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Study of B\D** p decays
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Department of Physics, National Cheng-Kung University, Tainan 701, Taiwan

~Received 7 September 2003; published 24 December 2003!

We investigate the production of the novelP-wave mesonsD0* andD18(D1), identified asJP501 and 11,
in heavyB meson decays, respectively. With the heavy quark limit, we give our modeling wave functions for
the scalar mesonD0* . Based on the assumptions of color transparency and the factorization theorem, we
estimate the branching ratios ofB→D0* p decays in terms of the obtained wave functions. Some remarks on
D1

(8) production are also presented.
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I. INTRODUCTION

It is doubtless that the quark model provides a succes
method to describe hadron spectroscopy. For instance, b
on SU~3! flavor symmetry, a quark and antiquark can co
prise octet and singlet states, called a nonet together, su
the well known pseudoscalar mesons of the pion, kaon,
eta withJPC5021. However, if we apply the same conce
to the light scalar mesons described by 011, such as the
nonet composed of isoscalarss(600) andf 0(980), isovector
a0(980) and isodoubletk, there are some puzzles:~a! Why
are a0(980) andf 0(980) degenerate in mass?~b! Why are
the widths ofs and k broader than those ofa0(980) and
f 0(980) @1#? It is probable that these scalar states consis
four quarks rather than two quarks@2#. Moreover, the possi-
bilities of KK̄ molecular states, gluonium states, and sca
glueballs are also proposed. It is clear that the conclusio
still uncertain.

Now, the mysterious event happens not only in the lig
scalar meson system, but also in the heavyc̄s one. Recently,
the BABAR Collaboration has observed one narrow sta
denoted byDsJ* (2317), from aDs

1p0 mass distribution@3#.
Furthermore, the same state has been confirmed by C
and a new stateDsJ* (2463) is also observed in theDs*

1p0

final state@4#. Finally, BELLE verifies the observations@5#.
By the data analysis,DsJ* (2317) andDsJ* (2463) are identi-
fied as parity-even states with01 and11, respectively. From
the observations, the interesting problem is that the state
DsJ* (2317) andDsJ* (2463) cannot match with theoretical pr
dictions @6#, i.e., the masses~widths! are too low~narrow!.
To explain the discrepancy, either the theoretical mod
have to be modified@7# or the observed states are the ne
composed states. To satisfy the latter, many interesting s
tions have been suggested recently in Refs.@8–14#.

In fact, before the BABAR’s observation, CLEO@15# and
BELLE @16# measured the similar states in thec̄q (q
5u,d) system in heavyB meson decays. With a two-quar
picture, there are four parity-even~angular momentum,
51) states described byJP501, 11, 11, and 21, respec-
tively. J5 j q1SQ is the total angular momentum of the co
responding meson and consists of the angular momentu
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the light quark, j q , and the spin of the heavy quark,SQ ,
wherej q5Sq1, is combined by the spin and orbital angul
momenta of the light quark. In the literature, they are usua
labeled byD0* , D18 , D1, andD2* , respectively. We also us
D** to denote all of them. The first two belong toj q51/2,
while the last twoj q53/2. In the heavy quark limit, it is
known thatD0(1)* (8) andD1(2)

(* ) decay only viaS andD waves,
respectively. Therefore one expects that the widths of
former are much broader than those of the latter, which
consistent with the observations of CLEO and BELL
@15,16#. Even the BELLE’s updated data@17# also show the
same phenomenon. We now summarize the results of CL
and BELLE as follows: in CLEO, the masses~widths! of
P-wave states are given by mD1

(GD1
)52422.0

62.1 (18.923.5
14.6) and mD

2*
(GD

2*
)52458.962.0 (23

65) MeV, and the measured branching ratios~BRs! of B
decays are given as

BR~B2→D1
0p2!3BR~D1

0→D* 1p2!

5~7.861.9!31024,

BR~B2→D2*
0p2!3BR~D2*

0→D* 1p2!

5~4.261.7!31024. ~1!

