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Updated analysis ofa1 and a2 in hadronic two-body decays ofB mesons
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Using the recent experimental data ofB→D (* )(p,r), B→D (* )Ds
(* ) , B→J/cK (* ) and various model

calculations on form factors, we reanalyze the effective coefficientsa1 and a2 and their ratio. QCD and
electroweak penguin corrections toa1 from B→D (* )Ds

(* ) anda2 from B→J/cK (* ) are estimated. In addition
to the model-dependent determination, the effective coefficienta1 is also extracted in a model-independent
way as the decay modesB→D (* )h are related by factorization to the measured semileptonic distribution of

B→D (* )l n̄ at q25mh
2 . Moreover, this enables us to extract model-independent heavy-to-heavy form factors,

for example,F0
BD(mp

2 )50.6660.0660.05 andA0
BD* (mp

2 )50.5660.0360.04. The determination of the mag-

nitude ofa2 from B→J/cK (* ) depends on the form factorsF1
BK , A1,2

BK* andVBK* at q25mJ/c
2 . By requiring

thata2 be process insensitive~i.e., the value ofa2 extracted fromJ/cK andJ/cK* states should be similar!,
as implied by the factorization hypothesis, we find thatB→K (* ) form factors are severely constrained; they

respect the relationF1
BK(mJ/c

2 )'1.9A1
BK* (mJ/c

2 ). Form factorsA2
BK* andVBK* at q25mJ/c

2 inferred from the
measurements of the longitudinal polarization fraction and theP-wave component inB→J/cK* are obtained.

A stringent upper limit ona2 is derived from the current bound onB̄0→D0p0 and it is sensitive to final-state
interactions.@S0556-2821~99!03509-2#

PACS number~s!: 13.25.Hw, 12.39.Hg
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I. INTRODUCTION

Nonleptonic two-body decays ofB and D mesons have
been conventionally studied in the generalized factoriza
approach in which the decay amplitudes are approximate
the factorized hadronic matrix elements multiplied by so
universal, process-independent effective coefficientsai

eff .
Based on the generalized factorization assumption, one
catalog the decay processes into three classes. For cl
decays, the decay amplitudes, dominated by color-allow
externalW emission, are proportional toa1

eff^O1& fact where
O1 is a charged-current–charged-current 4-quark opera
For class-II decays, the decay amplitudes, governed by co
suppressed internalW emission, are described bya2

eff^O2& fact

with O2 being a neutral-current–neutral-current 4-quark o
erator. The decay amplitudes of the class-III decays involv
linear combination ofa1

eff^O1& fact anda2
eff^O2& fact. If factor-

ization works, the effective coefficientsai
eff in nonleptonicB

or D decays should be channel by channel independ
Since the factorized hadronic matrix elements^Oi& fact are
renormalization scheme and scale independent, so areai

eff .
What is the relation between the effective coefficientsai

eff

and the Wilson coefficients in the effective Hamiltonian a
proach? Under the naive factorization hypothesis, one h

a1~m!5c1~m!1
1

Nc
c2~m!, a2~m!5c2~m!1

1

Nc
c1~m!,

~1.1!

for decay amplitudes induced by current-current opera
O1,2(m), wherec1,2(m) are the corresponding Wilson coe
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ficients. However, this naive factorization approach enco
ters two principal difficulties:~i! the above coefficientsai are
scale dependent, and~ii ! it fails to describe the color-
suppressed class-II decay modes. For example, the pred
decay rate ofD0→K̄0p0 by naive factorization is too smal
compared to experiment. Two different approaches h
been advocated in the past for solving the aforementio
scale problem associated with the naive factorization
proximation. In the first approach, one incorporates nonf
torizable effects into the effective coefficients@1–3#:

a1
eff5c1~m!1c2~m!S 1

Nc
1x1~m! D ,

a2
eff5c2~m!1c1~m!S 1

Nc
1x2~m! D , ~1.2!

where nonfactorizable terms are characterized by the par
etersx i . Considering the decayB̄0→D1p2 as an example,
x1 is given by

x1~m!5«8
~BD,p!~m!1

a1~m!

c2~m!
«1

~BD,p!~m!, ~1.3!

where

«1
~BD,p!5

^D1p2u~ c̄b!
V2A

~ d̄u!
V2A

uB̄0&

^D1u~ c̄b!
V2A

uB̄0&^p2u~ d̄u!
V2A

u0&
21,

«8
~BD,p!5

^D1p2u 1
2 ~ c̄lab!

V2A
~ d̄lau!

V2A
uB̄0&

^D1u~ c̄b!
V2A

uB̄0&^p2u~ d̄u!
V2A

u0&
,

~1.4!
©1999 The American Physical Society04-1
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are nonfactorizable terms originated from color singl
singlet and octet-octet currents, respectively, (q̄1q2)

V2A

[q̄1gm(12g5)q2, and (q̄1laq2)
V2A

[q̄1lagm(12g5)q2.

The m dependence of the Wilson coefficients is assumed
be exactly compensated by that ofx i(m) @4#. That is, the
correctm dependence of the matrix elements is restored
x i(m). In the second approach, it is postulated that the h
ronic matrix element̂O(m)& is related to the tree-level on
via the relation̂ O(m)&5g(m)^O& tree and thatg(m) is inde-
pendent of the external hadron states. Explicitly,

c~m!^O~m!&5c~m!g~m!^O& tree[ceff^O& tree. ~1.5!

Since the tree-level matrix element^O& tree is renormalization
scheme and scale independent, so are the effective W
coefficientsci

eff and the effective parametersai
eff expressed

by @5,6#

a1
eff5c1

eff1c2
effS 1

Nc
1x1D , a2

eff5c2
eff1c1

effS 1

Nc
1x2D .

~1.6!

Although naive factorization does not work in general, w
still have a new factorization scheme in which the dec
amplitude is expressed in terms of factorized hadronic ma
elements multiplied by the universal effective paramet
a1,2

eff provided thatx1,2 are universal~i.e. process indepen
dent! in charm or bottom decays. Contrary to the naive o
the improved factorization scheme does incorporate non
torizable effects in a process independent form. For exam
x15x252 1

3 in the large-Nc approximation of factorization
Theoretically, it is clear from Eqs.~1.3! and ~1.4! that a
priori the nonfactorized termsx i are not necessarily chann
independent. In fact, phenomenological analyses of t
body decay data ofD andB mesons indicate that while th
generalized factorization hypothesis in general works reas
ably well, the effective parametersa1,2

eff do show some varia
tion from channel to channel, especially for the weak dec
of charmed mesons@1,7#. However, in the energetic two
body B decays,x i are expected to be process insensitive
supported by data@4#.

The purpose of the present paper is to provide an upd
analysis of the effective coefficientsa1

eff anda2
eff from vari-

ous Cabibbo-allowed two-body decays ofB mesons:B
→D (* )Ds

(* ) ,D (* )(p,r),J/cK (* ). It is known that the pa-
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rameter ua1
effu can be extracted fromB̄0→D (* )1(p2,r2)

and Bs→D (* )Ds
(* ) , ua2

effu from B→J/cK (* ), B̄0

→D (* )0p0(r0), and a2
eff/a1

eff from B2→D (* )(p,r). How-
ever, the determination ofa1

eff and a2
eff is subject to many

uncertainties: decay constants, form factors and theirq2 de-
pendence, and the quark-mixing matrix elementVcb . It is
thus desirable to have an objective estimation ofa1,2

eff . A
model-independent extraction ofa1 is possible because th
decay modesB→D (* )h can be related by factorization t
the measured semileptonic decaysB→D (* )l n̄. As a conse-
quence, the ratio of nonleptonic to differential semilepton
decay rates measured atq25mh

2 is independent of the above
mentioned uncertainties. The determination ofua2

effu from B

→J/cK (* ) is sensitive to the form factorsF1
BK , A1,2

BK* and

VBK* at q25mJ/c
2 . In order to accommodate the observ

production ratioR[G(B→J/cK* )/G(B→J/cK) by gener-
alized factorization,a2

eff should be process insensitive; th
is, a2

eff extracted fromJ/cK and J/cK* final states should
be very similar. This puts a severe constraint on the for
factor models and only a few models can satisfactorily
plain the production ratioR.

The rest of this paper is organized as follows. In Sec
we introduce the basic formula and the classification of
relevant decay modes which have been measured experi
tally. Section III briefly describes various form-factor mo
els. The results and discussions for the effective parame
a1

eff and a2
eff are presented in Secs. IV and V, respective

Finally, the conclusion is given in Sec. VI.

II. BASIC FRAMEWORK

Since, as we shall see below, the decaysB→D (* )Ds
(* ) ,

J/cK (* ) receive penguin contributions, the relevantDB51
effective Hamiltonian for our purposes has the form

Heff5
GF

A2
H VcbVuq* @c1~m!O1

~uq!~m!1c2~m!O2
~uq!~m!#

1VcbVcs* @c1~m!O1
~cs!~m!1c2~m!O2

~cs!~m!#

2VtbVts* (
i 53

10

ci~m!Oi~m!J 1H.c., ~2.1!

where
O1
~uq!5~ c̄b!

V2A
~ q̄u!

V2A
, O2

~uq!5~ q̄b!
V2A

~ c̄u!
V2A

,

O1
~cs!5~ c̄b!

V2A
~ s̄c!

V2A
, O2

~cs!5~ s̄b!
V2A

~ c̄c!
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!
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with O3–O6 being the QCD penguin operators andO7–O10
the electroweak penguin operators.

To evaluate the decay amplitudes for the processeB
→D (* )Ds

(* ),D (* )1,0(p2,r2), J/cK (* ), we first apply Eq.
~1.5! to the effective Hamiltonian~2.1! so that the factoriza-
tion approximation can be applied to the tree-level hadro
matrix elements. We also introduce the shorthand nota
X(BF1 ,F2) to denote the factorized matrix element with theF2
meson being factored out@6#, for instance,

X~B2D0,p2![^p2u~ d̄u!
V2A

u0&^D0u~ c̄b!
V2A

uB2&,

X~B2p2,D0![^D0u~ c̄u!
V2A

u0&^p2u~ d̄b!
V2A

uB2&. ~2.3!

