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Hadronic B decays involving even-parity charmed mesons
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HadronicB decays containing an even-parity charmed meson in the final state are studied. Specifically we

focus on the Cabibbo-allowed decaysB̄→D** p(r), D** D̄s
(* ) , D̄s** D (* ) and B̄s→Ds** p(r), whereD**

denotes generically ap-wave charmed meson. TheB→D** transition form factors are studied in the improved
version of the Isgur-Scora-Grinstein-Wise quark model. We apply heavy quark effective theory and chiral
symmetry to study the strong decays ofp-wave charmed mesons and determine the magnitude of theD1

1/2-D1
3/2

mixing angle~the superscript standing for the total angular momentum of the light quark!. Except for the decay
to D1(2427)0p2 the predictions ofB(B2→D** 0p2) agree with experiment. The sign of theD1

1/2-D1
3/2

mixing angle is found to be positive in order to avoid a severe suppression of the production ofD1(2427)0p2.
The interference between color-allowed and color-suppressed tree amplitudes is expected to be destructive in
the decayB2→D1(2427)0p2. Hence, an observation of the ratioD1(2427)0p2/D1(2427)1p2 can be used
to test the relative signs of various form factors as implied by heavy quark symmetry. Although the predicted
B2→D1(2420)0r2 at the level of 331023 exceeds the present upper limit, it leads to the ratio
D1(2420)r2/D1(2420)p2'2.6, as expected from the factorization approach and from the ratiof r / f p

'1.6. Therefore, it is crucial to have a measurement of this mode to test the factorization hypothesis. ForB̄

→D̄s** D decays, it is expected thatD̄s0* D*D̄s1D as the decay constants of the multiplet (Ds0* ,Ds1) become
the same in the heavy quark limit. The preliminary Belle observation of fairly less abundant production of

D̄s0* D than D̄s1D is thus a surprise. What is the cause for the discrepancy between theory and experiment

remains unclear. Meanwhile, it is also important to measure theB decay intoD̄s1(2536)D (* ) to see if it is

suppressed relative toD̄s1(2463)D (* ) to test the heavy quark symmetry relationf Ds1(2536)! f Ds1(2463). Under

the factorization hypothesis, the production ofD̄s2* D is prohibited as the tensor meson cannot be produced from
the V2A current. Nevertheless, it can be induced via final-state interactions or nonfactorizable contributions

and hence an observation ofB̄→D̄s2* D (* ) could imply the importance of final-state rescattering effects.

DOI: 10.1103/PhysRevD.68.094005 PACS number~s!: 13.25.Hw, 12.39.St, 13.25.Ft, 14.40.Lb
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I. INTRODUCTION

Interest in even-parity charmed mesons has been rev
by the recent discovery of a new narrow resonance by Ba
@1#. This state, which can be identified withJP501, is

lighter than most theoretical predictions for a 01 cs̄ state@2#.
Moreover, a renewed lattice calculation@3# yields a larger
mass than what is observed. This unexpected and surpr
disparity between theory and experiment has sparked a fl
of many theory papers. For example, it has been advoc
that this new state is a four-quark bound state1 @4,5# or aDK
molecular@9# or even aDp atom @10#. On the contrary, it
has been put forward that, based on heavy quark effec
theory and chiral perturbation theory, the newly observ
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Ds(2317) is the 01 cs̄ state and that there is a 11 chiral
partner with the same mass splitting with respect to the2

state as that between the 01 and 02 states@11,12#. The ex-
istence of a new narrow resonance with a mass near
GeV which can be identified with the 11 state was first
hinted at by BaBar and has been observed and establishe
CLEO @13# and Belle@14#.

Although theDs0* (2317) andDs1(2463) states were dis

covered in charm fragmentation ofe1e2→cc̄, it will be
much more difficult to measure the counterpart ofDs0* (2317)
andDs1(2463) in the nonstrange charm sector—namely,D0*
andD1—owing to their large widths. Indeed, the broadD0*
andD1 resonances were explored by Belle@14# in chargedB
and
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1The low-lying noncharm scalar mesons in the conventionalqq̄8 states are predicted by the quark potential model to lie in between 1
2 GeV, corresponding to the nonet statesf 0(1370),a0(1450),K0* (1430), andf 0(1500)/f 0(1710). The light scalar nonet formed bys(600),
k(800), f 0(980), anda0(980) can be identified primarily as four-quark states@6#. It has been argued@7# that a strong attraction betwee

(qq)3* and (q̄q̄)3 @6,8#, where3* and3 here refer to color, and the absence of the orbital angular momentum barrier in thes-wave four-quark

state may explain why the scalar nonet formed by four-quark bound states is lighter than the conventionalqq̄ nonet. By the same token, i

is likely that a scalarcnn̄s̄ four-quark state, wheren5u, d, will be lighter than the 01 p-wavecs̄ state, where a typical potential mode

prediction gives 2487 MeV@2#. It has been suggested in@4# to search for exotic four-quarkcqqq̄ charmed meson production inB decays.
Particularly noteworthy are resonances in the doubly chargedDs

1p1 (D1K1) and wrong pairingD1K2 channels. However, contrary to th

case of scalar resonances, the 11 Ds(2463) state is unlikely a four-quark state as it is heavier than the axial-vector meson formed bycs̄. A

nonobservation of a heavier and broad 01 cs̄ state will not support the four-quark interpretation ofDs(2317).
©2003 The American Physical Society05-1



op

th
.
to
a
o

ise
n
ar

e

or

m

av
f
h

.

-
s

e

. A

ld

u-

, 0
ld-

he

y
et

and

ts
-

rk

ed
oup
e

HAI-YANG CHENG PHYSICAL REVIEW D 68, 094005 ~2003!
to D1p2p2 and D* 1p2p2 decays ~see Table I!. The
study of even-parity charmed meson production inB decays,
which is the main object of this paper, also provides an
portunity to test heavy quark effective theory.

This work is organized as follows. The masses and wid
of p-wave charmed mesons are summarized in Sec. II
order to determine the mixing angle of the axial-vec
charmed mesons, we apply heavy quark effective theory
chiral symmetry to study their strong decays. The decay c
stants ofp-wave charmed mesons andB→D** form factors
are studied in Sec. III within the Isgur-Scora-Grinstein-W
quark model. The production ofp-wave charmed mesons i
B decays is studied in detail in Sec. IV. Conclusions
presented in Sec. V.

II. MASS SPECTRUM AND DECAY WIDTH

In the quark model, the even-parity mesons are conv
tionally classified according to the quantum numbersJ,L,S:
the scalar and tensor mesons correspond to2S11LJ53P0 and
3P2, respectively, and there exit two different axial-vect
meson states—namely,1P1 and 3P1—which can undergo
mixing if the two constituent quarks do not have the sa
masses. For heavy mesons, the heavy quark spinSQ de-
couples from the other degrees of freedom in the he
quark limit, so thatSQ and the total angular momentum o
the light quarkj are separately good quantum numbers. T
total angular momentumJ of the meson is given byJW5 jW

1SW Q with SW 5sW1SW Q being the total spin angular momentum
Consequently, it is more natural to useLJ

j

5P2
3/2, P1

3/2, P1
1/2, and P0

1/2 to classify the first excited
heavy meson states whereL here is the orbital angular mo
mentum of the light quark. It is obvious that the first and la
of these states are3P2 and 3P0, while @16#

uP1
3/2&5A2

3
u1P1&1A1

3
u3P1&,

uP1
1/2&52A1

3
u1P1&1A2

3
u3P1&. ~2.1!

In the heavy quark limit, the physical eigenstates withJP

511 areP1
3/2 andP1

1/2 rather than3P1 and 1P1.
The masses and decay widths of even-parity2 ~or p-wave!

charmed mesonsDJ* andDsJ* are summarized in Table I. W
shall use 11 and 181 or D1 andD18 to distinguish between
two different physical axial-vector charmed meson states
we shall see below, the physical 11 state is primarilyP1

1/2,
while 181 is predominatelyP1

3/2. A similar broadD1 state
not listed in Table I was reported by CLEO@17# with M
52461235

142 MeV andG5290283
1104 MeV. For the known nar-

2If the even-parity mesons are the bound states of four qua
they are in an orbitals wave. In this case, one usesJP501 rather
3P0 to denote scalar mesons, for example.
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row resonances, the Belle measurement of theD2*
0 width

~see Table I! is substantially higher than the current wor
average of 2365 MeV @15#.

