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We compute various form factors involved inB→D (* ) transitions based on the perturbative QCD formal-
ism, which includes Sudakov effects from the resummation of large radiative corrections in a heavy-li
system. A two-parameter model wave function forD (* ) mesons is fixed using data of the nonleptonic decays
B→D (* )p, from which the ratio of the decay constantsf D* / f D50.92 is obtained. We then derive the spectrum
of the semileptonic decayB→D* ln in the fast recoil region of theD* meson, and extract the CKM matrix
elementuVcbu50.0433~0.12 GeV/f B!3~0.14 GeV/f D!, f B and f D being theB andD meson decay constants,
respectively. Here we adopt the convention with the pion decay constantfp593 MeV. With these outcomes,
we evaluate the decay rate ofB→DDs , and estimate the ratiof Ds

/ f D50.98 from data. Contributions of
internalW-emission andW-exchange diagrams are briefly discussed.

PACS number~s!: 13.20.He, 12.15.Hh, 12.38.Bx
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I. INTRODUCTION

Recently, the perturbative QCD~PQCD! formalism in-
cluding Sudakov effects has been shown to be applicable
heavy meson decays, which were usually regarded as be
dominated by nonperturbative dynamics. The breakthrou
is attributed to the resummation of large radiative correctio
in heavy-light systems such as aB meson containing a light
valence quark. This resummation, which was first perform
in @1# for the semileptonic decaysB→p(r) ln, improves the
applicability of PQCD to these heavy-to-light transitions.
was found that PQCD predictions are reliable for the ener
fraction of the pion above 0.3, from which the Cabibbo
Kobayashi-Maskawa~CKM! matrix elementuVubu can be
extracted, once experimental data are available. A sim
formalism was applied toB→D decays in the fast recoil
region of theD meson@2#, and found to be self-consisten
for velocity transfer above 1.3. The resummation techniq
was further employed to study the inclusive decaysB→Xsg
andB→Xuln @3#, and the Sudakov effects at the end poin
of spectra were examined@4#.

In this paper we shall extend the analysis in@2#, and
evaluate all the form factors involved inB→D (* ) transitions
at the high end of velocity transferh. The B meson wave
function is determined by the relativistic constituent qua
model @5#. For fastD (* ) mesons, a convincing model wav
function is still not yet obtained. We propose a two
parameterD (* ) meson wave function, and fix the paramete
using data in the largeh region from the nonleptonic decays
B→D (* )p @6#. One of the parameters corresponds to t
normalization constant, and the other controls the sha
With these phenomenological inputs, our analysis is free
the ambiguity from nonperturbative effects. We compare o
results to those from other theoretical approaches, for
ample, heavy quark symmetry~HQS! @7# combined with
O(as) andO(1/M ) corrections in@8# and overlap integrals
of heavy meson wave functions in@9,10#.
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We derive the spectrum of the semileptonic deca
B→D* ln from the transition form factors. The CKM matrix
elementuVcbu is then obtained by fitting our predictions to
data@11# at largeh, where PQCD is reliable. Our approach
to the extraction ofuVcbu differs from those in the literature,
where the behaviors of the form factors ath51 are em-
ployed. The relevant nonvanishing form factors take th
same functional formj~h!, which is normalized to unity at
zero recoil, j~h51!51, because of HQS. The quantity
uVcbuj~1! can be extracted from experimental data, if the b
havior of j above zero recoil is known. However,j is
thought of as being uncalculable in perturbation theory, a
thus the extraction depends on how to extrapolatej from
h51 to h.1. Hence different models ofj~h! lead to differ-
ent values ofuVcbu @8,11#. We argue thatj is in fact calcu-
lable in the fast recoil region. The nonperturbative wav
functions, fixed by data of other decay modes, provid
model-independent extraction ofuVcbu.

The consistency ofuVcbu determined in this paper with
currently accepted values justifies the PQCD analysis ofB
meson decays, especiallyB→p decays. Predictions for the
spectra of the decaysB→p(r) ln in @1# are then
convincing, and can be used to extractuVubu. On the other
hand, HQS requires only the normalization of heavy-to
heavy transition form factors at zero recoil. The PQCD fo
malism, however, gives information near the high end ofh.
Therefore, these two approaches complement each ot
Furthermore, our formalism is applicable to the evaluation
nonfactorizable contributions fromW-exchange diagrams,
which remains a challenging subject in the study of nonle
tonic B meson decays.

