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Phenomenological analysis ofD meson lifetimes
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The QCD-based operator-product-expansion technique is systematically applied to the study of charmed
meson lifetimes. We stress that it is crucial to take into account the momentum of the spectator light quark of
charmed mesons; otherwise the destructive Pauli-interference effect inD1 decays will lead to a negative decay
width for theD1. We have applied the QCD sum rule approach to estimate the hadronic matrix elements of
color-singlet and color-octet 4-quark operators relevant to nonleptonic inclusiveD decays. The lifetime ofDs

1

is found to be longer than that ofD0 because the latter receives a constructiveW-exchange contribution,
whereas the hadronic annihilation and leptonic contributions to the former are compensated by the Pauli
interference. We obtain the lifetime ratiot(Ds

1)/t(D0)'1.0860.04, which is larger than some earlier theo-
retical estimates, but still smaller than the recent measurements by CLEO and E791.

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

It is well known that the observed lifetime difference b
tweenD1 andD0 is ascribed to the destructive interferen
in D1 decays and/or the constructiveW-exchange contribu-
tion to D0 decays~for a review, see, e.g.,@1#!. By contrast,
the Ds

1 and D0 lifetimes are theoretically expected to b
close to each other. For example, it is estimated in@2# that

t~Ds
1!

t~D0!
51.00–1.07. ~1.1!

However, the recent Fermilab E791 measurement of theDs
1

lifetime yields t(Ds
1)50.51860.01460.007 ps@3#. When

combining with the world average of theD0 lifetime @4#
yields the ratio

t~Ds
1!

t~D0!
51.2560.04 ~E791!, ~1.2!

which is different from unity by 6s. Meanwhile, the CLEO
measurement ofDs

1 and D0 lifetimes indicatest(Ds
1)

50.486360.01560.005 ps@5# and

t~Ds
1!

t~D0!
51.1960.04 ~CLEO!, ~1.3!

which is 5s different from unity. Note that theDs
1 lifetime

measured by Fermilab and CLEO is better than the error
the world average value@4# and that the lifetime ratio ofDs

1

to D0 is larger than the previous world average@4#:

t~Ds
1!

t~D0!
51.1360.04 @Particle Data Group~PDG!#.

~1.4!

Based on the operator product expansion~OPE! approach
for the analysis of inclusive weak decays of heavy hadron
is known that the 1/mc

2 corrections due to the nonperturbativ
kinetic and chromomagnetic terms are small and essent
canceled out in the lifetime ratios. By contrast, the 1/mc

3
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corrections due to 4-quark operators can be quite signific
because of the phase-space enhancement by a facto
16p2. The nonspectator effects of order 1/mc

3 involve the
Pauli interference inD1 decay, theW-exchange inD0 de-
cay, and theW-annihilation and Cabibbo-suppressed Pa
interference in nonleptonicDs

1 . While the semileptonic de-
cay rates ofD1, D0, andDs

1 are essentially the same, the
is an additional purely leptonic decay contribution toDs

1 ,
namely Ds

1→tn̄t . The dimension-6 four-quark operato
which describe the nonspectator effects in inclusive dec
of heavy hadrons are well known@6,7#. However, it is also
known that there is a serious problem with the evaluation
the destructive Pauli interferenceG int(D1) in D1. A direct
calculation indicates thatG int(D1) overcomes thec quark
decay rate so that the resulting nonleptonic decay width
D1 becomes negative@8,9#. This certainly does not make
sense. This implies that the 1/mc expansion is not well con-
vergent and sensible, to say the least. In other words, hig
dimension terms are in principle also important. It has be
conjectured in@8# that higher dimension corrections amou
to replacing mc by mD in the expansion paramete
f D

2 mD /mc
3 , so that it becomesf D

2 /mD
2 . As a consequence

the destructive Pauli interference will be reduced by a fac
of (mc /mD)3.

