c in
Fig. 17 of @24#!. The enhancement is due mainly to the ru
ning strange quark mass atm5mb and SU~3! breaking ef-
fects in the decay constantsf 0 and f 8 . From Fig. 6 we see
that ~i! in the absence of the anomaly contribution
^h8us̄g5su0&, the branching ratios~the upper set of solid and
dotted curves! will be further enhanced in a sizable way~of
course, it is erroneous to neglect such an anomaly effect! and
~ii ! the contribution ofcc̄ conversion into theh8 becomes
destructive when 1/Nc

eff,0.28. This is understandable b
causea2 becomes negative at small values of 1/Nc

eff so that

the terma2Xc
(BK,h8) contributes in opposite sign to the pe

guin amplitudes. Therefore, the charm content of theh8 is
not welcome for explainingB(B→h8K) at small 1/Nc

eff .
Thus far it has been assumed in the analysis ofB→h8K

that the nonfactorizable effects lumped intoai via (Nc
eff) i are

the same fori 51,2, . . .,10. However, we have pointed ou
in Sec. III thatNc

eff(V2A) in hadronic charmlessB decays is
most likely very similar to that inB→Dp, namely,Nc

eff(V
2A);Nc

eff(B→Dp)'2. In fact, we just showed that th
charm content of theh8 will make the discrepancy betwee

FIG. 6. The branching ratio ofB6→h8K6 as a function of
1/Nc

eff for h50.34 andr50.16. The charm content of theh8 with
f h8

c
526 MeV contributes to the solid curves, but not to the dott

curves. The lower set of solid and dotted curves takes into acc
the anomaly contribution tôh8us̄g5su0& @see Eq.~5.10!#, whereas
the upper set does not. The solid thick lines are the CLEO meas
ments with one sigma errors.
09400
he
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theory and experiment even worse at small values of 1/Nc
eff if

Nc
eff(V2A) is the same asNc

eff(V1A). SettingNc
eff(V2A)

52, we find that~see Figs. 7 and 8! the decay rates ofB
→h8K are considerably enhanced especially at sm
1/Nc

eff(V1A). That is, B(B6→h8K6) at 1/Nc
eff(V1A)

<0.2 is enhanced from (2.5– 3)31025 to (3.7– 5)31025.

First, theh8 charm content contributiona2Xc
(BK,h8) now al-

ways contributes in the right direction to the decay rate ir
spective of the value ofNc

eff(V1A). Second, the interferenc
in the spectator amplitudes ofB6→h8K6 is constructive.
Third, the term proportional to

2~a32a5!Xu
~BK,h8!1~a31a41a5!Xs

~BK,h8! ~5.21!

in Eqs. ~5.3! and ~5.4! is enhanced when (Nc
eff)35(Nc

eff)4

52. It is evident from Fig. 8 that the measurement ofB̄0

→h8K̄0 is well explained in the present framework based
the standard model within the allowed range 1/Nc

eff(V1A)
&0.23 extracted fromB6→fK6. Contrary to some early
claims, we see that it is not necessary to invoke some n
mechanisms, say, the SU~3!-singlet contributionS8 @43#, to

nt

re-

FIG. 7. Same as Fig. 6 except that the branching ratio is plo
against 1/Nc

eff(V1A) with Nc
eff(V2A) being fixed at the value of 2

The anomaly contribution tôh8us̄g5su0& is included.

FIG. 8. Same as Fig. 7 except forB0→h8K0.
5-14
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explain the data. The agreement with experiment provi
another strong support forNc

eff(V2A);2 and for the rela-
tion Nc

eff(V1A).Nc
eff(V2A). As for the decay B6

→h8K6, the predicted branching ratio, say, 431025, at our
preferred valueNc

eff(V1A);5 ~see Table I! is compatible
with the data, though it is on the lower side. For a sligh
enhanced decay constantf h8

c '215 MeV, as implied by a
recent theoretical estimate@56#, we obtain B(B→h8K)
5(4.625.9)31025 at 1/Nc

eff(V1A)<0.2, which agrees
with experiment very nicely. Note that the CLEO data
B6→h8K6 andB0→h8K are in good agreement within on
sigma error@see Eq.~5.2!#, though the charged mode is mo
m
ffi

o,

09400
s

f

reliable. It is conceivable that when errors are improved a
refined, the two values will converge eventually.