The results are the following:
~i! Class I:B̄d

0→D (* )1p2(r2).
The decay amplitudes are given by

A„B̄d
0→D ~* !1p2~r2!…5

GF

A2
VcbVud* @a1X„B̄0D~* !1,p2~r2!…

1a2X„B̄0,D~* !1p2~r2!…#, ~2.4!

whereX„B̄,D(* )1p2(r2)… is the factorizedW-exchange contri-
bution.

~ii ! Class I:B2→D (* )0Ds
(* )2 and B̄d

0→D (* )1Ds
(* )2 .

The decay amplitudes are given by

A~B→DDs!5
GF

A2
H VcbVcs* a12VtbVts* Fa41a10

12~a61a8!
mDs

2

~mb2mc!~mc1ms!
G J X~BD,Ds!

>
GF

A2
VcbVcs* ã1~B→DDs!X

~BD,Ds!, ~2.5!

where use ofVtbVts* >2VcbVcs* has been made and

ã1~B→DDs!5a1S 11
a41a10

a1

12
a61a8

a1

mDs

2

~mb2mc!~ms1mc!
D .

~2.6!

Likewise,

ã1~B→D* Ds!5a1S 11
a41a10

a1

22
a61a8

a1

mDs

2

~mb1mc!~ms1mc!
D ,
09200
ic
n

ã1~B→D ~* !Ds* !5a1S 11
a41a10

a1
D . ~2.7!

Note that the decayB2→D0Ds
(* )2 also receives a contribu

tion from the W-annihilation diagram, which is quark
mixing-angle doubly suppressed, however.

~iii ! Class II: B̄d
0→D (* )0p0(r0).

The factorized decay amplitudes are given by

A„B̄d
0→D ~* !0p0~r0!…5

GF

A2
VcbVud* a2@X„B̄0p0~r0!,D~* !0

…

1X„B̄0,D~* !0p0~r0!…#, ~2.8!

whereX(B̄0,D(* )0p0(r0)) is the factorizedW-exchange contri-
bution.

~iv! Class II:B1→J/cK (* )1 andB0→J/cK (* )0.
The decay amplitudes are given by

A~B→J/cK ~* !!5
GF

A2
VcbVcs* ã2X~BK~* !,J/c!, ~2.9!

where

ã2~B→J/cK ~* !!>a2F11
a31a51a71a9

a2
G . ~2.10!

~v! Class III: B2→D (* )0p2(r2).
The decay amplitudes are given by

A„B2→D ~* !0p2~r2!…5
GF

A2
VcbVud* @a1X„B2D~* !0,p2~r2!…

1a2X„B2p2~r2!,D~* !0
…#. ~2.11!

~vi! Class III: B2→D (* )0K2.
The factorized decay amplitudes are given by

A~B2→D ~* !0K2!5
GF

A2
VcbVus* @a1X~B2D~* !0,K2!

1a2X~B2K2,D~* !0!#. ~2.12!

Under the naive factorization approximation,a2i5c2i
eff

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

eff 1(1/Nc)c2i
eff ( i 51, . . . ,5).

Since nonfactorizable effects can be absorbed into the
rametersai

eff , this amounts to replacingNc in ai by (Nc
eff) i

@6# with

1

~Nc
eff! i

[
1

Nc
1x i . ~2.13!

Explicitly,
4-3
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a2i
eff5c2i

eff1
1

~Nc
eff!2i

c2i 21
eff , a2i 21

eff 5c2i 21
eff 1

1

~Nc
eff!2i 21

c2i
eff .

~2.14!

@For simplicity, we have already dropped the supersc
‘‘eff’’ of ai in Eqs.~2.4!–~2.12! and henceforth.#

Although the purpose of the present paper is to treat
effective coefficientsa1 anda2 as free parameters to be e
tracted from experiment, it is clear from Eqs.~2.6! and~2.10!
that the determination ofa1,2 from B→D (* )Ds

(* ) and
J/cK (* ) is contaminated by penguin effects. Therefore, it
necessary to make a theoretical estimate of the penguin
tribution. To do this, we employ the effectiv
renormalization-scheme and -scale independent Wilson c
ficientsci

eff obtained atk25mb
2/2 (k being the gluon’s virtual

momentum! @6#:

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.
~2.15!

For nonfactorizable effects, we chooseNc
eff(LL)'2 ~see

Sec. V E! for (V2A)(V2A) interactions ~i.e. operators
09200
t

e

n-

f-

O1,2,3,4,9,10) andNc
eff(LR)'5 for (V2A)(V1A) interactions

~i.e. operatorsO5,6,7,8). Our choice forNc
eff(LR) is motivated

by the penguin-dominated charmless hadronicB decays~for
details, see@6,8#!. Hence, the theoretical values of the effe
tive coefficientsai are given by

a150.986,

a250.25,

a352~0.0013910.00226i !,

a452~0.034410.0113i !,

a550.002210.00181i ,

a652~0.053310.0127i !,

a752~1.2412.73i !31024,

a85~3.5920.55i !31024,

a952~87.912.73i !31024,

a1052~29.311.37i !31024. ~2.16!

From Eqs.~2.6!, ~2.7!, ~2.9! and ~2.16!, penguin corrections
to the tree amplitudes are found to be1
uAP /ATu~B→DDs!5Ua41a10

a1
12

a61a8

a1

mDs

2

~mb2mc!~ms1mc!
U50.159,

uAP /ATu~B→D* Ds!5Ua41a10

a1
22

a61a8

a1

mDs

2

~mb1mc!~ms1mc!
U50.037,

uAP /ATu~B→D ~* !Ds* !5Ua41a10

a1
U50.040,

uAP /ATu~B→J/cK ~* !!5Ua31a51a71a9

a2
U50.033, ~2.17!

where we have used the current quark masses at the scalem5O(mb): ms(mb)5105 MeV, mc(mb)50.95 GeV,mb(mb)
54.34 GeV. Therefore, the penguin contribution toB→D* Ds , D (* )Ds* andJ/cK (* ) is small, but its effect onB→DDs is

significant. Numerically, the effectiveãi defined in Eqs.~2.6! and ~2.10! are related toai by

ã1~B→DDs!50.847a1 ,

ã1~B→D* Ds!51.037a1 ,

1Our numerical estimate for the penguin effects inB→DDs differs from @9# due to different choices ofNc
eff(LL), Nc

eff(LR) and running
quark masses.
4-4
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ã1~B→D ~* !Ds* !50.962a1 ,

ã2~B→J/cK ~* !!50.968a2 . ~2.18!

To evaluate the hadronic matrix elements, we apply the following parametrization for decay constants and form
@10#:

^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!«m* A1~q2!2
«* •p

mP1mV
~p1p8!mA2~q2!22mV

«* •p

q2 qm@A3~q2!2A0~q2!#G ,
~2.19!

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

A3~q2!5
mP1mV

2mV
A1~q2!2

mP2mV

2mV
A2~q2!, ~2.20!

and P, V denote the pseudoscalar and vector mesons, respectively. The factorized terms in Eqs.~2.4!–~2.12! then have the
expressions

X~B̄P1 ,P2![^P2u~ q̄2q3!
V2A

u0&^P1u~ q̄1b!
V2A

uB̄&5 i f P2
~mB

22mP1

2 !F0
BP1~mP2

2 !,

X~B̄P,V![^Vu~ q̄2q3!
V2A

u0&^Pu~ q̄1b!
V2A

uB̄&52 f VmVF1
BP~mV

2 !~«* •p
B
!,

X~B̄V,P![^Pu~ q̄2q3!
V2A

u0&^Vu~ q̄1b!
V2A

uB̄&52 f PmVA0
BV~mP

2 !~«* •p
B
!,

X~B̄V1 ,V2![^V2u~ q̄2q3!
V2A

u0&^V1u~ q̄1b!
V2A

uB̄&52 i f V2
m

2
F ~«1* •«2* !~mB1m1!A1

BV1~m2
2!

2~«1* •p
B
!~«2* •p

B
!
2A2

BV1~m2
2!

~mB1m1!
1 i emnab«2*

m«1*
np

B

ap1
b

2VBV1~m2
2!

~mB1m1!
G , ~2.21!
ity,
where«* is the polarization vector of the vector mesonV.
With the factorized decay amplitudes given in Eqs.~2.4!–

~2.12!, the decay rates forB→PP,VP are given by

G~B→P1P2!5
pc

8pmB
2

uA~B→P1P2!u2,

G~B→VP!5
pc

3

8pmV
2 uA~B→VP!/~«•p

B
!u2,

~2.22!

where

pc5
A@mB

22~m11m2!2#@mB
22~m12m2!2#

2mB
~2.23!
09200
is the c.m. momentum of the decay particles. For simplic
we consider a single factorizable amplitude forB→VV:
A(B→V1V2)5aX(BV1 ,V2). Then

G~B→V1V2!5
pc

8pm
B

2
ua~mB1m1!m2f V2

A1
BV1~m2

2!u2H,

~2.24!

with

H5~a2bx!212~11c2y2!, ~2.25!

and
4-5
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a5
mB

22m1
22m2

2

2m1m2
, b5

2mB
2pc

2

m1m2~mB1m1!2
, c5

2mBpc

~mB1m1!2
,

x5
A2

BV1~m2
2!

A1
BV1~m2

2!
, y5

VBV1~m2
2!

A1
BV1~m2

2!
, ~2.26!

wherem1(m2) is the mass of the vector mesonV1(V2).
From Eqs.~2.4!–~2.11! we see thatua1u can be determined fromB̄0→D (* )1(p2,r2), B→D (* )Ds

(* ) , ua2u from B

→J/cK (* ), B̄0→D (* )0(p0,r0), provided that theW-exchange contribution is negligible inB→D (* )(p,r) decays and tha
penguin corrections are taken into account. It is also clear that the ratioa2 /a1 can be determined from the ratios of charg
to neutral branching fractions:

R1[
B~B2→D0p2!