In the heavy quark limit, the states within the chiral do
blets (01,11) with j 51/2 and (181,21) with j 53/2 are
degenerate. After spontaneous chiral symmetry breaking1

states acquire masses while 02 states become massless Go
stone bosons. As shown in@11#, the fine splitting between 01

and 02 is proportional to the constituent quark mass. T
hyperfine mass splittings of the fourp-wave charmed meson
states arise from spin-orbit and tensor-force interactions@see
Eq. ~2.21! below#, while the spin-spin interaction is solel
responsible for the hyperfine splitting within the multipl
(02,12).

From Table I and the given masses of pseudoscalar
vector charmed mesons in the PDG@15#, it is found empiri-
cally that the hyperfine splittings within the chiral multiple
(01,11), (181,21), and (02,12) are independent of the fla
vor of the light quark:

m~D2* !2m~D18!'m~Ds2* !2m~Ds18 !'37 MeV,

m~Ds1!2m~Ds0* !'m~Ds* !2m~Ds!5144 MeV,

m~D1!2m~D0* !'m~D* !2m~D !5143 MeV. ~2.2!

However, the fine splittings

m~Ds0* !2m~Ds!'m~Ds1!2m~Ds* !'350 MeV,

m~D0* !2m~D !'m~D1!2m~D* !'430 MeV ~2.3!

s,

TABLE I. The masses and decay widths of even-parity charm
mesons. We follow the naming scheme of the Particle Data Gr
@15# to add a superscript ‘‘*’’ to the states if the spin-parity is in th
‘‘normal’’ sense, JP501,12,21, . . . . The fourp-wave charmed
meson states are thus denoted byD0* , D1 , D18 , and D2* . In the
heavy quark limit,D1 hasj 51/2 andD18 hasj 53/2 with j being the
total angular momentum of the light degrees of freedom.

State Mass~MeV! Width ~MeV! Ref.

D0* (2308)0 2308617615628 276621618660 @14#

D1(2427)0 2427626620615 384275
1107624670 @14#

D18(2420)0 2422.261.8 18.923.5
14.6 @15#

2421.461.560.460.8 23.762.70.264.0 @14#

D18(2420)6 242765 2868 @15#

D2* (2460)0 2458.962.0 2365 @15#

2461.662.160.563.3 45.664.466.561.6 @14#

D2* (2460)6 245964 2527
18 @15#

Ds0* (2317) 2317.360.4 ,7 @1,13,
14#

Ds1(2463) 2463.661.761.0 ,7 @13,
14#

Ds18 (2536) 2535.3560.3460.5 ,2.3 @15#

Ds2* (2573) 2572.461.5 1524
15 @15#
5-2
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depend on the light quark flavor.3 Since the fine splitting
between 01 and 02 or 11 and 12 should be heavy flavo
independent in the heavy quark limit, the experimental re
~2.3! implies that the fine splitting is light quark mass depe
dent. Indeed, if the first line rather than the second line of
~2.3! is employed as an input for the fine splittings of no
strange charmed mesons, one will predict@11#

M ~D0*
6!52217 MeV, M ~D0*

0!52212 MeV,

M ~D1
6!52358 MeV, M ~D1

0!52355 MeV, ~2.6!

which are evidently smaller than what are measured by B
@14#.

It is interesting to note that the mass difference betw
strange and nonstrange charmed mesons is of order 100
MeV for 02, 12, 181, and 21 as expected from the quar
model. As a consequence, the experimental fact
m(Ds0* )'m(D0* ) andm(Ds1);m(D1) is very surprising.

In the heavy quark limit, the physical mass eigenstatesD1

and D18 can be identified withP1
1/2 and P1

3/2, respectively.
However, beyond the heavy quark limit, there is a mixi
betweenP1

1/2 and P1
3/2, denoted byD1

1/2 and D1
3/2, respec-

tively,

D1~2427!5D1
1/2cosu1D1

3/2sinu,

D18~2420!52D1
1/2sinu1D1

3/2cosu. ~2.7!

Likewise for strange axial-vector charmed mesons,

Ds1~2463!5Ds1
1/2cosus1Ds1

3/2sinus ,

Ds18 ~2536!52Ds1
1/2sinus1Ds1

3/2cosus . ~2.8!

SinceD1
1/2 is much broader thanD1

3/2 as we shall see shortly
the decay width ofD18(2420) is sensitive to the mixing angl
u. Our task is to determine theD1

1/2-D1
3/2 mixing angle from

the measured widths. In contrast, the present upper limits
the widths ofDs1(2463) andDs18 (2536) do not allow us to
get any constraints on the mixing angleus . Hence, we will
turn to the quark potential model to extractus as will be
shown below.

3Likewise, considering the spin-averaged masses of the dou
(01,11) and (181,21),

m̄01~D ![
1

4
m~D0* !1

3

4
m~D1!, m̄12~D ![

3

8
m~D18!1

5

8
m~D2* !,

~2.4!
the hyperfine mass splittings

m̄12~D !2m̄01~D !'48 MeV, m̄12~Ds!2m̄01~Ds!'132 MeV
~2.5!

also depend on the light quark flavor. Based on a quark-me

model, the spin-weighted massesm̄01(D)52165650 MeV @18#

and m̄01(Ds)52411625 MeV @19# were predicted, while experi
mentally they are very similar~see Table I!.
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It is suitable and convenient to study the strong decays
heavy mesons within the framework of heavy quark effect
theory in which heavy quark symmetry and chiral symme
are combined@20#. It is straightforward to generalize th
formalism to heavy mesons inp-wave excited states@21#.
The decayD0* undergoes ans-wave hadronic decay toDp,
while D1

1/2 can decay intoD* by s-wave andd-wave pion
emissions but only the former is allowed in the heavy qu
limit mc→`:

G~D0* →Dp!5gD
0* Dp

2 pc

8pmD0

2
,

G~D1
1/2→D* p!5gD

1
1/2D* p

2 pc

8pmD
1
1/2

2 , ~2.9!

wherepc is the c.m. momentum of the final-state particles
theB rest frame. The tensor mesonD2* decays intoD* or D
via d-wave pion emission. In the heavy quark limit where t
total angular momentumj of the light quark is conserved
D1

3/2→Dp is prohibited by heavy quark spin symmetry. Th
explicit expressions for the decay rates are@21#

G~D1
3/2→D* p!5

1

6p

mD*

mD
1
3/2

h82

Lx
2

pc
5

f p
2 ,

G~D2* →D* p!5
1

10p

mD*
mD2

h82

Lx
2

pc
5

f p
2 ,

G~D2* →Dp!5
1

15p

mD

mD2

h82

Lx
2

pc
5

f p
2 , ~2.10!

where Lx is a chiral symmetry breaking scale,f p

5132 MeV, andh8 is a heavy-flavor-independent couplin
constant. Thepc

5 dependence of the decay rate indicates
d-wave nature of pion emission. From Eq.~2.10! we obtain

G~D2*
0→D1p2!

G~D2*
0→D* 1p2!

5
2

3

mD

mD*
S pc~D2* →Dp!

pc~D2* →D* p!
D 5

52.3,

~2.11!

in excellent agreement with the measured value of 2.360.6
@15#.

Since the d-wave decay is severely phase-space s
pressed, it is evident thatD0* andD1 are very broad, of order
250 MeV in their widths, whereasD18 and D2* are narrow
with widths of order 20 MeV.

The strong couplings appearing in Eq.~2.9! are given by

gD
0* Dp5AmD0

mD

mD0

2 2mD
2

mD0

h

f p
,

gD
1
1/2D* p5AmD

1
1/2mD*

mD
1
1/2

2
2mD*

2

mD
1
1/2

h

f p
, ~2.12!
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n
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with h being another heavy-flavor-independent coupling c
stant in the effective Lagrangian@21#. It can be extracted
from the measured width ofD0* (2308) ~see Table I! to be

h50.6560.12. ~2.13!

From the averaged width 29.464.2 MeV measured forD2*
0

we obtain

h8

Lx
50.6760.05 GeV21. ~2.14!

