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We apply a recent theoretical analysis of hadronic observables in inclusive semileptonic heavy hadron
decays to the phenomenology®fandD mesons. Correlated bounds on the nonperturbative parameterd
\1 are derived by considering data froBndecays and, independently, data fr@mdecays. The two sets of
bounds are found to be consistent with each other. The dataBral®cays then are used to extract a lower
limit on the CKM matrix elementV.,|. We address the issue of the convergence of the perturbative expan-
sions used in the analysis, and compare our bound$ and\ ; to lattice and QCD sum rule results. Finally,
we argue that a comparison of the analyse®oénd D4 decays provides evidence for the applicability of
parton-hadron duality in the semileptonic decay of charmed hadi60556-282(96)06311-4

PACS numbgs): 13.20.He, 12.38.Bx, 13.20.Fc, 13.30.Ce

I. INTRODUCTION teresting, because experimental information on invariant
masses of the hadrons produced in these decays may be de-

The heavy quark limit of QCD is of enormous practical rived from the reported branching ratios to exclusive final
use, because with it one may describe a wide variety oftates. Furthermore, they rest on the same theoretical basis as
heavy hadron decay rates and matrix elements in terms of €arlier analyses of other semileptonic quantities such as the
small number of parameters. These parameters reflect noflecay rate and the lepton energy spectfdin
perturbative QCD effects and cannot be computed directly. N Ref.[3] we performed some preliminary phenomenol-
Instead, they must either be modeled or, preferably, be exQ9Y based on this theorenc;al analysis, deriving corrglated
tracted from experimental data. One of the most importanPOunds on the nonperturbative parameterand\, . In this
applications of the analysis of inclusive decays is the deterP@per we will develop this phenomenology further, incorpo-
mination of the Cabibbo-Kobayashi-Maskaf@KM) matrix rating addl_tlonal data and including in the dlscus_smn the
elementV,,| from the proces8— X/ v, which is comple- s_em|lepton|c decays of charmed mesons. Our main conclu-
mentary to the extraction from the exclusive decaySIOns are as fOHOWS: . L .
B—D*/v. The computation involves an expansion in pow- (1) The perturbation series appearing in the analysis are

p p p
D under better control than had previously been thought. While
ers of 1fmy,, and toO(1/my) there appear three nonpertur- . = )

) — _ the two-loop corrections relating and \; to the semilep-
bative parametersA (or equivalently, the quark masey),  tonjc decay rate and to the first moment of the invariant mass
A1, andh,. While A, may be extracted directly from the gpectrum inB— X ev are large, these corrections partially
B-B* mass splitting A and\, are not directly measurable. cancel in the relation between the semileptonic decay rate
Two approaches currently popular in the literature are to emand the first moment of the invariant mass spectrum. The
ploy various QCD sum rules to estimate these parametersorresponding perturbation series relating the two physical
and to use an analysis of inclusive semileptdDiclecay to  quantities appears to be better behaved. Using the scale set-
fix one linear combination of them. However, each of theseing technique of Brodsky, Lepage, and Macken@&M )
methods has a severe disadvantage: The QCD sum rule 1g5], we find a BLM scaleug )y, =0.26m, for the relation
sults are not model-independent consequences of QCD, amgtween the first moment and the semileptonic width. This
the expansions imxs(m;) and 1m, may or may not work extends our previous resUl8] to the case of finite charm
well at the low scales relevant f@ decay[1,2]. guark mass.

In a recent analysig3], we calculated the leading pertur- (2) When combined with the measured semileptonic
bative and nonperturbative contributions to moments of thavidth of theB, the moments of the invariant mass spectrum
hadronic energy and invariant mass spectra in semileptonignd the measured branching fraction to excited states yield
heavy hadron decays. These predictions are particularly irthe constraint
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While this is consistent with previous determinations of as A as
|V from inclusive B decays[6], this result differs from (sy—m3)=m3 0.051—+0.23 —( 1+0.43—
previous extractions in that it does not depend on any as- B
sumptions about the size af or on QCD sum rule estimates A2 Ay Ay
of the quark masses. + 0'26rr? + 101@ - 0-31W :

(3) The values ofA and\; extracted from the semilep- B B B
tonic decay width and first moment f@ andD¢ decays are e
consistent with those obtained frondecays. Thed results (24— mB)2) = m‘é{0.00S& 10067 %8
are also consistent with recent lattice extractions of the modi- ™ Mg 7
fied minimal subtraction scheméS) massmg(my) [7,8]. -

. ; : A N

The combined results froB andD decays are inconsistent +0.065— —0.14— |, (2.2
with the large negative value of; extracted from certain Mg mg

QCD sum ruleg9]. ] .