B~B̄0→D1p2!
5

t~B2!

t~B̄0!
S 11

mB
22mp

2

mB
22mD

2

f D

f p

F0
Bp~mD

2 !

F0
BD~mp

2 !

a2

a1
D 2

,

R2[
B~B2→D0r2!

B~B̄0→D1r2!
5

t~B2!

t~B̄0!
S 11

f D

f r

A0
Br~mD

2 !

F1
BD~mr

2!

a2

a1
D 2

,

R3[
B~B2→D* 0p2!

B~B̄0→D* 1p2!
5

t~B2!

t~B̄0!
S 11

f D*
f p

F1
Bp~mD*

2
!

A0
BD* ~mp

2 !

a2

a1
D 2

, ~2.27!

R4[
B~B2→D* 0r2!

B~B̄0→D* 1r2!
5

t~B2!

t~B̄0!
S 112h

H1

H
1h2

H2

H D ,
t

y
r-

Xu

er
v

o-

z,

el

rk
ark
with

h5
mD* ~mB1mr!

mr~mB1mD* !

f D*
f r

A1
Br~mD*

2
!

A1
BD* ~mr

2!

a2

a1
,

H15~a2bx!~a2b8x8!12~11cc8yy8!,
~2.28!

H25~a2b8x8!212~11c82y82!,

where H,a,b,c,x,y are those defined in Eqs.~2.25! and
~2.26! with V15D* and V25r, and b8,c8,x8,y8 are ob-
tained from b, c, x, y respectively with the replacemen
D*↔r.

III. MODEL CALCULATIONS OF FORM FACTORS

The analyses ofa2 , a1, anda2 /a1 depend strongly on the
form factors chosen for calculations. In the following stud
we will consider six distinct form-factor models: the Baue
Stech-Wirbel ~BSW! model @10,11#, the modified BSW
model @referred to as the Neubert-Rieckert-Stech-
~NRSX! model# @12#, the relativistic light-front~LF! quark
model@13#, the Neubert-Stech~NS! model@4#, the QCD sum
rule calculation by Yang@14#, and the light-cone sum rule
~LCSR! analysis@15#.

Form factors in the BSW model are calculated at z
momentum transfer in terms of relativistic bound-state wa
09200
,

o
e

functions obtained in the relativistic harmonic oscillator p
tential model@10#. The form factors at other values ofq2 are
obtained from that atq250, via the pole dominance ansat

F~q2!5
F~0!

~12q2/mpole
2 !n

, ~3.1!

wherempole is the appropriate pole mass. The BSW mod
assumes a monopole behavior~i.e. n51) for all the form
factors. However, this is not consistent with heavy qua
symmetry for heavy-to-heavy transitions. In the heavy qu
limit, the B→D andB→D* form factors are all related to a
single Isgur-Wise function through the relations

mB1mD

2AmBmD

j~vB•vD!5F1
BD~q2!5

F0
BD~q2!

12q2/~mB1mD!2
,

mB1mD*

2AmBmD*
j~vB•vD* !5VBD* ~q2!5A0

BD* ~q2!5A2
BD* ~q2!

5
A1

BD* ~q2!

12q2/~mB1mD* !2
. ~3.2!

Therefore, the form factorsF1 ,V,A0 ,A2 in the infinite quark
mass limit have the sameq2 dependence and they differ from
4-6
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F0 and A1 by an additional pole factor. In general, th
heavy-to-heavy form factors can be parametrized as

F0
BD~q2!5S mB1mD

2AmBmD
D 21

vD~q2!11

2

1

r ~q2!
G~q2!,

F1
BD~q2!5S mB1mD

2AmBmD
D G~q2!,

A0
BD* ~q2!5S mB1mD*

2mD*
A1

BD* ~0!

2
mB2mD*

2mD*
A2

BD* ~0!DF8~q2!

F8~0!
,

A1
BD* ~q2!5S mB1mD*

2AmBmD*
D 21

vD* ~q2!11

2
F~q2!,

A2
BD* ~q2!5S mB1mD*

2AmBmD*
DF~q2!r 2~q2!,

VBD* ~q2!5S mB1mD*

2AmBmD*
DF~q2!r 1~q2!, ~3.3!

where

vD~* !~q2![vB•vD~* !5
mB

21mD~* !
2

2q2

2mBmD~* !

,

G~q2!5G~qmax
2 !$12rD

2 @vD~q2!21#%,

F~q2!5F~qmax
2 !$12rD*

2
@vD~* !~q2!21#%,

F8~q2!5F8~qmax
2 !$12r82@v8~q2!21#%,

r ~q2!5F12
q2

~mB1mD!2GF1
BD~q2!

F0
BD~q2!

,

09200
r 1~q2!5F12
q2

~mB1mD* !2GVBD* ~q2!

A1
BD* ~q2!

,

r 2~q2!5F12
q2

~mB1mD* !2GA2
BD* ~q2!

A1
BD* ~q2!

.

~3.4!

In the heavy quark limitmb→`, the two form factorsF(q2)
andG(q2), whose slopes arerD(* )

2 , coincide with the Isgur-
Wise functionj(q2), andr (q2),r 1(q2) as well asr 2(q2) are
equal to unity. Theq2 dependence ofB→D (* ) form factors
in the NRSX and NS models is more complicated beca
perturbative hard gluon and nonperturbative 1/mQ correc-
tions to each form factor are taken into consideration a
moreover these corrections by themselves are alsoq2 depen-
dent ~see@12# for more details!.

Form factors for heavy-to-heavy and heavy-to-light tra
sitions at time-like momentum transfer are explicitly calc
lated in the LF model. It is found in@13# that the form factors
F1 ,V,A0 ,A2 all exhibit a dipole behavior, whileF0 andA1
show a monopole dependence in the close vicinity of ma
mum recoil~i.e. q250) for heavy-to-light transitions and in
a broader kinematic region for heavy-to-heavy deca
Therefore, theq2 dependence ofB→D (* ) form factors in the
heavy quark limit is consistent with the requirement of hea
quark symmetry. Note that the pole mass in this model
tained by fitting the calculated form factors to Eq.~3.1! is
slightly different from that used in the BSW model~see
Table I!.

As a result of the lack of analogous heavy quark symm
try, the calculation of heavy-to-light transitions is rath
model dependent. In addition to the above-mentioned B
and LF models, form factors for theB meson to a light me-
son are also considered in many other models. The NR
model takes the BSW model results for the form factors
zero momentum transfer but makes a different ansatz
their q2 dependence; namely, a dipole behavior~i.e. n52) is
assumed for the form factorsF1 , A0 , A2 , V, motivated by
the heavy-quark-symmetry relations~3.2! and a monopole
dependence forF0 ,A1. The heavy-to-light form factors in
the NS model have the expressions@4#
F0
BP~q2!5S mB1mP

2AmBmP
D 21

AvBP~q2!11

2

1

11r V

vBP~q2!21

vBP~0!21

, ~3.5!

F1
BP~q2!5

mB1mP

2AmBmP

A 2

vBP~q2!11

1

11r V

vBP~0!2vBP~m12
2

!

vBP~q2!2vBP~m12
2

!
,

A0
BV~q2!5

mB1mV

2AmBmV

A 2

vBV~q2!11

1

11r V

vBV~0!2vBV~m02
2

!

vBV~q2!2vBV~m02
2

!
,

4-7
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A1
BV~q2!5S mB1mV

2AmBmV
D 21

AvBV~q2!11

2

1

11r V

vBV~q2!21

vBV~0!21

,

A2
BV~q2!5

mB1mV

2AmBmV

A 2

vBV~q2!11

1

11r V

vBV~0!2vBV~m11
2

!

vBV~q2!2vBV~m11
2

!
,

VBV~q2!5
mB1mV

2AmBmV

A 2

vBV~q2!11

1

11r V

vBV~0!2vBV~m12
2

!

vBV~q2!2vBV~m12
2

!
,

where

vBP~V!5
mB

21mBP~V!
2 2q2

2mBmBP~V!
,

r V5
~mB2mV!2

4mBmV
S 11

4mBmV

m11
2

2~mB2mV!2D . ~3.6!

Herem02, m12, andm11 are the lowest resonance states with quantum numbers 02, 12, and 11, respectively.2

We consider two QCD sum rule calculations forB-to-light transitions. The form factorsF1 andA1 in the Yang’s sum rule
have a monopole behavior, whileA2 and V show a dipoleq2 dependence. The momentum dependence of the form fac

F0
Bp(K) andA0

Br(K* ) is slightly complicated and is given by@14#

F0
Bp~q2!520.28S 5.42

5.422q2D q2

mB
22mp

2
1F1

Bp~q2!,

2Following @4#, we will simply add 400 MeV tom12 to obtain the masses of 11 resonances.

