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We present a study of semileptonic B — DIP decays in quenched lattice QCD through a
calculation of the matrix element (D|¢y*b|B) on a 24% x 48 lattice at 8 = 6.2, using an O(a)-
improved fermion action. We perform the calculation for several values of the initial and final
heavy-quark masses around the charm mass, and three values of the light-(anti)quark mass around
the strange mass. Because the charm quark has a bare mass which is almost % the inverse lat-
tice spacing, we study the ensuing mass-dependent discretization errors, and propose a procedure
for subtracting at least some of them nonperturbatively. We extract the form factors A* and A~.
After radiation corrections, we find that A" displays no dependence on the heavy-quark mass,
enabling us to identify it with an Isgur-Wise function £. Interpolating the light-quark mass to
that of the strange, we obtain an Isgur-Wise function relevant for B, — D}l¥ decays which has a
slope —¢. = 1.2f§(stat *2(syst) at zero recoil. An extrapolation to a massless light quark enables
us to obtain an Isgur-Wise function relevant for B — D)l decays. This function has a slope
—¢&.,.a = 0.9%3(stat)t(syst) at zero recoil. We observe a slight decrease in the magnitude of the
central value of the slope as the mass of the light quark is reduced; given the errors, however, the sig-
nificance of this observation is limited. We then use these functions, in conjunction with heavy-quark
effective theory, to extract V., with no free parameters from the B — D*I¥ decay rate measured by
the ALEPH, ARGUS, and CLEO Collaborations. Using the CLEO data, for instance, we obtain
[Ves| =-0.0377112%4(0.99/1 + 841 (1))1/1 + 01/mz2, where &, /2 is the power corrections inversely
proportional to the square of the charm quark mass, and 841 (1) is the relevant radiative correction
at zero recoil. Here, the first set of errors is experimental, the second represents the statistical
error, and the third represents the systematic error in our evaluation of the Isgur-Wise function.
We also use our Isgur-Wise functions and heavy-quark effective theory to calculate branching ratios
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for B(,y = D(s)lv and B,y — D{,)lﬁ decays.

PACS number(s): 13.20.He, 12.15.Hh, 12.38.Gc, 12.39.Hg

I. INTRODUCTION

Semileptonic decays of B mesons have been the fo-
cus of much activity in the last few years. Experimen-
tally, their rather large branching ratios have allowed
thorough studies of their properties. Theoretically, they
have been a fertile ground for new ideas. Moreover, the
interplay between these experimental studies and new
theoretical ideas has led to a greater understanding of
the flavor sector of the standard model and, in partic-
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ular, to measurements of the less well-known Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements V, and V3
1].

[ ]The main theoretical development in the study of
hadrons containing a heavy quark, such as the b or ¢
quarks, is undoubtedly the discovery of heavy-quark sym-
metry [2,3] and the development of the heavy-quark ef-
fective theory (HQET) [4], which describes the strong in-
teractions of a heavy quark with gluons and light quarks
at low energies. If one considers the masses of the b
and ¢ quarks to be much larger than the QCD scale,
AqQcp, one finds that the dynamics of the light quarks
and gluons coupled to a b or a ¢ quark become indepen-
dent of this heavy quark’s flavor and spin. In this limit,
QCD exhibits a new SU(4)spinxflavor Symmetry, known
as heavy-quark symmetry, which acts on the multiplet
(¢ t,e 4,b 1,b |). This symmetry simplifies consider-
ably the description of the decays of hadrons containing
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a heavy quark. For instance, the 20 form factors required
to describe the semileptonic decays B(,) — D(,lv and
*)
@
can all be expressed in terms of two
universal form factors, &, 4 and {,, known as Isgur-Wise
functions [3], which parametrize the nonperturbative dy-
namics of the light degrees of freedom. £, 4 describes the
decays of mesons containing a heavy quark and a @ or
d antiquark, and ¢, describes the decays of mesons con-
taining a heavy quark and an 5 antiquark. Moreover,
heavy-quark symmetry requires these Isgur-Wise func-
tions to be 1 when g2, the square of the four-momentum
transfer, is maximum [3].

In an earlier work [5], we obtained the Isgur-Wise func-
tions £, 4 from a lattice study of elastic D meson scatter-
ing. A similar approach, but with a different lattice ac-
tion, was taken by Bernard et al. [6] and led to very sim-
ilar results. In the present paper, we extend our earlier
work to include decays of the form P — P'ly, where pO
is a heavy-light pseudoscalar meson composed of a heavy
quark Q() with a mass around that of the charm quark,
and a light antiquark §. These processes are described
by matrix elements of the vector current @'v*Q. These
matrix elements can, in turn, be decomposed in terms of
two form factors, ht(w;meg, mg!) and h™ (w; mg, mgr),
given by

(P'(P)|Q'v"Q|P(p)) _ iy
Ao = (v +v')*h*

B(s) — D{B)lﬂ as well as the elastic form factors of B

and DE:)) mesons,’

(wsmq, mqr)
+(v =V )*h (wymg,mgr) , (1)

where v() = p()/Mpiy, w = v - o' = (ME + M3, —
q?)/2MpMp: and mg( is the mass of Q0.