We have also studied the decaysB→hK,h8K* ,hK* .
The decay amplitude ofB→hK is the same asB→h8K
except for a trivial replacement of the indexh8 by h. As a
general rule, the factorizable amplitude ofB→h (8)K* can be
obtained from theB→h (8)K one by ~i! replacing the term
mP

2 /@(m11m2)(m32m4)# by 2mP
2 /@(m11m2)(m31m4)#

and the indexK by K* and ~ii ! discarding the (S2P)(S

1P) contribution associated withX(Bh(8),K* ). For example,
the decay amplitude ofB2→h8K* 2 can be easily read from
Eq. ~5.3! to be
A~B2→h8K* 2!5
GF

A2
XVubVus* ~a1X~Bh8,K* !1a2Xu

~BK* ,h8!1a1X~B,h8K* !!1VcbVcs* a2Xc
~BK* ,h8!

2VtbVts* H ~a41a10!X
~Bh8,K* !1Fa31a42a51

1

2
a72

1

2
a92

1

2
a10

2S a62
1

2
a8D mh8

2

ms~mb1ms!
S 12

f h8
u

f h8
s D GXs

~BK* ,h8!

1S 2a322a52
1

2
a71

1

2
a9DXu

~BK* ,h8!1~a32a52a71a9!Xc
~BK* ,h8!

1S a41a1022~a61a8!
mB

2

~ms1mu!~mb1mu!
DX~B,h8K* !J C, ~5.22!
of

the

e-
with

X~Bh8,K* ![^K* 2u~ s̄u!
V2A

u0&^h8u~ ūb!V2AuB2&

522 f K* mK* F1
Bh8~mK*

2
!~«•pB!,

Xq
~BK* ,h8![^h8u~ q̄q!

V2A
u0&^K* 2u~ s̄b!V2AuB2&

522 f h8
q mK* A0

BK* ~mh8
2

!~«•pB!,

X~B,h8K* ![^h8K* 2u~ s̄u!
V2A

u0&^0u~ ūb!V2AuB2&.
~5.23!

From Table I we see that the electroweak penguin diagra
generally small due to the smallness of its Wilson coe
cients, but it does play an essential role in the decaysB6

→hK6 and B0→hK0. It is interesting to note that the
branching ratios ofB→h (8)K (* ) are all less than 131025

except forB→h8K, which has a very large branching rati
of order (4 – 6)31025. It has been argued in@39# thatB(B
is
-

→h8K* ) is about twice larger than that ofB→h8K, which
is certainly not the case in our calculation. The ratios
various decay rates are predicted to be

B~B→h8K !

B~B→hK !
5H 72,

296,

B~B→h8K* !

B~B→hK* !
5H 0.06 chargedB,

0.02 neutralB,
~5.24!

for positiver. The destructive~constructive! interference be-

tween the termsX(Bh(8),K) anda6Xs
(BK,h(8)) explains the ratio

B(B→h8K)/B(B→hK): Xs
(BK,h8) has a sign opposite to

Xs
(BK,h) as one can easily see from the wave functions of

h and h8, Eq. ~5.11!. Since the sign ofa6Xs
(BK* ,h(8)) is

flipped in B→h (8)K* decays, the interference effect b
comes the other way around: constructive inB→hK* and
destructive inB→h8K* .

To discuss the decaysB→h (8)p(r), we considerB2

→h8p2 as an illustration. Its decay amplitude is
5-15
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A~B2→h8p2!5
GF

A2
XVubVud* ~a1X~Bh8,p!1a2Xu

~Bp,h8!12a1X~B,h8p!!1VcbVcd* a2Xc
~Bp,h8!

2VtbVtd* H S a41a1012~a61a8!
mp

2

~md1mu!~mb2mu!
DX~Bh8,p!

1S a32a51
1

2
a72

1

2
a9DXs

~Bp,h8!1~a32a52a71a9!Xc
~Bp,h8!

1S 2a412a1014~a61a8!
mB

2

~md2mu!~mb1mu!
DX~B,h8p!