TABLE I. Form factors at zero momentum transfer and pole masses, whenever available, in various form-factor models

BSW NRSX LF NS Yang LCSR

F0
BD(0)/mpole 0.690/6.7 0.58 0.70/7.9 0.636

F1
BD(0)/mpole 0.690/6.264 0.58 0.70/6.59 0.636

A0
BD* (0)/mpole

0.623/6.264 0.59 0.73/6.73 0.641

A1
BD* (0)/mpole

0.651/6.73 0.57 0.682/7.2 0.552

A2
BD* (0)/mpole

0.686/6.73 0.54 0.607/7.25 0.441

VBD* (0)/mpole
0.705/6.337 0.76 0.783/7.43 0.717

F0
Bp(0)/mpole 0.333/5.73 0.333/5.73 0.26/5.7 0.257 ~see text! 0.305

F1
Bp(0)/mpole 0.333/5.3249 0.333/5.3248 0.26/5.7 0.257 0.29/5.45 0.305

A0
Br(0)/mpole 0.281/5.2789 0.281/5.2789 0.28/5.8 0.257 ~see text! 0.372

A1
Br(0)/mpole 0.283/5.37 0.283/5.37 0.203/5.6 0.257 0.12/5.45 0.261

A2
Br(0)/mpole 0.283/5.37 0.283/5.37 0.177/6.1 0.257 0.12/6.14 0.223

VBr(0)/mpole 0.329/5.3249 0.329/5.3248 0.296/— 0.257 0.15/5.78 0.338
F0

BK(0)/mpole 0.379/5.3693 0.379/5.3693 0.34/5.83 0.295 ~see text! 0.341
F1

BK(0)/mpole 0.379/5.41 0.379/5.41 0.34/5.83 0.295 0.36/5.8 0.341

A0
BK* (0)/mpole

0.321/5.89 0.321/5.89 0.32/5.83 0.295 ~see text! 0.470

A1
BK* (0)/mpole

0.328/5.90 0.328/5.90 0.261/5.68 0.295 0.18/6.1 0.337

A2
BK* (0)/mpole

0.331/5.90 0.331/5.90 0.235/6.11 0.295 0.17/6.04 0.283

VBK* (0)/mpole
0.369/5.41 0.369/5.41 0.346/10.5 0.295 0.21/5.95 0.458
092004-8
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F0
BK~q2!520.32S 5.82

5.822q2D q2

mB
22mK

2
1F1

BK~q2!,

A0
Br~q2!50.015q2S 5.982

5.9822q2D 2

1S mB1mr

2mr
A1

Br~q2!2
mB2mr

2mr
A2

Br~q2! D ,

A0
BK* ~q2!50.02q2S 6.12

6.122q2D 2

1S mB1mK*

2mK*
A1

BK* ~q2!2
mB2mK*

2mK*
A2

BK* ~q2!D .

~3.7!
w

u
-

at
t

h
de
de

y

n
-

is
e

ms
he

ole

not
the

of
-

ng

For

s
o

The q2 behavior of B-to-light form factors in the LCSR
analysis of@15# is parametrized as

F~q2!5
F~0!

12aF

q2

mB
2 1bFS q2

mB
2 D 2 , ~3.8!

where the relevant fitted parametersaF andbF can be found
in @15#.

Since only the form factors forB-to-light transition are
evaluated in the Yang’s sum rule analysis and the LCSR,
shall adopt the parametrization~3.3! for the B→D (* ) form
factors, in which the relevant parameters are chosen in s
a way thatB→D (* ) transitions in the NS model are repro
duced:

F~qmax
2 !50.88, G~qmax

2 !51.00,

rD
2 50.62, r8250.62, rD*

2
50.91,

r ~q2!'1, r 1~q2!'r 151.360.1, r 2~q2!'r 250.860.2,
~3.9!

as a supplement to Yang’s@14# and the LCSR@15# calcula-
tions. The theoretical prediction forr 1 andr 2 @16# is in good
agreement with the CLEO measurement@17#: r 151.18
60.32 andr 250.7160.23 obtained at zero recoil. Note th
the predictions ofB→D (* ) form factors are slightly differen
in the NRSX and NS models~see Table I! presumably due to
the use of different Isgur-Wise functions.

To close this section, all the form factors relevant to t
present paper at zero momentum transfer in various mo
and the pole masses available in the BSW and LF mo
and in the Yang’s sum rules are summarized in Table I.

IV. DETERMINATION OF a1

In order to extract the effective coefficienta1 from B̄0

→D (* )1(p2,r2) andB→D (* )Ds
(* ) decays, it is necessar

to make several assumptions:~i! the W-exchange contribu-
tion in B̄0→D (* )p(r) is negligible,~ii ! penguin corrections
can be reliably estimated, and~iii ! final-state interactions ca
be neglected. It is known thatW exchange is subject to he
09200
e

ch

e
ls
ls

licity and color suppression, and the helicity mismatch
expected to be more effective inB decays because of th
large mass of theB meson. Final-state interactions forB
→D (* )(p,r) decays are customarily parametrized in ter
of isospin phase shifts for isospin amplitudes. Intuitively, t
phase shift differenced1/22d3/2, which is of order 90° for
D→K̄p modes, is expected to play a much more minor r
in the energeticB→Dp decay, the counterpart ofD→K̄p in
the B system, as the decay particles are moving fast,
allowing adequate time for final-state interactions. From
current CLEO limit onB̄0→D0p0 @18#, we find @4#

sin2~d1/22d3/2!<
9

2

t~B2!

t~B̄0!

B~B̄0→D0p0!

B~B2→D0p2!
50.109,

~4.1!

and hence

ud1/22d3/2uB→Dp,19°. ~4.2!

We shall see in Sec. V C and in Fig. 1 that the effect
final-state interactions3 ~FSIs! subject to the above phase
shift constraint is negligible onG(B̄0→D1p2) and hence it
is justified to neglect final-state interactions for determini
a1. The extraction ofa2 from B→J/cK (* ) does not suffer
from the above ambiguities~i! and ~iii !. First, W exchange
does not contribute to this decay mode. Second, theJ/cK (* )

channel is a single isospin state.

3Final-state interactions usually vary from channel to channel.

example,ud1/22d3/2u is of order 90° forD→K̄p, K̄* p, but it is

consistent with zero isospin phase shift forD→K̄r. The prelimi-

nary CLEO studies of the helicity amplitudes for the decaysB̄0

→D* 1r2 and B2→D* 0r2 indicate some non-trivial phase
which could be due to FSIs@19#. At any rate, FSIs are expected t
be important for the determination of the effective coefficienta2

~see Sec. V C!, but not fora1.
4-9



es
x

HAI-YANG CHENG AND KWEI-CHOU YANG PHYSICAL REVIEW D 59 092004
TABLE II. The effective parametera1 extracted fromB̄0→D (* )1(p2,r2) using different form-factor models. The first error com
from the experimental branching ratios shown in the last column and the second one from theB meson lifetimes and quark-mixing matri
elements.

BSW NRSX LF NS B(%) @20#

B̄0→D1p2 0.8960.0660.07 1.0660.0760.08 0.8760.0660.07 0.9660.0660.07 0.3060.04

B̄0→D1r2 0.9160.0860.07 1.0660.0960.08 0.8960.0860.07 0.9760.0960.08 0.7960.14

B̄0→D* 1p2 0.9860.0460.08 1.0360.0460.08 0.8360.0360.06 0.9560.0460.07 0.27660.021

B̄0→D* 1r2 0.8660.2160.07 0.9260.2360.07 0.7460.1860.06 0.8560.2160.07 0.6760.33

Average 0.9460.0360.07 1.0460.0360.08 0.8560.0360.07 0.9560.0360.07
-
d
r.
els
e

en
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ci

ing

ge
A. Model-dependent extraction

We will first extract a1 from the data in a model
dependent manner and then come to an essentially mo
independent method for determining the same paramete

Armed with the form factors evaluated in various mod
for B→D andB→D* transitions, we are ready to determin
the effective coefficient a1 from the data of B̄0

→D (* )1(p2,r2) and B→D (* )Ds
(* ) decays@20#. The re-

sults are shown in Tables II and III in which we have tak
into account penguin corrections toa1 @see Eq.~2.18!#. We
will choose the sign convention in such a way thata1 is
positive; theoretically, it is expected that the sign ofa1 is the
same asc1. In the numerical analysis, we adopt the followin
parameters: quark-mixing matrix elementsuVcbu50.039
60.003, uVudu5uVcsu50.97560.001; decay constant
f p5132 MeV, f K5160 MeV, f r5216 MeV, f D5200 MeV,
f D* 5230 MeV, f Ds

5240 MeV, f D
s*
5275 MeV, f J/c5394

MeV; and lifetimes t(B̄0)5(1.5760.03) ps, t(B2)
5(1.6760.03) ps@21#. Because of the uncertainties asso
ated with the decay constantsf Ds

and f D
s*
, the value ofa1

obtained fromB→D (* )Ds
(* ) decays in Table III is normal-

ized atf Ds
5240 MeV andf D

s*
5275 MeV. For example,a1

determined in the NRSX model reads
09200
el-

-

a1„B̄
0→D ~* !1~p2,r2!…51.0460.0360.08,

a1~B→D ~* !Ds!5~1.2660.1160.09!3S 240 MeV

f Ds
D ,

a1~B→D ~* !Ds* !5~1.1260.1260.08!3S 275 MeV

f D
s*

D ,

~4.3!

where the first error comes from the experimental branch
ratios and the second one from theB meson lifetimes and
quark-mixing matrix elements. Evidently,a1 lies in the vi-
cinity of unity.

Several remarks are in order.~i! From Tables II and III we
see thata1 extracted fromB→D (* )Ds

(* ) is consistent with
that determined fromB→D (* )p(r), though its central value
is slightly larger in the former.~ii ! Theoretically, it is ex-
pected that G(B̄0→D (* )1Ds

(* )2)5G(B2→D (* )0Ds
(* )2)

and hence B(B2→D (* )0Ds
(* )2)'1.07 B(B0

→D (* )1Ds
(* )2). The errors of the present data are too lar

to test this prediction.~iii ! The central value ofa1 extracted
from B̄0→D* 1Ds

2 and B2→D* 0Ds
2 in the BSW model
from the

TABLE III. The effective parametera1 extracted fromB→D (* )Ds

(* ) using different form-factor models. Penguin corrections toa1 @see
Eq. ~2.18!# are included. The first error comes from the experimental branching ratios shown in the last column and the second one
B meson lifetimes and quark-mixing matrix elements. The value ofa1 determined fromB→D (* )Ds andB→D (* )Ds* should be multiplied
by a factor of~240 MeV/f Ds

) and ~275 MeV/f D
s*
), respectively.

