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The hadronic decayB→J/cK* is analyzed within the framework of QCD factorization. The spin ampli-
tudesA0 , Ai , and A' in the transversity basis and their relative phases are studied using various different
form-factor models for theB-K* transition. The effective parametersa2

h for helicity h50,1,2 states receive
different nonfactorizable contributions and hence they are helicity-dependent, contrary to naive factorization
wherea2

h are universal and polarization-independent. QCD factorization breaks down even at the twist-2 level
for transverse hard spectator interactions. Although a nontrivial strong phase for theAi amplitude can be
achieved by adjusting the phase of an infrared-divergent contribution, the present QCD factorization calcula-
tion cannot say anything definite about the phasef i . Unlike B→J/cK decays, the longitudinal parametera2

0

for B→J/cK* does not receive twist-3 corrections and is not large enough to account for the observed
branching ratio and the fraction of the longitudinal polarization. Possible enhancement mechanisms fora2

0 are
discussed.
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I. INTRODUCTION

It has been well known that the factorization approa
~naive or generalized! fails to explain the production ratio
R5B(B→J/cK* )/B(B→J/cK) and the fraction of the
longitudinal polarizationGL /G in B→J/cK* decay. We
consider two representative form-factor models forB
2K(K* ) transitions: the Ball-Braun~BB! model based on
the light-cone sum rule~LCSR! analysis @1# and the
Melikhov-Stech ~MS! model @2# based on the constituen
quark picture. Both are consistent with the lattice calculati
at largeq2, the constraint fromB→fK* at lower q2, and
the constraint from heavy quark symmetry on theq2 depen-
dence of the heavy-light transition~see Sec. IV for more
details!. We see from Table I that in general the predicte
longitudinal polarization is too small, whereas the producti
ratio is too large.

This is understandable because the parametera2, which
governsB→J/cK(K* ) decays, is assumed to be univers
according to the factorization hypothesis, name
a2

h(J/cK* )5a2(J/cK), whereh50,1,2 refer to the helic-
ity states 00,11, and 22, respectively. In the above-
mentioned form-factor models, one hash055.98, h1

56.23, andh25043 ~in units of GeV3) in the BB model
and h055.47,h155.92, andh250.73 in the MS model,
wherehi are the helicity amplitudes given by
0556-2821/2002/65~9!/094023~12!/$20.00 65 0940
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2mK*
F ~mB

22mJ/c
2 2mK*

2
!~mB1mK* !

3A1
BK* ~mJ/c

2 !2
4mB

2pc
2

mB1mK*
A2

BK* ~mJ/c
2 !G ,

h65mJ/c f J/cF ~mB1mK* !A1
BK* ~mJ/c

2 !

6
2mBpc

mB1mK*
VBK* ~mJ/c

2 !G . ~1.1!

It is obvious that h1.h0@h2 . Therefore, under naive
factorizationGL /G'(a2

0h0)2/@(a2
0h0)21(a2

1h1)2#5h0
2/(h0

2

1h1
2 )&1/2 andR is expected to be greater than unity due

three polarization states forJ/cK* . These two problems will
be circumvented if nonfactorized terms contribute differen
to each helicity amplitude and to different decay modes
that a2

0(J/cK* ).a2
1(J/cK* )Þa2

2(J/cK* ) and a2(J/cK)
.a2

h(J/cK* ). In other words, the present data imply that t
effective parameter a2

h should be non-universal and
polarization-dependent. Recently two of us have analy
charmlessB→VV decays within the framework of QCD fac
torization @7#. We show that, contrary to phenomenologic
generalized factorization, nonfactorizable corrections to e
partial-wave or helicity amplitude are not the same; the
©2002 The American Physical Society23-1
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TABLE I. The ratio of vector meson to pseudoscalar productionR and the longitudinal polarization
fraction GL /G in B→J/cK (* ) decays calculated in two representative form-factor models using the fa
ization hypothesis.

Experiments

BB MS CDF @3# CLEO @4# BaBar @5# Belle @6#

R 3.40 3.11 1.5360.32 1.4560.26 1.3860.11 1.4360.13
GL /G 0.47 0.46 0.6160.14 0.5260.08 0.6060.04 0.6060.05
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fective parametersai vary for different helicity amplitudes
The purpose of the present paper is to study the nonfacto
able effects inB→J/cK* decay within the same framewor
of QCD factorization.

The decaysB→J/cK(K* ) are of great interest as exper
mentally only a few color-suppressed modes in hadroniB
decays have been measured so far. The recent measure
by BaBar@5# has confirmed the earlier CDF observation@3#
that there is a nontrivial strong phase difference betw
polarized amplitudes, indicating final-state interactio
However, no such evidence is seen by CLEO@4# and more
recently by Belle@6#. It is interesting to check if the curren
approach forB hadronic decays predicts a departure fro
factorization. Therefore, the measurements of various he
ity amplitudes in B→J/cK* decays will provide a nice
foundation for testing factorization and differentiating va
ous theory approaches in which the calculated nonfacto
able terms have real and imaginary parts.

It is known that in the QCD factorization approach, t
coefficienta2 is severely suppressed in the absence of h
spectator interactions. It has been shown in@8# that ua2u in
B→J/cK is of order 0.11 to the leading twist order, to b
compared with the experimental value of order 0.25. T
twist-3 effect in hard spectator interactions will enhancea2

to the value of 0.1920.12
10.14. We shall see later that, contrary

the J/cK case,a2
0 in B→J/cK* does not receive twist-3

contributions and it is dominated by twist-2 hard specta
interactions.

The layout of the present paper is as follows. In Sec. II
first outline the necessary ingredients of the QCD factori
tion approach for describingB→J/cK* and then we pro-
ceed to compute vertex and hard spectator interactions.
ambiguity of the experimental determination of spin amp
tude phases is addressed in Sec. III. Numerical calculat
and results are presented in Sec. IV. Discussions and con
sions are shown in Sec. V.

