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We investigate the total inclusive decay rate of {geound statp B, meson within the framework of an
operator product expansion in inverse powers of the heavy quark masses and subsequent matching onto
nonrelativistic QCD. The expansion is organized as a series in the strong coupling and in powers of the heavy
quark velocities in thé,, reflecting the nonrelativistic nature of a heavy-heavy bound state. In this aspect the
character of the expansion differs from the more familiar case of heavy-light mesons. The framework incor-
porates systematically corrections to the leadingand c-quark decays due to binding effects, as well as
contributions from weak annihilation and Pauli interference. Based on this approach we find Barrtteson
lifetime 75 =(0.4-0.7 ps, the dominant mechanism being the decay of the charm constifiB0856-
2821(96)06109-1

PACS numbgs): 13.25.Gv, 11.10.St, 12.38.Lg

I. INTRODUCTION these papers, reflects the various model assumptions on the
modification of the free quark decay rates due to bound state
The motivation for studying weak decays of heavy had-effects.

rons is essentially twofold. First, one aims at understanding In the present article we discuss a systematic approach to
basic properties of the weak interaction at a fundamentatomputing theB, lifetime, which is based on the optical
level, including the precise determination of Cabibbo-theorem for the inclusive decay rate, an operator product
Kobayashi-Maskawa CKM) parameters. Second, systemsexpansion of the transition operator and a subsequent nonrel-
containing heavy quarks allow us to test our understandingtivistic expansion of the operator matrix elements in the
of QCD in an interesting limiting case where, due to theB. meson state. In the first step, the operator product expan-
large mass scale involved, certain aspects of the dynamigson of the transition operator, we rely on the fact that if both
simplify. Both topics are of course intimately connectedquarks can be considered as heéayd their mass difference
as the analysis of weak decays of heavy hadrons is always also largg the energy release in the weak decay of either
faced with the problem of disentangling the interplay of thequark is large compared to the characteristic scale for the
strong and weak forces. In this respect g meson, the bound state dynamics. One may then expand in the ratio of
lowest bc quark bound state, is a patrticularly interestingthese scales. Technically, this step copies the procedure for
system to study. Unlike in the case of heavy-light mesonsinclusive decays of heavy-light mesons, reviewed7h In
such as, for exampleB™, By, or Bg, the bound state dy- the second step, the expansion of matrix elements, we utilize
namics of theB. can be systematically treated in a nonrela-the fact that the bound state of two heavy quarks is nonrel-
tivistic expansion, which has proved very successful for theativistic in first approximation. This approximation can be
description of thecc andbb families. At the same time, and Systematically improved by means of nonrelativistic QCD
by contrast to thecc and bb ground statesB, is stable [8], WhI.Ch organizes thg eva'luatlon of matrix elements in full
against strong or electromagnetic decay due to its flavor cofRCD inan expansion inp/m, and p/m, where
tent and disintegrates only via weak interactions. With thes®=Mpvp=Mcv~1GeV is the typical quark three-

properties,B, is in fact a unique example, since the top Momentum in theB. meson. The finite set of matrix ele-
quark lifetime is so short that the analogdbsor tc mesons ments in nonrelativistic QCD, which incorporates all nonper-
do not exist. turbative effects, must be determined from lattice

Several features of thec system have already been the calculations or, less rigorously, from potential models. At

subject of investigations in the past. A comprehensive analyt—hIS point, our treatment differs from an analogqus one for
) — heavy-light mesons, whose bound state dynamics is essen-
sis of thebc spectroscopy and the strong and electroma

Ytially different. In thi h le relevant to th n
netic decays of the excited states has been givell,#. ally different. In this case the scale relevant to the bound

Weak decay properties of the ground ste semileptonic, state isAgcp, While in a heavy-heavy system an additional

) ; ; scale,p> A o¢p (for the case at handis dynamically gener-
and various exclusive modes have also been discli8sé. Q : . .
The lifetime ofB, , o, is briefly considered ifid, 5] where a ated. Consequently, the importance of different operators is

) : ) not ordered according to their dimension alone, but follows
rough estimate has been presented. An estimatg afising  from the “velocity scaling rules” derived in[9], when

a modified spectator model and information gained from theadapted to the case of two heavy quarks of different masses.
calculation of dominant exclusive modes is describefbin The procedure outlined above, when combined with the
The wide range of Iifetimesch=(0.4—1.2) ps, reported in  inevitable emission of hard gluons in the decay, results in a
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double expansion imxs andvo=p/mq, with both param- constituents can be considered as heavy. The operator prod-
eters small, if both quarks are sufficiently heavy. Althoughuct expansion leads to the generic result

this feature is conceptually very attractive, it is r@opriori

clear whether in the realistic case the parameters will be ~

small enough to guarantee a reasonablepbehavior of the ex- '*/_; Crl(p)On(p). (4)
pansion. First, in the— sud transition, the ratio of the typi-

