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A lattice QCD calculation of thgﬂDI;decay form factors is presented. We obtain the value of the form
factorh, (w) at the zero-recoil limitv=1 with high precision by considering a ratio of correlation functions
in which the bulk of the uncertainties cancels. The other form faletqiw) is calculated, for small recaoil
momenta, from a similar ratio. In both cases, the heavy quark mass dependence is observed through direct
calculations with several combinations of initial and final heavy quark masses. Our resulls, @
=1.0076)(2)(3) andh_(1)= —0.107(28)(04)&8). For both the first error is statistical; the second stems
from the uncertainty in adjusting the heavy quark masses and the last from omitted radiative corrections.
Combining these results, we obtain a precise determination of the physical combirfgiop(1)
= 1.058(%?), where the mentioned systematic errors are added in quadrature. The dependence on lattice spacing
and the effect of quenching are not yet included, but with our method they should be a fraction of
Fe_p—1.

PACS numbd(s): 12.38.Gc, 12.39.Hg, 13.20v, 13.25.Hw

I. INTRODUCTION quarks. Although one-loop perturbation theory works signifi-

The precise determination of the Cabibbo-Kobayashi<antly better with tadpole improvemefi5], the two-loop
Maskawa(CKM) matrix element/, is a crucial step foB  contribution remains significanta~5%). Last, the sys-
physics to pursue phenomena beyond the standard model. {@matic error associated with the large heavy quark mass
particular, the precision achieved in determining the apex omust be understood. Previous work with Wilson quarks
the unitarity triangle may be limited bjV,|, even with ~[7=9], for which the discretization error was as large as
future high-statistics experiments. The current determinatioP(2Mg), could not address ther dependence in a sys-
of |V, [1] is made through inclusivg2,3] and exclusive tematic way whemmg=1/a. _ _
[4,5] B decays. __In this paper we present a lattice QCD calculation of the

The heavy quark expansion offers a method to evaluat8— D! v decay form factor. For the heavy quark we use an
the hadronic transition amplitude in a systematic way. Inimproved actior{16] for Wilson fermions, reinterpreted in a
particular, at the kinematic end point the exclus®esD* \évr?gr?g]r%fgtljr?il;zgﬁ\tlg_ggsvr:r :ygnﬁgtdlﬁgq{o?'esfiﬁ“ﬁ]a?ﬁg
s skt & nomalzad Iy e i ey QS T Lo S oo 0 o
consequence of Luke’s theorefi]. It is thus possible to ers ofaA qcp remain, although they are intertwined with the

; . 1/mg expansion. The first extensive application of this ap-
achieve an accuracy di.,| of a few percent. Calculations proach to heavy-light systems was the calculafib®, 19 of

of the 1/mé (and higher ordgrdeviations from the heavy ihe heavy-light decay constants, suchfgsand f. There
quark limit have previously been attempted with the non-he Jattice spacing dependence was studied from direct cal-
relativistic quark model and with QCD sum rules. culations at several lattice spacings, and a very seal-
Lattice QCD has the potential to calculate exclusive tran%pendence was observed. The third difficulty mentioned
sitio_n matrix_elements from first principles. The shapes ofghove is, thus, no longer a problem.
the B—D™)| v decay form factors have already been calcu- To obtain better precision on the semi-leptonic form fac-
lated successfully with propagatiq@—9|, static[10-13, tors, we introduce ratios of three-point correlation functions.
and non-relativisti¢14] heavy quarks. On the other hand, a The bulk of statistical fluctuations from the Monte Carlo
precise determination of the absolute normalization of théntegration cancels between numerator and denominator.
form factors has not been achieved. This paper fills that gapurthermore, the ratios are, by construction, identically one
for the decayg_,m; in both the degenerate-mass limit and the heavy-quark-
Previous lattice calculations were unable to obtain theSymmetry limit. Consequently, statistical and all systematic
normalization of the form factors for various reasons. FirstrTors, as well as the signal, are proportional to the deviation
the statistical precision of the three point functhhVMBT), from 1. The flrst. and second difficulties given above are,
which is calculated by Monte Carlo integration, has not beehUs, also essentially cured. _
enough. Second, perturbative matching between the lattice The ratio of correlation functmns fqr the calculation of
and the continuum currents has been a large source of uncdt+ (1) corresponds to the ratio of matrix elements,
tainty. Since the local vector current defined on the lattice is — ==
not gconserved current at finite lattice spacaghe match- <D|i7’0b|8><5|b_yoc|[i> -
ing factor is not normalized even in the limit of degenerate (D|cyoc|D){B|byyb|B)

lh. (D)3, D
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in which all external states are at rest. The denominator mawith

be considered as a normalization condition of the heavy-to-

heavy vector current, since the vectori currqnt#q. with o Fop(W)=hB~P(w)— Mg—Mp hB—D(w). (5)
degenerate quark masses is conserved in the continuum limit, Mg+ Mp

and its matrix element is, therefore, normalized. As a result

the perturbative matching between the lattice and continuurfit zero recoil ¢/’ =v, sow=1) one expectsp (1) to be

currents gives only a small correction fio, (1)|. close to 1, because of heavy quark symmetry. From(&ca
For the calculation oh_(w) we define another ratio, cor- determination of V| consists of the following three steps:
responding to matrix elements measurg V|| Fg.p(W)| in an experiment, extrapolate it to
the zero-recoil limit assuming some functional form, and use
PO ey the theoretical input ofFg_.p(1).
<D|£y'b|B_> <D|C_7°C|D> =1- h-(w) , (2 In this paper we report on a new calculation®f_,5(1)
(D[cyob|B) (D|cyic|D) h(w) with lattice QCD, which is model independent, at least in

_ _ principle! The present calculation includes the leading cor-
where equality holds when the final-stéemeson has small  rections to the heavy-quark limit: radiative corrections to the
spatial momentum. By construction, the ratio produces &tatic limit ofh?ﬁD(l), the 1img contribution ofh®P(1),
value ofh_ that vanishes when thie quark has the same 4.4 the w2 contributions ofh®°(1). Radiative correc-
mass as the quark, as required by current conservation. 41 of orderag to h_(1) are not yet available, but these

This_method does not work as it stands for tBe  and further corrections, of orderZ, as/mg, etc., could be
—D*lv decay form factors. The axial vector current medi-included in future applications of our numerical technique,
ates this decay, and it is neither conserved nor normalizednce the needed perturbative results become available.