In the limit of exact heavy-quark symmetry, the two
form factors become independent of the masses of the
initial and final heavy quarks and

h™ (w;'mQ,mQ:) =0,
ht (wymg,mgr) = €(w) , (2)

where {(w) is an Isgur-Wise function of the type de-
scribed above, whose exact functional form only depends
on the quantum numbers of the light spectator antiquark.
The only change we make to these quantum numbers in
the present paper is to vary the light-antiquark mass.
For simplicity of notation, this dependence will be left
implicit unless stated otherwise.

For heavy quarks of finite mass, there are two sources
of corrections to the simple results of Eq. (2). The first is
hard-gluon exchange between Q and Q' across the vector
current vertex. The second results from the modifica-
tions of the vector current and meson states by higher-
dimension operators in HQET. These latter corrections

!The subscript s is used to distinguish mesons in which the
light, spectator antiquark is 5 from those in which it is either
@ or d.
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are proportional to inverse powers of the heavy-quark
masses. Thus, we have

b (w,mq, mqr) = [ + B (w;mq, mg)
+')'i(w;mQ’ le)]E(w) ) (3)

for i = +, —, where at = 1,a™ = 0, 3* represents the ra-
diative corrections and ~%, the power corrections. It is im-
portant to note that these two corrections incorporate all
of the heavy-quark mass dependence of the form factors
hi. As defined in Eq. (3), the Isgur-Wise function, {(w),
is renormalization-group invariant [7] and normalized to
one at zero recoil as required by heavy-quark symmetry

(3]:
£1)=1. (4)

The radiative corrections can be evaluated analyti-
cally in QCD since they are perturbative. To quan-
tify them, we use Neubert’s short-distance expansion
of heavy-quark currents [7]. He considers semileptonic
B — DIv and B — D*1v decays and computes radiative
corrections to the corresponding heavy-quark matrix ele-
ments to order a, as a function of m. and m,. His calcu-
lation improves the previous leading logarithmic evalua-
tion of these corrections [8] in two ways: first, he includes
next-to-leading logarithms in running the O((m./ms)°)
heavy-quark operators from m; down to scales at which
HQET can be safely used, and second, he obtains, to
order «,, the full dependence of the heavy-quark cur-
rent on the mass ratio z = m./mp. The sum of these
new contributions is as large as the leading logarithmic
term. Corrections to Neubert’s computation? are of or-
der o2(z Inz)™ with n = 0,1,2 and should be smaller
than 1%. The fact that Neubert’s result accounts for the
full order a, dependence of the heavy-quark current on
the mass ratio z is important for us, because our range of
heavy-quark masses is quite small (see Table I): z ranges
from 0.6 to 1.

TABLE I. Physical heavy-quark masses corresponding to
different values the heavy-quark hopping parameter kgq.
They are obtained from the corresponding chirally extrap-
olated pseudoscalar and vector meson masses, as described in
Eq. (26). For completeness, we also tabulate these chirally
extrapolated masses in lattice units (a™! ~ 2.7 GeV [12]).
They were obtained by covariant linear extrapolation of the
masses Mp and My obtained at three values of the light an-
tiquark hopping parameter: k, = 0.141 44, 0.142 26, 0.142 62.
The pseudoscalar meson masses were computed as described
in Sec. II D, while the vector meson masses were obtained as
in [12], with a fitting range 11 <t < 23.

KQ M,’ﬁ M%ﬁ mgqQ (GEV)
0.121 0.87473 0.89673 1.90
0.125 0.773t§, 0.799*% 1.64
0.129 0.66513 0.6967 1.36
0.133 0.54713 0.5887; 1.06

?Neubert runs the O(m./ms) contribution at one loop.
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The power corrections are proportional to powers of
€q) = A/(2mg(,) where A is the energy carried by the
light degrees of freedom in the mesons. A will of course
depend on what these light degrees of freedom are. In
what follows, we will use A = A, = 500 MeV [9] when
working with light degrees of freedom with spin % and
isospin % Because €5y = % for the heavy quarks we are
considering, we would naively expect power corrections
in h*(w) and h~(w) to be of order 15-30%. These cor-
rections are difficult to quantify because they involve the
light degrees of freedom and are therefore nonperturba-
tive. Luke’s theorem [10], however, guarantees that there
are no O(eq) corrections to h*(w) at zero recoil and one
may expect that power corrections to h™ remain small
away from zero recoil. This is not expected to be true
for h~ which is not protected by Luke’s theorem.

For degenerate transitions where Q@ = Q’, conservation
of the vector current Qv*Q provides further constraints
on the radiative and power corrections:

IB+(1§mQ’mQ) =0,

7+ (1;mq,mQ) =0

B~ (w;mg,mqg) =0, (5)
v (w;mg,mq) =0,

where the last two equations hold for all w.