BSW NRSX LF NS B(%) @20#

B̄0→D1Ds
2 0.9760.1860.08 1.1260.2160.09 0.9860.1860.08 1.0560.2060.08 0.860.3

B2→D0Ds
2 1.2060.1860.09 1.3960.2160.11 1.2160.1960.09 1.2960.2060.10 1.360.4

B̄0→D* 1Ds
2 1.2960.2360.10 1.2260.2260.09 1.0260.1860.08 1.1760.2160.09 0.9660.34

B2→D* 0Ds
2 1.4060.2960.11 1.3360.2860.10 1.0160.2360.09 1.2660.2660.10 1.260.5

Average 1.1760.1160.08 1.2660.1160.09 1.0860.1060.08 1.1860.1160.08

B̄0→D1Ds*
2 1.2960.2260.10 1.3360.3360.10 1.1560.2960.09 1.2960.3260.10 1.060.5

B2→D0Ds*
2 1.1860.2660.09 1.2360.2760.10 1.0660.2460.08 1.1960.2660.09 0.960.4

B̄0→D* 1Ds*
2 0.9160.1660.17 0.9860.1760.08 0.8660.1560.07 0.9160.1660.07 2.060.7

B2→D* 0Ds*
2 1.0960.2060.08 1.1760.2260.09 1.0360.1960.08 1.0960.2060.08 2.761.0

Average 1.0560.1260.08 1.1260.1260.08 0.9860.1160.08 1.0560.1160.08
4-10
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deviates substantially from unity. This can be understood
follows. The decay amplitude of the above two modes

governed by the form factorA0
BD* (mDs

2 ). However, theq2

dependence ofA0(q2) in this model is of monopole form so
that A0 does not increase withq2 fast enough compared t
the other form-factor models.

TABLE IV. Values ofYP
(* ) defined in Eq.~4.5! in various form-

factor models.

BSW NRSX LF NS

Yp 1.002 1.0008 1.0009 1.001
Yp* 1.008 0.993 0.974 1.008
YDs

1.579 1.321 1.269 1.386
YDs

* 0.309 0.400 0.432 0.376
09200
s
s

B. Model-independent or model-insensitive extraction

As first pointed out by Bjorken@22#, the decay rates o
class-I modes can be related under the factorization hyp
esis to the differential semileptonic decay widths at the
propriateq2. More precisely,

Sh
~* ![

B~B̄0→D ~* !1h2!

dB~B̄0→D ~* !1l 2n̄ !/dq2uq25m
h
2

56p2ã1
2f h

2uVi j u2Yh
~* ! , ~4.4!

whereã15a1 in the absence of penguin corrections@the ex-
pressions ofã1 are given in Eq.~2.6!#, Vi j 5Vud for h
5p,r, Vi j 5Vcs for h5Ds

(* ) , and@12#
YP5
~mB

22mD
2 !2

@mB
22~mD1mP!2#@mB

22~mD2mP!2#UF0
BD~mP

2 !

F1
BD~mP

2 !
U2

,

YP* 5
@mB

22~mD* 1mP!2#@mB
22~mD* 2mP!2#

mP
2

uA0
BD* ~mP

2 !u2

(
i 50,61

uHi
BD* ~mP

2 !u2
,

YV5YV* 51, ~4.5!
ee
-

se

the
ce
ne
with the helicity amplitudesH0(q2) andH6(q2) given by

H6
BD* ~q2!5~mB1mD* !A1

BD* ~q2!7
2mBpc

mB1mD*
VBD* ~q2!,

H0
BD* ~q2!5

1

2mD*Aq2 F ~mB
22mD*

2
2q2!~mB1mD* !

3A1
BD* ~q2!2

4mB
2pc

2

mB1mD*
A2

BD* ~q2!G , ~4.6!
wherepc is the c.m. momentum.
Since the ratioSh

(* ) is independent ofVcb and form fac-
tors, its experimental measurement can be utilized to fixa1

in a model-independent manner, provided thatYh
(* ) is also

independent of form-factor models. From Table IV we s
that Yp* and in particularYp are essentially model indepen
dent. The BSW model has a larger value forYDs

and a

smaller value forYDs
* compared to the other models becau

all the form factors in the former are assumed to have
same monopoleq2 behavior, a hypothesis not in accordan
with heavy quark symmetry. In the heavy quark limit, o
e

TABLE V. A determination of the effective parametera1 from the ratioSh
(* ) ~in units of GeV2) defined

in Eq. ~4.4!. The data ofdB/dq2(B̄0→D1l 2n̄) ~in units of 1022 GeV22) denoted by an asterisk ar
explained in the text. The value ofa1 determined fromB→D (* )Ds andB→D (* )Ds* should be multiplied by
a factor of~240 MeV/f Ds

) and ~275 MeV/f D
s*
), respectively.

q2
d

dq2B~B̄0→D1l 2n̄ !
Sh a1 d

dq2B~B̄0→D* 1l 2n̄ !
Sh* a1

mp
2 0.3560.06 0.8660.19 0.9360.10 0.23760.026 1.1660.16 1.0960.07

mr
2 0.3360.06 2.3960.61 0.9560.12 0.25060.030 2.6861.36 1.0160.26

mDs

2 0.2960.06(* ) 3.2461.07 1.0160.14 0.48360.033 2.0960.60 1.2260.18

mD
s*

2 0.2760.06(* ) 3.3361.34 0.9260.18 0.50760.035 4.3261.22 1.0560.14
4-11
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hasYDs
'1.36 andYDs

* '0.37 @12#; the former is quite close

to the model calculations~see Table IV!. In short, Yr
(* ) ,

YD
s*

(*)
, Yp are model independent,Yp* is model insensitive,

while YDs
andYDs

* show a slight model dependence.

In Table V the experimental data ofdB(B̄0

→D1l 2n̄)/dq2 ~at q25mp
2 and mr

2) and dB(B̄0

→D* 1l 2n̄)/dq2 are taken from@23# and@24#, respectively.
Note that the ‘‘data’’ ofdB(B̄0→D1l 2n̄)/dq2 at smallq2

are actually obtained by first performing a fit to the expe
mental differentialq2 distribution and then interpolating it to
q25mp

2 and mr
2 . For the data ofdB(B̄0→D1l 2n̄)/dq2 at

q25mDs

2 and mD
s*

2
we shall use the CLEO data fordG/dv

expressed in the form@25#

dG~B→Dl n̄ !

dv
5

GF
2

48p2~mB1mD!2mD
3 ~v221!3/2uVcbF~v!u2,

~4.7!

where v[vB•vD5(mB
21mD

2 2q2)/(2mBmD). A fit of
F(v) parametrized in the linear form

F~v!5F~1!@12r2~v21!# ~4.8!

to the CLEO data yields@25#

r250.8160.14, uVcbF~1!u5~4.3160.42!31022.
~4.9!

From Eqs.~4.7!–~4.9! we obtaindB(B̄0→D1l 2n̄)/dq2 at
q25mDs

2 andmD
s*

2
as shown in Table V. Note that we hav

applied the relation B(B2→D (* )0Ds
(* )2)'1.07 B(B0

→D (* )1Ds
(* )2) to get the average branching ratio forB

→D (* )Ds
(* ) and the ratiosSDs

(* ) andSD
s*

(*)
. It is easy to check

that the data, saydB/dq25(0.3560.06)31022 GeV22 at
q25mp

2 , are well reproduced through this interpolation.
The results ofa1 extracted in this model-independent

model-insensitive way are exhibited in Table V~for a recent
similar work, see@26#!, where we have chosenYDs

51.36

andYDs
* 50.40 as representative values. As before, the va

of a1 obtained fromB→D (* )Ds
(* ) decays is normalized a

f Ds
5240 MeV andf D

s*
5275 MeV. In view of the presen

theoretical and experimental uncertainties with the de
constantsf Ds

and f D
s*

and the relatively small errors with th

data ofDp andD* p final states, we believe that the resu
~see Table V!

a1~B̄0→D1p2!50.9360.10,

a1~B̄0→D* 1p2!51.0960.07 ~4.10!

are most reliable and trustworthy. Of course, if the factori
tion hypothesis is exact,a1 should be universal and proce
independent. However, we have to await more precise m
09200
-

e

y

-

a-

surement of the differential distribution in order to improv
the values ofa1 and to have a stringent test on factorizatio

Once a1 is extracted fromSh
(* ) , some of theB→D (* )

form factors can be determined from the measuredB
→D (* )(p,r) and D (* )Ds

(* ) rates in a model-independen
way:

F0
BD~mp

2 !50.6660.0660.05,

F0
BD~mDs

2 !50.7860.0860.06,

F1
BD~mr

2!50.6760.0660.05,

F1
BD~mD

s*
2

!50.8960.1060.07,

A0
BD* ~mp

2 !50.5660.0360.04,

A0
BD* ~mDs

2 !50.7760.0360.06. ~4.11!

It should be stressed that the above form-factor extractio
independent of the decay constantsf Ds

and f D
s*
. It is inter-

esting to see thatF1
BD tends to increase withq2 faster than

F0
BD , in agreement with the heavy-quark-symmetry requi

ment ~3.2!.
The decay constantsf Ds

and f D
s*

can be extracted ifa1

determined fromB→D (* )Ds
(* ) is assumed to be the same

that fromD (* )p(r) channels. For example, the assumpti
of a1(B̄0→D1Ds

2)5a1(B̄0→D1p2) will lead to anessen-
tially model-independentdetermination off Ds

. We see from
Table V that

~1.0160.14!~240 MeV/f Ds
!50.9360.10 ~4.12!

and hence

f Ds
5~261646! MeV. ~4.13!

Another equivalent way of fixingf Ds
is to consider the ratio

of hadronic decay rates@4#:

B~B̄0→D1Ds
2!

B~B̄0→D1p2!
5S 0.847

F0
BD~mDs

2 !