We will deal separately with this case in another paper. An obvious disadvantage in using tf&—DIlv decay
This paper is organized as follows. Section Il contains anode is that the branching fraction is much smaller than the

general discussion of form factors for the exclusive deca}ﬁ—@*l?mode Another, but not less important, shortcom-

B—Dlv. Sections lll and IV discuss heavy quark effective jhg js that the phase-sp;ace suppression facw;%_(l)?:/Z

theory and the T, expansion in the continuum and with makes the extrapolation of the experimental datavte 1
the lattice action used here. Section V contains details of th?nore difficult than forB—D* 7. where the corresponding

numerical calculations. Sections VI-IX present our resultsfactor is W2— 1)2. Nevertheless, the experimental result of

Sections VI and VIl discuss the form factbr. and its mass the CLEO Collaboratiori20] shows that the above method

derp:]enc:erlcr:]e. rSecﬂor}f \rg I:hangt IX fdt% Ilkn(:W|se dh)[ .n\c/jven ertainly works, even with current statistics. That means that
compare the results 1ro € Tt ot the mass dependence i, .o improvement of the statistics will allow a much better

corresponding results from QCD sum rules in Sec. X. Thedetermination of V|, providing an important cross check
values ofh (1) andh_(1) at the physical quark masses areagainst other methods

combined in Sec. Xl into a result for the form factor
Fs_p(1), which with experimental data determingé.,|.

We give our conclusions in Sec. XIlI. IIl. HQET AND THE 1/ mq EXPANSION

Many important theoretical results have been obtained for

II. B=>Dlr FORM FACTORS the form factors with HQET. The Lagrangian of HQET uses

o - fields of infinitely heavy quarks, so that heavy quark symme-

The decay amplitude foB—DIv is parametrized with tries are manifest. The effects of finite quark mass are in-

two form factorsh . (w) andh_(w) as cluded through the iy expansion and through radiative
- corrections. For example, at zero recoil the form fattoris
(DEOIVLIBP)= Vmemol 2w (v +v"), given by
+h®P(w)(v—v"),], ) 1 1)\? B
# h,(1)= 7y 1_°(+2)(H_m_ +0(mg®) |, (6
c b

wherev andv’ are the velocities of th®& and D mesons,

respectively, andv=v-v'. The square of the momentum where 7, represents a matching factor relating the vector
transferred to the leptons is theﬁ=m§+ m%—ZmBmDW. current in Eq.(3) to the current in HQET21]. The absence
We denote by the symba!, the physical vector current, to of the O(1/mg) term in Eq.(6) is a result of a symmetry
distinguish it from currents in heavy quark effective theoryunder an interchange of initial and final states in &), and

(HQET) and in lattice QCD. it is known as a part of Luke’s theoreff]. The same sym-
The differential decay rate reads metry also restricts the form of tr@(llmé) terms.
dl'(B—Dlv) G2 e
dw _48773(mB Mp)“mp lour calculations are done in the quenched approximation, for
example, but this is a removable uncertainty and not a permanent
X (W2=1)¥V | ?| Fe_p(W)|?, (4  limitation of the method.
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The matching factor, defined so that the identity  cutoff. In the continuum Iimitpvi—>1, and in the static limit

= WVVEQET_hOHS for matrix elements, is an ultraviolet- and p,, — 1 ,,. Again, explicit calculation verifies that the one
infrared-finite function ofm./m,,. Through one-loop pertur- loop contribution remains small between the limits.

bation theory In the rest of this paper, we do not write the matching
faCtOI’SpVM when there is no risk of confusion. In the final
_2)

o
> (7)  result, on the other hand, they are included.

m,+m m
Mvev=1+3Ce 7 b

In
My—Me Mg

The two-loop coefficient is also availab22]. IV. LATTICE QCD AND HEAVY QUARK SYMMETRY
The vector current defined with lattice fermion fields has ) ) _
properties similar to/5°ET. There is a normalization factor N Ref. [17], it was shown that the usual action for light

2, defined so tha%:zv()vlgt holds for matrix elements. duarks[16] can be analyzed in terms of the operators of
. HQET. Therefore, it can be used as the basis of a systematic

The factorZy, depends §trongly on tk(mttlce_) quark masses treatment of heavy quarks on the lattice, even when the

am, andam, [17], and its one-loop corrections are large. In quark mass in lattice unitsmg, is not especially small. The

the past, such uncertainties in the normalization prevented Rey is to adjust the couplings in the lattice action so that

calculation ofh®~P(1) with the sought-after accuracy. One operators are normalized as they are in HQET. Wh

can, however, capture most of the normalization nonpertur<1 as is the case for charmed quarks at the smaller lattice

batively by writing, with explicit flavor indices, spacings in common use, this is essentially automatic, be-
cause the higher order terms of the heavy quark expansion
Zygh= [ Zygelybbpyeb. ®  come from the Dirac term of the lattice action, as in con-

) ] tinuum QCD. Whenamy>1, as is the case for bottom
In our ratio (1) the flavor-diagonal factors cancel, so our gyarks, one can apply the formalism of HQET to the lattice
method avoids the major normalization uncertainties. theory to obtain the normalization conditions, as sketched
The remaining radiative correctiop,cb depends on the pejow. In either case, the kinetic energy is normalized non-

ratio of quark masses and the lattice spacing. In the conperturbatively by tuning the quark mass according to some

tinuum limit, am;—0 andam,—0 with m./m, fixed, physical condition. Other operators are often normalized per-
turbatively as an initial approximation but ultimately may be
pv,— 1, (9 normalized nonperturbatively.

In the numerical calculations presented here, we use an

by construction. In the static limitam;—o andam,—<  action introduced by Sheikholeslami and Woh[gr],
with a andm./m, fixed,

[
- i -
Vg Vs G0 =3 Wt 2 <iMuglh+50ony KT, i
because the lattice theory strictly obeys heavy-quark symme- (13
tries. In numerical work one is somewhere in between, but

the limits imply thatpy is never far from unity. Two of us where the index runs over heavy and light flavors. The
have computegh,, at one loop in perturbation theofg3], hopping parametex; is related to the bare quark mass,
verifying explicitly that the radiative correction is small.

imi i i i i 1 1
Similarly, the ratio(2) is described by the expansion amy =5~ > —, (14)
h_(1) 11 11 o e
1-——==1-py+cP| —— —|-c¥ = - = ,
h,(1) m; m, mﬁ mt2) where ki is the value ofk needed to make a quark mass-

less. The flavor-independent matrM,, vanishes except

+O(m53), 11 wheny=x=* ,&a, for some spacetime direction. The ki-

. - . . netic energy arises from this term. The gluons’ field strength
where By is a coefficient from matching the currents in Eq. F_ is defined on a set of paths shaped liked a four-leaf

f(ﬁaf:?iynQ(E‘-lr_ﬁ L/'rl;e ”\é’ng Is an ultraviolet- and infrared-finite clover, soSis often called the “clover” action. Withcgyy
C b