Our results come from a quenched simulation on a
243 x 48 lattice at 8 = 6.2 on a sample of 60 gauge
field configurations [11]. The lattice has an inverse lattice
spacing of around 2.7 GeV [12]. We do not suffer much
here from errors associated with uncertainties in the de-
termination of the lattice spacing since our main results
are dimensionless and depend at most logarithmically on
the scale. Our light quarks have masses which bracket
the strange quark mass. Because our heavy quarks have
masses in the region of the charm-quark mass which are
large in lattice units (up to one-half or more), we must
contend with discretization errors proportional to powers
of amg, where mg is the mass of the heavy quark. In or-
der to reduce these discretization errors, we use the O(a)-
improved fermion action originally proposed by Sheik-
holeslami and Wohlert [13] with which discretization er-
rors in operator matrix elements and hence in our form
factors are reduced from O(amg) to O(a,amg) [14].

The remainder of the paper is organized as follows. In
Sec. II, we present the details of our simulation, as well
as our strategy for obtaining the form factors At and A~
from the calculated three-point functions. In Sec. III,
we discuss discretization errors and describe a procedure
which enables us to subtract some of these errors nonper-
turbatively. In Sec. IV we present our results for the form
factors ht and h~ for three values of the light-antiquark
mass and all available initial and final heavy-quark com-
binations. We also extrapolate h™ in the light-antiquark
mass to the chiral limit, and interpolate it to the strange
quark mass. In Sec. V, we study the dependence of h*
and h~ on heavy-quark mass and attempt to extract the
leading power corrections. We find that h* displays no
measurable dependence on heavy-quark mass which en-
ables us to conclude that this form factor is an Isgur-
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Wise function once radiative corrections are subtracted.
In Sec. VI, we study the dependence of h™ on the light-
quark mass and extract the Isgur-Wise functions &, 4 and
&,. We find that the slopes of these functions at w =1
are

n,a(1) = —[0.9%3(stat) F5(syst)] (6)
and
€'(1) = —[1.212(stat) T3 (syst)] . (7

We thus observe a slight decrease in the magnitude of
the slope with light-antiquark mass; given the errors,
however, the significance of this observation is limited.
We compare our results for these Isgur-Wise functions
to other theoretical as well as experimental determina-
tions. We find excellent agreement with experiment. In
Sec. VII, we use our Isgur-Wise function &, 4 to extract
the CKM matrix element V., from different experimental
measurements of the differential decay rate for B — D*lv
decays. Our results for |V, are summarized in Table
XVII and are compared to other determinations of this
matrix element. Our procedure for extracting |Ves| dif-
fers from that proposed by Neubert [15] in that we fix
the w dependence of the differential decay rate with our
calculation instead of obtaining it from experiment. This
enables us not only to extract |V.p| with no free param-
eters, but also to check the validity of nonperturbative
QCD against experiment. We find that the w depen-
dence predicted by our calculation agrees very well with
the results of the ALEPH [16] and CLEO [17] Collabo-
rations. In Sec. VIII, we use £, 4 and &, to compute the
branching ratios for 1_3(,) = D(,)lv and B,y — Dz‘a)ll"/
decays, and our results are summarized in Table XVIIL
We also compute ratios of semileptonic widths and find

(B - D*Ip)

T(B o Dlp) - 3.2%3(lat) £+ 1.0(hgs) (8)

and
(B, — D:lp)
(B, — D,lv)

where the first set of errors was obtained by adding our
lattice statistical and systematic errors in quadrature and
the second set of errors, denoted by hgs, quantifies the
uncertainty due to neglected power and radiative correc-
tions. We confront our predictions for these branching
ratios and ratios of widths with experimental measure-
ments where available and find that they compare quite
favorably. Finally, in Sec. IX we present our conclusions.

= 3.372(lat) & 1.0(hgs) , (9)

II. DETAILS OF THE CALCULATION
A. Lattice action and operators

Since we are studying the decays of quarks whose
masses are large in lattice units, we must control dis-
cretization errors. In order to reduce these errors, we use
an O(a)-improved fermion action originally proposed by
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Sheikholeslami and Wohlert (SW) [13], given by
LK _
S =S¥ i Y d@)Fu(@)omalz),  (10)
@, v

where SFW is the Wilson action:

¥ = 2{q<z)q(w) — 5 4@ (1~ ) Vu(@)a(e + )

+q(z + ) (1 + 7u)Ul(m)Q(m)]} : (11)

The leading discretization errors in matrix elements for
heavy-quark decays obtained from numerical simula-
tions with the fermion action Eq. (10) are reduced from
O(amgq) to O(a,amq) and O(a?*m}), provided one also
uses “improved” operators obtained by “rotating” the
field of the heavy quark Q:

Q(z) » (1- 1y -D)Q(z). (12)

Thus, to obtain an O(a)-improved evaluation of the ma-
trix element of Eq. (1), we use a “rotated” vector current

VE = Q' (a)[*Q(x) (13)
where
I = (1+1y-D)y*(1 - Ly- D) (14)

and where the subscript I indicates that V/ is an im-
proved lattice current.