Substituting the couplingsh andh8 into Eqs.~2.9! and~2.10!
leads to

G~D1
3/2→D* p!510.561.5 MeV,

G~D1
1/2→D* p!5248692 MeV,

~2.15!

where we have assumed thatD1
3/2 has a mass close t

D18(2420) andm(D1
1/2)'m„D1(2427)…. Therefore,D1

3/2 is
much narrower thanD1

1/2 owing to the phase-space suppre
sion for d waves. However, the physical stateD18(2420) can
receive ans-wave contribution as there is a mixing betwe
D1

1/2 and D1
3/2 beyond the heavy quark limit. The observe

narrowness ofD18(2420) indicates that the mixing ang
should be small; that is,D18(2420) should be dominated b
D1

3/2 while D1(2427) is primarily theD1
1/2 state. Using

G@D18~2420!#5G~D1
3/2→D* p!cos2u

1G~D1
1/2→D* p!sin2u ~2.16!

and the averaged width 20.962.1 MeV for D18(2420)0, it is
found4 that

u56~12.124.4
16.6!°. ~2.17!

We shall see in Sec. IV that a positive mixing angle is p
ferred by a study ofD1(2427)0p2 production inB decays.

The scalar resonanceDs0* (2317) is below the threshold o
DK and its only allowed strong decayDs0* (2317)→Dsp

0 is
isospin violating. Therefore, it is extremely narrow with
width of order 10 keV@4,11,22#. As for Ds1(2463), it is
below theD* K threshold and its decay toDK is forbidden
by parity and angular momentum conservation. Hence,
allowed strong decays areDs* p0, Ds0* p0, Dspp, and
Dsppp. The isospin-violating decayDs1(2463)→Ds* p0

has a rate similar toDs0* (2317)→Dsp
0. At first sight, it is

tempting to argue thatDspp could dominate overDs* p0 as
the former can proceed without violating isospin symme
However, a detailed analysis shows this is not the case.
decay Ds1→Dspp arises from the weak transition

4The D1
1/2-D1

3/2 mixing angle was just reported to beu50.10
60.0360.0260.02 rad5(5.762.4)° by Belle through a detailed
B→D* pp analysis@14#. This is consistent with the result of Eq
~2.17!.
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Ds1(2463)→Ds$s(600),f 0(980), . . .% followed by the
strong decays$s(600),f 0(980), . . .%→pp. Consider the
dominant contributions from the intermediate statess(600),
f 0(980) and their mixing,

f 05ss̄cosf1nn̄ sinf, s52ss̄sinf1nn̄ cosf,
~2.18!

with nn̄[(uū1dd̄)/A2. Thes-f 0 mixing angle can be in-
ferred from various processes; see@23# for a summary. In
general, the mixing angle is small so thatf 0(980) has a large
ss̄ component whiles is primarily nn̄. The f 0 production is
favored by the weak decay ofDs1 into Ds , but its contribu-
tion to pp is suppressed by the large off shellness
f 0(980), recalling that the mass difference betwe
Ds1(2463) andDs is only 494 MeV. In contrast,s(600) is
favored by phase-space considerations and yet its contr
tion is suppressed by the smalls-f 0 mixing angle. As a net
result, although the strong decay intoDspp is isospin con-
serving, its Okubo-Zweig-Iizuka~OZI! suppression is more
severe than the isospin one forDs* p0. This is confirmed by
a recent measurement of CLEO@13#:

B~Ds1~2463!→Dsp
1p2!

B~Ds1~2463!→Ds* p0!
,0.08. ~2.19!

As for the electromagnetic decays ofDs1(2463), CLEO and
Belle found

B~Ds1~2463!→Dsg!

B~Ds1~2463!→Ds* p0!
5H ,0.49 CLEO@13#,

0.2160.0760.03 Belle@14#.
~2.20!

Hence, just as its 01 partnerDs0* (2317), Ds1(2463) is also
extremely narrow. A theoretical estimation yields 38.2 ke
for its width @11#.

Equation ~2.14! leads toG(Ds2* )512.6 MeV, in agree-
ment with experiment ~see Table I!. Since G(Ds1

3/2)
5280 keV followed from Eqs.~2.10! and~2.14! andDs1

1/2 is
very narrow as its mass is close toDs1(2463) which is below
D* K threshold, the decay width ofDs18 (2536) is thus at
most of order 0.3 MeV and is consistent with the experime
tal limit 2.3 MeV @15#. In short, whileD18 andD2* are rather
narrow, D0* and D1 are quite broad as they are allowed
haves-wave hadronic decays. In sharp contrast,Ds0* andDs1

are even much narrower thanDs18 as their allowed strong
decays are isospin violating.

Since the width ofDs18 (2536) has not been measured, w
will appeal to the quark potential model to estimate t

Ds1
1/2-Ds1

3/2 mixing angle@see Eq.~2.8!#. It is known that spin-
orbital and tensor-force interactions are responsible for
mass splitting of the fourp-wave charmed mesons. In th
quark potential model the relevant mass operator has
form @24#

M5lø•s114tø•s21tS12, ~2.21!
5-4
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where s1 and s2 refer to the spin of the light and heav
quarks, respectively, and

l5
1

2mq
2 FV8

r S 11
2mq

mc
D2

S8

r G ,
t5

1

4mqmc

V8

r
, ~2.22!

whereV(r ) is the zero component of a vector potential,S(r )
is a scalar potential responsible for confinement, andS12 is
the tensor-force operator:

S1253s1• r̂s2• r̂2s1•s2 . ~2.23!

Note that the assumption of a Coulomb-like potential
V(r ) has been made in deriving Eq.~2.21! @24#. Under this
hypothesis, the mass splitting is governed by the two par
etersl andt.

Following Cahn and Jackson@24#, the masses of theJ
52 andJ50 states read

M25
l

2
1

8

5
t1c, M052l28t1c, ~2.24!

while the masses of the twoJ51 states obtained by diago
nalizing the matrix in theuJ, j ,m&5u1,3/2,m& and u1,1/2,m&
bases are~up to a common massc)

S l

2
2

8

3
t 22A2

3
t

22A2

3
t 2l1

8

3
t
D . ~2.25!

It is clear that the mixing vanishes in the heavy quark lim
mc→`. However, 1/mc corrections will allow charm quark

spin to flip and mixD1
1/2 andD1

3/2. The two eigenmasses fo
J51 are then

M1652
l

4
1c6Al2

16
1

1

2
~l24t!2. ~2.26!

From Eqs.~2.8! and ~2.25! we arrive at

u5sin21S 2R1

A11R1
2 D with R15

l

2
2

8

3
t2M11

2A2

3
t

.

~2.27!

The parametersl and t are obtained by a global fit to th
charm spectroscopy. ForDs** mesons, it is found that

t'12 MeV, l'104 MeV, us'7°. ~2.28!

As pointed out in@24#, a positive spin-orbit energyl implies
a less important scalar potentialS. On the contrary, the ex
09400
r
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t

isting potential model calculation such as the one by
Pierro and Eichten@2# yields l,0 @24# or a very strong
confining potentialS. This will cause a reversed splitting
namely,j 51/2 states lying abovej 53/2 states. However, we
will not address this issue here. ForD** mesons, the param
etersl and t fall into some large regions because of lar
uncertainties associated with the measured masses ofD0* and

D1. Hence, the magnitude and even the sign of theD1
1/2-D1

3/2

mixing angleu at present cannot be fixed within this a
proach. Instead, we have used heavy quark effective the
together with the measured widths to extractuuu. As will be
seen below, the sign ofu can be inferred from a study of th
p-wave charmed meson production inB decays.

III. DECAY CONSTANTS AND FORM FACTORS

A. Decay constants

The decay constants of scalar and pseudoscalar me
are defined by

^0uAmuP~q!&5 i f Pqm , ^0uVmuS~q!&5 f Sqm . ~3.1!

It is known that the decay constants of noncharm light sca
mesons are smaller than that of pseudoscalar mesons as
vanish in the SU~3! limit. For the neutral scalarss(600),
f 0(980), anda0

0(980), the decay constant must be zero o
ing to charge conjugation invariance or conservation of v
tor current:

f s5 f f 0
5 f a

0
050. ~3.2!

Applying the equation of motion, it is easily seen that t
decay constant ofK0*

1 (a0
1) is proportional to the mass

difference between the constituents ~d! andu quarks. Con-
sequently, the decay constant of the chargeda0(980) is very
small, while the one forK0* (1430) is less suppressed. A ca
culation based on the finite-energy sum rules@25# yields

f a
0
651.1 MeV, f K

0*
542 MeV. ~3.3!