II. B\JÕcK* IN QCD FACTORIZATION

A. Factorization formula

The generalB→J/cK* amplitude consists of three inde
pendent Lorentz scalars:

A@B~p!→J/c~«J/c ,pJ/c!K* ~«K* ,pK* !#

}«J/c* m«K*
* n

~agmn1bpmpn1 icemnabpJ/c
a pK*

b
!,

~2.1!
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wheree0123511 in our convention, the coefficientc corre-
sponds to theP-wave amplitude, anda,b to the mixture ofS-
and D-wave amplitudes. Three helicity amplitudes can
constructed as1

H052
1

2mJ/cmK*
@~mB

22mJ/c
2 2mK*

2
!a12mB

2pc
2b#,

~2.2!

H65a6mBpc c,

wherepc is the c.m. momentum of the vector meson in theB
rest frame. If the final-state two vector mesons are both li
as in charmlessB→V1V2 decays withV1 being a recoiled
meson andV2 an ejected one, it is expected thatuH0u2
.uH1u2.uH2u2 owing to the argument that the amplitud
H1 is suppressed by a factor ofA2m2 /mB as one of the
quark helicities inV2 has to be flipped, while theH2 ampli-
tude is subject to further chirality suppression of ord
m1 /mB @9#. However, forB→J/cK* decay,A2mJ/c /mB is
of order unity and hence in practiceH1 and H0 can be
comparable.

Note that the polarized decay amplitudes can be expre
in several different but equivalent bases. For example,
helicity amplitudes can be related to the spin amplitudes
the transversity basis (A0 ,Ai ,A') defined in terms of the
linear polarization of the vector mesons, or to the parti
wave amplitudes (S,P,D) via

A05H052
1

A3
S1A2

3
D,

Ai5
1

A2
~H11H2!5A2

3
S1

1

A3
D, ~2.3!

A'5
1

A2
~H12H2!5P,

where we have followed the sign convention of@10#. The
decay rate reads

1For B̄→J/cK̄* decay the transverse amplitudes are given
H652a6mBpc c.
3-2
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G~B→J/cK* !

5
pc

8pmB
2 UGF

A2
VcbVcs* U2

~ uH0u21uH1u21uH2u2!,

5
pc

8pmB
2 UGF

A2
VcbVcs* U2

~ uA0u21uA'u21uAiu2!,

5
pc

8pmB
2 UGF

A2
VcbVcs* U2

~ uSu21uPu21uDu2!.

~2.4!

The effective Hamiltonian relevant forB→J/cK* has the
form

Heff5
GF

A2
H VcbVcs* @c1~m!O1~m!1c2~m!O2~m!#

2VtbVts* (
i 53

10

ci~m!Oi~m!J 1H.c., ~2.5!

where

O15~ c̄b!
V2A

~ s̄c!
V2A

,

O25~ s̄b!
V2A

~ c̄c!
V2A

,

O3(5)5~ s̄b!
V2A(

q8
~ q̄8q8!V2A(V1A) ,

O4(6)5~ s̄abb!
V2A(

q8
~ q̄b8qa8 !V2A(V1A) ,

O7(9)5
3

2
~ s̄b!

V2A(
q8

eq8~ q̄8q8!V1A(V2A) ,

O8(10)5
3

2
~ s̄abb!

V2A(
q8

eq8~ q̄b8qa8 !V1A(V2A) ,

~2.6!

with O3–O6 being the QCD penguin operators,O7–O10 the
electroweak penguin operators, and (q̄1q2)

V6A
[q̄1gm(1

6g5)q2. Under factorization, the decay amplitude ofB
→J/cK* reads

A~B→J/cK* !

5
GF

A2
VcbVcs* ~a21a31a51a71a9!X(BK* ,J/c),

~2.7!
09402
where

X(BK* ,J/c)

[^J/cu~ c̄c!
V2A

u0&^K* u~ b̄s!
V2A

uB&

52 i f J/cmJ/cF ~«K*
* •«J/c* !~mB1mK* !A1

BK* ~mJ/c
2 !

2~«K*
* •p

B
!~«J/c* •p

B
!
2A2

BK* ~mJ/c
2 !

mB1mK*

2 i emnab«J/c* m«K*
* np

B

apK*
b 2VBK* ~mJ/c

2 !

mB1mK*
G . ~2.8!

Note that forB̄→J/cK̄* decay, the factorizable amplitud
X(B̄K̄* ,J/c)[^J/cu( c̄c)

V2A
u0&^K̄* u( s̄b)

V2A
uB̄& is the same as

Eq. ~2.8! except that the last term proportional toi emnab has
a positive sign. Comparing Eq.~2.8! with Eq. ~2.2! leads to
the helicity amplitudes

H052ã~J/cK* !h0 , H65ã~J/cK* !h6 , ~2.9!

where ã(J/cK* )5a21a31a51a71a9. Note that the he-
licity amplitudesH6 in B̄→J/cK̄* are precisely the one
H7 in B→J/cK* decays. Hence, in the factorization a
proach one hasuH2u.uH1u for the former and uH1u
.uH2u for the latter. This is consistent with the picture th
the s quark produced in the weak processb→cc̄s in B̄

→J/cK̄* has helicity21/2 in the zero quark mass limit
Therefore, the helicity ofK̄* in B̄→J/cK̄* cannot be11
and the corresponding helicity amplitudeH1 vanishes in the
chiral limit @11#.

B. QCD factorization

Under naive factorization, the coefficientsai are given by
a2i5c2i1(1/Nc)c2i 21 , a2i 215c2i 211(1/Nc)c2i . Hence,
a2

h(J/cK* )5a2(J/cK) for h50,1,2. In the present paper
we will compute nonfactorizable corrections toa2

h(J/cK* ).
The effective parametersai

h entering into the helicity ampli-
tudesH0 andH6 are not the same.