F0
BD~mp

2 !

f Ds

f p
D 2

1.812 GeV

2.306 GeV
,

~4.14!

where 1.812 GeV and 2.306 GeV are the c.m. momenta
the decay particlesDs and p, respectively, use ofa1(B
→DDs)5a1(B→Dp) has been made and penguin corre
tions have been included. It is easy to check that the sa
value of f Ds

is obtained when the model-independent fo
factors~4.11! are applied to Eq.~4.14!. Likewise,

f D
s*
5~266662! MeV ~4.15!

is obtained by demandinga1(B̄0→D1Ds*
2)5a1(B̄0

→D1r2), for example. However, it is worth stressing aga
that the above extraction off Ds

and f D
s*

suffers from the
4-12
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uncertainty of using the same values ofa1 for different chan-
nels @26#. Since the energy released to theDDs state is
smaller than that to theDp state,a1 may differ significantly
in these two decay modes.

V. DETERMINATION OF a2 AND a2 /a1

In principle, the magnitude ofa2 can be extracted directly
from the decaysB→J/cK (* ) andB̄0→D (* )0p0(r0) and in-
directly from the data of B2→D (* )p(r) and B̄0

→D (* )p(r). Unfortunately, the branching ratios of th
~class-II! color-suppressed decay modes of the neutralB me-
son are not yet measured. Besides the form factors, the
traction ofa2 from B→D (* )p(r) depends on the unknow
decay constantsf D and f D* . On the contrary, the decay con
stant f J/c is well determined and the quality of the data f
B→J/cK (* ) is significantly improved over past years. Ne
ertheless, the relative sign ofa1 anda2 can be fixed by the
measured ratiosR1 , . . . ,R4 @cf. Eq. ~2.27!# of charged to
neutral branching fractions ofB→D (* )p(r), and an upper
bound onua2u can be derived from the current limit onB̄0

→D0p0.

A. Extraction of za2z from B˜J/cK „* …

From Eqs.~2.9! and~2.21!, it is clear thata2 derived from
B→J/cK and B→J/cK* depends on the form factors

F1
BK(mJ/c

2 ) and A1,2
BK* (mJ/c

2 ), VBK* (mJ/c
2 ). These form fac-

tors evaluated in various models, are collected in Table
A fit of Eq. ~2.9! to the data ofB(B→J/cK) ~see Table VII!
yields

TABLE VI. Form factorsF1
BK ,A1

BK* ,A2
BK* ,VBK* and the ratio

Z @see Eq.~5.5!# at q25mJ/c
2 in various form-factor models.

BSW NRSX LF NS Yang LCSR

F1
BK(mJ/c

2 ) 0.56 0.84 0.66 0.52 0.50 0.62

A1
BK* (mJ/c

2 ) 0.45 0.45 0.37 0.39 0.24 0.43

A2
BK* (mJ/c

2 ) 0.46 0.63 0.43 0.48 0.31 0.45

VBK* (mJ/c
2 ) 0.55 0.82 0.42 0.51 0.40 0.86

Z(mJ/c
2 ) 1.08 1.60 1.36 1.32 1.04 1.40
09200
x-

I.

ua2u~B→J/cK !5~0.2660.02!S 0.70

F1
BK~mJ/c

2 !
D . ~5.1!

From Table VII we also see that the extracted value
ua2u(B→J/cK* ) in various models can be approximated

ua2u~B→J/cK* !'~0.2160.02!S 0.45

A1
BK* ~mJ/c

2 !
D .

~5.2!

This implies that the quantityAH defined in Eq.~2.25! is
essentially model independent, which can be checked exp
itly. If the factorization approximation is good, the values
a2 obtained fromJ/cK andJ/cK* states should be close t
each other. This is justified because the energy releaseB
→J/cK* is similar to that inB→J/cK and hence the non
factorizable effects in these two processes should be sim
However, we learn from Table VII that only the NRSX, L
models and the Yang’s sum rule analysis meet this expe
tion.

In order to have a process-insensitivea2, it follows from

Eqs.~5.1! and~5.2! that the form factorsF1
BK andA1

BK* must
satisfy the relation

z5
F1

BK~mJ/c
2 !

A1
BK* ~mJ/c

2 !
'1.93. ~5.3!

It is evident from Table VI that the ratio

F1
BK(mJ/c

2 )/A1
BK* (mJ/c

2 ) is close to 1.9 in the aforementione
three models. This is also reflected in the production rati

R[
B~B→J/cK* !

B~B→J/cK !
. ~5.4!

Based on the factorization approach, the predictions ofR in
various form-factor models are shown in Table VIII. Th
BSW, NS and LCSR models in their present forms are ru
out since they predict a too large production ratio. To ge
further insight, we consider a ratio defined by

Z~q2![
F1

BK~q2!

A1
BK* ~q2!

Y F1
BK~0!

A1
BK* ~0!

, ~5.5!
TABLE VII. The effective parameterua2u extracted fromB→J/cK (* ) using different form-factor mod-
els. Experimental branching ratios are taken from the Particle Data Group.

BSW NRSX LF NS Yang LCSR B(1023) @20#

B1→J/cK1 0.3460.03 0.2360.02 0.2960.03 0.3760.03 0.3860.03 0.3060.03 0.9960.10
B0→J/cK0 0.3360.03 0.2260.02 0.2860.03 0.3660.04 0.3760.04 0.3060.03 0.8960.12
Average 0.3360.03 0.2260.02 0.2960.02 0.3660.03 0.3760.03 0.3060.03

B1→J/cK* 1 0.2060.02 0.2260.03 0.2660.03 0.2560.03 0.4060.05 0.2060.02 1.4760.27
B0→J/cK* 0 0.2060.02 0.2260.02 0.2660.03 0.2560.03 0.4060.04 0.2060.02 1.3560.18
Average 0.2060.02 0.2260.02 0.2660.02 0.2560.02 0.4060.04 0.2060.02
4-13
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TABLE VIII. The ratio of pseudoscalar to vector meson productionR, the longitudinal polarization
fraction GL /G, and theP-wave componentuPu2 in B→J/cK (* ) decays calculated in various form-facto
models using the factorization hypothesis.

Experiment

BSW NRSX LF NS Yang LCSR CLEO@29# CDF @30#

R 4.15 1.58 1.79 3.15 1.30 3.40 1.4560.26 1.5360.32
GL /G 0.57 0.36 0.53 0.48 0.42 0.47 0.5260.08 0.6560.11
uPu2 0.09 0.24 0.09 0.12 0.19 0.23 0.1660.09 —
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which measures the enhancement ofF1
BK/A1

BK* from q250
to finite q2. Z is close to unity in the BSW model and i

Yang’s sum rules~see Table VI! becauseF1
BK and A1

BK*

there have the same monopoleq2 dependence, while in the
other modelsF1

BK increases withq2 faster thanA1. For ex-

ample, theq2 dependence ofF1
BK* in the LF model differs

from that ofA1
BK* by an additional pole factor. We see fro

Table VI that NS, LCSR and LF models all have similarq2

behavior4 for Z with Z(mJ/c
2 );O(1.35). In order to accom

modate the data, we needF1
BK(0)/A1

BK* (0)*1.30. However,

the values ofF1
BK(0) andA1

BK* (0) are the same in both NS
and LCSR models~see Table I! and this explains why they
fail to explain the production ratio. By contrast, althoughZ
'1 in Yang’s sum rules, itsF1

BK(0) is 2 times as large a

A1
BK* (0) so that F1

BK(mJ/c
2 )/A1

BK* (mJ/c
2 )'F1

BK(0)/

A1
BK* (0)'2. We thus conclude that the data ofB
→J/cK (* ) together with the factorization hypothesis imp
some severe constraints on theB→K (* ) transition: the form

factor F1
BK must be larger thanA1

BK* by at least 30% atq2

50 and it must grow withq2 faster than the latter so tha

F1
BK(mJ/c

2 )/A1
BK* (mJ/c

2 )'1.9.
Since experimental studies on the fraction of longitudi

polarizationGL /G and the parity-oddP-wave component or
transverse polarizationuPu2 measured in the transversity b
sis in B→J/cK* decays are available, we have analyz
them in various models as shown in Table VIII. At this poin
it is worth emphasizing that the generalized factorization
pothesis is a strong assumption for theB→VV decay mode
as its general decay amplitude consists of three indepen
Lorentz structures, corresponding toS, P andD waves or the
form factorsA1 , V and A2. A priori, there is no reason to
expect that nonfactorizable terms weight in the same wa
S, P andD waves. The generalized factorization assumpt
forces all the nonfactorizable terms to be the same and c
nel independent@27#. Consequently, nonfactorizable effec
in the hadronic matrix elements can be lumped into the
fective coefficientsai under the generalized factorization a
proximation. Since the decayB→J/cK (* ) is color sup-
pressed and sinceuc1 /c2u@1, it is evident from Eq.~1.6! that

4AlthoughF1
BK has the same dipoleq2 behavior in NRSX and LF

models, its growth withq2 in the former model is slightly faste
than the latter because of the smaller pole mass.
09200
l

d
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nt
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even a small amount of nonfactorized termx2 will have a
significant impact on its decay rate. However, it is eas
seen that nonfactorizable effects are canceled out in the
duction ratio, the longitudinal polarization fraction and th
P-wave component. Therefore, the predictions of these th
quantities are the same in the generalized and naive fac
ization approaches. Explicitly@28,27#,

R51.08
H

z2 ,
GL

G
5

~a2bx!2

H
, uPu25

2c2y2

H
, ~5.6!

where H,a,b,c,x,y are defined in Eqs.~2.25! and ~2.26!.
Numerically, a53.165,b51.308,c50.436. Form factors

A2
BK* andVBK* at q25mJ/c

2 can be inferred from the mea
surements ofGL /G and uPu2 in B→J/cK* . For illustration
we take the central values of the CLEO data@29# ~see also
Table VIII!: R51.45, GL /G50.52 anduPu250.16. Sincez
'1.9, it follows from Eq.~5.6! that

x5
A2

BK* ~mJ/c
2 !

A1
BK* ~mJ/c

2 !
51.19, y5

VBK* ~mJ/c
2 !