We develop the factorization formulas for all the
B→D (* ) transition form factors in Sec. II. In Sec. III the
two-parameterD (* ) meson wave function is determined by
fitting the data of the decaysB→D (* )p. The B→D* ln
spectrum is derived, anduVcbu is extracted from experimental
data@11#. We show in Sec. IV that nonfactorizable contribu
tions fromW-exchange diagrams are negligible. Section V
the conclusion.
4982 © 1996 The American Physical Society
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II. FACTORIZATION FORMULAS

The six form factorsj i ,i51,2,V,A1A2 , and A3 , in-
volved inB→D (* ) transitions are defined by the matrix el-
ements

^D~P2!uVmuB~P1!&5AMBMD@j1~h!~v11v2!
m1j2~h!

3~v12v2!
m#,

^D* ~P2!uVmuB~P1!&5 iAMBMD* jV~h!emnaben* v2av1b ,

^D* ~P2!uAmuB~P1!&5AMBMD* @jA1~h!~h11!e* m

2jA2~h!e* •v1v1
m

2jA3~h!e* •v1v2
m#. ~1!

The momentumP1(P2), the massMB(MD(* )) and the ve-
locity v1(v2) of the B(D (* )) meson are related by
P15MBv1(P25 MD(* )v2). The velocity transferh5v1•v2
has been introduced before, whose expression in terms of
momentum transferq25(P12P2)

2 is given by

h5
MB

21MD~* !
2

2q2

2MBMD~* !
. ~2!

e* is the polarization vector of theD* meson. The vector
currentVm and the axial vector currentAm are defined by
Vm5 c̄gmb andAm5 c̄gmg5b, respectively.

In the infinite mass limit ofMB andMD(* ), the six form
factors have the relations

j15jV5jA15jA35j, j25jA250, ~3!

wherej is the Isgur-Wise~IW! function @7# mentioned in the
Introduction. j is normalized to unity at zero recoil from
HQS. For the behavior ofj above zero recoil, there is only
model estimation from the overlap integrals of heavy meso
wave functions@9,10#.

We work in the rest frame of theB meson, in which
P1 is written, using light-cone components, as
P15(MB /A2)(1,1,0T), andP2 has the nonvanishing com-
ponents@2#

P2
15

h1Ah221

A2
MD~* !,

P2
25

h2Ah221

A2
MD~* !. ~4!

As h→1 with P2
15P2

25MD(* )/2, theD
(* ) meson behaves

like a heavy meson. However, in the largeh limit with P2
1

@MD(* ) /A2@P2
2 , theD (* ) meson can be regarded as be

ing light @2#. We argue thatj is dominated by soft contribu-
tions in the slowD (* ) meson limit, where the heavy meson
wave functions strongly overlap, and factorization theorem
fail. However, when theD (* ) meson recoils fast, carrying
energy much greater thanMD(* ), B→D (* ) transitions are
then similar toB→p ones@2# as stated above, and PQCD is
the
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expected to be applicable. In this paper we shall show tha
the PQCD formalism including Sudakov effects gives reli-
able predictions forj in the largeh region.

The PQCD factorization formulas for theB→D transition
form factors have been derived in@2#. Here we summarize
the idea. The factorization of the matrix elements in Eq.~1!
into the convolution of a hard scattering amplitude with the
B and D (* ) meson wave functions is shown in Fig. 1~a!,
where theb andc quarks are represented by the thicker and
thick lines, respectively.k1(k2) is the momentum of the light
valence quark in theB(D (* )) meson, satisfying k 1

2

'0(k 2
2'0). k1 has a large minus componentk 1

2, which
defines the momentum fractionx15k 1

2/P 1
2, and small trans-

verse componentsk1T , which serve as the infrared cutoff of
loop integrals for radiative corrections. Similarly,k2 has a
large componentk 2

1, definingx25k 2
1/P 2

1, and smallk2T .
A simple investigation shows that large logarithms arise

from radiative corrections to the above factorization picture.
In particular, double~leading! logarithms occur in the reduc-
ible corrections illustrated by theO(as) diagrams in Fig.
1~b! @1#, when they are evaluated in axial gauge. In order to
have a reliable PQCD analysis, these double logarithms mus
be organized using the resummation technique, which lead
to the evolution of theB(D (* )) meson wave functionfB
(fD(* )) in k 1

2(k 2
1). We quote the results as

fB~x1 ,P1 ,b1 ,m!'fB~x1!expF2s~k1
2 ,b1!