cal quark momentum in the bound state and the energy re- We now describe the operators that contribute to correc-
lease is not a very small number. Second, although th&ons up to ordew* to the free quark decay, wheteis the
reduced mass for thec system falls in between the reduced quark velocity in theB. meson. For simplicity of discussion,
masses obb andcc, thec quark velocity in the8, meson is W€ Will for a moment not distinguish the- and c-quark
larger than in thel/ ¢, because the quark has to balance the Velocities and massé# the following Q can be eitheb or
momentum of a heavieb quark. Thus, relativistic correc- ). The velocity scall_ng rules themselves W|Il_be _dlscussed in
tions are expected to exceed those indbesystem. While it the subsequent section. The dominant contribution to the de-
might appear that thB, meson is a rather marginal case for €&y Width is generated by the operatdrg,=QQ. To lead-
the operator product expansion, its convergence propertidg9 order in the velocity expansion of its matrix element, this
can only be properly assessed after an explicit numericépperat_or reproduces the free quark decay width of the quark
investigation. As we shall see, there are no obvious indicaQ- Using the equation of motion for the heavy quark fields to

tions that the nonrelativistic expansion does not work. eliminate redundant operators, no operator of dimension four
We estimate a shoB, lifetime (in comparison to earlier 'emains. There is one operator of dimension five
estimate} Ogo=Qgc,,G*"Q, whose contribution is suppressed by
v* relative to the leading contribution. The most important
75 =(0.4-0.7) ps, (1)  correction comes from the dimension six operators
c

4o=bI'cc T'b, which scale as® (I, T’ collectively de-
the main uncertainty arising from the poorly known charmnote the Dirac and color structyreFinally, the dimen-
quark massB. mesons are expected to be produced at th&ion six operators “g16=Qo,,y,D*G"Q and “gx
CERN Large Hadron CollidefLHC), if not before, in num- =QD ,G*'T',Q contribute also at order®. In the following
bers that are sufficient to test this prediction. Recently, theve do not compute the coefficient functions of the latter two
first B, meson candidates have already been reported fromperators, so that the expansion will be complete to order
the CERNe" e~ collider (LEP) [10]. The search foB, at  v®. We include the operator§ g and take their contribu-

the Fermilab Tevatron is summarized[itd]. tions as indicative of the error due to neglect of other con-
tributions of orderw*.
Il. THE OPERATOR PRODUCT EXPANSION Performing the OPE results in the expression
The optical theorem relates the total decay width of a T =T szt Tasct Teprt7 6 was 5

particle to the imaginary part of its forward scattering ampli-
tude. Applied to theéB. meson total widtﬂ“Bc, this relation-

. . Towa=Tcst Tuat 20 T (6)
ship can be written as [

1 where the first two terms ii5) account for the operators
= oM (B¢l.7| Be), (2) (739 and?q and the other two for the four-fermion opera-
Be tors . Explicitly,

I'g

Cc

where the transition operator is defined by — T
~¢35b:1_‘b,specbb_ m_§[2P°1+ PeritKop(PertPecr)

T=1mi f A*X T T X). 77 o 0). 3 )
eif(X).7 e 0) ® +Kap(Pea+ Poca) 17 ans @

Here, 7 is the usual effective Hamiltonian describing the _ Ty ;
low energy weak interactions bfandc quarks. The, state 7350~ le,specCC— 17 [ (24 Koo) P+ KacPso] 7,
in (2) is to be taken in convention&telativistic continuum ¢ ®
normalization(B.|B.) = 2EV.
In the case of heavy quark decay, where the energy reyhere
lease is large, one may perform an operator product expan-
sion (OPB of .7. In this way the expression if8) is ex- GZm; ) GZm?
panded in a series of local operators of increasing dimension, Fon=m| Venl?, Fofm, 9
whose contributions td" are suppressed by increasing in-
verse powers of the heavy quark masses. This formalism hagg
already been applied to calculate the total rates for charm and
bottom hadrons containing one single heavy quaik For Kog=C>+2¢%, Kyo=2(ci—c?). (10)
earlier work using similar methods see aJ4@,13. Here, we
shall extend this approach to the treatmenBgf where both  The phase space factos are given a$7,14]
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Pa=(1-y)* Po=(1-y)3 (11
Pern=V1-2(r+y)+(r—y)1-3(r+y)+3(r+y? —r?
—y3—Ary+7ry(r+y)]

[1-r—y+\1-2(r+y)+(r—y)?]?

2\,2
+ 12r<y“4n ary ,
12
1+1-4y
Pecr=V1—4y(1—6y+2y?+12y%) + 24y*In——nx=—,
ccl y( y y Zy) y 1_\/1_—4y
(13
1+1-4
Peo=V1—-4y| 1+ X+3y2 —3y(1—2y2)ln—y,
2 1-V1-4y
(14

wherey=m?/m2 andr=m?m3. Py, (Ps,) is identical to
P.1 (Pcy), except that in this case=m2/mZ . Note also that
Pc.1=P¢ for r=0 andP.,,=P.y for r=y. In decays of
the b quark, we neglect terms of orden?/m?2 and set