A1
BK* ~mJ/c

2 !
51.45.

~5.7!

From Table VIII we see that all the model predictions f
GL /G and uPu2 are in agreement with experiment5 except
that the longitudinal polarization fraction obtained in th
NRSX model is slightly small. Indeed, among the six form
factor models under consideration, the NRSX model has
largest value ofx ~see Table VI!, x51.4, which deviates
most from the value of 1.19 and, hence, the smallest valu
GL /G. As noted in@32#, some information on the form fac

tors A1
BK* and VBK* at q250 can be inferred fromB

→K* g decays.

5Historically, it has been shown@28# that the earlier data ofR and
GL /G cannot be simultaneously accounted for by all commo
used models for form factors. In particular, all the existing mod
based on factorization cannot produce a large longitudinal polar
tion fraction,GL /G50.7460.07. Various possibilities of accommo
dating this largeGL /G via nonfactorizable effects have been e
plored in @31,2,27#. The new CLEO@29# and Collider Detector at
Fermilab~CDF! @30# data forGL /G are smaller than the previou
values. As a result, there exist some form-factor models which
explain all three quantitiesR,GL /G and uPu2 ~see Table VIII!.
4-14
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TABLE IX. Extraction ofa2 /a1 from B→D (* )p(r) decays in various form-factor models. The values
a2 /a1 determined from the ratiosR1,2 andR3,4 of charged to neutral branching fractions@see Eq.~2.27! for
the definition# should be multiplied by a factor of (200 MeV/f D) and (230 MeV/f D* ), respectively.

BSW NRSX LF NS Yang LCSR Expt.@20#

R1 0.3060.11 0.2660.10 0.4060.15 0.3960.15 0.3660.16 0.3360.12 1.7760.29
R2 0.6160.33 0.4660.25 0.5860.31 0.5260.32 1.0760.58 0.4160.22 1.6960.38
Average 0.3460.11 0.2860.09 0.4360.13 0.4360.13 0.4060.13 0.3560.11

R3 0.2360.07 0.1960.06 0.3160.09 0.2860.08 0.2760.08 0.2460.07 1.6760.19
R4 0.5560.45 0.6460.52 0.8560.70 0.7460.61 1.4761.20 0.6160.50 2.3161.23
Average 0.2460.07 0.1960.06 0.3260.09 0.2960.08 0.2860.08 0.2560.07
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It is instructive to compare the predictions of the BS
and NRSX models forB→J/cK (* ) since theirB→K (* )

form factors atq250 are the same. Because of the dipo
behavior of the form factorsF1 ,V,A2, the NRSX model pre-
dicts larger values forx,y,z and hence smaller values fo
R,GL /G and a largeruPu2 ~see Table VIII!.

In short, in order to accommodate the data ofB
→J/cK (* ) within the factorization framework, the form
factor models must be constructed in such a way that

A2
BK* ~mJ/c

2 !/A1
BK* ~mJ/c

2 !;1.2,

VBK* ~mJ/c
2 !/A1

BK* ~mJ/c
2 !;1.5,

F1
BK~mJ/c

2 !/A1
BK* ~mJ/c

2 !;1.9. ~5.8!

In the literature the predicted values ofF0,1
BK(0) spread

over a large range. On the one hand, a largeF0,1
BK(0) is pre-

ferred by the abnormally large branching ratio of the char
lessB decayB→h8K observed by CLEO@33#. On the other
hand, it cannot be too large; otherwise, the SU~3!-symmetry
relationF0,1

BK(0)5F0,1
Bp(0) will be badly broken. There exis

many model calculations ofF0,1
Bp(0), including the lattice

one, and most of them fall into the range of 0.20–0.33@for a
compilation of previous model calculations ofF0,1

Bp(0), see

e.g. @34##. The improved upper limit on the decay modeB̄0

→p1p2,B(B̄0→p1p2),0.8431025 obtained recently
by CLEO @35# implies F0,1

Bp(0)&0.33 or even smaller@36#.
Therefore, even after SU~3! breaking is taken into account,
is very unlikely thatF0,1

BK(0) can exceed 0.40. Our best gue
is that the original BSW valuesF0,1

Bp(0)50.33 andF0,1
BK(0)

50.38 @10,11# are still very plausible. TakingF1
BK(0)

50.38 and using theq2 dependence implied by the LCS
~or NS, LF models!, we find F1

BK(mJ/c
2 )'0.70 and hence

ua2u(B→J/cK)'0.2660.02 followed from Eq.~5.1!.

B. Extraction of a2 /a1 and a2 from B˜D „* …p„r…

The effective coefficienta2 and its sign relative toa1 can
be extracted from class-III decaysB2→D (* )0p2(r2) in
conjunction with the class-I onesB̄0→D (* )1p2(r2), as the
former involve interference between external and inter
W-emission diagrams, while the latter proceed through
09200
-

l
e

externalW emission. Unlike the determination ofa1, there is
no analogous differential semileptonic distribution that c
be related to the color-suppressed hadronic decay via fac
ization. Since the decay constantsf D and f D* are still un-
known, the results fora2 /a1 determined from the ratiosR1,2
and R3,4 of charged to neutral branching fractions@see Eq.
~2.27! for the definition# are normalized atf D5200 MeV
and f D* 5230 MeV, respectively~Table IX!. We see that
a2 /a1 varies significantly from channel to channel and
value is mainly governed byR1 andR3.6 Combininga2 /a1
with Table II fora1 yields the desired results fora2 as shown
in Table X. It is well known that the sign ofa2 is positive
because of the constructive interference inB2

→D (* )0p2(r2), which in turn implies that the ratios
R1 , . . . ,R4 are greater than unity.

C. Upper limit on a2 from B̄0
˜D0p0

From the last subsection we learn that the sign ofa2 /a1 is
fixed to be positive due to the constructive interference in
class-III modesB2→D (* )0p2(r2), but its magnitude is
subject to large errors. It is thus desirable to extracta2 di-
rectly from class-II modes, e.g.B̄0→D (* )0p0(r0). Although
only upper limits on color-suppressed decays are availab
present, the lowest upper limitB(B̄0→D0p0),1.231024

@18# can be utilized to set a stringent bound ona2. Neglect-
ing W exchange and final-state interactions for the mome
we obtain

ua2u~B→Dp!,0.29S 0.373

F0
Bp~mD

2 !
D S 200 MeV

f D
D . ~5.9!

The limit on a2 in various form-factor models forF0
Bp is

shown in Table XI.
We have argued in passing that FSIs play a minor role

hadronicB decays, especially class-I modes. In order to ha
a concrete estimate of FSIs, we decompose the physical
plitudes into their isospin amplitudes

6The data ofR1 , . . . ,R4 are taken from the Particle Data Grou
~PDG! @20#. Recently, CLEO has reported a new measuremen
B→D* p and obtainedR351.5560.1460.15@37#, to be compared
with R351.6760.19 employed in Table IX.
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TABLE X. The effective coefficienta2 extracted from the analyses ofRi and B̄0→D (* )1p2(r2). The
values determined fromR1,2 and R3,4 should be multiplied by a factor of (200 MeV/f D) and
(230 MeV/f D* ), respectively.

BSW NRSX LF NS Yang LCSR

R1,B̄0→D1p2 0.2760.10 0.2760.10 0.3560.13 0.3860.14 0.3560.13 0.3260.12

R2 ,B̄0→D1r2 0.5560.31 0.4960.27 0.5160.28 0.5860.32 1.0460.57 0.4060.22

Average 0.3060.10 0.3060.10 0.3860.12 0.4160.13 0.3860.13 0.3360.11

R3 ,B̄0→D* 1p2 0.2260.07 0.1960.06 0.2660.08 0.2760.08 0.2660.08 0.2360.07

R4 ,B̄0→D* 1r2 0.4760.41 0.5960.50 0.6360.54 0.6360.54 1.2461.07 0.5260.44

Average 0.2360.07 0.2060.06 0.2660.08 0.2860.08 0.2660.08 0.2460.07
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A~B̄0→D1p2!FSI5A2

3
A1/2e

id1/21A1

3
A3/2e

id3/2,

A~B̄0→D0p0!FSI5A1

3
A1/2e

id1/22A2

3
A3/2e

id3/2,

A~B2→D0p2!FSI5A3A3/2e
id3/2, ~5.10!

where we have put in isospin phase shifts and assumed
inelasticity is absent or negligible so that the isospin ph
shifts are real and the magnitude of the isospin amplitu
A1/2 andA3/2 is not affected by FSIs. The isospin amplitud
are related to the factorizable amplitudes given in Eqs.~2.4!,
~2.8! and ~2.11! by settingd1/25d3/250. Writing

T5
GF

A2
VcbVud* a1~mB

22mD
2 ! f pF0

BD~mp
2 !,

C5
GF

A2
VcbVud* a2~mB

22mp
2 ! f DF0

Bp~mD
2 !,

~5.11!

for color-allowed and color-suppressed tree amplitudes,
spectively, it is straightforward to show that

A~B̄0→D0p0!FSI5A~B̄0→D0p0!

1
2T2C
3A2

~ei ~d1/22d3/2!21!,

TABLE XI. The upper limit on the effective coefficienta2 @mul-

tiplied by ~200 MeV/f D)# inferred from the decayB̄0→D0p0 in the
absence and presence of final-state interactions characterized b
isospin phase shift differenceD5ud1/22d3/2uB→Dp .

BSW NRSX LF NS Yang LCSR

a2 ~with D50°) 0.29 0.29 0.38 0.41 0.38 0.34
a2 ~with D519°) 0.17 0.21 0.21 0.26 0.24 0.22
09200
at
e
s

e-

A~B̄0→D1p2!FSI5A~B̄0→D1p2!