B. Extended interpolating operators

In order to isolate the ground state in correlation
functions effectively, it is useful to use extended (or
“smeared”) interpolating operators for the mesons. In
this study we use gauge-invariant Jacobi smearing on the
heavy-quark field (described in detail in [18]), in which
the smeared field, Q°(x,t), is defined by

Q%(x,t) = ZK(m,m')Q(x’,t) , (15)
where
N
K(z,2') =) K3A"™(z,2) (16)

and
J

C3 (P, Qo tts—t—ro0

4EpEp:
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3
Az, z') = Z{&x,,x_;UiT(x —1,t)

=1
+6x’,x+§Ui(x’ t)} . (17)
Following the discussion in [18], we choose kg = 0.25

and use the parameter IV to control the smearing radius,
defined by

y S xR (2,0)]2
TESKEOR (18)

We use N = 75, giving r = 5.2.

In terms of the operator Q° of Eq. (15), the spatially
extended source Jp we use to create pseudoscalar mesons
composed of a heavy quark Q and a light antiquark § is
given by

Jp(z) = q(@)(1 + 1y - D)y*(1 - Ly - D)Q5(z) . (19)

C. Three-point functions and lattice form factors

The computation of the matrix ele-
ment (P'(p')|Q@'v*Q|P(p)) proceeds along lines similar
to earlier calculations of the electromagnetic form factor
of the pion and to determinations of the form factors cor-
responding to semileptonic decays of the D meson into
light mesons. (For recent reviews of lattice computations
of weak matrix elements and references to the original
literature see, for example, the reviews in [19].) Thus,
we calculate the three-point correlator

C:’; (t§ Plv q)Q-—»Q’

=3 e %P Y (Jpi(t5, y)VE (L, x)T5(0,0)) , (20)

x,y

where Jp is the spatially extended interpolating field for
P defined in Eq. (19), V} is the O(a)-improved vector
current of Eq. (13), and p = q + p’. To evaluate these
correlators, we use the standard source method reviewed
in [20].

Provided the three points in the correlator of Eq. (20)
are sufficiently separated in time, the ground-state con-
tribution dominates and

Zp(P*)ZP1(B%) Bpt-Epi (t1-0) P (/)| VI (0) | P(p)) , (21)

where Ep (Ep:) is the energy of the initial (final) meson and Zp(p?) is the matrix element (0|Jp(0)|P(p)). To cancel
the above time dependence, we normalize the three-point function by two two-point functions and consider the ratio

Cl(t;p,9) o0 22)

R* t; ,7 r= )
R A TR IR TR,

where
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Ca(t,P)e = Y _ e P*(Jp(t, x)J}(0))

and

Zp(P?) -Eer/2 cosh[Ep(T/2 — t)] .

C2(t,p)Q t:oo EP
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(23)

(24)

Here, T is the temporal extent of the lattice. [For t < T/2,exp(—EpT/2) cosh[Ep(T/2 —t)] = % exp(—Ept).] Thus,

in terms of the form factors defined in Eq. (1),

1
(4 ] , ~ n[ n[l
R*(t;p vq)Q—>Q tits—t—co Zp(p2)Zp (P'2) V PP

x((v + 0" )R (w;mg, mg) + (v — V)P hi, (wsmg, mgr)) ,

where hlft are related to the continuum form factors, A%,
by a multiplicative renormalization, up to discretization
errors, as discussed in Sec. III.

To obtain the desired form factors, we fit the ratio R
of Eq. (22) to the asymptotic form of Eq. (25) by mini-
mizing, with respect to the parameters hf;t and ki, a x?2
function which takes into account correlations between
the different times (labeled by t), but not between the dif-
ferent equations (labeled by u). We neglect correlations
between equations, because spatial and temporal compo-
nents of Eq. (25) may be affected differently by discretiza-
tion errors, as we discuss at the end of Sec. III C. The x?2
value that we quote indicates not only whether our ratios
R* are asymptotic, but also whether the decomposition
of R* in terms of hf,(w) and hy(w) is good. In fit-
ting the ratio R¥, we fix the wave-function factors Zp(,
the energies, Ep(), and masses, Mp(, of the mesons to
the values obtained from a fit of the relevant two-point
functions to the asymptotic form of Eq. (24), taking into
account correlations in time.

We first obtain hjf,(w) from the time component of
Eq. (25) alone, assuming that the contribution propor-
tional to h_,(w) can be neglected. This approximation is
exact, up to discretization errors, for degenerate transi-
tions, i.e., transitions in which the initial and final heavy
mesons are the same, and true up to radiative and power
corrections for nondegenerate transitions, i.e., transitions
between mesons which contain the same light antiquark,
but different heavy quarks [see Eq. (5)]. For these non-
degenerate transitions we can get a posteriori some idea
of the size of the contribution of hp,(w) to the time com-
ponent of Eq. (25). Holding h;},(w) fixed to its time-
component value, we use all nonvanishing components of
Eq. (25) to obtain hj,(w). We find (see Sec. IV A) that
hiat(w)’s contribution to the time component of Eq. (25)
is less than about 1%, thereby justifying the approxima-
tion we make in obtaining At (w)}as.