A

\
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ms=0. Furthermore,

G2 — _
L%,PI=E|Vcb|2p2—(l_ z_) (A + C%)(bibi)v—A(CjCj)v—A

+(c% —c?)(bib))v-a(ciCiv-al, (15)
2 3 2
_ 2 (1-z,) (1-z,)
o™ gl Vol P 15 e (T

_ 3
C(1-2y) ) PiaPip [(c,—c )2

3 p3

X (biby)§_ A(Cic)E - o+ (5C7 +¢% +6¢.C)

X (b)) acicnE_al, (16)
2 3 2
P ___F 2.2 (1_27) (1_27)
"/VT_ ar |VCb| p+ 12 gaﬁ+ 2

(bibj)¥_A(CiCE_ A,

B (1_27')3) p+ap+ﬁ

3 P2
7
¥7ud:?7~cs(z+_’0)v ?/)71/9:':71/;1,:':71/7(27_)0)1 (18)
m2 m?
P==Pp*Pc, Z:=—7, Z=_ 7. (19)
P+ P

FIG. 1. Leading contributions i to the spectator decays.

(16), one might anticipate a scale~2mym./(my,+m,),

with twice the reduced mass representing the characteristic
scale of thebc bound state. Of course, the scales are not

fixed precisely and one has to allow for a certain variation in

M, indicating an uncertainty that is due to neglected higher
order QCD effects. A clarification of this issue requires the

consideration of next-to-leading corrections.

The contributions of the leading operatds andcc cor-
respond to the imaginary part of the diagrams in Fig. 1,
which are contained in expressiof8). The coefficients
of bb andcc in (7), (8) can be obtained in the usual way
by matching the diagrams of Fig. 1, corresponding to the
leading terms of the full expressiof8), onto the opera-
tors bb, cc. These coefficients are equivalent to the free
guark decay rate and are known in next-to-leading logarith-
mic approximation in QCD15-19, including the charm
quark mass effects t®(as) [19]. To include the next-to-
leading log effects, the Wilson coefficients in the effective
weak Hamiltonians are required at next-to-leading order and
single gluon exchange corrections to the diagrams in Fig. 1
need to be considered. The complete next-to-leading order
corrections are incorporated in the numerical analysis below
and denoted by specin (7) and(8). Similarly, the contri-
butions with; o are obtained when an external gluon line is
attached in all possible ways to the inner quark lines in Fig.
1. The corresponding coefficients are known in leading log
approximation. Finally, the dimension six operators and their

In the above equations, the QCD correction factors havgoefficients arise from all those contributions, where one of

been written generically:

ag(My)
as(u)

6/(33—2f)

(20

a(My) } —12/(33-2f)

as(pm)

where f is the number of flavors. The scale is approxi-
mately m, in (7) andm, in (8), respectively. Fo(15) and

the internal charm lines is “cut” in the diagrams of Fig. 1.
The resulting graphs are depicted in Fig. 2. These contribu-
tions are also known in the literature as “weak annihilation”
[Fig. 2(@)] and “Pauli interference’[Fig. 2(b) — note the
orientation of the fermion linds

The expressions7), (8) have been derived if20] (see
also[21]) and are also discussed [ivi]. The coefficients for
the dimension six operators given (15-(17) are new.
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c u,c, v c contribution is seen to emerge as the formally leading term
in the operator product expansion. Bound state corrections
are described in5) by the operators”gq (and others of
higher dimension which we omitteénd corrections to the
asymptotic value of the matrix element @Q. Since the
contribution due to the chromomagnetic operatqsg can
be related to thd.-B; mass splitting, it is actually of order
% in the nonrelativistic expansion and thus formally of sub-
(a) leading importance. The only correction of order arises
from the kinetic energy of the quarks inside the bound state,
which leads to a reduction of the matrix element@® by a
factor 1—vé/2, obviously representing the effect of time di-
latation.

b c c The question of bound-state corrections to the decay rate
of a system of two heavy fermions has also been studied,
from a different point of view(using a Bethe-Salpeter for-
malism) in [23] (see alsq24]). It has been shown in this
work that the leading net correction to the rate due to bound-
state effects is just from time dilatatior,v2/2. Other con-
ceivable contributions, such as phase space suppression and

¢ b Coulomb enhancement, turn out to effectively cancel in the

(b) final answer. As we have seen, this picture is in accordance
with the findings obtained here within the OPE approach,
FIG. 2. “Weak annihilation” (a) and “Pauli interference”(b) ~ Which incorporates this result in a rather simple and straight-
contributions to the coefficient functions of four-fermion operatorsforward manner.
in the OPE.

