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Semileptonic and nonleptonicB decays to three charm quarks:
B\JÕc„hc…Dl n l and JÕc„hc…Dp

Gad Eilam, Massimo Ladisa, and Ya-Dong Yang
Physics Department, Technion-Israel Institute of Technology, Haifa 32000, Israel

~Received 2 December 2001; published 28 March 2003!

We evaluate theB0→J/c(hc)D
1p2 nonleptonic decay in a phase space region where the pion factors out.

This decay might provide a significant background to the decay processB0→J/c(hc)D
!0, followed byD!0

→D1p2, with a slightly off-shell D!0. The relevant form factors describing theB0→J/c (hc)D
1,2n̄,

semileptonic decay, required for the calculations, have been evaluated within the framework of a QCD rela-
tivistic potential model. We estimate the branching ratio for the nonleptonic channels, findingBR(B0

→J/cD1p2)53.131028 andBR(B0→hcD
1p2)53.531028. As a by-product of our calculations, we also

quote theB0→J/c (hc)D
1,n, semileptonic decay branching ratio:BR(B0→J/c(hc)D

1,n,).10213.

DOI: 10.1103/PhysRevD.67.054022 PACS number~s!: 13.20.He, 12.39.Ki, 12.39.Mk, 12.39.Pn
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In this article we study theB0 meson decays

B0→J/c~hc!D
1,2n̄, ~1!

B0→J/c~hc!D
1p2. ~2!

These decays which may be classified as ‘‘very rare,’’ at le
in the standard model with mesons built solely of qua
antiquark pairs, should be searched for in present and fu
programs atB factories. As a possible motivation, consid
preliminary studies of the inclusiveB→J/cX spectrum, in-
dicating a slowJ/c hump @1,2#, which kinematically corre-
sponds to an invariant massmX.2 GeV. Some hypothese
have been already suggested in order to account for su
phenomenon: in@3# the B0→J/cL p̄ decay is followed by
the resonantL2 p̄ bound state, whereas in@4# a possible
explanation is the intrinsic charm content of theB meson. In
the latter case the decay proceeds through
B0

„bd̄( c̄c)slow…→J/cslowD!0 channel and it accounts for
BR.1024 provided that the intrinsic charm content fractio
in the incomingB meson, is at least 1%.

To corroborate the hypotheses in@3,4#, it is worth estimat-
ing the mechanisms for these decays in the framework
conventional heavy mesons picture as precisely as we ca
@5# the B0→J/c(hc)D

(!)0 decays have been calculated
perturbative QCD; the branching ratios for these decays
estimated around 102721028 and, therefore, too small to
account for the Belle and CLEO data. Moreover in@5# the
possibility of production of a hybridsd̄g meson with mass
around 2 GeV is briefly discussed and, although the calc
tion of such a decay is difficult, a decay rate 103.104 larger
than the conventional mechanism for theBR is expected.

The nonresonant decay modeB0→J/c(hc)D
1p2 would

be interesting to analyze in this context, as it might provid
significant background to the decay processB0

→J/c(hc)D
!0, followed by D!0→D1p2 with a slightly

off-shell D!0. It is difficult to calculate this background re
liably, since precise calculations of the latter one are
available yet. In Ref.@5# an approximate evaluation of th
main channel branching ratio has been provided. This le
0556-2821/2003/67~5!/054022~7!/$20.00 67 0540
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us to estimate that the contribution of theB0

→J/c(hc)D
1p2 background channel is around 25%–35%

While a calculation from first principles is not available
the moment, a useful approximation might be the factori
tion approximation@6# and, within this framework, the deca
modes~1! would provide the crucial hadronic matrix ele
ments needed to compute the relevant amplitudes. We s
that no method for calculating the above nonleptonic ra
from first principles is nowadays available and one usua
employees some approximations to evaluate such de
modes. Among all, the so-called ‘‘factorization’’ has be
extensively studied and applied in several papers. In
respect, the evaluation of the relevant form factors for
B0→J/c(hc)D