D. Lattice parameters and details of the analysis

We compute the three-point function of Eq. (20) for
four values of both the initial and final heavy-quark hop-
ping parameters, kg and ko' taken from 0.121, 0.125,
0.129, 0.133 (see Table I); three values of the light-

(25)

antiquark hopping parameter, x, (0.14144, 0.14226,
0.14262); two values of the initial meson momentum
[(0,0,0) and (1,0,0) in lattice units]; and ten values of
the momentum carried by the vector current [qa(12/m)
=(0,0,0), (1,0,0), (0,1,0), (0,0,1), (1,1,0), (1,0,1),
(0,1,1), (1,-1,0), (-1,0,1), (0,1,-1)]. To improve statis-
tics, we average the ratios of Eq. (22) over all equiva-
lent momenta. Moreover, data with initial or final mo-
menta greater than 7/12a are excluded because they have
larger systematic and statistical uncertainties. Finally,
we choose ty, the time at which the final meson is de-
stroyed [see Eq. (20)], to be half-way across the lattice
(i-e., ty = 24) and symmetrize the three-point functions
about that point using Euclidean time reversal, also to
reduce the statistical errors.

We observe a plateau in the ratio R*(t) of Eq. (22)
around ¢ = 12, typically extending over five time slices.
Therefore, we fit the ratio R*(t) over the range t =

I <D|V° D> |
1.5 — —
L 4
| ;I i == iy |
[ B, ]
1.0— —]
0.5 _]
- Kq=Kq=0.129, K =0.14144 -
- <
0¢o 1 1 1 L | 1 - 1 1 J 1
0 10 20

t

FIG. 1. The ratio R*(¢), up to constant factors, vs ¢ for the
case where the initial meson has momentum (0,0,0) and the
final meson, momentum (7/12a,0,0). Here, the initial and
final heavy-quark hopping parameters are kg = Ko = 0.129
while the light-quark hopping parameter is k, = 0.14144.
The solid line is obtained from our fit of R* (t) to the asymp-
totic form of Eq. (25). The dashed lines indicate the errors of
this fit.
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TABLE II. Wave-function Z2? and energies Ep for our heavy-light, pseudoscalar mesons and for
two values of momentum |p|. The energies are quoted in lattice units (™' ~ 2.7 GeV [12]). The
x?/Npr for the fits which give these results are all on the order of 1.

KQ 0.121 0.125 0.129 0.133
Kq Ip| z? Ep z? Ep z? Ep z? Ep
0.14144 0 17.97% 092472 16.37; 0.82377 14.577 0.716F2 12.4F 0.60072

w/12¢ 12.3%3 095813 11.4%! os16%) 103%: o.7607] 9.07;  0.6537F3
0.14226 0 15.572  0.901%3  14.2%% 0.800%3 12.7F% o0.69273 1085 0.575%3
w/12¢ 10.5%% 093773 9.7t o0.84073 88*% 073973 7.7f; 0.63173
0.14262 0 14.77%  0.892F% 135%7 o0.791%3  12.07% 0.683F3  10.3F; 0.56513
/12 9.877 0928%5 9.1 o0.832%] 835 o0.730f; 7.3%]  0.62373

11,12,13 to the form given in Eq. (25) for all momentum
and heavy-quark mass combinations. For the purpose of
illustration we plot, in Fig. 1, the ratio R*(t) vs ¢ for the
case where the initial meson has momentum (7/12a, 0, 0)
and the final meson, momentum (0,0,0). We fit the two-
point functions to the asymptotic form of Eq. (24) in the
range t = 11 —22. The results of these later fits are given
in Table II.

Statistical errors are obtained from a bootstrap pro-
cedure [21]. This involves the creation of 200 bootstrap
samples from the original set of 60 configurations by ran-
domly selecting 60 configurations per sample (with re-
placement). Statistical errors are then obtained from the
central 68% of the corresponding bootstrap distributions
as detailed in [11].

Use of the HQET implies a choice of the expansion
parameter, mq, and this requires some care [22,23]. We
define mg as follows:

a1 -

mg = T(3M"§ + M¥) — Ay, (26)
where M% and M;s are the relevant, chirally extrapolated
pseudoscalar meson and vector meson masses in lattice
units (see Table I). Since these masses correspond to
heavy-light mesons whose antiquark is massless, the light
degrees of freedom carry an energy A, = 0.50 GeV as
discussed after Eq. (4). .

In Tables III and IV, we tabulate the results that we
obtain for the radiative corrections, 8+ (w; mg,mg:) and
B~ (w;mg, mg:), of Eq. (3) for various combinations of

TABLE III. 8% (w) vs w for all combinations of initial and
final heavy-quark mass.

w
KQ = Kq! 1.0 1.1 1.2 1.3 1.4
0.121 — 0.121 0 —0.025 —0.047 —0.068 —0.088
0.122 — 0.125 0.017 -—0.008 —0.030 —0.051 —0.071
0.121 — 0.129 0.037 0.013 —0.009 —-0.030 —0.050
0.121 — 0.133 0.063  0.040 0.018 —0.002 —0.022
0.125 — 0.125 0 —0.023 —-0.045 -0.065 —0.085
0.125 — 0.129 0.024  0.001 —0.021 —-0.041 —0.060
0.125 — 0.133 0.055  0.033 0.012 —0.008 —0.027
0.129 — 0.129 0 —0.022 —0.042 —-0.061 —0.079
0.129 — 0.133 0.039 0.017 —0.003 —0.022 —0.039
0.133 — 0.133 0 —0.019 -0.038 -0.055 —0.071

the heavy-quark masses and for a few values of w. As
mentioned in Sec. I, we determine these corrections with
the help of Neubert’s work [7]. Since our results for the
form factors are obtained in the quenched approximation,
we set the number of quark flavors to zero and assume
no particle thresholds in Neubert’s expressions.3

