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Study of color suppressed modesB0\D̄ „* …0h „8…
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The color suppressed modesB0→D̄ (* )0h (8) are analyzed in the perturbative QCD approach. We find that
the dominant contribution is from the nonfactorizable diagrams. The branching ratios calculated in our ap-

proach forB0→D̄ (* )0h agree with current experiments. By neglecting the gluonic contribution, we predict that

the branching ratios ofB0→D̄ (* )0h8 are comparable in size to those forB0→D̄ (* )0p0, but smaller than those

for B0→D̄ (* )0h.
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The hadronic decaysB0→D̄ (* )0h (8) are color suppresse
modes, which are class II decays in the factorization
proach~FA! @1#. The relevant effective weak Hamiltonian fo
these decays is given by

Heff5
GF

&
VcbVud* @C1~m!O1~m!1C2~m!O2~m!#, ~1!

where the four-quark operators are

O15~ d̄b!V2A~ c̄u!V2A , O25~ c̄b!V2A~ d̄u!V2A , ~2!

with the definition (q̄1q2)V2A[q̄1gm(12g5)q2 . The Wil-
son coefficientsC1;20.2 andC2;1 are calculated at the
mb scale. The main contribution of these decays in the FA
proportional to the Wilson coefficienta25C11C2/3, which
is a small number. That is the reason why class II dec
usually have small branching ratios. A theoretical study
B0→D̄ (* )0h (8) decays gives a branching ratio of 1025 @2#.
However, recent experiments by the Belle and BABAR C
laborations show that the branching ratios of class II dec
are not so small@3,4#. The branching ratios ofB0→D̄ (* )0h
are of the order of 1024. Although the gluonic mechanism
can enhance theB0→D̄0h8 decay branching ratio to 1024

@5#, it may be difficult to explain the large branching ratio
B0→D̄ (* )0h. This means that the nonfactorizable contrib
tions in these decays are very important. This is confirme
a recent theoretical study on charmed final stateB meson
decays in the perturbative QCD approach@6#.

The perturbative QCD~PQCD! approach for exclusive
hadronicB decays was developed some time ago@7,8# and
applied to semileptonic@9# and nonleptonic decays@10–12#
successfully. In this formalism, factorizable, nonfactorizab
and annihilation contributions are all calculable. By inclu
ing thekT dependence of the wave functions and the Su
kov form factor, this approach is free of the end point sing
larity. Recent study shows that the PQCD approach wo
well for charmlessB decays@10–12#, as well as for channels
with one charmed meson in the final states@6,13#. In this
Brief, we will show the PQCD calculation ofB0

→D̄ (* )0h (8) decays and discuss the numerical results.
In two-body hadronicB decays, the two outgoing meson

are energetic. Each of the valence quarks inside these me
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carries large momentum. Most of the energy comes from
heavyb quark decay at the quark level. The light quark~d
quark! inside theB0 meson, which is usually called the spe
tator quark, carries small momentum of the order ofLQCD.
This quark also goes into the final state meson in spect
diagrams. Therefore, we need an energetic gluon to con
this quark to the four-quark operator involved in theb quark
decay, such that the spectator quark gets energy from
four-quark operator to form a fast moving light meson. T
hard four-quark dynamic together with the spectator qu
becomes a six-quark effective interaction. Since the s
quark interaction is hard dynamics, it is perturbatively calc
lable. The nonperturbative dynamics in this process is
scribed by the wave functions of mesons consisting of qu
and antiquark pairs. The decay amplitude is then expres
as

amplitude;E d4k1d4k2d4k3Tr@C~ t !FB~k1!FD~* !~k2!Fh~8 !

3~k3!H~k1 ,k2 ,k3 ,t !e2S~ t !#. ~3!

Here C(t) is the QCD corrected Wilson coefficient of th
relevant four-quark operator at scalet. Although next-to-
leading order results have been given@14#, we will use the
leading order here@11#. F i are the meson wave functions
which include the nonperturbative contributions in these
cays. The nonperturbative wave functions are not calcula
in principle. But they are universal for all the hadronic d
cays. We will use the ones determined from other measu
decay channels@6,10–12#. The exponentialS(t) is the so-
called Sudakov form factor, which includes the double log
rithm resulting from the resummation of the soft and colli
ear divergence. This form factor is also calculated to ne
to-leading order in the literature@15#. The Sudakov factor
effectively suppresses the soft contributions in the proc
@6,10,11#; thus it makes the perturbative calculation of t
hard part reliable.