1,nn̄ semileptonic decay is the first step o
the approximation. TheB0→J/c(hc)D

1,nn̄ branching ratio
is a by-product of our calculations and we have quoted it
the sake of completeness although it is very small and
perimentally irrelevant. From a theoretical standpoint, se
leptonicB-meson decays with two hadrons in the final sta
represent a formidable challenge as they involve hadro
matrix elements of weak currents with three hadrons. Th
can be studied by pole diagrams, which amounts to a sim
fication because only two hadrons are involved in the h
ronic matrix elements. This is the approach followed in so
papers where these decays have been examined in the fr
work of the chiral perturbation theories for heavy meson
cays@7,8#. This method has been successfully applied to
cays with light mesons in the final state and it is based on
effective theory implementing both heavy-quark and chi
symmetry@8–11#. This method allows to achieve, for sys
tems comprising of both heavy~Q! and light ~q! quarks,
rigorous results in the combinedmQ→`, mq→0 limit.
However the range of validity of this approach is limited b
the requirement of soft pion momenta and it has been ne
applied, to our knowledge, to a final state with three cha
quarks. The aim of this article is to examine the decays~1! in
the framework of a QCD relativistic potential model@12# and
to extend the kinematical range where theoretical predicti
are possible. We shall present a detailed analysis of the f
factors relevant for Eq.~1!. Subsequently, the decays~2! will
be considered. We do not include final state interactions
©2003 The American Physical Society22-1
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our calculation since no consistent way to compute them
presently available. It is clear that they can modify our n
merical results@13#.

In three recent papers@14–16# an analysis of some sem
leptonic and rareB-meson decays into one and two lig
hadrons has been presented; it employs the relativistic po
tial model in an approximation that renders the calculatio
simpler. We wish to exploit here this approximation in t
study of theB→J/c(hc)D,n decay.

Let us start with a description of the model~for more
details see@12,14–16#!. In this approach the mesons are d
scribed as bound states of constituent quarks and antiqu
tied by an instantaneous potentialV(r ), which has a confin-
ing linear behavior at large interquark distancesr and a Cou-
lombic behavior.2as(r )/r at small distances, withas(r )
the running strong coupling constant~the Richardson’s po-
tential @17# is used to interpolate between the two region!.
Due to the nature of the interquark forces, the light qua
are relativistic; for this reason one employs for the mes
wave functionC the Salpeter@18# equation embodying the
relativistic kinematics:

@A2¹1
21m1

21A2¹2
21m2

21V~r !#C~rW !5MC~rW !, ~3!

where the index 1 refers to the heavy quark and the inde
to the light antiquark;M is the heavy meson mass that
obtained by fitting the various parameters of the model
particular the heavy quark masses which are fitted to
valuesmc51452 MeV,mb54890 MeV, and the light quark
massesmu.md538 MeV, ms5115 MeV. The heavy me-
son wave functionCH(rW) in its rest frame is obtained b
solving Eq.~3! (H5heavy bound state); a useful represen
tion in Fourier momentum space was obtained in@14# and is
as follows

c~k!54pAMa3 e2ak, ~4!

with a52.4 (1.6) GeV21 for B,D(J/c,hc) mesons andk
5ukW u the quark momentum in the heavy meson rest fram
this is the first approximation introduced in@14#. At this
point we would like to comment that the spectrum obtain
depends only weakly on the light quarks masses. We
exploit this fact later when we employmd5LQCD.

The constituent quark picture used in the model is rat
crude. There are no propagating gluons in the instantane
approximation, i.e., the Coulombic interaction is assumed
be static. Moreover, the complex structure of the hadro
vacuum is simplified: confinement can be introduced by
linearly rising potential at large distances, but the chiral sy
metry and the Nambu-Goldstone boson nature of thep ’s
cannot be implemented by the constituent quark picture.
these reasons, while there are good reasons to believe
Eq. ~3! may describe the quark distribution inside the hea
meson, one cannot pretend to apply it to light mesons. Th
fore pion couplings to the quark degrees of freedom are
scribed by effective vertices~for more details see@14–16#!.