In BELLE, the four states are all measured asmD
0*
(GD

0*
)

52308617615 6 28 (2766 21 6 18 6 60), mD
18
(GD

18
)

52427.06 266 206 15 (384275
11076 246 70), mD1

(GD1
)

52421.46 1.56 0.46 0.8 (23.76 2.76 0.26 4.0), and
mD

2*
(GD

2*
)52461.662.160.563.3 (45.664.46 6.561.6)

MeV, and the BRs with possible decaying chain being

BR~B2→D0*
0p2!3BR~D0*

0→D1p2!

5~6.160.660.961.6!31024,

BR~B2→D18
0p2!3BR~D18

0→D* 1p2!

5~5.060.461.060.4!31024,

BR~B2→D1
0p2!3BR~D1

0→D* 1p2!

5~6.860.761.360.3!31024, ~2!
©2003 The American Physical Society08-1
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BR~B2→D2*
0p2!3BR~D2*

0→D1p2!

5~3.460.360.660.4!31024,

BR~B2→D2*
0p2!3BR~D2*

0→D* 1p2!

5~1.860.360.360.2!31024,

respectively.
Since the masses ofDsJ* are just below theD (* )K thresh-

old and the corresponding widths are around few 10 K
@11#, both parity-even mesons could only decay through is
pin violating channels toDp and D* p. For this reason, it
becomes the main problem how to explain the low mas
and narrow widths forDsJ* states. UnlikeDsJ* cases, however
there are no any suppressions on their decays toDp or D* p
although the measured masses ofD** are slightly different
from the predictions of theoretical models. It is believed th
the properties ofD** could be described by current theore
ical models with some improvements. If so, based on
concept of the normal quark model, we could further und
stand the nature ofD** in B decays.

To handle the hadronic effects forB→D** p decays, we
use the factorization formalism, called the perturbative Q
~PQCD! approach, which is based on factorization theor
and the transition matrix element, described by the convo
tion of hadron wave functions and the hard kernel@18,19#.
The wave functions in principle can be extracted by exp
mental data or determined by QCD sum rules or lattice c
culations. The hard kernel is related to the hard gluon
change and high energetic fermion propagator, which are
calculable perturbatively. At the limit of heavy quark, in o
der to guarantee that the color transparency mechanism@20#
is satisfied, i.e., no soft gluon exchange between the fi
states, we need the hierarchy ofmB@mD** @L̄ with L̄
;mB2mb;mD** 2mc @21#. It has been shown by Ref.@22#
that with the same QCD approach, the calculated results
B→Dp decays are consistent with the current observati
@23#. Consequently, one expects that PQCD could be a
applied to theP-wave meson production inB decaying pro-
cesses. By the study, we should know more properties rel
to P-wave mesons.

The paper is organized as follows. We investigate
characteristic ofD** and model their amplitude distribu
tions in Sec. II. In terms of the PQCD approach, we der
the factorization formulas for eachB→D0* p decays in Sec.
III. We present our results in Sec. IV. Finally, we give
summary in Sec. V.

II. DECAY CONSTANTS AND WAVE FUNCTIONS OF D**

In order to study the production of the scalar mesonD**
in B decays, we immediately have to face two questions.
first one is how to write down the hadronic structures a
model the wave functions ofD** , and the second is wha
the values of decay constants ofD** are. In PQCD, since
the wave functions belong to nonperturbative objects and
universal, we can directly apply the wave functions ofB and
p mesons, which have been discussed in otherB-meson de-
11400
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cays, such asB→p,n, B→pp, etc. Therefore the hadroni
structures ofB andp mesons can be described by@24,25#

^0ub̄~0! jd~z! l uB,p1&5
1

A2Nc
E

0

1

dxe2 ixp1•z

3$@p
” 11mB# l j g5FB~x!%,

^0uū~0! jd~z! l up,p3&5
1

A2Nc
E

0

1

dxe2 ixp3•z

3@@p
” 3# l j Fp~x!1mp

0 @ I # l j Fp
p ~x!