Another way of alleviating the problem is to realize th
the usual local four-quark operators are derived in the he
quark limit so that the effect of spectator light quarks can
neglected. Since the charmed quark is not heavy enough,
very important, as stressed by Chernyak@9#, for calculations
with charmed mesons to account for the nonzero momen
of spectator quarks. The sum rule analysis in@10# suggests
that the spectator antiquark carries about 15% of the pa
charmed meson momentum. Therefore, the Pauli inter
ence in D1 decay is suppressed by a factor of (^pc&
2^pd&)

2/^pc&
25(^pD&22^pd&)

2/mc
2 , where^pc& and ^pd&

are the momenta of thec and d̄ quarks, respectively, in the
D1 meson; that is, the Pauli effect is subject to a large s
pression and will not overcome the leadingc quark decay
width. Based on this observation, in the present paper
©1999 The American Physical Society08-1
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will follow @9# to take into account the effects of the spec
tor quark’s momentum consistently.

In order to understand theD-meson lifetime pattern, it is
important to have a reliable estimate of the hadronic ma
elements. In the present paper we will employ the QCD s
rule to evaluate the unknown hadronic paramet
B1 ,B2 ,«1 ,«2, to be introduced below. In Sec. II, we wi
outline the general framework for the study of the charm
meson lifetimes. Then in Sec. III we proceed to compute
hadronic parameters using the sum rule approach. Sectio
presents results and discussions.

II. GENERAL FRAMEWORK

The inclusive nonleptonic and semileptonic decay rate
a charmed meson to order 1/mc

2 are given by@6,7#

GNL,spec~D !5
GF

2mc
5

192p3NcVCKM

1

2mD
H S c1

21c2
21

2c1c2

Nc
D

2FaI 0~x,0,0!^Duc̄cuD&

2
1

mc
2 I 1~x,0,0!^Duc̄gss•GcuD&G

2
4

mc
2

2c1c2

Nc
I 2~x,0,0!^Duc̄gss•GcuD&J ,

~2.1!

wheres•G5smnGmn, x5(ms /mc)
2, Nc is the number of

colors, the parametera denotes QCD radiative correction
@11#, and

GSL~D !5
GF

2mc
5

192p3uVcsu2
h~x,xl ,0!

2mD
F I 0~x,0,0!^Duc̄cuD&

2
1

mc
2I 1~x,0,0!^Duc̄gss•GcuD&G , ~2.2!

where h(x,xl ,0) with xl5(ml /mQ)2 is the QCD radiative
correction to the semileptonic decay rate, and its general
lytic expression is given in@12#. In Eqs.~2.1! and~2.2!, I 0,1,2
are phase-space factors~see, e.g.,@13# for their explicit ex-
pressions!, and the factorVCKM takes care of the relevan
Cabibbo-Koyashi-Maskawa~CKM! matrix elements. In Eq
~2.1! c1 and c2 are the Wilson coefficients in the effectiv
Hamiltonian.

The two-body matrix elements in Eqs.~2.1! and~2.2! can
be parametrized as

^Duc̄cuD&
2mD

512
KD

2mc
2

1
GD

2mc
2

1O~1/mc
3!,

~2.3!

K DUc̄1

2
gss•GcUD L
2mD

5GD1O~1/mc!,
01400
-
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where

KD[2
^Duh̄v

(c)~ iD'!2hv
(c)uD&

2mD
52l1 ,

~2.4!

GD[
K DUh̄v

(c) 1

2
gss•Ghv

(c)UD L
2mD

53l2 .

The nonperturbative parameterl2 is obtained from the mas
squared difference of the vector and pseudoscalar meso

~l2!D5
3

4
~mD*

2
2mD

2 !50.138 GeV2,

~2.5!

~l2!Ds
5

3

4
~mD

s*
2

2mDs

2 !50.147 GeV2.

As for the parameterl1, it is determined from the mas
relation @2#

~l1!Ds
2~l1!D>

2mbmc

mb2mc
@m̄Bs

2m̄B2~m̄Ds
2m̄D!#,

~2.6!

wherem̄P5 1
4 (mP13mP* ) denotes the spin-averaged mes

mass. Formb55.05 GeV andmc51.65 GeV, we obtain
(l1)Ds

2(l1)D520.067 GeV2.