The QCD-improved factorization approach advocated
cently in @12# allows us to compute the nonfactorizable co
rections in the heavy quark limit since only hard interactio
between the (BV1) system andV2 survive in themb→`
limit. Naive factorization is recovered in the heavy qua
limit and to the zeroth order of QCD corrections. In th
approach, the light-cone distribution amplitudes~LCDAs!
play an essential role. The LCDAs of the vector meson
given by @13,12#
3-3
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^V~P,«!uq̄~x!gmq8~0!u0&5 f VmVE
0

1

dj ei jP•xF«* •x

P•x
PmF i

V~j!1S «m* 2
«* •x

P•x
PmDg'

(v)~j!G ,

^V~P,«!uq̄~x!gmg5q8~0!u0&5
1

4
mVS f V2 f V

T mq1mq8
mV

D emnab«* nPaxbE
0

1

dj ei jP•xg'
(a)~j!,

^V~P,«!uq̄~x!smnq8~0!u0&52 i f V
T~«m* Pn2«n* Pm!E

0

1

dj ei jP•xF'
V~j!2 i f V

T~Pmxn2Pn xm!
«* •x

~P•x!2 mV
2

3E
0

1

dj ei jP•xhi
(t)~j!,

^V~P,«!uq̄~x!q8~0!u0&5 i
1

2S f V2 f V
T mq1mq8

mV
D ~«* •x!mV

2E
0

1

dj ei jP•xhi
(s)~j!, ~2.10!

wherex250, j is the light-cone momentum fraction of the quarkq in the vector meson, andf V and f V
T are vector and tenso

decay constants, respectively, but the latter is scale-dependent. In Eq.~2.10!, F i(j) andF'(j) are twist-2 DAs, whilehi
(s,t) ,

g'
(v) , andg'

(a) are twist-3 ones. Since

«•x

P•x
Pm5« i

m1
«•x

P•x

mV
2

2P•x
xm, ~2.11!

it is clear that to orderO(mV
2/mB

2) the approximated relation («•x)/(P•x) Pm5« i
m holds for a light vector meson, wher

« i
m («'

m) is the polarization vector of a longitudinally~transversely! polarized vector meson. Also, to a good approximat
one has« i

m5PV
m/mV for a light vector meson such asK* . Hence,P•«'50 and Eq.~2.10! can be simplified forK* as

^K* ~P,«!uq̄~x!gms~0!u0&5 f K* mK* E
0

1

dj ei jP•x@«mi* F i
K* ~j!1«m'

* g'
K* (v)~j!#,

^K* ~P,«!uq̄~x!gmg5s~0!u0&5
1

4
mK* f K* emnab«'

* nPaxbE
0

1

dj ei jP•xg'
K* (a)~j!,

^K* ~P,«!uq̄~x!smns~0!u0&52 i f K*
T

~«m'
* Pn2«n'

* Pm!E
0

1

dj ei jP•xF'
K* ~j!,

^K* ~P,«!uq̄~x!s~0!u0&52
1

2
f K* mK* E

0

1

dj ei jP•xhi8
(s)~j!, ~2.12!

whereh8(j)5dh(j)/dj and we have neglected light quark masses and applied the relation

~Pmxn2Pn xm!
«•x

~P•x!2 mV
25

«•x

P•x
~PmPn2PnPm!1~«miPn2«niPm!, ~2.13!

which vanishes for a light vector meson. From Eq.~2.12! we see that the twist-3 DAhi
(t) of K* does not make a contribution

In the heavy quark limit, theB meson wave function is given by

^0ub̄a~x!qb~0!uB~p!&ux15x'5052
i f B

4
@~p”1mB!g5#bgE

0

1

dr̄ e2 i r̄p1x2@F1
B~ r̄ !1n”2F2

B~ r̄ !#ga , ~2.14!
094023-4
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with n25(1,0,0,21) and the normalization conditions

E
0

1

dr̄ F1
B~ r̄ !51, E

0

1

dr̄ F2
B~ r̄ !50. ~2.15!

Likewise, to the leading order in 1/mc , the J/c wave func-
tion has a similar expression

^J/c~p,«!uc̄a~x!cb~0!u0&ux15x'50

5
f J/c

4
@«” * ~p”1mJ/c!#bgE

0

1

dj e2 i jp1x2@F1
J/c~j!

1n”2F2
J/c~j!#ga . ~2.16!

Since theJ/c meson is heavy, the use of the light-cone wa
function for J/c is problematic. The effects of higher twis
wave functions have to be included and may not conve
fast enough. Because the charmed quark inJ/c carries a
momentum fraction of order;mc /mJ/c , the distribution
amplitudes ofJ/c vanish in the end-point region. In the fo
lowing study, we adoptF uu as the DA of the nonlocal vecto
current ofJ/c rather thang'

(v) as the DA of thee' compo-
nent since the latter does not vanish at the end point. He
we will treat theJ/c wave function on the same footing a
the B meson. Comparing Eq.~2.16! with Eq. ~2.10!, we see
that at the leading order in 1/mc one has

F1
J/c~j!5F i

J/c~j!5F'
J/c~j!, f J/c

T 5 f J/c . ~2.17!

The inclusion of vertex-type corrections and hard spec
tor interaction in QCD factorization leads to

a2
h5c21

c1

Nc
1

as

4p

CF

Nc
c1 Fh,
09402
e

e

e,

-

a3
h5c31

c4

Nc
1

as

4p

CF

Nc
c4 Fh,

a5
h5c51

c6

Nc
1

as

4p

CF

Nc
c6~2Fh212!,

a7
h5c71

c8

Nc
1

as

4p

CF

Nc
c8~2Fh212!,

a9
h5c91

c10

Nc
1

as

4p

CF

Nc
c10Fh, ~2.18!

whereCF5(Nc
221)/(2Nc) and the superscripth denotes the

polarization of the vector mesons:h50 for the helicity 0
state andh56 for the helicity6 ones. In the naive dimen
sional regularization~NDR! scheme forg5 , Fh in Eq. ~2.18!
has the form

Fh5212 ln
m

mb
2181 f I

h1 f II
h , ~2.19!

where the hard scattering functionf I
h arises from vertex cor-

rections@see Figs. 1~a!–1~d!# and f II
h from the hard spectato

interactions with a hard gluon exchange between the emi
vector meson and the spectator quark of theB meson, as
depicted in Figs. 1~e! and 1~f!.