1mp
0 @n

”2 n
”12I # l j Fp

s~x!#, ~3!

wheren25(0,1,0W T), n15(1,0,0W T), andx is the momentum
fraction of the light parton inside the corresponding mes
Fp and Fp

p(s) are the twist-2 and twist-3 pion wave func
tions, related to the distribution amplitude of nonlocal ope
tor ūg5gmd(z) and associated withūg5d(z) @ ūg5smnd(z)#,
respectively. We note thatmp

0 is the so-called chiral symme
try breaking parameter and is equivalent tomp

2 /(mu1md).
To determine the structures and distribution amplitudes

D** , we need to know their properties. For simplicity, w
only concentrate the discussion on the scalar meson ofD0* .
The similar analysis can be applied to other charmedP-wave
mesons. As usual, the decay constant ofD0* is defined as

^0ud̄cuD0* ,p2&5mD
0*

f̃ D
0*
. ~4!

By using the equation of motion, we obtain another ident

^0ud̄gmcuD0* ,p2&5 f D
0*
p2m , ~5!

with f D
0*
5 f̃ D

0*
(mc2md)/mD

0*
, in which mc(d) are the cur-

rent quark mass ofc(d) quark. From the above equation, w
see that if the considering case is a light scalar meson,
corresponding transition matrix element will become sm
This is the reason why the decay constant of the light sc
meson for the vector current is small. In order to satisfy
conditions of Eqs.~4! and ~5!, the hadronic structure ofD0*
is adopted to be

^D0* ,p2ud̄~0! j c~z! l u0&5
1

A2Nc
E

0

1

dxeixp2•z$@p
” 2# l j FD1~x!

1mD
0*
@ I # l j FD2~x!%, ~6!

with the normalizations

E
0

1

FD1~x!5
f D

0*

2A2Nc

, E
0

1

FD2~x!5
f̃ D

0*

2A2Nc

.

The value of the decay constantf̃ D
0*

is the crucial part for

concerning whetherD0* production is interesting or not. To

estimate the magnitude off̃ D
0*
, we need help with the scala
8-2
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STUDY OF B→D** p DECAYS PHYSICAL REVIEW D68, 114008 ~2003!
mesonK0* (1420), for which the decay constant has alrea
been estimated in Ref.@26#. As mentioned earlier, the scala
meson generally satisfies the identity

~mq1
2mq2

!^0uq̄2q1uS&5 f SmS
2 ,

where mqi
, mS , and f S are the current quark mass, th

S-meson mass, and its decay constant of vector current
spectively. If we assumê 0ud̄suK0* (1420)&'^0ud̄cuD0* &,
from the above equation, we can obtainf D

0*

5 f K
0*
•mK

0*
2

/mD
0*

2
•(mc2md)/(ms2md). With the values of

f K
0*
;34 MeV @26#, mc51.5 GeV, ms5150, and md58.7

MeV, we get f D
0*
'130 MeV. This value is close to

the result in Ref.@27#, calculated by the relativistic quar
model. Finally, from Eq. ~5! we have f̃ D

0*
5mD

0*
/(mc

2md)• f D
0*
'200 MeV. It is known thatK0* is composed of

a two-quark state. Thus it is interesting to have the sim
decay constants between the scalarD0* and pseudoscalarDs .

To obtain the shapes ofD0* wave functions qualitatively,
we need to employ the concept of the heavy quark lim
According to Eq.~6!, we see thatFD1(x) is the distribution
amplitude of the nonlocal operatord̄gmc(z) while FD2(x) is
associated withd̄c(z). By the equation of motion, we
straightforwardly find that the difference betweenFD1(x)
and FD2(x) is of the order ofL̄/mD

0*
;(mD

0*
2mc)/mD

0*
.

Hence, if we setmD
0*
;mc , we can get the information o

FD1(x);FD2(x). Furthermore, in order to satisfy the ide
tities of decay constants defined by Eqs.~4! and ~5!, the
simplest forms for both wave functions can be modeled
FDi}x(12x)1aix(12x)(122x) in which ai are free pa-
rameters. Since the second term is antisymmetric whilex is
replaced by 12x, we can easily conclude that this term w
not change the normalization of the wave function. Theref
we could use it to control the shapes of the wave function
is worth mentioning that since we considerD0* to be a
P-wave state, the size ofD0* is believed to be bigger tha
that of the particle in theS-wave state. In order to avoid tha
D0* becomes oversize such that the mechanism of c
transparency is breakdown, like theb-dependence on th
wave function of theB meson, in whichb is the conjugate
variable of the parton transverse momentum, we also in
duce the intrinsicb-dependence onD0* . To satisfy Eqs.~4!
and ~5!, the final simplest shapes of the wave functions
expressed as

