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Lifetime of the Bc meson and some relevant problems
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The lifetime of theBc meson is estimated by means of consistent considerations of all of the heavy mesons
(B0,B6,Bs ,D0,D6,Ds) and the double heavy mesonBc itself as well. The framework, where the nonspectator
effects for inclusive decays in terms of the optical theorem are taken into account properly, is adopted, and the
parameters appearing in the estimate are treated phenomenologically by global fitting all the existing data for
all the heavy mesons. In this estimation, special attention is paid to the masses of the heavy flavors and the
bound-state effects as well. The present approach to the problem is meaningful because the numerical results
show that the lifetime of the mesonBc can reach to the center value of the experimental observation. Because
of the interference between the terms of the QCD correction from penguin diagrams and the main onesc1O1 ,
c2O2, the total width of the mesonBc is enhanced by a factor about 3–4% that is different from the other
heavy mesons and can be tested experimentally in the future.
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I. INTRODUCTION

Recently the mesonBc has been observed by the Collid
Detector at Fermilab~CDF! Collaboration at the Tevatron
@1#, so careful and further studies of theBc meson are moti-
vated very much with this fresh reason. It is known thatBc is
the meson of the ground state of a double heavy flavo
system with ac quark andb̄ antiquark ~there is no light
flavored quark involved!, and its decay should be eithe
through the decays of each component~a heavy flavor!, or
through the annihilation of the two components~two heavy
flavors!, that is very different from the heavy meson
B,Bs ,D, andDs , etc. Of the decays, the contributions fro

the two components (b̄ quark andc quark! individually to
the total width happen to be comparable each other
amount. So it is accessible in future experiments that w
the mesonBc one may investigate the two different hea
flavors simultaneously. Especially, certain decay mec
nisms inBc decays play a similar role inD decays andB
decays; so some parameters appearing inBc decays should
be the same as those inB decays or inD decays. Therefore
when estimating theBc decay, we may rely on the consiste
considerations and phenomenologically use the experime
available data ofD0,D6,Ds decays andB0,B6,Bs decays as
input to determine them. Obviously in this way the estim
for the Bc lifetime should be comparatively reasonable. T
mesonBc certainly can be used to test the approach for
estimates of the lifetime and the inclusive leptonic deca
and it will be an independent complement to the heavy m
sons:B mesons andD mesons for study of the two heav
flavor b andc decays. Furthermore, the mesonBc has unique
advantages, if one carries on a comparative study of the
heavy flavorsb andc, since one may do it simultaneously
a meson.

There have been quite a lot of studies of the lifetimes
the mesonsD, B, andBc as well @2–13#. The reason in par
is that a lifetime estimate is to calculate an inclusive proce
0556-2821/2001/64~1!/014003~14!/$20.00 64 0140
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and one may do it in terms of the optical theorem so it
comparatively ‘‘easy,’’ due to the ‘‘duality’’ for quark and
hadron states:

(
i , j

uqi ,gj&^qi ,gj u5(
k

uhk&^hku,

wherehk , qi , and gj denote hadrons, quarks, and gluon
respectively, and, for an inclusive process the optical th
rem, being applied to the level of hadrons, can be turned o
the level of quark-gluons, so that the estimate can be m
on the quark-gluon level. As a result, one can avoid cert
difficulties from the hadronization in the final state. In ge
eral, the hadronization from quarks into hadrons, being
nonperturbative nature, is attributed to evaluate a relev
hadron matrix element, which cannot be handled reliably
far.1 Now when the optical theorem and the ‘‘duality’’ ar
applied, the problem will be ‘‘solved’’ in part: the nonpe
turbative part in the final state of the decay may be summ
by the theorem, i.e., the calculation of the part of the fin
state may be completed totally at the quark-gluon level,
only those nonperturbative~hadronization! parts in the initial
state are left to be dealt with. Thus in the studies of
lifetime and the other inclusive processes with this approa
one may pay more attention to the decay mechanisms
the ‘‘hadronization’’ in the initial state.

To estimate the lifetimes and inclusive decays for t
heavy flavor, first the effective Lagrangian with QCD corre
tions should be known; here we adopted that as in R
@2–4#. With the effective Lagrangian forc and b decays,

1In principle the lattice gauge simulation might deal with the no
perturbative effects as well as one wishes if the power of compu
were infinitely strong, but in practice the computer ability now s
is at quite sizable ‘‘distance’’ to obtain sufficiently accurate resu
for calculating such hadron matrix elements.
©2001 The American Physical Society03-1
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phenomenological analyses ofD meson lifetimes and
B-meson lifetimes have been made in Ref.@8#. Generally for
all the heavy meson decays, the contributions can be dec
posed into three categories: the dominant one, i.e., the d
decay of the heavy quark with the light quark inside t
heavy meson being as a spectator~this contribution is very
sensitive to the heavy quark mass, i.e., proportional tomQ

5 );
the nonspectator one fromW annihilation ~WA! @or ex-
change~WE!#, and the Pauli interference~PI! one @3#. The
parameters appearing in the formulas for the lifetimes are~a!
the quark masses,~b! the matrix element̂0uJm5uM (Bc ,B,D)&
relating to the decay constant,~c! the relevant nonfactoriz
ability parameters@3#, etc. All the parameters are not we
known, or say their precise values are not calculable, ex
some of them may be fixed phenomenologically by fitti
data.

In the present paper, in order to have an estimate of
lifetime of Bc which may be better than before, we w
take a ‘‘consistent’’ view of the parameters appearing
the estimates of the lifetimes for all of the heavy meso
D,Ds ,B,Bs and those for the mesonBc , thus we fix the
parameters forBc meson by fitting the available data fo
the lifetimes and the inclusive semileptonic decays of
heavy mesonsD and B. In particular, we would like to
see the consistency of the approach for the lifetime estim
and the study of the inclusive leptonic decays, namely
estimate the lifetime of the mesonBc with the parameters
which are fixed phenomenologically by fitting the availab
existing data for the other heavy mesons. Here we also tr
discuss some effects and uncertainties of the estimate as
sible.