To the order of 1/mc
3 , the nonspectator effects due to th

Pauli interference andW-exchange~see Fig. 1! may contrib-
ute significantly to the lifetime ratios due to the two-bod
phase-space enhancement by a factor of 16p2 relative to the
three-body phase space for heavy quark decay. As stress

FIG. 1. Nonspectator effects: ~a! W-exchange, ~b1!
W-annihilation,~b2! and ~c! Pauli interference.
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the Introduction, it is crucial to invoke the effect of the lig
quark’s momentum in the charmed meson in order to pr
n

01400
-
erly describe theD lifetimes. For this purpose, the four-quar
operators relevant to inclusive nonleptonicD decays are@9#
r of

e

it,
LNL,nspec5
2GF

2

p
VCKMH gmnk2h1F S 2c1c21

1

Nc
~c1

21c2
2! DOmn

d 12~c1
21c2

2!Tmn
d G

1
1

3
~kmknh22k2gmnh3!FNcS c21

1

Nc
c1D 2

Omn
u 12c1

2Tmn
u 1NcS c11

1

Nc
c2D 2

Omn
s 12c2

2Tmn
s G J , ~2.7!

where

Omn
q 5 c̄LgmqLq̄LgncL , Tmn

q 5 c̄LgmtaqLq̄LgntacL , ~2.8!

with ta5la/2 andla being the Gell-Mann matrices, andh1 , h2 , h3 are phase-space factors, depending on the numbe
strange quarks inside the loop of Fig. 1@9,14#:

~ i! h15~12x!2, h25~12x!2S 11
x

2D , h35~12x!2~112x!,

~ ii ! h15~12x!2, h25A124x~12x!, h35A124x~112x!,
~2.9!

for ~i! one strange quark and~ii ! two strange quarks in the loop, respectively, withx5(ms /mc)
2. Of course,h i51 in the

absence of strange loop quarks. In Eq.~2.7! the first term proportional togmnk2 contributes to the Pauli interference, while th
rest to theW-exchange orW-annihilation, wherek is the total four-momentum of the integrated quark pair@9#. More specifi-
cally, k5pc1pq for the W-exchange andW-annihilation, andk5pc2pq for the Pauli interference. In the heavy quark lim
k→pc and it is easily seen that Eq.~2.7! is reduced to the more familiar form@14#

LNL,nspec5
2GF

2mc
2

p
VCKMH S 2c1c21

1

Nc
~c1

21c2
2! Dh1OV2A

d 12~c1
21c2

2!h1TV2A
d

2
1

3
NcS c21

1

Nc
c1D 2

~h2OV2A
u 2h3OS2P

u !2
2

3
c1

2~h2TV2A
u 2h3TS2P

u !

2
1

3
NcS c11

1

Nc
c2D 2

~h2OV2A
s 2h3OS2P

s !2
2

3
c2

2~h2TV2A
s 2h3TS2P

s !J , ~2.10!
where use has been made of equations of motion, and

OV2A
q 5 c̄LgmqLq̄LgmcL ,

OS2P
q 5 c̄RqLq̄LcR ,

~2.11!

TV2A
q 5 c̄LgmtaqLq̄LgmtacL ,

TS2P
q 5 c̄RtaqLq̄LtacR ,

with qR,L5(16g5)q/2.
In analog to the hadronic parameters defined in@14# for

the B meson sector, we can also define the four hadro
parametersB1 ,B2 ,«1 ,«2 in the charm sector as
ic

1

2mDq

^DquOV2A
q uDq&[

f Dq

2 mDq

8
B1 ,

~2.12!