1
2T2C

3
~ei ~d1/22d3/2!21!,

~5.12!

where A(B̄0→D0p0)52C/A2, A(B̄0→D1p2)5T, and
we have dropped the overall phaseeid3/2. Taking a151 and
a250.25 as an illustration, we plot in Fig. 1 the effect
FSIs onG(B̄0→Dp) versus the isospin phase shift diffe
ence using the NRSX form-factor model. We see that F
will suppress the decay rate ofB̄0→D1p2 slightly, but en-
hance that of B̄0→D0p0 significantly, especially when
ud1/22d3/2u is close to the current limit 19°@cf. Eq. ~4.2!#.
This is understandable because the branching ratio ofB̄0

→D0p0 in the absence of FSIs is much smaller than that
B̄0→D1p2. Therefore, even a small amount of FSIs via t
D1p2 intermediate state will enhance the decay rate ofB̄0

→D0p0 significantly. Figure 2 displays the change of th
upper limit of a2 in the NRSX model with respect to th
phase shift difference, where we have seta151. Evidently,
the bound ona2 becomes more stringent asud1/22d3/2u in-
creases; we finda2(B→Dp),0.293(200 MeV/f D) in the
absence of FSIs anda2,0.213(200 MeV/f D) at ud1/2
2d3/2u519° ~see Table XI for other model predictions!.

D. Sign of a2„B˜J/cK „* …

…

Although the magnitude ofa2 extracted from B
→J/cK (* ) has small errors compared to that determin
from the interference effect inB→Dp(r), its sign remains
unknown. Sincea2(B→Dp) is positive in the usual sign
convention fora1, it is natural to assign the same sign to t
J/cK (* ) channel. It has been long advocated in@38# that the
sign of a2(B→J/cK) predicted by the sum rule analysis
opposite to the above expectation. However, we believe
a negative sign fora2(B→J/cK) is very unlikely for three
main reasons:

~i! Taking ua2(B→J/cK)u50.26 as a representativ
value and usingc1

eff51.149,c2
eff520.325 from Eq.~2.15!,

we obtain two possible solutions for the nonfactorizable te
x2(B→J/cK) @see Eq.~1.6!#: x250.18 andx2520.28.

the
4-16
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Recall thatx2(B→Dp) is positive and of order 0.15@6#.
Though the energy release inB→J/cK is somewhat smalle
than that in theDp mode, it still seems very unlikely thatx2
will change the magnitude and in particular the sign s
denly from theDp channel to theJ/cK one. To make our
point more transparent, we note thatx2 has the expression

x2~B→J/cK !5«8
~BK,J/c!1

a2

c1
«1

~BK,J/c! , ~5.13!

where the parameters«8 and «1 are defined in Eq.~1.4!.
Sincec1@a2, it is evident thatx2 is dominated by the pa
rameter«8 originated from color octet-octet currents; that
the nonfactorized termx2 is governed by soft gluon
interactions.7 Therefore,ux2u should become smaller whe
the energy released to the final-state particles beco
larger, for example,ux2(B→Dp)u!ux2(D→K̄p)u. It is
natural to expect that u«8(B→Dp)u&u«8(B→J/cK)u
!u«8(D→K̄p)u and hence ux2(B→Dp)u&ux2(B
→J/cK)u!ux2(D→K̄p)u as the decay particles in the latt

7In the large-Nc limit, «1 is suppressed relative to«8 by a factor of
Nc @4#. Numerically, «1(m)520.0760.03 and «8(m)50.13
60.05 atm54.6 GeV are found in@39# by extracting them from the
data. However, it has been shown in@40# that «1(m) is not neces-
sarily smaller than«8(m), but this will not affect the conclusion tha
x2 is dominated by the«8 term.

FIG. 1. The ratio ofG(B̄0→Dp) in the presence of final-stat
interactions~FSIs! to that without FSIs versus the isospin phas
shift difference. The calculation is done in the NRSX model@12#.
09200
-

,

es

channel are moving slower, allowing more time for invol
ing soft gluon final-state interactions. Becausex2(D→K̄p)

;2 1
3 , the solutionx2(B→J/cK)50.28 is thus not favored

by the above physical argument.
~ii ! Relying on a different approach, namely, the thre

scale perturbative QCD~PQCD! factorization theorem, the
authors of@41# are able to explain the sign change ofx2 from
B→Dp to D→K̄p, though the application of PQCD to th
latter is only marginal. The same approach predicts a p
tive a2 for B→J/cK (* ), as expected@42#.

~iii ! The existing sum rule analysis does confirm the c
cellation between the 1/Nc Fierz term andx2 for the charmed
decayD→K̄p @43#, but it also shows that the cancellatio
persists even in hadronic two-body decays ofB mesons
@44,38,45#. For example, the light-cone QCD sum rule ca
culation of nonfactorizable effects inB̄0→D0p0 in @45#
yields a negativex2 and a2, which is in contradiction with
experiment. This means that care must be taken when ap
ing the sum rule analysis to theB decays. Indeed, there exis
some loopholes in the conventional sum rule description
nonleptonic two-body decays~see also the comment made
@41#!, a challenging issue we are now in the process of
vestigating.

E. Effective Nc
eff

Sincec1@c2, the effective coefficienta2 is sensitive to
nonfactorizable effects, and hence it is more suitable thana1

for extractingNc
eff @strictly speaking, (Nc

eff)2], the effective
number of colors defined in Eq.~2.13!, or the nonfactored
term x2. Although we have argued before thata2(B
→J/cK (* ))'0.26 anda2(B→Dp)&a2(B→J/cK (* )), it
is safe to conclude thata2 lies in the range of 0.20–0.30
Using the renormalization scheme and scale indepen
Wilson coefficientsc1

eff51.149 andc2
eff520.325 @cf. Eq.

~2.15!#, it follows that

Nc
eff;~1.8-2.2! or x2;~0.12–0.21!, ~5.14!

recalling that x2(D→K̄p);2 1
3 . Therefore, Nc

eff for (V

-

FIG. 2. The upper bound of the effective coefficienta2 multi-

plied by (200 MeV/f D) derived from the current limit onB̄0

→D0p0 using the NRSX model@12# versus the isospin phase-shi
difference.
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2A)(V2A) 4-quark interactions is of order 2. Ifx15x2, the
correspondinga1 is found to be in the range of 0.97–1.01

VI. CONCLUSION

Using the recent experimental data ofB→D (* )(p,r), B
→D (* )Ds

(* ) , and B→J/cK (* ) and various model calcula
tions on form factors, we have reanalyzed the effective
efficientsa1 and a2 and their ratio. Our results are the fo
lowing:

~i! The extraction ofa1 and a2 from the processesB
→D (* )Ds

(* ) andJ/cK (* ) is contaminated by QCD and elec
troweak penguin contributions. We found that the peng
correction to the decay amplitude is sizable forB→DDs ,
but only at the 4% level forB→ D* Ds ,D (* )Ds* ,J/cK (* ).

~ii ! The model-dependent extraction ofa1 from B
→D (* )p(r) is more reliable than that fromB→D (* )Ds

(* )

as the latter involves uncertainties from penguin correctio
unknown decay constantsf Ds

, f D
s*

and the poor precision o

the measured branching ratios.
~iii ! In addition to the model-dependent determination,a1

has also been extracted in a model-independent way b
on the observation that the decaysB→D (* )h can be related
by factorization to the measured semileptonic differen
distribution of B→D (* )l n̄ at q25mh

2 . The model-

independent resultsa1(B̄0→D1p2)50.9360.10, a1(B̄0

→D1r2)50.9560.12 anda1(B̄0→D* 1p2)51.0960.07
should be reliable and trustworthy. More precise measu
ments of the differential distribution are needed in order
improve the model-independent determination ofa1 and to
have a stringent test of factorization.

~iv! Armed with the model-independent results fora1, we
have extracted heavy-to-heavy form factors fromB

→D (* )p: F0
BD(mp

2 )50.6660.0660.05 and A0
BD* (mp

2 )
50.5660.0360.04, where the first error is due to the me
sured branching ratios and the second one due to qu
mixing matrix elements. Form factors at other values ofq2

are given in Eq.~4.11!.
,

s

09200
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~v! Based on the assumption thata1 derived from B
→D (* )(p,r) and fromB→D (* )Ds

(* ) is the same, it is pos-
sible to extract the decay constantsf Ds

and f D
s*

in an essen-

tially model-independent way from the data. We foundf Ds

; f D
s*
;O(260 MeV) with large errors. However, this ex

traction suffers from the uncertainty that we do not kno
how to estimate the violation of the above assumption.

~vi! By requiring thata2 extracted fromJ/cK andJ/cK*
channels be similar, as implied by the factorization hypo
esis, B→K (* ) form factors must respect the relatio

F1
BK(mJ/c

2 )'1.9A1
BK* (mJ/c

2 ). Some existing models in which

F1
BK(0) is close toA1

BK* (0) and/orF1
BK does not increase

with q2 faster enough thanA1
BK* are ruled out. Form factors

A2
BK* and VBK* can be inferred from the measurements

the fraction of longitudinal polarization and theP-wave
component inB→J/cK* . For example, the central value
of the CLEO data for these two quantitie

imply A2
BK* (mJ/c

2 )/A1
BK* (mJ/c

2 )'1.2 and VBK* (mJ/c
2 )/

A1
BK* (mJ/c

2 )'1.5. We conjecture thatF1
BK(mJ/c

2 )'0.70 and
henceua2(B→J/cK (* ))u'0.2660.02.

~vii ! We have determined the magnitude and the sign
a2 from class-I and class-III decay modes ofB→D (* )p(r).
Unlike a2 extracted fromB→J/cK, its determination from
D (* )p(r) channels suffers from a further uncertainty due
the unknown decay constantsf D and f D* . A stringent upper
limit on a2 is derived from the current bound onB̄0

→D0p0 and it is sensitive to final-state interactions. W
have argued that the sign ofa2(B→J/cK) should be the
same asa2(B→Dp) and thata2(B→Dp)&a2(B→J/cK).

~viii ! For a2 in the range of 0.20–0.30, the effective num
ber of colors,Nc

eff , is in the vinicity of 2.
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