FD1~x,b!5
f̃ D

0*

2A2Nc
H 6x~12x!Fmc2md

mD
0*

1aD
0*
~122x!G J

3expF2

vD
0*

2
b2

2
G ,
11400
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FD2~x,b!5
f̃ D

0*

2A2Nc

$6x~12x!@11bD
0*
~122x!#%

3expF2

vD
0*

2
b2

2
G , ~7!

wherevD
0*
, aD

0*
, andbD

0*
are the unknown parameters. A

thoughbD
0*

is a free parameter, it can be chosen such that
D0* meson wave function has the maximum atx'(mD

0*
2mc)/mD

0*
;0.35 formc51.5 GeV. As to the value ofaD

0*
,

we refer to the case ofK0* (1410) @28#. By assuming
that aD

0*
mD

0*
/(mc2md);aK

0*
mK

0*
/(ms2md)'75/f K

0*
, the

order of magnitude ofaD
0*

is estimated to be around 1.2.

III. FACTORIZATION FORMULAS

Since the considered decaysB→D** p correspond to the
b→cūd transition, we describe the effective Hamiltonian

Heff5
GF

A2
Vc@C1~m!d̄aubc̄bba1C2~m!d̄auac̄bbb#, ~8!

where q̄aqb5q̄agm(12g5)qb , a(b) are the color indices,
Vc5Vud* Vcb is the product of the CKM matrix elements@30#,
andC1,2(m) are the Wilson coefficients~WCs! @31#. With the
light-cone coordinate, the momenta of various mesons
the light valence quarks inside the corresponding mesons
assigned as:p15mB /A2(1,1,0W T), k15mB /A2(x1,0,kW1T);
p25mB /A2(1,r 2

2 ,0W T), k25mB /A2(x2,0,kW2T); p35mB /
A2(0,12r 2

2 ,0W T), k35mB /A2@0,(12r 2
2)x3 ,kW3T#, with r 2

5mD
dJ* /mB . As usual, we use

G5
G2PcmB

2

16p
uVcu2uAu2 ~9!

to describe the decay rates ofB→D** p, in which Pc

[up2zu5up3zu'mB(12r 2
2)/2 is the momentum of the outgo

ing meson,A is the decay amplitude and its value depen
on QCD approaches. Since the hadronic structures of
tensor meson have not been derived yet and so far they
not definite, we study the problem elsewhere. AlthoughD18
andD1 are the vector mesons and carry the spin degree
freedom, only longitudinal polarization has the contributi
since one of the final states is a pseudoscalar. Therefore
deriving formulas forB→D0* p are also proper to the fina
states with one vector and one pseudoscalar meson. In
paper, we only concentrate on the production ofD0* .

In terms of the effective interactions, we see that differe
decaying processes involve different topologies. To be m
clear, in the following we analyze each of theB→D0* p de-
cays separately.
8-3
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FIG. 1. The topologies~a!@~c!#
factorizable emission@annihila-
tion# and ~b!, ~d! nonfactorizable
effects for the decays Bd

→D0*
2p1.
a
t
v

ud

io
o
m

f
y

is
A. Bd\D0*
Àp¿ decay

There are two topologies in this decay, emission and
nihilation diagrams. The former is color-allowed but the la
ter belongs to color-suppressed. The corresponding fla
diagrams are illustrated by Fig. 1. Hence the decay amplit
of Bd→D0*

2p1 can be expressed by

A~Bd→D0*
2p1!5 f pFBD

0*
1MBD

0*
1 f BFa1Ma ,

~10!

wheref p and f B are the decay constants ofp andB mesons
and the related contributions are the factorizable emiss
and annihilation topologies, respectively. The remains den
nonfactorizable contributions. With factorization theore
and hadronic structures of Eqs.~3! and ~6!, the hard ampli-
tudes$F% and $M% are formulated as

FBD
0*
58pCFmB

2E
0

1

dx1dx2E
0

`

b1db1b2db2FB~x1 ,b1!