22E
1/b1

m dm̄

m̄
g„as~m̄ !…G ,

fD~* !~x2 ,P2 ,b2 ,m!'fD~* !~x2!expF2s~k2
1 ,b2!2s~P2

1

2k2
1 ,b2!22E

1/b2

m dm̄

m̄
g„as~m̄ !…G ,

~5!

FIG. 1. ~a! Factorization ofB→D (* ) transitions.~b! O(as) cor-
rections to wave functions.
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whereb1(b2) is the Fourier conjugate variable tok1T(k2T),
and can be regarded as the spatial extent of theB(D (* ))
meson.m is the renormalization and factorization scale. Th
exponents organizes the double logarithms from the overla
of collinear and soft divergences, and the integral, with t
quark anomalous dimensiong52as/p as the integrand,
groups the remaining single ultraviolet logarithms in Fi
1~b!. The expression ofs is very complicated, and exhibited
in the Appendix.

In the resummation procedures theB meson is treated as
a heavy-light system. TheD (* ) meson is, however, treated a
a light-light system as indicated in Eq.~5!, because we con-
centrate on the fast recoil region@2#. The initial conditions
f i(x) of the evolution,i5B, D, andD* , are of nonpertur-
bative origin, satisfying the normalization.

E
0

1

f i~x!dx5
f i

2A3
, ~6!

with f i the meson decay constants. The initial condition
Eq. ~5! should be written asf(x,b,1/b), andf(x) is in fact
an approximation. We have neglected the intrinsic transve
momentum dependence denoted by the argumentb, and
PQCD corrections proportional toas(1/b), because these
two effects cancel partially@1#.

The evolution of the hard scattering amplitudeH from the
summation of single ultraviolet logarithms is expressed
@2#
e
p
he

g.

s

in

rse

as

H~k1
2 ,k2

1 ,b1 ,b2 ,m!'H ~0!~k1
2 ,k2

1 ,b1 ,b2 ,t !

3expF24E
m

t dm̄

m̄
g„as~m̄ !…G , ~7!

where the variablet denotes the largest mass scale ofH. We
have approximatedH by theO(as) expressionH

(0), which
makes sense if perturbative contributions indeed domina
Combining the evolution in the above formulas, we obta
the complete Sudakov factore2S, where the exponentS is
given by

S~k1
2 ,k2

1 ,b1 ,b2!5s~k1
2 ,b1!1s~k2

1 ,b2!1s~P2
12k2

1 ,b2!

2
1

b1
F ln ln~ t/L!

2 ln~b1L!
1 ln

ln~ t/L!

2 ln~b2L!G ,
~8!

with b15~3322nf!/12, nf54 being the flavor number. The
QCD scaleL5LQCD will be set to 0.2 GeV below. It is easy
to show thate2S falls off quickly in the largeb, or long-
distance, region, giving so-called Sudakov suppression.

With the above brief discussion, the only thing left is t
computeH (0) for each form factor. The calculation ofH (0)

for j6 has been performed in@2#. In a similar way we derive
H (0) for otherj ’s. The factorization formulas for all the tran-
sition form factors inb space, with Sudakov suppressio
included, are listed below:
j1516pC FAMBMDE
0

1

dx1 dx2E
0

`

b1 db1 b2 db2 fB~x1!fD~x2!@~MB1x2z1MD!h~x1 ,x2 ,b1 ,b2!

1~MD1x1z1MB!h~x2 ,x1 ,b2 ,b1!#exp@2S~k1
2 ,k2

1 ,b1 ,b2!#, ~9!

j25216pC FAMBMDE
0

1

dx1 dx2E
0

`

b1 db1 b2 db2 fB~x1!fD~x2!z2@x2MDh~x1 ,x2 ,b1 ,b2!2x1MBh~x2 ,x1 ,b2 ,b1!#

3exp@2S~k1
2,k2

1 ,b1 ,b2!#, ~10!

jV516pC FAMBMD* E
0

1

dx1 dx2E
0

`

b1 db1 b2 db2 fB~x1!fD* ~x2!@~MB2x2z1MD* !h~x1 ,x2 ,b1 ,b2!

1~MD*1x1z2MB!h~x2 ,x1 ,b2 ,b1!#exp@2S~k1
2 ,k2

1 ,b1 ,b2!#, ~11!

jA1516pC FAMBMD* E
0

1

dx1 dx2E
0

`

b1 db1 b2 db2 fB~x1!fD* ~x2!@~MB2x2z3MD* !h~x1 ,x2 ,b1 ,b2!