=0 one has the Wilson action.

o[ 2mm.  m,  mg+m, For the light quark Fhe cloyer couplirggy c:;m be chosen
Byeb=2Cg— | ————In— — ———— (12)  so that there are lattice artifacts of ordﬁAQCD. In our

4\ (my—my)? M Mp—Mc numerical work we take an approximation to the optimal
_ value, leaving an artifact of ordersaA ocp.
at leading order. _ For heavy quarks, the clover actiqfi3) has the same

The ratio(2) again captures nonperturbatively most of thepeayy-quark spin and flavor symmetries as continuum QCD,

renormalization of the Iatt|ce' currents, apart from a f"‘j‘Ct_Oreven at nonzero lattice spacing. Consequently, we can use
pveb to compensate for the difference between the radiativgne machinery of HQET to characterize the lattice theory.
corrections with a fixed lattice cutoff and with no ultraviolet The same operators as in continuum QCD appear, but the
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coefficients can differ. Through first order inni4 there are It is irrelevant to our work, because we calculate physical
three operators in the heavy quark effective Hamiltonian, quantities, namely the masses of tBeand D mesons and

_ decay amplitude foB— DI v.

H— mTh— hD?h __FE Bh N (15 To complete the correspondence of the lattice theory to
~M om, | 2mg HQET we must consider the vector current. At ordend.of
HQET,

where h is a heavy quark field, and the coefficients,

1/m,, and 1mg depend on the bare mass and the gauge o [, e Y B YDl .
coupling. Because the lattice breaks relativistic invariance, ~ V# |+ PN " 2mg, 7“(1 2m3b)h T (19
the three “masses” are not necessarily equal, except as
amy—0. where the coefficient frl; depends on the current employed.
At the tree level, the rest maasn, = log(1+am), and the The heavy-heavy current on the lattice is constructed by de-
(inverse kinetic mass fining a rotated field17,29,
1 2 1 V'=\2k(1+adi(amy,g5)y-Dly', (18

= 5 + 1 . (16)
am, amy(2+amp) 1l+am, wherey is the quark field in the hopping parameter form of
The first term can be traced to the Dirac term of the Iatticethe action(13). Then the lattice vector current

action, and the second to the Wilson term. The one-loop VEb— c,, b (19)
corrections toam; and am, are also availabl¢24]. The © Yu
chromomagnetic magsg is considered below. andv;b: Z\/vat;b. Both Zis andd’, depend on the gauge

In the heavy quark effective theory, the rest mass term , # B :
= . N coupling, the masses, an@dt higher orderson the Dirac
m;hh commutes with the rest of the Hamiltonian and, thus bing n 9 %

. . 'matrix in Eq.(17). They are adjusted so that the normaliza-
decouples from the dynamics. As with decay constp2f tion and momentum dependence of matrix elements matches

?hnelct?'n dterrlve the %xtphansm?s like E(ﬁ and(llf) W'th'?] . gle continuum, respectively. In particular, at the tree level
e lattice theory, and the rest mass disappears from physicgle c,efficient in Eq(17) is

amplitudeq 26]. On the other hand, adjusting the bare quark
mass so thatm,=mg is the way to normalize the kinetic 1 2(1+amy)

operator hD?h/2m, correctly. This normalization can be arT13= amo(2+amo)_2dl’ (20
implemented nonperturbatively by demanding that the en-

ergy of a hadron have the correct momentum dependence. lind the conditionmz=m, prescribes a condition omul,

our numerical work we use thB and D mesons for this [17,25.

purpose. Furthermore, one can correctly normalize the chro- From the properties of the operators under heavy-quark
momagnetic operatoh-Bh/2mg by adjusting the clover symmetry, it follows that the bf, and 1mg terms in Eqg.
coupling csy, as a function of the gauge coupling, so that(15) could give a contribution td, (1), but not toh (1)
mg=m,. For example, at the tree level the desired adjust{6]. On the one hand, these contributionshto(1) must be
ment iscgy=1. In our numerical work, we choosr,,ina  Symmetric under interchange of the initial and final states,
way that sums up tadpole diagrams, which dominate pertuut, on the other hand, they must vanish when the initial and
bation theory. This amounts to normalizing the chromomagfinal quark masses are the same. Consequently, there can be
netic operator perturbatively. no contributions linear in either i, or 1/mg. Our defini-

In summary, we adjust the bare massy, and clover tion of h, (1) enjoys this property, by construction, because
coupling cgy so that the leading effects of the heavy-quarkEd. (1) manifestly respects the interchange symmetry.
expansion are correctly accounted fa7]. Previous work in Similarly, the 1in; terms in Eq.(17) give a contribution
the literature chose instead to adjust the bare massmnptil only toh_(1). It must be anti-symmetric under interchange
=mgq, Which introduces an unnecessarily large efrprp-  of the initial and final states and must vanish when the initial
portional to 1—m;(mg)/my,(mp). and final quark masses are the same. Our definition of

Under renormalization the heavy quark kinetic energy carfi—(1), again by construction, ensures that only the combi-
mix with the rest mass term in a power divergent way. Be-hation 1m;.—1/mg, appears. This feature is taken into ac-
cause the lattice action used here contains both, the rest magsunt in Sec. IX.
fully absorbs the power divergence. A related problem is the In Eqgs.(6) and(11) we seek contributions of orderrmé.
ambiguity owing to renormalon$27], which appears in These come from double insertions of theng/terms in Egs.
some quantities in HQET or nonrelativistic QGNRQCD).  (15) and(17), and from 1mé terms implied by the ellipses.