To evaluate the amplitude for semileptonic decays, i
useful to follow some simple rules, similar to the Feynm
rules by which the amplitudes are computed in perturba
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field theory. The setting of these rules is the main innovat
introduced in@14# as compared to@12#. For the decays~1! we
draw a quark-meson diagram as in Fig. 1 and evaluat
according to the following rules:

~1! For the heavy mesonH in the initial state one intro-
duces the matrix:

H5
1

A3
cH~k!A mqmQ

mqmQ1q1•q2

q” 11mQ

2mQ
G

2q” 21mq

2mq

~5!

where mQ and mq are the heavy and light quark masse
q1

m , q2
m their 4-momenta andG52 ig5 , (e” ) for a JP

502 (12) heavy meson. The normalization factor corr
sponds to the normalization ^HuH&52 mH and
*@d3k/(2p)3#ucH(k)u252mH already embodied in Eq.~5!.
One assumes that the 4-momentum is conserved at the v
Hq̄Q, i.e. q1

m1q2
m5pm5H-meson 4-momentum. Therefor

q1
m5(EQ ,kW ), q2

m5(Eq ,2kW ) and

EQ1Eq5mH . ~6!

~2! For the heavy mesonH in the final state one intro-
duces the matrix:

2g0H †g0, ~7!

whereH is as defined in Eq.~5!.
~3! To take into account the off-shell effects due to t

quarks interacting in the meson, one introduces runn
quark massmQ(k), to enforce the condition

E5Am2~k!1ukW u2 ~8!

for the constituent quarks.1

1By this choice, the averagêmQ(k)& does not differ significantly
from the valuemQ fitted from the spectrum, see@14# for details.

FIG. 1. Feynman diagram forB0→JD1 semileptonic decay.J
[J/c,hc . The curly line represents the weak current; the exter
legs and the loop line represent, respectively, the on-shell part
and the constituent quarks of the model. The circles and the sq
represent, respectively, the effective strong and weak couplings
2-2
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~4! The conditionmQ
2 >0 implies the constraint

0<k<kmax, ~9!

on the integration over the loop momentumk, wherekmax
actually depends on the kinematics of the process2

E d3k

~2p!3
. ~10!

~5! For the weak hadronic current one puts the factor

NqNq8g
m~12g5!. ~11!
05402
The normalization factorNq is as follows:

Nq5HAmq

Eq

~ if q5constituent quark!,

1 ~otherwise!.

~12!

~6! Finally the amplitude must contain a color factor of
and a trace over Dirac matrices.

This set of rules can now be applied to the evaluation
the hadronic matrix element for the decays~1!, correspond-
ing to the diagram in Fig. 1; the result is
avy
A m5^D1~pD!Juc̄gm~12g5!buB0~pB!&52A3E d3k

~2p!3
N cB~k! cJ

!~k! cD
! ~k!u@kmax2k#

3TrFq” b1mb

2 mb

q” d1md

2 md

q” b2q”2p” J1mc8

2 mc8

G
2q” b1q”1mc

2 mc
gm~12g5!G ~13!

where G5e” ! (2 ig5) and J[J/c(pJ ,e!)@hc(ph)# for the outgoingJ/c (hc) meson. Note the appearance ofmc8Þmc
resulting from Eq.~8!. The factorN in Eq. ~13! accounts for the normalization of the hadronic current and of the he
mesons:

N5A mcmb

Eb~Eb2q0!
A mdmb

EdmB1md~mb2md!
A mdmc8

md~md2mc8!1Ed~EJ2mB1q0!

3A mcmc8

mB
21q222mcmc812md

21mD
2 2mJ

222„mBq02Ed~EJ22mB12q0!…
. ~14!