1F2a31a422a52
1

2
~a72a91a10!

1S a62
1

2
a8D mh8

2

ms~mb2md! S f h8
s

f h8
u 21D r h8GXu

~Bp,h8!J C, ~5.25!
where

r h85
A2 f 0

22 f 8
2

A2 f 8
22 f 0

2

cosu1
1

A2
sin u

cosu2A2 sin u
~5.26!

and

X~Bh8,p![^p2u~ d̄u!
V2A

u0&^h8u~ ūb!V2AuB2&

5 i f p~mB
22mh8

2
!F0

Bh8~mp
2 !,
09400
Xq
~Bp,h8![^h8u~ q̄q!

V2A
u0&^p2u~db)V2AuB2&

5 i f h8
q

~mB
22mp

2 !F0
Bp~mh8

2
!,

X~B,h8p![^h8p2u~ d̄u!
V2A

u0&^0u~ ūb!V2AuB2&.

~5.27!
m

TABLE I. Branching ratios averaged overCP-conjugate modes for charmlessB decays to theh8 and h, where ‘‘Tree’’ refers to

branching ratios from tree diagrams only, ‘‘Tree1QCD’’ from tree and QCD penguin diagrams, and ‘‘Full’’ denotes full contributions fro
tree, QCD, and electroweak~EW! penguin diagrams in conjunction with contributions from the processcc̄→h0. Predictions are fork2

5mb
2/2, h50.35,r520.12~the first number in parentheses! andh50.34,r50.16~the second number in parentheses!. The decay constants

f h8
c

526 MeV andf h
c 522.4 MeV are used. The effective number of colors is taken to beNc

eff(V2A)52 andNc
eff(V1A)55. The running

quark masses atm5mb are given by Eqs.~2.13!.

Decay Tree Tree1QCD Tree1QCD1EW Full Expt. @18#

B6→h8K6 1.4831027 (3.56,3.33)31025 (3.42,3.20)31025 (3.99,3.74)31025 (6.521.4
11.560.9)31025

B6→hK6 4.1831027 (0.59,1.27)31026 (3.91,7.10)31027 (3.88,5.17)31027 ,1.431025

B6→h8K* 6 2.4431027 (3.66,4.00)31027 (3.54,4.62)31027 (5.73,3.53)31027 ,1331025

B6→hK* 6 5.9831027 (6.42,4.09)31026 (8.30,5.58)31026 (9.22,6.32)31026 ,3.031025

B6→h8p6 2.1331026 (1.47,2.53)31026 (1.49,2.51)31026 (1.52,2.75)31026 ,3.131025

B6→hp6 6.0631026 (4.16,7.11)31026 (4.11,7.22)31026 (4.14,7.38)31026 ,1.531025

B6→h8r6 4.4431026 (3.93,4.69)31026 (3.94,4.68)31026 (3.87,4.88)31026 ,4.731025

B6→hr6 1.0831025 (0.98,1.13)31025 (0.95,1.14)31025 (0.95,1.15)31025 ,3.231025

Bd→h8K0 5.3831029 (3.20,3.23)31025 (3.00,3.03)31025 (3.52,3.55)31025 (4.722.0
12.760.9)31025

Bd→hK0 2.0531028 (3.99,5.54)31027 (1.62,2.57)31027 (0.64,1.20)31027 ,3.331025

Bd→h8K* 0 4.4931029 (1.33,3.29)31027 (1.46,4.56)31027 (2.40,0.87)31027 ,3.931025

Bd→hK* 0 1.7531028 (5.19,3.70)31026 (6.99,4.69)31026 (7.85,5.40)31026 ,3.031025

Bd→h8p0 2.14310210 (1.75,1.10)31027 (1.34,0.85)31027 (1.87,1.27)31027 ,1.131025

Bd→hp0 1.0131028 (3.99,2.97)31027 (3.77,2.83)31027 (4.09,3.11)31027 ,0.831025

Bd→h8r0 1.3431028 (3.43,1.81)31028 (2.85,1.65)31028 (2.15,1.83)31028 ,2.331025

Bd→hr0 1.9931028 (4.27,9.07)31028 (3.14,5.84)31028 (3.11,5.36)31028 ,1.331025
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In deriving Eq.~5.25! we have applied the matrix elements10

