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Nonspectator effects andB meson lifetimes from a field-theoretic calculation
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The B meson lifetime ratios are calculated to the order of 1/mb
3 in heavy quark expansion. The predictions

of those ratios are dependent on four unknown hadronic parametersB1 , B2 , «1 , and«2 , whereB1 andB2

parametrize the matrix elements of color singlet-singlet four-quark operators and«1 and«2 the matrix elements
of color octet-octet operators. We derive the renormalization-group improved QCD sum rules for these pa-
rameters within the framework of heavy quark effective theory. The results areB1(mb)50.9660.04,
B2(mb)50.9560.02,«1(mb)520.1460.01, and«2(mb)520.0860.01 to zeroth order in 1/mb . The result-
ant B meson lifetime ratios aret(B2)/t(Bd)51.1160.02 andt(Bs)/t(Bd)'1 in SU~3! symmetry limit.
@S0556-2821~98!05223-0#

PACS number~s!: 13.25.Hw, 11.55.Hx, 12.38.Lg, 12.39.Hg
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I. INTRODUCTION

A QCD-based formulation for treatment of inclusiv
heavy hadron decays has been developed in past years@1–3#.
According to the optical theorem, the inclusive decay ra
are related to the imaginary part of certain forward scatter
amplitudes along the physical cut. Since the cut is domina
by physical intermediate hadron states such as resona
which are nonperturbative in nature,a priori the operator
product expansion~OPE! or heavy quark expansion cann
be carried out on the physical cut. Nevertheless, for inclus
semileptonic decays, OPE can be employed for so
smeared or averaged physical quantities. For example
integrating out the neutrino energy, one can apply the OP
the double differential cross sectiond2G/(dq2dEl) by de-
forming the contour of integration into the unphysical regi
far away from the physical cut@4#. Therefore, global quark
hadron duality, namely the matching between the hadro
and OPE-based expressions for decay widths and sme
spectra in semileptonicB or bottom baryon decays, follow
from the OPE and is justified except for a small portion
the contour near the physical cut which is of ord
LQCD/mQ . Unfortunately, there is no analogous variable
be integrated out in inclusive nonleptonic decays, allow
an analytic continuation into the complex plane. As a res
one has to invoke the assumption of local quark-hadron
ality in order to appply the OPE in the physical region@5#. It
is obvious that local duality is theoretically less firm a
secure than global duality. In order to test the validity
local quark-hadron duality, it is thus very important to hav
reliable estimate of the heavy hadron lifetimes within t
OPE framework and compare them with experiment.

In the heavy quark limit, all bottom hadrons have t
same lifetimes, a well-known result in the parton pictu
With the advent of heavy quark effective theory and the O
approach for the analysis of inclusive weak decays, it is
alized that the first nonperturbative correction to bottom h
ron lifetimes starts at order 1/mb

2 and it is model independen
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~for a review, see@6#!. However, the 1/mb
2 corrections are

small and essentially canceled out in the lifetime ratios. T
nonspectator effects such asW-exchange and Pauli interfer
ence due to four-quark interactions are of order 1/mQ

3 , but
their contributions can be potentially significant due to
phase-space enhancement by a factor of 16p2. As a result,
the lifetime differences of heavy hadrons come mainly fro
the above-mentioned nonspectator effects.

The world average values for the lifetime ratios of botto
hadrons are@7#

t~B2!

t~Bd
0!

51.0760.03,

t~Bs
0!

t~Bd
0!

50.9460.04, ~1.1!

t~Lb!

t~Bd
0!

50.7960.05.

Since the model-independent prediction oft(Lb)/t(Bd) to
order 1/mb

2 is very close to unity@see Eq.~2.7! below#, the
conflict between theory and experiment for this lifetime ra
is quite striking and has received a lot of attention@8–15#.
One possible reason for the discrepancy is that local qu
hadron duality may not work in the study of nonlepton
inclusive decay widths. Another possibility is that some ha
ronic matrix elements of four-quark operators are proba
larger than what naively expected so that the nonspect
effects of order 16p2/mb

3 may be large enough to explain th
observed lifetime difference between theLb andBd . There-
fore, as stressed by Neubert and Sachrajda@11#, one cannot
conclude that local duality truly fails before a reliable fiel
theoretical calculation of the four-quark matrix elements
obtained. Contrary to the 1/mb

2 corrections, the estimate o
the nonspectator effects is, unfortunately, quite model dep
dent.

Conventionally, the hadronic matrix elements of fou
quark operators are evaluated using the factorization
proximation for mesons and the quark model for baryo
However, as we shall see, nonfactorizable effects absen
©1998 The American Physical Society11-1
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the factorization hypothesis can affect theB meson lifetime
ratios significantly. In order to have a reliable estimate of
hadronic parametersB1 , B2 , «1 , and«2 in the meson sector
to be introduced below, we will apply the QCD sum rule
calculate these unknown parameters. After a brief review
the status of the OPE approach for theB hadron lifetime
ratios in Sec. II, we proceed to derive in Sec. III th
renormalization-group improved QCD sum rules for the p
rametersBi and « i and present a detailed analysis. Sect
IV gives discussions and conclusions.