Remarkably, the latter cancel whén (1) andh_(1) are
defined by the double ratidd) and(2) [26]. This is easy to
2To mitigate this error, these calculations are often carried out atinderstand if one starts with the matrix elements. Tineg 1/
artificially small quark masses. Ensuing extrapolations to large@nd 1M corrections to the action arise from the initial or
masses contaminate lower orders in thbysica) 1/my expansion  final state only. To this order, one can factorize them. They
with higher orders. drop out of the double ratios, because the numerator and
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FIG. 1. RB~P(t) as a function oft. The heavy quark hopping FIG. 2. Check of the plateau iRE~P(t) by varying the time
parameters for the initial and final mesons are, (k) slicetg of the B meson interpolating field. Open diamonds, crosses
=(0.089,0.110)(diamond$ and (0.089,0.119)circles. The light  and solid diamonds correspond to the results with 12, 10, and
quark corresponds to the strange quadks 0.1405. The solid lines 8, respectively. The heavy quark hopping parameters agex()
represent a constant fit with<dt<8. =(0.089,0.110), and,;=0.1405.

denominator of Eq(1) or (2) contain the same number Bf  and final heavy quark masseg=0.089, 0.110, and 0.119.
and D factors. The same applies tondf and 1m? correc-  The critical hopping parameter ig.=0.14327 3.
tions to the current. There may be a nonfactorizable correc- For the computation of the matrix elem&nt
tion to the current with coefficier€(m,,mp)/mem;,, where  (D(p’)|V,|B(p)) we calculate the three point correlation
the functionC is unknown, except that in perturbation theory function
it starts at one loop and th&(m,m)=0. OV Bre )

In the long run, one would like to pick up terms of order C™w=(t,p",p)
1/m3(’2 and higher. Because the bottom quark is so heavy, . A
these are dominated by thenf) terms. With the normaliza- => e"(p‘p')'Ve"p‘X<D(0,O)V#(t,y)BT(T/2,x)) (21)
tion conditions outlined hergl7], these come automatically yx

from the Dirac term, as in continuum QCD. In future work, with VV, from Eq.(19) andp=0. The light quark propagator
at smaller lattice spacings, the Dirac term will dommate,is solved with a source at time slice 0, and we place the
generating contributions to all orders imi/. interpolating field forB at T/2, where we use the source
method. The interpolating fieldB and D are constructed
V. LATTICE DETAILS with the 1S state smeared source as in Hé&8]. The spatial

ical . in th h fnomentunp’ carried by the fina! state is taken to (0,0,
Our numerical data are obtained in the quenched approx(l,oyo, (1,1.0, (1,10 and(2.0,0 in units of 2m/L, whereL

mation on a 12x 24 lattice with the plaquette gluon action at

— Rlo2— P is the physical size of the box; in our cases 12a.
51 e ?:/I?)(\)/ ef;'u\sl/iiéat\?hi? gsq;;g%{a [;rg@iiS]l\ga;lu%cLijt The numerical results presented below are obtained from
7 W_ . .

of 300 configurations generated for our previous Wiig], uncorrelated fits to ratios of these three-point functions. The

. ; . X statistical errors are estimated with the jackknife method. For
we use 200 configurations. We usually define the inversé S

. : . o a subset of the data we have repeated the analysis with cor-
lattice spacing through the charmoniung&-1P splitting,

finding a*(1S-1P)= 1'16t—§1 GeV. For+gomparison, with :;ﬁg;‘r:f ;?fisgﬁcl;?otstrap method. We find no statistically
the kaon Qecay constart™ “(fx)=1.01"7 GeV, and th? In much of the numerical work presented in this paper, we
difference is thought to be part of the error of quenching.get the coefficients; of the rotation(18) to zero. From the
Because the form factors are dimensionless, the lattice spagiscyssion following Eq(17) the dependence od, enters
ir;lg affeclzs them only indirectly, through the adjustment Ofdirectly through I, and indirectly by changing, . On

#
t eTgu%rvegj[%S;iSihe heavy quark mass dependence of tHoe scattering matrix elengents of the spatial curintthis
form factors we takec, =0.062, 0.089, 0.100, 0.110, 0.119 Snould make a smali10% or so effect. On the temporal
and 0.125, and consider several combinations for the hea\fi}mentvo' the effect should be tiny. Both expectations are
quarks in the initial and final states. The mass of the specta-
tor light quark is usually taken to be close to that of the
strange quark, for whiclk,=0.1405. We examine the effect 3ror simplicity we use B” instead of “B” to indicate the pq)
of chiral extrapolation using foug, values, 0.1405, 0.1410, meson, and we useB” or ** D” for any values of the heavy quark
0.1415, and 0.1419, for various combinations of the initialmasses.
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TABLE I. Numerical data folRB~P, which corresponds th . (1)|?, at«,=0.1405. Rowsgcolumng are
labeled by the value ofy, in the initial (final) state. Combinations without data have not been calculated in
this work. The diagonal elements are 1 by construction.

Kh 0.062 0.089 0.100 0.110 0.119 0.125
0.062 1 0.98@7) 0.97912) 0.94724)
0.089 0.98907) 1 0.99801) 0.99302) 0.98605) 0.98307)
0.100 0.97912) 0.99801) 1 0.99204)
0.110 0.99802) 1 0.99901)

0.119 0.98€05) 0.99901) 1

0.125 0.94724) 0.98307) 0.99204) 1

checked at representative choices of the heavy quark massesate is reliable. In the following analysis we use the result
and the uncertainty introduced into the spatial current iswith tz=T/2, and the numerical data for eaelj are given

propagated to the final result. in Table I.
We examine the chiral limit by computing with four val-
VI. CALCULATION OF |, (1)] ues of the light quark mag44), roughly in the rangen,/2

<mgs<ms. Figure 3 shows that tham, dependence of
The form factorth . (w)| at zero recoil is obtained directly |h_(1)|?, for two combinations of £, ,«.), is very slight. A

from the three-point correlation function®1), setting all linear fit in am, gives a slope consistent with zero, and the
three momentum to be zero. We define a fatio value in the chiral limit is still consistent with that at the
finite light quark mass. With our present statistics, we cannot
CPVoB(t,0,0)CBveP(t,0,0) study the dependence on the light and heavy quark masses
R®~P(t)= (22 simultaneously. Instead we take from Fig. 3 two lessons: the

DVyD BVyB !
CToR(1,0,0C70%(1,0,0) dependence on the light quark mass is insignificant, but the

(statistical uncertainty increases, by a factor of 2, in the
&Qiral limit.

A small, but non-analytic, dependence o) is expected
rom chiral perturbation theor}28,29. Such effects may be
Bifferent in the guenched approximation. If so, the difference
should be counted as part of the error of the quenched ap-

in which the exponential dependencetassociated with the
ground state masses cancels between the numerator and
nominator. When the current and two interpolating fields are
separated far enough from each other, the contribution of th
ground state dominates and

roximation.
Ro-0()_.{L(OVaIBO)(B(OVoID(0) P
(D(0)|Vo|D(0)){(B(0)[Vo|B(0)) VII. HEAVY QUARK MASS DEPENDENCE OF |h, (1)]
RS PR B In the heavy quark limit of QCD, the heavy quark mass
:|hDHD(1)hBﬂB(l)| = 23 dependence dh_ (1) can be described with arhf expan-
+ +

sion. Using a symmetry of its definitio(8) under the ex-

suppressing radiative corrections. Here we use the definitior 4 4,
(3) and the unit normalization dh, (1)| in the equal mass
case. Thus, we expeB®~P to be constant as a function of
t, and its value represents the form factor squared.