3$FD1~x2 ,b2!ED
0*

1
~ te

(1)!he~x1 ,x2 ,b1 ,b2!

1@r cFD1~x2!12r 2FD2~x2!#

3E D
0*

2
~ te

(2)!he~x2 ,x1 ,b2 ,b1!%, ~11!

MBD
0*
516pCFmB

2A2NcE
0

1

dx1dx2dx3

3E
0

`

b1db1b3db3FB~x1 ,b1!Fp~x3!FD1~x2 ,b1!

3$2~x21x3!ED
0*

81
~ td

(1)!hd
(1)~$x%,b1 ,b3!

1~12x3!ED
0*

82
~ td

(2)!hd
(2)~$x%,b1 ,b3!%, ~12!

Fa58pCFmB
2E

0

1

dx2dx3E
0

`

b2db2db3FD1~x2 ,b2!Fp~z!

3$2x3E a
1~ ta

(1)!ha~x2 ,x3h3 ,b2 ,b3!

1x2E a
2~ ta

(2)!ha~x3 ,x2h3 ,b3 ,b2!%, ~13!

Ma516pCFmB
2A2NcE

0

1

d@x#E
0

`

@b#d@b#

3FB~x1 ,b1!FD1~x2 ,b2!Fp~z!

3$x3E a8
1~ t f

(1)!hf
(1)~$x%,b1 ,b2!

2x2E a8
2~ t f

(2)!hf
(2)~$x%,b1 ,b2!%. ~14!
11400
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-
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e
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The hard functionshe(d,a, f ) , related to the propagators o
exchange hard gluon and internal quark, are described b

he~x1 ,x2 ,b1 ,b2!

5St~x2!K0~Ax1x2mBb1!

3@u~b12b2!K0~Ax2mBb1!I 0~Ax2mBb2!

1u~b22b1!K0~Ax2mBb2!I 0~Ax2mBb1!#,

hd
( j )~x1 ,x2 ,x3 ,b1 ,b2!

5@u~b12b2!K0~Ax1x2mBb1!I 0~Ax1x2mBb2!

1u~b22b1!K0~Ax1x2mBb2!I 0~Ax1x2mBb1!#

3S K0~D jmBb2! for D j
2>0

ip

2
H0

(1)~AuD j
2umBb2! for D j

2<0D ,

ha~x2 ,x3 ,b2 ,b3!

5St~x3!S i
p

2 D 2

H0
(1)~Ax2x3mBb2!

3@u~b22b3!H0
(1)~Ax3mBb2!J0~Ax3mBb3!

1u~b32b2!H0
(1)~Ax3mBb3!J0~Ax3mBb2!#,

hf
( j )~$x%,b1 ,b2!5 i

p

2
@u~b12b2!H0

(1)~Ax2x3h3mBb1!

3J0~Ax2x3h3mBb2!

1u~b22b1!H0
(1)~Ax2x3h3mBb2!

3J0~Ax2x3h3mBb1!#

3S K0~F jmBb1! for F j
2>0

ip

2
H0

(1)~AuF j
2umBb1! for F j

2<0D ,

with D1
25x1x22x2x3h3 , D2

25x1x22x2(12x3)h3 , F1
2

5(x12x2)x3h3 , F2
25x11x21(12x12x2)x3h3 , h35(1

2r 2
2), andr c5mc /mB . The threshold resummation effect

expressed to be St(x)52112c
•G(3/21c)@x(1

2x)#c/@ApG(11c)#, with c'0.35@32#. The evolution fac-
tors E D

0*
i

(ED
0*

8 i
) andE a

i (E a8
i) are defined by

E D
0*

i
~ te

( i )!5S C2~ te
( i )!1

C1~ te
( i )!

Nc
Das~ te

( i )!exp@2SB2SD
0*
#,
8-4
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E D
0*

8 i
~ td

( i )!5
C1~ td

( i )!

Nc
as~ td

( i )!exp@2SB2SD
0*
2Sp#b25b1

,

E a
i ~ ta

( i )!5S C1~ ta
( i )!1

C2~ ta
( i )!

Nc
Das~ ta

( i )!

