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The implications of recent CLEO measurements of hadronic charmlessB decays are discussed.~i! Employ-
ing the Bauer-Stech-Wirbel~BSW! model for form factors as a benchmark, theB→p1p2 data indicate that
the form factorF0

Bp(0) is smaller than that predicted by the BSW model, whereas the data ofB→vp, K* h

imply that the form factorsA0
Bv(0), A0

BK* (0) are greater than the BSW model values.~ii ! The
tree-dominated modesB→p1p2, r0p6, vp6 imply that the effective number of colorsNc

eff(LL) for
(V2A)(V2A) operators is preferred to be smaller, while the current limit onB→fK shows thatNc

eff(LR)
.3. The data ofB→Kh8 andK* h clearly indicate thatNc

eff(LR)@Nc
eff(LL). ~iii ! In order to understand the

observed suppression ofp1p2 and nonsuppression ofKp modes, both being governed by the form factor
F0

Bp , the unitarity angleg is preferred to be greater than 90°. By contrast, the new measurement ofB6

→r0p6 no longer strongly favors cosg,0. ~iv! The observed patternK2p1;K̄0p2; 2
3 K2p0 is consistent

with the theoretical expectation: The constructive interference between electroweak and QCD penguin dia-

grams in theK2p0 mode explains whyB(B2→K2p0).
1
2 B(B̄0→K2p1). ~v! The observationNc

eff(LL)
,3,Nc

eff(LR) and our preference forNc
eff(LL);2 and Nc

eff(LR);6 are justified by a recent perturbative
QCD calculation of hadronic rareB decays in the heavy quark limit.~vi! The sizable branching ratios ofK* h
and the enormously large decay rates ofKh8 indicate that it is the constructive interference of two comparable
penguin amplitudes rather than the mechanism specific to theh8 that accounts for the bulk ofB→h8K and
hK* data.~vii ! The new upper limit set forB2→vK2 no longer imposes a serious problem for the factor-
ization approach. It is anticipated thatB(B2→vK2)*2B(B2→r0K2);231026. ~viii ! An improved and

refined measurement ofB→K* 2p1, K̄0p0 is called for in order to resolve the discrepancy between theory

and experiment. Theoretically, it is expected thatK̄0p0; 1
2 K2p0 andK2p1;3 K* 2p1.

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

A number of new hadronic charmlessB decay modes
have been recently reported by CLEO@1,5,3,2,4#,

B→p1p2, KS
0p0, r0p6, vp6, K* 6h,

K* 0h, r6p7, K* 6p7, ~1.1!

and several previously observed decays have received
proved measurements:B→K6h8, KS

0h8, K6p7, KS
0p6,

K6p0, vK6. Needless to say, these measurements will s
light on the underlying mechanism for charmlessB decays
and provide important constraints on the phenomenolog
models under consideration and the parameters involve
the model, such as form factors, unitarity angles, and n
factorized effects.

Beyond the phenomenological level, the nonleptonicB
decays have been studied within the framework of the
called three-scale perturbative QCD factorization theorem
which nonfactorized and nonspectator contributions can
identified and calculated@6#. Recently, it was shown that, in
the heavy quark limit, the hadronic matrix elements for tw
body charmlessB decays can be computed from first pri
ciples and expressed in terms of form factors and me
light-cone distribution amplitudes@7#. Nonfactorizable dia-
0556-2821/2000/62~5!/054029~12!/$15.00 62 0540
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grams in the heavy quark limit are dominated by hard glu
exchange and thus can be calculated as expansion inas . As
we shall see below, this framework provides a useful gu
ance on the nonfactorized corrections to the hadronic ma
elements of penguin and nonpenguin operators and giv
justification on the use of generalized factorization in whi
the effective Wilson coefficientsci

eff are renormalization-
scale and -scheme independent, while factorization is app
to the tree-level hadronic matrix elements.

In the present paper we will analyze the data of hadro
charmlessB decays within the framework of generalized fa
torization and see what implications we can learn from
studies of the new measured modes~1.1!. This paper is or-
ganized as follows. In Sec. II we briefly review the gener
ized factorization approach relevant to rareB decays. Then
we proceed to studyB→pp and pK decay modes in Sec
III, tree-dominated modesr0p6 and vp6 in Sec. IV, B
→Kh8, K* h decays in Sec. V andB6→vK6 decays in
Sec. VI. Comparison of the present paper with the previ
work @8# is discussed in Sec. VII. Conclusions are presen
in Sec. VIII.

II. FRAMEWORK

In the absence of first-principles calculations for hadro
matrix elements, it is customary to evaluate the matrix e
©2000 The American Physical Society29-1
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ments under the factorization hypothesis so that^O(m)& is
factorized into the product of two matrix elements of sing
currents, governed by decay constants and form fact
However, the naive factorized amplitude is not renormali
tion scale andg5 scheme independent as the scale a
scheme dependence of Wilson coefficients are not com
sated by that of the factorized hadronic matrix elements
principle, the scale and scheme problems with naive fac
ization will not occur in the full amplitude sincêO(m)&
involves vertex-type and penguin-type corrections to
hadronic matrix elements of the 4-quark operator renorm
ized at the scalem. Schematically,

weak decay amplitude

5naive factorization1 vertex-type corrections

1penguin-type corrections1spectator contributions

1•••, ~2.1!

where the spectator contributions take into account the
onic interactions between the spectator quark of theB meson
and the outgoing light meson. The perturbative part
vertex-type and penguin-type corrections will render the
cay amplitude scale and scheme independent. Gene
speaking, the Wilson coefficientc(m) takes into account the
physics evolved from the scaleMW down to m, while
^O(m)& involves evolution fromm down to the infrared
scale. Formally, one can write

^O~m!&5g~m,m f !^O~m f !&, ~2.2!

wherem f is a factorization scale, andg(m,m f) is an evolu-
tion factor running from the scalem to m f which is calcu-
lable because the infrared structure of the amplitude is
sorbed intô O(m f)&. Writing

ceff~m f !5c~m!g~m,m f !, ~2.3!

the effective Wilson coefficient will be scheme andm-scale
independent. Of course, it appears that them-scale problem
with naive factorization is traded in by them f-scale problem.
Nevertheless, once the factorization scale at which we ap
the factorization approximation to matrix elements is fixe
the physical amplitude is independent of the choice ofm.
More importantly, the effective Wilson coefficients a
g5-scheme independent. In principle, one can work with a
quark configuration, on-shell or off-shell, to compute the f
amplitude. Note that if external quarks are off-shell and if t
off-shell quark momentum is chosen as the infrared cut
g(m,m f) will depend on the gauge of the gluon field@9#. But
this is not a problem at all as the gauge dependence bel
to the infrared structure of the wave function. However,
factorization is applied tôO(m f)&, the information of the
gauge dependence characterized by the wave function wi
lost. Hence, as stressed in@10,8#, in order to apply factoriza-
tion to matrix elements and in the meantime avoid the ga
problem connected with effective Wilson coefficients, o
must work in the on-shell scheme to obtain gauge-invar
and infrared finite ci

eff and then apply factorization to
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^O(m f)& afterwards. Of course, the physics should bem f
independent. In the formalism of the perturbative QCD fa
torization theorem, the nonperturbative meson wave fu
tions are specified with the dependence of the factoriza
scale m f @10#. These wave functions are universal for a
decay processes involving the same mesons. Hence, a
sistent evaluation of hadronic matrix elements will even
ally resort to the above-mentioned meson wave functi
with m f dependence.