III. Zy, DISCRETIZATION ERRORS AND HOW
TO SUBTRACT THEM NONPERTURBATIVELY

Throughout this study of semileptonic weak decays
of heavy mesons, we use an O(a)-improved fermion ac-
tion and take for the lattice vector current, the “im-
proved” operator V}* of Eq. (13), as discussed in Sec. IT A.
In concrete terms, this means that we expect mass-
dependent discretization errors to be of O(a,amq) ~ 5%
and O((amq)?) ~ 10% at the charm mass* instead of
O(amgq) ~ 40% and O((amg)?) ~ 10% as they would be
without O(a) improvement. Thus, despite the improve-
ment expected, discretization errors in our calculation
could be significant.

Discretization errors in the lattice evaluation of the
matrix element of Eq. (1) can be parametrized as

TABLE IV. 87 (w) vs w for all combinations of initial and
final heavy-quark mass.

w

KQ — ko 1.0 1.1 1.2 1.3 1.4
0.121 — 0.121 0 0 0 0 0
0.121 — 0.125 0.001 0.000 —0.001 —-0.001 —0.002
0.121 — 0.129 -0.003 -—-0.004 —-0.005 -—0.006 —0.007
0.121 — 0.133 -0.014 -0.016 —-0.017 —-0.019 —-0.021
0.125 — 0.125 0 0 0 0 0
0.125 — 0.129  0.000 —-0.001 —-0.001 —0.002 —0.003
0.125 — 0.133 -0.008 —0.009 -0.011 -0.012 -0.014
0.129 — 0.129 0 0 0 0 0
0.129 — 0.133 -0.001 —-0.002 —-0.004 -0.005 —0.006
0.133 — 0.133 0 0 0 0 0

3There is, in fact, no rigorous way of running quenched lat-
tice QCD results since the lattice cutoff a~! is adjusted to
incorporate in part the effects of quenching.

“For this estimate, we use the boosted value of the coupling
constant gZoss = (8kKerit)*g? ~ 1.66 and the improved bare
mass defined before Eq. (33) with kg = 0.129.
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Zv(as(a))<P/(p’)|Q’F"Q‘P(p)>1at — (‘U +v')“[1 +d+(w)]h+(w)

MpMp:

+(v = v")*[1+d”(w)]h7 (w) + O(a),

where Zy(as(a)) is the usual renormalization constant
which relates the lattice vector current to the continuum
one.® Because this constant describes physics that takes
place above and around the lattice cutoff, it is perturba-
tive and independent of the initial and final states.

In Eq. (27), d* and d~ are the Euclidean-invariant dis-
cretization errors to all orders in a. At O(a?) the hyper-
cubic group allows for additional errors which depend on
the Lorentz index of the vector current. The discretiza-
tion errors are nonperturbative and depend on the initial
and final states, because they correspond to matrix ele-
ments of higher-dimension operators which are artifacts
of lattice regularization. In addition, they depend on
the procedure used to cancel all the factors which relate
the three-point function to the matrix element [see Eq.
(21)]. We adopt the expedient of assuming that we can
absorb the Euclidean-invariant discretization errors into
an effective renormalization constant Zgf.

In the remainder of this section, we will attempt to
quantify the discretization errors in our calculation more
precisely and describe a procedure which enables us to
subtract them, at least partially.

A. Determination of ZgF

To study discretization errors, we define an effective
renormalization constant Z§f for vector currents com-
posed of degenerate quark fields (i.e., of the form gvy*q)
by
1 Ca(ts;p)

Zeﬂ' P
V' " 2C%(t;p,0)

(28)
for ty = T/2, where T is the temporal extent of the
lattice, C§ and t; are defined in Eq. (20) and C; in
Eq. (23). In the absence of discretization errors, Eq. (28)
yields a very accurate nonperturbative determination of
the renormalization constant Zy. To see that the ratio
of Eq. (28) is in effect Zy, one must use the fact that
the forward matrix element of the temporal component
of the vector current is the charge, up to a trivial normal-
ization factor. The factor of % comes from our boundary
conditions [see Eq. (24)]. Unless stated otherwise, we
will take p = 0. In the presence of the discretization er-
rors described in Eq. (27), however, the ratio of Eq. (28)
becomes
Z$T = Zy[1 —dT (1) + O(a?)] . (29)
We start the discussion with a review of the deter-
minations of Z¢f for currents composed of degenerate

51t is important to note that similar discretization errors are
present for all definitions of the current, even the conserved
current away from the forward direction.