1~MD*1x1z4MB!h~x2 ,x1 ,b2 ,b1!#exp@2S~k1
2 ,k2

1 ,b1 ,b2!#, ~12!

jA25216pC FAMBMD* E
0

1

dx1 dx2E
0

`

b1 db1 b2 db2 fB~x1!fD* ~x2!x1z5MBh~x2 ,x1 ,b2 ,b1!exp@2S~k1
2 ,k2

1 ,b1 ,b2!#,

~13!

jA35jV , ~14!

with the constants

z15
1

2 Fh2
3

2
1Ah21

h11S h2
1

2D G , ~15!
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z25
1

2 Fh2
1

2
1Ah11

h21S h2
3

2D G ,
z15

1

2
1

h22

2Ah221
,

z25
1

2Ah221
,

z35
22h2Ah221

h11
,

z45
1

2~h11!
,

z5511
h

Ah221
.

C F54/3 is the color factor. The functionh, coming from the Fourier transform ofH ~0!, is given by

h~x1 ,x2 ,b1 ,b2!5as~ t !K0~Ax1x2zMBMD~* !b1!@u~b12b2!K0~Ax2zMBMD~* !b1!I 0~Ax2zMBMD~* !b2!

1u~b22b1!K0~Ax2zMBMD~* !b2!I 0~Ax2zMBMD~* !b1!#, ~16!
n
e
e

-

l-
h

with the constantz5h1Ah221. The scalet is chosen as@2#

t5 max~Ax1x2zMBMD~* !,1/b1,1/b2!. ~17!

Note the equality ofjV andjA3. We argue thatjV will differ

from jA3, if higher-order corrections to the initial condition
H(k 1

2 ,k 2
1 ,b1 ,b2 ,t! are taken into account.

III. DETERMINATION OF zVcbz

Before proceeding to the numerical analysis of Eqs.~9!–
~14!, we discuss how to fix theB and D (* ) meson wave
functions. For theB meson, we adopt the wave functio
from the relativistic constituent quark model@5#, fB(x)5
*@d2kT /(4p)2#fB(x,kT), with

fB~x,kT!5NBFCB1
MB

2

12x
1

kT
2

x~12x!
G22

. ~18!

The normalization constantNB and the shape parameterCB
are determined by the conditions

E
0

1

dxE d2kT

~4p!2
fB~x,kT!5

f B

2A3
,

E
0

1

dxE d2kT
~4p!2

@fB~x,kT!#25
1

2
. ~19!

We obtainNB549.5 GeV3 andCB5227.699 845 GeV2 for
MB55.28 GeV @12# and the B meson decay constan
f B50.12 GeV from the lattice calculation@13#. TheB meson
wave function is then given by
n

t

fB~x!5
NB

16p

x~12x!2

MB
21CB~12x!

. ~20!

For theD (* ) meson, we propose the following model,
which possesses the same functional form as Eq.~20!:

fD~* !~x!5
ND~* !

16p

x~12x!2

MD~* !
2

1CD~* !~12x!
. ~21!

Equation ~19! is not appropriate for the determination of
ND(* ) and CD(* ), when theD (* ) meson recoils fast@2#.
Hence we shall take an alternative approach. It is know
from PQCD factorization theorems that wave functions ar
universal, or process independent. It hints that we can fix th
parameters using data of anyB→D (* ) decays, such as the
two-body nonleptonic decaysB→D (* )p, for which factor-
ization theorems should work best. With these phenomeno
logical inputs at specific kinematic pointsh5hmax, we then
predict the behaviors of allj’s in a finite range ofh.

We assume the vertex factorization hypothesis for the fo
lowing analysis, which has been shown to be consistent wit
current experimental data@14#. We list the formulas for the
decay rates of variousB→D (* ) decay modes involved in our
study. They are

G~B̄ 0→D1p2!