C. Vertex corrections

The calculation of vertex corrections in Fig. 1 is ve
similar to that inB→J/cK decay and the detail can be foun
in @8#. In terms of the two hard kernelsf I andgI given by
f I5E
0

1

dj F i
J/c~j!H 2zj

12z~12j!
1~322j!

ln j

12j
1S 2

3

12zj
1

1

12z~12j!
2

2zj

@~12z~12j!#2D zj ln zj

1S 3~12z!12zj1
2z2j2

12z~12j! D ln~12z!2 ip

12z~12j! J
1E

0

1

dj F'
J/c~j!H 24r

ln j

12j
1

4zr ln zj

12z~12j!
24zr

ln~12z!2 ip

12z~12j! J ~2.20!

and

gI5E
0

1

dj F i
J/c~j!H 24j

~12z!~12j!
ln j1

zj

@12z~12j!#2 ln~12z!1S 1

~12zj!2 2
1

@12z~12j!#21
2~11z22zj!

~12z!~12zj!2D zj ln zj

2 ip
zj

@12z~12j!#2J 1E
0

1

dj F'
J/c~j!H 4r

~12z!~12j!
ln j2

4rz

~12z!~12zj!
ln zjJ , ~2.21!
3-5
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FIG. 1. Vertex and spectator corrections toB
→J/cK* .
e

e
-

li-

s-

k,
men-

r

e-
wherer 5 f J/c
T mc /( f J/c mJ/c) andz[mJ/c

2 /mB
2 , the first scat-

tering function f I
h induced from vertex corrections has th

form

f I
05 f I1gI~12z!

A0
BK* ~mJ/c

2 !

Ã3
BK* ~mJ/c

2 !
,

f I
65 f I , ~2.22!

where

Ã3~q2!5
mB1mK*

2mK*
A1~q2!

2
mB

22mJ/c
2 1mK*

2

2mK* ~mB1mK* !
A2~q2!. ~2.23!

In writing Eqs.~2.20! and ~2.21!, we have distinguished th
contributions fromF i

J/c and F'
J/c for the reader’s conve

nience, though later we will apply Eq.~2.17!. Also notice
09402
that we have applied the relation@8#2

r[
f J/c

T mc

f J/c mJ/c
52S mc

mJ/c
D 2

52j2. ~2.24!

Three remarks are in order.~i! As shown in@8#, the trans-
verse DAF'

J/c contributes not only to the transverse amp
tudesH6 but also to the longitudinal amplitudeH0, and vice
versa for the longitudinal DAF i

J/c . This occurs becauseJ/c
is heavy: the coefficient in front ofF i in Eq. ~2.11! consists
of not only the longitudinal polarization but also the tran
verse one.~ii ! It is easily seen that in the zeroJ/c mass limit,

f I
0→E

0

1

dj fJ/c~j!S 3
122j

12j
ln j23ip D , ~2.25!

2It is known from heavy quark effective theory~HQET! that be-

low the m̄c scale, wherem̄c is the pole mass of the charmed quar
the vector and tensor currents receive the same anomalous di
sions; that is,f J/c

T and f J/cmc scale as the same power. Up to themb

scale, f T rescales with a factor@as(mb)/as(m̄c)#4/(3b), mc with

@as(mb)/as(m̄c)#4/b, and the ratio of f J/c
T / f J/c becomes

@as(m̄c)/as(mb)#8/(3b) 2mc(mb)/mJ/c5(1.121.2)32mc(mb)/
mJ/c , where b5(11Nc22nf)/3 and mc(mb) is the running
charmed quark mass at themb scale. However, the scale facto

@as(m̄c)/as(mb)#8/(3b)51.1 – 1.2 is relatively small and can be n
glected for our purposes.
3-6
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in agreement with@12# for B→pp, as it should be.~iii ! The
expression ofA0 /Ã3 in Eq. ~2.22! can be further simplified
by applying equations of motion. Neglecting the mass
light quarks, applying the equations̄p” K* (12g5)b50, and
sandwiching it between theK* and B states leads to the
result

2
mJ/c

2

2mBmK*
A2~q2!5A3~q2!2A0~q2! ~2.26!
ex
r
s

n

09402
f

and henceA0
BK* (mJ/c

2 )/Ã3
BK* (mJ/c

2 )51. Consequently,f I
0

5 f I1gI(12z).

D. Hard spectator interactions

For hard spectator interactions, we write

f II 5 f II (2)1 f II (3) , ~2.27!

where the subscript (•••) denotes the twist dimension of th
LCDA. To the leading-twist order, we obtain
n

al gluon’s

re also
f II (2)
0 5

4p2

Nc

as~mh!

as~m!

f B f J/c f K*
h0

~12z!E
0

1

dj dr̄ dh̄ F1
B~ r̄ !FJ/c~j!FK* ~ h̄ !

3
r̄2h̄1~ r̄22j1h̄ !z14j2z

r̄~ r̄2h̄1h̄z!@~ r̄2j!~ r̄2h̄ !1~ h̄r̄2h̄j2 r̄j !z#
. ~2.28!

This can be further simplified by noting thatr̄;O(LQCD/mb)→0 in themb→` limit. Hence,

f II (2)
0 5

4p2

Nc

as~mh!

as~m!

f Bf J/c f K*
h0

E
0

1

dr̄
F1

B~ r̄ !

r̄
E

0

1

dj
FJ/c~j!

j E
0

1

dh̄
FK* ~ h̄ !

h̄
, ~2.29!

where thez terms in the numerator cancel after the integration overj via Eq. ~2.24!. Likewise, for transverse polarizatio
states, we find

f II (2)
6 52

4p2

Nc

as~mh!

as~m!