(4) The theoretical prediction for thdifferenceof the first ~ Wherem, =0, and we have defined the spin-averageend
moments of the invariant mass spectrunbirandD decays B MesON masses
is well behaved and provides a test of parton-hadron duality. Mo+ 3m N
The comparison with experimental data is quite successful, m =—2" "2 _ 4 A~ =1 L . 1975 Mev,
providing additional evidence for the applicability of duality 4 2mp
to the decays of charmed hadrons. s N

Since our conclusions o decays disagree significantly Mg+ SMg+ — M _
with those presented in Rg®], it is worth commenting on 4 =My A= 2_mBjL +=5313 MeV.
the discrepancy. The authors of REZ] used the extraction (2.2
of m, from Ref.[10] along with the QCD sum rules extrac- o _ o
tion of A\;=-0.6x0.1 GeV2 [9] to conclude that In deriving the expression&.1), we have eliminated the
1.25<mf%*<1.40. This results in a semileptonic decay ratio of pole massesn./my by instead writing the heavy
width for theD meson which is at least a factor of 2 smaller Auark expansion in terms ofip/meg:
than observed. However, it is difficult to relate this extraction

Mg

of the pole mass to physical quantities. The radiative correc- Me _Mp A( 1— E) _ A_z( 1— 2)

tions in the relation betweemf®® and the semileptonic m, mg Mg mg) mg Mg

charm width are so large that the perturbation series appears —

uncontrolled; whether or not this is the case for the relation oS! ( _ @)

between the moments af(e*e”—bb) (from which mP°® 2mgmp mg

and, hencem?® are extractedand the charm quark semi- N I \

leptonic width requires a higher-order calculation. Given this =0.372-0.628——0.628— + 1.16—2. (2.3
uncertainty, we prefer to treat; and A as free parameters, Mg Mg Mg

to be fixed by relations between the decay widths, momentﬁj . - o .

— . . . erforming a similar substitution in the expression for the
and MS masses, in which case we find that all the data ON - mileptonic decay rate. we firfébr m,, = 0)

charm and bottom are consistent with the smaller value P y ' 4
A;=—0.1 Ge\2. This is also consistent with the observa- G2|Vp2m3 o A
tions of Ref.[11], where it is argued that the correct QCD I'y(B)= F_w3_50_365{1_1.54_s_1_65_
sum rule should give a substantially smaller value pthan 192m ™ Mg

that found in Ref[9].

A2
Finally, we note that we will consider values »f which X 1—0.87%) —0,95A—2 —3.18)\—2 +0.02)\—§ .
violate the constraink ;< —3\,~—0.36 Ge\? which was m Mg Mg Mg
proposed in Refl12]. The proof of this bound is criticized in (2.4)

Ref.[13], where it is demonstrated that the inclusion of ra-
diative corrections precludes any rigorous constrainhgn  The advantage of writind’q(B) and the moment$2.1) in
Hence we do not apply this proposed limit to our analysis. this way is that there is now no hidden dependence on the
heavy quark masses; the coefficients arising at each order in
Il. CONSTRAINTS FROM B DECAYS the OPE are determined by measurable quantities.

The moments of the invariant mass spectrum depend only
on the nonperturbative parametérsa , and\,, and on the

We begin by discussing the constraints which may bestrong coupling constantrg(m,) at leading order. Since
obtained from inclusive semileptoni decays. The theoreti- A,(my)=0.12 GeV is known from the B-B* mass
cal treatment of these decays involves a double expansion Bplitting,! and a(my) is measured in other processes, these
powers ofag(m,) and 1M, , employing an operator product moments provide direct information on the unknown had-
expansionOPE and heavy quark symmetry. From RE3]
we have the expressions for the first two moments of the
hadronic invariant mass spectrum for the process lin this paper, we will neglect the small running ®§(u) be-
B—X./v: tweenm, andm, .

A. Theoretical expressions
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ronic matrix elementd and\ ;. This information may then G§|Vub|2mg ag(mp)
be inserted into the expression fdiy(B) to determine P(B—=Xy/v)= 19273 [1_0-98 p
|Vcp| from the measured decay rate.
~0.488 (aS(mb))2—7 143 2.7
B. BLM scale setting for finite m, ' 0 T ' mé ! '

We begin by addressing the question of whether the per- . : _
turbative corrections to the relation between the semileptonil€2ding o a much higher BLM scalgg = 0.38m,. The
decay width and the moments of the hadronic invariant mas@PParent convergence of the perturbation series improves

spectrum are in fact well behaved. Earlier analysgshave
indicated that the two-loop correctionslig(B) are uncom-
fortably large. In these analyses, one computes that part

the two-loop correction which is proportional to the first co-

efficient B,=11— % n; in the QCD function, and from this
derives a BLM scal¢5] for the process. One finds the result