3exp@2SD
0*
2Sp#b35b2

,

E a8
i~ t f

( i )!5
C2~ t f

( i )!

Nc
as~ t f

( i )!exp@2SB2SD
0*
2Sp#b35b2

,

where the exponentsSM (M5B,D0* ,p) are the Sudakov
factors. From the above equations, we see clearly that
emission contributions are color-allowed and dictated by
fective coupling ofC21C1 /Nc , while the annihilation con-
tributions are color-suppressed and governed byC1

1C2 /Nc . te,d,a, f
( i ) denote the hard scales of the involvin

diagrams which are expected to be ofO(AL̄mB
2)

;1.6 GeV in average and the criteria to determine them
adopted to be

te
(1)5max~Ax2mB,1/b1,1/b2!,

te
(2)5max~Ax1mB,1/b1,1/b2!,

td
( j )5max~Ax1x2mB ,AD j

2mB ,1/b1,1/b3!,

ta
(1)5max~Ax3mB,1/b2,1/b3!,

ta
(2)5max~Ax2mB,1/b2,1/b3!, ~15!

t f
( j )5max~Ax2x3h3mB ,AF j

2mB ,1/b1,1/b2!.

Since we deal with the hadronic effects of theB decay by
considering six-quarks simultaneously, at lowest order
strong interaction, besides the renormalization group~RG!
running frommW to mB scales in them-scale dependence o
WCs, we still need to consider the running frommB scale to
the hard scalete,d,a, f

( i ) which indeed dictates the scale of theB
meson decay. Hence, in our consideration, the hard scale
WCs are determined by Eq.~15! rather than at themB or
mB/2 scale. In the formulations of Eqs.~11!–~14! we have
dropped the terms related tor 2

2 (r c and r 2
2) for the right-

handed~left-handed! gluon exchange of Fig. 1. Compared
leading power, which is not suppressed by 1/mB , they all
belong to higher power effects.

B. Bd\D̄0*
0p0 decay

In this decay, the involving annihilation contributions a
the same as the decayBd→D0*

2p1 but the emission topolo
gies become color-suppressed, illustrated by Fig. 2. Du
the neutral pion meson being described by (ūu2d̄d)/A2,
the sign of emission topologies is opposite that of annih
tion topologies. Therefore the decay amplitude is written
11400
he
f-

re

n

for

to

-
s

A~Bd→D̄0*
0p0!5

1

A2
@2 f D

0*
FBp2MBp1 f BFa1Ma#.

~16!

With the same approach and power counting for theBd

→D0*
2p1 decay, the relevant hard amplitudesFBp(MBp)

can be derived as

FBp58pCFmB
2E

0

1

dx1dx3E
0

`

b1db1b3db3FB~x1 ,b1!

3$@~11x3!Fp~x3!1r p~122x3!@Fp
p ~x3!

1Fp
s~x3!##E p

3 ~ te
(3)!he~x1 ,x3h3 ,b1 ,b3!

12r pFp
p ~x3!E p

4 ~ te
(4)!he~x3 ,x1h3 ,b3 ,b1!%, ~17!

MBp516pCFmB
2A2NcE

0

1

dx1dx2dx3

3E
0

`

b1db1b2db2FB~x1 ,b1!FD1~x2 ,b2!

3$@2~x21x3!Fp~x3!1r px3@Fp
p ~x3!1Fp

s~x3!##

3E p8
3~ td

(3)!hd
(3)~x1 ,x3h3 ,x2 ,b1 ,b2!

1@~12x2!Fp~x3!2r px3@Fp
p ~x3!1Fp

s~x3!##

3E p8
4~ td

(4)!hd
(4)~x1 ,x3h3 ,x2 ,b1 ,b2!%. ~18!

The evolution factorsE p
i (E p8

i) are defined by

E p
i ~ te

( i )!5S C1~ te
( i )!1

C2~ te
( i )!

Nc
Das~ te

( i )!exp@2SB2Sp#,

E p8
i~ td

( i )!5
C2~ td

( i )!

Nc
as~ td

( i )!exp@2SB2SD
0*
2Sp#b35b1

.