In the literature, to obtain a comparable value for lifetim
and inclusive leptonic decays with the experimental one,
charm quark massmc appearing in the estimate forD andB
decays takes different values@8,15#. We think it is reason-
able if considering the renormalon and bound-state effe
since thec-quark mass appears in different situations: in
initial state forD decays but in the final state forB decays. In
general, for the quark~antiquark! in the parent meson of a
concerned decay mode, the mass should be close to
‘‘pole’’ value if some bound-state effects are ignore
whereas, for the masses of the product quarks~antiquarks! in
the final state of an inclusive process, it is reasonable to
the relevant running masses to avoid the renormalon
bound-state effects with the duality for hadrons and qua
gluons mentioned at the beginning. Furthermore, the runn
energy scale of the running masses should be taken a
mass of the decaying quark~or mesons for WA and PI!.
Indeed, this problem is somewhat subtle and causes sub
tial theoretical uncertainties. In the earlier estimates for
clusive processes, the quark decays are considered only
the quark is ‘‘free.’’ In fact, the bound-state effects on t
effective mass of the heavy quark should be taken into
count. Namely, the heavy quark effective mass, appearin
the formulation, should deviate from the pole value by
amount corresponding to the binding energy@16–18#. In our
work, we take the pole masses and the running masses p
erly as mentioned here and use one-loop formular to con
01400
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them each other. We also pay attention to the bound s
effects and use a parametrization which is a bit differ
from that of Ref.@17# to account for the effects on the ma
of the decaying quark~see the text below for details!.

The relation between the pole mass and the runningMS to
one loop level reads

m5m̄~m̄!S 11
4

3

as~m̄!

p
D , ~1!

where the running coupling constant~at leading logarithm
level! is

as5
12p

~3322nf !ln
Q2

L2

, ~2!

with as(mz
2)50.118@14#. The running mass runs as

m̄~Q2!5
m

S 1

2
ln

Q2

L2D dm
, ~3!

wheredm512/(3322nf).
For the lifetimes ofB and D mesons, the contribution

from penguin terms of the effective Lagrangian generally
not important@4# because of the smallness of their coef
cientsc3•••c6. But as pointed out in Ref.@19#, the penguin
contributions to the charmless decays ofB mesons are no
negligible. The reason is that for those modes the main c
tributions~since they are not zero even at tree level, thus
will call them ‘‘tree parts’’ as in most literature later on! will
suffer a cancellation (c11c2 /Nc) or (c21c1 /Nc), and the
‘‘tree part’’ c1O11c2O2 does not contribute, thus the pen
guin contributions become important. As for theBc meson,
the problem has not been investigated very carefully yet
the earlier paper@9#, for instance, the lifetime ofBc was
estimated, though there the bound state effect was care
handled in terms of the Bethe-Salpeter equation; the pen
contributions from the effective Lagrangian were ignore
Recently, Beneke and Buchalla@11# presented an evaluatio
of the Bc lifetime, where they also ignored the ‘‘penguin
terms. In fact, for the spectator mechanism, the contributi
from the penguin terms inB decays have been estimated
Baganet al. @7#, and their results show that only a few tho
sandths of changes are made, so in general we can ne
them altogether. However, for the WA and PI terms ofBc
decays, the operators induced by the penguin diagrams
( i 53

6 ciOi which contain terms (s̄ibi)( c̄ jcj ) and (s̄ibj )

3( c̄ jci), wherei , j are color indices, so the interference
the penguin diagram with the tree part

Leff
(tree)5VcbVcs* @c1c̄LgmbLs̄LgmcL1c2s̄LgmbLc̄LgmcL#
3-2
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LIFETIME OF THE Bc MESON AND SOME RELEVANT . . . PHYSICAL REVIEW D 64 014003
makes substantial contributions. Namely, inB andD decays,
the penguin contributions, being proportional touci u2 or
uci* cj u( i , j 53;6), are small@4#, whereas, in someBc de-
cays there may exist the interference termsuci* c1u and
uci* c2u, which are not so small, so that the interference m
bring up a few percents of corrections in lifetime. Indeed o
numerical results show that the interference can mak
change in lifetime ofBc so large as 3–4 % of the total.

In the paper with the approach described here,
reestimate the lifetime, the branching ratios of the se
leptonic and pure leptonic decays for the mesonBc , and
expect to gain more knowledge about decay mechani
and QCD corrections forBc meson. The paper is organize
as follows: after the introduction, we present a useful form
lation in Sec. II, and give the numerical results and
concerned phenomenological parameters in Sec. III, t
we draw conclusions and put discussions into the last
tion. For convenience, we collect some useful formulas
the Appendix.

II. FORMULATION

In this section let us describe the mechanisms for the l
times of the mesonsD, B, andBc , etc., and present usefu
formulas for later numerical calculations.

A. The spectator components and the contributions
from b or c decays

In terms of the quark-hadron duality and the optical the
rem, the ‘‘full’’ inclusive decay width~the lifetime! of a
heavy hadronHQ ~containing a heavy quarkQ5b,c) is re-
lated to the absorptive part of the matrix element for ‘‘fo

ward scattering’’ operatorT̂.

G~HQ→X!5
1

mHQ

ImE d4x^HQuT̂uHQ&

5
1

2mHQ

^HQuĜuHQ&, ~4!

where

T̂5T$ iLeff~x!,Leff~0!%,

andLeff is the relevant effective Lagrangian which is respo
sible for the decay. For the concerned final stateX with des-
ignated quark-antiquark combination and up to order 1/mQ

3 ,
we have
01400
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G~HQ→X!5
GF

2mQ
2

192p3
uV~CKM!u2

3H c3
X^HQuQ̄QuHQ&1c5

X ^HQuQ̄isGQuHQ&

mQ
2

1(
i

c6,i
X ^HQu~Q̄G iq!~ q̄G iQ!uHQ&

mQ
3

1O~1/mQ
4 !J . ~5!

Here only the heavy quark (b,c quark! decays are con-
cerned. For the spectator components of the heavy me
decays, the other flavor in the meson remains as a spect
Of theBc-meson decays there are two possibilities:b̄ decays
with the c quark as a spectator, andc decays with the
b̄-quark as a spectator. Furthermore, in principle, in ea
spectator component there are two components: the sem
tonic one and the nonleptonic one as follows:

G~b→c!5 (
l 5e,m,t

Gb→cln1 (
q5u,d,s,c

Gb→cq̄q ~6!

for b decay and

G~c→s!5 (
l 5e,m

Gc→s l̄n1 (
q5u,d,s

Gc→sq̄q ~7!

for c decay. As for the concernedBc meson, as a double
heavy meson, its two componentsb̄ quark andc quark, each
plays the decay role and the spectator role once in turn
both of Eqs.~6!,~7! as the spectator components make co
tributions toBc decay.

The semileptonic and nonleptonic decay rates of theb
quark up to order 1/mb

2 have been evaluated by many autho
@2,10,22#. Since in our numerical computations later on, w
will use their formulas, we quote the relevant useful form
las in Appendix A. Forc→s, the formulation is similar
~even simpler!, we include the relevant useful formulas
the Appendix also.