II. A BRIEF OVERVIEW

Within the heavy quark expansion framework, we w
focus in this paper on the study of the four-quark mat
elements of theB meson to understand the problem withB
meson lifetime ratios. Before proceeding, let us briefly
view the content of the theory. Applying the optical theore
the inclusive decay width of the bottom hadronHb contain-
ing a b quark can be expressed in the form

G~Hb→X!5
1

mHb

Im E d4x^HbuT$ iLeff~x!,Leff~0!%uHb&,

~2.1!

where Leff is the relevant effective weak Lagrangian th
contributes to the particular final stateX. When the energy
release in ab quark decay is sufficiently large, it is possib
to express the nonlocal operator product in Eq.~2.1! as a
series of local operators in powers of 1/mb by using the OPE
technique. In the OPE series, the only locally gauge invar
operator with dimension four,b̄iD” b, can be reduced to
mbb̄b by using the equation of motion. Therefore, the fi
nonperturbative correction to the inclusiveB hadron decay
width starts at order 1/mb

2 .1 As a result, the inclusive deca
width of a hadronHb can be expressed as@1,2#

G~Hb→X!5
GF

2mb
5uVCKMu2

192p3

1

2mHb

H c3
X^Hbub̄buHb&

1c5
X
K HbUb̄1

2
gssmnGmnbUHbL

mb
2

1(
n

c6
X~n!

^HbuO6
~n!uHb&

mb
3

1O~1/mb
4!J , ~2.2!

where VCKM denotes some combination of the Cabibb
Kobayashi-Maskawa parameters andci

X reflect short-

1It is emphasized in@16# that the cancellation of the 1/mQ correc-
tions to the inclusive decay width occurs when it is expressed

terms of the running short-distance quark mass, e.g., the MSm̄ass,
rather than the pole quark mass.
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distance dynamics and phase-space corrections. The m
elements in Eq.~2.2! can be systematically expanded in pow
ers of 1/mb in heavy quark effective theory~HQET! @17#, in
which the b-quark field is represented by a four-velocit
dependent field denoted byhv

(b)(x).
In Eq. ~2.2! ci

X are functions ofc1 and c2 , the Wilson
coefficients in the effective Hamiltonian

H eff
DB515

GF

A2
@VcbVuq* „c1~m!O1

u~m!

1c2~m!O2
u~m!…1VcbVcq* „c1~m!O1

c~m!

1c2~m!O2
c~m!…1•••#1H.c., ~2.3!

whereq5d,s, and

O1
u5 c̄gm~12g5!bq̄gm~12g5!u,

O2
u5q̄gm~12g5!bc̄gm~12g5!u. ~2.4!

The scale and scheme dependence of the Wilson coeffic
c1,2(m) are canceled out by the corresponding dependenc
the matrix element of the four-quark operatorsO1,2. That is,
the four-quark operators in the effective theory have to
renormalized at the same scalem and evaluated using th
same renormalization scheme as that for the Wilson coe
cients. Schematically, we can writêHeff&5c(m)^O(m)&
5c(m)g(m)^O& tree5ceff^O& tree, where the effective Wilson
coefficientsci

eff are renormalization scale and scheme ind
pendent. Then the factorization approximation or the qu
model is applied to evaluate the hadronic matrix element
the operatorO at tree level. The explicit expression fo
g(m), the perturbative corrections to the four-quark ope
tors renormalized at the scalem, has been calculated in th
literature@18,19#. To the next-to-leading order~NLO! preci-
sion, we have@20#2

c1
eff51.149, c2

eff520.325. ~2.5!

Replacingci by ci
eff and usingmb5(4.8560.25) GeV,

(mc /mb)250.089, uVcbu50.039, GBu ,Bd
50.366 GeV2,

GBs
50.381 GeV2 @21#, GLb

50, KBu ,Bd
'KLb

'0.4

GeV2, KBs
51.023KBu ,Bd

@22# together with the nonlep-
tonic inclusive results to the next-to-leading order@23#, we
find numerically

in

2The effective Wilson coefficients given in Eq.~2.5! are derived
from ci(m) at m5mb to the NLO @12#. Nevertheless, it is not dif-
ficult to explicitly check the scale and scheme independence ofci

eff .
For example, the authors of@19# obtain c1

eff51.160 and c2
eff

520.334 atm52.5 GeV. Therefore,ci
eff are very insensitive to

the chosenm scale, as it should be. It is known that the Wilso
coefficient c2 at the NLO: c2520.185 in the naive dimension
regularization scheme andc2520.228 in the ’t Hooft–Veltman
scheme@18#, deviates substantially from the leading-order val
c220.308 atm5mb(mb). However, the resultantc2

eff is scheme
independent and its value is close to the leading-order one.
1-2
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GSL~B→en̄X!5~4.1820.99
11.20!310214 GeV,

GSL~Lb→en̄X!5~4.3221.01
11.24!310214 GeV,

G~B!5GNL~B!12.24GSL~B→en̄X!

5~3.6120.84
11.04!310213 GeV,

G~Lb!5GNL~Lb!12.24GSL~Lb→en̄X!

5~3.6520.85
11.04!310213 GeV. ~2.6!

It follows that the lifetime ratios of theHb hadrons are

t~B2!

t~Bd!
511O~1/mb

3!,

t~Bs!

t~Bd!
51.00051O~1/mb

3!, ~2.7!

t~Lb!

t~Bd!
50.991O~1/mb

3!.