Contrary to the noncharm scalar resonances, the de
constant of the scalar charmed meson is not expected t
suppressed because of charm and light quark mass im
ance. Applying the equation of motion again leads to

mK
0*

2
f K

0*
5 i ~ms2mu!^K0* us̄uu0&,

mD
0*

2
f D

0*
5 i ~mc2mu!^D0* uc̄uu0&. ~3.4!

For a crude estimate, we assume^D0* uc̄uu0&'^K0* us̄uu0&
and obtain

f D
0*
'160 MeV. ~3.5!

This is comparable tof D'200 MeV, the decay constant o
the pseudoscalarD meson.
5-5
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The decay constants of the axial-vector charmed mes
are defined by

^0uAmuD1
1/2~q,«!&5 f D

1
1/2mD

1
1/2«m ,

^0uAmuD1
3/2~q,«!&5 f D

1
3/2mD

1
3/2«m . ~3.6!

It has been shown that, in the heavy quark limit@26–28#,

f D
1
1/25 f D

0*
, f D

1
3/250. ~3.7!

Since the decay constant ofD2* vanishes irrespective o
heavy quark symmetry~see below!, the charmed meson
within the multiplet (01,11) or (181,21) thus have the sam
decay constant. This is opposite to the case of lightp-wave
mesons where the decay constant of1P1 meson vanishes in
the SU~3! limit @29# based on the argument that for non
harm axial vector mesons, the3P1 and 1P1 states transfer
under charge conjunction as

Ma
b~ 3P1!→Mb

a~ 3P1!,

Ma
b~ 1P1!→2Mb

a~ 1P1!, ~a51,2,3!, ~3.8!

where the axial-vector mesons are represented by a 333
matrix. Since the weak axial-vector current transfers
(Am)a

b→(Am)b
a under charge conjugation, it is clear that t

decay constant of the1P1 meson vanishes in the SU~3! limit
@29#.
09400
ns

s

The polarization tensor«mn of a tensor meson satisfies th
relations

«mn5«nm , « m
m 50, pm«mn5pn«mn50. ~3.9!

Therefore,

^0u~V2A!muD2* ~«,p!&5a«mnpn1b« n
n pm50.

~3.10!

The above relation in general follows from Lorentz cova
ance and parity considerations. Hence the decay consta
the tensor meson vanishes; that is, the tensor mesonD2* can-
not be produced from theV2A current.

Beyond the heavy quark limit, the relations~3.7! receive
large 1/mc corrections which have been estimated in@28#
using the relativistic quark model. In the present paper
shall usef r5216 MeV and~in units of MeV!

f D5200, f Ds
5230, f D

s*
5230,

f D0
5160, f D

1
1/25120, f D

1
3/2540,

f Ds0
5140, f D

s1
1/25170, f D

s1
3/2570. ~3.11!

Note that the measurements ofB→Ds
(* )D (* ) @15,30# indi-

cate that the decay constants ofDs* andDs are similar.
e.
B. Form factors

Form factors forB→M transitions withM being a parity-odd meson are given by@31#

^P~p!uVmuB~pB!&5S ~pB1p!m2
mB

22mP
2

q2
qmD F1

BP~q2!1
mB

22mP
2

q2
qmF0

BP~q2!,

^V~p,«!uVmuB~pB!&5
2

mP1mV
emnab«* npB

apbV~q2!,

^V~p,«!uAmuB~pB!&5 i H ~mP1mV!«m* A1~q2!2
«* •pB

mP1mV
~pB1p!mA2~q2!

22mV

«* •pB

q2 qm@A3~q2!2A0~q2!#J , ~3.12!

whereq5pB2p, F1(0)5F0(0), A3(0)5A0(0), and

A3~q2!5
mP1mV

2mV
A1~q2!2

mP2mV

2mV
A2~q2!. ~3.13!

For B→P andB→V form factors, we will use the Melikhov-Stech~MS! model@32# based on the constituent quark pictur
Other form factor models give similar results.

The general expressions forB→D** transitions (D** being ap-wave charmed meson! are given by@33#
5-6
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^D0* ~p!uAmuB~pB!&5 i @u1~q2!~pB1p!m1u2~q2!~pB2p!m#,

^D1
1/2~p,«!uVmuB~pB!&5 i @,1/2~q2!«m* 1c1

1/2~q2!~«* •pB!~pB1p!m1c2
1/2~q2!~«* •pB!~pB2p!m#,

^D1
1/2~p,«!uAmuB~pB!&52q1/2~q2!emnrs«* n~pB1p!r~pB2p!s,

^D1
3/2~p,«!uVmuB~pB!&5 i @,3/2~q2!«m* 1c1

3/2~q2!~«* •pB!~pB1p!m1c2
3/2~q2!~«* •pB!~pB2p!m#,

^D1
3/2~p,«!uAmuB~pB!&52q3/2~q2!emnrs«* n~pB1p!r~pB2p!s,

^D2* ~p,«!uVmuB~pB!&5h~q2!emnrs«* na~pB!a~pB1p!r~pB2p!s,

^D2* ~p,«!uAmuB~pB!&52 i @k~q2!«mn* pB
n 1b1~q2!«ab* pB

apB
b~pB1p!m1b2~q2!«ab* pB

apB
b~pB2p!m#. ~3.14!

In order to know the sign of various form factors appearing in Eq.~3.14!, it is instructive to check the heavy quark lim
behavior ofB→D** transitions which have the form@16#

^D0* ~v8!uAmuB~v !&5AmBmD0
2t1/2~v!i ~v82v !m ,

^D1
1/2~v8,«!uVmuB~v !&5AmBmD

1
1/22t1/2~v!i @~v21!«m* 2~«* •v !vm8 #,

^D1
1/2~v8,«!uAmuB~v !&5AmBmD

1
1/22t1/2~v!~2 !emnab«* nv8avb,

^D1
3/2~v8,«!uVmuB~v !&5A1

2
mBmD

1
3/2t3/2~v!i $~12v2!«m* 2~«* •v !@3vm2~v22!vm8 #%,

^D1
3/2~v8,«!uAmuB~v !&5A1

2
mBmD

1
3/2t3/2~v!~v11!emnab«* nv8avb,

^D2* ~v8,«!uVmuB~v !&5A3mBmD2
t3/2~v!emnab«* ngvgv8avb,

^D2* ~v8,«!uAmuB~v !&5A3mBmD2
t3/2~v!~2 i !$~v11!«mn* vn2«ab* vavbvm8 %, ~3.15!
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where v[v•v8 and there are two independent functio
t1/2(v) andt3/2(v) first introduced in@16#. It is easily seen
that the matrix elements of weak currents vanish at the z
recoil point v51 owing to the orthogonality of the wav
functions ofB andD** . The universal functionst1/2(v) and
t3/2(v) are conventionally parametrized as

t i~v!5t i~1!@12r i
2~v21!# ~3.16!

for i 51/2 and 3/2. The slope parameterr2 can be related to
t1/2(1) andt3/2(1) via the Bjorken sum rule. Comparing E
~3.14! with Eq. ~3.15! we see that heavy quark symmet
requires that the form factorsu1 ,,1/2, q1/2, c2

1/2, h, k, and
b2 be positive, whileu2 , ,3/2, q3/2, c1

1/2, c1
3/2, c2

3/2, and
b1 be negative. Heavy quark symmetry also demands
relationsc1

1/21c2
1/250 andb11b250. It is easily seen tha

these heavy quark symmetry requirements are satisfie
realistic model calculations shown below.

In the present paper, we shall use the improved vers
the so-called ISGW2 model@34#, of the nonrelativistic quark
09400
ro

e

in

n,

model by Isgur-Scora-Grinstein-Wise~ISGW! @33# to com-
pute theB→D** transition form factors.5 In general, the
form factors evaluated in the original version of the ISG
model are reliable only atq25qm

2 , the maximum momentum
transfer. The reason is that the form-factorq2 dependence in
the ISGW model is proportional to exp@2(qm

2 2q2)# and
hence the form factor decreases exponentially as a func
of (qm

2 2q2). This has been improved in the ISGW2 mod
in which the form factor has a more realistic behavior
large (qm

2 2q2) which is expressed in terms of a certain pol
nomial term. In addition to the form-factor momentum d
pendence, the ISGW2 model incorporates a number of
provements, such as the constraints imposed by heavy q
symmetry, hyperfine distortions of wave functions, etc.@34#.