Now the only remaining part of the decay amplitude is t
hard partH(t). Since it involves the four-quark operator an
the spectator quark connected by a hard gluon, it is chan
dependent, but perturbatively calculable. There are altoge
eight kinds of diagrams in ourB0→D̄ (* )0h (8) decays, which
are shown in Fig. 1 for the spectator diagrams and Fig. 2
©2003 The American Physical Society02-1
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FIG. 1. Color suppressed emission diagrams contributing to theB0→D̄ (* )0h (8) decays.
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the annihilation type diagrams. Notice that in Fig. 1 theh (8)

meson consists ofdd̄ content, while in Fig. 2, it is auū pair
making theh (8) meson. Since theh (8) meson is an isospin
singlet (uū1dd̄), these two sets of diagrams give relative
positive contributions. On the other hand, in the case ofB0

→D̄ (* )0p0 decays @6#, where p0 is an isospin triplet
(uū-dd̄), these two sets of diagrams give destructive con
butions there. Fortunately, as we will see later, the annih
tion type diagrams are suppressed comparing to the spec
diagrams. Therefore, the branching ratios of these two ki
of decays are still comparable.

The structures of the meson wave functions are

Bin~P!: @P” 1mB#g5fB~x!, ~4!

Dout~P!: g5@P” 1mD#fD~x!, ~5!

Dout* ~P!: @P” 1mD* #fD* ~x!, ~6!

hout
~8 !~P!: g5@P” fA~x!1m0fP~x!

1zm0~n”2n”121!fT~x!#, ~7!

with m0[mp
2 /(mu1md)51.4 GeV, utilizing isospin sym-

metry. The lightlike vectors are defined asn15(1,0,0T) and
n25(0,1,0T). As shown in Ref.@9#, fB is identified asf1 ;
the contribution of the otherB meson wave functionf̄B
}f12f2 is smaller in the PQCD calculations and therefo
we neglect it. For heavy quark symmetry, there is only o
applicable independent distribution amplitudefD(* ) in the
heavyD (* ) meson wave function@6,13#. However, there are
three distribution amplitudes for the lighth (8) meson wave
functions@12#, like the p meson wave function. The coeffi
09750
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-
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cientsz511 are forhout
(8) with ū (d̄) carrying the momen-

tum x3P3 , while z521 for hout
(8) with u ~d! carrying the

momentumx3P3 .
The gluonic mechanism ofh8 may make sizable contri

butions in the B→D (* )h8 decays, but they are usuall
model dependent@5#. Thus we will not consider it here. Th
h andh8 mesons are mixtures of flavor SU~3! octet (h8) and
singlet (h0) states in a two-mixing-angle formalism@16#,

h5cosu8uh8&2sinu0uh0&,

h85sinu8uh8&1cosu0uh0&. ~8!

The definitions of the decay constants ofh andh8 are

^0uūgmg5uuh~8 !~p!&5 i f h~8 !
u pm ,

^0ud̄gmg5duh~8 !~p!&5 i f h~8 !
d pm . ~9!

The s̄s components ofh andh8 are not relevant in our deca
channels. Therefore we did not show them. The decay c
stants in the two-angle-mixing formalism are

f h
u5 f h

d5
f 8

A6
cosu82

f 0

)
sinu0 , ~10!

f h8
u

5 f h8
d

5
f 8

A6
sinu81

f 0

)
cosu0 . ~11!

The parameters are determined to be@16#

u85222° to 221°, f 851.28f p ,
~12!

u0529° to 24°, f 05~1.20– 1.25! f p .
FIG. 2. Annihilation diagrams contributing to theB0→D̄ (* )0h (8) decays.
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TABLE I. PQCD predictions with one-II~I! and two-angle-mixing formalism~II ! and experimental data

~in units of 1024) of the B0→D̄ (* )0h (8) branching ratios.

Decay mode PQCD~I! PQCD ~II ! Belle BABAR PDG

B0→D̄0h8 1.7–2.3 2.2–2.6 — — ,9.4

B0→D̄0h 2.4–3.0 2.6–3.2 1.420.5
10.6 2.4160.50

B0→D̄0p0 2.360.1 3.160.6 2.8960.48

B0→D̄* 0h8 2.0–2.7 2.6–3.2 — ,14

B0→D̄* 0h 2.8–3.5 3.1–3.8 2.020.9
11.0 —

B0→D̄* 0p0 2.860.1 2.760.9 —
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The h andh8 mesons can also be expressed as a mix
in the quark flavor basis@17#:

S h
h8 D5S cosa 2sina

sina cosa D S ~uū1dd̄!/&
ss̄ D , ~13!

wherea5p1u2arctan(1/&) describes the deviation from
ideal mixing. The angleu is the one-angle-mixing paramete
From Eq.~13!, applying isospin symmetry, we have

f h
u5 f h

d5 f p cosa/&, ~14!

f h8
u

5 f h8
d

5 f p sina/&. ~15!