^h8uūg5uu0&5^h8ud̄g5du0&5r h8 ^h8us̄g5su0&,
~5.28!

with r h8 being given by Eq.~5.26!.
Since VubVud* , VcbVcd* , VtbVtd* are all comparable in

magnitude@cf. Eq. ~3.15!# and since the Wilson coefficient
of penguin operators are rather small, it is expected thaB

→h (8)p,h (8)r are dominated by spectator diagrams.11 From
Table I we see that this is indeed the case except for
decay modesB0→h (8)p0 which are penguin dominated. T
compute the decay rate ofB→hp(r) we have applied the
matrix element̂ huūg5uu0&5r h^hus̄g5su0& with

r h52
1

2

A2 f 0
22 f 8

2

A2 f 8
22 f 0

2

cosu2A2 sin u

cosu1
1

A2
sin u

. ~5.29!

The mechanism ofcc̄→h0 is less significant in B

→h (8)p(r) decays because it does not gain advantage f
the quark mixing angle as in the case ofB→h (8)K(K* ). We
see from Table I the minor role played by the charm cont
09400
e

m

t

of the h8 except for the decayB0→h8p0. In general, the
decay rates ofB→h (8)p(r) are not sensitive to the values o
Nc

eff(V2A) and Nc
eff(V1A) and do not vary significantly

from channel to channel:

B@B6→h~8!p~r!#;~3 – 10!31026,

B@B̄0→h~8!p~r!#;~0.2– 4!31027. ~5.30!

It is interesting to note that B@B→hp(r)#.B@B
→h8p(r)#.

VI. DIFFICULTIES WITH B2
˜K2v

Up to now we have shown that CLEO results on hadro
charmlessB decays can be satisfactorily explained provid
thatNc

eff(V2A)'2 andNc
eff(V1A)*O(4). However, there

is one CLEO measurement, namely, the decayB6→vK6,
which is beyond our explanation and hence may impos
potentially serious difficulty. In this section we will first ex
plore the problem and then proceed to suggest some pos
solutions.

The decay amplitude ofB2→vK2 is very similar to
B2→vp2 and has the expression
A~B2→vK2!5
GF

A2
H VubVus* ~a1X~Bv,K !1a2X~BK,v!1a1X~B,Kv!!

2VtbVts* F S a41a1022~a61a8!
mK

2

~mb1mu!~ms1mu!
DX~Bv,K !

1
1

2
~4a314a51a71a9!X~BK,v!

1S a41a1022~a61a8!
mB

2

~mb1mu!~ms1mu!
DX~B,Kv!G J , ~6.1!
ing
where

10The matrix element̂h8uūg5uu0& can be obtained from@53# and
it is slightly different from the corresponding one in@52,51#:

^h8uūg5uu0&5

f 8 cosu1
1

A2
f 0 sin u

f 8 cosu2A2 f 0 sin u
^h8us̄g5su0&

52
1

2

f h
s

f h
u ^h8us̄g5su0&.

11The branching ratios ofB→h (8)p,h (8)r are largely overesti-
mated in @40,50# as the incorrect matrix element^h8uūg5uu0&5

2 imh8
2 f h8

u /(2mu) is applied there.
X~Bv,K ![^K2u~ s̄u!
V2A

u0&^vu~ ūb!
V2A

uB2&

522 f KmvA0
Bv~mK

2 !~«•pB!,

Xu
~BK,v![^vu~ ūu!

V2A
u0&^K2u~ s̄b!V2AuB2&

52A2 f vmvF1
BK~mv

2 !~«•pB!,

X~B,vK ![^vK2u~ s̄u!
V2A

u0&^0u~ ūb!V2AuB2&.
~6.2!