In general, the scheme- andm-scale-independent effectiv
Wilson coefficients have the form@11,12#

ci
eff~m f !5ci~m!1

as

4p S gV
Tln

m f

m
1 r̂ V

TD
i j

cj~m!

1penguin-type corrections, ~2.4!

wherem f is the factorization scale arising from the dime
sional regularization of infrared divergence@10#, and the
anomalous dimension matrixgV as well as the constant ma
trix r̂ V arise from the vertex-type corrections to four-qua
operators. Note that in the dimensional regularizat
scheme the matrixr̂ V depends on the definition ofg5. The
infrared pole is consistently absorbed into universal bou
state wave functions. The expressions for thegauge-

invariant constant matrixr̂ V in the naive dimensional regu
larization ~NDR! and ’t Hooft–Veltman ~HV! renormal-
ization schemes can be found in Eqs.~2.18! and ~2.19!, re-
spectively, of@8#. However, the 66 and 88 entries ofr̂ NDR

and r̂ HV shown in@8# are erroneous: (r̂ NDR)66 and (r̂ NDR)88

should read 17 instead of 1, while (r̂ HV)66 and (r̂ HV)88
should read 47/3 rather than21/3. This will affect the effec-
tive Wilson coefficientsc6

eff and c8
eff ~see Table I!. For ex-

ample, we have Rec6
eff'20.060 instead of the value

20.048 given in@8#. It should be stressed that the consta
matrix r̂ V arising from vertexlike corrections isnot arbitrary
due to the infrared finiteness of vertexlike diagrams: T
infrared divergences in individual vertex-type diagrams c
cel in their sum.

It is known that the effective Wilson coefficients appe
in the factorizable decay amplitudes in the combinatio
a2i5c2i

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

eff 1(1/Nc)c2i
eff ( i

51, . . . ,5).Phenomenologically, the number of colorsNc is
often treated as a free parameter to model the nonfactoriz
contribution to hadronic matrix elements and its value can
extracted from the data of two-body nonleptonic decays.
shown in@13–15#, nonfactorizable effects in the decay am
plitudes ofB→PP, VP can be absorbed into the paramete
ai

eff . This amounts to replacingNc in ai
eff by (Nc

eff) i . Explic-
itly,

a2i
eff5c2i

eff1
1

~Nc
eff!2i

c2i 21
eff ,

a2i 21
eff 5c2i 21

eff 1
1

~Nc
eff!2i 21

c2i
eff , ~ i 51, . . . ,5!,

~2.5!
9-2
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TABLE I. Numerical values of the gauge-invariant effective Wilson coefficientsci
eff for b→s, b→d and

b̄→d̄ transitions evaluated atm f5mb and k25mb
2/2, where use ofuVub /Vcbu50.09 has been made. Th

numerical results are insensitive to the unitarity angleg.

b→s, b̄→ s̄ b→d b̄→d̄

c1
eff 1.169 1.169 1.169

c2
eff 20.367 20.367 20.367

c3
eff 0.02271 i0.0045 0.02231 i0.0041 0.02251 i0.0050

c4
eff 20.04632 i0.0136 20.04502 i0.0122 20.04582 i0.0151

c5
eff 0.01341 i0.0045 0.01301 i0.0041 0.01321 i0.0050

c6
eff 20.06002 i0.0136 20.05882 i0.0122 20.05952 i0.0151

c7
eff/a 20.03112 i0.0367 20.02862 i0.0342 20.03012 i0.0398

c8
eff/a 0.070 0.070 0.070

c9
eff/a 21.4292 i0.0367 21.4262 i0.0342 21.4282 i0.0398

c10
eff/a 0.48 0.48 0.48
n
n

r

m

n
fi-
s

e,

sin

m
b
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g
n

e

a
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-
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not
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where

~1/Nc
eff! i[~1/Nc!1x i , ~2.6!

with x i being the nonfactorizable terms, which receive co
tributions from nonfactorized vertex-type, penguin-type, a
spectator corrections. In general,x i and (Nc

eff) i are complex.
Recently, it has been shown in@7# that, in the heavy quark
limit, all nonfactorizable diagrams are dominated by ha
gluon exchange, while soft gluon effects are suppressed
factors ofLQCD/mb . In other words, the nonfactorized ter
is calculable as the expansion inas in the heavy quark limit.

In practical calculations we will setm f5mb for the effec-
tive Wilson coefficientsceff. In the generalized factorizatio
approach them f dependence of the effective Wilson coef
cients is compensated by that of the nonfactorized termx i

introduced above, so that the physical parametersai
eff arem f

independent. Ifci
eff are fixed at a different factorization scal

saym f52mb or mb/2, the correspondingx i are accordingly
changed, butai

eff remain intact. Sincex i or (Nc
eff) i are treated

as free parameters yet to be extracted from the data and
what we need are the effective parametersai

eff which arem f

independent, it becomes not very relevant to extract (Nc
eff) i at

different factorization scales. By contrast, in order to co
pute the nonfactorized effects theoretically, say by pertur
tive QCD ~PQCD!, one has to know the meson wave fun
tions at the factorization scalem f .

To proceed, we assume thatx i are universal~i.e., process
independent! in bottom decays~this amounts to assumin
generalized factorization! and that nonfactorizable effects i
the matrix elements of (V2A)(V1A) operators differ from
that of (V2A)(V2A) operators; that is, we shall assum
that

xLL[x15x25x35x45x95x10,

xLR[x55x65x75x8 , ~2.7!

andxLRÞxLL or equivalently
05402
-
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d
by

ce

-
a-

Nc
eff~LL ![~Nc

eff!15~Nc
eff!25~Nc

eff!3

5~Nc
eff!45~Nc

eff!95~Nc
eff!10,

Nc
eff~LR![~Nc

eff!55~Nc
eff!65~Nc

eff!75~Nc
eff!8 , ~2.8!

and Nc
eff(LR)ÞNc

eff(LL). As we shall see below, the dat
analysis and the theoretical study of nonleptonic rareB de-
cays all indicate thatNc

eff(LR).3.Nc
eff(LL). In principle,

Nc
eff can vary from channel to channel, as in the case

charm decay. However, in the energetic two-bodyB decays,
Nc

eff is expected to be process insensitive as supported by
data@8#.