The range of mixing parameters is determined to beu
5217° to 211° @17#.

The B0→D̄ (* )0h (8) decay rate has the expression

G5
1

128p
GF

2 uVcbu2uVudu2mB
3 uMu2. ~16!

Including the hard part and the meson wave functions,
B0→D̄ (* )0h (8) decay amplitude is written as

M~B02D̄ ~* !0h~8 !!5 f D~* !j int1 f Bjexc1Mint1Mexc,
~17!

where f B5190 MeV, f D5 f D* 5240 MeV are theB and
D (* ) meson decay constants, respectively. The functionsj int
and jexc denote the internalW-emission, andW-exchange
contributions, which come from Figs. 1~a! and 1~b!, Figs.
2~a! and 2~b!, respectively. The functionsMint and Mexc
represent the internalW-emission, andW-exchange contribu-
tions, which come from Figs. 1~c! and 1~d!, Figs. 2~c! and
2~d!, respectively. The expressions of the four functions
already shown in the Appendix of Ref.@6# for B→Dp de-
cays. One need only replace the pion wave function by
h (8) wave function in those expressions.

In the FA, only the factorizable contribution ofj int @Figs.
1~a! and 1~b!# has been considered. Sincej int is proportional
to the small Wilson coefficienta25C11C2/3, the branching
ratio predicted in the FA is smaller than in the experimen
Now in the PQCD approach all the topologies, includi
both factorizable and nonfactorizable ones, and also ann
lation type ones, have been taken into account. In fact
nonfactorizable contributionM int , which is proportional to
09750
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the large Wilson coefficientC2/3, is the dominant contribu-
tion in theB0→D̄ (* )0h (8) decays. The reason is that the tw
nonfactorizable diagrams in Figs. 1~c! and 1~d! do not cancel
each other as in the decays ofB to two light mesons, where
the distribution amplitudes of the wave function are symm
ric @10,11#. The large difference of thec̄ andu quark masses
makes the contribution ofM int large. Very recently, the sof
collinear effective theory also confirmed that the nonfact
izableM int dominates over the contribution off D(* )j int @18#.

As stated earlier, we need various wave functions in
numerical calculations. Considering the previous calcu
tions of other decay channels@6,9–12#, the B meson wave
function has been determined as

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

2 S xMB

vB
D 2

2
vB

2b2

2 G ,
~18!

where the shape parameter is chosen asvB50.4 GeV. The
normalization constantNB is related to the decay constantf B
through

E dx fB~x,0!5
f B

2A6
. ~19!

The D (* ) meson distribution amplitude is given by

fD~* !~x!5
3

A6
f D~* !x~12x!@11CD~* !~122x!#, ~20!

with the shape parameterCD5CD* 50.860.2 @6#. The range
of CD(* ) was extracted from theB→D (* )l n̄ decay spectrum
at large recoil assumingvB50.4 GeV for theB meson wave
function @9#. We do not consider the variation offD(* ) with
the impact parameterb, since the current data are not y
sufficient to control this dependence. The lighth (8) meson
wave functions are chosen to be the same as the pion w
function according to isospin symmetry, since the relev
valence quarks here are mainlyuū anddd̄.

In the numerical analysis we adoptLMS
( f 54)

5250 MeV,
MB55.2792 GeV, MW580.41 GeV. Choosing uVcbu
50.043 anduVudu50.974, we obtain the PQCD prediction
for the B0→D̄ (* )0h (8) branching ratios shown in Table I
For comparison, we also list theB0→D̄ (* )0p0 decay
branching ratios in this table. The theoretical uncertai
2-3
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comes from the variation of the shape parameter for
D (* )0 meson distribution amplitude, 0.6,CD(* ),1.0, and
the h and h8 mixing parameteru5217° to 211° for the
one-angle-mixing formalism~I!. The range of parameters o
the two-angle formalism~II ! are shown in Eq.~12!. From
numerical study, we note that the branching ratios do
vary much upon the variation ofCD(* ). This can be seen
from the numbers forB0→D̄ (* )0p0 in Table I, since it de-
pends only on this parameter. Most of the uncertainty in
B0→D̄ (* )0h (8) decays is from the mixing parameteru or u8