B. The nonspectator components inD and B meson decays

The nonspectator contributions are crucially important
theD inclusive decays. For instance, the PI contribution m
explain the data whytD6;2tD0, buttB6;tB0. The penguin
contributions inD(Ds) andB(Bs) decays may be negligible
as aforementioned, but the bound state effects emerge
determine the nonfactorization effects well still is an op
problem.

With straightforward calculations, the precise operat
for the nonspectator contributions may be obtained.~a! For
the D(Ds) decays,
3-3
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GWA~D0!52G0hnspec

mD
2

mc
2 ~ uVcsu2uVudu21uVcdu2uVusu2!~12x1!2H S c1

2

N
12c1c21Nc2

2D F S 11
x1

2 DB12~112x1!B2G
12c1

2F S 11
x1

2 D e12~112x1!e2G J 2G0hnspec

mD
2

mc
2

uVcsu2uVusu2A124x1H S c1
2

N
12c1c21Nc2

2D
3@~12x1!B12~112x1!B2#12c1

2@~12x1!e12~112x1!e2#J ,

GPI~D1!5G0hnspec

p2
2

mc
2

uVudu2~ uVcsu2~12x2!21uVcdu2!•@~c1
21c2

2!~B116e1!16c1c2B1#,

GWA~Ds
1!52G0hnspec

mDs

2

mc
2

uVcsu2uVudu2H S c2
2

N
12c1c21Nc1

2D ~B12B2!12c2
2~e12e2!J

2G0hnspec

mDs

2

mc
2

uVcsu2uVusu2~12x1!2H Fc2
2

N
12c1c21Nc2

2GF S 11
x1

2 DB12~112x1!B2G
12c2

2F S 11
x1

2 D e12~112x1!e2G J ,

GPI~Ds
1!5G0hnspec

p2
2

mc
2

uVusu2~ uVcsu2~12x2!21uVcdu2!@~c1
21c2

2!~B116e1!16c1c2B1#,

G~Ds
1→tnt!5

GF
2mt

2f Ds

2 mDs

8p
uVcsu2S 12

mt
2

mDs

2 D 2

, ~8!
f

where

G05
GF

2mc
5

192p3
, hnspec516p2

f Dq

2 mDq

mc
3

,

x15
m̄s

2

p1
2

, p15pc1pq̄ ,

x25
m̄s

2

p2
2

, p25pc2pq̄ . ~9!

In the equations, the hadronic parameters are defined as
lows:

gmn

2mDq

^DquOmn
q uDq&[

f Dq

2 mDq

8
B1 ,
01400
ol-

gmn

2mDq

^DquTmn
q uDq&[

f Dq

2 mDq

8
e1 ,

pmpn

2mDq

3 ^DquOmn
q uDq&[

f Dq

2 mDq

8
B2 ,

pmpn

2mDq

3 ^DquTmn
q uDq&[

f Dq

2 mDq

8
e2 , ~10!

where

Omn
q 5 c̄gmLqq̄gnLc,

Tmn
q 5 c̄gmTaLqq̄gnTaLc, ~11!

with Ta5la/2 andla being the Gell-Mann matrices.~b! For
the B andBs decays,
3-4
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GWA~Bd
0!52G0hnspecuVudu2~12z1!2H S c1

2

N
12c1c21Nc2

2D F S 11
z1

2 DB12~112z1!B2G
12c1

2F S 11
z1

2 D e12~112z1!e2G J 2G0hnspecuVcdu2A124z1H S c1
2

N
12c1c21Nc2

2D
3@~12z1!B12~112z1!B2#12c1

2@~12z1!e12~112z1!e2#J ,

GPI~B2!5G0hnspec

p2
2

mB
2 ~12z2!2@~c1

21c2
2!~B116e1!16c1c2B1#,

GWA~Bs
0!52G0hnspecuVusu2~12z1!2H S c1

2

N
12c1c21Nc2

2D F S 11
z1

2 DB12~112z1!B2G
12c1

2F S 11
z1

2 D e12~112z1!e2G J 2G0hnspecuVcsu2A124z1H S c1
2

N
12c1c21Nc2

2D
3@~12z1!B12~112z1!B2#12c1

2@~12z1!e12~112z1!e2#J . ~12!
rs

the

ent

ely
where

G05
GF

2mb
5

192p3
uVcbu2, hnspec516p2

f Bq

2 mBq

3

mb
5

,

z15
m̄c

mBq

2
, z25

m̄c
2

p2
2

5
m̄c

2

~pb2pū!2
. ~13!

Similar to the D meson, the hadronic paramete
B1 ,B2 ,e1, ande2 are defined

gmn

2mBq

^BquOmn
q uBq&[

f Bq

2 mBq

8
B1 ,

gmn

2mBq

^BquTmn
q uBq&[

f Bq

2 mBq

8
e1 ,

pmpn

2mBq

3 ^BquOmn
q uBq&[

f Bq

2 mBq

8
B2 ,

pmpn

2mBq

3 ^BquTmn
q uBq&[

f Bq

2 mBq

8
e2 , ~14!

where

Omn
q 5b̄gmLqq̄gnLb,

Tmn
q 5b̄gmTaLqq̄gnTaLb. ~15!
01400
C. The nonspectator components inBc decays

As pointed out above, the spectator contributions to
Bc lifetime should be a sum of those fromb̄ andc individual
decays

Gspectator5Gb
spectator1G c̄

spectator, ~16!

whereGb
spectatorandG c̄

spectatorare the same as they are inB and
D decays, respectively, and given in Eqs.~6!,~7!. Now let us
deal with the nonspectator contributions which are differ
from those inB andD decays.

To estimate the nonspectator components in theBc de-
cays, let us write the relevant effective Lagrangian precis
here:

Leff
DC51~m5mc!52

4GF

A2
VcsVud* $c1~m!~ s̄gmLc!~ ūgmLd!

1c2~m!~ ūgmLc!~ s̄gmLd!%1H.c., ~17!

and

Leff
DB51~m5mb!52

4GF

A2
H VcbFVud* „c1~m!O1

u1c2~m!O2
u
…

1Vcs* ~c1~m!O1
c1c2~m!O2

c!