. MATRIX ELEMENTS
They are valid to leading logarithmic accuracy in QCD and
include charm quark and lepton mass effects. Let us next complete and summarize the discussion of the

In order to obtain the total decay width, the expansion ofrequiredB. matrix elements, part of which we have already

the transition operatof5) has to be taken between tile ~ €ncountered above. The operators described in the previous
meson states. This step involves the calculation of matrigection are still expressed in terms of four-component fields
elements of the local operators listed above. In general, thiQ. In a system containing a nonrelativistic quark, antiquarks
is a difficult nonperturbative problem which in practice may cannot be produced, since this would require an energy
introduce considerable uncertainties in the evaluation of théarger thanmg . It is then appropriate to “integrate out” the
hadron lifetime. This is the case, for instance, for heavy-lightsmall components of the field and express the result in terms
b- or c-flavored meson$7,22]. By contrast, an important Of a two-spinor . In this way, all contributions from
advantage of the present system consistingvas heavy  scales larger tham, wheremg>u>mgug, are made ex-
quarks is the applicability of a nonrelativistic treatment.plicit and can be accounted for perturbatively. This proce-
Given the successes of this approach in describingndbb dure is standard from nonrelativistic approximations to QED
quarkonia, one can expect a rather reliable determination gind heavy quark effective theo#QET) and leads to
the requiredB, matrix elements using the nonrelativistic for-
malism, either within the framework of potential models or __ 1 3
by employing lattice QCD. As we shall see, this treatment QQ= ¥t~ 2m2 YH(iD) 2o+ —4¢Qm3) ¥q
transforms the Mg expansion into an expansion in powers

of the heavy quark velocities. . 1 4. =
Before discussing the evaluation of matrix elements and ~o>mZ Y9 Byo— W%(D'QE) ot
i ifati Q Q
the numerical results for thB, meson lifetime, we address
briefly the physical interpretation of the various termgip- (21

(15). First, let us consider the strictly asymptotic limit in

which mg/Agcp—. In this limit the bc system becomes ___ 1

extremely nonrelativistic, consisting of two weakly bound anWGf“’Q——Zngo szQ——wQ(D gE)sz
heavy quarks, slowly moving in a Coulomb-type potential.

The total decay rate for that system is then simply given by

the suml’y, gpect I specOf the weak decay rates of the quasi-

freely and independently decaying heavy quarks. In the asvhere we have already omitted the teero (gE
ymptotic limit we have(B¢|QQ|B.)/(2Mg)=1+0(vg),  xD)yq (spin-orbit coupling, whose matrix element van-
Q=Db, c, and we indeed recover this S|mple picture within ishes in the valence Fock state of a pseudoscalar meson. The
the formalism described above. Of course, the truly asymptwo-spinor ¢, is here defined to have the same normaliza-
totic case is unrealistic. However, the simple spectator decatjon asQ:

(22)
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Let us now turn to the evaluation of matrix elements in
f d3x l/fzgl//Q:J' d*x Q'Q. (23)  potential models for the bound state. Denote by
T:mcv§/2+ mbvg/z the average total kinetic energy of the

To the required ordenyq is then related to the upper com- quarks in the bound state. Then, sinegv,=me., we

ponentseg of Q, obtairt
? (Be #5(iD)?y|Bc) 2
—a-imt cl¥b blPce/ 2 Me
Q=e (X) (24) i T @9
h h >
froug BIULID wlBY_ ,  om
(iD)? 2Mg -m? VT mo(mermp)
Vo=| 1+ 5= |4, (25) c
Q

_ - _ _ _ The kinetic energyl is known rather precisely, within about
which can be verified by using the _equauons of motlon..Notelo%' T=0.37 GeV[2]. It is also approximately independent
also that the covariant derivative is understood to be in thef the reduced mass of the bound stédte the “logarithmic
adjoint representation when acting on the chromoelectrigotential” this statement is exactThis value of T implies

field: v2~0.38 and v;~0.035. A straightforward calculation
- - - L ields the matrix elements
(D-E)=(JT2—gfaP°TPAC)E2, (26) y
Equations(21) and (22) are valid up to terms 0®(v°). In (Bl ylgo- By|Be) _ 4, |W(0)|? (30
the numerical analysis below we shall also neglect the small 2Mg -3 m,
:_erm (;);‘ (t)(t§4/m4Q), which vyields theO(v?) correction to
ime dilatation 2 e
(Bl yi(D-gE)pelBe) 4 ,
R ; =2 vO]2 (3D
1p?> 3p* 11214 _ i 2Mg_ 3

(277  where¥(0) denotes the wave function at the origin. The
matrix elements forb-quark fields are obtained by inter-
Radiative corrections modify the coefficients of the chromo-changingm, and m. on the right-hand side. The second
magnetic ¢--B) and the “Darwin” (D-E) term in(21). In  equation can also be obtained from using the equation of
the present context, these effects can be neglected consimotion for the chromoelectric field. The matrix element of
tently. the resulting four-fermion operator factorizes to leading or-
The matrix elements of the operators on the right-handier inv? and can be evaluated in a straightforward way.
sides of(21) and(22) can be evaluated in the nonrelativistic ~ We note that in the potential mod#1(0), thedecay con-
effective theory[8], for example on the lattice, the obvious stanthc and the vector-pseudoscalar spin splitting are re-
advantage being the possibility of using coarse lattices, sinCRted py
short-distance effects are already accounted for. To obtain a
desired accuracy im?, the appropriate number of correc- 1217 (0)|? 8 .|W(0)?
tions to the leading order effective Lagrangian have to be fé =, B 2
retained. Preliminary studies d. mesons on the lattice ¢ Me, ¢
have recently appearé¢d5], but are not yet competitive with
phenomenological potential models. For the numerical analysis to follow, we take
To assess the importance of various contributions, we reMgs —Mg_ =73 MeV from [1]. With the parameters of the

call [9] that the quark field), scales with the heavy quark Buchmiller-Tye potential, this spin splitting implies