We see from Fig. 9 that the calculated branching ratio us
Nc

eff(V2A)52, F1
BK(0)50.34, andA0

Bv(0)50.28/A2 @7# is
too small compared to experiment@34#:

B~B6→vK6!5~1.520.6
10.760.2!31025. ~6.3!
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In fact, all the region of 1/Nc
eff(V1A),0.9 is excluded. Nev-

ertheless, ifNc
eff(V2A) is taken to be the same asNc

eff(V
1A), then a rather small value of 1/Nc

eff,0.05 is experimen-
tally allowed @24,27# ~see Fig. 10!. In other words,Nc

eff is
preferred to be very large inB6→vK6. In our opinion,
however, a very large value ofNc

eff(V2A) is rather unlikely
for several reasons:~i! A small Nc

eff(V2A)'2 is favored in
other charmlessB decays:B→pp,pv andB→h8K. ~ii ! It
will lead to a too large nonfactorizable term, which is n
consistent with the small nonfactorizable effect observed
the spectator amplitudes ofB→Dp and the picture that the
nonperturbative feature of nonfactorizable effects is loose
the energetic two-body decays of theB meson, as we have
elaborated before~see the end of Sec. IV!. It thus appears to
us that the observed large decays rate ofB6→vK6 is attrib-
uted to other mechanisms rather than to a very large valu
Nc

eff .
So far we have neglected three effects in the considera

of B6→vK6: W annihilation, spacelike penguin diagram
and final-state interactions~FSIs!; all of them are difficult to
estimate. In order to understand whyB(B6→vp6)
&B(B6→vK6) experimentally, we need a mechanis
which will only enhance the latter. It appears that FSIs m
play this role. SinceB2→vK2 involves only a single iso-
spin amplitude, inelastic scattering will be the dominant
fect of FSIs. For example,b→cc̄s andb→uūs modes can
mix with each other so that the decayB2→vK2 arises ei-
ther from b→cc̄s or indirectly throughB2→D0Ds*

2 or
D* 0Ds

2 ~via b→cc̄s) with a rescatteringD0Ds*
2 ~or

D* 0Ds
2) →vK2. For the decayB2→vp2, the inelastic

scattering B2→$DD* % →vp2 is Cabibbo suppressed
Therefore, it is possible thatB2→vK2 receives large FSIs
from inelastic scattering butB2→vp2 does not. SinceB0

→vK0 does not receive contributions fromW annihilation,
its measurement can be used to test the relative strength
tween FSIs and annihilation terms. If the branching ratios
B0→vK0 andB6→vK6 are close, this will imply the im-
portance of FSIs.

FIG. 9. The branching ratio ofB6→vK6 vs 1/Nc
eff(V1A) with

Nc
eff(V2A) being fixed at the value of 2. The solid and dash

curves are forh50.34, r50.16 andh50.35, r520.12, respec-
tively. The solid thick lines are the CLEO measurements with o
sigma errors.
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VII. DISCUSSIONS AND CONCLUSIONS

For a given effective weak Hamiltonian, there are tw
important issues in the study of the hadronic matrix eleme
for nonleptonic decays of heavy mesons: one is the ren
malization scale and scheme dependence of the matrix
ment, and the other is the nonfactorizable effect. For
former, we have emphasized that it is important to fi
evaluate the vertex and penguin corrections to the ma
element of four-quark operators at the scalem so that
^O(m)&5g(m)^O& tree and then apply factorization or an
model calculation tô O& tree. The resulting effective coeffi-
cients ci

eff5ci(m)g(m) are renormalization-scale an
-scheme independent. We pointed out that whilec1,2

eff

'c1,2
LO(m) at m5mb(mb) for current-current operators, th

real parts ofc3 – 6
eff are about one and half times larger than t

leading-order penguin Wilson coefficients. This means t
to describe the hadronic charmlessB decays dominated by
penguin diagrams, it is necessary and inevitable to take
account the penguin corrections to the four-quark operat

Nonfactorizable effects in hadronic matrix elements
B→PP,VP decays can be parameterized in terms of
effective number of colors,Nc

eff , in the so-called generalize
factorization scheme; the deviation of 1/Nc

eff from 1/Nc (Nc

53) characterizes the nonfactorizable effect. We show t
contrary to the common assumption,Nc

eff(V1A) induced by
the (V2A)(V1A) operatorsO5,6,7,8 are theoretically and
experimentally different fromNc

eff(V2A) generated by the
(V2A)(V2A) operators. The CLEO data ofB6→vp6

available last year clearly indicate thatNc
eff(V2A) is favored

to be small,Nc
eff(V2A),2.9 . This is consistent with the

observation thatNc
eff(V2A)'2 in B→Dp decays. Unfortu-

nately, the significance ofB6→vp6 is reduced in the recen
CLEO analysis and only an upper limit is quoted. Therefo
a measurement of its branching ratio is urgently needed
analogy to the class-IIIB→Dp decays, the interference e
fect of spectator amplitudes in chargedB decays B2