Although the nonfactorized effects in hadronic charmle
B decays are in general small,x;O(0.15) @8#, they are im-
portant for the coefficientsa2 , a3, and a5. For example,
there is a large cancellation betweenc2

eff andc1
eff/Nc , so that

even a small amount ofx will modify a2 dramatically, re-
calling that a25c2

eff1c1
eff(1/Nc1x). Consequently, the

aforementioned coefficients are very sensitive to the cha
of Nc

eff , and moreovera2 as well asa5 have a minimum at
Nc

eff(LL)5Nc
eff(LR)53. Therefore, nonfactorized contribu

tions are important to the class-II modes, e.g.,B0→p0p0,
r0p0, vh, . . . , and tosome decay modes which get cont
butions from the penguin terms (a31a5), e.g.,B→vK. It is
obvious that the nonfactorized effect in these decays can
be simply absorbed into form factors. Another example h
to do with the decaysB→fK and B→Kh8. In the naive
factorization approximation, the form factorF0

BK has to be
suppressed in order to accommodate the experimental
on B2→fK2. However, the enormously large rate ofB
→Kh8 demands a largeF0

BK . This difficulty is resolved if
Nc

eff(LL) andNc
eff(LR) are allowed to deviate from their na

ive valueNc
eff53, for example,Nc

eff(LL);2 andNc
eff(LR)

;6 ~see Sec. V!. Hence, it is inevitable to take into accou
nonfactorized contributions to hadronic matrix elements
order to have a coherent picture for rare hadronicB decays.
9-3
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III. B\pp AND pK DECAYS

Recently CLEO has made the first observation of the
cay B→p1p2 with the branching ratio@5#

B~B̄0→p1p2!5~4.321.4
11.660.5!31026. ~3.1!

This decay mode puts a stringent constraint on the form
tor F0

Bp . Neglecting final-state interactions and employi
the Wolfenstein parametersr50.175, h50.370, corre-
sponding tog[Arg(Vub* )565° and uVub /Vcbu50.09, and
the effective number of colorsNc

eff(LL)52 @see Sec. IV for
a discussion ofNc

eff(LL)], we find F0
Bp(0)50.2060.04.1

This value is substantially smaller than the form fac
F0

Bp(0)50.333 obtained by Bauer, Stech, and Wirb
~BSW! @19#. This has two important implications. First, th
predicted decay rates ofB→Kp, which are mainly governed
by F0

Bp , will in general be smaller than the central values
experimental measurements@see Eq.~3.2!#. Second, the form
factor F0

BK(0) will become smaller too. More specifically,
cannot exceed the value, say 0.33, otherwise the SU~3!-
symmetry relationF0

BK5F0
Bp will be badly broken. Conse

quently, the predictedKh8 rates will become too small com
pared to experiment.

There are several possibilities that theKp rates can be
enhanced:~i! The unitarity angleg larger than 90° will lead
to a suppresion ofB→p1p2 @20,8#, which in turn implies
an enhancement ofF0

Bp and henceKp rates.~ii ! A large
nonzero isospinpp phase shift difference of order 70°@8#
can yield a substantial suppression of thep1p2 mode.
However, a largepp isospin phase difference seems to
very unlikely due to the large energy released in charmlesB
decays. Indeed, the Regge analysis of@21# indicatesdpp

511°. ~iii ! Smaller quark masses, sayms(mb)565 MeV,
will make the (S2P)(S1P) penguin terms contributing siz
ably to theKp modes but less significantly top1p2 as the
penguin effect on the latter is suppressed by the quark m
ing angles. Although some of new quenched and unquenc
lattice calculations yield smallerms ~see, e.g.,@22#!, the
value ms(mb)565 MeV or equivalentlyms(1 GeV)5100
MeV is barely on the verge of the lower side of lattice resu
@22#. Therefore, the first possibility appears to be more pl
sible. Using the valuesF0

Bp(0)50.28 andg5105°, we find
that thep1p2 decay is well accommodated~see Table II!.
As a consequence, the decay rates ofB→Kp governed by
F0

Bp are enhanced accordingly.
The CLEO collaboration has recently improved the m

surements for the decaysB→K6p7, B6→K0p6, B6

→K6p0 and observed for the first time the decayB̄0

→K̄0p0, thus completing the set of fourKp branching ratio
measurements@5#:

1It was argued in@16# that a small valueuVub /Vcbu'0.06 is pre-
ferred by thep1p2 measurement with the form factorF0

Bp(0)
being fixed to be 0.33. However, this Cabibbo-Kobayashi-Maska
~CKM! matrix elementuVub /Vcbu is smaller than the recent LEP
average 0.10420.018

10.015 @17# and the CLEO result 0.08320.016
10.015 @18#.
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B~B̄0→K2p1!5~17.222.4
12.561.2!31026,

B~B2→K̄0p2!5~18.224.0
14.661.6!31026,

B~B2→K2p0!5~11.622.721.3
13.011.4!31026,

B~B̄0→K̄0p0!5~14.625.123.3
15.912.4!31026, ~3.2!

which are to be compared with the 1998 results@23#:

B~B̄0→K2p1!5~146362!31026,

B~B2→K̄0p2!5~146562!31026,

B~B2→K2p0!5~156463!31026. ~3.3!

It is known thatKp modes are penguin dominated. As f
as the QCD penguin contributions are concerned, it will
expected thatB(B̄0→K2p1);B(B2→K̄0p2) and B(B2

→K2p0);B(B̄0→K̄0p0); 1
2 B(B→Kp6). However, as

pointed out in @8,20#, the electroweak penguin diagram
which can be neglected inK̄0p2 and K2p1, does play an
essential role in the modesKp0. With a moderate elec-
troweak penguin contribution, the constructive~destructive!
interference between electroweak and QCD penguins
K2p0 and K̄0p0 renders the former greater than the latt
that is, B(B2→K2p0). 1

2 B(B̄0→K̄0p2) and B(B̄0

→K̄0p0), 1
2 B(B̄0→K2p1) are anticipated. For numerica

calculations we use the parameters

mu~mb!52.13 MeV, md~mb!54.27 MeV,

ms~mb!585 MeV,

F0
Bp~0!50.28, F0

BK~0!50.36, g5105°,

Nc
eff~LL !52, Nc

eff~LR!56. ~3.4!

We see from Table II that, except for the decayK̄0p0, the
agreement of the calculated branching ratios forKp modes
with experiment is excellent. By contrast, the central value
B(B̄0→K̄0p0) is much greater than the theoretical expec
tion. Since its experimental error is large, one has to aw
the experimental improvement to clarify the issue. The p
dicted pattern

K2p1*K̄0p2;
3

2
K2p0;3 K̄0p0 ~3.5!

is in good agreement with experiment for the first three
cays.

We would like to make a remark on the trail of havin
cosg,0. The suggestion ofg.90° or a negative Wolfen-
stein parameterr was originally motivated by the 1998Kp
data which indicated nearly equal branching ratios for
three modesK2p1, K̄0p2 andK2p0. It was pointed out in
@24# that cosg,0 as well as a largems , sayms(mb)5200

a

9-4



.
m
tries,

IMPLICATIONS OF RECENT MEASUREMENTS OF . . . PHYSICAL REVIEW D 62 054029
TABLE II. Branching ratios~in units of 1026) averaged overCP-conjugate modes for charmlessBu,d

→PP decays. Predictions are made fork25mb
2/2, Ar21h250.41, g5105°, andNc

eff(LR)52,3,6,̀ with
Nc

eff(LL) being fixed to be 2 in the first case and treated to be the same asNc
eff(LR) in the second case

Classification of decay amplitudes is described in detail in@8#. Results using the improved light-cone su
rule (LCSR8) and the BSW model for heavy-to-light form factors are shown in the upper and lower en
respectively. Experimental values~in units of 1026) are taken from@1–5,28#. Our preferred predictions for
branching ratios are those using LCSR8 form factors,Nc

eff(LL)52 andNc
eff(LR)56.