(27)

f

light-quark fields, between pseudoscalar states composed
of degenerate, light quarks and antiquarks where we ex-
pect Z¢f to be close to Zy. Using 10 gluon configurations
from our simulation at 8 = 6.2, we find [24]

Z$F = 0.8314(4) at x = 0.14144 ,
ZsF = 0.8245(4) at k = 0.14226,

Z$¥ = 0.8214(6) at x = 0.14262 . (30)

These results confirm that discretization errors are
small for light quarks (less than about 2%), and we take

(1)

as our best estimate for Zy . This value is also consistent
with the expectations from one-loop perturbation theory
[25]:

Zv = 0.82(1)

Zy =1-0.10g> + O(9*) ~0.83 at 3 =6.2  (32)
when evaluated using the boosted value of the coupling
constant, obtained from the mean field resummation of
tadpole diagrams [26].

We now turn to the evaluation of Z§ff using Eq. (28) for
degenerate heavy-quark currents between pseudoscalar
mesons consisting of a heavy quark @ and a light an-
tiquark §. The results and, in particular, the differ-
ence from the value in Eq. (31), give us a measure of
the size of the discretization errors. In Table V, we
present the results for Zgff, obtained from the simu-
lation at B = 6.2 for four values of the heavy-quark
mass, and with the light-quark mass corresponding to
kg = 0.14144, and from a simulation at 8 = 6.0 for
three values of the heavy-quark mass and with the light-
quark hopping parameter equal to 0.144.6 Also tabulated
are estimates of the improved, bare mass of the heavy
quark, mé, defined by amé2 = amgq[l — (3)amg), where

TABLE V. Values of the effective normalization constant
Zf¥ as a function of the improved bare mass of the heavy
quark. The value of Kk, is 0.14144 at 8 = 6.2 and 0.144 at
B = 6.0.

B =62 B = 6.0

KQ mga  Zi (ko) KQ mga  Zf (kq)

0.133  0.231  0.8913%% 0.129  0.344 0.92071

0.129  0.310 0917713 0.125  0.405 0.945%]

0.125  0.379  0.9428%5  0.120  0.464 0.973%3
0.121  0.435  0.96597F;

8The simulation at 3 = 6.0 was performed with 36 quenched
gauge field configurations on a 16 x 48 lattice using the O(a)-
improved SW action of Eq. (10). For details of the simulation,
please see [27].
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FIG. 2. Values of Z{f as functions of mQa, The solid lines
represent fits to quadratic functions of mQa for the data at the
two different values of 3. We have also plotted the light-quark
values of Z5f given in Eq. (30) but have not included them
in the fit.

amq = (3)(1/KQ — 1/Kerit)-

In Fig. 2, we plot the results for Z{f as a function of
m{?a for the two values of 3. Fitting this behavior to a
quadratic function of m{?a,

Zf (k) = A+ Bméa + C’(méa.)2 , (33)

K. C. BOWLER et al. 52

we find A = 0.814(2) [A = 0.791(4)], B = 0.342(12)
[B = 0.397(18)], and C = —0.072(18) [C = —0.120(20)]
at 8 = 6.2 (8 = 6.0). These fits are excellent. It is in-
teresting to note that the results extrapolate to approxi-
mately 0.81 (0.79) in the chiral limit and are thus in good
agreement with the values determined using light quarks
as can be seen in Fig. 2 where we have also plotted the
light-quark values for Z¢ff given in Eq. (30). This fact
together with the observation that the size of the mass-
dependent effects for a given aml is very similar at the
two values of 8 gives us confidence that the mass depen-
dence we observe is indeed due to discretization errors.

Further results from the simulation at 8 = 6.2 are
presented in Table VI and in Fig. 3. For kg = 0.129 and
0.121 we have evaluated Z{ff(kg) at three values of the
mass of the light quark. The results can be seen to be
practically independent of the mass of the light quark.
We have also evaluated Z{ff using Eq. (28) with p =
(m/12a,0,0) and kg = 0.14144."The difference between
the results obtained with p = (7/12a,0,0) and with p =

0 is less than 1%. Finally, we have determined Z{ff (kg)
using

_ pt Ca(ts;p)
2Ep(p?) C3(t;p,0) ’

ziF (34)

for p = (7/12a,0,0) and t; = T/2 and where Ep(p?) is
the energy of the meson with momentum p. Now it is no
longer the charge operator which appears in C}, and the
statistical errors increase significantly (see Fig. 3). The
values of Zgff given by Eq. (34) are consistent with those
obtained with p = 4 to within 1.5 standard deviations.

TABLE VI. Values of Z§f for different choices of the Lorentz index p, momenta 7 in units of
@™, and light-quark masses (given by «,) from the simulation at 8 = 6.2.

pand 7 KQ A7
Kq = 0.141 44 Kq = 0.142 26 Kq = 0.14262

pu=4,p=0 0.133 0.8913%2 .

pu=4,5=0 0.129 0.9177+3 0.91681 0.9165%}

pu=4,p=0 0.125 0.94287%

p=4,5=0 0.121 0.9659%5 0.96561S 0.9658%%,
p=4,5=(n/12,0,0) 0.133 0.897611°
p=4, 5= (r/12,0,0) 0.129 0.924819 0.924211% 0.9240%2%
p=4,75=(n/12,0,0) 0.125 0.9498*7
u=4,7=(n/12,0,0) 0.121 0.972917 0.97347%12 0.9746137
p=1,5=(x/12,0,0) 0.133 0.949F37
p=1,p=(n/12,0,0) 0.129 0.994+37 0.982+83 0.9247113%2
p=1,p=(n/12,0,0) 0.125 1.042%57
p=1,p=(r/12,0,0) 0.121 1084152 1.0891%1, 1.059*11%5