2 f Bf J/c f K*
' mJ/c

mBh6
~161!E

0

1

dr̄ dj dh̄ F1
B~ r̄ !FJ/c~j!F'

K* ~ h̄ !
122j

r̄h̄2~12z!
. ~2.30!

Note that the hard gluon exchange in the spectator diagrams is not as hard as in the vertex diagrams. Since the virtu
momentum squared there isk25(2 r̄pB1h̄pK* )2'2 r̄h̄mB

2;2Lhmb , whereLh is the hadronic scale;500 MeV, we will
set as'as(ALhmb) in the spectator diagrams. The corresponding Wilson coefficients in the spectator diagrams a
evaluated at themh5ALhmb scale. As for twist-3 contributions to hard spectator interactions, we find

f II (3)
0 50 ~2.31!

and

f II (3)
6 5

4p2

Nc

as~mh!

as~m!

2 f Bf J/c f K* mJ/c mK*

mB
2h6

E
0

1

dr̄
F1

B~ r̄ !

r̄
E

0

1

dj
FJ/c~j!

j E
0

1

dh̄ S g'
K* (v)~ h̄ !

h̄~12z!
6

g'
K* (a)~ h̄ !

4h̄2~12z!
D . ~2.32!
be
s
,

’s
Since asymptoticallyFK* (h̄)56h̄(12h̄), the logarith-
mic divergence of theh̄ integral in Eq.~2.29! implies that
the spectator interaction is dominated by soft gluon
changes between the spectator quark and the charmed o
ticharmed quark ofJ/c. Hence, QCD factorization break
down even at the twist-2 level forf II (2)

1 . Thus we will treat
the divergent integral as an unknown ‘‘model’’ parameter a
write

Y[E
0

1dh̄

h̄
5 lnS mB

mh
D ~11rH!, ~2.33!
-
an-

d

with rH being a complex number whose phase may
caused by soft rescattering@12#. Note that linear divergence
are canceled owing to the relation~2.24!. Needless to say
how to treat the unknown parameterrH is a major theoretical
uncertainty in the QCD factorization approach.

E. Distribution amplitudes

If we apply the asymptotic form for the vector meson
LCDAs @13#
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F i
V~x!5F'

V~x!5g'
(a)~x!56x~12x!,

~2.34!

g'
(v)~x!5

3

4
@11~2x21!2#,

it is easy to check thatf II (3)
2 50. Since the scale relevant t

hard spectator interactions is of ordermh5ALhmb'1.5
GeV, it is important to take into account the evolution
LCDAs from m5` down to the lower scale. The leading
twist LCDA FM can be expanded in terms of Gegenbau
polynomialsCn

3/2 @13#:

FM~x,m!56x~12x!S 11 (
n51

`

a2n
M ~m!C2n

3/2~2x21!D ,

~2.35!

where the Gegenbauer momentsan
M are multiplicatively

renormalized. Ton52 we have

F i
V~x,m!56x~12x!F113a1

i j1
3

2
a2

i ~5j221!G ,
~2.36!
ng

-
s

rs
ri

sp

a

09402
r

F'
V~x,m!56x~12x!F113a1

'j1
3

2
a2

'~5j221!G ,
wherej52x21. For twist-3 DAs we follow@15# to use3

TABLE II. Form factorsA1
BK* , A2

BK* , andVBK* at q250 and
q25mJ/c

2 in various form-factor models.

BSWI BSWII LF NS Yang BB MS YYK

A1
BK* (0) 0.33 0.33 0.26 0.30 0.18 0.34 0.36 0.4

A1
BK* (mJ/c

2 ) 0.45 0.45 0.37 0.39 0.24 0.43 0.43 0.4

A2
BK* (0) 0.33 0.33 0.24 0.30 0.17 0.28 0.32 0.3

A2
BK* (mJ/c

2 ) 0.46 0.63 0.43 0.48 0.31 0.45 0.50 0.4

VBK* (0) 0.37 0.37 0.35 0.30 0.21 0.46 0.44 0.3

VBK* (mJ/c
2 ) 0.55 0.82 0.42 0.51 0.40 0.86 0.77 0.8
g'
(a)~x,m!56x~12x!F11a1

i j1H 1

4
a2

i 1
5

3
z3S 12

3

16
v3

A1
9

16
v3

VD J ~5j221!G16d1@3x~12x!1~12x!ln~12x!1x ln x#

16d2@~12x!ln~12x!2x ln x#,

g'
(v)~x,m!5

3

4
~11j2!1

3

2
a1

i j31S 3

7
a2

i 15z3D ~3j221!1F 9

112
a2

i 1
15

64
z3~3v3

V2v3
A!G~3230j2135j4!

1
3

2
d1@21 ln x1 ln~12x!#1

3

2
d2@2j1 ln~12x!2 ln x#, ~2.37!
wed
where the Gegenbauer moments and coupli
h3 ,v3

V,A ,d1,2 for K* at the scalem251 GeV2 and m2

55 GeV2 can be found in@15#. It turns out that the end
point behavior ofg'

(v) for K* is substantially modified and i
very different from that of the asymptotic form~see Fig. 3 of
@14#!.

III. EXPERIMENTS

The angular analysis of B1→J/cK* 1 and B0

→J/cK* 0 has been carried out by CDF@3#, CLEO @4#, and
most recently by theB factories BaBar@5# and Belle@6#. The
three polarized amplitudes are measured in the transve
basis with results summarized in Table IV below. Expe
mental results are conventionally expressed in terms of
amplitudesÂ0,',i normalized to unity,uÂ0u21uÂ'u21uÂiu2
51. Since the measurement of interference terms in the
gular distribution is limited to Re(AiA0* ), Im(A'A0* ), and
Im(A'Ai* ), there exists a phase ambiguity,

f i→2f i ,
s

ity
-
in

n-

f'→6p2f' , ~3.1!

f'2f i→6p2~f'2f i!.