G| Vepl>m3 0 365{ ag(mp)

[(B—X/ )= 1-154-"—

19272
— 1.4*{
(2.5

which, sinceBqyas(my)/m~0.6, leads to a perturbation se-
ries which is quite poorly behaved. Following the BLM pre-
scription of absorbing this term into tl@(«) correction by

a change of scale, one firfdsa low BLM scale
meim=0.16m,~800 MeV.

ag(mp)

™

3

2 165£_+
Bo Bt

In Ref.[3] we discussed a similar situation in the analysis

of the decaypb—u/"v. There we considered two perturbation
series, neither of which is particularly well behaved:

 GE|Vypmg as(Mp)
F(B—>Xu/1/)= W 1-2.4% -
) _
s(Mp) A
—29880( ) —5m—B+ --}
as(Mp) as(Mp)

)2

. (2.6

(sp)= m§[0.20T+0.3580(

ot /T+
ot

The BLM scale forl'(B— X,/ v) is u g y=0.08n,, while
for (sy) it is w g \=0.03m,. However, both of the expres-
sions (2.6) depend on the nonperturbative paramefer

considerably under such a reorganization.
For finite charm quark mass we may perform a similar
alysis. We use standard technig{i#§] to extract a two-
oop term of the formBy(as/)? which contributes to the
first moment(s,—m3). The calculation is straightforward
but tedious, with the final integrals performed numerically.
We find
2
o

' (2.9

ag(mp) ag(my)

(sy—3)= m§[0.05lT +o.096<

A
+0.23—+- -
Mg

which again leads to a perturbation series which appears to
be badly behaved, with a very low BLM scale
uem = 0.02m,. However, if instead we use the expression
(2.8) to eliminate A from the semileptonic width2.5), we

obtain
T(B—X/v)= %OBGE{ 1- 1.17%""’)
—0.74( ol mb)>230
—7.17%4—... . 2.9

The two-loop correction in Eq2.9) has been reduced by a
factor of almost 2 compared with that in EQ.5. The one-
loop correction is reduced as well, and so the change in the
BLM scale is less dramatic; the new BLM scale is
Mmeim=0.28m,. This reorganization of the perturbation se-
ries gives us hope that the expansiayim,)/ 7 is now under
control, although, of course, the fu@(ag) correction re-
mains an important source of uncertainty.

For the second moment of the invariant mass spectrum
there is, as in the massless case, no such cancellation. We

which is defined only up to certain arbitrary conventionsfind, for ay(m,)=0.22,
[14]. If the poor _convergence of the perturbation series can

be absorbed intd, then the large higher-order terms will be
of no consequence, since ultimately is eliminated from
relations between physical observables.

In Ref. [3] we investigated whether this might be so by
eliminating A from Egs.(2.6), solving forI'(B— X,/ ) in
terms of(sy). Doing so, we found

2This scale arises from taking, /m,=0.37[see Eq.(2.3)], and
differs slightly from the result of Ref.1], wherem./m, was taken
to be 0.3.

as(Mp) as(Mp)

((sy—m3)?)= mg[o.oossT +0.007E(

2
),30

A ag(m
+0.067 2 b)+---}
Mg

w

3.7x1074+3.4x 1074

+}

ag(mMp)
T

A
+0.067F— (2.10
Mg
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Since theO(A) term comes with an explicit factor atg, 1 <
substituting a physical quantity fok will not introduce a V%
term ofO(aﬁﬁo) to cancel the large two-loop correction in 0.8 /
Eqg. (2.10. Therefore, we expect that constraints from the
second moment will be more sensitive to higher-order cor- 0.6 ,“ﬁ
rections than those from the first moment and hence lessj (gev) 1‘
reliable. Fortunately, the most useful constraints in the 04 > “‘
A1 plane will come from the first moment st,—mﬁb. " \¢
0.2
C. Bounds onA and N1

Using the theoretical expressio®.1) and experimental 053 -0.6 0.4 0.2 Y 02

data, we _now derive constraints on the nonperturbative pa- M1 (GeV?2)

rametersA and \;. These quantities are dependent on the _

scheme by which perturbation theory is defined; the bounds FIG. 1. The limits onA and X, from data on semileptoni8

which we will derive are forA and\; at one loop in QCD in  decays. The solid curves are lower limits Anfrom the first two

theM_S scheme, with the renormalization scale-m,. We moments of the hadronic invariant mass spectrum, while the dashed
o o “ " e i curve is a Ir upper limit from the ratidR,. The solid curve on the

make_r_lo claim _that this is the “natural” definition of these corresponds to the bound frofs, — m2). the one on the right

guantities, and in any case the scheme dependence drops Ol ound f =T H- b/

of relations between physical observables. However, a)© fhe boun rom((sy = mp)®)-

though they are unphysical, it is convenient to retain thes . . .