Nc
eff(LL)52 Nc

eff(LL)5Nc
eff(LR)

Decay Class 2 3 6 ` 2 3 6 ` Expt.

B̄d
0→p1p2 I 5.98 5.95 5.92 5.90 5.98 6.79 7.69 8.58 4.321.4

11.660.5

8.31 8.27 8.23 8.20 8.31 9.44 10.6 11.9

B̄d
0→p0p0 II,VI 0.54 0.56 0.58 0.60 0.54 0.22 0.18 0.43 ,9.3

0.75 0.78 0.80 0.83 0.75 0.31 0.26 0.60

B̄d
0→hh II,VI 0.13 0.14 0.16 0.18 0.13 0.18 0.37 0.69 ,18

0.18 0.20 0.23 0.26 0.18 0.25 0.52 0.98

B̄d
0→hh8 II,VI 0.11 0.16 0.24 0.34 0.11 0.12 0.32 0.69 ,27

0.16 0.23 0.34 0.48 0.16 0.18 0.45 0.98

B̄d
0→h8h8 II,VI 0.03 0.05 0.09 0.14 0.03 0.02 0.06 0.17 ,47

0.04 0.07 0.12 0.21 0.04 0.02 0.09 0.24
B2→p2p0 III 5.92 5.92 5.92 5.92 5.92 4.68 3.58 2.64 ,12.7

8.23 8.23 8.23 8.24 8.23 6.50 4.98 3.67
B2→p2h III 2.64 2.65 2.66 2.68 2.64 2.05 1.60 1.30 ,5.7

3.68 3.69 3.71 3.73 3.68 2.85 2.22 1.80
B2→p2h8 III 1.79 1.75 1.77 1.86 1.79 1.30 0.91 0.62 ,12

2.51 2.45 2.48 2.62 2.51 1.81 1.26 0.85

B̄d
0→K2p1 IV 16.9 17.7 18.6 19.5 16.9 18.5 20.2 22.0 17.222.4

12.561.2

23.7 24.9 26.1 27.4 23.7 26.0 28.4 30.9

B2→K̄0p2 IV 15.2 16.1 17.0 17.9 15.2 17.5 20.0 22.6 18.224.0
14.661.6

21.4 22.6 23.8 25.1 21.4 24.6 28.0 31.7
B2→K2K0 IV 1.76 1.86 1.97 2.07 1.76 2.02 2.31 2.61 ,5.1

1.97 2.08 2.19 2.31 1.97 2.26 2.57 2.91

B̄d
0→K̄0p0 VI 5.27 5.63 6.02 6.41 5.27 6.20 7.25 8.39 14.625.123.3

15.912.4

7.66 8.18 8.73 9.28 7.66 9.00 10.5 12.1

B̄d
0→K0K̄0 VI 1.65 1.75 1.85 1.95 1.65 1.90 2.17 2.45 ,17

1.85 1.95 2.06 2.17 1.85 2.12 2.42 2.73

B̄d
0→p0h VI 0.36 0.40 0.45 0.50 0.36 0.41 0.47 0.54 ,2.9

0.50 0.56 0.63 0.69 0.50 0.58 0.66 0.75

B̄d
0→p0h8 VI 0.11 0.20 0.33 0.48 0.11 0.12 0.14 0.17 ,5.7

0.15 0.29 0.46 0.69 0.15 0.17 0.20 0.24

B̄d
0→K̄0h VI 1.74 1.57 1.40 1.24 1.74 2.38 3.13 4.01 ,9.3

1.30 1.12 0.96 0.81 1.30 1.83 2.45 3.26

B̄d
0→K̄0h8 VI 25.8 36.0 47.9 61.6 25.8 27.9 30.1 32.4 89216

11869

31.4 43.4 57.5 73.5 31.4 34.0 36.8 39.6
B2→K2p0 VI 11.6 12.1 12.6 13.2 11.6 12.4 13.3 14.2 11.622.721.3

13.011.4

15.9 16.6 17.3 18.0 15.9 17.0 18.2 19.5
B2→K2h VI 1.75 1.59 1.43 1.28 1.75 2.44 3.29 4.32 ,6.9

1.37 1.21 1.07 0.94 1.37 1.93 2.67 3.58
B2→K2h8 VI 28.8 39.9 52.8 67.5 28.8 30.6 32.5 34.5 802 9

11067
35.2 48.3 63.5 80.8 35.2 37.5 39.8 42.3
- n.

g

MeV, will allow a substantial rise ofK2p0 and a suppres
sion of QCD penguin contributions so thatK2p0.K2p1

can be accounted for. The 1999 data@5# show thatK2p0
05402
.2
3K

2p1, in accordance with the theoretical anticipatio
The motivation for having a negative cosg this time is some-
what different: It provides a simply way for accommodatin
9-5
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TABLE III. Form factors at zero momentum transfer forB→P and B→V transitions evaluated in the
BSW model@19#. The values given in the square brackets are obtained in the light-cone sum rule~LCSR!
analysis@25#. We have assumed SU~3! symmetry for theB→v form factors in the LCSR approach. I

realistic calculations we use Eq.~3.13! of @8# for B→h (8) form factors. For later purposes, we will use th
improved LCSR model (LCSR8) for form factors, which is the same as the LCSR of@25# except for the
values ofF0

Bp(0) andF0
BK(0) being replaced by those given in Eq.~3.4!.

Decay F15F0 V A1 A2 A35A0

B→p6 0.333@0.305#
B→K 0.379@0.341#
B→h 0.168@—#

B→h8 0.114@—#

B→r6 0.329@0.338# 0.283@0.261# 0.283@0.223# 0.281@0.372#
B→v 0.232@0.239# 0.199@0.185# 0.199@0.158# 0.198@0.263#
B→K* 0.369@0.458# 0.328@0.337# 0.331@0.283# 0.321@0.470#
n
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the suppression ofp1p2 and nonsuppression ofKp data
without having too small light quark masses or too largepp
final-state interactions or too small CKM matrix eleme
Vub .

Finally, as pointed out in@8#, the branching ratio of
K* 2p1 predicted to be of order 0.531025 is smaller than
that of K2p1 owing to the absence of thea6 penguin term
in the former. The observation B(B̄0→K* 2p1)
5(222625

1814)31026 @1# is thus strongly opposite to the theo
retical expectation. Clearly, it is important to have a refin
measurement of this mode.

