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Study of B0\JÕcD„* …and hcD
„* … in perturbative QCD
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Motivated by recent interest in softJ/c production inB decays, we investigateB0→J/c D (* ) and hcD
(* )

decays in perturbative QCD. We find that, within that framework, these decays are calculable since the heavy

cc̄ pair in the final states is created by a hard gluon. The branching ratios are estimated to be around
1027–1028, too small to be consistent with the data, suggesting that other mechanism~s! contribute to the

observed excess of softJ/c in B0→J/c1X decays. The possibility of the production of a hybridsd̄g meson
with a mass of about 2 GeV is briefly entertained.
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With the advent of the BaBar and BelleB factories, many
B decay modes could be studied in detail. The rich pheno
ena ofB decays will provide testing grounds for theories
weak interactions and hadrons. It is interesting to note
measurements of the inclusiveB→J/c X spectrum by
CLEO @1# and recently by Belle@2#, indicate a hump for low
J/c momentum, which kinematically corresponds toJ/c re-
coiling against a partner as heavy as;2 GeV. Brodsky and
Navarra@3# suggest that theJ/c hump may be due to the

decayB0→J/cL p̄ with the possible formation of aL2 p̄
bound state~an exotic strange baryonium!.

From another viewpoint, Chang and Hou@4# proposed as
an explanation the existence of intrinsic charm in theB me-

son which decays asB0(d̄bcc̄)→J/cD (* ) ~and similarly for
hc instead ofJ/c). Thus the intrinsic charm pair transform

into acc̄ final state while theb decays. It is argued that a ra
of ;1024 may be possible in this way if the intrinsic char
content ofB is not much less than 1%.

We raise here another possibility:B may decay into a
charmonium plus a hybrid,B0→J/cH, whereH is a hybrid
sd̄g @5# with MH'2 GeV @6#. Two diagrams that contribute
to such a process are depicted in Fig. 1. Note that the glu
exchanged in Fig. 1 are soft while those in Fig. 2~i.e., for the
conventionalB0→J/cD (* ), see below! are hard, thus en
hancing the hybrid option as compared to the conventio
approach forB0→J/cD (* ). In addition, as shown below
each Feynman diagram in Fig. 2 involves one fermion a
one hard gluon propagator with average virtuality as large
10 GeV2. So, we can expect theB0→J/cH decay rate to be
103–104 times larger thanB0→J/cD (* ), although a reliable
quantitative estimate of the decay rate is very difficult.

To make such ‘‘exotic’’ suggestions more reliable, o
should be convinced that the conventional picture of he
mesons indeed leads to tiny numbers in disagreement
experiment. To our knowledge, such study is still not ava
able in the literature. In this article we investigate these
cays within the conventional picture of heavy mesons hav
the minimal number of quarks and using perturbative Q
(PQCD). The applicability of PQCD is justified by the larg
virtuality of the hard gluon which creates acc̄ pair. As
known, in many applications of PQCD toB decays@7#, say
B→pp, the virtuality of the gluon in the hard kernel scal
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2.2MBLQCDx.22x GeV2, wherex is the momen-

tum fraction carried by the light spectator quark in the fin
light meson. However, in the processes discussed in this
per ~see Fig. 2!, the gluon virtuality scales askg

2.(2mc)
2.

Furthermore, under the common assumption of factorizat
there are no infrared divergencies which cannot be abso
in wave function, or large end-point contributions.

We begin our calculation of the decaysB0→J/cD (* )

within the PQCD approach for exclusive QCD processes@8#
as depicted in Fig. 2, by writing the weak effective Ham
tonianHeff for the b→cūd transitions as@9#

Heff5
GF

A2
VcbVud* @C1~m!d̄gm~12g5!u c̄gm~12g5!b

1C2~m!c̄gm~12g5!u d̄gm~12g5!b#, ~1!

where the Wilson coefficientsC1,2(m) are evaluated to be
C1(mb)51.124 andC2(mb)520.273 at the scalem5mb
54.8 GeV@10#.

To calculate the amplitudes of the Feynman diagrams
Fig. 2, we take the wave functions forB0, J/c, andD* as
follows @11,7#:

cB5
i

4Nc
~P” B1MB!g5fB~x! f B , ~2!

cV52
1

4Nc
«” ~MV1P” V!fV~x! f V

~V5J/c,D* !. ~3!