parameters in intermediate stages of calculations, and in o he theoretical expression f&; also depends on the ratio of

A . massesm_./m,, both at the tree level and in the nonpertur-
der to compare the values af and)\l obtained from differ- bative [18,19 and perturbativd20,21] corrections. As be-
ent observables we must specify some convention for the

definition lfore, m,/m, may be reexpanded in terms of the observable

In Ref.[3], we used the known branching ratio Bfme- m, /Mg, yielding the result
sons to excited charmed mesons to estimate experimental o A o A2
lower bounds or{(sy—m3)"). This estimate was based on R.= O.224{1+0.24—S—0.29—< 1—1.33—3) —0.68—
the OPAL measuremefit6] of (34+7)% for the fraction of ™ Me & Mg
semileptonic decays to the stat®g and D5 . However, Ay A,
while the sum of the two branching fractions is consistent —3.85—2—7.54—2}. (2.13
with the recent CLEO 90% C.L. upper limiL7] of 30%, Mg Mg

there appears .tc.) be a discrepapcy with the branching fracAt present, there are only data on the avertadmdron semi-
tions to the individuaD, andD3 final states. In Ref3]we 5 nic branching fraction, obtained at the CEBNe™ col-
took the average invariant mass of the produtag2420)  jiger LEP, where the identity of the bottom hadron is not
andD3 (2460) states to be 2450 GeV. Here we will assumegetermined. The experimental result is

that only the lower mas®, is produced, giving a more

conservative lower limit om(sH—ﬁ%)”). We will also take B(b—X.7v)=2.75+ 0.48%. (2.19

the 100 OPAL lower limit on the fraction of semileptonic o _ o

decays, 27%, so as to be consistent with the CLEO resulf is differs fromB(B—X.7») by contamination from the
Doing so, and using the results of RES] for the contribu-  Bs andAy . However, this difference is small compared with
tion to the moments from th® andD*, we find the experi- ~the experimental uncertainty. The ratio of the theoretical ex-

mental lower limits pressions foR in the B and Ay, sectors is
B 2
<SH_WI5>min:O-49 Ge\'z: <(SH_WI5)2>min: 1.1 GeVt, R, =1+0 AQCD 2.1
2.11) R 1T z |- (219

Note that in obtaining these limits we have assumed that n&ince only about 10% ob hadrons at LEP ard’s, the

other excited states are produced. It is more realistic to asffect onR, should be much less than 1%. Hence we use the

sume that there will also be production of thevave dou- measurement2.14, along with B(B— X.ev)=10.7+0.5,

bletD% andD,, which will raise the average invariant mass [22] to obtain

of the final hadronic state. However, since there is no experi-

mental information on these states, we are conservative and R,=0.26+0.05. (2.1

do not include them in our estimates @&, —3)") min-
Another observable which depends dnand )\, is the

ratio of partial widths,

The comparison of the theoretical predictiof’&sl) and
(2.13 with experiment leads to limits oA and \;. The
experimental central value fdR, yields a curve which is
e entirely inconsistent with the other data, giving a negative
_I'(B=Xcv) 2.12 value for A. Therefore in Fig. 1 we show the curve corre-
T T'(B—Xev) ' sponding to the & lower limit on R,, along with the con-
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straints from the moments of the invariant mass spectrumand the strong coupling constadag(m,)=0.22. The experi-

where we have takeag(m,)=0.22. mental lower limit on{s,—m3) gives a restriction on the
Since the experimental error &, is relatively large, the  one-loop value of\:

20 constraint is uninteresting, allowing all values &fand

N1 in the displayed region of Fig. 1. Therefore, at presentwe  — 5as( M) B A

can only conclude thaR, favors a negative value of;. A>1040-1.1 T 0.0 0.1 GeV Gev
However, if the experimental uncertainty R is reduced in

the 'fu.turg it may become an |mpor_tant qu_antlty for con- >{0'32_ 0_07< 1 GeV. (2.17
strainingA and\ ;. For now, the most interesting constraints 0.1 GeV

in the A-\; plane come fron{sy—m3).