1 (
l 5e,t,m

l̄ gmLn c̄gnLb

1Vcs* (
i 53

6

ciOi G J 1H.c., ~18!
3-5
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where the operators are

O1
c5 s̄gmLcc̄gmLb,

O1
u5d̄gmLuc̄gmLb,

O2
c5 s̄igmLcj c̄jg

mLbi ,

O2
u5d̄igmLuj c̄jg

mLbi ,

O35 s̄gmLbc̄gmLc,

O45 s̄igmLbj c̄jg
mLci ,

O55 s̄gmLbc̄gmRc,
01400
O65 s̄igmLbj c̄jg
mRci , ~19!

andci( i 51,2, . . . ),denoting the Wilson coefficients, due t
QCD corrections, will take the same values as those in R
@4#. Here we consider the nonspectator components inBc
decays by two steps. The first step is to compute the rele
operators up to the orderO(1/mQ

4 ) and then to evaluate th
contributions precisely.

1. Pauli interference (PI) operators

The Pauli interference~PI! operatorsĜ tree
PI and Ĝpenguin

PI

which correspond to the nonleptonic decay induced by
tree part and penguin, respectively, are given by
ed

o so
Ĝ tree
PI 5

2GF
2

p
uVcbu2uVcsu2~12z2!2p2

2
•$2c1c2•b̄igmLci c̄jgmLbj1~c1

21c2
2!3b̄igmLcj c̄jgmLbi%,

Ĝpenguin
PI 5

2GF
2

p
uVcbu2uVcsu2~12z2!2p2

2
•$~2c1c312c2c412c3c4!•b̄igmLci c̄jgmLbj

1~c3
21c4

212c1c412c2c3!•b̄igmLcj c̄jgmLbi%1
GF

2

3p
uVcbu2uVcsu2~12z2!2

•$~12z2!p2
2 gmn12~112z2!p2

m p2
n %

3$2c5c6•b̄igmLbj c̄jgnRci1~c5
21c6

2!•b̄igmLbi c̄jgnRcj%2
GF

2

p
uVcbu2uVcsu2~12z2!2m̄cp

a

3$@c2c61c3c61c1c51c4c5#@ b̄igmLci c̄jgagmLbj1b̄igmgaRci c̄jgmLbj #1@c2c51c3c51c1c61c4c6#

3@ b̄igmLcj c̄jgagmLbi1b̄igmgaRcj c̄jgmLbi #%, ~20!

where

z25
m̄c

2

p2
2

, p25pb2pc̄ . ~21!

2. Weak annihilation (WA) operators

The weak annihilation operators areĜ tree
WA , Ĝpenguin

WA , andĜWA(Bc→tnt) which correspond to the nonleptonic decay induc
by the tree part, penguin, and the pure leptonic~PL! decay, respectively.2

Ĝ tree
WA52

2GF
2

3p
uVcbu2uVcsu2~12z1!2

•H S 11
z1

2 D p1
2 gmn2~112z1!p1

m p1
n J

3$~Nc1
212c1c2!•b̄igmLci c̄jgnLbj1c2

2
•b̄igmLcj c̄jgnLbi%, ~22!

2Because of helicity suppression, the decaysBc→ l (e,m)1n are neglectable for the lowest order estimate of the lifetime; thus we d
here.
3-6
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Ĝpenguin
WA 52

2GF
2

3p
uVcbu2uVcsu2~12z1!2H S 11

z1

2 D p1
2 gmn2~112z1!p1

m p1
n J

3$~Nc4
212Nc1c412c3c412c1c312c2c4!•b̄igmLci c̄jgnLbj1~c3

212c2c3!•b̄igmLcj c̄jgnLbi%

1
4GF

2

p
uVcbu2uVcsu2~12z1!2p1

2 @~Nc6
212c5c6!•b̄iRci c̄jLbj1c5

2
•b̄iRcj c̄jLbi #

1
2GF

2

p
uVcbu2uVcsu2~12z1!2m̄cp1

m $@Nc6~c11c4!1c5~c11c4!1c6~c21c3!#•@ b̄iRci c̄jgmLbj

1b̄igmLci c̄jLbj #1~c2c51c3c5!•@ b̄iRcj c̄jgmLbi1b̄igmLcj c̄jLbi #%, ~23!

ĜWA~Bc→tnt!52
2GF

2

3p
uVcbu2~12zt!

2H S 11
zt

2 D p1
2 gmn2~112zt!p1

m p1
n J ~24!

3b̄igmLci c̄jgnLbj ,
a

e

e
o
th
. L
.

s

en
where the parametersp1 , z1 , andzt are defined by

p15pb1pc ,

z15
m̄c

2

p1
2

5
m̄c

2

MBc

2
,

zt5
mt

2

p1
2

5
mt

2

MBc

2
. ~25!

3. The contributions from the nonspectator WA and PI to the
lifetime for Bc meson

Substituting all the above operatorsĜWA, ĜPI into the
relevant matrix element and taking imaginary part, we m
estimate the nonspectator contributions to the lifetime ofBc
meson:

G5
1

2MBc

^BcuĜuBc&, ~26!

whereĜ denotes the relevant operators for PI and WA giv
in the above subsections.

According to Eq.~26!, when evaluating the lifetime som
hadronic matrix elements appear and their values need t
determined, whereas, having nonpertubative nature,
cannot be determined by well-established theories as yet
us discuss phenomenological determination of them here

First of all, the parameters, such asB1 ,B2 ,B̃1 ,B̃2 ,e1 ,
e2 ,ẽ1, and ẽ2, appear in the corresponding estimates forB
andD decays too. Precisely forBc decays,3 they are

3In fact, throughout the paper for convenience we u

B1 ,B2 ,B̃1 . . . , only for definitions in cases ofD, B, and Bc me-
sons. Thus in principle, for different mesons they take differ
values.
01400
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1

2MBc

^BcuOV2A
c uBc&[

f Bc

2 MBc

8
B1 ,

1

2MBc

^BcuOS2P
c uBc&[

f Bc

2 MBc

8
B2 ,

1

2MBc

^BcuTV2A
c uBc&[

f Bc

2 MBc

8
e1 ,

1

2MBc

^BcuTS2P
c uBc&[

f Bc

2 MBc

8
e2 ,

1

2MBc

^BcuÕV2A
c uBc&[

f Bc

2 MBc

8
B̃1 ,

1

2MBc

^BcuÕS2P
c uBc&[

f Bc

2 MBc

8
B̃2 ,

1

2MBc

^BcuT̃V2A
c uBc&[

f Bc

2 MBc

8
ẽ1 ,

1

2MBc

^BcuT̃S2P
c uBc&[

f Bc

2 MBc

8
ẽ2 ,

where the relevant four-quark operators are

e

t
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OV2A
c 5b̄gmLcc̄gmLb,

OS2P
c 5b̄Lcc̄Rb,

TV2A
c 5b̄gmLTacc̄gmLTab,

TS2P
c 5b̄LTacc̄RTab,

ÕV2A
c 5b̄gmRcc̄gmRb,

ÕS2P
c 5b̄Rcc̄Lb,

T̃V2A
c 5b̄gmRTacc̄gmRTab,

T̃S2P
c 5b̄RTacc̄LTab. ~27!