IV. TREE-DOMINATED CHARMLESS B DECAYS

CLEO has observed several tree-dominated charmleB
decays which proceed at the tree level through theb quark
decayb→uūd and at the loop level via theb→d penguin
diagrams:B→p1p2, r0p6, vp6, r6p7. The first three
modes have been measured recently for the first time w
the branching ratios@3,2#:

B~B6→r0p6!5~10.423.4
13.362.1!31026,

B~B6→vp6!5~11.322.9
13.361.5!31026, ~4.1!

and Eq.~3.1!. These decays are sensitive to the form fact
F0

Bp , A0
Br , A0

Bv , and to the value ofNc
eff(LL). To illustrate

the sensitivity on form factors, we consider two differe
form-factor models for heavy-to-light transitions: the BS
model@19# and the light-cone sum rule~LCSR! model@25#.
The relevant form factors at zero momentum transfer
listed in Table III. We see from Table IV that the branchin
ratios ofr0p6 andvp6 decrease withNc

eff(LL) and gener-
ally they become too small compared to the data wh
Nc

eff(LL).3, whereas B(B→p1p2) increases with
Nc

eff(LL) and becomes too large whenNc
eff(LL).3. More

precisely, we obtain 1.1<Nc
eff(LL)<2.6 from r0p6 and

vp6 modes. Evidently,Nc
eff(LL) in all these tree-dominate

decays are preferred to be smaller. This is indeed wha
expected since the effective number of colors,Nc

eff(LL), in-
ferred from the Cabibbo-allowed decaysB→(D,D* )(p,r)
05402
t

d

th

s

t

e

n

is

is in the vicinity of 2 @27#, and since the energy released
the energetic two-body charmlessB decays is in genera
slightly larger than that inB→Dp decays, it is thus antici-
pated that

ux~ two-body rare B decay!u&ux~B→Dp!u, ~4.2!

and henceNc
eff(LL)'Nc

eff(B→Dp);2.
Note that the branching ratio ofr0p6 is sensitive to the

change of the unitarity angleg, while vp6 is not. For ex-
ample, we haveB(B6→r0p6);B(B6→vp6) for g
;65°, andB(B6→r0p6).B(B6→vp6) for g.90°. It
appears that a unitarity angleg larger than 90°, which is
preferred by the previous measurement@2# B(B6→r0p6)
5(156564)31026, is no longer strongly favored by th
new data ofr0p6.

It is worth remarking that although the decaysB
→r6p7 are sensitive toNc

eff(LL), no useful constraint can
be extracted at this moment from the present measurem
@3#: B(B̄0→r1p21r2p1)5(27.627.4

18.464.2)31026 due to
its large error.

From Tables III and IV it is also clear that the form fact
A0

Bv predicted by the LCSR, which are substantially larg
than that of the BSW model, is more favored. Since the fo
factor F0

Bp in the light cone sum rule~LCSR! model is
slightly big, we will employ the improved LCSR mode
~called LCSR8), which is the same as the LCSR model
@25# except that the values ofF0

Bp(0) and F0
BK(0) are re-

placed by those given in Eq.~3.4!, in ensuing calculations.

V. B\Kh8 AND K* h DECAYS

The improved measurements of the decaysB→h8K by
CLEO @4#

   B~B6→h8K6!5~802 9
11067!31026,

B~B0→h8K0!5~89216
11869!31026, ~5.1!

are larger than the previously published results@28#:
9-6
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TABLE IV. Same as Table II except for charmlessBu,d→VP decays.

Nc
eff(LL)52 Nc

eff(LL)5Nc
eff(LR)

Decay Class 2 3 6 ` 2 3 6 ` Expt.

B̄d
0→r2p1 I 18.5 18.5 18.5 18.5 18.5 21.0 23.6 26.4

B̄d
0→r1p2 I

26.5
14.8

26.5
14.6

26.5
14.8

26.5
14.9

26.5
14.8

30.0
16.3

33.8
18.3

37.7
20.3J 27.627.4

18.464.2

8.54 8.34 8.43 8.51 8.54 9.32 10.4 11.6

B̄d
0→r1K2 I,IV 2.27 2.59 2.96 3.36 2.27 2.45 2.64 2.85 ,25

1.31 1.49 1.70 1.93 1.31 1.41 1.52 1.64

B̄d
0→r0p0 II 0.73 0.72 0.71 0.70 0.73 0.01 0.54 2.33 ,5.1

0.80 0.79 0.78 0.77 0.80 0.02 0.50 2.22

B̄d
0→vp0 II 0.16 0.07 0.02 0.003 0.16 0.07 0.02 0.01 ,5.8

0.19 0.10 0.05 0.04 0.19 0.09 0.07 0.14

B̄d
0→vh II 0.32 0.35 0.39 0.44 0.32 0.004 0.28 1.14 ,12

0.30 0.32 0.35 0.41 0.30 0.02 0.29 1.13

B̄d
0→vh8 II 0.30 0.28 0.25 0.23 0.30 0.04 0.15 0.66 ,60

0.23 0.24 0.23 0.23 0.23 0.01 0.15 0.66

B̄d
0→r0h II 0.002 0.002 0.003 0.003 0.002 0.002 0.003 0.006 ,10

0.05 0.05 0.05 0.05 0.05 0.01 0.02 0.10

B̄d
0→r0h8 II,VI 0.04 0.01 0.01 0.05 0.04 0.05 0.06 0.08 ,23

0.02 0.02 0.04 0.08 0.02 0.02 0.05 0.12
B2→r2p0 III 13.2 13.3 13.3 13.3 13.2 12.0 10.9 9.77 ,77

17.1 17.1 17.2 17.2 17.1 16.8 16.5 16.2
B2→r0p2 III 13.1 13.2 13.3 13.4 13.1 9.98 7.29 5.0410.423.4

13.362.1
9.64 9.69 9.76 9.82 9.64 6.14 3.46 1.61

B2→vp2 III 9.56 10.1 10.8 11.5 9.56 7.80 6.31 5.0911.322.9
13.361.5

6.25 6.71 7.27 7.93 6.25 4.20 2.64 1.57
B2→r2h III 9.46 9.70 10.0 10.3 9.46 7.95 6.62 5.41 ,15

11.9 11.8 12.1 12.3 11.9 10.8 10.0 9.25
B2→r2h8 III 5.49 4.88 4.45 4.20 5.49 4.27 3.21 2.31 ,47

6.97 6.43 6.00 5.67 6.97 6.16 5.40 4.69
B2→r0K2 III,VI 0.86 0.90 0.97 1.05 0.86 0.63 0.46 0.30 ,22

0.57 0.56 0.57 0.59 0.57 0.34 0.18 0.07

B̄d
0→K* 2p1 IV 5.63 5.63 5.63 5.63 5.63 6.27 6.95 7.66 222625

1814

8.13 8.13 8.13 8.13 8.13 9.06 10.3 11.1

B2→K̄* 0p2 IV 3.41 3.41 3.41 3.41 3.41 4.34 5.38 6.54 ,27

4.93 4.93 4.93 4.93 4.93 6.27 7.78 9.45
B2→K* 0K2 IV 0.38 0.39 0.39 0.39 0.38 0.49 0.61 0.74 ,12

0.43 0.44 0.44 0.44 0.43 0.56 0.69 0.84
B2→K* 2K0 IV 0.26 0.30 0.35 0.41 0.26 0.23 0.20 0.18 2

0.12 0.14 0.17 0.19 0.12 0.11 0.09 0.08

B̄d
0→fp0 V 0.02 0.001 0.01 0.03 0.02 0.002 0.05 0.17 ,5.4

0.03 0.002 0.01 0.04 0.03 0.003 0.08 0.25

B̄d
0→fh V 0.01 0.001 0.003 0.02 0.01 0.001 0.03 0.09 ,9

0.02 0.001 0.004 0.02 0.02 0.002 0.04 0.14

B̄d
0→fh8 V 0.006 0.0005 0.002 0.01 0.006 0.001 0.02 0.06 ,31

0.01 0.001 0.002 0.01 0.01 0.001 0.03 0.09
B2→fp2 V 0.04 0.003 0.01 0.06 0.04 0.005 0.11 0.37 ,4.0

0.06 0.005 0.01 0.09 0.06 0.01 0.17 0.54

B̄d
0→K* 0K̄0 VI 0.36 0.36 0.36 0.36 0.36 0.46 0.57 0.69 2

0.41 0.41 0.41 0.41 0.41 0.52 0.64 0.78
054029-7
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TABLE IV. ~Continued.!