Note thatt(Bs) here refers to the average lifetime of the tw
CP eigenstates of theBs meson. It is evident that the 1/mb

2

corrections are too small to explain the shorter lifetime of
Lb relative to that of theBd . To the order of 1/mb

3 , the
nonspectator effects due to Pauli interference andW-
exchange parametrized in terms of the hadronic parame
@11#: B1 , B2 , «1 , «2 , B̃, andr ~see below!, may contribute
significantly to lifetime ratios due to a phase-space enhan
ment by a factor of 16p2. The four-quark operators relevan
to inclusive nonleptonicB decays are

OV2A
q 5b̄LgmqLq̄LgmbL ,

OS2P
q 5b̄RqLq̄LbR ,

~2.8!
TV2A

q 5b̄LgmtaqLq̄LgmtabL ,

TS2P
q 5b̄RtaqLq̄LtabR ,

whereqR,L5@(16g5)/2#q and ta5la/2 with la being the
Gell-Mann matrices. For the matrix elements of these fo
quark operators betweenB hadron states, we follow@11# to
adopt the following definitions:

1

2mBq

^B̄quOV2A
q uB̄q&[

f Bq

2 mBq

8
B1 ,

1

2mBq

^B̄quOS2P
q uB̄q&[

f Bq

2 mBq

8
B2 ,

1

2mBq

^B̄quTV2A
q uB̄q&[

f Bq

2 mBq

8
«1 ,
01401
e

rs

e-

r-

1

2mBq

^B̄quTS2P
q uB̄q&[

f Bq

2 mBq

8
«2 ,

1

2mLb

^LbuOV2A
q uLb&[2

f Bq

2 mBq

48
r ,

1

2mLb

^LbuTV2A
q uLb&[2

1

2S B̃1
1

3D 1

2mLb

3^LbuOV2A
q uLb&, ~2.9!

where f Bq
is theBq meson decay constant defined by

^0uq̄gmg5buB̄q~p!&5 i f Bq
pm . ~2.10!

Under the factorization approximation,Bi51 and« i50, and
under the valence quark approximationB̃51 @11#.

To the order of 1/mb
3 , we find that theB-hadron lifetime

ratios are given by

t~B2!

t~Bd
0!

511S f B

185 MeVD
2

~0.043B1

10.0006B220.61«110.17«2!,

t~Bs
0!

t~Bd
0!

511S f B

185 MeVD
2

~21.731025B1

11.931025B220.0044«1

10.0050«2!,

t~Lb!

t~Bd
0!

50.991S f B

185 MeVD
2

@20.0006B1

10.0006B220.15«110.17«2

2~0.01410.019B̃!r #. ~2.11!

The above results are similar to that given in@11#. We see
that the coefficients of the color singlet-singlet operators
one to two orders of magnitude smaller than those of
color octet-octet operators. This implies that even a sm
deviation from the factorization approximation« i50 can
have a sizable impact on the lifetime ratios. It was argued
@11# that the unknown nonfactorizable contributions rende
impossible to make reliable estimates on the magnitude
the lifetime ratios and even the sign of corrections. That
the theoretical prediction fort(B2)/t(Bd) is not necessarily
larger than unity. In the next section we will apply the QC
sum rule method to estimate the aforementioned hadro
parameters, especially« i .

III. THE QCD SUM RULE CALCULATION

In this section we will employ the method of QCD su
rules within the framework of HQET. Since theb quark is
1-3
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treated as a static quark with an infinite quark mass in HQ
and since HQET is a low-energy effective theory, it is na
ral to regard the matrix elements of Eq.~2.9! as defined at the
scalemb and to evaluate the corresponding hadronic ma
elements in HQET at a scalem,mb . Indeed, it has been
argued that the estimate of hadronic matrix elements of fo
quark operators using the factorization hypothesis for m
sons and the quark model for baryons becomes more reli
if the operators are renormalized at a typical hadronic sc
@24#. In the sum rule approach, the correlation function~or
the so-called Green function!, within the QCD framework,
can be expanded as a series of operatorsOn(m) multiplied
by the Wilson coefficientsCn(22v/m,gs)/v

n, wherev is
an external momentum flowing in~or out! the correlation
function andm is the factorization scale that separates
long-distance partOn from the short-distance oneCn . The
quality of the convergence of the OPE series is controlled
the value of the external momentumv. The factorization
scalem cannot be chosen too small, otherwise the stro
coupling constantas would be so large that Wilson coeffi
cients cannot be perturbatively calculated. Four-quark op
tors are sometimes renormalized at a typical scalemh
'0.67 GeV, corresponding to the coupling consta
as

MS(mh);O(1). However, such a scale is not quite suitab
for the sum rule calculation. Instead we choosem51 GeV as
the lowest possible factorization scale in the ensuing stu
After summing over the logarithmic dependenceas

mlnm

(22v/m) by the renormalization-group method, one obta
the nonperturbative quantityX(m) which can be extracted
from the correlation function in the following form:

X~m!;(
n

Cn~1,gs~22v!!

vn S as~m!

as~22v! D
gn2( jg j

On~m!,

~3.1!

wheregn are the anomalous dimensions ofOn and g j the
anomalous dimensions of the currents appearing in the
relation function. As noted above, the four-quark operat
in Eq. ~2.9! are defined at the scalem5mb . In HQET where
theb quark is treated as a static quark, we can use the re
malization group equation to express them in terms of
operators renormalized at a scaleLQCD!m!mb . These op-
erators have the hybrid anomalous dimensions@25–27# and
their renormalization-group evolution is determined by t
anomalous dimensions in HQET. The operatorsOV2A

q and
TV2A

q , and similarlyOS2P
q andTS2P

q , mix under renormal-
ization. In the leading logarithmic approximation, th
renormalization-group equation of the operator pair (O,T)
governed by the hybrid anomalous dimension matrix rea3

d

dtS O

T D 5
3as

2p S CF 21

2
CF

2Nc

1

2Nc

D S O

T D , ~3.2!