There are eight extra matrix elements corresponding
the new operators in theBc case. The ‘‘new’’ matrix ele-
ments relate to the above parameters or new o
(e3 ,e4 ,e5 ,e6) as follows:

1

2MBc

^Bcub̄Lcc̄LbuBc&[
2 f Bc

2 MBc

8
B2 ,

1

2MBc

^Bcub̄Rcc̄RbuBc&[
2 f Bc

2 MBc

8
B2 ,
01400
to
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1

2MBc

^Bcub̄gmLcc̄gmRbuBc&[
2 f Bc

2 MBc

8
B1 ,

1

2MBc

^Bcub̄gmRcc̄gmLbuBc&[
2 f Bc

2 MBc

8
B1 ,

1

2MBc

^Bcub̄LTacc̄LTabuBc&[
2 f Bc

2 MBc

8
e3 ,

1

2MBc

^Bcub̄RTacc̄RTabuBc&[
2 f Bc

2 MBc

8
e4 ,

1

2MBc

^Bcub̄gmLTacc̄gmRTabuBc&[
2 f Bc

2 MBc

8
e5 ,

1

2MBc

^Bcub̄gmRTacc̄gmLTabuBc&[
2 f Bc

2 MBc

8
e6 .

~28!

For the nonspectator component PI, we have
Gtree
PI 5

GF
2

4p
f Bc

2 MBc
uVcbu2uVcsu2~12z2!2p2

2
•H F2c1c21

1

N
~c1

21c2
2!GB112~c1

21c2
2!e1J , ~29!

Gpenguin
PI 5

GF
2

4p
f Bc

2 MBc
uVcbu2uVcsu2~12z2!2p2

2 H F2c2c412c1c312c3c41
1

N
~c3

21c4
212c2c312c1c4!GB1

12~c3
21c4

212c2c312c1c4!e1J 2
GF

2

4p
f Bc

2 MBc
uVcbu2uVcsu2~12z2!2H F2c5c61

1

N
~c5

21c6
2!G

3F21z2

3
p2

2 B̃22
112z2

6
~mb

2B̃11mc
2B124mbmcB212mbmcB1!G

12~c5
21c6

2!F21z2

3
p2

2 ẽ22
112z2

6
~mb

2ẽ11mc
2e122mbmc~e31e4!1mbmc~e51e6!!G J

2
GF

2

8p
f Bc

2 MBc
uVcbu2uVcsu2~12z2!2m̄cH Fc1c51c2c61c3c61c4c51

1

N
~c1c61c2c51c4c6

1c3c5!G@2mcB11mb~24B212B1!#

12~c1c61c2c51c4c61c3c5!2mce122mb~e31e4!1mb~e51e6!] J , ~30!

and for WA, we have
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Gtree
WA52

GF
2

12p
uVcbu2uVcsu2f Bc

2 MBc
~12z1!2H FNc1

212c1c21
c2

2

N G
3F S 11

z1

2 D MBc

2 B12~112z1!~mb
2B21mc

2B̃212mbmcB2!G
12c2

2F S 11
z1

2 D MBc

2 e12~112z1!~mb
2e21mc

2ẽ21mbmc~e31e4!!G J , ~31!

GWA~Bc→tn!52
GF

2

12p
uVcbu2uVcsu2f Bc

2 MBc
~12z1!2H S 11

zt

2 D MBc

2 B12~112zt!~mb
2B21mc

2B̃212mbmcB2!J ,

~32!

Gpenguin
WA 52

GF
2

12p
uVcbu2uVcsu2f Bc

2 MBc
~12z1!2H F S 2c21c3

N
12c11c4D ~c31Nc4!G

3F S 11
z1

2 D MBc

2 B12~112z1!~mb
2B21mc

2B̃212mbmcB2!G
12~2c21c3!c3F S 11

z1

2 D p1
2 e12~112z1!~mb

2e21mc
2ẽ21mbmc~e31e4!!G J

1
GF

2

2p
uVcbu2uVcsu2f Bc

2 MBc

3 ~12z1!2H Fc5
2

N
12c5c61Nc6

2G B̃212c5
2ẽ2J

2
GF

2

4p
uVcbu2uVcsu2f Bc

2 MBc
m̄c~12z1!2H F S c21c3

N
1c11c4D ~c51Nc6!G

3@2mbB212mcB̃2#12~c21c3!c5@mb~e31e4!12mbẽ2#J . ~33!
u
a
ac
u

f t
t

b
ak
th

th
r
ti
as

-
e
d

a
m

be
e-

ing
so
we

ed
nu-

vy
by

d’’
alu-
the
ns

tion
ters
D. The effective mass of the decaying heavy quark

The masses of the acting heavy quarks in the decays m
be treated carefully although the bound-state effects m
the problem complicated and obscure. It is commonly
cepted that if the charm quark appears as a decay prod
the mass should be its running one at the energy scale o
decaying quark or the meson, whereas, if it appears as
‘‘parent~s!’’ of the decay, the quark~antiquark! is not
‘‘free,’’ but in a bound state; thus the pole mass should
taken and the bound-state effects on the mass must be t
into account too. Especially in the spectator mechanism
decay possibility of the heavy quark is very sensitive to
value of its ‘‘adopted’’ mass; hence what value of the qua
mass adopted in the estimate must be paid special atten
Narison@16# used the QCD sum rules to estimate the m
difference Mb(c)

NR 2Mb(c)
PT2 where MPT2 is the short-distance

perturbative pole mass andMNR is the long-distance QCD
related effective mass up to two-loops. The authors of R
@17# attributed such effects into a factor which is multiplie
to the decay width of the ‘‘free’’ quark.

Here instead of deriving the modification factor with
relatively large uncertainty, we treat the problem pheno
enologically, i.e., by introducing a parametrization

MQ
eff5MQ

pole2D, ~34!
01400
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ct,
he
he
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where D manifests the bound-state effects, and it will
fixed phenomenologically. Note here that for each heavy m
son there are three quantities: lifetime~total width!, inclusive
semileptonic branching ratio, and pure leptonic branch
ratio which may be used for phenomenological analysis,
the estimates here are still well determined even when
introduce the parameterD here.