Nc
eff(LL)52 Nc

eff(LL)5Nc
eff(LR)

Decay Class 2 3 6 ` 2 3 6 ` Expt.

B̄d
0→K̄* 0K0 VI 0.24 0.28 0.33 0.38 0.24 0.21 0.19 0.16 2

0.11 0.13 0.15 0.18 0.11 0.10 0.09 0.08

B̄d
0→K̄* 0p0 VI 0.67 0.67 0.68 0.69 0.67 0.93 1.28 1.74 ,4.2

1.43 1.45 1.45 1.46 1.43 1.93 2.52 3.21

B̄d
0→r0K̄0 VI 2.92 3.32 3.68 4.07 2.92 2.74 2.58 2.50 ,27

2.23 2.50 2.75 3.01 2.23 2.10 2.01 2.00

B̄d
0→vK̄0 VI 0.33 0.16 1.55 4.55 0.33 0.71 5.01 13.3 ,21

0.83 0.04 0.89 3.45 0.83 0.34 4.37 13.0

B̄d
0→K̄* 0h VI 7.28 8.84 10.5 12.4 7.28 6.90 6.53 6.20 13.824.6

15.561.6

5.49 6.42 7.40 8.45 5.49 5.64 5.78 5.94

B̄d
0→K̄* 0h8 VI 4.18 1.91 0.52 0.41 4.18 4.98 5.41 5.88 ,24

1.10 0.43 0.19 0.56 1.10 1.28 1.30 1.33

B̄d
0→fK̄0 VI 11.3 7.15 3.97 1.74 11.3 5.87 2.22 0.32 ,28

13.0 8.23 4.57 2.00 13.0 6.76 2.56 0.37
B2→K* 2p0 VI 4.46 4.45 4.43 4.42 4.46 4.68 4.92 5.17 ,800

5.50 5.50 5.48 5.47 5.50 5.90 6.32 6.76

B2→r2K̄0 VI 2.53 2.99 3.49 4.02 2.53 2.27 2.02 1.78 ,140

1.46 1.72 2.01 2.32 1.46 1.31 1.16 1.03
B2→fK2 VI 11.6 7.71 4.28 1.87 11.6 6.33 2.39 0.35 ,5.9

13.2 8.87 4.92 2.16 13.2 7.29 2.75 0.40
B2→K* 2h VI 9.60 11.4 13.3 15.4 9.60 8.51 7.50 6.57 26.428.2

19.663.3
7.93 9.01 10.2 11.4 7.93 7.45 6.99 6.55

B2→K* 2h8 VI,III 4.93 2.16 0.76 0.71 4.93 5.61 6.36 7.18 ,35
1.43 0.67 0.57 1.12 1.43 1.58 1.75 1.95

B2→vK2 VI,III 1.50 0.78 1.79 4.53 1.50 1.04 5.30 14.3 ,8.0
1.87 0.56 1.09 3.46 1.87 0.55 4.53 13.8
t
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B~B6→h8K6!5~65214
11569!31026,

B~B0→h8K0!5~47220
12769!31026.

~5.2!

This year CLEO has also reported the new measuremen
B→K* h with the branching ratios@4#

B~B6→hK* 6!5~26.428.2
19.663.3!31026,

B~B0→hK* 0!5~13.824.4
15.561.6!31026. ~5.3!

Theoretically, the branching ratios ofKh8 (K* h) are an-
ticipated to be much greater thanKp (K* h8) modes owing
to the presence of constructive interference between two
guin amplitudes arising from nonstrange and strange qu
of the h8 or h.2 In general, the decay rates ofKh8 increase
slowly with Nc

eff(LR) if Nc
eff(LL) is treated to be the same a

Nc
eff(LR), but fast enough withNc

eff(LR) if Nc
eff(LL) is fixed

at the value of 2. Evidently, the data much favor the lat

2In a recent analysis@26#, the branching ratio ofK* h8 is predicted
to be similar to that ofK* h, whereas it is found not to exceed
31026 according to@11# and the present paper.
05402
of

n-
ks

r

case~see Table II!.3 On the contrary, the branching ratios o
K* h in general decrease withNc

eff(LR) when Nc
eff(LL)

5Nc
eff(LR) but increase withNc

eff(LR) when Nc
eff(LL)52.

Again, the latter is preferred by experiment. Hence, the d
of both Kh8 andK* h provide another strong support for
small Nc

eff(LL) and for the relationNc
eff(LR).Nc

eff(LL). In
other words, the nonfactorized effects due to (V2A)(V
2A) and (V2A)(V1A) operators should be treated diffe
ently.

It appears from Tables II and IV that the data ofK* h and
in particularKh8 are well accommodated byNc

eff(LR)5`.
However, we have argued in@8# that Nc

eff(LR)&6. In prin-
ciple, the value ofNc

eff(LR) can be extracted from the decay
B→fK andfK* . The present limit@1,2#

B~B6→fK6!,0.5931025 ~5.4!

3As stressed in@8#, the contribution from theh8 charm content
will make the theoretical prediction even worse at the small val
of 1/Nc

eff if Nc
eff(LL)5Nc

eff(LR)! On the contrary, ifNc
eff(LL)'2,

thecc̄ admixture in theh8 will always lead to a constructive inter
ference irrespective of the value ofNc

eff(LR).
9-8
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at 90% C.L. implies that

Nc
eff~LR!>H 5.0 BSW,

4.2 LCSR8,
~5.5!

with Nc
eff(LL) being fixed at the value of 2. Note that th

constraint is subject to the corrections from spacelike p
guin andW-annihilation contributions. At any rate, it is sa
to conclude thatNc

eff(LR).3.Nc
eff(LL).

Since the penguin matrix elements of scalar and pseu
scalar densities are sensitive to the strange quark mass
discrepancy between theory and experiment, especially
Kh8, can be further improved by using an even smallerms ,
say ms(mb)565 MeV. However, as remarked in Sec. II
this small strange quark mass is not favored by lattice ca
lations. Moreover, it will lead to too largeB→Kp rates. For
example, the predictedB(B̄0→K2p1)52831026 using
ms(mb)565 MeV is too large compared to the observ
branching ratio (17.222.4

12.561.2)31026.
Several new mechanisms have been proposed in the

few years to explain the observed enormously large rate
Kh8, for example, the large charm content of theh8 @29# or
the two-gluon fusion mechanism via the anomaly coupl
of theh8 with two gluons@30,31#. These mechanisms will in
general predict a large rate forK* h8 comparable to or even
greater thanKh8 and a very small rate forK* h andKh. The
fact that theK* h modes are observed with sizeable bran
05402
-
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-

ing ratios indicates that it is the constructive interference
two comparable penguin amplitudes rather than the mec
nism specific to theh8 that accounts for the bulk ofB
→h8K andhK* branching ratios.