5Note that in the original version of the ISGW model@33#, the
form factors for B to axial-vector charmed meson transition a
evaluated forD1( 1P1) andD1( 3P1). As a result, one has to appl
Eq. ~2.1! to obtainB→D1

1/2 andB→D1
3/2 form factors.
5-7
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The results of the ISGW2 model predictions for various fo
factors are shown in Tables II–IV. Evidently, the signs
various calculated form factors are consistent with what
expected from heavy quark symmetry.

In realistic calculations of decay amplitudes it is conv
nient to employ the dimensionless form factors defined
@31#

^D0* ~pD0
!uAmuB~pB!&

5 i F S ~pB1pD0
!m2

mB
22mD0

2

q2
qmD F1

BD0~q2!

1
mB

22mD0

2

q2
qmF0

BD0~q2!G ,

^D1~pD1
,«!uVmuB~pB!&

5 i H ~mB1mD1
!«m* V1

BD1~q2!

2
«* •pB

mB1mD1

~pB1pD1
!mV2

BD1~q2!

22mD1

«* •pB

q2 ~pB2pD1
!m@V3

BD1~q2!2V0
BD1~q2!#J ,

^D1~pD1
,«!uAmuB~pB!&

5
2

mB1mD1

emnrs«* npB
r pD1

s ABD1~q2!, ~3.17!

with

V3
BD1~q2!5

mB1mD1

2mD1

V1
BD1~q2!2

mB2mD1

2mD1

V2
BD1~q2!

~3.18!

TABLE II. The form factors at variousq2 for B→D0* and Bs

→Ds0* transitions calculated in the ISGW2 model.

Transition u1(mp
2 ) u2(mp

2 ) u1(mr
2) u2(mr

2) u1(mDs

2 ) u2(mDs

2 )

B→D0* 0.175 20.462 0.178 20.471 0.198 20.524
Bs→Ds0* 0.196 20.515 0.200 20.527 0.230 20.605
09400
f
e

-
y

and V3
BD1(0)5V0

BD1(0). The form factors relevant forB

→D0* P decays areF0
BD0 andF0

BP . Note that only the form

factorV0
BP or F1

BD1 will contribute to the factorizable ampli
tude of B→D1P as one can check the matrix elemen
qm^D1(pD1

,«)uVmuB(pB)& and «m^PuVmuB&. The ISGW2

model predictions for the form factorsF0,1, V0,1,2, andA are
summarized in Tables V and VI. It is evident that the for
factor F0,1(0)'0.18 for the B→D0* transition is much
smaller than the typical value of 0.65–0.70 for theB→D
transition form factor atq250.

IV. ANALYSIS OF B̄\D** M , D̄s** M DECAYS

A. Factorization

In the present work we focus on the Cabibbo-allow
decays B̄→D** p(r), D** D̄s

(* ) , D̄s** D (* ) and B̄s

→Ds** p(r), where D** denotes generically ap-wave
charmed meson. We will study these decays within
framework of generalized factorization in which the hadron
decay amplitude is expressed in terms of factorizable con
butions multiplied by the universal ~i.e., process-
independent! effective parametersai that are renormalization
scale and scheme independent. Since the aforementionB
decays either proceed through only via tree diagrams or
tree dominated, we will thus neglect the small penguin c
tributions and write the weak Hamiltonian in the form

Heff5
GF

A2
$VcbVcs* @a1~ c̄b!~ s̄c!1a2~ s̄b!~ c̄c!#

1VcbVud* @a1~ c̄b!~ d̄u!1a2~ d̄b!~ c̄u!#1H.c.,

~4.1!

with (q̄1q2)[q̄1gm(12g5)q2. For hadronicB decays, we
shall usea151.15 anda250.26.

Under the factorization hypothesis, the decaysB2

→D** 0D̄s
2 , B̄0→D** 1D̄s

2 , and B̄s
0→Ds** 1p2 receive

TABLE IV. The B→D2* andBs→Ds2* form factors atq25mp
2

calculated in the ISGW2 model, wherek is dimensionless andh,
b1 , b2 are in units of GeV22.

Transition h k b1 b2

B→D2* 0.011 0.60 20.010 0.010
Bs→Ds2* 0.013 0.70 20.011 0.012
2
TABLE III. The form factors atq25mp
2 for B→D1

1/2 andB→D1
3/2 transitions calculated in the ISGW

model, where,1/2 and,3/2 are in units of GeV and all others are in units of GeV21.

Transition q1/2 ,1/2 c1
1/2 c2

1/2 q3/2 ,3/2 c1
3/2 c2

3/2

B→D1
1/2 0.057 0.54 20.064 0.068

B→D1
3/2 20.057 21.15 20.043 20.018

Bs→Ds1
1/2 0.063 0.66 20.072 0.078

Bs→Ds1
3/2 20.063 21.31 20.048 20.023
5-8
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contributions only from the externalW-emission diagram. As
stated before, the penguin contributions to the first two de
modes are negligible.

Apart from a common factor ofGFVcbVud* /A2, the
factorizable amplitudes forB2→D** 0p2 read

A„B2→D0* ~2308!0p2
…

52a1f p~mB
22mD0

2 !F0
BD0~mp

2 !

2a2f D0
~mB

22mp
2 !F0

Bp~mD0

2 !,

A„B2→D1~2427!0p2
…

522~«* •pB!$a1f p@V
0
BD1

3/2

~mp
2 !mD

1
3/2sinu

1V
0
BD1

1/2

~mp
2 !mD

1
1/2cosu#

1a2@F1
Bp~mD

1
3/2

2
!mD

1
3/2f D

1
3/2sinu

1F1
Bp~mD

1
1/2

2
!mD

1
1/2f D

1
1/2cosu#%,

A„B2→D18~2420!0p2
…

522~«* •pB!$a1f p@V
0
BD1

3/2

~mp
2 !mD

1
3/2cosu

2V
0
BD1

1/2

~mp
2 !mD

1
1/2sinu#

1a2@F1
Bp~mD

1
3/2

2
!mD

1
3/2f D

1
3/2cosu

2F1
Bp~mD

1
1/2

2
!mD

1
1/2f D

1
1/2sinu#%,

A„B2→D2* ~2460!0p2
…

5 ia1f p«mn* pB
mpB

n @k~mp
2 !1b1~mp

2 !~mB
22mD2

2 !

1b2~mp
2 !mp

2 #. ~4.2!

TABLE V. The form factorsF0 and F1 at variousq2 for B
→D0* andBs→Ds0* transitions calculated in the ISGW2 model.

Transition F1(mp
2 ) F0(mp

2 ) F1(mr
2) F0(mr

2) F1(mDs

2 ) F0(mDs

2 )

B→D0* 0.175 0.175 0.178 0.166 0.198 0.108
Bs→Ds0* 0.196 0.196 0.200 0.187 0.230 0.130

TABLE VI. The dimensionless form factorsA and V0,1,2 at q2

5mp
2 for B→D1

1/2 andB→D1
3/2 transitions calculated in the ISGW

model.

Transition A V0 V1 V2

B→D1
1/2 20.43 20.18 0.070 0.49

B→D1
3/2 0.44 20.43 20.15 0.33

Bs→Ds1
1/2 20.49 20.20 0.085 0.57

Bs→Ds1
3/2 0.50 20.47 20.17 0.38
09400
y

Note that exceptB2→D2*
0p2 all other modes receive con

tributions from color-suppressed internalW emission. The
decay rates are given by

G~B→D0* p!5
pc

8pmB
2 uA~B→D0* p!u2,

G~B→D1p!5
pc

3

8pmD1

2
uA~B→D1p!/~«* •pB!u2,

G~B→D2* p!5
pc

5

12pmD2

2 S mB

mD2
D 2

uM ~B→D2* p!u2,

~4.3!

where A(B→D2* p)5«mn* pB
mpB

n M (B→D2* p) and pc is the
c.m. momentum of the pion. Thepc

2L11 dependence in the
decay rate indicates that onlys, p, andd waves are allowed
in D0* p, D1p, andD2* p systems, respectively. The facto
izable decay amplitudes forB2→D0*

0r2 andB2→D2*
0r2

are ~up to a common factor ofGFVcbVud* /A2)

A„B2→D0* ~2308!0r2
…

52~«* •pB!@a1f rmrF1
BD0~mr

2!1a2f D0
mD0

A0
Br~mD0

2 !#,

A„B2→D2* ~2460!0r2
…

5a1f rmr
2«* ab«m* ~pB2pD2

!l

3@ ih~mr
2!emnlsgan~pr!b~pr!s1k~mr

2!da
mdb

l

1b1~mr
2!~pr!a~pr!bgml#. ~4.4!