Take the BaBar measurement@5# as an example :

f'520.1760.17, f i52.5060.22,

⇒uH1u,uH2u, ~3.2!

where the phases are measured in radians. The other allo
solution is

f'522.9760.17, f i522.5060.22,

⇒uH1u.uH2u. ~3.3!

3Note that there is a slight difference for the expressions ofg'
(v,a)

in @15# and @14#.
3-8
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As pointed out in@11#, the solution~3.2! indicates thatAi has
a sign opposite to that ofA' and henceuH1u,uH2u, in
contradiction to what is expected from factorization. The
fore, we will compare solution~3.3! with the factorization
approach. Obviously there is a 3-s effect thatf i is different
from p and this agrees with the CDF measurement. Ho
ever, such an effect is not observed by Belle and CLEO~see
Table IV!. In Table IV, we will only list those amplitude
phases from solution~3.3!.

The measured branching ratios are

B~B1→J/cK* 1!

5H ~13.760.961.1!31024 BaBar @5#

~12.960.861.2!31024 Belle @6#

~14.162.362.4!31024 CLEO @4#

~3.4!

and

B~B0→J/cK* 0!

5H ~12.460.560.9!31024 BaBar @5#

~12.560.660.8!31024 Belle @6#

~13.261.761.7!31024 CLEO @4#.

~3.5!

IV. NUMERICAL RESULTS

To proceed, we use the next-to-leading Wilson coe
cients in the NDR scheme@16#,

c151.082, c2520.185, c350.014,

c4520.035, c550.009, c6520.041,
~4.1!

c7 /a520.002, c8 /a50.054, c9 /a521.292,

c10/a50.263, cg520.143,

at m5m̄b(mb)54.40 GeV for L
(5)

MS5225 MeV taken
from Table XXII of @16#, with a being an electromagneti
fine-structure coupling constant. For the decay constants
use

f K* 5221 MeV, f J/c5405 MeV, f B5190 MeV, ~4.2!

and we will assumef V
T5 f V for the tensor decay constant. F

LCDAs we use those in Sec. II E and theB meson wave
function,

F1
B~ r̄ !5NBr̄2~12 r̄ !2 expF2

1

2
S r̄mB

vB
D 2G , ~4.3!

with vB50.25 GeV andNB being a normalization constan
In the following study, we will consider eight distinc

form-factor models: the Bauer-Stech-Wirbel~BSWI! model
@17,18#, the modified BSW model~referred to as the BSWI
model! @19#, the relativistic light-front ~LF! quark model
@20#, the Neubert-Stech~NS! model@21#, the QCD sum-rule
calculation by Yang@22#, the Ball-Braun~BB! model based
on the light-cone sum-rule analysis@1#, the Melikhov-Stech
09402
-

-

-

e

~MS! model based on the constituent quark picture@2#, and
the Isgur-Wise scaling laws based on the SU~2! heavy quark
symmetry~YYK ! so that the form factorA1 is mostly flat,
A2 is a monopole-type form factor, andV is a dipole-type

one @23#. The values of the form factorsA1
BK* , A2

BK* , and

VBK* at q250 andq25mJ/c
2 in various form-factor models

are shown in Table II.
Among the eight form-factor models, only a few of the

are consistent with the lattice calculations at largeq2, the
constraint fromB→fK* at low q2, and the constraint from
heavy quark symmetry for the form-factorq2 dependence.
The BSWI model assumes a monopole behavior~i.e., n
51) for all the form factors. However, this is not consiste
with heavy quark symmetry for the heavy-to-heavy tran
tion. The BSWII model takes the BSW model results for t
form factors at zero momentum transfer but makes a dif
ent ansatz for theirq2 dependence, namely a dipole behav
~i.e., n52) is assumed for the form factorsF1 ,A0 ,A2 ,V,
motivated by heavy quark symmetry, and a monopole dep
dence forF0 ,A1. However, the equality of the form factor

A1
BK* and A2

BK* at q250 is ruled out by recent measure
ments of B→fK* decays @7#. Lattice calculations of

VBK* , A0
BK* , andA1

BK* at largeq2 @24# in conjunction with
reasonable extrapolation toq25mJ/c

2 indicate that

VBK* (mJ/c
2 ) is of order 0.70–0.80.

The parametersãh(J/cK* ) defined by

ãh~J/cK* !5a2
h1a3

h1a5
h1a7

h1a9
h ~4.4!

are calculated using Eq.~2.18! and their results are shown i
Table III. Since the penguin parametersa3,5,7,9

h are small, in

practice we haveãh'a2
h . Note thatã2

0 and ã2
2 are indepen-

dent of the parameterrH introduced in Eq.~2.33!; that is,
they are infrared-safe. Sinceh2 is quite small due to the

compensation between theA1
BK* andV1

BK* terms andf II (3)
6 is

inversely proportional toh2 , ã2 becomes more sensitiv
than ã1 to the form-factor model chosen.

From the experimental measurement of spin amplitude
is possible to extract the parametersãh in various form-
factor models. We use the averaged decay rateG(B
→J/cK* )5(5.3460.23)310216 GeV obtained from Eqs.
~3.4! and ~3.5! and the central values of the spin amplitud
measured by BaBar@5# as an illustration,

uÂ0u250.59760.02860.024,

uÂ'u250.16060.03260.014, ~4.5!

uÂiu250.24360.03460.017.