We introduce the various form factors for theB→J/c D semileptonic decay:

^D1~pD!J/c~pJ ,e!!uc̄gm~12g5!buB0~pB!&

5 i en
!H @mB

2C1gmn1pB
m~C2pB

n 1C3qn!1qm~C4pB
n 1C5qn!1pJ

m~C6pB
n 1C7qn!#

1enmab~D1pJaqb1D2pJapBb1D3qapBb!1
1

mB
2

emsabpBspJaqb~D4pB
n 1D5qn!

1
1

mB
2

ensabpBspJaqb~D6pB
m1D7pJ

m1D8qm!J , ~15!

whereq5pB2pD2pJ . Following @7# we introduce also the form factors for theB→hcD semileptonic decay as follows:

^D1~pD! hc~ph!uc̄gm~12g5!buB0~pB!&5 iw1~pD1ph!m1 iw2~ph2pD!m1 irq m12hemabdpaphbpDd . ~16!

It is useful to introduce the following variables:

s5~pD1pJ!
2, t5~p2pJ!

2, u5~p2pD!2,

2For the processes induced by theb→u current, for instance,kmax.mB/2 ~see@14–16#!. Herekmax.mD/2.
2-3
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that satisfy

s1t1u5q21mB
21mD

2 1mJ
2 . ~17!

The form factors w6 , r , h, Ci , D j ( i 51, . . . ,7; j
51, . . . ,8) arefunctions of three independent variables. O
can choose as independent variabless, q2, t or, alterna-
tively, s, q2, EJ , where EJ is the J/c(hc) energy in the
B-meson rest frame. The relations between the two set
invariants are

t5mB
21mJ

222mBEJ

q25s1mB
222mB~ED1EJ!. ~18!

The kinematical range is as follows:

mD
2 <t<~mB2mJ!

2

0<q2<~mB2mJ2At !2

smin<s<smax, ~19!

where

smin/max5
1

4t
@~mB

21mD
2 2mJ

22q2!22~Al~ t,mJ
2 ,mB

2 !

6Al~mD
2 ,t,q2!!2#,

l~x,y,z!5x21y21z222~xy1yz1xz!. ~20!

From Eq.~13! one can extract the different form factors b
multiplying A m by appropriate momenta~see the Appendix
for explicit expressions of all the form factors!.

The calculation of the trace in Eq.~13! is straightforward
and is similar to those performed in@14–16# for similar pro-
cesses. The evaluation of the integral is even simpler,
cause, although the three-body decay kinematics is ra
involved, all the quarks in the loop of Fig. 1 are constitue
and there is no light quark propagating. The integration
be performed numerically but, unlike the semileptonic d
cays with two pions in the final state@16#, here the loop
integration domain is not genuinely three-dimensional, d
to the smallness of phase space. In fact, the calculation
comes simpler by inserting the wave functionscH(k)(H
5D, J/c, hc) as they are in theH-meson rest frame in the
relevant formulas, which is an approximation we perfo
and is justified by the small value of the outgoing meso
4-momenta in the processes~1!. This approximation has
been already incorporated into the formulas of t
Appendix.3

An important point to be stressed is the kinematical ran
in which the predictions of the present model are reliable.
cannot pretend to extend our analysis to very small me
momenta for the following reasons: first, as discussed

3The form factors in Eqs.~15!, ~16! do not differ significantly
from their actual value in the kinematical range~19! and within this
approximation.
05402
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@15,16#, when the outgoing meson momenta are small,
results of the model become strongly dependent on a num
cal input of our calculation, i.e. the value of the light qua
massmd . The numerical value ofmd cannot be fixed ad-
equately because the values of the quark masses were
from the heavy meson spectrum, which is not very sensi
to the light quark mass~for more details see@12#!. Therefore
the value ofmd has a theoretical uncertainty and the para
eter md is the main source of error for the present calcu
tion. We set the value of this parameter to the scaleLQCD.4