The expression forB̄→D1r is more complicated. In the
absence of theD1

1/22D1
3/2 mixing, one has

A„B2→D18~2420!0r2
…

52 ia1f rmrF ~«r* •«D1
* !~mB1mD1

!V1
BD1~mr

2!

2~«r* •p
B
!~«D1

* •p
B
!
2V2

BD1~mr
2!

mB1mD1

1 i emnab«D1
* m«r*

np
B

apr
b

2ABD1~mr
2!

mB1mD1

G
2 ia2f D1

mD1
F ~«r* •«D1

* !~mB1mr!A1
Br~mD1

2 !

2~«r* •p
B
!~«D1

* •p
B
!
2A2

Br~mD1

2 !

mB1mr

1 i emnab«r*
m«D1

* np
B

apD1

b
2VBr~mD1

2 !

mB1mr
G . ~4.5!
5-9
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In the presence of theD1
1/2-D1

3/2 mixing, it is more convenient
to express the decay amplitude as

A@B2→D1
0~«D1

,pD1
!r2~«r ,pr!#

}«D1
* m«r*

n@S1gmn1S2~pB!m~pB!n1 iS3emnabpD1

a pr
b#,

~4.6!

where e0123511 in our convention and the coefficientS3
corresponds to thep-wave amplitude andS1 and S2 to the
mixture of s- andd-wave amplitudes:

S15a1f rmr@~mB1mD
1
3/2!V1

BD1
3/2

~mr
2!cosu

2~mB1mD
1
1/2!V1

BD1
1/2

~mr
2!sinu#

1a2~mB1mr!@mD
1
3/2f D

1
3/2A1

Br~mD
1
3/2

2
!cosu

2mD
1
1/2f D

1
1/2A1

Br~mD
1
1/2

2
!sinu#,

S25a1f rmrF 1

mB1mD
1
3/2

V
2
BD1

3/2

~mr
2!cosu

2
1

mB1mD
1
1/2

V
2
BD1

1/2

~mr
2!sinuG

1a2

1

mB1mr
@mD

1
3/2f D

1
3/2A2

Br~mD
1
3/2

2
!cosu

2mD
1
1/2f D

1
1/2A2

Br~mD
1
1/2

2
!sinu#,

S35a1f rmrF 1

mB1mD
1
3/2

ABD1
3/2

~mr
2!cosu

2
1

mB1mD
1
1/2

ABD1
1/2

~mr
2!sinuG

1a2

1

mB1mr
@mD

1
3/2f D

1
3/2VBr~mD

1
3/2

2
!cosu

2mD
1
1/2f D

1
1/2VBr~mD

1
1/2

2
!sinu#. ~4.7!

Then the helicity amplitudesH0 , H1 , andH2 can be con-
structed as

H05
1

2mD1
mr

@~mB
22mD1

2 2mr
2!S112mB

2pc
2S2#,

H65S16mBpcS3 . ~4.8!

For B2→D1(2427)0r2, the amplitudesS1,2,3 are the same
as in Eq.~4.7! except for the replacement of cosu→sinu and
sinu→2cosu. The decay rates read~up to the common fac-
tor of GF

2 uVcbVud* u2/2)
09400
G~B→D0* r!5
pc

3

8pmD0

2
uA~B→D0* r!/~«* •pB!u2,

G~B→D1r!5
pc

8pmB
2~ uH0u21uH1u21uH2u2!,

G~B→D2* r!5
f r

2

24pmD2

4 ~apc
71bpc

51cpc
3!,

~4.9!

with

a58mB
4b1

2 , c55mD2

2 mr
2k2,

b52mB
2@6mr

2mD2

2 h212~mB
22mD2

2 2mr
2!kb11k2#.

~4.10!

B. Results and discussion

Given the decay constants and form factors discusse
Sec. III, we are ready to study theB decays intop-wave
charmed mesons. The predicted branching ratios are sh
in Tables VII and VIII. The experimental results are tak
from PDG @15# and Belle@14#. For B2→D2*

0p2 we com-
bine the Belle measurements@14#

B~B2→D2*
0p2!B~D2*

0→D1p2!

5~3.460.360.660.4!31024,

B~B2→D2*
0p2!B~D2*

0→D* 1p2!

5~1.860.360.360.2!31024,
~4.11!

to arrive at

B~B2→D2*
0p2!B~D2*

0→D1p2,D* 1p2!

5~5.560.8!31024. ~4.12!

Using B(D2*
0→D1p2,D* 1p2)52/3 following from the

assumption that theD2*
0 width is saturated byDp andD* p,

we are led toB(B2→D2*
0p2)5(7.861.4)31024 as shown

in Table VII.
From Table VII we see that except forD1(2427)0p2 the

predictions ofB(B2→D** p2) agree with experiment. It is
worth mentioning that the ratio

R5
B~B2→D2* ~2463!0p2!

B~B2→D18~2420!0p2!
~4.13!

is measured to be 0.7760.15 by Belle@14# and 1.860.8 by
CLEO @17#. The early prediction by Neubert@38# yields a
value of 0.35. Our prediction ofR50.61 is in accordance
with the data. However, the predicted rate forD1(2427)0p2
5-10
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TABLE VII. The predicted branching ratios forB2→D** 0(p2,r2,D̄s) and B2→D̄s** D (* ) decays,
whereD** denotes a genericp-wave charmed meson. Experimental results are taken from PDG@15# and
Belle @14#. The axial-vector meson mixing angles are taken to beu517° for D1 and D18 systems andus

57° for Ds1 andDs18 systems.

Decay This work KV@35# CM @36# KLO @37# Expt.

B2→D0* (2308)0p2 7.731024 4.231024 (9.262.9)31024 @14#

B2→D1(2427)0p2 3.631024 2.431024 (7.561.7)31024 @14#

B2→D18(2420)0p2 1.131023 2.131023 (1.060.2)31023 @14#

(1.560.6)31023 @15#

B2→D2* (2460)0p2 6.731024 7.231025 4.131024 3.531024 (7.861.4)31024 @14#

B2→D0* (2308)0r2 1.331023

B2→D1(2427)0r2 1.131023

B2→D18(2420)0r2 2.831023 ,1.431023 @15#

B2→D2* (2460)0r2 1.831023 1.131023 9.831024 ,4.731023 @15#

B2→D0* (2308)0D̄s
2 8.031024 2.731023

B2→D1(2427)0D̄s
2 9.631024 1.431023

B2→D18(2420)0D̄s
2 1.331023 5.031023

B2→D2* (2460)0D̄s
2 4.231024 1.031024 2.731024 4.931024

B2→D0* (2308)0D̄s*
2 3.531024

B2→D1(2427)0D̄s*
2 6.031024

B2→D18(2420)0D̄s*
2 1.631023

B2→D2* (2460)0D̄s*
2 1.131023 1.031024 1.131023 1.231023

B2→D̄s0* (2317)2D0 5.131023 0 see text

B2→D̄s1(2463)2D0 4.331023 3.531023 see text

B2→D̄s18 (2536)2D0 3.131024 3.431023

B2→D̄s2* (2572)2D0 – 0

B2→D̄s0* (2317)2D* 0 2.731023

B2→D̄s1(2463)2D* 0 1.631022

B2→D̄s18 (2536)2D* 0 1.231023

B2→D̄s2* (2572)2D* 0 0
iv
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is too small by a factor of 2. This is ascribed to a destruct
interference between color-allowed and color-suppressed

amplitudes because the form factorsV
0
BD1

1/2

andV
0
BD1

3/2

have
signs opposite to that ofF1

Bp as required by heavy quar
symmetry@see Eq.~4.2! and Table VI#. In contrast, the pro-
duction ofD1(2427)1p2 is larger thanD1(2427)0p2 by a
factor of about 2 because the former does not receive a
structive contribution from internalW emission. Hence, a
measurement of the ratioD1(2427)0p2/D1(2427)1p2 can
be used to test the relative signs of various form factors
implied by heavy quark symmetry. Note that for th
D1

1/2-D1
3/2 mixing angle we useu517° @see Eq.~2.7!#. If a

negative value of 217° is employed, the decayB2

→D1(2427)0p2 will be severely suppressed with a branc
ing ratio of order 631026. This means that theD1

1/2-D1
3/2

mixing angle is preferred to be positive. In their study K
09400
e
ee

e-

s

-

toch and Verma@35# obtained a small branching ratio fo
B2→D0* (2308)0p2 as they assumed a vanishing decay co
stant forD0* . As stressed before, this decay constant is co
parable tof D because of charm and light quark mass imb
ance and a rough estimate yieldsf D

0*
'160 MeV @cf. Eq.