Two remarks are in order. First, as shown in@8#, the
chargedh8K2 mode gets enhanced when cosg becomes
negative, while the neutralh8K0 mode remains steady
Therefore, it is important to see if the disparity betwe
h8K6 andh8K0 is confirmed when experimental errors a
improved and refined in the future. Second, we see fr

Table IV that the form factorA0
BK* (0) entering the decay

amplitude of B→K* h is preferred to be larger than th
value predicted by the BSW model.

The observationNc
eff(LL),3,Nc

eff(LR) is consistent
with a recent perturbative QCD calculation ofB→pp de-
cays in the heavy quark limit. Following the notation of@7#,
we find the nonfactorized terms:4

x15x25x35x452x552x65
as

4p

CF

Nc
~ f I1 f II !.

~5.8!
It follows from Eq. ~2.7! that

xLR52xLL52
as

4p

CF

Nc
~ f I1 f II !. ~5.9!

Several remarks are in order.~i! Since f I is complex due to
final-state interactions via hard gluon exchange@7#, so arex i
is fixed at
4
Note that Eqs.~4!–~8! in @7# can be reproduced from Eqs.~2.12!–~2.19! and~4.1! in @8# with the nonfactorized terms given by Eq.~5.8!.

For example, from@8# we obtain in the NDR scheme~the superscript ‘‘eff’’ ofai is dropped for convenience! that

a25c21
c1

Nc
1

as

4p

CF

Nc
c1 S 12 ln

mb

m
218D1c1

effx2 ,

a45c41
c3

Nc
1

as

4p

CF

Nc
c3 S 12 ln

mb

m
218D1c3

effx41
as

9p
~Ct1Cp1Cg!,

a55c51
c6

Nc
1

as

4p

CF

Nc
c6S 212 ln

mb

m
16D1c6

effx5 , ~5.6!

with Ct , Cp , Cg being defined in@11# andCF5(Nc
221)/(2Nc), while Eqs.~6! and ~8! of @7# lead to

a25c21
c1

Nc
1

as

4p

CF

Nc
c1 S 12 ln

mb

m
2181 f I1 f II D ,

a45c41
c3

Nc
1

as

4p

CF

Nc
c3 S 12 ln

mb

m
2181 f I1 f II D1

as

9p
~Ct1Cp1Cg!,

a55c51
c6

Nc
1

as

4p

CF

Nc
c6S 212 ln

mb

m
162 f I2 f II D , ~5.7!

where the hard scattering functionf I corresponds to the hard gluon exchange between the two outgoing light mesons andf II describes the
hard nonfactorized effect involving the spectator quark of theB meson. The expressions for the hard scattering functionsf I and f II can be
found in @7#. Comparing Eqs.~5.6! with ~5.7! yields

x25x452x55
as

4p

CF

Nc
~ f I1 f II !.

Note that the quark mass entering into the penguin matrix elements of scalar and pseudoscalar densities via equations of motion
the scalem f .
9-9
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and Nc
eff(LL) and Nc

eff(LR). ~ii ! Contrary to the common
assertion, the nonfactorized term is dominated by hard gl
exchange in the heavy quark limit as soft gluon contributio
to x i are suppressed by orders ofLQCD/mb @7#. However, it
is nontrivial to calculate the power corrections tox i since the
hard scattering functionf II , which convolutes with theB me-
son wave function, is a function of the momentum fraction
the spectator quark which is of orderLQCD/mb . In order to
have a good estimation, one has to know theB meson wave
function first. Therefore, nonfactorized contributions in t
PQCD calculation is subject to the uncertainty due to
unknownLQCD/mb corrections.~iii ! Because RexLL.0, it
is obvious thatuNc

eff(LL)u,3 and uNc
eff(LR)u.3 @see Eq.

~2.6!#. Furthermore, Nc
eff(LL);2 implies Nc

eff(LR);6.
Therefore, the assumption~2.7! and the empirical observa
tion Nc

eff(LR).3.Nc
eff(LL) are consistent with the pertur

bative QCD calculation performed in the heavy quark lim

VI. B\vK AND rK DECAYS

The previous CLEO observation@32# of a large branching
ratio for B6→vK6

B~B6→vK6!5~1526
1762!31026, ~6.1!

imposes a serious problem to the generalized factoriza
approach: The observed rate is enormously large comp
to naive expectation@8#. Since thevK2 amplitude differs
from that of r0K2 only in the QCD penguin term propor
tional to (a31a5) and in the electroweak penguin term go
erned bya9, it is naively anticipated that their branchin
ratios are similar as the contributions froma3 ,a5 ,a9 are not
expected to be large. While the branching ratio ofB6

→r0K6 is estimated to be of order 131026 ~see Table IV!,
the prediction ofB(B6→vK6) is less certain because th
penguin contribution proportional to (a31a5) depends sen
sitively on Nc

eff(LR). At any rate, it is reasonable to asse
that B(B2→vK2)*2B(B2→r0K2);231026.

As pointed out recently in@2#, the additional data and
reanalysis of old CLEO data did not support the previou
reported observation~6.1!. Therefore, the new measureme
of B2→vK2 no longer imposes a serious difficulty to th
factorization approach. The theoretical predictionB(B2

→vK2);(2.125.5)31026 for Nc
eff(LL)52 andNc

eff(LR)
ranging from 6 tò is consistent with the current limit 8.0
31026 @2#. It is important to measure the branching ratios
vK and rK modes in order to understand their underlyi
mechanism. From Table IV we see thatr0K0;r1K0

.r0K1 is expected in the factorization approach.

VII. COMPARISON WITH REF. †7‡

Although we have followed the framework of@8# to study
nonleptonic charmlessB decays, it is useful at this point t
summarize the differences between the present work
Ref. @8#.

The 66 and 88 entries of the constant matrixr̂ V in NDR
and HV g5 schemes given in@8# are erroneous and hav
been corrected here. As a result, the magnitude of the e
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tive penguin Wilson coefficientc6
eff is enhanced. The deca

rates of the penguin-dominated modes governed by thea6
penguin term are thus enhanced. For example, the branc
ratios of K̄* 0h andK* 2h are enhanced by almost a fact
of 2.

In order to accommodate the new data ofp1p2 andKp
decays, we have fixed the relevant form factors and the
tarity angle to beF0

Bp(0)50.28, F0
BK(0)50.36, and g

5105°.
While the strange quark mass is slightly changed

ms(mb)585 MeV, theu andd quark masses are modified t
mu(mb)52.13 MeV, md(mb)54.27 MeV in order to respec
the chiral-symmetry relationmp6

2 /(mu1md)5mK1
2 /(mu

1ms).
Branching ratios of allBu,d→PP,VP,VV modes are

tabulated in Tables II, IV, and V in BSW and LCSR8 models
for form factors. Our preference for heavy-to-light form fa
tors is that given by the LCSR8 model.