__We note that a very similar discussion of the limits on
A andX\; which may be obtained froR, has been given by i
Ligeti and Nir[23]. Our analysis is organized somewhat dif- A the constraint,
ferently from theirs in its treatment of experimental masses

Including theO(ag,Bo) term and assuming that this domi-
nates the two-loop result, we obtain for the two-loop value of

2
and errors, leading to results of a superficially different form, (2 loop~ | g 40— 1_15a5(mb) _ 1.8880( as( mb))
but the physics and the uncertainties are largely the same. ™
A
D. Constraints on |V | —0_07( m) GeV
Leaving aside the weak constraints frétn, we now take '
the information onA and\; obtained from the analysis of A
the moments ok, and apply it to the extraction diV.y| >[0'25_ O'O7< 0.1 GeV Gev. (218

from the semileptonic width. We use the theoretical expres-
sion (2.4), the experimental semileptonic branching ratio of Incorporating the latter bound into our expression for the
10.7%,[22] the central valueg=1.60 ps for theB lifetime,  semileptonic width and solving fd¥/,|, we find

» as(Mp) ag(my)|? 4 M 5 |
|vcb|>>o.038+o.023T+o.01830< — | —2.9x10* 57 5av7/ || Teo 5
r —-1/2
~10.038+ 0.0016+ 0.0006- 2.9x 104 L i
e ' ' ' 0.1 GeV/||1.60 p
~| 0.040-2.9x 104 M1 W | 2.1
e ' 0.1 GeV/||1.60 p ' (.19
|
In the second line above we display the tree-level, one-loop, Mg — My(My)
and (partia) two-loop contributions to the bound. As we XB:m—B
showed earliefsee Eq(2.9)], the perturbation series appears o
to be well behaved. We also note that this lower limit on A 4 ay(my) ag(my)\?
|Vepl is relatively insensitive to the experimental error on :m_B 3 115660 T

(sy—m3). If the semileptonic production ob; and D}
mesons is reduced to itsy720PAL lower limit of 20%, then
the bound onA is weakened by 100 MeV. However, we
still obtain |V p|>[0.038-2.8x10 4(\,/0.1 GeV?)]( g/

(2.20

where we keep only the Iargé(aﬁﬁo) contribution to the
two-loop term. We then find

1.60 ps) Y2
(su—mp) ars(my)
E. Constraints on mp(my,) 2z 0.2%g| 1-0.5 p— 11X
Our bounds on\ and\; may be translated into bounds on _0.2 SaS( mp) 0.263 as( mb)) ?
the MS quark massn,(m,). However, these results should | ™ 0 g

be treated with some caution because the two-loop correc-
. — . A1 Ao
tions betweenmy(m,) and the first two moments of +1.13—5+0.03—5+ - - (2.2
sH—Wb are quite large, indicating a poorly behaved pertur- Mg Mg
bation series.
We define the dimensionless parameter for the first moment and
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4.8

m,=4.827+0.007 GeV. (2.25

4.6

This is simply because the ambiguity in the renormalization
scale introduces a large uncertainty, of order
Bo(as/m)?my~200 MeV, in the relation of the “one-loop”
pole massnE®® to my(m,). For example, if we users(my)

in the one-loop relation,

44
mp(mp)
(GeV)

42

38

4 ag

1+ 5?), (2.26

ole__
06 04 02 0 0.2 mp°°=mp(m,)
A (GeV2)

FIG. 2. The two-loop constraints am,(my) and\; from the  then Eq.(2.25 yields the valuem,(m,)=4.42 GeV, some-
first two moments 0§, —mp , evaluated a.=m, (solid lineg and  what higher than the lattice results and barely consistent with
,u=mb/2 (dashed Iine)s The hatched region is excluded. Note that our ana|ysis of the moments. Furthermore1 such a value cer-
the constraints become more stringent ass lowered. The two  tainly would be inconsistent with the combination of the mo-
solid ba_nd_s are the lattice results fl_rom_ R¢fs8] with the quoted  ments analysis and the QCD sum rules extraction of
urz]certalntles. The two-loop calculation includes only terms of order)\l:_0_6 Ge\2. On the other hand, in Ref10] it was
@sPBo- argued that the natural scale for matching onto nonrelativis-

tic theory is u~0.63m,. Taking this lower scale, we find

(Su—T)?) (M) ﬁb(mb)_=4.34 Ge\/_, s_tiII sor_newhat_higher than the_Iattice

H _ D —xg| —0.11 sTr b +O-065(B> coa}lculatmns a_nd still inconsistent W'th. a large negative _

B course, using an even lower scale in the one loop relation
betweenmP®® and m,(m,) would lower the extracted value
of my(m,) even further. While this scale ambiguity is for-
mally of higher order ineg than our calculation, we see that
N numerically it is quite significant. Without a higher-loop cal-
_0.14_;+ .. (2.22  culation of mg°'e from QCD sum rules, it is impossible to

M determine whether or not this extractionrof®®is consistent
with the other constraints.