~3.5!#. Consequently, the contribution from internalW emis-
sion will account for the aforementioned discrepancy b
tween theory and experiment. Moreover, the ra
D0*

1p2/D0*
0p2 is predicted to be 0.34 instead of unity b

cause of the absence of the color-suppressed tree cont
tion to the former.

At first glance, it appears that the predictionB„B2

→D18(2420)0r2
…52.831023 already exceeds the exper

mental limit 1.431023 @15#. However, it should be noticed
that the D18

0r2 rate is about 3 times larger than that
D18

0p2 as expected from the factorization approach a
5-11
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TABLE VIII. Same as Table VII except for neutralB andBs mesons.

Decay This work KV@35# CM @36# KLO @37# Expt.

B̄0→D0* (2308)1p2 2.631024 4.131024

B̄0→D1(2427)1p2 6.831024 1.231024

B̄0→D18(2420)1p2 1.031023 2.431023

B̄0→D2* (2460)1p2 6.131024 7.131025 4.131024 3.331024 ,2.231023 @15#

B̄0→D0* (2308)1r2 6.431024

B̄0→D1(2427)1r2 1.631023

B̄0→D18(2420)1r2 2.631023

B̄0→D2* (2460)1r2 1.731023 1.131023 9.231024 ,4.931023 @15#

B̄0→D0* (2308)1D̄s
2 7.331024 2.631023

B̄0→D1(2427)1D̄s
2 8.831024 1.331023

B̄0→D18(2420)1D̄s
2 1.231023 4.931023

B̄0→D2* (2460)1D̄s
2 3.831024 1.031024 2.731024 4.631024

B̄0→D0* (2308)1D̄s*
2 3.231024

B̄0→D1(2427)1D̄s*
2 5.531024

B̄0→D18(2420)1D̄s*
2 1.531023

B̄0→D2* (2460)1D̄s*
2 1.031023 1.031024 1.131023 1.131023

B̄0→D̄s0* (2317)2D1 4.731023 0 see text

B̄0→D̄s1(2463)2D1 3.931023 3.431023 see text

B̄0→D̄s18 (2536)2D1 2.831024 3.331023

B̄0→D̄s2* (2572)2D1 – 0

B̄0→D̄s0* (2317)2D* 1 2.531023

B̄0→D̄s1(2463)2D* 1 1.531022

B̄0→D̄s18 (2536)2D* 1 1.131023

B̄0→D̄s2* (2572)2D* 1 –

B̄s
0→Ds0* (2317)1p2 3.331024

B̄s
0→Ds1(2463)1p2 5.231024

B̄s
0→Ds18 (2536)1p2 1.531023

B̄s
0→Ds2* (2572)1p2 7.131024

B̄s
0→Ds0* (2317)1r2 8.331024

B̄s
0→Ds1(2463)1r2 1.331023

B̄s
0→Ds18 (2536)1r2 3.831023

B̄s
0→Ds2* (2572)1r2 1.931023
-

se
or
from the ratio f r / f p'1.6 ~see Table IX below!. Hence, it
appears that the present limit onD18r

2 is not consistent with
the observed rate ofD18p

2. Of course, it is crucial to mea
sureB→D18(2420)r in order to clarify the issue.

Apart from the external W-emission diagram, the
D** p(r) productions in neutralB decays also receive
W-exchange contributions which are neglected in the pre
work. This will constitute a main theoretical uncertainty f
B̄0→D** 1p2(r2).

For B→D̄Ds** decays, the Belle data are given by@39#
09400
nt

B„B→D̄Ds0* ~2317!…B„Ds0* ~2317!→Dsp
0
…

5~8.521.9
12.162.6!31024,

B„B→D̄Ds1~2463!…B„Ds1~2463!→Ds* p0
…

5~17.823.9
14.565.3!31024,

B„B→D̄Ds1~2463!…B„Ds1~2463!→Dsg…

5~6.721.2
11.362.0!31024. ~4.14!
5-12
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HADRONIC B DECAYS INVOLVING EVEN-PARITY . . . PHYSICAL REVIEW D68, 094005 ~2003!
Since Ds0* (2317) is dominated by its hadronic decay
Dsp

0,6 the branching ratio ofB→DDs0* (2317) is of order

131023. This means that the production rate ofD̄0Ds0* in B

decays is smaller than that ofD̄0Ds by one order of magni-
tude. Since this decay proceeds only via externalW emis-
sion, it can be used to determine the decay constant ofDs0* .
It is found that f D

s0*
;60 MeV,7 which appears too small

recalling that f D
0*
;160 MeV is needed to account for th

production ofD0* p2. For the branching ratios ofDs* p0 and
Dsg in Ds1(2463) decay, we can apply the theoretical es
mates made in@11#: namely, 0.56 and 0.13, respectivel
@The predicted ratioDsg/Ds* p050.24 agrees with experi
ment; see Eq.~2.20!.# Therefore, our prediction of 4.7
31023 is consistent with the measurementB„B
→D̄Ds1(2463)…;431023. The Belle measurement ofB
→D̄Ds1(2463) implies f Ds1

;172 MeV. This is consisten
with the theoretical estimate

f Ds1
5 f D

s1
1/2cosus1 f D

s1
3/2sinus;177 MeV, ~4.15!

where use of Eqs.~2.8! and~3.11! has been made. Sincef D
s0*

and f D
s1
1/2 become identical in the heavy quark limit, this r

inforces the previous statement that a decay constant of o
60 MeV for Ds0* is probably too small. At any rate, it i

crucial to check experimentally if theD̄s0D production is
less abundant thanD̄s1D to test heavy quark symmetry.

Since the tensor meson cannot be produced from thV

2A current, theB decay intoD̄s2* D (* ) is prohibited under
the factorization hypothesis. However, it can be induced
final-state interactions~FSIs! and/or nonfactorizable contri
butions. For example, it can be generated via the co
allowed decayB2→D̄sD2*

0 followed by the rescattering

processD̄sD2*
0→D̄s2* D0. Since the nonfactorizable term

of orderc2 /Nc with Wilson coefficientc2(mb)'20.20, it is

6The upper limit on the ratioG(Ds0* →Ds* g)/G(Ds0* →Dsp
0)

,0.059 was set recently by CLEO@13#.
7Interestingly, this happens to be the original estimate off D

s0*

made in@4# for Ds0* in the four-quark state.

TABLE IX. The ratiosG(B̄→D** V)/G(B̄→D** P) andG(B̄

→Ds** V)/G(B̄→Ds** P). The last column is for the ratioG(B̄s

→Ds** r2)/G(B̄s→Ds** p2).

D** ~Ds** ! D** 0r2

D** 0p2

D** 1r2

D** 1p2

D** D̄s*

D** D̄s

D̄s** D*

D̄s** D

Ds** r2

Ds** p2

D0* (Ds0* ) 1.7 2.4 0.43 0.54 2.5
D1(Ds1) 3.1 2.4 0.63 3.8 2.5
D18(Ds18 ) 2.6 2.6 1.2 4.0 2.6
D2* (Ds2* ) 2.7 2.7 2.7 – 2.7
09400
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likely to be suppressed relative to the FSIs. Hence, an ob
vation of B→D̄s2* D (* ) could imply the importance of final-
state rescattering effects.