3One of the off-diagonal anomalous dimension matrix element
Eq. ~3.2! has a sign opposite to that obtained in@11#, but the final
result in Eq.~3.6! is in full agreement with the results derived ther
01401
T
-
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where t5 1
2 ln(Q2/m2), CF5(Nc

221)/2Nc , and effects of
penguin operators induced from evolution have been
glected.

The solution to the evolution equation Eq.~3.2! has the
form

S O

T D
Q

5S 8

9

2

3

2
4

27

8

9

D S LQ
9/~2b0! 0

0 1
D Dm, ~3.3!

where

Dm5S D1

D2
D

m

5S O2
3

4
T

1

6
O1T

D
m

, ~3.4!

LQ5
as~m!

as~Q!
, ~3.5!

and b05 11
3 Nc2 2

3 nf is the leading-order expression of th
b-function with nf being the number of light quark flavors
The subscriptm in Eq. ~3.4! and in what follows denotes th
renormalization point of the operators. Given the evoluti
equation~3.3! for the four-quark operators, we see that t
hadronic parametersBi and« i normalized at the scalemb are
related to that atm51 GeV by

S Bi

« i
D

mb

5S 8

9

2

3

2
4

27

8

9

D S Lmb

9/~2b0!
0

0 1
D

3S Bi2
3

4
« i

1

6
Bi1« i

D
m 51 GeV

, ~3.6!

and hence

Bi~mb!.1.54Bi~m!20.41« i~m!,

« i~mb!.20.090Bi~m!11.07« i~m!,
~3.7!

with m51 GeV, where uses have been made ofas(mZ)
50.118, L (4)

MS5333 MeV, mb54.85 GeV, mc51.45

GeV and

as~Q!5
4p

b0ln
Q2

L2

S 12
2b1

b0
2

lnS ln
Q2

L2D
ln

Q2

L2

Din
1-4
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to the next-to-leading order withb15512 19
3 nf . The above

results ~3.7! indicate that renormalization effects are qu
significant.

It is easily seen from Eqs.~3.3! and~3.4! that the normal-
ized operatorD1 ~or D2) is simply multiplied byLQ

9/(2b0)
~or

1! when it evolves from a renormalization pointm to another
point Q. In what follows, we will apply this property to
derive the renormalization-group improved QCD sum ru
for D j at the typical scalem51 GeV. We define the new
four-quark matrix elements as follows:

1

2mBq

^B̄quD j
~ i !~m!uB̄q&[

f Bq

2 mBq

8
dj

~ i !~m!, ~3.8!

where the superscript~i! denotes (V2A) four-quark opera-
tors for i 51 and (S2P) operators fori 52, anddj

( i ) satisfy

S d1
~ i !

d2
~ i !D

m

5S Bi2
3

4
« i

1

6
Bi1« i

D
m

. ~3.9!

Since the terms linear in four-quark matrix elements
already of order 1/mb

3 , we only need the relation between th
full QCD field b(x) and the HQET fieldhv

(b)(x) to the zeroth
order in 1/mb : b(x)5e2 imbv•x$hv

(b)(x)1O(1/mb)%.
Therefore, in analogue to Eq.~2.8!, we define the relevan
four-quark operators in HQET as

OV2A
v 5h̄vL

~b!gmqLq̄LgmhvL
~b! ,

OS2P
v 5h̄vR

~b!qLq̄LhvR
~b! ,

TV2A
v 5h̄vL

~b!gmtaqLq̄LgmtahvL
~b! ,

TS2P
v 5h̄vR

~b!taqLq̄LtahvR
~b! . ~3.10!

The corresponding hadronic matrix elements of these fo
quark operators are parametrized by

1

2
^B̄~v !uOV2A

v uB̄~v !&[
F2~mb!

8
B1

v~m!,

1

2
^B̄~v !uOS2P

v uB̄~v !&[
F2~mb!

8
B2

v~m!,

1

2
^B̄~v !uTV2A

v uB̄~v !&[
F2~mb!

8
«1

v~m!,

1

2
^B̄~v !uTS2P

v uB̄~v !&[
F2~mb!

8
«2

v~m!, ~3.11!

where the heavy-flavor-independent decay constantF de-
fined in the heavy quark limit is given by

^0uq̄gmg5hv
~b!uB̄~v !&5 iF ~m!vm. ~3.12!
01401
s

e

r-

The decay constantF(m) depends on the scalem at which
the effective current operator is renormalized and it is rela
to the scale-independent decay constantf B of the B meson
by

F~mb!5 f BAmB. ~3.13!

Notice thatF in Eq. ~3.11! is chosen to be normalized at th
scalemb .

To complete the aim of obtaining the matrix elements
four-quark operators, we apply the method of QCD su
rules@28#. We consider the following three-point correlatio
function:

P
a,b
D j

v~ i !

~v,v8!5 i 2E dxdyeivv•x2 iv8v•y

3^0uT$@ q̄~x!Gahv
~b!~x!#D j

v~ i !~0!