Then ã0 can be determined fromGL(B→J/cK* )5G(B
→J/cK* )3uÂ0u2 and likewise for ã6. The results are
shown in Table III. It is evident that the ‘‘experimental’’ val
3-9
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TABLE III. The calculated parametersãh(J/cK* ) (h50,1,2) for B→J/cK* decay in QCD factor-

ization using various form-factor models for theB-K* transition. The experimental results forãh(J/cK* )
are obtained using the averaged branching ratio ofB→J/cK* measured by BaBar, Belle, and CLEO

conjunction with the central values of the BaBar measurement for the spin amplitudesuÂ0,',iu2. Only the

central values ofãexpt
h are shown here.

ã0 uã0uexpt ã1 uã1uexpt ã2 uã2uexpt

BSWI 0.112 i0.06 0.19 0.162 i0.05 0.18 20.011 i0.05 0.06
BSWII 0.152 i0.06 0.25 0.142 i0.05 0.15 20.071 i0.05 0.14
LF 0.142 i0.06 0.25 0.192 i0.05 0.23 20.021 i0.05 0.07
NS 0.142 i0.06 0.25 0.182 i0.05 0.20 20.031 i0.05 0.08
Yang 0.232 i0.06 0.43 0.252 i0.05 0.30 20.161 i0.05 0.20
BB 0.122 i0.06 0.20 0.142 i0.05 0.16 20.151 i0.05 0.23
MS 0.132 i0.06 0.22 0.142 i0.05 0.16 20.071 i0.05 0.14
YYK 0.092 i0.06 0.16 0.132 i0.05 0.15 20.061 i0.05 0.12
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ues of ãh are polarization-dependent,uã0u.uã1u.uã2u,
whereas the present QCD factorization calculation yie
uã1u.uã0u.uã2u.

Normalized spin amplitudes and their phases inB
→J/cK* decays calculated in various form-factor mode
using QCD factorization are exhibited in Table IV, where t
unknown parameterrH in Eq. ~2.33! is taken to be real and
unity. For comparison, we also carry out the analysis in
partial wave basis as the phases ofS, P, andD partial wave
amplitudes are the ones directly related to the long-ra
final-state interactions. We see from Table V that the p
dicted uÂ0u2, uDu2, and branching ratios are too sma
whereasuÂ'u25uPu2 is too large. It is also clear that a non
trivial phasef i deviated from2p is seen in some form
factor models, but it is still too small compared to the BaB
measurement. Nevertheless, a large phasef i as implied by
BaBar can be achieved by adjusting the phase of the c
plex parameterrH , but admittedly it is rather arbitrary. In
other words, the present QCD factorization calculation c
not say something definite for the phasef i . The partial
wave decompositionsS, P, andD corresponding to the rela
09402
s

e

e
-

r

-

-

tive orbital angular momentumL50,1,2 betweenJ/c and
K* uniquely determine the spin angular momentum. Our
sults are difficult to reconcile with the observatio
uSu2:uDu2:uPu2.3.5:1:1 from recent Babar and Belle mea
surements.

There are several major theoretical uncertainties in
calculation:B-K* form factors, the twist-3 LCDAs ofK* at
the scalemh , and the infrared divergences occurring
twist-2 and twist-3 contributions. It has been advocated t
Sudakov form-factor suppression may alleviate the soft
vergence@25#. Hence, we have studied Sudakov effects e
plicitly and the detailed results will be presented in a futu
publication. When partons in the meson carry the transve
momentum through the exchange of gluons, the Suda
suppression effect will be naturally generated due to la
double logarithms exp@2(asCF/4p)ln2(Q2/k'

2)#, which will
suppress the long-distance contributions in the smallk' re-
gion and give a sizable average^k'

2 &;L̄mB , where L̄
5mB2mb . This can resolve the singularity problem occu
ring at the end point. Basically, there is no Sudakov supp
sion in the vertex correction since the end-point singula
ls
F,
TABLE IV. Normalized spin amplitudes and their phases~in radians! in B→J/cK* decays calculated in various form-factor mode
using QCD factorization. The branching ratios given in the table are forB1→J/cK* 1. For comparison, experimental results from CD
CLEO, BaBar, and Belle are also exhibited.

uÂ0u2 uÂ'u2 uÂiu2 f' f i B(1023)

BSWI 0.43 0.33 0.24 23.05 22.89 0.76
BSWII 0.38 0.36 0.26 3.13 23.12 0.73
LF 0.41 0.34 0.25 23.09 22.95 0.69
NS 0.40 0.34 0.25 23.10 22.99 0.70
Yang 0.38 0.36 0.25 23.12 23.11 0.64
BB 0.41 0.34 0.25 23.04 23.05 0.77
MS 0.40 0.35 0.25 23.08 23.05 0.75
YYK 0.44 0.32 0.23 22.99 22.95 0.84

CLEO @4# 0.5260.08 0.1660.09 0.3260.12 23.0360.46 23.0060.37 1.4160.31
CDF @3# 0.5960.06 0.1320.11

10.13 0.2860.12 22.5860.54 22.2060.47
BaBar @5# 0.6060.04 0.1660.03 0.2460.04 22.9760.17 22.5060.22 1.3760.14
Belle @6# 0.6060.05 0.1960.06 0.2160.08 23.1560.21 22.8660.25 1.2960.14
3-10
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TABLE V. Normalized partial wave amplitudes and their phases~in radians! in B→J/cK* decays calculated in various form-facto
models using QCD factorization and fitted from the data, wherefP5arg(PS* ),fD5arg(DS* ), and there exists a phase ambiguity:fD

→2fD andfP→6p2fP .

uSu2 uPu2 uDu2 fP fD

BSWI 0.60 0.33 0.07 20.04 2.75
BSWII 0.60 0.36 0.04 0.02 3.10
LF 0.60 0.34 0.06 20.05 2.80
NS 0.60 0.34 0.06 20.05 2.86
Yang 0.59 0.36 0.05 0.002 3.07
BB 0.60 0.34 0.06 0.05 2.99
MS 0.60 0.35 0.05 0.01 2.97
YYK 0.60 0.32 0.08 0.05 2.85

CLEO @4# 0.7760.19 0.1660.09 0.0760.03 0.0460.59 2.960.59
CDF @3# 0.6160.34 0.1320.11

10.13 0.2660.20 0.1060.34 2.1760.34
BaBar @5# 0.6560.13 0.1660.03 0.1960.10 20.1360.21 2.4460.21
Belle @6# 0.6660.14 0.1960.06 0.1560.03 20.1460.29 2.8060.29
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in the hard kernel is canceled in the convolution. Howev
for the hard spectator interaction, we can have large Suda
suppression effects at the end point since there are siz
^k'

2 & contributions in the propagators. Especially, the e
point singularities withoutk' do not compensate in th
twist-3 contributions. We find thatã2

0 is suppressed wherea

ã2
2 is enhanced by the Sudakov effect, and we conclude

Sudakov suppression cannot help to solve the discrepa
between theory and experiment.