1

2mDq

^DquTV2A
q uDq&[

f Dq

2 mDq

8
«1 ,

and

kmkn

2mDq

3 ^DquOmn
q uDq&[

f Dq

2 mDq

8
B2 ,

~2.13!

kmkn

2mDq

3 ^DquTmn
q uDq&[

f Dq

2 mDq

8
«2 ,
8-3
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for the matrix elements of these four-quark operators
tween D meson states. Under the factorization approxim
tion, Bi51 and« i50 @14#.
,

01400
-
-

The destructive Pauli interference in inclusive nonlepto
D1 andDs

1 decays and theW-exchange contribution toD0

and theW-annihilation contribution toDs
1 are
Gexc~D0!52G0hnspec~ uVcsu2uVudu21uVcdu2uVusu2!
mD

2

mc
2 ~12x!2H S 11

1

2
xD F S 1

Nc
c1

212c1c21Ncc2
2DB112c1

2«1G
2~112x!F S 1

Nc
c1

212c1c21Ncc2
2DB212c1

2«2G J 2G0hnspecuVcsu2uVusu2
mD

2

mc
2A124x

3H ~12x!F S 1

Nc
c1

212c1c21Ncc2
2DB112c1

2«1G2~112x!F S 1

Nc
c1

212c1c21Ncc2
2DB212c1

2«2G J
2G0hnspecuVcdu2uVudu2

mD
2

mc
2 H S 1

Nc
c1

212c1c21Ncc2
2D ~B12B2!12c1

2~«12«2!J ,

G2
int~D1!5G0hnspecuVudu2~ uVcsu2~12x!21uVcdu2!

~^pc&2^pd&!2

mc
2 @~c1

21c2
2!~B116«1!16c1c2B1#,

~2.14!

Gann~Ds
1!52G0hnspecuVcsu2uVudu2

mDs

2

mc
2 H S 1

Nc
c2

212c1c21Ncc1
2D ~B12B2!12c2

2~«12«2!J
2G0hnspecuVcsu2uVusu2

mDs

2

mc
2 ~12x!2H S 11

1

2
xD F S 1

Nc
c1

212c1c21Ncc2
2DB112c1

2«1G
2~112x!F S 1

Nc
c1

212c1c21Ncc2
2DB212c1

2«2G J ,

G2
int~Ds

1!5G0hnspecuVusu2
„uVcsu2~12x!21uVcdu2

…

~^pc&2^ps&!2

mc
2 @~c1

21c2
2!~B116«1!16c1c2B1#,
the
with

G05
GF

2mc
5

192p3 , hnspec516p2
f Dq

2 mDq

mc
3

. ~2.15!

In Eq. ~2.14!, ^pc& and ^pq& (q5d,s) are the average
momenta of the charmed and light quarks, respectively
the charmed meson. The sumpc1pq can be effectively sub-
stituted bymDq

, the mass of the charmed mesonDq . This
in

can be nicely illustrated by the example ofDs→tn̄t decay
with the decay rate:

G~Ds→tn̄t!.
GF

2mt
2f Ds

2 mDs

8p
uVcsu2S 12

mt
2

mDs

2 D 2

,

~2.16!

an expression which can be found in the textbook. In
OPE study, the same decay width is represented by
G~Ds→tn̄t!.
GF

2

6p
uVcsu2F ~pc1ps̄!

m~pc1ps̄!
n2gmn~pc1ps̄!

21
3

2
gmnmt

2G
3

^Dsu„c̄gm~12g5!s…„s̄gn~12g5!c…uDs&
2mDs

S 12
mt

2

~pc1ps̄!
2D 2

. ~2.17!
8-4
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Comparing the above two expressions, it is clear thatpc

1ps̄)
2 is nothing butmDs

2 . Consequently,pc2pq can be ap-

proximated aspDq
22pq wherepq could be roughly set as

the constituent quark mass;350 MeV. Compared to the
naive OPE predictions, it is evident from Eq.~2.14! that the
decay widths ofW-exchange andW-annihilation are en-
hanced by a factor of (mDq

/mc)
2, whereas the Pauli inter

ference is substantially suppressed by a factor of (pDq

22pq)2/mc
2;0.5.

III. QCD SUM RULE CALCULATIONS OF FOUR-QUARK
MATRIX ELEMENTS

In order to calculate the four-quark matrix elements a
pearing in the formula of theD meson lifetimes within the
QCD sum rule approach, it is convenient to adopt the f
lowing parametrization:

^Dq~pD!uOmn
q uDq~pD!&5~Bpm

Dpn
D1dBgmnmDq

2 !
f Dq

2

4
,

~3.1!