and u0 . The branching ratios ofB0→D̄ (* )0h (8) increase
while those forB0→D̄ (* )0h decrease as the angleu gets
larger. Other input parameters, such as the parametersB
meson wave function also affect the branching ratios,
they are mostly constrained by other well measured de
channels, likeB→pp @11# and B→Kp @10# decays, etc.
The uncertainties of the PQCD approach itself mainly co
from the unknown higher twist contributions and higher o
der calculations ofas corrections. No numerical estimatio
of the higher twist contribution exists, although it is expect
to be suppressed. A higher order QCD calculation forB
→fK decay shows that the next-to-leading orderas correc-
tion may not be small in certain channels@19#.

The recently observed class-II decayB0→D̄ (* )0h
branching ratios are also listed in Table I@3,4,20#. It is easy
to see that our results agree with the experimental meas
ments within errors. Since we do not consider the extra gl
fusion contribution toB0→D̄ (* )0h8 decay, the not yet mea
suredB0→D̄ (* )0h8 branching ratios are a little smaller tha
the B0→D̄ (* )0h branching ratios. But they are still compa
s
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rable with theB0→D̄ (* )0p0 branching ratios. The reason fo
this comparable result is that we apply the assumption
exact isospin symmetry. We use the same wave function
theh (8) andp mesons where the only difference is the dec
constant. The difference in the dynamics is the construc
or destructive contribution from annihilation type diagram

This destructive contribution makes theB0→D̄ (* )0p0

branching ratios smaller than those ofB0→D̄ (* )0h decays.
The numerical results also show that the dominant contri
tion comes from the nonfactorizable contributionM int . The
factorizable contributionf Dj int and annihilation contribution
Mexc are only 20–30 % ofM int . The factorizable annihila-
tion contributionf Bjexc is negligible.

In this work, we calculate the branching ratios ofB0

→D̄ (* )0h (8) decays in the perturbative QCD approach w
kT factorization, which is free of the end point singularit
Being class-II decays in the FA, these decays receive do
nant contributions from the nonfactorizable diagrams. Na
factorization breaks down in these color suppressed mo
The branching ratios calculated in our approach forB0

→D̄ (* )0h agree with current experiments. We predict th
the branching ratios ofB0→D̄ (* )0h8 without gluconic con-
tributions are of a comparable size with those forB0

→D̄ (* )0p0, but smaller than those forB0→D̄ (* )0h. They
may be measured soon in the B factories.

We thank E. Kou, H. n. Li, and A. I. Sanda for discu
sions. This work was supported by the National Scien
Foundation of China under Grants No. 90103013 and
10135060.
on
;

en-

ys.
.

@1# M. Bauer, B. Stech, and M. Wirbel, Z. Phys. C29, 637~1985!;
34, 103 ~1987!; M. Neubert, inHeavy Flavours, 2nd ed., ed-
ited by A. J. Buras and M. Lindner~World Scientific, Sin-
gapore, 1998!.

@2# A. Deandrea and A. D. Polosa, Eur. Phys. J. C22, 677~2002!.
@3# Belle Collaboration, K. Abeet al., Phys. Rev. Lett.88, 052002

~2002!.
@4# BABAR Collaboration, B. Aubertet al., hep-ex/0207092.
@5# J. O. Eeg, A. Hiorth, and A. D. Polosa, Phys. Rev. D65,

054030~2002!.
@6# H. Hayakawa, K. Hosokawa, and T. Kurimoto, Mod. Phy

Lett. A 18, 1557 ~2003!; Y.-Y. Keum, T. Kurimoto, H. N. Li,
C.-D. Lu, and A. I. Sanda, hep-ph/0305335.

@7# G. P. Lepage and S. J. Brodsky, Phys. Lett.87B, 359 ~1979!;
Phys. Rev. D22, 2157~1980!.

@8# J. Botts and G. Sterman, Nucl. Phys.B225, 62 ~1989!; H.-n. Li
and G. Sterman,ibid. B381, 129 ~1992!.

@9# T. Kurimoto, H.-n. Li, and A. I. Sanda, Phys. Rev. D65,
014007~2002!; 67, 054028~2003!; C. D. Lü and M. Z. Yang,
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