In Fig. 1 we plot the rati®R®—P(t) for two representative

1.01 | ]

combinations of mass parameters. We observe a nice platez % [ |
extending over about five time slices, and our fit over the._ [ || [l %%
interval 4<t=8 is shown by the solid line. = 0.99 - %} % ]
To see if the plateau is stable under the change of the™
position of the interpolating field, we repeat the calculation  0.98 | 8

changing the timeg of the B-meson interpolating field. The
results withtg=10 and 8 are shown in Fig. 2 together with 097 .
the one withtz=T/2=12. We observe that the plateau is

very stable and conclude that the extraction of the ground g4

0.00 0.02 0.04 0.06 0.08

amq
“Mandula and Ogilvig10] used a similar ratio, with nonzero ve- FIG. 3. Chiral extrapolation dh, (1)|2. The heavy quark hop-
locity transfer, to study thev dependence of the Isgur-Wise func- ping parameters for the initial and final mesons aug, k)
tion, which is the infinite mass limit o, (w). =(0.089,0.110)diamond$ and (0.089,0.119jcircles.
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change of the initial and final states and the normalization in  1.02 . .
the limit of degenerate heavy quark mass, the form of the

1/m, and 1, expansion is restricted to be 1.01 | .
2 2
1 1)1 1 1.00 [------- & g - N
h(D]=1-cP| - |+ —+—)(———) T
me My me Mp/\iMme My — + + +
T 099 | 1
+0(1/my), 4 =

0.98 }
suppressing the radiative correctigfy. The termO(l/m4Q)

denotes all possible combinations ofiml/and 1m, with 0.97
total mass dimensior-4. The absence of terms of order
1/mq is implied by Luke’s theorem6], but in this particular 0.96 . ‘ ‘
case it can be understood as a result of the symmetry "~ 0.0 0.4 0.8 1.2 16 2.0 24
1/me—1/my. 1/am,

If we take the radiative corrections into account, the data FIG. 4. 1am, dependence dh, (1)|. The initial heavy quark
presented in the last section Correspondifto(l)|/pvo. o mass is fixed ak,=0.089, which+corresponds toalh,=0.475.

use the right'ha”d side of E24), on t_he other hand, we e light quark corresponds to the strange quagks 0.1405.
must multiply them bypy, /7y to obtain|h. (1)[/7y. At

B=5.7 and our choices of quark masses we find, at one loog;arlo calculations with heavy-light mesons. In our case, the
thatpy, /7y is very nearly 1, so that we do not need to carrystatistical error of the point with heavieatn. is very large.

out this conversion. To see the mass dependence more clearly, we rewrite the
In the lattice theory, the masses entering &4) arem,,  'elation(24) as

mg, and ms, as explained in Sec. V. In particular, if one

follows Refs.[30,31] to see how higher-dimension tree-level 1-[h.(D)] —c@_ B i+ L (25)

operators affect the matrix elements, one sees that thg 1/ A2 T lamg amy)’

and 1mZ corrections to the action and current do not affect o )

RB—D [26]. where A=1/am.—1/am,. The left-hand side is plotted in

We study the relatior24) with several combinations of Fig. 5. The data exhibit a very good linear dependenca on
the initial and final heavy quark masses. We require a rela€xcept in the heavy mass regime, where the error grows rap-
tion between the hopping parameters, which are inputs to thiglly. Fitting all data linearly, we obtaie!®=0.029(11) and
numerical calculation, and the quark masses. To simplify the®=0.011(4). In physical units, and absorbing factorsaf
analysis, we set;=mg=m, and estimate the kinetic quark into the coefficients, these coefficients have a size typical of
mass by applying tadpole improvemdn] to include the the QCD scale: 09)2[0.20(4) GeV? and c(f’)
dominant tadpole contribution to the perturbation series. The=[0.26(3) Ge\>.
tadpole-improved kinetic mass is given by substitutig, The dotted line marking the physical value ofafr.
=amy/ug for am, on the right-hand side of Eq16), with ~ +1/am, shows that we are, in effect, using EQ5) as an
the mean link variablel,=1/8«;;. We do not bother with —ansatz for interpolation. Although the coefficients are inter-
the one-loop correction ta, [24], because it is smaller than

the uncertainty frona. This way of parametrizing the quark 0-20 ' '
masses is for interpolating only; when reconstituting the
physical result, the hopping parametegsand «, are chosen CALH ]
nonperturbatively from the masses of theand B mesons.

Figure 4 shows the am. dependence ofh_(1)|. The 012 | 1

initial heavy quark mass is set to beaid,=0.475 (x,
=0.089), and we vary a&m, between 0.2 and 2.QHere we
misuse the meaning of subscripbr c to indicate the initial

or final state heavy quark, respectiveéhAt 1/am.=1l/am, 0.04 - ]
the form factor becomes exactly 1 by construction, and the \L‘M
deviation from unity increases asalh, moves away from 000 L : ]

1/am, . The statistical error grows as the difference of heavy

0.08 k

(1-fh,(1))/a"

. L hysical
quark masses increases. When one approaches the staticlin ‘ ™ , .
the signal becomes much noisier, as in many other Monte 0.0 0.5 1.0 1.5 20 25 3.0
1/am_+1/am,

FIG.5.[1—|h,(1)|]/A? vs 1am.+ 1/am, . The dotted vertical
SThis is an accident at our choice of lattice spacing. For smalletine indicates the physical value ofalth,+ 1/am, . The light quark
lattice spacings, this would not be so. See R28] for details. corresponds to the strange quakks=0.1405.
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esting in their own right, we caution the reader that the val- 1.4 .
ues extracted from the fit are highly correlated, and we have
not made a full analysis of the errors on them. Below we
prefer to giveh, (1), evaluated at physical values of the 1oL (t’ﬂ ]

masses, as the principal result of this section.
We have checked the influence of the rotation by repeat- ﬁ dT °

ing the calculations wittd; set to
o ¥ B HET f

\fl/VO(t

1 1
2+am, 2(1+amp)

o
4 ae

a]_:

(26)

RB-DVP->D)

at several of the heavy-quark mass combinations. This is th¢
correctly tuned value at th@nean-field improvegtree level

[17]. The primary effect of varyingl, is through the combi- 06 . ‘

nation (1mg.—1/mg,)2 [26]. A secondary effect is to 0 4 8 12
modify the radiative corrections factpb;,o. After interpolat- t

ing the masses to the physical point, the changb ofl) is FIG. 6. R (®~P)(t) for the final state momentum (1,0,0)

+0.00013, which is much smaller than several other uncerircles and (2,0,0)(squares The heavy quark hopping param-

tainties. Owing to this, our central value for. (1) can come eters for the initial and final mesons are,( «.)=(0.089,0.119)

safely from data withd; =0, the only value ofi; for which (solid symbol$ and (0.119,0.089)jopen symbols The light quark

PV, is already available. corresponds to the strange quakk=0.1405. The solid lines rep-
resent a constant fit for the momentum (1,0,0) witit4<8.

VIII. CALCULATION OF h_(1) ) .
Then, for large time separations,

To obtainh_(w), it is necessary to consider nonzero re-
coil momentum. From the definition of the form factdBs,
. . R(BﬁD)/(D*}D)(t /)
the matrix elements of the spatial and temporal vector cur™V; /v, P

rent for the nonzero recoil final stai2(p’) read , ,
P (D(")IVI[B(0)) (D(p")|VoD(0)

<D<p'>|vi|B<0)>=JmBmD[hEH%w)—h?”(wﬂv{(,m ~(D(p")[VolB(0)) (D(p)|Vi[D(0))
hB~P(w) hB~P(w)
(D(p")[VolB(0)) = Vmgmp[h% 2 (w) (1+w) T e || T e e ™Y (32
+hB=P(w)(1-w)], (28)

The final expression is simplified using the property
h®~P(w)=0. Provided thath®~°(w)| is obtained suffi-
ciently precisely in the previous sections, the relati@g)
can be used to extratt® "P(w). The part proportional to

wherew=v.-v'=1+Vv'? andv'=p’'/mp.
On the lattice we start by computing the ratio of correla-
tion functions

CPViB(t,p’,0) w—1 gives only a small contribution, since the coefficient
RED(tp)=——r . (299  h_(w)/h,(w) is itself a small quantity of order nfg
I 0 CDVOB(Lp,!O) _mD)/(mB+ mD).

. . Figure 6 shows thet dependence of the ratio
In the limit of well-separated currents, the time dependencgz(sfD)/(DHD)(t p’) for final state momentaLp’/2m
Vi 1V, ’

flattens, 0 _ .
=(1,0,0) (circles and (2,0,0)(squares Solid symbols rep-
(D(p")|Vi|B(0)) v/ hB=0(w) resent thd— c transition, while open symbols correspond to
37\',30( , ’)_>,—'= 7' T the reversec—b transition. The plateau is reached around
' (D(p")[Vo|B(0)) hi " (w) t=4, so that we can fit in the interval<t<8, as with

|h, (1)|2. The fit results for the momentum (1,0,0) are given
(30) by the solid lines.
' Up to the small contribution of ordew—1, this ratio
~ gives the combination +hZ~°(w)/hS°(w), in which
The last step holds for smal’? and suppresses radiative h8~P(w) is almost equal to 1. Looking at the solid symbols
corrections. Because the velocity inherits statistical uncery, Fig. 6,h®~P(w) is roughly —0.1 and is almost indepen-
define a double ratio sign under the exchange of initial and final states, it is con-
(B—D)/(D—D) /4 1\ pB—D /1 aD—D , sistent that the open symbols, which correspond to the tran-
RV v (t.p )_RVi AGLY )/RVi No(LiP ). (3D sition D— B, appear below 1.

1 h®~P(w)

=3

X 1

-

8P (w)
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1.4 T T T T 1.4 T T
12 : 12 - 1
o———o———o———¢’—L = ~—— *—o . o
g S 10t .
5> 10 1 -
é -:II $\$\$\$\@_
1 & ® = & &
T o8t 1 0.8 r 1
0 6 | | | . 0-6 Il 1 1 Il
: 0.0 0.4 0.8 12 0.00 0.02 0.04 0.06 0.08
(ap)’ am,
FIG. 7. Extrapolation ORS?K/E)/(DHD) to the zero-recoil limit. FIG. 8. Chiral extrapolation of +h_(1)/h,(1). The heavy

The heavy quark hopping parameters for the initial and final mesondUa'K hopping parameters for the initial and final mesons are
are (xp,, ¢) = (0.089,0.119)solid circleg and (0.119,0.089jopen  (Kb.#c) =(0.089,0.119)(solid circleg and (0.119,0.089)(open
circles. The light quark corresponds to the strange quack, Circles
=0.1405. Note that the lattice spaciags held fixed here.
sion ofh®~P(1) is restricted by its anti-symmetry under the

To obtain the value oh®~P(w)/hB~P(w) at the zero- exchange of the initial and final states,
recoil limit, we extrapolate the plateau values of
R@?R’,E)’(D_’D) for p’2-0. The small piece of ordev—1
vanishes in this limit as well as the possiklelependence of h_(1)= —(
form factors, so we obtaih®~P(1)/h8~P(1) without fur-
ther approximation. Figure 7 shows the extrapolation for the
same mass values as in Fig. 6. There is no significant depen-
dence on gp’)®. Thus, we simply apply a linear form to fit The meaning of the subscripts on the combinations of in-
the data, shown in the figure. The numerical data in the ZeIoyerse masses is given below. The rdtlo(l)/h+(1) obeys

1 1)
me My 3

1 1
c(l)—c(z)(— + —) } +0(1/my).
me mp),

c b
(33

recoil limit are given in Table II. the same expansion up to the given order, since the correc-
The chiral extrapolation of £h_(1)/h. (1) is shown in  tjon to theh, (1) starts at order mé.
Fig. 8, for the combinations «,, x) =(0.089,0.119) and To take radiative corrections into account, we should note

(0.119,0.089). As in the case i, (1)| the dependence ihat the (attice) ratio RE:2Y®~D) corresponds tof1

on amy is insignificant, but the(statistical uncertainty in- vilVo
creases, by a factor of 2. —h_/h.]/py,. The right-hand side of Eq33), on the other

hand, is justified in HQET when radiative corrections are

ignored. Thus, we should multiply the data of Table Il by
IX. HEAVY QUARK MASS DEPENDENCE OF h_(1) pv,/(1— By). We shall not do this for two reasons. First, the

As with h, (1), the heavy quark mass dependence ofone-loop contribution tgy, is not yet available, although a
h_(1) can be described, in the heavy quark limit of QCD, calculation is in progres®23]. Second, there is an indication
with a 1img expansion. The form of the heavy quark expan-from an analysis of renormalons that the seriesf@grcon-

TABLE II. Numerical data in the zero-recoil limit foR{>, >~ which corresponds to 1
—h_(1)/h (1), at x,=0.1405. Rowdcolumng are labeled by the value of, in the initial (final) state.
Combinations without data have not been calculated in this work. The diagonal elements are one by con-

struction.