In the next section, we will discussD and other related
parameters more precisely. With all the formulas deriv
above and the hadronic matrix elements, we can make
merical evaluation of the lifetime ofBc straightforwardly.

III. NUMERICAL RESULTS

Since we carry out the estimate of the lifetime ofBc with
a ‘‘global’’ comparison to all of the heavy and double hea
mesons, so the determination of all of the parameters
fitting the existence experimental data is ‘‘over-determine
for our goal and has certain level tests. Therefore we ev
ate the lifetimes, the semileptonic branching ratios and
pure leptonic branching ratios for all the meso
D6,D0,Ds ,B6,B0,Bs , and Bc in this section in turn and
present the numerical results in this section.

Generally speaking, we need to make some assump
and conjecture to decrease the number of the parame
3-9
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which need to be determined and we may assume that

B̃1(2)5B1(2) , ẽ1(2)5e1(2) , ~35!

with symmetry consideration. As for the parameterse3,4 and
e5,6, we try to make the conjecture thate3,4.e2 and e5,6
.e1 instead of precise computation.4

In the earlier literature, usuallyB1'B2;1, e1;20.15
~from the lattice calculations! and e250 are taken. In our
numerical computations and trials to fit the data of the li
times of the heavy mesonsD6,D0,Ds ,B6,B0 and Bs and
their semileptonic decay branching ratios as well, we fi
that to adjust the values of the parameters and the
masses ofb and c quarks, indeed when the parametere2
Þ0, etc., is taken, a better fit is obtained. Now let us pres
the fitting and determination of the parameters for the he
mesons in detail.

A. For the heavy mesonsD and B

To evaluate the lifetimes ofD0,D6,Ds ,B0,B6,Bs me-
sons and their branching ratios of the semileptonic dec
we use the formulas given in Secs. II A, II B, and the Appe
dix. The values of the parameter set with the assumption
conjecture as indicated above are taken as follows:uVcsu
50.974, uVudu50.975, as(mc)50.29, c1(mc)51.30,
c2(mc)520.57 @8#, B15B251, e1.20.05, e250 @8#,
the decay constants of D mesonsf D5160 MeV, f Ds

5190
MeV. In the evaluation of the Pauli interference contributi
to D decay width, we take thep2

2 5(pc2pq̄)2 value as 0.5
MD

2 as done in Ref.@24#. We takemb
pole55.02 GeV,mc

pole

51.88 GeV@26,27#. By Eq. ~1!, we have the running mas
of the charm quark at various energy scales as

m̄c~mc!51.67 GeV, m̄c~mb!51.41 GeV,

m̄c~mBc
!51.37 GeV.

To fit the data as done in Ref.@8#, the quark masses a
ms5125 MeV, mc

eff51.65 GeV are desired, respectivel
Then the lifetimes for theD mesons are obtained:t(D0)
50.419 ps,t(D2)51.06 ps, t(Ds

2)50.446 ps, and the
branching ratio for the semileptonic decay ofD0 meson

4We make the assumption Eq.~35! and some conjectures her
only to decrease the number of the parameters which need t
determined, so as to carry on the phenomenological study fur
Certainly, they should be tested. Our approach here is to m
certain assumption and conjectures first and then to explore
consequences, to make comparison with experimental data, a
see if the assumption and conjectures are reasonable or not so
guide us in further study. Moreover, we know that in general
vacuum saturation for the matrix elements of a product of two c
rent picks up substantial contribution, so we think our conjectu
and assumption should be not too wild. Certainly they are subs
tial sources of theoretical uncertainties for the present estim
Since the uncertainties are of nonperturbative nature and to esti
them is not easy, we leave them for elsewhere@23#.
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BSL(D
0)56.9%. Comparing to the experimental dat

t(D0)50.41560.04 ps; t(D6)51.05760.015 ps; t(Ds)
50.46760.017 ps andBSL(D

0)56.7560.29%, one can see
the fit is quite good.

In the estimate ofB-meson lifetimes, the values of th
parameters are adopted as follows:uVcbu50.04, as(mb)
50.20, c1(mb)51.150, c2(mb)520.313 @4#, a51.06, b
51.32 @28#, B15B251, e1520.14, e2520.08 @29#, the
b-quark pole massmb

pole55.02 GeV andmb
eff54.89;4.91

GeV. The decay constantsf B5200 MeV andf Bs
5220 MeV.

We think that the mass of the charm quark, being differ
from theD-meson decays in the initial state but now in t
final state, should take the value of its running one inste
namely, the running value at the energy scalemb , i.e.,
m̄c(mb) should be taken here. To correspond to the p
mass value as taken above in estimatingD-meson decays
the precise value ofm̄c(mb)51.41 GeV is obtained. Further
more, when calculating the PI contribution toB2 width, we
take the value ofp2

2 5(pb2pū)2 approximately to be 0.8
MB

2 as done in Ref.@24#.
With the chosen parameters the results as follows are

tained:

t~B0!51.54 ps, t~B2!51.74 ps, t~Bs
2!51.56 ps,

Bsl~B0!511.2%, if mb
eff54.89 GeV,

t~B0!51.52 ps, t~B2!51.71 ps, t~Bs
2!51.54 ps,

Bsl~B0!511.2%, if mb
eff54.90 GeV,

t~B0!51.50 ps, t~B2!51.68 ps, t~Bs
2!51.51 ps,

Bsl~B0!511.2%, if mb
eff54.91 GeV,

whereBsl indicates the branching ratio of the semilepton
decay. Comparing the results with the experimental d
t(B0)51.5660.04 ps,t(B6)51.6560.04 ps,t(Bs)51.54
60.07 ps andBSL(B

0)510.560.008% we can see the fit i
quite good. Note that with the definition ofD, we have taken
Dc[mc

pole2mc
eff50.23 GeV and Db[mb

pole2mb
eff50.11

;0.13 GeV, which is understandable.
Let us start the next step that with all the parameters

obtained above, i.e., in the sense obtained by fitting the l
times of B0,B6,Bs ,D0,D6,Ds and the branching ratios o
the semileptonic decays ofB andD mesons, we proceed t
evaluate the lifetime ofBc meson and its semileptonic deca
rate.