3@ q̄~y!Gbhv
~b!~y!#†%u0&, ~3.14!

of the operatorD j
( i ) defined in Eq.~3.4!, whereGa5gag5 .

However, this current interpolates not only the heavy mes
with quantum numberJP502 but also that with quantum
numberJP511. Therefore, we need to decomposeGa into
Ga5Ga

AV2vaGPS, with Ga
AV5(g1v)ag5 for JP511 and

GPS5g5 for JP502. As a consequence,P
ab

D j
v( i )

is recast to

P
ab

D j
v~ i !

5~2gab1vavb!PD
j
v~ i !

AV
1vavbPD

j
v~ i !

PS
, ~3.15!

where

~2gab1vavb!PD
j
v~ i !

AV

5 i 2E dxdyeivv•x2 iv8v•y

3^0uT$@ q̄~x!Ga
AVhv

~b!~x!#D j
v~ i !~0!

3@ q̄~y!Gb
AVhv

~b!~y!#†%u0&,

PD
j
v~ i !

PS
5 i 2E dxdyeivv•x2 iv8v•y

3^0uT$@ q̄~x!GPShv
~b!~x!#D j

v~ i !~0!

3@ q̄~y!GPShv
~b!~y!#†%u0&. ~3.16!

In deriving Eq.~3.15! we have applied the relations

i 2E dxdyeivv•x2 iv8v•y^0uT$@ q̄~x!Ga
AVhv

~b!~x!#D j
v~ i !~0!

3@ q̄~y!GPShv
~b!~y!#†%u0&50 ~3.17!

and
1-5
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i 2E dxdyeivv•x2 iv8v•y^0uT$@ q̄~x!GPShv
~b!~x!#D j

v~ i !~0!

3@ q̄~y!Gb
AVhv

~b!~y!#†%u0&50. ~3.18!

Note that only the correlation functionPPS is relevant to our
purpose. It can be written in the double dispersion relat
form

PD
j
v~ i !

PS
~v,v8!5E E ds

s2v

ds8

s82v8
rD j

v~ i !
. ~3.19!

The results of the QCD sum rules can be obtained in
following way. On the phenomenological side, which is t
sum of the relevant hadron states, this correlation func
can be written as

PD
j
v~ i !

PS
~v,v8!5

F2~mb!F2~m!dj
~ i !

16~L̄2v!~L̄2v8!
1•••, ~3.20!

where L̄ is the binding energy of the heavy meson in t
heavy quark limit and ellipses denote resonance contr
tions. On the theoretical side, the correlation functionPPS

can be alternatively calculated in terms of quarks and glu
using the standard OPE technique. Then we equate the
sults on the phenomenological side with that on the theo
ical side. However, since we are only interested in the pr
erties of the ground state at hand, e.g., theB meson, we shall
assume that contributions from excited states~on the phe-
nomenological side! are approximated by the spectral dens
on the theoretical side of the sum rule, which starts fr
some thresholds~say,v i , j in this study!. To further improve
the final result under consideration, we apply the Borel tra
form to both external variablesv and v8. After the Borel
transform@28#,

B@PD
j
v~ i !

PS
~v,v8!#5 lim

m→`
2v8→`

2
v8
mt8

fixed

lim
n→`

2v→`

2
v
nt fixed

1

n!m!
~2v8!m11

3F d

dv8
Gm

~2v!n11F d

dv Gn

PD
j
v~ i !

PS
~v,v8!,

~3.21!

the sum rule gives

F2~mb!F2~m!

16
e2L̄/t1e2L̄/t2dj

~ i !

5E
0

v i , j
dsE

0

v i , j
ds8e2~s/t11s8/t2!rQCD, ~3.22!

wherev i , j is the threshold of the excited states andrQCD is
the spectral density on the theoretical side of the sum r
Because the Borel windows are symmetric in variablest1
and t2 , it is natural to chooset15t2 . However, unlike the
01401
n

e

n

u-

s
re-
t-
-

s-

e.

case of the normalization of the Isgur-Wise function at ze
recoil, where the Borel mass is approximately twice as la
as that in the corresponding two-point sum rule@29#, in the
present case of the three-point sum rule at hand, we find
the working Borel windows can be chosen as the same
that in the two-point sum rule since in our analysis the out
results depend weakly on the Borel mass. Therefore,
chooset15t25t. By the renormalization group techniqu
the logarithmic dependenceasln(2t/m) can be summed ove
to produce a factor like@as(m)/as(2t)#g. After some ma-
nipulation we obtain the sum rule results:

F2~mb!F2~m!

16
e22L̄/tS d1

v~ i !

d2
v~ i !D

m

5S as~2t !

as~m! D
4/b0S 122d

as~2t !

p

122d
as~m!

p

D S Lt
29/~2b0! 0

0 1
D

3S OPEBi ,1
2

3

4
OPE« i ,1

1

6
OPEBi ,2

1OPE« i ,2

D
t

, ~3.23!

where

OPEBi , j
.

1

4
~OPE!2pt; i , j

2 ,

OPE«1,j
.2

1

16F2
^q̄gss•Gq&

8p2
t~12e2v1,j /t!

1
^asG

2&

16p3
t2~12e2v1,j /t!2G ,

OPE«2,j
.O~as!, ~3.24!

with

~OPE!2pt; i , j5
1

2H E0

v i , j
dss2e2s/t

3

p2

3F11
as

p S 17

3
1

4p2

9
22ln

s

t D G
2S 11

2as

p D ^q̄q&1
^q̄gss•Gq&

16t2 J .