5
1

32p
GF
2 uVcbu2uVudu2f p

2MB
3 ~12r 2!3~12r !2

2r

3F11r

12r
j1~hmax!2j2~hmax!G2, ~22!
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G~B̄0→D*1p2!5
1

32p
GF
2 uVcbu2uVudu2f p

2MB
3 ~12r 2!5

~2r !3

3F11r

12r
jA1~hmax!2„r jA2~hmax!1jA3~hmax!…G2,

for the nonleptonic decays, with the constantsr
5MD(* ) /MB andhmax5(11r 2)/(2r ), and

dG

dq2
5

1

96p3GF
2 uVcbu2MB

3r 2~h221!1/2~h11!2

3H 2~122hr1r 2!FjA12 ~h!1
h21

h11
jV
2~h!G

1@~h2r !jA1~h!2~h21!~r jA2~h!1jA3~h!…#2%

~23!

for the spectrum of the semileptonic decayB̄0→D*1l2n̄
@8#. For nonleptonic decays, there exist additional importa
corrections from final-state interactions with soft gluons a
taching theD (* ) meson and the pion. It has been argued th
these corrections produce only single logarithms, which ca
cel asymptotically@2#, and are thus not considered here.

We adoptGF51.166 3931025 GeV22 for th Fermi cou-
pling constant,uVudu50.974 for the CKM matrix element,
MD51.87 GeV andMD*52.01 GeV for theD andD* me-
son masses@12#, respectively,tB051.53 ps for theB̄0 meson
lifetime @11#, f p593 MeV for the pion decay constant, an
f D50.14 GeV for theD meson decay constant from th
lattice calculation@13#. The four parameters we shall dete
mine areCD@ND is fixed by f D from Eq. ~6!#, CD* , f D* ~or
ND* equivalently! anduVcbu. At the same time, we have four
constraints from experimental data: the branching rat
B(B̄0→D1p2!52.931023 and B~B̄0→D*1p2!
52.631023 @6#, and the height and the profile ofdG/dq2 at
largeh, or equivalently, its values atq25Mp1

2 '0 and atq2

5MDs

2 @11#, MDs
51.97 GeV being theDs meson mass@12#.

In principle, we can determine theD (* ) meson wave func-
tions and the CKM matrix elementuVcbu completely from the
data fitting.

If there are more data from other decay modes, such
B→D (* )Ds , f D can be fixed phenomenologically, and nee
not to be specified at the beginning. However, these data
suffer large errors@15#, and it is not practical to perform the
fitting based on them. On the other hand, the data ofB→r
decays,B(B̄0→D1r2)58.131023 and B(B̄0→D*1r2)
57.431023 @6#, do not give more information thanB→p
decays, and are not employed here. This is obvious from
equality of the ratios

B~B̄0→D1r2!

B~B̄0→D*1r2!
'

B~B̄0→D1p2!

B~B̄0→D*1p2!
'1.1. ~24!

Hence the data ofB→r decays just lead to ther meson
decay constantf r'f p3 A8.1/2.950.155 GeV, consistent
with the currently accepted value. Equation~24! is a direct
consequence of the vertex factorization hypothesis for
nt
t-
at
n-

d
e
r-

ios

as
ds
still

the

the

negligibler meson mass. Note that the Bauer-Stech-Wirb
~BSW! method @16# gives different predictions from Eq.
~24!, which are@6#

B~B̄0→D1r2!

B~B̄0→D*1r2!
50.885,

B~B̄0→D1p2!

B~B̄0→D*1p2!
51.04.

~25!

Our plan is summarized as follows.
~1! Assume a set of initial values ofCD andCD* , say,

CD522.9 GeV2 @2# andCD*523.4 GeV2. Determine the
value of f D* from the ratio B(B̄0→D1p2!/B
(B̄0→D*1p2)51.1, which is independent ofuVcbu.

~2! Extract uVcbu from the magnitude of the spectrum
dG/dq2 at q25 Mp1

2 using f D* from step~1!, and the initial
CD andCD* .

~3! Determine a new value of CD from
B~B̄0→D1p2!52.931023, and a newCD* from dG/dq2 at
q25MDs

2 using f D* and uVcbu obtained from the above two

steps.
~4! Go to step~1!, starting with the new initial values of

CD andCD* .
At last, the four parameters approach their limits after

few iterations. The results are

CD522.6179 GeV2, ND513.8 GeV3,

f D50.14 GeV, CD*523.0421 GeV2,

ND*514.6 GeV3, f D*50.129 GeV, uVcbu50.043.
~26!