VIII. CONCLUSIONS

Implications inferred from recent CLEO measurements
hadronic charmless two-body decays ofB mesons are dis-
cussed in the present paper. Our main conclusions ar
follows.

~1! Employing the Bauer-Stech-Wirbel~BSW! model for
form factors as a benchmark, theB→p1p2 data indicate
that the form factorF0

Bp(0)50.2060.04 is much smaller
than that predicted by the BSW model, whereas the dat

B→vp, K* h imply that the form factorsA0
Bv(0), A0

BK* (0)
are greater than the values obtained in the BSW model.

~2! The tree-dominated modesB→p1p2, r0p6, vp6

imply that the effective number of colorsNc
eff(LL) for (V

2A)(V2A) operators is preferred to be smaller 1
<Nc

eff(LL)<2.6, while the current limit onB→fK shows
that Nc

eff(LR).3. The data ofB→Kh8 and K* h clearly
support the observationNc

eff(LR)@Nc
eff(LL).

~3! The decay rates ofp1p2 andKp are governed by the
form factorF0

Bp . In order to explain the observed suppre
sion ofp1p2 and nonsuppression ofKp modes, the unitar-
ity angle g is favored to be greater than 90°~see, also,
@26,33#!. By contrast, the new measurement ofB6→r0p6

no longer strongly favors cosg,0.
~4! The observed patternK2p1;K̄0p2; 3

2 K2p0 is con-
sistent with the theoretical expectation: The constructive
terference between electroweak and QCD penguin diagr
in the K2p0 mode explains whyB(B2→K2p0). 1

2 B(B̄0

→K2p1).
~5! We found that, except for the decaysK* 2p1 and

K̄0p0, all the measured charmlessB decays can be well ac
commodated by the LCSR8 form factors and the paramete
ms(mb)585 MeV, F0

Bp(0)50.28,F0
BK(0)50.36,g5105°,

Nc
eff(LL)52, Nc

eff(LR)56.
~6! The observationNc

eff(LL),3,Nc
eff(LR) and our pref-

erence forNc
eff(LL);2 and Nc

eff(LR);6 are theoretically
consistent with a recent perturbative QCD calculation
9-10
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TABLE V. Same as Table II except for charmlessBu,d→VV decays.

Nc
eff(LL)52 Nc

eff(LL)5Nc
eff(LR)

Decay Class 2 3 6 ` 2 3 6 ` Expt.

B̄d
0→r2r1 I 32.0 32.0 32.0 32.0 32.0 36.1 40.5 45.1 ,2200

19.6 19.6 19.6 19.6 19.6 22.1 24.8 27.6

B̄d
0→r0r0 II 1.17 1.17 1.17 1.17 1.17 0.14 0.43 2.02 ,40

0.72 0.72 0.72 0.72 0.72 0.09 0.26 1.23

B̄d
0→vv II 0.71 0.58 0.54 0.60 0.71 0.20 0.53 1.73 ,19

0.44 0.36 0.33 0.37 0.44 0.12 0.33 1.07
B2→r2r0 III 27.0 27.0 27.0 27.0 27.0 21.3 16.3 12.0 ,120

16.5 16.5 16.5 16.5 16.5 13.0 9.97 7.32
B2→r2v III 21.9 22.5 23.2 24.0 21.9 18.3 15.1 12.3 ,47

13.5 13.9 14.3 14.8 13.5 11.3 9.34 7.61

B̄d
0→K* 2r1 IV 9.89 9.89 9.89 9.89 9.89 11.1 12.3 13.6

6.16 6.16 6.16 6.16 6.16 6.89 7.65 8.46

B̄d
0→K̄* 0r0 IV 1.00 0.99 0.98 0.96 1.00 1.35 1.89 2.62 ,460

0.73 0.71 0.71 0.70 0.73 0.97 1.33 1.80

B̄d
0→K̄* 0K* 0 IV 0.64 0.64 0.64 0.64 0.64 0.81 1.01 1.23

0.32 0.32 0.32 0.32 0.32 0.41 0.51 0.62
B2→K* 2r0 IV 9.98 10.0 10.1 10.1 9.98 10.4 10.9 11.5 ,900

5.80 5.87 5.90 5.92 5.80 6.12 6.44 6.82

B2→K̄* 0r2 IV 6.42 6.42 6.42 6.42 6.42 8.20 10.2 12.4

4.00 4.00 4.00 4.00 4.00 5.11 6.36 7.75
B2→K* 2K* 0 IV 0.68 0.68 0.68 0.68 0.68 0.87 1.08 1.31

0.34 0.34 0.34 0.34 0.34 0.43 0.54 0.66

B̄d
0→r0f V 0.03 0.002 0.01 0.06 0.03 0.01 0.10 0.33 ,13

0.02 0.001 0.006 0.04 0.02 0.003 0.07 0.21

B̄d
0→vf V 0.03 0.002 0.01 0.06 0.03 0.01 0.10 0.33 ,21

0.02 0.001 0.006 0.04 0.02 0.003 0.07 0.21
B2→r2f V 0.07 0.004 0.02 0.12 0.07 0.01 0.22 0.70 ,16

0.05 0.003 0.01 0.08 0.05 0.01 0.14 0.44

B̄d
0→r0v VI 0.65 0.42 0.24 0.11 0.65 0.32 0.11 0.02 ,11

0.40 0.26 0.15 0.07 0.40 0.20 0.07 0.01

B̄d
0→K̄* 0v VI 15.0 7.80 2.91 0.43 15.0 4.54 0.19 2.01 ,19

8.17 4.48 1.84 0.37 8.17 2.81 0.25 0.62

B̄d
0→K̄* 0f VI 21.3 13.3 7.28 3.08 21.3 11.0 4.05 0.53 ,21

11.1 6.79 3.70 1.56 11.1 5.58 2.06 0.27
B2→K* 2v VI 19.7 11.4 5.58 2.31 19.7 6.70 1.04 2.79 ,52

10.9 6.64 3.48 1.58 10.9 4.15 0.83 1.09
B2→K* 2f VI 22.7 14.2 7.74 3.27 22.7 11.7 4.31 0.57 ,41

11.8 7.22 3.94 1.66 11.8 5.93 2.19 0.29
It
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charmlessB decays performed in the heavy quark limit.
~7! The new upper limit set forB2→vK2 no longer

imposes a serious problem to the factorization approach.
anticipated that B(B2→vK2)*2B(B2→r0K2);2
31026.

~8! An improved and refined measurement ofB

→K* 2p1, K̄0p0 is called for in order to resolve the dis
crepancy between theory and experiment. Theoretically,
expected thatK̄0p0; 1

2 K2p0 andK2p1;3 K* 2p1.
~9! Theoretical calculations suggest that the following

decay modes ofBu
2 and B̄d

0 have branching ratios of orde
05402
is

is

1025 or above~in sequence of their decay rate strengt!:
h8K2, h8K0, r1r2, r2r0, r2v, K2p1, K̄0p2, r2p1,
K* 2h, r1p2, r2p0, K2p0, r0p2, K̄* 0h, vp2, K* 2r0,
K* 2r1, r2h. Many of them have been observed and t
rest will have a good chance to be seen soon.
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