as(m as(m 2
+o.oo53¥+o.oo7aeo( S(W b))

for the second. Th@(ag,BO) corrections are clearly substan-

tial. The corresponding BLM scales in Eq2.21) and(2.22

are ug y=0.14m, and 0.0/, , respectively, corresponding

to O(a2B,) terms which are roughly 60% and 80% of the . D MESON DECAYS

one-loop term. Therefore there are likely to be much larger ) ) )

uncalculated radiative corrections in the relations between !N Ref.[2]it was argued that the semileptonic decays of

the first moment andn,(m,) than between the first moment charmed mesons are not well described in the heavy quark

and the semileptoniB width. expansion, since the value of, which is required to fit the
With these caveats in mind, we combine these results witQPserved semileptonib decay rate lies significantly above

the experimental limits2.11) to yield the constraints on 1.4 GeV. This is the upper limit suggested by combining the

mg(m,) and\; shown in Fig. 2. To illustrate some of the value of ofmb extracted from théy spectrum[lo] and the

remaining dependence on the renormalization sgaléhe  large negative value ok, found from certain QCD sum

constraints are plotted for both=m, and x=m,/2. We rules[9]. However, we believe that this argument should be

also display, with the quoted uncertainties, the results of twdeconsidered in light of the uncertainty inherent in relating

recent lattice extractions @i, (m,): the pole mass dgrived in REfLO] with physi@! qugntities.
o Indeed, we will find that the values af, and A implied by
my(m,)=4.17-0.06 Ge\7] (2.23 the semileptonic decay rate and the first moments ofCthe

and D invariant mass spectra are in reasonable agreement
with the limits from the corresponding observables in the
— bottom sector.
= +
My(Mp) =4.0=0.1 GeV8]. (224 The theoretical analysis in thB sector proceeds as be-
fore. Sincems is of order Aqcp, for consistency we keep
We see that our bounds are consistent with these lattice r@nly terms of ordemZ/m¢ in the theoretical expressions for
sults. (spy) andT'(D— Xsev). As we are neglecting terms of order
However, it is much more difficult to compare these limits agh; and agh,, we also omit terms of ordersm§ but keep
to the extraction of théd quark pole mass from high mo- logarithmically enhanced terms of ordersmZIn(mé/np).
ments ofo(e*e” —bb) [10]: Thus we find, for the Cabibbo allowed semileptonic width,

and
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25 2
_ L2

6 3

I'(D—X.ev)=

as

T

GEmMe|Ved?
19272

2

2
m as M A= 9\
—8—5(1—2—Sln—§)+1—22}
mg T mg 2mgp

19273 6 3"

v

:Glzzmg|vcs|2[ (2_5 2 z)as

—
mg(mg) A —9\, .
—8— . (3.9 06 05 04 -03 02 01 0 01 02
D D >
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FIG. 3. The restrictions oA and\; from the semileptoni®

m>2 91 7A decay ratédarker shaded regigmnd from(s,) in D decay(lighter
2 as Mg 2 Qs _ eCe
(spyp=ms| 1—2—In— | +mg| = — + shaded region We also show the lower bounds oh from the
s 7 mi) P450 w  10m .
c D moments of theB decay spectrunicrosshatched black lings

227 o 3 —
><<1— @f) - 1Om%(A2+>\l—>\2) (sn)p=(0.49+0.03 GeV?, (3.5
- where we have added errors in quadrature and neglected the
=m2(mg)+m? ﬂ S, A (1_ 2_27%) widths of the excitedK mesons.
450 m  10mp 630 7 The result of this analysis is the set of constraints dis-

played in Fig. 3, in which we also show the limits obtained
(3.2  earlier fromB decays. Both theoretical and experimental un-

certainties are included in the displayed bands. In fact, the
_ ) dominant uncertainties are theoretical, and have two distinct
Note that the large infrared logarithms of the pole maiss  sources. First, there is the uncertainty in the strange quark
may be absorbed naturally into tMS mass renormalized at mass(3.3). Second, there is the effect of uncomputed terms
Mc, Ms(M;). As one would expect, the individual terms in in the mass expansion of ordemi/, which will be more
the perturbative expansion, which arises from an operatogybstantial than in bottom decays. The theoretical analysis at
product expansion performed at the scalemc, remain  order 1m? is quite complex and involves a number of new
insensitive to physics belom . _ nonperturbative parameters, and so we do not attempt to in-

In addition to the usual nonperturbative parameters, th@|yde these terms systematicalljnstead, we obtain a mini-

theoretical expressions for the decay rate and moments algfa)| estimate of the size of the uncertainty arising from these
depend on the strange quark masg¢m.). We use the range  effects by extracting the bounds frof{D — X/ * ) in two