The dependence of theB andD (* ) meson wave functions
on the momentum fractionx is shown in Fig. 2.fB peaks at
x'0.05, andfD(* ) peaks atx'0.2, indicating that the
heavierB meson is strongly dominated by soft dynamics
The profiles offD andfD* are very similar, but the maxi-

FIG. 2. Dependence of theB andD (* ) meson wave functions on
the momentum fractionx.
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mum offD* locates at a slightly smallerx compared tofD

because of the relationuCD* u/MD*
2

.uCDu/MD
2 . All these

features are consistent with the expectation from the order
of the masses,MB@MD*.MD . That the height offD is
larger than that offD* is due to f D. f D* . Note that our
prediction f D* / f D50.92 is contrary tof D* / f D51.28 ap-
pearing in the literature@17#.

The parameters in Eq.~26! lead to the branching ratios
B(B̄0→D1p2)52.8931023 and B(B̄0→D*1p2)52.61
31023, and the spectrumdG/dq2 for the semileptonic
decay B̄0→D*1l2 n̄ as in Fig. 3, where the CLEO data
from Ref. @11# are also shown. It is observed that our pr
dictions are in good agreement with the data at lowq2, and
begin to deviate aboveq254 GeV2, the slow recoil region in
which PQCD is not reliable. In order to justify the PQCD
analysis forq2,4 GeV2, or h.1.3 approximately, we ex-
hibit the dependence ofj1 andjA1 on the cutoffbc5b15b2
for h51.3 in Fig. 4. More than 50% of the contributions t
the form factors come from the region withb,0.6/L, i.e.,
as(1/bc)/p,0.5.

Variation of the six transition form factors with the veloc
ity transferh is displayed in Fig. 5. From Fig. 5~a!, we find
that the magnitudes ofjV, jA1, and jA3 are almost equal,

with the relationjV5jA3.jA1, and their behaviors are close
to that of j1 , corresponding to the similarity between th
profiles offD* andfD . This similarity is also reflected by
the fact that the ratio ofjV to j1 is roughly the same as
f D* / f D . Contrary to Fig. 5~a!, j2 andjA2 shown in Fig. 5~b!

increase withh. j2 possesses a smaller slope, and is e
pected to become negative at lowh. These features are con
sistent with the predictions from HQS combined withO(as)
andO(1/M ) corrections in@8#.

The CKM matrix elementuVcbu50.043 extracted here is a
bit larger than recent estimations in the literature, whi
range from 0.035 to 0.040@10,11,18#. Refer to Ref.@11# in
which jV , jA1, and jA3 were modeled by the single form

FIG. 3. The spectrumdG/dq2 of the semileptonic decay
B̄ 0→D*1l2n̄ .
ing

e-

o

-

e

x-
-

ch

factor, as indicated in Eq.~3!:

F ~h!5F ~1!@12a2~h21!1b~h21!2#, ~27!

with the parametersa250.84,b50 for a linear fit and
a250.92,b50.15 for a quadratic fit to experimental data.
The normalizationF ~1!5hAj~1!1O„~L/M )2…, wherehA is
a perturbatively calculable quantity, takes the valueF ~1!
50.93 @19#, F ~1!50.89 @20#, or F ~1!50.96 @21#. In Ref.
@10# the single form factor was expressed as the overlap in
tegral of theB andD (* ) meson wave functions derived from
the Bethe-Salpeter equation, and was parametrized by a sim
lar formula to Eq.~27!:

F ~h!5hAF12
r1
2

hA
~h21!1c~h21!3/2G , ~28!

for the constantshA50.9942,r1
251.279, andc50.91. The

method of overlap integrals leads to the expression@9#

F ~h!5
2

h11
expF22~r2

221!
h21

h11G , ~29!

for the constantr251.19. In Ref. @18# the best fit to the
CLEO data@11# gives the form factor

F ~h!5120.81~h21!. ~30!

Comparing to our results, we find that Eqs.~27!–~30! are in
fact close to or larger thanj1 as shown in Fig. 6. Since our
form factors involved in the decayB→D* ln are smaller, the
prediction ofuVcbu is of course larger. If substitutingj1 for
jV , jA1, and jA3 in Eq. ~23!, we shall have uVcbu
'0.04330.950.039 extracted from the data, which then lo-
cates in the above range.