^Dq~pD!uTmn
q uDq~pD!&5~«pm

Dpn
D1d«gmnmDq

2 !
f Dq

2

4
,

01400
-

l-

where the relations betweenB,dB,«,d« and the parameter
B1,2,«1,2 defined in Eqs.~2.12! and ~2.13! are

B15B14dB, B25B1dB,
~3.2!

«15«14d«, «25«1d«.

Unlike theB meson case, in the study of theD meson it is
preferred to begin with the full theory directly for sever
reasons:~1! In the QCD sum rule study of the full theory, th
working Borel window of the D meson case is abou
2.0 GeV2,M2,3.0 GeV2; hence, the extraction of rel
evant 4-quark matrix elements can be obtained directly at
scale;mc ; ~2! since the physical quantities expanded
1/mc will converge slowly due to the fact thatmc is not
heavy enough, it becomes unnecessary to work with the
fective theory at the outset; and~3! it is customary in the
literature to evolve the hadronic matrix elements down to
confinement scale, saymh;500 MeV, in order to apply the
vacuum insertion hypothesis. However, as emphasized
Ref. @15#, we shall avoid evaluating the matrix elements
such a low scale becauseas(mh) is of order unity at this
scale and large radiative corrections cannot be enti
grouped into the Wilson coefficients.

We consider the following three-point correlation fun
tions:
Pmn
O ~p,p8!5 i 2E dx dy eipx2 ip8y^0uT$@ q̄~x!ig5c~x!#Omn

q ~0!@ q̄~y!ig5c~y!#†%u0&,

~3.3!

Pmn
T ~p,p8!5 i 2E dx dy eipx2 ip8y^0uT$@ q̄~x!ig5c~x!#Tmn

q ~0!@ q̄~y!ig5c~y!#†%u0&.

The sum rule calculation gives

Bpmpn81dBp•p8gmn

~p22mDq

2 !~p822mDq

2 !
S f Dq

mDq

2

mc1mq
D 2f Dq

2

4
.

1

4
pmpn8H 3

8p2E
mc

2

s0
ds

1

s2p2 FmcS 12
mc

2

s D 2

1mqS 12
mc

4

s2 D G
1

^q̄q&

p22mc
2 S 11

mcmq

2~p22mc
2!
D 1

^gs
2G2&

48p2mc
S 1

p2
2

1

p22mc
2D

2
mc

2^gsq̄sGq&

2~p22mc
2!3 S 11

mq

4mc
1

mcmq

8~p22mc
2!
D J 2

1gmnp•p83O~dimension 8!,

~3.4!

and

«pmpn81d«p•p8gmn

~p22mDq

2 !~p822mDq

2 !
S f Dq

mDq

2

mc1mq
D 2 f Dq

2

4

52
1

3
~gmnp•p82pmpn8!mc

3H ^gs
2G2&

~32p2!2 F Emc
2

s0
dsE

mc
2

s0
ds8

1

~s2p2!~s82p82!

1

s2s82
@mc~s1s82mc

2!

22mq~2s12s82mc
2!#12

mq

mc
2 S ln@~mc

22p82!/~mmc!#

p822mc
2 E

mc
2

s0
ds

2s23mc
2

s2~s2p2!
1

ln@~mc
22p2!/~mmc!#

p22mc
2 E

mc
2

s0
ds

2s823mc
2

s82~s82p2!
D G
8-5
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2
^gsq̄s•Gq&

128p2 F E
mc

2

s0
dsE

mc
2

s0
ds8

1

~s2p2!~s82p82!
S 1

s82
d~s2mc

2!1
1

s2 d~s82mc
2!D S 12

3mq

mc
D

24
mq

mc
3 S ln@~mc

22p82!/~mmc!#

p822mc
2

1

p22mc
2

1
ln@~mc

22p2!/~mmc!#

p22mc
2

1

p822mc
2D G J 1O~dimension 6!, ~3.5!
ow
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g

where^•••& stands for̂ 0u•••u0& and

^0uq̄ig5cuDq&5
f Dq

mDq

2

mc1mq
. ~3.6!