→p2p0,r2p0,p2r0 is sensitive toNc
eff(V2A); measure-

ments of them@see Eqs.~3.23!# will be very useful to pin
down the value ofNc

eff(V2A).
Contrary to the nonfactorizable effects in spectat

e

FIG. 10. Same as Fig. 9 except thatNc
eff(V1A)5Nc

eff(V2A)
5Nc

eff .
5-18
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dominated rareB decays, we found thatNc
eff(V1A) ex-

tracted from the penguin-dominated decayB6→fK6 is
larger thanNc

eff(V2A). This means that nonfactorizable e
fects in tree and penguin amplitudes behave differently
turns out this observation is the key element for understa
ing the CLEO measurement ofB→h8K. In the conventional
way of treatingNc

eff(V1A) and Nc
eff(V2A) in the same

manner, the branching ratio ofB6→h8K6 after including
the anomaly effect in the matrix element^h8us̄g5su0& is na-
ively only of the order of 131025. The running strange
quark mass atm5mb and SU~3! breaking in the decay con
stants f 8 and f 0 will enhanceB(B→h8K) to the order of
(2 – 3)31025 with f h8

c
526 MeV. This is still lower than

the central value of the CLEO measurements. Also,
charm content of theh8 is not welcome for explaining the
decay rate ofB→h8K at small values of 1/Nc

eff . We showed
that the fact thatNc

eff(V1A).Nc
eff(V2A)'2 will substan-

tially enhance the branching ratio ofB6→h8K6 to
(3.7– 5)31025 at 1/Nc

eff(V1A)<0.2. Unlike the previous
analysis, the small charm content of theh8 is now always in
the right direction for enhancement irrespective of the val
of 1/Nc

eff(V1A). The predicted branching ratio ofB0

→h8K0 is in good agreement with experiment and the c
culation of B6→h8K6 is compatible with the data. For
slightly enhancedf h8

c '215 MeV, as implied by a recen
theoretical estimate, we found that the agreement of the
dicted branching ratio forB→h8K with experiment is very
impressive. It is thus important to pin down the decay co
stant f h8

c , recalling that the commonly used valueu f h8
c u56

MeV is extracted from experiment within the nonrelativis
quark model framework. We conclude that no new mec
nism in the standard model or new physics beyond the s
dard model is needed to explainB→h8K. We have also
analyzed charmlessB decays into theh8 and h in some
.E

s
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detail. The branching ratios of the spectator-dominated
caysB→h (8)p,h (8)r were largely overestimated in the pre
vious analysis because the matrix element^h (8)uūg5uu0&
was not evaluated correctly before.

Although the CLEO measurements of hadronic charml
B decays are satisfactorily explained in the present fram
work, we found that it is difficult to understand the expe
mental observation thatG(B6→vp6)&G(B6→vK6).
The calculated branching ratio ofB6→vK6 is too small
compared to experiment. We conjecture that final-state in
actions via inelastic scattering may contribute in a siza
way to B6→vK6, but are negligible forB6→vp6 due to
the Cabibbo-angle suppression. Clearly this decay mode
serves further serious investigation and a measurement o
neutral decay modeB0→vK0 will be very useful to clarify
the issue.

Under the factorization hypothesis, the decaysB→fK
andB→fK* should have almost the same branching rati
a prediction not borne out by current data. Therefore, it
crucial to measure the charged and neutral decay mode
B→f(K,K* ) in order to see if the generalized factorizatio
approach is applicable toB→fK* decay.

To conclude, based on the available CLEO data on h
ronic charmless two-body decays of theB meson, we have
shown that the nonfactorizable effect induced by theV
2A)(V1A) operators is different from that generated by t
(V2A)(V2A) operators. This is the key element for e
plaining the CLEO measurement ofB→h8K.
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