~3.25!

For reason of consistency, in the following numerical ana
sis we will neglect the finite part of radiative one loop co
rections in OPEBi , j

and OPE« i , j
@and in Eq.~3.28!#. The pa-

rameter d in Eq. ~3.23! is some combination of theb
functions and anomalous dimensions@see Eq.~4.2! of @30##
1-6
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and is numerically equal to20.23. The relevant paramete
normalized at the scalet are related to those atm by
@31,29,32#

F~2t !5F~m!S as~2t !

as~m! D
22/b0

12d
as~m!

p

12d
as~2t !

p

,

^q̄q&2t5^q̄q&m•S as~2t !

as~m! D
24/b0

,

d

e

-
,

th
is
b

n-

o

n-

e

01401
^gsq̄s•Gq&2t5^gsq̄s•Gq&mS as~2t !

as~m! D
2/~3b0!

,

^asG
2&2t5^asG

2&m , ~3.26!

where^•••& stands for̂ 0u•••u0&. In the calculation of the
correlation function, we have also used the fixed-point ga
~the Fock-Schwinger gauge! xmAm(x)50 with Am being an
external gluon field. Under this gauge, the generalized qu
propagator in the external gluon field reads
Sq~ i j !
ab ~0,x!5E d4p

~2p!4 eip•xF idab

p”2mq

1
i

4

lab
n

2
gsGmn

n ~0!
smn~p”1mq!1~p”1mq!smn

~p22mq
2!2

2
iGmn

n ~0!lab
n

4
gsx

nS 1

p”2mq
gm

1

p”2mq
D G

i j

1:qi
a~0!q̄ j

b~0!:1xm :qi
a~0!~Dmq̄ j

b~0!!:1
xmxn

2!
:qi

a~0!~DmDnq̄ j
b~0!!:1•••, ~3.27!
re
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on-
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y
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-
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u-
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um

he
where a and b are the color indices,i and j the Lorentz
indices.

Let us explain the results obtained in Eqs.~3.23! and
~3.24!. OPEBi

is obtained by substitutingD j
v( i ) by Ov in

PD
j
v( i )

PS
@cf. Eq. ~3.16!# and it can be approximately factorize

as the product of (OPE)2pt; i , j with itself, which is the same
as the theoretical part in the two-pointF(m) sum rule@29–
31#. In the series of (OPE)2pt; i , j , we have neglected th
contribution proportional tô q̄q&2. ~More precisely, it is
equal toas^q̄q&2p/324; see Ref.@29#.! Nevertheless, the re
sult of (OPE)Bi

in Eq. ~3.24! is reliable up to dimension six

as the contributions from thêq̄q&2 terms in (OPE)2pt; i , j are
much smaller than the term (11as /p)2^q̄q&2/16 that we
have kept@see Eq.~3.25!#. Note that in (OPE)Bi

the contri-

bution involving the gluon condensate is proportional to
light quark mass and hence can be neglected. Likew
OPE« i

is the theoretical side of the sum rule, and it is o

tained by substitutingD j
v( i ) by Tv in Eq. ~3.16!. To the order

of dimension-five, the main contributions to OPE« i
are de-

picted in Fig. 1. Here we have neglected the dimensio
four-quark condensate of the type^q̄Glaqq̄Glaq. Its contri-
bution is much less than that from dimension-five
dimension-four condensates and hence unimportant~see@33#
for similar discussions!. It should be emphasized that no
factorizable contributions to the parametersBi arise mainly
from theOv2Tv operator mixing.

At this point, it is useful to compare our analysis with th
similar QCD sum rule studies in@33# and @15#. First,
Chernyak@33# used the chiral interpolating current for theB
e
e,
-

6

r

meson, so that all light quark fields in his correlators a
purely left-handed. As a result, there are no quark-glu
mixed condensates as these require the presence of both
and right-handed light quark fields. Indeed, the gluon c
densate contribution enters into the«1 sum rule with an ad-
ditional factor of 4 in comparison with ours. Second, o
results for OPE« i

are very different from that obtained b
Baek et al. @15#. The reason is that they calculated the fu
Pa

« i ,a
@obtained by replacingD j

v( i ) by Tv in Eq. ~3.14!#

rather than the pseudoscalar part ofPa
« i ,a . Therefore, their

results are mixed with the 11 to 11 transitions. Also a sub-
traction of the contribution from excited states is not carr
out in @15# for the three-point correlation function, though
is justified to do so for two-point correlation functions. In
deed, in the following analysis, one will find that after su
tracting the contribution from excited states, the contrib
tions of OPE« i

are largely suppressed. Furthermore, as in
study of theB meson decay constant@29#, we find that the
renormalization-group effects are very important in the s

FIG. 1. The main diagrams contributing to OPE« i
@cf. Eq.