— ways: on the one hand, by solving directly for the width in
100 MeV<m(1 GeV) <300 MeV, (33 terms of the charm quark pole mass and, on the other, by

given by the Particle Data GroJ@5] (which changes only !?roceedlng tryliroygh the intermediate step of ca]culatmg the
slightly when evolved fromu=1 GeV to u=m,). Finally, decay mass”’m;, [3]. These two procedures, which are for-
note that we have not reexpanded thg term appearing in Mally the same only up to orderrif, yield bounds onA

the semileptonic width3.1) in terms of the meson mass Which differ by _apprommatel;g 70 MeV. It would be hard to
mp, . This is because here we have no analogue of the expafgué convincingly that if; effects were intrinsically
sion (2.3), since the strange quark is not heavy. As a resultSmaller than this. For the analysis (), we emplo% the
the parameten does not appear explicitly in E¢3.1). In-  Simpler procedure of including a term(0.5 GeVinp)* in
stead, we will solve Eq(3.1) directly for m, linearize in the theoretical expressio3.2) and varyingn between—1

Ny, and then use the heavy quark expans@®) to relate  @nd 1. _
m. to /Tand)\l Note that the constraints from the charm sector are com-
c .

The inclusive semielectroni® branching fraction re- ggt'gﬁ V:;g;g?ste()daeg;/ee: \fl\rﬁ? ?hc:t?;?tigiczitsr'aim?\;grgfthey
cently has been measured to 124] shown in Fig. 2. However, Fig. 3 must be interpreted with
B(D%—Xe" v)=[6.64=0.18 stay = 0.29 sysh ]%. caution, because_of the pqssible presence of Iarg_e hi.gher—
(3.4)  loop effects. As discussed in Sec. Il C, each curve in Fig. 3
may be interpreted as giving a constraint drderived from
The same CLEO analysis indicates that the Cabibbo-allowed particular process. A reliable comparison between the con-
inclusive rate is saturated, within errors, by the exclusive
modesD®— (K~ ,K* ")e™ », with stringent upper limits re-
ported on the channel®®— (K7 (1270) K* ~(1430)e" v. 3n Ref. [2] the 1m? corrections to the semileptonic decay rate
The data on these decays yield for the first moment of thevere estimated using the factorization hypothesis and other argu-
D— X/ " v invariant mass spectrum the value ments, and found to be small.

+ A2+ N1—N\y) |
sz‘(A Ni—Np)
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straints derived from two different physical quantities re-m; ) angd A and \; by their strange Coumerpargs and
quires that when one is expressed in terms of the other, the °

perturbative expansion i be well behaved. For example, Mis- They are related tah andx; by
we demonstrated earlier that although there are large two- - — Y —
loop corrections to the theoretical expressions gy and — Mg(Mg,— Mg) —Mp(Mp_—Mp)
. . A— A= — ~95 MeV,
(sy) for B or D_decays alone, these corrections partially s Mg —Mp
cancel out whem\ is eliminated and one of these physical
guantities is expressed in terms of the other. Unfortunately, 2mgmp
this requirement may no longer be satisfied when expres- Ms— N = —=——=[(Mg —Mg) — (Mp_—Mp) ]
sions from the bottom and charm sectors are compared with B 7D
each other. For example, Writir(g;H—ﬁE,) for B decays in ~—0.02 GeV,
terms of(sy) for D decays, we find

2 2
Nas—A2= 3 [(Mpx =M ) = (M, —mp)]

ag(m) ag(me)\?
T ~—0.01 Ge\?, (3.9

(sy—mp)= m§i0.028T+0.02980

up to corrections to the mass expansions of relative order
, 36 1Um..
The theoretical expression fax(s) = (sy)p_—~(Su)o IS

resulting in a pertubative expansion which does not appear tarticularly well behaved, since it vanishes up to(3u
converge well. Thus while the rough consistency of the conViolating effects. Expanding in powers ofri4 , we find
straints fromB andD decays is encouraging, it may not be
; > all ays 1 . . — —[7 137agmy)

particularly significant. Still, it is amusing to note that if we  A(s)=mp(As—A)| 7=+ =~
were to take the combined constraints as legitimate, then we 10 900
would conclude thatx; is small and negative, of order 3 3
—0.1 GeV2. Hence it would make a negligible contribution +(As—A)2+ E()\ls_)\l)_ 1—0()\23—)\2)_
to most observables, includiny | -

We do not compare the results from the charm sector with (3.10
m.(m,), which may be extracted from the lattice measure-
ment ofm,(m,) using the heavy quark mass relations. ThisThe large radiative corrections {sy;) almost precisely can-
is because the radiative corrections between these quantiti€g! in the difference.
are so large that perturbation theory appears uncontrolled, The leading corrections to this result likely come from the
making it difficult to conclude whether or not the regions in SU(3)-violating Cabibbo-allowed annihilation channel in
the A-\; plane indicated by the different observables arePs decays. Although this channel typically has snsgl, it
consistent with each other. contributes ta(sy)p_ primarily through its effect on the total