V. DISCUSSIONS AND CONCLUSIONS

The hadronic decayB→J/cK* is analyzed within the
framework of QCD factorization. The spin amplitudesA0 ,
Ai , andA' in the transversity basis and their relative pha
are studied using various different form-factor models for
B-K* transition. The effective parametersa2

h for helicity h
50,1,2 states receive different nonfactorizable contrib
tions and hence they are helicity-dependent, contrary to
ive factorization, wherea2

h are universal and polarization
independent. QCD factorization breaks down even at
twist-2 level for transverse hard spectator interactions.
though a nontrivial strong phase for theAi amplitude can be
achieved by adjusting the phase of an infrared divergent c
tribution, the present QCD factorization calculation cann
say anything definite about the phasef i . In QCD factoriza-
tion we found thata2

0 anda2
2 are infrared safe.

Unfortunately, our conclusion is somewhat negative. T
longitudinal parametera2

0 calculated by QCD factorization
which is of order 0.15 in magnitude, is not large enough
account for the observed decay rates and the fraction of
gitudinal polarization. In QCD factorization, the ratioR of
vector meson to pseudoscalar production is close to u
with large uncertainties arising from the chirally enhanc
and infrared-sensitive contributions toB→J/cK @8#. ~In the
naive factorization approach,R ranges from 1.3 to 4.2@26#,
but it is difficult to account forR, GL /G, and uPu2 simulta-
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neously.! This is mainly ascribed to the smallness ofa2
0. It is

instructive to comparea2
0(J/cK* ) in B→J/cK* decay with

a2(J/cK) in B→J/cK. It is found in @8# that a2(J/cK)
50.1920.12

10.14 for urHu<1 and that twist-2 as well as twist-
hard spectator interactions are equally important. As
a2

0(J/cK* ), it is dominated by twist-2 hard spectator inte
actions. We have studied Sudakov form-factor suppress
on end-point singularities and found that it does not help
solve the discrepancy between theory and experiment.

Since the predicteda2
0 in QCD factorization is too smal

compared to experiment, one may explore other effects
have not been studied. One possibility is that soft final-st
interactions~FSIs! may enhancea2

0 substantially@27#. A re-

cent observation ofB̄0→D0(* )p0 decay by Belle@28# and
CLEO @29# indicatesa2(D (* )p);0.4020.55 much larger
than the naive value of order 0.25. It is thus conceivable t
some sort of inelastic FSIs could make substantial nonper
bative contributions toa2

0. The other possibility arises from
the gluon component in theK* wave function. Consider the
diagram in which one of outgoing charmed quarks emit
hard gluon before they form theJ/c meson and the gluon
fragments into a parton of theK* meson. Neglecting the
charmed quark mass, because the charmed quark’s helic
conserved in the strong interaction, this gluon has zero
licity, i.e., it is longitudinally polarized. Following the sam
argument right after Eq.~2.2!, the hybridK* will make a
contribution toH0 andH1 . Although this amplitude is sup
pressed by order ofLQCD/mb owing to the presence of a
additional propagator compared to the leading diagram,
enhanced by the large Wilson coefficientc1 and hence can-
not be ignored. A similar mechanism can also give a con
bution to theB→J/cK mode but it is difficult to make a
quantitative estimate since the chirally enhanced twist-3 c
tribution is still quite uncertain. Good candidates to sea
for evidence of this effect areB→r0r0,r0v,vv. Without
taking into account the hard gluon emission, the branch
ratios of these decays which are color-suppressed and d
3-11
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nated by b→d penguin contributions are of order 1027

@30,31,7#. Nevertheless, they can receive large contributio
proportional toc1 at the amplitude level, from the hard gluo
emission mechanism so that the branching ratios bec
1026–1025.

Note added. We learned of the paper by X.S. Nguyen a
X.Y. Pham ~NP! ~Ref. @32#! in which a similar analysis in
QCD factorization was carried out. However, their resu
differ from ours in some aspects:~i! There are some discrep
ancies between Eqs.~2.20!–~2.22! in the present paper an
Eqs.~36! and~37! of NP. Also the expression ofFII

6 given by
Eq. ~39! of NP originally derived in@7# is valid only for two
light vector mesons in the final state. It will undergo som
modifications for heavyJ/c. It should be stressed that E
~28! adopted by NP for describing LCDAs works only for
light vector meson, but not for a heavy meson such asJ/c.
~ii ! For hard spectator interactions, we have considered c
tributions from leading wave functions ofB and J/c and
twist-3 DAs of K* @see Eq.~2.32!#, which are absent in NP
Also we have taken into account the relevant scalemh
s

da

.

od

09402
s,

e

s

n-

5ALhmb for hard spectator interactions.~iii ! Unlike NP, we
did not consider the higher twist expansion for theJ/c wave
function. The twist expansion of LCDAs is applicable fo
light mesons but it is problematic for heavy mesons such
J/c. Note that although twist-3J/c contributions to hard
spectator interactions were considered by NP, they did
consistently compute the twist-3 effects ofJ/c in vertex cor-
rections.
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