B. For the double heavy mesonBc

The spectator component contribution to theBc width is a
sum of the decays of theb̄ andc quark while the other one is
left as a spectator in the mesonBc . When evaluating this
contribution,mb andmc take their effective values. The en
ergy scale formb

pole(Bc) is MB;mb(mb) whereas that for
mc

pole(Bc) should beMD;mc(mc). We adopt the effective

masses forb and c̄ as the values gained inB andD decays.
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TABLE I. The results for theBc meson.

f Bc
tBc

Gpen Gb→c Gc→s GWA GPI G(tn) BSL

440 MeV 0.362~ps! 3.4% 22.8% 70.9% 13.4% 27.1% 0.078 ps21 8.7%
500 MeV 0.357~ps! 4.3% 22.4% 69.7% 16.9% 29.0% 0.100 ps21 8.4%
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For the nonspectator contributions, i.e., the WA and
pieces, the charm-quark mass in the final state should
taken its running one at the corresponding energy scaleMBc

.

Now let us take the relevant parameters forBc as follows:
MBc

56.25 GeV,MBc
* 56.33 GeV,5 B1;B2;1 are assumed

and as conjecture we takee1520.14 ande2520.08. For
the decay constant, we adopt Eichten and Quigg’sf Bc

5500

MeV @20# based on potential model and the latticef Bc

5440 MeV@21#, respectively. Furthermore in the calculatio
of the PI contribution, the quantityp2

2 5(pb2pc̄)
2.2mb

2

12mc
22MBc

2 is taken approximately. With these paramete

we obtain the numerical results and tabulate them in Tab
In the tabletBc

denotes the total lifetime ofBc , Gpen

denotes the contribution from the interference between
penguin and ‘‘tree’’ terms,G(tn) is the width of the pure
leptonic decay (t channel only but almost equal to the tota!,
andBSL is the branching ratio of the semileptonic decay
the mesonBc . From the table one may see that the estima
lifetime of Bc is around 0.36 ps, which is shorter than t
center value measured by CDF@1#.

Since both the ‘‘parent’’b̄ and c quarks reside in the
bound state,Bc meson, as in the cases of the heavy mes
D and B, etc., if the bound-state effects are involved, t
problem how to determine the value of the massesmb and
mc emerges. We may fix the parameters by fitting data of
heavy mesonsD and B, i.e., those presented in Table I, s
now the problem becomes whether the values obtained f
D and B mesons can be applied to the case ofBc directly.
More precisely, let us discuss the bound-state effects on
effective masses ofb̄ andc in the Bc meson further.

BecauseBc includes two heavy quarks, i.e., it is a doub
heavy meson; the bound-state effects might be greater
those in the heavy mesonsB,D. We suspect that the value
mc

eff and mb
eff might be a little smaller thanmc

eff51.65 GeV
and mb

eff54.9 GeV those obtained fromB and D decays.
Phenomenologically, if inBc meson,mc

eff(Bc)51.55 GeV,
mb

eff(Bc)54.85 GeV are taken, we will obtaint(Bc)'0.47
ps, which occasionally is closer to the center value of
lifetime measured recently@1#. In this case,Dc50.33 GeV
andDb50.17 GeV. This result may be understood: since
rates of directb̄ and c decays dominate the lifetime ofBc

meson, and are proportional to (MQ
eff)5, the results are so

sensitive to the effective masses.

5Here considering the consistency among the parameters, w
not take the experimental central valueMBc

56.4 GeV, but the ones
obtained by potential model.
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IV. CONCLUSION AND DISCUSSIONS

In this work we try to estimate the lifetime ofBc in a
more consistent way for all of the heavy and double hea
mesons. Our approach is that we adopt the ‘‘unique’’ the
retical framework under which the nonspectator effects
taken into account properly for all of the heavy flavor incl
sive decays. The parameters appearing in the estimate oBc
meson are determined phenomenologically, i.e., by fitting
existing data of the heavy mesonsB0,B6,Bs , D0, D6,Ds
correspondingly and by assumption and conjectures. Furt
more, the effective mass for a heavy quark inside a he
meson or the mesonBc is treated carefully in two ways: pole
and running masses are taken according to the different r
in the decays; in various binding systems the available ef
tive decay masses may vary. The uncertainties in the e
mate are discussed roughly.

In the estimation of the lifetime and inclusive semile
tonic decay for the mesonBc , not all of the parameters
especially those relating to the matrix elements for two c
rents, can be fixed by fitting the available data of the hea
mesons B0,B6,Bs ,D0,D6,Ds ; nevertheless in order to
carry out the estimate we also make some reasonable
sumptions or conjectures. Certainly these assumptions
conjectures should be computed by suitable approaches
tested experimentally. We leave the task and discuss t
more carefully elsewhere@23#, but here only argue them a
below instead.

In fact, in terms of the lattice gauge simulation, the QC
sum rule method and other approaches, these parameter
be computed in practice or in principle. As for the para
etersB1 andB2, i.e., the factors in the hadronic matrix ele
ments, for instance, their values manifest the deviation fr
the vacuum saturation, so they should not be very gr
Some other parameters, such ase1 ande2, seen to relate to
the nonfactorization effects@33#, may be calculated forD
mesons andB mesons, respectively, in terms of the QC
sum rules@8,28,29#. It is known that the numerical value
obtained by the QCD sum rules may have errors about 1
15 %, but they still can be used in phenomenological cal
lations and do not cause a very large uncertainty. Thus in
work we take the values fromD mesons andB mesons as
references for theBc meson that in fact is a conjecture. Th
consistency of our numerical results forB and D mesons
give us certain confidence of the conjecture for the para
eters, i.e., the validity of the parameter regions. Furtherm
having carefully considered the quark masses and taken
account the bound-state effects, one may learn how cruci
the value of the effective mass for the acting quark in
decays.

The earlier estimates on the lifetimes ofB andD mesons
and the semileptonic decay rates obviously deviate from

do
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data. Luke, Savage, and Wise@5# pointed out that in the

decayc→Xēne , the contribution ofas
2 order is of the same

magnitude as that ofO(as) and this higher order correctio
suppresses the semileptonic decay rate of theD meson. Bear-
ing this fact in mind, we compare our numerical results
the lifetimes ofD mesons and their semileptonic decay rat
and find that they may be satisfactorily consistent with da
Whereas, forB-meson decays, theas

2 order correction, as
well as theO(as) correction, are smaller. Whereas wi
these corrections concerned, the results forB mesons are also
consistent with data within the experiment tolerance regi
All these imply that the parameters taken as the above
reasonable.