A better test of duality in charm decays comes from com-semileptonic rate. For small lepton mass, helicity conserva-
paring D and D decays. There is only an upper bound ontion suppresses the purely leptonic de@y— /v in favor

—

SHy)—Ms(M,

+O.12< H> 25( c)
Mp

YTV
+l_0 ( s )

the semileptonic branching ratio of ti;, [25] of processes in which at least one gluon is emitted. Using
vacuum saturation to guess the relevant hadronic matrix el-
Br(Ds—Xe"v)<20%, (3.7 ements, one obtains a naive estimate of4(m,)f3/m3 for

the fractional correction to the  semileptonic decay width.
which is not strong enough to provide an interesting con4yith fp~200 MeV andag(m,)~0.32, this corresponds to
straint from the semileptonic decay rate. The observed exclugn increase of order 5% in the semileptonic width of the
sive semileptonic modes al—(7,7',¢)/ " v, forwhich  p_ or a decrease ofsy) by roughly the same percentage.
CLEO has recently reported relative branching rafi@8].  Since the error in this estimate due to the use of vacuum
Adding the reported systematic and statistical errors insaturation is unknown, we will take the effects of weak an-
.quad.rature, we estimate a value for the first moment of th@]ih”ation into account by decreasing the predicting for
Invariant mass spectrum: (sn)p, by 5%, and assigning an additional error06%, or

100% of the naive estimate of thentJ correction, to the
prediction of the differences in the moments.

, With the known valueg3.9) of A,c— A and\j;—\;, the

We have assumed that decaysitp ', and ¢ saturate the expression (3.10 reduces to A(s,)=[0.136+0.124A/1

inclusive st_amileptonic rate, an approximation fpr which .WeGeV)]GeVZ. For an analysis entirely within the charm sys-
do not assign an error. We merely note that since semilep-

tonic D° decays are known to be saturated by relatively few__
exclusive modes, the error due to this approximationddgr

(Sn)p,=(0.68+0.03 Ge\2. (3.9

. . : ; “Th h f Refi2] h lcul | ity of th
might well be small. In light of this uncertainty, the upper € authors of Ref.2] have cafcu ated f‘ re ate_d quar,',t'ty o t_ N
same order, namely, the contribution of “penguin-type” annihila-

limit on <SH>DS.IS less f|.rm. than the Iower _“mlt' tion processes to the semileptonic decay oftheThey obtain the
The theoretical prediction fofsy)p_is given by the eX-  najve  estimate  above, multipled by a  coefficient

pression(3.2) for (sy)p, with the replacements afip by &[in(m,/u)+1/3]~ 1 for x~500 MeV.
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tem, it is appropriate to estimate from the overlap of the \;~—0.1Ge\f. Whether or not one chooses to trust the
shaded bands in Fig. 3, from which we obtain 0.25 @V  numerical results of the charm analysis, we see no evidence
<0.45 GeV. Including the estimated contribution and uncerthat parton-hadron duality fails in these decays. On the con-
tainty from the annihilation channel i decay, this range trary, our discussion of the difference of the first moments in
leads toA(s,;)= (0.14+ 0.04)Ge\?, which we may combine D andDg decays leads us to quite the opposite conclusion:

with the measured value dfy)p to obtain the theoretical [N @t least one nontrivial case, duality works well for charm.
prediction A primary motivation for investigating inclusive decays is

to extract the CKM matrix elemefiV | with high precision.
Our analysis vyields the lower limit|V¢,|>[0.040
—2.9X10 *(7\1/0.1Ge\?)]( 75/1.60 ps) Y2 using the cur-
This value agrees quite well with the experimental resulrent measurement of the branching fraction to excideche-
(0.68+0.03)Ge\,. son states irB decays. This is consistent with the value of
Indeed, we view the successful prediction (Gf.|>Ds as |V¢p obtained from exclusive8 decays[6]. We have bol-

evidence for the applicability of parton-hadron duality to in- Stered our theoretical analysis with a partial treatment of
clusive semileptonic charm decays. The prediction of thigwo-loop corrections to this bound, performing a BLM scale
moment is on a firmer theoretical footing than Other quanti_seﬂ-]ng-analys|s Wh|Ch |nd|CateS tha.t the releVant perturbatlon
ties in the charm system, since the large radiative and powe€ries is reasonably well behaved.
corrections up t(D(l/mE) cancel out of the difference of the
moments. This feature distinguishes this test of duality from
those in which a comparison is made to the bottom system, |t is a pleasure to thank Aida El-Khadra, Zoltan Ligeti,
while its relative insensitivity to the value ok makes it and Mark Wise for helpful conversations, and Arne Frey-
more stringent than the comparison of the first moment to théerger for bringing Refd.24] and[26] to our attention. This
total D decay width. At the same time, duality is satisfied in work was supported by the U.S. Department of Energy under
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