Moreover the role of pole diagrams such as those stud
in @5# becomes relevant. These diagrams cannot be
counted for by the present scheme, which at most can
used to model a continuum of states, according to the qu
hadron duality ideas. The low-lying resonances, such
those studied in@5# should be added separately.5 We expect a
large contribution from theD! ~see the discussion in@5#!. It
is worthwhile to stress that in the present model the reson
production of a pion occurs through the long distance c
tribution depicted in Fig. 2 withD (!)1 mesons as intermedi
ate states; all the diagrams are calculable in the heavy m
chiral Lagrangian@11# and they are found to be of the sam
order of those calculated in@5#.

In principle the partial widthsG(B0→JD1, n̄,) can be
used to extract the relevantuVcbu Cabibbo-Kobayashi-
Maskawa~CKM! matrix element: due to the smallness of t
phase space, the theoretical predictions are not expecte
strongly depend on the specific model employed to achi
the final results. We find BR„B0→J/c(hc)D

1,n,…

.10213, which is of course unmeasurable in the foreseea
future.

Instead, we calculate the relevant formulas of theB0

→JD1p2 nonleptonic decays. This channel is a backgrou
to B0→JD!0 followed by the~almost on-shell! decayD!0

4In @16# the low-lying r resonance provides the model with
cutoff at smalls in the B→pp semileptonic decay form factors
here such anatural hadronic scale is absent.

5This is the reason why in@15# the B* pole of theB→p form

factor is not reproduced in theupW pu→0 region. The same remar
holds for @16# about the resonances encountered at smalls in the
B→pp semileptonic decay form factors, such as ther resonance.

FIG. 2. Feynman diagram forB0→JD!0 nonleptonic decay in
the QCD relativistic potential model.J[J/c,hc .
2-4
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D!0→D1p2. The relevant amplitudes follow from Eqs
~15! and ~16!. Numerically we get ~for md5300 MeV
.LQCD):

BR~B0→J/cD1p2!

5H 1.9831028 transverse polarization,

1.0931028 longitudinal polarization,

BR~B0→hcD
1p2!53.5431028. ~21!

It is also interesting to compute the differential branchi
ratios:

dBR
dupW Ju

5
tB0f p

2 uVcbVud
! u2GF

2

256p3mB
2

upW Ju
EJ

E
smin

smax
ds uqA~ t,q2,s!u2,

~22!

where q25mp
2 , f p5132 MeV, tB051.6 ps, Vcb50.040,

Vud512l2/2, l50.22, mB55.279 GeV,GF is the Fermi
constant andsmin/max are as in Eq.~20!. A m is the relevant
amplitude for the nonleptonic decayB0→J/c(hc)D

1p2

given in Eq. ~13!. The differential branching ratios for th
nonleptonic decays we have studied are plotted in Figs
and 4.

We can therefore conclude that from an experimen
point of view theB-meson nonleptonic decay channel wi
three charm quarks in the final state represents a~barely!
interesting process. We have investigated theB0

→J/c(hc)D
1,n, semileptonic decays and theB0

→J/c(hc)D
1p2 nonresonant nonleptonic decay chann

by using the factorization approximation and theB0

→J/c(hc)D
1 semileptonic decay form factors. The calc

lation has been performed in the framework of a QCD re
tivistic potential model. The branching ratios for these d
cays are: BR„B0→J/c(hc)D

1,n,….10213, BR(B0

→J/cD1p2)53.0731028 and BR(B0→hcD
1p2)53.54

31028. We can compare our previous paper~Ref. @5#!

FIG. 3. Differential branching ratio, in GeV21, for B0

→hcD
1p2. The momentum is in GeV.
05402
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which discusses, among other reactions,B0→J/cD0 em-
ploying a completely different method of analysis~basically,
perturbative QCD!. There, we obtained: BR(B0