Here we have used the factorization~or vacuum insertion!
approximation to estimate the four-quark condensate. H
ever, sincedB does not receive four-quark operator cont
butions under the factorization approximation, the contrib
tion from nonvacuum intermediate states may not
negligible.1 We would like to remind readers that the ratio
t(Ds

1)/t(D0) is quite sensitive todB. We have estimated
the dimension 8 four-gluon condensate contribution todB
and found that the enhancement ofdB due to the four-gluon
condensate is less than 1023 and thus can be neglected.

It is useful at this point to compare our analysis with t
similar QCD sum rule studies in@9#. First, Chernyak@9#
employed the chiral interpolating current for heavy meso
so that all light quark fields in his correlators are pure
left-handed. As a result, there are no quark-gluon mixed c
densates as these require the presence of both left- and
01400
-

-
e

s,

n-
ht-

handed light quark fields. Second, the renormalization sc
mh;500 MeV was adopted in the sum rule analysis of@9#.
However as emphasized previously, the strong coupling c
stantas at such a low scale is of order unity and therefore
radiative corrections to the OPE series are out of control. T
final results will become less reliable. Third, running t
scale frommc to mh , new penguin-type four-quark operato
will appear and it is claimed in@9# that the matrix elements
of these operators are quite important in estimating the n
spectator effects inD1, D0, andDs

1 . This statement is ob-
viously in contrast with the conjecture of Blok and Shifma
@8# who argued that the contributions from new operators
be discarded as the penguin diagrams in charm decays
negligible due to the GIM mechanism. In the present pap
the hadronic matrix elements are evaluated directly at
scalemc so that the above-mentioned problems with the l
renormalization point and new penguin-type operators
circumvented.

After performing the double Borel transformations@15#,
p2→M2 andp82→M 82, on the above sum rules and lettin
M25M 82, we obtain
e

B54S mc1mq

f Dq

2 mDq

2 D 2

e2mDq

2 /M2H 3

8p2E
mc

2

s0
dse2s2/M2FmcS 12

mc
2

s D 2

1mqS 12
mc

4

s2 D G

2^q̄q&S 12
mcmq

2M2 D e2mc
2/M2

2
^gs

2G2&
48p2mc

~12e2mc
2/M2

!1
mc

2^gsq̄s•Gq&

4M4 S 11
mq

4mc
2

mcmq

24M2De2mc
2/M2J 2

,

dB'0, ~3.8!

and

1Up to dimension six,dB is given by

dBp•p8

~p22mDq

2 !~p822mDq

2 !
S fDq

2 mDq

2

mc1mq
D2

5
mc

2

4
^q̄gm~12g5!qq̄gm~12g5!q&

1

~p22mc
2!~p822mc

2!
, ~3.7!

which obviously vanishes under the factorization approximation. At the confinement scale;500 MeV, the nonfactorizable contribution du
to the four-quark condensate was shown to be sizable in the determination of penguin-type matrix elements in@9#. As a result, the lifetime
ratio of t(Ds

1)/t(D0);1.24 obtained in@9# is much larger than previous estimates.
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«52d«

5S mc1mq

f Dq

2 mDq

2 D 2
4

3
mc

3e2mDq

2 /M2E
mc

2

s0
dsE

mc
2

s0
ds8e2(s1s8)/M2H ^gs

2G2&

~32p2!2

1

s2s82 Fmc~s1s82mc
2!22mq~2s12s82mc

2!

14mq~2s23mc
2!s8d~s82mc

2!S g1 ln
~mmc!

M2 D G2
^gsq̄s•Gq&

128p2 F S 1

s82
d~s2mc

2!1
1

s2 d~s82mc
2!D

3S 12
3mq

mc
D1

8mq

mc
3

d~s2mc
2!d~s82mc

2!S g1 ln
~mmc!

M2 D G J , ~3.9!
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whereg is the Euler’s constant.
For numerical estimates ofB and «, we shall use the

following values of parameters:2 f Du,d
5170610 MeV,

f Ds
5210610 MeV, mu5md50, ms5125625 MeV,

mc51.4060.05 GeV, s0(Du,d)56 GeV2, s0(Ds)
56.5 GeV2, and@15#

^ūu&m51 GeV5^d̄d&m51 GeV52~240620 MeV!3,

^s̄s&50.83^ūu&,
~3.10!