We explain why our form factors are smaller than those in
the literature. The reason is attributed to the choice of th
decay constantsf B50.12 GeV andf D50.14 GeV at the be-

FIG. 4. Dependence ofj1 andjA1 on the cutoffbc for h51.3.
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ginning of the analysis. Iff B and f D increase to 0.13 and
0.15 GeV, respectively,f D* will become 0.138 GeV because
of the ratio f D* / f D50.92. Here we suppose that the shap
parametersCB , CD , and CD* change only slightly. Then
uVcbu decreases to 0.037 in order to maintain the height
the spectrum. We have confirmed this argument by followi
steps~1!–~4! explicitly as stated above. Therefore, the be
conclusion for our study is that we have disentangled t
task of determininguVcbu to the extent thatuVcbu is given, in
terms of f B and f D , by

uVcbu50.0433S 0.12 GeV

f B
D3S 0.14 GeV

f D
D , ~31!

for f B and f D varying around 0.12 and 0.14 GeV, respe

FIG. 5. Dependence of~a! j1 , jV , jA1, andjA3 and of ~b! j2

andjA2 on h.
e

of
ng
st
he

c-

tively. Once the precise measurement of the decay consta
f B and f D is performed, the CKM matrix elementuVcbu can
be fixed uniquely.

At last, we compute the branching ratioB(B̄0→D1D s
2)

inserting the parameters in Eq.~26!, and compare results
with the data 8.031023 @12#, if ignoring the errors. The ex-
pression for the decay rate is written as

G~B̄0→D1Ds
2!5

1

32p
GF
2 uVcbu2uVcsu2f Ds

2 MB
3~12r 2!2

3Ahmax
2 21F ~11r !22r 82

11r
j1~hmax!

2
~12r !22r 82

12r
j2~hmax!G2, ~32!

for the CKM matrix elementuVcsu51 @12#, r 85MDs
/MB ,

andhmax5(11r 22r 82)/(2r ). We obtain theDs meson de-
cay constantf Ds

50.137 GeV, or in terms of the ratio,

f Ds
/ f D50.98. Because of the large errors associated wi

the data, we do not compare this ratio with those from th
lattice calculation@13# and from QCD sum rules@22#, which
are about 1.1 and 1.2, respectively. However, our predictio
is in agreement with the simple formula@23#

f Ds

f D
5S MD

MDs
D 2mc1ms

mc1md
'0.98 ~33!

for the current quark massesmd510 MeV, ms5150 MeV,
andmc51.5 GeV. Equation~33! was obtained using general
arguments from the Wigner-Eckart theorem and assumi
that chiral symmetry is only broken by quark mass terms.

FIG. 6. Dependence onh of ~1! Eq. ~29!, ~2! Eq. ~28!, ~3! Eq.
~30!, ~4! Eq. ~27! for the linear fit withF ~1!50.93, and~5! Eq. ~27!
for the quadratic fit withF ~1!50.93. The curves ofj1 andjV are
also shown.
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IV. NONFACTORIZABLE CONTRIBUTIONS

In the study ofB→D (* ) decays, we have considered onl
factorizable contributions from externalW-emission dia-
grams as in Fig. 1~a!. For the nonleptonic decay
B̄ 0→D1p2, there are also nonfactorizable contributio
fromW-exchange diagrams as shown in Fig. 7~a!. To justify
our study, we should have a convincing argument that su
nonfactorizable contributions are indeed unimportant.
simple investigation shows that the PQCD formalism can
applied to Fig. 7~a! equally well, with the following modifi-
cations.

~1! The color flow in Fig. 7~a! differs from that in Fig.
1~a!. This distinction leads to a factor 1/3 for nonfactorizab
contributions.

~2! From the viewpoint of factorization theorems, Fig
7~a! is a crossing in thes andt channels of Fig. 1~a!, exclud-
ing the color flow. That is, these two diagrams are similar
each other, except the interchange of theB meson and pion
kinematic variables. Hence the hard gluon propagator in F
7~a! is proportional to 1/x3x2 , x3 being the momentum frac-
tion of the pion, which comes from the replacement ofx1 by
x3 in the gluon propagator 1/x1x2 associated with Fig. 1~a!.
Sincex1 andx3 are of order 0.05 and 0.5, respectively, from
theB meson and pion wave functions, the interchange lea
to a factor 1/10.

Certainly, the presence ofk T
2 in the hard scatterings mod-

erates the difference. Therefore, we estimate that nonfac
izable contributions fromW-exchange diagrams are roughl
5% of factorizable ones, and the neglect of Fig. 7~a! is rea-
sonable.