Kn 0.062 0.089 0.100 0.110 0.119 0.125
0.062 1 1.06712) 1.09314) 1.18121)
0.089 0.89220) 1 1.03304) 1.06308) 1.09511) 1.121(15)
0.100 0.83627) 0.96305) 1 1.09211)
0.110 0.92810) 1 1.03404)

0.119 0.87815) 0.96404) 1

0.125 0.63647) 0.837120) 0.88913) 1
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0.4 : 0.5 ; ;
0.4 | 1
0.2 | 1
o ¢
—_ ¢ O §f 03+ _
= @ c
£ 00 ® g — el
= . < - +
= ) ° = e
< @ * E,I 0.2 # b
]
02 1
0.1 ]
hysical
040 04 08 12 16 2.0 2.4 0.0 : T i y‘ : ‘
: : ‘ - : : : 0.0 0.5 1.0 15 2.0 25 3.0

1
fam, (1/am_+1/am,),

FIG. 9. 1am. dependence dfi_(1)/h,(1). Theinitial heavy B .
qguark mass is fixed at,=0.089(solid circles, which corresponds FIG. 10. [h_(l)/h+51)]/43 Vs 1.’am°+“1./amb' Solid (o_pe:)
symbols represent the “heavier-to-lightef™lighter-to-heavier”)

f[o_ .1/amb=0_.475. The open qrcles are obtained by exchanging th("Ejecay results. The solid and dashed lines are fitted results to the
initial and final states. The light quark corresponds to the strange _|. : : : .

uark s =0.1405 Solid and open data points, respectively. The dotted vertical line
q = ' indicates the physical value ofdlrh,+ 1/am, . The light quark cor-

. . . . . responds to the strange quark=0.1405.
verges poorly{32]. With these points in mind, we omit ra-

diative corrections and empla83) as an Ansatz for inter-
polation.

The subscripts on the parentheses in 88) mean that
the enclosed masses should be taken tonper m,, intro-
duced in Sec. Ill. The reasoning is as follows. The contribu
tion to h_(1) of first order in iy comes solely from the
current[6], namely the Ih; terms in Eq.(17). The second-
order contribution comes mainly from the first-order contri-
bution iterated with the i, corrections to the Hamiltonian
[30,26], namely the Ith, and 1fmg terms in Eq.(15). We
can takemg=m, because, with the clover action, the differ-
ence affects the interpolation negligibly. Tracing thend/
expansion in this way, and making use of the anti-symmetr . i
under the exchange of initial and final states, leads to th&®r ©f orderv, andh_ parametrizes a matrix element of

heavy-quark expansion for the lattice data of the form giverPfderv. From the discussion in Sec. IV, however, one sees
in Eq. (33). that d; influences matrix elements through the massg

In Fig. 9 we plot the Hm, dependence di_(1)/h. (1). Thus, our method of fitting compensates for the omitted ro-

The solid circles are obtained by fixing the initial-state quark{@tion, provided we reconstitute the physical valuéo{1)
mass to be Hm,=0.475 and varying the final-state mass. using the physical values of the quark masses throughout. A
The open circles are obtained by fixing the final-state masQonus of this method is that the radiative correction factor
and varying the initial-state mass. We can clearly observe thev, Will be easier to compute wheay =0. .

mass dependence, which makes it possible to extract the We have checked the influence of the rotation by repeat-

sitions. The two sets of data are consistent with each other,
except three points appearing well above the other points.
These data involve the heaviest quark mass in our calcula-
tion, where the statistical noise is very large, and reliable fits
become difficult. The data are well described by the linear
form (34), and our results for its coefficients extracted with
the “heavier-to-lighter” data are®=0.212(31) andc?
=0.054(11). In physical units, these coefficients af®
=0.246(37) GeV anad'?=[0.27(3) GeVl>.

The data presented in the figures and in Table Il are ob-
tained with the rotation parametdy=0. One expecth _ to
)pe sensitive ta,, becausel, is the coefficient of an opera-

value of the form factor for physical masses. ing the calculations withil; =d;; cf. Eq. (26). The primary
To extract the coefficients”) andc® we plot, in Fig.  effect of varyingd, is through t; and, from Eqs(20) and
10, (33), is proportional to the differencdS—d?. A secondary

effect is to modify the radiative corrections of the lattice
RS/E/*\)/D)/(D*}D) -1

0 h_(1)/h,(1) currents. .
T With hopping parameters«f,,«,)=(0.089,0.119), the

A B A P
3 3 differencedS —d? nearly vanishes. Nevertheless, we find
—cM_c®) 1_ + _1 (34 ~
- lamg amy) ) R{,Ei‘fv'g)’(DHD)(dl)—RS,?K,E)’(DﬁD)(O)=0.0089t0.0012,

(35
where nowAj;=1/amy.— 1/amg,. Here the solid symbols
represent the results from the “heavier-to-lighter” transi- where we use the bootstrap method to obtain a statistical
tions and the open symbols from “lighter-to-heavier” tran- uncertainty that takes correlations into account. This differ-
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ence must stem almost entirely from a change in the radia- TABLE Ill. Tree level estimate of the form factors at zero re-
tive corrections, because the change in the heavy quark exoil, with statistical errors only. The light quark corresponds to the
pansion is, fortuitously, negligible. Thus, it provides anstrange quarkik,;=0.1405. The entries for the form factors do not
estimate of the uncertainty from omitting the radiative cor-reflect radiative corrections.

rections.