~3.24!#: ~a! the contribution from the gluon condensate, and~b! the
contribution from the quark-gluon mixed condensate. In~b! the
mirror-symmetric diagram is included in the calculation. T
double lines denote heavy quarks in HQET.
1-7
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rule analysis. Consequently, there is not much difference
tween the resulting values of«1 and«2 . Moreover,« i at m
5mb are largely enhanced by renormalization-group effe

The value ofF in Eq. ~3.23! can be substituted by

F2~m!e2L̄/t5Fas~2t !

as~m! G
4/bF 122d

as~2t !

p

122d
as~m!

p

G
3H E

0

v0
dss2e2s/t

3

p2

3F11
as~2t !

p S 17

3
1

4p2

9
22ln

s

t D G
2S 11

2as~2t !

p D ^q̄q&2t1
^q̄gss•Gq&2t

16t2 J ,

~3.28!

which can be obtained from the two-point sum rule appro
@30,31,29#. For the numerical analysis, we use the followi
values of parameters@32,34#

^q̄q&m51 GeV52~240 MeV!3,

^asG
2&m51 GeV50.0377 GeV4,

^q̄gssmnGmnq&m51 GeV5~0.8 GeV2!3^q̄q&m51 GeV,

~3.29!

as input and neglect the finite part of radiative one lo
corrections. Since in our conventionDm5]m2 igsAm , we
have^gsq̄s•Gq&5m0

2^q̄q&. Next, in order to determine th
thresholdsv i , j we employ theB meson decay constantf B
5(185625617) MeV obtained from a recent lattice-QC
calculation@35# and the relation@36#

f B5
F~mb!

AmB
S 12

2

3

as~mb!

p D S 12
~0.8;1.1! GeV

mb
D ,

~3.30!

that takes into account QCD and 1/mb corrections. Using the
relation betweenF(mb) and F(m) given by Eq.~3.26! and
mb5(4.8560.25) GeV, we obtain

F~m51 GeV!>~0.34;0.52! GeV3/2. ~3.31!

Since theL̄ parameter in Eq.~3.28! can be replaced by theL̄
sum rule obtained by applying the differential opera
t2] ln/]t to both sides of Eq.~3.28!, theF(m) sum rule can be
rewritten as

F2~m!5@right hand side of Eq.~3.28!#

3expF t
]

]t
ln@right hand side of Eq.~3.28!#G ,

~3.32!
01401
e-

s.

h

p

r

which is L̄-free. Then using the result~3.31! as input, the
thresholdv0 in theF(m) sum rule, Eq.~3.32!, is determined.
The result for v0 is 1.2521.65 GeV. A larger F(m
51 GeV) corresponds to a largerv0 . The working Borel
window lies in the region 0.6 GeV,t,1 GeV, which
turns out to be a reasonable choice@31#. Substituting the
value of v0 back into theL̄ sum rule, we obtainL̄50.48
20.76 GeV in the Borel window 0.6 GeV,t,1 GeV.
This result is consistent with the choicemb5(4.85
60.25) GeV, recalling that in the heavy quark limit,L̄
5mB2mb . To extract thedj

v( i ) sum rules, one can take th
ratio of Eq. ~3.28! and Eq.~3.23! to eliminate the contribu-
tion of F2/exp(L̄/t). This means one has chosen the sameL̄
both in Eq.~3.28! and Eq.~3.23!. Since quark-hadron duality
is the basic assumption in the QCD sum rule approach,
expect that the same result ofL̄ also can be obtained usin
the L̄ sum rules derived from Eq.~3.23! ~see@37,32# for a
further discussion!. This property can help us to determin
consistently the threshold in 3-point sum rule, Eq.~3.23!.
Therefore, we can apply the differential operatort2] ln/]t to
both sides of Eq.~3.23!, thedv( i ) sum rule, to obtain newL̄
sum rules. The requirement of producing a reasonable v
for L̄, say 0.4820.76 GeV, provides severe constraints
the choices ofv i , j . With a careful study, we find that th
best choice in our analysis is

v i ,1520.02 GeV1v0 ,

v1,2520.5 GeV1v0 ,

v2,2520.22 GeV1v0 . ~3.33!

Applying the above relations withv05(1.25;1.65) GeV
and substitutingF(m) in Eq. ~3.23! by ~3.28!, we study
numerically thedj

v( i ) sum rules. In Fig. 2, we plotBi
v and

« i
v as a functiont, where Bi

v58d1
v( i )/912d2

v( i )/3, and « i
v

524d1
v( i )/2718d2

v( i )/9. The dashed and solid curves sta
for Bi

v and « i
v , respectively, where we have usedv0

51.4 GeV @the corresponding decay constant isf B5175
;195 MeV orF(m)50.40560.005 GeV3/2#. The final re-
sults for the hadronic parametersBi and« i are ~see Fig. 2!4

B1
v~m51 GeV!50.6060.02,

B2
v~m51 GeV!50.6160.01,

«1
v~m51 GeV!520.0860.01,

«2
v~m51 GeV!520.02460.006. ~3.34!

4For comparison, the sum rule results obtained in@15# and @33#
are «1

BLLS(m)520.04160.022, «2
BLLS(m)50.06160.035 @15#

and«1
C(m)'20.15, «2

C(m)'0 @33#, respectively, withm being a
typical hadronic scale;0.70 GeV. Note that the definition o
Bi(m) and « i(m) in @15,33# is different from ours by a factor of
F2(mb)/F2(m), that is,« i

BLLS,C(m)5« i(m)3F2(mb)/F2(m).
1-8
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The numerical errors come mainly from the uncertainty
v051.25;1.65 GeV. Some intrinsic errors of the sum ru
approach, say quark-hadron duality oras corrections, will
not be considered here.

Substituting the above results into Eq.~3.7! yields

B1~mb!50.9660.041O~1/mb!,

B2~mb!50.9560.021O~1/mb!,

«1~mb!520.1460.011O~1/mb!,

«2~mb!520.0860.011O~1/mb!. ~3.35!