With the parameters determined in Sec. III, we can al
study chargedB meson decays, such asB2→D0p2, based
on the PQCD formalism employed here. In this case the

FIG. 7. ~a! W-exchange and~b! internalW-emissionO(as) dia-
grams.
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are additional contributions from internalW-emission dia-
grams as shown in Fig. 7~b!. Following the similar reason-
ing, the hard scattering associated with Fig. 7~b!, which is
proportional to 1/x1x3 , is obtained by interchanging the ki-
nematical variables of theD meson and of the pion. This
interchange gives a factor 0.2/0.552/5. We estimate that
contributions from internalW-emission diagrams, combined
with the color-suppressing factor 1/3, are roughly 15%
factorizable ones, which are of course sizable. This conc
sion is consistent with predictions from the Bauer-Stec
Wirbel ~BSW! method@6#. We shall discuss these subjects i
detail in a separate work@24#.

V. CONCLUSION

In this paper we have fixed theD (* ) meson wave function
using the experimental inputs from the nonleptonic deca
B→D (* )p, and evaluated the spectrum of the semilepton
decayB→D* ln at large velocity transfer, from which the
CKM matrix elementuVcbu50.043 is extracted. The form
factors involved inB→D (* ) transitions are obtained, and
compared to the predictions from HQS combined wit
O(as) andO(1/M ) corrections@8#, from the overlap inte-
grals of heavy meson wave functions@9,10#, and from the
data fitting@11#. The value ofuVcbu extracted here is larger
than those in the literature@10,11,18#, and the reason is that
we have adopted the smaller decay constantsf B and f D . A
precise measurement off B and f D in the future will remove
this ambiguity.

We emphasize that the behaviors of all the transition for
factors are derived from the singleD (* ) meson wave func-
tion that is fixed at specific kinematic points, without resor
ing to a model for each form factor, such as the algebra
forms employed in@19#, the pole forms in@16,25#, and the
exponential forms in@26#. Note that all the above model
form factors are larger thanj1 presented in this work. Hence
they lead to smaller values ofuVcbu ranging from 0.032 to
0.038. Our formalism, based on the parameters in Eq.~26!,
can be used to studyB meson decays, especially the nonlep
tonic cases with nonfactorizable contributions, in a less a
biguous way@24#.
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APPENDIX

In this Appendix we present the explicit expression of th
exponents(k,b) appearing in Eq.~5!. The full expression,
instead of the first six terms@27#, is adopted in this paper. It
is given, in terms of the variables,

q̂[ ln~k/L!, b̂[ ln~1/bL!, ~A1!

by [2]



,
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s~k,b!5
A~1!

2b1

q̂ lnS q̂
b̂
D 2

A~1!

2b1

~ q̂2b̂!1
A~2!

4b1
2 S q̂b̂21D 2FA~2!

4b1
2
2
A~1!

4b1

lnS e2g21

2
D G lnS q̂

b̂
D 1

A~1!b2

4b1
3
q̂

3F ln~2q̂!11

q̂
2
ln~2b̂!11

b̂
G1

A~1!b2

8b1
3 @ ln2~2q̂!2 ln2~2b̂!#1

A~1!b2

8b1
3

lnS e2g21

2
D F ln~2q̂!11

q̂
2
ln~2b̂!11

b̂
G

2
A~1!b2

16b1
4 F2 ln~2q̂!13

q̂
2
2 ln~2b̂!13

b̂
G2

A~1!b2

16b1
4

q̂2b̂

b̂2
@2 ln~2b̂!11#1

A~2!b2
2

1728b1
6

3F18 ln2~2q̂!130 ln~2q̂!119

q̂2
2
18 ln2~2b̂!130 ln~2b̂!119

b̂2
G1

A~2!b2
2

432b1
6

q̂2b̂

b̂3
@9 ln2~2b̂!16 ln~2b̂!12#.

~A2!

The above coefficientsb i andA
( i ) are

b15
3322nf

12
, b25

153219nf
24

,

A~1!5
4

3
, A~2!5

67

9
2

p2

3
2
10

27
nf1

8

3
b1lnS egE

2 D , ~A3!

wheregE is the Euler constant.
Note thats is defined forq̂>b̂, and set to zero forq̂,b̂. As a similar treatment, the complete Sudakov factor exp(2S) is

set to unity, if exp(2S).1, in the numerical analysis. This corresponds to a truncation at largekT , which spoils the on-shell
requirement for the light valence quarks. The quark lines with largekT should be absorbed into the hard scattering amplitude
instead of the wave functions. An explicit examination shows that the partial expression including only the first six terms
predictions smaller than those from the full expression by less than 5%@2#.
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