FIG. 1. Examples of Feynman diagrams for the production o

hybrid H5sd̄g in B0→J/cH.
©2002 The American Physical Society04-1



r

BRIEF REPORTS PHYSICAL REVIEW D 65 037504
FIG. 2. Feynman diagrams fo
B0→J/cD (* ) in PQCD.
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Now we can write the amplitudes of Fig. 2 as

Ma52 i f Bf c f D* pas

1

16

CF

Nc
2

C1

3E dx dy dzfB~x!fc~y!fD* ~z!
1

Da

1

k2

3Tr$~P” B1MB!g5gm~12g5!@~12x!P” B2k”1mb#gn%

3Tr@«” c~Mc1P” c!gm~12g5!«”D* ~MD* 1P” D* !gn#,

~4!

Mb52 i f Bf c f D* pas

1

16

CF

Nc
2

C1

3E dx dy dzfB~x!fc~y!fD* ~z!
1

Db

1

k2

3Tr@~P” B1MB!g5gn~k”2xP” B!gm~12g5!#

3Tr@«” c~Mc1P” c!gm~12g5!«”D* ~MD* 1P” D* !gn#,

~5!

Mc52 i f Bf c f D* pas

1

16S CF

Nc
2

C11
CF

Nc
C2D

3E dx dy dzfB~x!fc~y!fD* ~z!
1

Dc

1

k2

3Tr@~P” B1MB!g5gm~12g5!#Tr@«” c~Mc1P” c!gn

3~P” c1k”1mc!g
m~12g5!«”D* ~MD* 1P” D* !gn#,

~6!

Md5 i f Bf c f D* pas

1

16S CF

Nc
2

C11
CF

Nc
C2D

3E dx dy dzfB~x!fc~y!fD* ~z!
1

Dd

1

k2

3Tr@~P” B1MB!g5gm~12g5!#Tr@«” c~Mc1P” c!gm

3~12g5!@~12z!P” D* 1k” #gn«”D* ~MD* 1P” D* !gn#,

~7!

where CF5 4
3 and Nc53 is the number of colors.Di( i

5a,b,c,d) andk2 denote the virtuality of quark and gluo
propagators in Fig. 2, which are given by
03750
Da52mb
21MB

2~12x2y!~12x2z!1~y2z!

3@Mc
2~x1y21!2MD*

2
~x1z21!#1 i e, ~8!

Db5MB
2~x2y!~x2z!1~y2z!@Mc

2~y2x!

1MD*
2

~x2z!#1 i e, ~9!

Dc52mc
21Mc

2~12z!1@MB
22MD*

2
~12z!#z1 i e,

~10!

Dd5 1
2 @MB

2~112y2z!1MD*
2

~122y1z!

1Mc
2~2y222yz1z21!#1 i e, ~11!

k25Mc
2y~y2z!1z@MB

2y1MD*
2

~z2y!#1 i e.
~12!

It may be instructive to evaluate typical virtualities of th
propagators involved in PQCD calculations. Takingx51
2mb /MB , y51/2, andz5mc /MD* , we find

Da5220.4 GeV2, Db57.2 GeV2,

Dc520.2 GeV2, Dd516.4 GeV2, k259.9 GeV2.
~13!

These values are large enough to justify our PQCD calc
tion.

The amplitude forB0→J/cD* is decomposed as

A@B→J/c~Pc!D* ~PD* !#5«c
m«D*

n
~S gmn

1D PD* mPcn1 iP emnabPc
mPD*

n !, ~14!

where the coefficientsS, P, andD correspond tos, p, andd
wave amplitudes, respectively, and can be evaluated f
Eqs.~4! to ~7!. The helicity amplitudes are constructed to

H005
1

2McMD*
@S~MB

22Mc
22MD*

2
!12DMB

2 upu2#,

H6652~S6PMBupu!. ~15!

The branching ratio is given by

Br~B0→J/cD* !5tB0
upu

8pMB
2

GF
2

2
uVcbu2

3~ uH00u21uH11u21uH22u2!. ~16!