B,~ g9 M, (32
C

three-velocity as 1iquo)®? a spatial derivative amguq, fz, =500 MeV, which we use as our central value for the
the electric fieldlgE asmug, and the magnetic fieldB as  gecay constant
mgug (in Coulomb gauge The couplingg in a matrix ele- Combining these results, we estimate the matrix ele-

ment counts as . In the present case of a system with ments (21) and (22). Notice that the matrix element

unequal quark masses, one has to keep in mind that addyf cgo,,G**c is dominated by the divergence of the chro-
tional factors from the mass ratio can enhance or suppressraoelectric field rather than by the spin-spin interaction, be-
given contribution. These scaling rules imply that the lastcause the latter is suppressedry/m, . It is interesting to
term kept in(21) and(22) is of the same order as the chro- detail the deviations of the matrix element@€ from unity
momagnetic termo-B, in contrast with the analysis of for thec quark, where relativistic corrections are the largest.
heavy-light mesons where this term is suppressed byVe find

Aqgcp/Mmg relative to the chromomagnetic interaction. The

velocity counting relies on the inequalitp~1 GeV

>Aqcp, Wherep is the typical quark momentum in the 'To avoid additional notation, the matrix elements are written for
bound state. b quarks rather than for antiquarks.
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(BeJcc|Be) 1 3 Mgx —Mg, m, at a scaleu~m,, and scale the operators with their anoma-
=1 oyl ———— |1 +... lous dimension to the lower scale. Sincen2y4~my/2, we
2Mg, 2 4 Me 2mg exercise our freedom to choose the matching scale within

some variation o, and evaluate the QCD correction fac-

~1—0.190+ 0.037-0.061+ - - -. B3 ors directly at 2n.,..

Despite the largee-quark velocity, this expansion appears
quite well behaved. As anticipated, the largest reduction of IV. DISCUSSION
the rate is due to time dilatation, representing the dominant

We are now ready to collect the various contributions
bound-state effect. Furthermore, we have Y

presented above and to derive an estimate foBtheneson
(Bc|c_gaWG*“’c|Bc> my Iif_etime. We first summarize thg input parameters that we
=3mC(MB*—MBC) 1- m will use in our numerical analysis:

2Mpg_ c
(34 m,=5.0GeV, m.=1.5GeV, m,=0.2 GeV,
The matrix elements dib andb_gaw,Gf”b can be obtained |Vp| =0.04, (40)
by interchangingn,< m, in the above equations.
Finally, we need the matrix elements of the four-quark Mg =6.26 GeV, Mg+—Mg =0.073 GeV,
operators i(15)—(17). To estimate their values, we employ ¢ ¢ ¢
factorization. This method, which lacks a firm footing for T=0.37GeV, fs =0.5GeV. (41)

heavy-light mesons, can in fact be justified in the present
case ofB.. Deviations from factorization arise from higher
Fock components of thB, wave function and therefore are

of higher order in the nonrelativistic expansion. The relevanfNdT is taken from[2]. The numbers fom, andm, corre-
matrix elements are then given by spond to pole masses, the figures(49) representing our

central values. We comment on their choice below. The

The parameteri B, Mg*— Mg, andeC are taken fronj1]

o —\B o1, B renormalization scaleg are chosen as followgi;=m in
(Be|(bib))y- a(CiCi)y-alBe) =5, S99 —aan, decays of théy constituent,u,=m, in decays of the con-
(35) stituent, angu;=2m,.q in modes involving both bound-state
quarks.
_ L féc 1 As already mentioned, the pure spectator decay rates
(BC|(bibi)3_A(cjcj)€_A|BC)= ?<Eq2g“ﬁ—q“q5), I’y spec@ndT’¢ specare known to next-to-leading order in per-

(30) turbative QCD[15-19. The most complete calculation, in-
cluding final state mass effects in the QCD corrections, is

where q is the B, meson four-momentum, due to[19]. We use their results to evaluate the spectator
q2= Mé ~(my+m.)2, andfg is theB, meson decay con- quark decay contributions. Thereby, we take proper account

c ¢ of charm quark and tau lepton mass effects. The strange
quark mass is kept for the charm decay modes, but neglected
in b decays. The impact of electron and muon masses is
likewise small and has been neglected throughout.