From the above equations, due to the appearance ofC1

1C2 /Nc , we know thatBd→D̄0*
0p0 is a color-suppressed

process. We note that although nonfactorizable effects
also color-suppressed, sinceC2 /Nc could be larger thanC1
1C2 /Nc , the nonfactorizable effects play an important ro
in this kind of color-suppressed processes. In fact, the s
thing also happens in the decayBd→D̄0p0 with D̄0 being a
charmed pseudoscalar@22#. The hard scales are determine
by

FIG. 2. The topologies~a! factorizable emission and~b! nonfac-

torizable effects for the decaysBd→D̄0*
0p0.
8-5
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te
(3)5max~Ax3h3mB,1/b1,1/b3!,

te
(4)5max~Ax1h3mB,1/b1,1/b3!,

td
(3)5max~Ax1x3h3mB ,AD3

2mB,1/b1,1/b2!,

td
(4)5max~Ax1x3h3mB ,AD4

2mB,1/b1,1/b2!,

with D3
25(x12x2)x3h3 and D4

25(x11x2)r 2
22(12x1

2x2)x3h3.

C. B¿\D̄0*
0p¿ decay

In this decay, there are no annihilation contributions a
new topologies involved. The corresponding flavor diagra
are the same as Figs. 1~a!, 1~b!, and 2. Hence we can imme
diately write the decay amplitude as

A~B1→D̄0*
0p1!5 f pFBD

0*
1MBD

0*
1 f D

0*
FBp1MBp .

~19!

The hard amplitudes$F% and $M% are the same as Eqs.~11!,
~12!, ~17!, and~18!.

IV. NUMERICAL ANALYSIS

In our calculations, we adopt theB-meson wave function
FB to be

FB~x,b!5NBx2~12x!2expF2
1

2 S xmB

vB
D 2

2
vB

2b2

2 G ,
~20!

where NB can be determined by the normalization of t
wave function atb50 andvB is the shape parameter. Sinc
thep-meson wave functions have been derived in the fram
work of QCD sum rules, we display them up to twist-3 d
rectly by @25#

Fp~x!5
3 f p

A2Nc

x~12x!@110.44C2
3/2~2x21!

10.25C4
3/2~2x21!#,

Fp
p ~x!5

f p

2A2Nc

@110.43C2
1/2~2x21!

10.09C4
1/2~2x21!#,

Fp
s~x!5

f p

2A2Nc

~122x!@110.55~10x2210x11!#,
11400
d
s

-

with the Gegenbauer polynomials,

C2
1/2~j!5

1

2
~3j221!, C4

1/2~j!5
1

8
~35j4230j213!,

C2
3/2~j!5

3

2
~5j221!, C4

3/2~j!5
15

8
~21j4214j211!.

After the wave functions of thep meson are determined, th
unknownvB can be fixed by decays such asB→pp. Con-
sequently, the remaining uncertain parameters are the w
functions of theD0* meson.

To obtain the numerical results, the values of theoreti
inputs are chosen asvB50.4, f B50.19, f p50.13, f̃ D

0*

50.20, mB55.28, mD
0*
52.29, and mp

0 51.4 GeV. With

these values, we get the form factorFB→p(0)50.3. In ad-
dition, the values of theB→D0* form factor with some vari-
ances inaD

0*
andvD

0*
are also shown in Table I. It is inter

esting that the form factor ofB→D0* decay is much smalle
than that ofB→D decay, which is calculated to be aroun
0.57 @22#. We also find that our results are a little bit larg
than those calculated by the ISGW2 model@29#. According
to Wolfenstein’s parametrization@33#, we takeA50.82 and
l50.22 for the CKM matrix elementVcb5Al2. Hence in
terms of our deriving formulas and by fixingaD

0*
50.9,

bD
0*
50.5, andvD

0*
50.6, the magnitudes of the hard amp

tudes are shown in Table II. From the table, we can
clearly that exceptMBD

0*
, the nonfactorizable effects of th

color-suppressed process are comparable to factorizable
tributions; even in annihilation topologies, the contributio
of the former are much larger than those of the latter.
fixing bD