^asG
2&m51 GeV50.0377 GeV4,

^q̄gss•Gq&5~0.8 GeV2!3^q̄q&.

Note that in the sum rule study,mc is the current quark mas
normalized atm252mc

2 .
To further improve the quality of the sum-rule results, w

rescale the nonperturbative quantities to the scale of
Borel massM:

f Dq
~M !5 f Dq

~mc!S as~M !

as~mc!
D 22/b0

,

^q̄q&M5^q̄q&m•S as~M !

as~m! D
24/b0

,

~3.11!

^gsq̄s•Gq&M5^gsq̄s•Gq&m•S as~M !

as~m! D
2/(3b0)

,

^asG
2&M5^asG

2&m ,

whereb05 11
3 Nc2 2

3 nf is the leading-order expression of th
b-function with nf being the number of light quark flavors

Let us explain the results obtained in Eq.~3.8! for the
parameterB and Eq.~3.9! for «. Equation~3.8! can be ap-
proximately factorized as a product of two two-pointf Dq

2It is known that the charmed quark mass used in the sum-
studies is smaller than the pole mass shown below. Likewise,
sum-rule decay constantsf D and f Ds

are slightly smaller the value
employed in Sec. IV.
01400
e

sum rules. As a result,B'1. To the order of dimension-five
the main contributions to the OPE series of« are depicted in
Fig. 2, where we have neglected the dimension-six fo
quark condensate of the type^q̄Glaqq̄Glaq& since its con-
tribution is much less than that from dimension-five
dimension-four condensates. The numerical result
« (52d«) is shown in Fig. 3. Within the Bore
window 2.0 GeV2,M2,3.0 GeV2, we obtain
«(D0,1)52d«(D0,1)50.01560.010 and «(Ds

1)5

2d«(Ds
1)50.01520.010

10.015, where the error comes partiall
from the uncertainties of input parameters. Consequen
B1,2 and«1,2 are numerically given by

B15B2'1, «1~D0,1!520.04560.030,

«1~Ds
1!520.04520.030

10.045, «250. ~3.12!

Since the sum rule calculation is built upon the quark-had
duality hypothesis, it is difficult to estimate the intrinsic e
rors in this approach. However, if the OPE series is exten
to higher dimension operator terms, then the errors will
improved. Moreover, it is desirable to evaluate the non
cuum intermediate state contributions todB53(B12B2) as
the ratio oft(Ds

1)/t(D0) is quite sensitive todB. Even if
dB deviates from zero by a small amount, say 0.005,
ratio t(Ds

1)/t(D0) will be enhanced by 6%.
Thus far we have not considered the effects of hig

dimension operators except for the dimension 8 four-glu
condensate contribution todB. Strictly speaking, the deca
constant used in the hadronic matrix elements~2.12! and
~2.13! should be the static oneFD defined in HQET if the
matrix elements are systematically evaluated in heavy qu
expansion. It is known that the 1/mc expansion in charm
decay is not as good as the 1/mb expansion in bottom deca
since the charmed quark is not very heavy. For example,
QCD sum rule analysis yields the relation@16#

f D5
FD~mc!

Amc
S 12

2

3

as~mc!

p D S 12
~0.8;1.1! GeV

mc
D
~3.13!

betweenFD and the physical decay constantf D . It is clear
that the 1/mc corrections toFD are approximately 50% of the
leading-term contribution. It has been conjectured in@8# that

le
e
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the effect of higher dimension operators amounts to rep
ing FD by f D in the estimate of factorized matrix element

IV. RESULTS AND DISCUSSIONS

The total decay width of the charmed meson is given

G~D !5GNL,spec1GNL, nspec1GSL1G lep, ~4.1!

where GNL,spec and GNL, nspec denote nonleptonic deca
widths @cf. Eqs. ~2.1! and ~2.7!# due to spectator and non
spectator contributions, respectively,GSL @see Eq.~2.2!# and
G lep the semileptonic and pure leptonic decay widths, resp
tively. In units of G05GF

2mc
5/(192p3), we obtainGNL,spec

54.84G0 , GSL51.02G0 and G lep(Ds
1→tn̄t1mn̄m)

50.169G0 for mc51.65 GeV, ms5125 MeV, c1(mc)
51.30 andc2(mc)520.57.