First, we would like to present an overview of the differ-
ent B, decay mechanisms and their relative importance as
(Be- 76 pi|Bo) E obtained within the nor_1re|ativistic C_)PE-b_ased framework we

' = ——|Vp|2f3 Mg p?(1—z_)%[2c2—c%], are advocating. To this end we fix all input parameters at
2Mg, 12m ¢ e their central values and calculate the partial, semi-inclusive
(37 B. decay modes corresponding to the various underlying
. 5 quark subprocesses. The results are collected in Table I. We
<Bc|'/cs|BC>: GF.V |2f2 Mg m2(1—2z, ) 4c2 +c? observe a dominance of the charm decay modes over
2Mg,_ 247 "cbl "B B e * o b-quark decay. Weak annihilation is sizable, yet still consid-
erably smaller tharb decay. Adding up all contributions

stant(in the normalization in whicH =131 MeV). Devia-
tions from factorization modify the decay rate only at order
v° relative to the free quark decay. Usif®p) and(36), the
matrix elements of the dimension six contributions to the
transition operator are found to be

+4c,c_], (38)  vyields a total width of'g_=1.914 ps*, implying
(Bd7,.|Be) _ GF 75 =0.52 ps. (42)
T = g|vcb|2fécM chi(l— ZT)Z. (39) Be P
Various branching fractions can also be inferred from Table
The matrix elements of 4, .7, and.7,, are negligibly I. For instance, the semileptonic branching ratio
small as a consequence of helicity suppression. B(B.— Xev) is found to be about 12%.

In the following section, we evaluate the QCD correction These estimates involve considerable uncertainties and
factors c.,_ in the above expressions at a scaleTable | is merely intended to convey the general trend and
nw=2m.q~2.3 GeV, that is characteristic for a transition typical numbers for our favorite parameter set. The dominant
involving both bound-state quarks. If this scale were widelyuncertainty comes from the quark masses. To limit the re-
separated frorm,,, one would switch to the effective theory lated ambiguity in our phenomenological analysis, we em-
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TABLE 1. Contributions to theB, meson decay rate in ps.

B. MESON LIFETIME

4997

TABLE Il. Parameter dependence ®§C against(smal) varia-

The partialb- andc-quark decay rates are understood to include thetions of the parameter s€X.} specified at the beginning of Sec. IV
nonperturbative corrections from dimension five operators as disand repeated in the second column of the tabjeis defined by
cussed in the text. Cabibbo-suppressed modes are implicitly takefirg (X.)/ 75 (Xo)=Ix(6X/X.), where &7g (Xc) =75 (Xc+ 6X)
into account with the corresponding allowed channels. The input- TI;C(XC)' '|c'hus, for instance, the entry fz)(:mc tec||s us that

parameters are specified at the beginning of Sec. IV.=\W&ak
annihilation, P+Pauli interference.

Mode Partial ratéps™1)
boTid 0.310
b_Tccs 0.137
b_Ter 0.075
bTro 0.018
Sh—c 0.615
c—sud 0.905
c—Serv 0.162
Jc—s 1.229
WA:bc—cs 0.138
WA:bc— v 0.056
PI —-0.124
Total 1.914

increasingm, from 1.5 GeV to 1.6 GeV decrease§c(xc):0.52
ps by 20.7%.

X X, Iy

My 5.0 GeV ~1.96
me 1.5 GeV —3.10
mg 0.2 GeV 0.14
Ve 0.04 ~0.72
i 5.0 GeV 0.02
o 1.5 GeV 0.13
s 2.3 GeV -0.07
T 0.37 GeV 0.16
Mgt — Mg 0.073 GeV 0.01
fo, 0.5 GeV ~0.07
Mg 6.26 GeV ~0.04

could also be used if, by the tirmgc is measured, a different
parameter set appears preferred.

In addition to using the measurd}, lifetime, one could
be tempted to use thB° lifetime to eliminate the strong

ploy the following strategy. We take the charm quark massiependence om,. Since a very large charm mass is re-

m, as the basic input parameter, allowing it to vary within

1.4 Ge\=m,<1.6 GeV (43
which is in the ball park of the pole mass values available i
the literature. For any given value aofi;, we then fix the
value ofm, by the requirement that the measui&gmeson

lifetime 78,~1.55 ps is obtained. This is justified since the

total By width is essentially determined by thequark decay

n

quired to reproduce the absolul lifetime and semilep-
tonic width in the OPE approach, this would lead to the
prediction of a very lowB, lifetime TBC~0.35 ps. We refrain

from this procedure, since the OPE applied to charmed me-
sons is less reliable than that B and probably more quali-
tative than quantitativg22)].

Let us conclude the discussion with the following re-
marks.
(@) As already discussed above, the expression for the

contribution with very small pre-asymptotic bound-state cor-g . meson total width we have derived is consistent up to and
rections and the OPE formalism can be expected to be relincluding terms ofO(v3) in the nonrelativistic expansion.

able in this case. For thb-quark spectator decay rate we

again use the complete next-to-leading order expressio
[19]. For completeness, we also incorporated the bound-sta

effects that are described [iid]. Imposing therg . constraint,

yields a b-quark mass that effectively includes unknown gnd e

Part of theO(v?) corrections, those due to the operators
go,,G*"Q, have also been considered to obtain an esti-
ate of the order of magnitude of these contributions, while

the neglected contributions arise from the operatGgs,

listed earlier. The labor involved in calculating

higher order perturbative corrections in the decay of the botthese remaining contributions does not appear justified in

tom quark. It practically eliminates thm, and V., depen-
dence of the predicted value @ . It turns out that a deter-
mination of m,, for any givenm;, via the approach just
described, is approximately equivalent to the relation

mp=m+ 3.5 GeV, (44)
which is roughly consistent with the well-known formula
relatingmy, andm, in heavy quark effective theofHQET).
Adopting this procedure and varying, between 1.4 and
1.6 GeV, results in the prediction