It follows from Eq. ~2.11! that

t~B2!

t~Bd!
51.1160.02,

t~Bs!

t~Bd!
'1,

t~Lb!

t~Bd!
50.992S f B

185 MeVD
2

~0.00710.020B̃!r ,

~3.36!

FIG. 2. Bi
v(m) and « i

v(m) as a functiont, whereBi
v58d1

v( i )/9
12d2

v( i )/3, and « i
v524d1

v( i )/2718d2
v( i )/9. The dashed and solid

curves stand forBi
v and « i

v , respectively. Here we have use
v051.4 GeV and Eq.~3.33!.
01401
f

to the order of 1/mb
3 . Note that we have neglected the co

rections of SU~3! symmetry breaking to the nonspectator e
fects in t(Bs)/t(Bd). We see that the prediction fo
t(B2)/t(Bd) is in agreement with the current world ave
age: t(B2)/t(Bd)51.0760.03 @7#, whereas the heavy
quark-expansion-based result fort(Bs)/t(Bd) deviates
somewhat from the central value of the world averag5

0.9460.04. Thus it is urgent to carry out more precise me
surements of theBs lifetime. Using the existing sum rule
estimate for the parameterr @10# together withB̃51 gives
t(Lb)/t(Bd)>0.98. Therefore, the 1/mb

3 nonspectator cor-
rections are not responsible for the observed lifetime diff
ence between theLb andBd .

IV. DISCUSSIONS AND CONCLUSIONS

The prediction ofB meson lifetime ratios depends on th
nonspectator effects of order 16p2/mb

3 in the heavy quark
expansion. These effects can be parametrized in terms o
hadronic parametersB1 , B2 , «1 , and«2 , whereB1 andB2
characterize the matrix elements of color singlet-singlet fo
quark operators and«1 and«2 the matrix elements of colo
octet-octet operators.

As emphasized in@12#, one should not be contented wit
the agreement between theory and experiment for the
time ratio t(B2)/t(Bd). In order to test the OPE approac
for inclusive nonleptonic decay, it is even more important
calculate the absolute decay widths of theB mesons and
compare them with the data. From Eqs.~2.6! and~3.35! and
considering the contributions of the nonspectator effects,
obtain

G tot~Bd!5~3.6120.84
11.04!310213 GeV,

G tot~B2!5~3.3420.84
11.04!310213 GeV, ~4.1!

noting that the next-to-leading QCD radiative correction
the inclusive decay width has been included. The abso
decay widths strongly depend on the value of theb quark
mass.

The problem with the absolute decay widthG(B) is inti-
mately related to theB meson semileptonic branching rat
BSL . Unlike the semileptonic decays, the heavy quark exp
sion in inclusive nonleptonic decay isa priori not justified
due to the absence of an analytic continuation into the co
plex plane and hence local duality has to be invoked in or
to apply the OPE directly in the physical region. If th
shorter lifetime of theLb relative to that of theBd meson is
confirmed in the future and/or if the lifetime rati
t(Bs)/t(Bd) is observed to be different from unity, then it
very likely that local quark-hadron duality is violated in no
leptonic decays. It should be stressed that local duality
exact in the heavy quark limit, but its systematic 1/mQ ex-
pansion is still lacking. Empirically, it has been suggested

5For example, the neutralB meson lifetimes are measured at CD
to be @38#: t(Bd)51.5860.0960.02 ps andt(Bs)51.3420.19

10.23

60.05 ps.
1-9
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@9# that the presence of linear 1/mb correction, described by
the ansatz that theb quark massmb is replaced by the de
caying bottom hadron massmHb

in the mb
5 factor in front of

all nonleptonic widths, will account for the observed lifetim
difference between theLb andBd . To be specific, the ansat
GNL→GNL(mHb

/mb)5 will lead to the result@12#:

t~Lb!

t~Bd!
50.76,

t~Bs!

t~Bd!
50.94. ~4.2!

This simple prescription not only solves the lifetime ra
problem but also provides the correct absolute decay wid
for the Lb and theB mesons. The predicted lifetime hiera
chy

t~Lb!.t~Jb
2!.t~Jb

0!.t~Vb! ~4.3!

for bottom baryons is in sharp contrast to the OPE-ba
lifetime pattern@12#:

t~Vb!.t~Jb
2!.t~Lb!.t~Jb

0!. ~4.4!
B

-

ys

,

01401
s

d

Of course, whether this empirical ansatz truly works
whether it can be justified in a more fundamental way~see,
for example,@39#! remains to be investigated. Neverthele
it is worth emphasizing that, although a linear 1/mQ correc-
tion to the inclusive nonleptonic decay rate is possi
@40,41#, the violation of local quark-hadron duality does n
necessarily imply the presence of 1/mQ terms in inclusive
widths and hence the aforementioned ansatz.

To conclude, we have derived in heavy quark effect
theory the renormalization-group improved sum rules for
hadronic parametersB1 , B2 , «1 , and «2 appearing in the
matrix element of four-quark operators. The results
B1(mb)50.9660.04, B2(mb)50.9560.02, «1(mb)5
20.1460.01, and«2(mb)520.0860.01 to the zeroth orde
in 1/mb . The resultant B-meson lifetime ratios are
t(B2)/t(Bd)51.1160.02 andt(Bs)/t(Bd)'1.
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