0*
50.5 andvD

0*
50.6 GeV and taking some differ

ent values ofaD
0*
, the decay BRs ofB→D0* p are displayed

in Tables III and IV. We also show the BRs by fixingaD
0*

50.9 andbD
0*
50.5 and some variant values ofvD

0*
. From

both tables, we know that with proper values of paramet
the calculated BR ofB1→D0*

0p1 is consistent with the
BELLE’s observation. It is worth noting that the predicte
BR of Bd→D̄0*

0p0 is one order of magnitude smaller tha
others. The phenomenon can be understood by noticing

TABLE I. The values of the B→D0* form factor with
bD

0*
50.5 and some variances inaD

0*
andvD

0*
.

vD
0*

aD
0*
50.7 aD

0*
50.9 aD

0*
51.1

0.5 0.29 0.30 0.31
0.6 0.24 0.25 0.26
0.7 0.21 0.22 0.23
TABLE II. The values of hard amplitudes~in units of 1023) by fixing aD
0*
50.9, bD

0*
50.5, and

vD
0*
50.6.

f pFBD
0*

MBD
0*

f BFa Ma f D
0*
FBp MBp

36.4 1022(1.02 i3.2) 20.062 i0.08 21.852 i3.14 27.11 7.562 i10.95
8-6



ll

s
in

l

i

y
he
-

he
e

m

for
r

ve
t

ng

rely
ther

Y.
his
cil
-

s of

STUDY OF B→D** p DECAYS PHYSICAL REVIEW D68, 114008 ~2003!
as shown in Table II, the value ofFBp is very close and
opposite in sign to the real part ofMBp such that there is a
strong cancellation in Eq.~16!. As a result, we get the sma
BR in the decayBd→D̄0*

0p0. That is, the annihilation ef-

fects are significant inB→D̄0*
0p0.

As stated before, although we only study the decaysB
→D0* p, we still can estimate the BRs ofB→D1

(8)p. Since
only the longitudinal polarization has the contribution
except the decay constants, we expect that the involv
wave functions ofD1

(8) should be similar toD0* . By neglect-
ing the difference in phase space, the BRs ofB→D1

(8)p
could be estimated byBR(B→D1

(8)p)/BR(B→D0* p)

;( f̃ D
1
(8) / f̃ D

0*
)2. If f̃ D

1
(8)' f̃ D

0*
, the BRs for producing axia

vector mesonsD1
(8) are close to that for the scalarD0* . The

tendency is consistent with BELLE’s observations, shown
Eq. ~2!.

V. SUMMARY

We have studied the properties ofP-wave mesons inB
decays in terms ofD0* . By taking the concept of the heav
quark limit, we have obtained some information on t
shapes ofD0* wave functions. According to the wave func

TABLE III. The BRs ~in units of 1024) by fixing bD
0*
50.5,

vD
0*
50.6 GeV, and various values ofaD

0*
.

aDs B1→D̄0*
0p1 Bd→D0*

2p1
Bd→D̄0*

0p0

1.1 9.75 8.25 0.17
0.9 9.34 7.68 0.19
0.7 8.98 7.13 0.21
th
hy

l.
.

11400
,
g

n

tion of K0* (1420), we can determine the proper value for t
parameteraD

0*
in FD1(x). By the physical argument, th

unknown parameterbD
0*

can be chosen so that the maximu

of FD2(x) locates atx;0.35. We have found that with a
suitable value ofvD

0*
, our result onBR(B1→D̄0*

0p1) can

fit BELLE’s measurements. Hence the calculated BRs
Bd→D0*

2p1 andBd→D̄0*
0p0 decays can be viewed as ou

predictions. Finally, if we regard that the longitudinal wa
functions of D1

(8) are the same asD0
(* ) and assume tha

f̃ D
1
(8)' f̃ D

0*
, we expect that the differences of BRs amo

them are not significant. The more accurate predictions
on more definite values of decay constants as well as o
unknown parameters.
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TABLE IV. The BRs ~in units of 1024) by fixing aD
0*
50.9 and

bD
0*
50.5 and various values ofvD

0*
.

vD
0* B1→D̄0*

0p1 Bd→D0*
2p1

Bd→D̄0*
0p0

0.5 13.79 10.7 0.26
0.6 9.34 7.68 0.19
0.7 6.28 5.55 0.15
s-
e,
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