→J/cD (!)0).72831028, to be compared withBR(B0

→J/cD1p2).331028. Thus adding a pion reduces th
rate significantly, in agreement with the effect expected fr
severe phase space suppression. We therefore believe
any reasonable method of analysis will lead to branch
ratios ofO5131028 for the three body three charm quark
process. These theoretical findings provide us with an or
of magnitude for those processes and, in that respect, the
not seem to account for the slowJ/c hump as indicated by
the preliminary results of CLEO and Belle Collaboration
Since the charmonium spectrum will be extensively stud
at theB factories in the near future, it is important to confir
whether the slowJ/c hump exists. In that respect, a refine
measurement is needed. If the hump persists, it will be h
to find a consistent explanation within the conventional mo
els. Thus a new scenario, like those discussed in@3–5#, could
be applicable.

This work has been supported in part by the Israel-U
Binational Foundation and by the Israel Science Foundat
The research of G.E. has been supported in part by the F
for the Promotion of Research at the Technion.

APPENDIX

From Eq.~13! one can extract the different form facto
by multiplying A m by appropriate momenta. One gets6

6D j50 ( j 54, . . . ,8) is a consequence of theHq̄Q(H
5B,D,J/c,hc) couplings introduced in our model and of the n
ture of the quarks involved~all constituents!: there is no way to
generate higher powers in the meson 4-momenta in the loop
Fig. 1.

FIG. 4. Differential branching ratio, in GeV21, for B0

→J/C D1p2. The momentum is in GeV.
2-5
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C15E
0

kmax dkk2

2p2
N

cB~k!cJ
!~k!cD

! ~k!

8A6mB
2md

2mcmc8
2 mb

@md~md2mc8!1Ed~EJ2mB1q0!#$2Ed
2mB~mB1q0!

1Ed@2mB
322mB

2q01~mb2md!~mc2mc8!q
01EJ„2~mb2md!~mc1md!1mB~mB1q0!…1mB„mb~mc2mc8!

1mcmc812md~mb2mc1mc8!23md
22q2

…#1md@mB
2~mc2mc81md!1EJmB~mb2mc22md!

1md~md1mc!~md2mc8!1mBq0~mc2mc812md!1EJ~mb2md!q01mdq22mb„~md2mc8!~md1mc!

1mB~mB12q0!1q2
…#%,

C2522E
0

kmax dkk2

2p2
N

cB~k!cJ
!~k!cD

! ~k!

8A6mB
2md

2mcmc8
2 mb

@md~md2mc8!1Ed~EJ2mB1q0!#~Ed2mB!

3@mBmd~mb2mc22md!1Ed„mB
22~mb2md!~mc1md!…#,

C35mBE
0

kmax dkk2

2p2
N

cB~k!cJ
!~k!cD

! ~k!

8A3mB
2md

2mcmc8
2 mb

@md~md2mc8!1Ed~EJ2mB1q0!#

3@mBmd~2mb2mc2mc824md!1Ed„2mB
22~mb2md!~mc1mc812md!…#,

C452mBE
0

kmax dkk2

2p2
N

cB~k!cJ
!~k!cD

! ~k!

8A3mB
2md

2mcmc8
2 mb

@md~md2mc8!1Ed~EJ2mB1q0!#

3@22EdEbmB1mBmd~22mb1mc2mc812md!1Ed„~mb2md!~mc2mc812md!…#,

C552mB
2E

0

kmax dkk2

2p2
N

cB~k!cJ
!~k!cD

! ~k!

8A3mB
2md

2mcmc8
2 mb

@md~md2mc8!1Ed~EJ2mB1q0!#@EdmB1md~mb2md!#,

C75C652
1

2
C5 ,

D15mB
2E

0

kmax dkk2

2p2
N

cB~k!cJ
!~k!cD

! ~k!

8A3mB
2md

2mcmc8
2 mb

@md~md2mc8!1Ed~EJ2mB1q0!#@EdmB1md~mb2md!#,

D25mBE
0

kmax dkk2
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