Since theb andc quarks are heavy and their mass is mu
larger than the typical QCD scaleLQCD for a bound state, we
can expect that the distribution functions of heavy mes
4-2
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will peak around the points where the heavy quarks are n
their mass shell with varianceLQCD/mQ . As an ansatz, the
distribution functions are taken as

fB~x!5d~x2xB!, fc~y!5d~y2yc!,

fD* ~z!5d~z2zD* !, ~17!

with xB512mb /MB , yc5 1
2 , andzD* 5mc /MD* .

To get numerical results, we use Vcb50.04,
f B5180 MeV, f c5400 MeV, f D* 5230 MeV, mb

54.8 GeV, MB055.27 GeV, mc51.4 GeV, Mc
53.1 GeV, MD* 52 GeV, and as(2mc)50.266. We get

Br~B0→J/cD* !56.4631028, ~18!

and the longitudinal polarization fraction is

PL5
GL

G
50.398. ~19!

Since the amplitudes are highly suppressed by the large
tualities of the propagators as shown in Eqs.~8! to ~13!, the
smallness of Br(B0→J/cD* ) is understandable. To illus
trate the stability of our results, we plot in Fig. 3 Br(B0

→J/cD* ) versusxB , i.e., the peak point offB(x).
From Fig. 3, we can see that the rate is rather sta

against changes of the parameterxB . Due to relativistic ef-
fects, the distribution functions should have variances
O(LQCD/mQ). To show the effects of the variances, we ta

fB~x!5NBx~12x!expF2S MB

MB2mb
D 2

~x2xB!2G ,
~20!

fD* ~x!5ND* x~12x!expF2S MD*

MD* 2mc
D 2

~x2xD* !2G ,

~21!

fc~x!5Ncx~12x!expF2S Mc

Mc22mc
D 2S x2

1

2D 2G ,
~22!

whereNB , ND* , andNc are normalization constants to mak
*dx f(x)51. To model the distribution functions, we tak
the mass difference between the heavy meson and its h
constituent~s! as shape parameter. These distribution fu

FIG. 3. Br(B0→J/cD* ) vs xB , the peak point offB(x).
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tions follow the consensus that the smaller the mass dif
ence the sharper the distribution functions. Using these
tribution functions, we obtain

Br~B0→J/cD* !58.5031028, PL5
GL

G
50.395.

~23!

Since B0 decays with three charm quarks in its fin
states, it could be taken as a probe of strong interactio
especially hadron dynamics. We extend our calculations
B0→J/cD, hcD, and hcD* decays. The amplitudes fo
these decays can be obtained through the following repla
ments in Eqs.~3! to ~7!:

cD* →cD5
i

4Nc
g5~P” D1MD!fD~x! f D ,

cc→chc
5

i

4Nc
g5~P” hc

1Mhc
!fhc

~x! f hc
.

~24!

Using f D5200 MeV, andf hc
5335 MeV, the branching ra-

tios are estimated to be

Br~B0→J/cD !57.2831028,

Br~B0→hcD* !51.3931027,

Br~B0→hcD !51.5231027. ~25!

In summary, we have studied the decaysB0

→J/c(hc)D
(* ) within the conventional theoretical frame

work. The branching ratios of these decays are estimate
be around 1027;1028. B0 decays toJ/cD (* ) cannot ac-
count for the excess for slowJ/c as indicated by the CLEO
measurement of theJ/c momentum spectrum inB inclusive
decays. Experimentally, inclusive decays ofB mesons to
charmonium could be well studied at BaBar and Belle, an
is important to confirm whether the slowJ/c hump exists
with refined measurements. If the excess persists, it would
hard to explain the phenomena within the conventional t
oretical framework for hadron dynamics. As shown here,
numerical results are rather stable under the change of
rameters. If these exclusive decays were observed to be
normally large, say, of order 1024–1025, it would challenge
the conventional theoretical framework and bring forth n
interesting QCD phenomena, like the scenarios discusse
Refs.@3,4# or the possibility raised here, of the formation
a '2 GeV sd̄g hybrid stateH throughB0→J/cH. Finally
let us note that multibody final states such asJ/cD (* )

1np, wherenmax51, 2 for D* , D, respectively, being on
the edge of phase space, are expected to be even smalle
those withn50.

This work is supported in part by the U.S.–Israel Bin
tional Science Foundation and by the Israel Science Foun
tion.
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