0.4 ps< g <0.7 ps. (45)

Variations of our central valugl2) due to variations of other

view of the uncertainties connected with the quark masses.
To reinforce this point and to see the behavior of the expan-
sion more explicitly, we write down the size of the various
terms of a given order im, using central parameter values.
For the sum of the—s decay modes, one obtai(t.526—
0.289-0.008 ps™ !, writing separately the terms of order
v, v, andv®. For the totab-decay contribution, one finds
(0.640-0.011-0.024ps™ 1. The sum of allv® effects
amounts to typically 0.1 ps'. In the case ob decay, the
corrections are particularly small, since they are additionally
suppressed by inverse powers of the lalgguark mass.
Generally speaking, the relevant velocity is the one of the
lighter constituenty., which determines the convergence
properties of the nonrelativistic expansion. As we see, the
series is rather well behaved. Note also that a further contri-

input parameters can be inferred from Table Il. This tablebution of O(v*) comes from the expansion of the time dila-
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tation factor. Numerically;- v§/8~—2%. Although one has the issue of duality is related to the fact that the velocity
to be careful about drawing definitive conclusions, since theeXpa_nsio_n is at best asymptotic. Th_is inclu_des the _possibility
O(v*) contribution has not yet been calculated completelythat it might not even be asymptotic at Minkowskian kine-
these observations support the assumption that the totgpatics. Since, foB., the expansion is still convergent, we
O(v?) term is rather small. are concerned mainly with the second possibility, in which
Let us re-emphasize that, technically, in the approaclfase the OPE is meaningless beyond a certain order, even if
adopted here the velocity expansion distinguishes a heavyk2PPears to be convergent. Although duality has been ques-
heavy meson from a heavy-light meson, for which an expantioned for the decay ob mesong27], it seems, at least to
sion in A gcp/Mg is appropriate. This distinction was missed the authors, that there Is as yet no p_Iqqe in the charm and
in the treatment of26] (which also starts with an OBE bottom hadron family where this possibility could be unam-

L . : ' iguously separated from uncertainties due to unknown input
resulting in an incorrect evaluation of the matrix elements 01b 9 y Sep . P
— , parametergquark masses, matrix elements convergence
Qgo-GQ. As a consequence, a large correction was ob

: _ ) 4 o properties of the expansion. In this situation, one has to rely
tained from this formally sub-leadingd(v*)] contribution,  on 3 more pragmatic attitude towards the problem, assume

which we.found to bg essentially negligible, even fo_r charminat quark-hadron duality makes sense for a given case, ex-
The leading correction terms to the spectator picture ofjore the consequences and, if possible, check whether the
O(v?) from the kinetic energy and oD(v®), from weak emerging picture is at least consistent.
annihilation and Pauli interference, were not calculated ex- The critical point with regard to this issue By, is charm
plicitly in [26]. decay. Here, the energy release is not as comfortably large as
(b) The Pauli interference contribution exhibits a fairly it is in the case of bottom decay, and, in fact, slightly smaller
substantial dependence on the renormalization scale. Thhan that inD meson decay. However, the reliability of a
number shown in Table | corresponds ta=2m,y duality is channel dependent. Duality might still work rea-
~2.3 GeV. Allowing a variation ofu from 1 to 5 GeV  sonably well in the case of the charm transitions contributing
yields a range of values from-0.342 ps! to —0.036 to B, decay, even if it were violated fd mesons. After all,
ps ! for this contribution. This large dependence is formallyas we have emphasized, the nature of the OPE is very dif-
of O(«as), which goes beyond the leading log approximationferent for B, due to the nonrelativistic character of the
we are working in presently. It represents a theoretical unheavy-heavy-type bound state.
certainty in this calculation. The pronounced sensitivity to A useful cross-check comes from comparing the inclusive
the scale arises from sizable cancellations that occur betweeatecay width for a given channel with the sum of the corre-
the Wilson coefficients irf37). Note that the Pauli interfer- sponding exclusive decay modes. In the present case,
ence contribution ipositivein the limit «s—0 and changes c—sud these are modes likeB.— Bg*)w, B(s*)p,
sign because of the presence of important short-distancg*)K®*) . In [4,5], phenomenological models have
QCD effects. The situation could be improved by studyingbeen used to estimate the rates for twenty of these two-body
next-to-leading order QCD corrections to Pauli interferencedecay modes. Adding their results, one finds a total of 0.49
including a proper matching of the operators to nonrelativisps~! [Bauer-Stech-Wirbe(BSW) mode] and 0.65 ps*
tic QCD. By contrast, the scale dependence turns out to bRsgur-Scora-Grinstein-WisgISGW) model in [4] and
very moderate in the case of weak annihilationbafinto  0.67 ps? in [5], to be compared with 0.91 p$ for the
cs, only +=10% for the same range ¢f as before. inclusive width from Table I. Viewing this comparison with
(c) For the channel®—ccs andb—crv, the weak an- due caution, regarding the model dependences and other un-
nihilation term can be comparable to, or even exceed, theertainties in the estimation of exclusive modes as well as
spectator contribution. This feature is related to the stronghe charm mass uncertainty for the inclusive prediction, it is
phase space suppression of the three-body decay mechanigiassuring that, first, the order of magnitude comes out to be
which is absent for weak annihilation. It would persist evenconsistent and, second, the sum of exclusive modes does not
in the limiting case wherey, is taken to be very small and exceed the inclusive result. A similar observation holds for
the nonrelativistic bound-state description would be a perfecthe semileptonic— sev transitions.
approximation. The charm mass could be so large that the Although the arguments we have given are of a somewhat
spectator decay would be kinematically forbidden in whichheuristic nature, they all seem to indicate that the OPE ap-
case weak annihilation would just be the leading contribuproach makes sense for inclusi®; decays. At the very
tion, but still reliably calculable in the nonrelativistic ap- least, the underlying assumptions do not seem to be obvi-
proach. For these reasons, the dominance of weak annihilausly violated.
tion does not indicate a problem for the validity of the (e) In [4,6], the B, lifetime has been estimated on the
operator product expansion. basis of a modified spectator model, where the phase space
(d) An important conceptual point that needs to be menfor the free quark decay is modified to account for the physi-
tioned is that the application of the OPE is based on theally accessible kinematic regidd] or the b- and c-quark
assumption of local quark hadron duality. By this we meanmasses are reduced by the binding energy to incorporate
that the sum over all decay channels can be described imound-state effectf6]. Like the OPE formalism these ap-
terms of partonic degrees of freedom. Although this assumpproaches lead to a reduction of the free quark decay rates
tion should be valid asymptotically asg/Agcp—, it is caused by binding, but the details of the resulting picture are
nota priori clear how well it is satisfied in practice. Little is markedly different. The modified spectator ansatz does not
known rigorously and quantitatively about the exact condi-correctly approach the asymptotic limit of very heavy quark
tions to be met if duality is supposed to hold. Conceivably,masses, where, as in the OPE-based calculation, the leading
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bound-state corrections come only from time dilatation. Ourbation theory have been employed. The dominant bound-
bound-state corrections are numerically much smaller thastate corrections come from time dilatation and are deter-
the very large effects reported 6], which invert the hier- mined by the heavy quark velocities, which we have
archy betweenc and b decays, making the latter more estimated from existing potential model calculations. A fur-
prominent, and lead to a considerably longer lifetime ofther new result is the comple®(v?) contributions to the