Another check on the magnitude of the radiative correc™ am h.(1) h-(1) Fs-p(1)
tions comes from comparing the heavier-to-lighter transition, 4 11 0.99%) ~0.10313) 1.0418)
W|th_ the I|ghter—to—h(_eaV|er. Because the physical f_orr_n factor; o 1.0 0.9913) —0.10714) 1.0428)
h_ is anti-symmetric under interchange of the initial and, , 0.9 0.9904) ~0.11214) 1.0438)

final states, the incomplete anti—symmetryR{ﬁﬁ,’S)’(DﬂD)

—1, seen in Table Il, can come only from radiative correc-
tions. Near the physical region, these discrepancies are 1Qgnere A = Mg —
20% ofh_(1). With these considerations to guide an esti-
mate, we take the uncertainty n_(1) owing to unknown
radiative corrections to range from0.010 to— 0.030.

m,, the §; are radiative corrections, and
n(1) represents a ratio of HQET form factors, at zero recoil.
Neglecting radiative corrections, NeubgB4] finds 7(1)

=1/3 from a QCD sum rule. Takimj: 0.5£0.1 GeV and

8,=68,=0, this impliesc¥=0.08(2) GeV. With radiative
X. COMPARISON WITH THE QCD SUM RULES corrections in the sum rule, Ligegt al. find 7(1)=0.6

In the past, the form factots, (1) andh_(1) have been = 0-2 [35]. Taking now 5,=0.11 and5,=0.09[36], this

. . l _ . . e
studied with QCD sum rules or the non-relativistic quarkmplies c!=—-0.05(10) GeV. Our result is significantly

model. Here we make a comparison of our resultsdét larger than both, but it is difficult to make a direct compari-
andc® with estimates obtained with those techniques son. Our lattice calculation contains some of the radiative

From the zero-recoil sum rule, Shifman al. obtain[5] corrections automatically_, and the remainder has_not yet been
' calculated. When the lattice one-loop calculation is available,

2 it should be possible to make a direct comparison. As we

i _) , (36) mentioned above, it is conceivable that these effects could

changec™® significantly, without a great effect on the value

we extract forh_(1).

where Fg_,p corresponds td, (1) and theFy represent

contributions of higher excited states. The hadronic param-

etersu? and w2 are estimated with other sum rules, and XI. RESULT FOR Fg_,p(1)
recent results arguf,z_O.S(l) GeV and u3=0.36 GeV In the previous sections we have investigated the heavy
[3]. The relation(36) gives an upper bound fdr, (1), quark mass dependence fof (1) andh_(1) and obtained

the coefficients in the iy expansions24) and (33). To

extract the value afz_,p(1) we input the physical values of
(37) m. and my, which we adjust to give the physical meson

masses. At3=5.7 these parameters asan.=1.0(1) and

provided that the contributions2 of higher excited states @My=3.9(5). Thecentral value is fixed with th® and B

are strictly positive. This can be translated as a lower bouné'€S0n masses with the lattice s_,pa@*gl(lsrllé), and the
for the coeﬁicientc(f): error range reflects the uncertainty in the lattice spacing.

The values of physicah, (1) andh_(1) (without the
1 matching factorsare given in Table Il for three possible
0&2)>§(Mi—ﬂé)=(0-26fg€g GeV)2. (38) _comblnatlon_s ofam, andam;. Since the systematic errors
in am, and inam, are correlated, we consider the central
and two limiting combinations only. The statistical errors on
Our resultc?’=[0.20(4) GeV? is lower than the central h, (1) andh_(1) are estimated with the jackknife method,
value but still consistent within errors. so that the resulting precision is better than that obtained by
In [4,30] the authors used the non-relativistic quark modeladding in quadrature the errors on coefficiecfd . In the
to estimate the coefficient?). Their results scatter in a physical amplitudeFs_.5(1), which is the linear combina-
range (0.2-0.4 Ge¥, strongly depending on the assumedtion of h.(1) andh_(1) given in Eq.(5), the uncertainty
shape of the quark-antiquark wave function and the value ofrom adjusting the quark masses largely cancels, and the
the valence light quark mass. value of Fz_,p(1) is very stable.
The form factorh_(1) has been studied with QCD sum  To obtain the physical result, we must now fold in the
rules [34,35. Applying their analysis to the heavy quark radiative correctiorpy,, relating the lattice current to the

expansion33) one finds continuum. Two of us recently have calculated this factor to
one loop[23], and atam,=3.9 andam,=1.0 they find
pv,=1+0.096xs. The Lepage-Mackenzie scalg for the

coupling a(q*) [15] has also been calculated, and at the

A
D= [1+6,-2(1+8;) (1)), (39)
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same quark masses the resultgs=4.4/a. At B=5.7,  F(1)—1. That means that these two sources of error should
ay(4.4l2)=0.168 and the correction toh.(1) is  be under good control, just as we have found with the other
+0.0143), taking the error of omitting higher orders to be sources of uncertainty.

20% of the one-loop correction.

A similar one-loop calculation fopy,, which modifies Xll. CONCLUSIONS
h_(1), is not yetavailable. We allow, therefore, a system-  |n this paper we have shown that precise lattice calcula-
atic uncertainty for this effect. tions of the zero-recoil form factors, (1) andh_(1) are
Our results for the form factors are possible. The principal technical advance is to consider ratios

of matrix elements, in which a large cancellation of statisti-
h,(1)=+1.007+0.006+0.002+ 0.003, (400 cal and systematic errors takes place. The numerical data are
interpreted in a way mindful of heavy quark symmeftty].
h_(1)=—0.107+0.028+ 0.004 ¢ g0, (41)  we find, therefore, that the dependence of the form factors
. ) on the heavy quark mass is well described byd/expan-
where the error estimates are as follows. The first errokjons, and we obtain the coefficients in the expansions.
ond from adjusting the heavy quark masses; and the thirgs to determine the individual form factots, (1) and
error from unknown radiative corrections, two loops andh_(1), aswell as the physical combinatiofig .p(1). The
higher forh, and one loop and higher fdr_. The chiral main results(40)—(42) account for most uncertainties, but
extrapolations, which are shown in Figs. 3 and 8, double th@ot the dependence on the lattice spacing or the effect of the
statistical errors of Table Ill, without changing the centralquenched approximation. Since our method is designed to
values. yield the deviation ofFz_p(1) from 1, we do not expect
Our main result is the value of the form factor enteringthese qualitatively to spoil the quoted precision. With the
the decay rate, at zero recoil. Inserting the physical values géroof of principle provided by this work, it should be pos-
the B andD meson masses and the res@6) and(41) into  sible, in the short term, to obtaifis_p(1) with control over
Eq. (5), all sources of uncertainty and an error bar that is small
enough to be relevant to the determination \&fy|.

Fa_.p(1)=1.058+0.016+0.003" 335, (42)
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where errors are from statistics, heavy quark masses, and L . .
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