When evaluating theBc lifetime and its inclusive semi-
leptonic decay rates, some new aspects must be taken
account. First there are several new operators in the effec
Lagrangian playing roles. Their appearance is due to n
negligible charm massmc , whereas inB and D cases, the
light quark massmq may be ignored with quite high accu
racy. Correspondingly, several new hadronic matrix e
ments are induced by these operators. Some of them are
proportional toB1 andB2, which appear in the expression
for B andD meson decays, as long as the factorization th
rem and the vacuum saturation approximately work w
enough. In order to consider the nonfactorization contri
tions, new parameters appear ande3;e6 is assumed,
whereas in this work, we have taken a naive symmetry c
sideration and lete3,4.e2 ande5,6.e1, although it needs to
be tested further.

As pointed out in the Introduction, in the case of the m
sonBc , the interference between the penguin and tree te
is not negligible. Namely, the penguin contribution toBc
lifetime is much more important than that toB andD decays.
Our results confirm this allegation and we have found
contribution from the interference can be as large as 3–
of the total width. Since direct measurements of peng
diagram contributions through specific decays are inter
ing, this sizable value certainly encourages future exp
mental studies.

The lifetime of theBc meson is estimated to be aroun
0.36 ps if f Bc

;440–500 MeV and the values of the param
eters taken as discussed above, which is smaller than
central value of the measurement:tBc

50.4620.16
10.18(stat)

60.063(syst) ps@1#. In our present estimation, we use th
values ofMBc

and MBc
* as 6.25 and 6.33 GeV@2#, whereas

the measurement isMBc
;6.4060.39(stat)60.13(syst)

GeV. When the bound-state effects on the masses ofb̄ andc
quarks are reasonably taken into account, we can havetBc

;0.47 ps, which is very close to the present experime
center value for theBc-meson lifetime. As noted, the chang
of f Bc

itself does not influence the result much, e.g., asf Bc

changes from 440 MeV to 500 MeV,tBc
varies 1% only.

Considering the fact that our earlier estimation wastBc

50.4 ps @9# and the estimation in terms of the light-fron
constituent quark model wastBc

50.5960.06 ps@34#, which
is larger than the measured value, and the uncertaint
01400
r
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masses of the decay quarks alone would result in an e
mated change about 4%, the deviation between the value
theoretical estimates and the center value of the measure
in the Bc lifetime is not a serious problem, but leaves roo
for further studies.

The more accurate experimental measurements may
new light on the approach, assumption and conjectu
adopted here, especially, the consistent consideration of
effective heavy flavor theory, the parameters and the dua
between quark states and hadronic states:

(
i , j

uqi ,gj&^qi ,gj u5(
k

uhk&^hku.

Therefore more precise theoretical studies are needed.
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APPENDIX

The semileptonic and nonleptonic decay rates ofb quark
through order 1/mQ

2 are given as@2,25#

GSL~Hb!5G0
(b)h~xc ,xl ,0!F I 0~xc,0,0!^Hbub̄buHb&

2
2^mG

2 &Hb

mb
2

I 1~xc,0,0!G ,

GNL~Hb!5G0
(b)NH S c1

21c2
21

2c1c2

N D F ~aI 0~xc,0,0!

1bI 0~xc ,xc,0!!^Hbub̄buHb&

2
2^mG

2 &Hb

mb
2 ~ I 1~xc,0,0!1I 1~xc ,xc,0!!G

28
^mG

2 &Hb

mb
2

2c1c2

N
@ I 2~xc,0,0!1I 2~xc ,xc,0!#J ,

~A1!

where

G0
(b)[

GF
2mb

5

192p3
uVcbu2; ~A2!

and the following notation has been used:I 0 , I 1, andI 2 are
phase-space factors, namely,

I 0~x,0,0!5~12x2!~128x1x2!212x2 logx,
3-12
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I 1~x,0,0!5
1

2 S 22x
d

dxD I 0~x,0,0!,

I 2~x,0,0!5~12x!3,

I 0~x,x,0!5v~1214x22x2212x3!124x2~12x2!log
11v
12v

,

I 1~x,x,0!5
1

2 S 22x
d

dxD I 0~x,x,0!,

I 2~x,x,0!5vS 11
x

2
13x2D23x~122x2!log

11v
12v

,

xc5~m̄c /mb!2, v5A124x, ~A3!

with I 0,1,2(x,x,0) describing theb→cc̄s transitions.
For h(xc ,xl ,0), which is the QCD radiative correction t

the semileptonic decay rate, the general analytic expres
is given in Ref.@30#. The special caseh(x,0,0) is given in
Ref. @31# and it can be approximated numerically by@25,32#

h~x,0,0!>12
2as

3p F S p22
31

4 D ~12Ax!21
3

2G . ~A4!

For the decayb→ctn, according to@7# we roughly have

G~b→ctn!;0.25G~b→cen!. ~A5!

The expressions are simpler forc→s:

GSL~Hc!5G0
(c)
•h~xs ,xl ,0!F I 0~xs,0,0!^Hcuc̄cuHc&

2
2^mG

2 &Hc

mc
2

I 1~xs,0,0!G , ~A6!

GNL~Hc!5G0
(c)
•NH S c1

21c2
21

2c1c2

N D FaI 0~xs,0,0!

3^Hcuc̄cuHc&2
2^mG

2 &Hc

mc
2

I 1~xs,0,0!G
28

^mG
2 &Hc

mc
2

2c1c2

N
•I 2~xs,0,0!J . ~A7!
,

01400
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where

G0
(c)[

GF
2mc

5

192p3
uVcsu2, xs5

m̄s
2

mc
2

, ~A8!

and for the correctionh(xs ,xl ,0) in the c-decay case, we
adopt a numerical expression from@5#. It reads

hSL5122.08S as~mc!

p D222.7S as~mc!

p D 2

. ~A9!

For the dimension-3 operatorQ̄Q, the expectation value
can be expressed as follows:

^HQuQ̄QuHQ&512
^~pQ!2&HQ

2mQ
2

1
^mG

2 &HQ

2mQ
2

1O~1/mQ
3 !;

~A10!

where^(pQ)2&[^HQuQ̄( iD )2QuHQ& denotes the average k
netic energy of the quarkQ moving inside the hadron an

^mG
2 &HQ

[^HQuQ̄( i /2)s•GQuHQ&.
Based on Refs.@2,10# the kinetic terms take the value

respectively as follows:

^~pb!2&B

mb
2

.0.016,
^~pc!

2&D

mc
2

.0.21;

^~pb!2&Bc

mb
2

.0.04,
^~pc!

2&Bc

mc
2

.0.4. ~A11!

For the chromomagnetic operator one finds^mG
2 &PQ

. 3
2 mQ(MVQ

2M PQ
), wherePQ andVQ denote the pseudo

scalar and vector mesons, respectively.
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