78, = 1.35=0.15 ps[6]. It has been emphasized 6] that decay rate, due to weak annihilation and Pauli interference,

the model calculation has to be regarded with caution, sincfPr Which explicit expressions, valid to leading logarithmic
the inclusive charm decay rate is found to be below the rat&ccuracy in QCD, have been derived.

estimates of the corresponding exclusive modes. Because of Numerically, our analysis yieldsg =0.4-0.7 ps, where
this feature, the result for the lifetime quoted above has beethe measure®, lifetime has been used to reduce the uncer-
corrected torg =(1.1-1.3 ps [6]. This estimate is, how- tainties due to the bottom quark mass ang.

ever, still sizably larger than the one derived in the present We have also briefly considered the reliability of the op-
analysis, where, as we have seen, the inclusive and the eRator product expansion, whose applicability relies on the

clusive approach can be viewed as roughly consistent. assymptio_n of quark-hadron duality. Although this issue re-
mains an important caveat to be kept in mind, we have found

no indication for an obvious violation of its validity. On the
contrary, the series itself is rather well behaved and model
In this article we have presented a detailed investigatiorcalculations of exclusive modes are consistent with the dual-
of the B, meson total width based on a systematic operatoity assumption. It will be interesting to compare the predic-
product expansion of the transition operator. In several imtions for B, decay based on local duality with future experi-
portant aspects this analysis goes beyond the estimates deental results. These should help to assess to what extent the
rived previously in the literature: First, we have emphasizedinderlying theoretical assumptions are valid in practice.
the nonrelativistic nature of the heavy-heavy bound-stat€learly, experimental progress towards a measurement of the
systemB.. As we have shown, this fact has crucial implica- lifetime and other inclusive properties d. is eagerly
tions for the organization of the operator product expansionawaited.
which is different from the case of heavy-light mesons. In
addition, the framework allows a systematic evaluation of
the relevant matrix elements of local operators using the non-
relativistic bound-state wave functions. Matrix elements of We thank Isi Dunietz for discussions and encouragement,
four-quark operators, for instance, factorize exactly to leadArthur Hebecker for discussions, and Estia Eichten and Chris
ing order in the velocity expansion in contrast with the gen-Quigg for interesting discussions and a critical reading of the
eral situation. _ manuscript. The hospitality of the Aspen Center for Physics,
Free-quark decay df andc represents, both formally and where this study had been initiated, is also gratefully ac-
numerically, the leadingin v) contribution to theB, decay  knowledged. Fermilab is operated by Universities Research
rate. For their evaluation the complete next-to-leading ordeAssociation, Inc., under Contract No. DE-AC02-
expressions in renormalization-group-improved QCD pertur76CHO3000 with the United States Department of Energy.
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