If the momentum of the spectator quark in theD1 meson
is neglected, the destructive Pauli interference inD1 decay
is found to beG2

int(D1)528.5G0, which largely overcomes
the c-quark decay rateGNL,spec. Consequently,G tot(D

1) be-
comes negative, which is of course of no sense. This in
cates that it is mandatory to invoke the spectator quark
suppress the Pauli interference effect@see Eq.~2.14!#. On the
contrary, the spectator quark’s momentum in the charm
meson will enhance theW-exchange orW-annihilation con-
tribution. Since the decay width ofD1 involves a large can-
cellation between two terms, it is very sensitive to the p
rametersmc , f D , and ^pq&. For f D5190 MeV and^pq&

FIG. 2. The main diagrams contributing to the OPE series o«
in Eq. ~3.9!: ~a1!–~a3! the gluon condensates, and~b1!, ~b2! the
quark-gluon mixed condensates. The charmed quark is denote
the heavy line.
01400
c-

y

c-

i-
to

d

-

5350 MeV, we found that the pole massmc is preferred to
be a bit larger. We shall usemc51.65 GeV for calculation.

We next proceed to compute the nonspectator effects
ing Eqs.~2.14! and ~3.12! and obtain

Gexc~D0!5~0.4660.30!G0,

G2
int~D1!52~3.2960.40!G0,

~4.2!
Gann~Ds

1!5~0.1960.13!G0,

G2
int~Ds

1!52~0.3560.05!G0,

where the errors come from the uncertainty of«1, and use
has been made off Ds

5240 MeV. Collecting all the contri-
butions, we find

t~D0!50.38 ps,

t~D1!50.96 ps, ~4.3!

t~Ds
1!50.41 ps.

It is clear from our calculations that the lifetime ofDs
1 is

longer than that ofD0 because the Cabibbo-allowed nonle
tonic annihilation and leptonic contributions toG(Ds

1) are
compensated by the Cabibbo-suppressed Pauli interfere
We also see that the predicted absolute charmed meson
times are in general too small compared to experiments@4#:

t~D0!5~0.41560.004! ps,
~4.4!

t~D1!5~1.05760.015! ps,

and

t~Ds
1!5H ~0.51860.01460.007! ps ~E791!@3#,

~0.486360.01560.005! ps ~CLEO!@5#.
~4.5!

by

FIG. 3. « (52d«) as a function of the Borel mass square
M2. The solid and dashed curves are for«(D0,1) and «(Ds

1),
respectively. Here we have usedf D5170 MeV, f Ds

5210 MeV,
mc51.40 GeV, ms5125 MeV, s(D0,1)56 GeV2, s(Ds)

56.5 GeV2, ^q̄q&m51 GeV52(240 MeV)3, and Eq.~3.10!.
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By contrast, the calculated lifetimes ofB and Lb hadrons
based on heavy quark expansion are too large compare
the data~see, e.g.,@13#!.

The charm lifetime ratios followed from Eq.~4.3! are

t~D1!

t~D0!
.2.5660.52,

~4.6!
t~Ds

1!

t~D0!
.1.0860.04.

Although the lifetime ratiot(D1)/t(D0) is in accordance
with experiment, the predicted ratio fort(Ds

1)/t(D0),
which is insensitive to the value ofmc , is larger than previ-
B

-

01400
to
ous theoretical estimates@1,2# but still smaller than recen
measurements. Nevertheless, this lifetime ratio could get
hanced if nonvacuum intermediate states contribute siza
to the four quark condenstate so thatdB is nonzero. It is
worth remarking that if the nonzero momentum of the sp
tator quark is neglected, then the ratiot(Ds

1)/t(D0) will be
enhanced to 1.11. However, as stressed in passing,
meaningless to have a negative lifetime for theD1.
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