Since heavy quark symmetry impliesf D
s18 (2536)

! f Ds1(2463), it is important to measure theB decay into

D̄s18 (2536)D (* ) to see if it is suppressed relative t

D̄s1(2463)D (* ) to test heavy quark symmetry. From Tabl
VII and VIII we see that the latter mode has the large
branching ratio of order 1022 in two-body hadronicB decays
involving a p-wave charmed meson in the final state. It
essential to test all these anticipations in the near future
recent CLEO measurement yields@40#

_B„B2→~D̄s1D̄s* !~D1
01D18

01D2*
0!…

5~2.7360.7860.4860.68!%. ~4.16!

Our prediction of 631023 is slightly small.
It is interesting to consider the ratiosG(B̄

→D** V)/G(B̄→D** P) and G(B̄→Ds** V)/G(B̄
→Ds** P). The calculated results are shown in Table I
Several remarks are in order:~i! The ratios
D** 0r2/D** 0p2 and D** 1r2/D** 1p2 for D** 5D0*
andD1 are not the same as the former receives an additio
color-suppressed internalW-emission contribution. ~ii !
Whether the ratioD** V/D** P is greater than unity or no
depends essentially on the ratio of the decay constants.
example,D0* D̄s* /D0* D̄s50.43 if the decay constants ofDs*
and Ds are similar, whileD0*

1r2/D0*
1p252.5 for f r / f p

51.6. It should be stressed that the proximity of the ra
D** 1r2/D** 1p2 to 2.5 has less to do with the three d
grees of freedom ofr; rather, it is mainly related to the
decay constant ratio of f r / f p . ~iii ! The ratio of
Ds** r2/Ds** p2 in Bs decay is the same a
D** 1r2/D** 1p2 in B decay as they proceed via extern
W emission.

Because the scalar resonancesD0* andD1 have widths of
order 300 MeV, we have checked the finite-width effects
their production inB decays and found that the convention
narrow-width approximation is accurate enough to descr
the production of broad resonances owing to the large ene
released in hadronic two-body decays ofB mesons.

C. Comparison with other works

The decaysB→D** (p,Ds) and B→Ds** D have been
studied previously by Katoch and Verma~KV ! @35#. López
Castro and Mun˜oz ~CM! @36# and Kim, Lee, and Oh~KLO!
@37# also have a similar study with focus on the tens
charmed meson production. We shall comment their wo
separately.

In the paper of KLO, theB→D2* form factors are evalu-
ated using the ISGW2 model. However, the predicted ra
for D2* p andD2* r by KLO are smaller than ours by a facto
of 2 ~see Tables VII and VIII!; that is, theirB→D2* form
factor differs from ours roughly by a factor ofA2. In con-
trast, the results forD2* Ds

(* ) are similar owing to the fact tha
5-13
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KLO employ f Ds
5280 MeV andf D

s*
5270 MeV which are

larger than ours@see Eq.~3.11!#.
The work of KV and CM is based on the original versio

of the ISGW model. However, as stressed by KLO@37#, the
exponentially decreasing behavior of the form factors in
ISGW model is not realistic and justified. This has been i
proved in the ISGW2 model which provides a more realis
description of the form-factor behavior at large (qm

2 2q2).
The values of form factors at smallq2 in the ISGW2 model
can be a few times larger than that obtained in the ISG
model as the maximum momentum transferqm

2 in B decays
is large. However, the expected form-factor suppression d
not appear in the calculations of KV as they calculated
form factors atqm

2 and then employed them even at lowq2.
In contrast, CM did compute the form factors at properq2.
The fact that CM and KLO have similar results forB

→D2* p(r) and B→D2* D̄s
(* ) ~see Tables VII and VIII! is

surprising as theB→D2* transition is evaluated in two dif
ferent versions of the ISGW model. To check this, we fi
that h(q2)[k(q2)1b1(q2)(mB

22mD2

2 )1b2(q2)q250.286

and 0.386 forq25mp
2 in the ISGW and ISGW2 models

respectively, which in turn imply the respective branchi
ratios 6.731024 and 3.831024 for B2→D2*

0p2. There-
fore, our result obtained in the ISGW model is consist
with that of CM and the estimate ofh(q2) within the ISGW2
model by KLO is likely too small, as noted in passing.

The axial-vector charmed meson production conside
by KV is for D1( 1P1) and D1( 3P1) rather thanD1

1/2 and
D1

3/2. Therefore, the expressions of the decay amplitudes
volving D1 or Ds1 by KV should be modified by taking into
account a proper wave function combination, Eq.~2.1!. For
the decay constants, KV assumed thatf D

0*
50 and f D1(1P1)

50. As a consequence,B2→D0*
0p2 is too small compared

to experiment and the decay intoD̄s0* D is not allowed. This
is not consistent with the heavy quark symmetry relat
f D

s1
1/25 f D

s0*
. Finally, the predicted rate ofB2→D2*

0p2 by

KV is too small by one order of magnitude compared
experiment. This is ascribed to a missing factor of (mB /mT)2

in their calculation of decay rates.

V. CONCLUSIONS

The hadronic decays ofB mesons to ap-wave charmed
meson in the final state are studied. Specifically we focus
the Cabibbo-allowed decaysB̄→D** p(r), D** D̄s

(* ) ,

D̄s** D (* ), andB̄s→Ds** p(r). The main conclusions are a
follows.

~i! We apply heavy quark effective theory in whic
heavy quark symmetry and chiral symmetry are unified
study the strong decays ofp-wave charmed mesons and d
termine the magnitude of theD1

1/2-D1
3/2 mixing angle. In con-

trast, the present upper limits on the widths ofDs1(2463)
and Ds18 (2536) do not provide any constraints on t
Ds1

1/2-Ds1
3/2 mixing angleus . Therefore, we appeal to the qua

potential model to extractus .
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~ii ! Various form factors forB→D** transitions and
their q2 dependence are studied using the improved vers
of the Isgur-Scora-Grinstein-Wise quark model. Heavy qu
symmetry constraints are respected in this model calculat

~iii ! The predicted branching ratios forB2→D** p2

agree with experiment exceptD1(2427)0p2. The D1
1/2-D1

3/2

mixing angle is preferred to be positive in order to avoid
severe suppression on the production ofD1(2427)0p2. The
decay B2→D18(2420)0r2 is predicted at the level of 3
31023. Although it exceeds the present experimen
limit of 1.431023, it leads to the ratio
D18(2420)r2/D18(2420)p2'2.6 as expected from the fac
torization approach and from the ratiof r / f p'1.6. There-
fore, it is crucial to have a measurement of this mode to
the factorization hypothesis.

~iv! The predicted rate forB2→D1(2427)0p2 is too
small by a factor of 2 owing to a destructive interferen
between color-allowed and color-suppressed tree amplitu
as the relevant form factors forB→D1

1/2 andB→D1
3/2 tran-

sitions are negative. It is crucial to measure the production
D1(2427)1p2 to see if it is larger thanD1(2427)0p2 by a
factor of about 2 because the former does not receive
internalW-emission contribution.

~v! Under the factorization hypothesis, the production
D̄s2* D (* ) in B decays is prohibited as the tensor meson c
not be produced from theV2A current. Nevertheless, th
decaysB→D̄s2* D (* ) can be induced via final-state intera
tions and/or nonfactorizable contributions. Since the la
are suppressed by the order ofc2 /Nc , an observation ofB
→D̄s2* D (* ) could imply the importance of final-state resca
tering effects.

~vi! For B̄→D̄s** D decays, it is expected thatD̄s0* D

*D̄s1D as the decay constants of the multiplet (Ds0* ,Ds1)
become identical in the heavy quark limit. The prelimina
Belle measurements of these two modes implyD̄s0* D/D̄s1D
;1/4 and f Ds1

;170 MeV, f D
s0*

;60 MeV. The fairly less

abundant production ofD̄s0* D than D̄s1D and the large dis-
parity betweenf Ds1

and f D
s0*

are surprising. The reason fo

the discrepancy between theory and experiment remains
clear. In the meantime, it is also important to measure
decay toD̄s18 (2536)D (* ) to see if it is suppressed relative t

D̄s1(2463)D (* ) to test the heavy quark symmetry relatio
f Ds1(2536)! f Ds1(2463).

Note added. After this work was completed, we notice
the appearance of the related works onB→D̄Ds** decays by
Chen and Li@41#, Datta and O’Donnell@42#, and Suzuki
@43#.
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