"The statistical errors in Z{f (kq) are tiny, due to a cancellation in the ratio (28) of the fluctuations in the numerator
and denominator. In order to get such a dramatic cancellation of the fluctuations it is necessary to have precisely the same

momentum in the numerator and denominator. If, for example, we take p =

(7/12a,0,0) in C3 but average over all six equivalent

momenta in Cz, ((£7/12a,0,0), (0, +7/12a,0), (0,0,+m/12a)), then the statistical error in the ratio increases enormously.
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FIG. 3. Values of Z¢f(kq) obtained from the simulation at
B = 6.2 at different momenta and Lorentz indices. The three
curves are quadratic fits to the three sets of data.

B. Implications of the results for Zgf

The results for Z{ff (kg) with p = O presented above
differ from the value of Zy given in Eq. (31) by about
10-20 % for the range of quark masses used in our simula-
tions (for kg = 0.129, which corresponds approximately
to the charm quark for both values of 3, the difference is
about 12%). This difference is a good indication of the
size of mass-dependent discretization errors in our cal-
culation; it is consistent with our expectation that they
should be of O(a,amq) and O(a?m}).

Our results for Zgf also enable us to quantify the de-
pendence of discretization errors on momentum as well as
on the Lorentz component of the current used to obtain
them. As noted in the previous subsection, the differ-
ence between the results obtained with p = (7/12a,0, 0)
and with p = O is less than 1%. This is a clear in-
dication that as long as we limit ourselves to momenta
p such that |p| < 7 /12a, discretization errors propor-
tional to ap are small. As for the dependence of Zgf
on the Lorentz index of the current, the situation is less
clear. The ratio Zgf(0.121;u = 1)/Zgf(0.121; 4 = 4) for
p = (7/12a,0,0) indicates that this dependence could
be as large as 11%. However, given that the statistical
errors on Z{ff(0.121; u = 1) are quite large, much of this
dependence could be a statistical fluctuation.

C. Nonperturbative subtraction of amg errors

Having isolated and quantified the different sources of
discretization errors, we now investigate the possibility
of subtracting these errors. It is important to remem-
ber that these discretization errors are given by matrix
elements of higher-dimension operators: they are nonper-
turbative and will depend on the initial and final states
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between which the current V}* is sandwiched. This means
that in any attempt to subtract them, one must evaluate
the relevant corrections with states as similar as possible
to the ones which appear in the matrix element of inter-
est. With this in mind, we have devised the following
subtraction procedure.

First, as mentioned at the beginning of Sec. III, we
assume that the mass-dependent discretization errors can
be absorbed into an overall effective normalization:

(P'(p)|Q'v*Q|P(p))
Z#E (aMp,aMp:; 1)

(P'(p")|QTQ|P(P))1at = , (35)

where I'* is defined in Eq. (14).

Second, we find a normalization condition, i.e., a kine-
matical point at which we know the physical value of the
matrix element. For the case of degenerate transitions,
this normalization condition is simple; electromagnetic
charge conservation requires that ht(1;mqg,mg) = 1.
For the case of nondegenerate transitions, the normal-
ization condition is slightly more complicated. HQET
requires, as we saw earlier, that

hF(1;mq, mq) = 1+67 (1;me, mg) +77 (1;me, mgr) -

The radiative corrections, B7%(1;mg, mg'), we know
from perturbation theory. The power corrections,
v*(1;mg,mqg'), are nonperturbative and are yet to be
determined in a model-independent and reliable way. We
are, however, helped here by Luke’s theorem which guar-
antees that h*(1;mg,mq/) is free of corrections pro-
portional to a single power of the inverse heavy-quark
masses. Thus, y*(1;mg, mq:) ~ €} o + O(ed o) a._nd
is small. In fact, as we shall see shortly, the exact size
of v*(1;mqg, mg) is not important for determining the
Isgur-Wise function. Thus, we will take our normaliza-
tion condition to be

h+(1;mQ,mQ:) =1+ ﬂ+(1;mQamQ’) (36)

for both degenerate and nondegenerate transitions.
This condition determines Z§ff. With Z¢f defined by
Eq. (35) we find
1+ Bt (1;mg, mg)
hiby(1;mq, mqr)

ZE = +0(a?), (37)

where hi,(1;mg, mq) is the zero-recoil form factor ob-
tained from our lattice calculation and the O(a?) stands
for discretization errors which are not Euclidean invari-
ant. Because, as we mentioned earlier, discretization er-
rors made in the evaluation of a matrix element depend
not only on the initial and final states considered, but
also on the procedure used to obtain the matrix element,
it is very important to obtain hf;t(l;mQ,mQ:) with a
procedure as similar as possible to the one used to obtain
h*(w;mg,mqg') for w # 1. Thus, we get A%, (1;mg, mgr)
from the time component of the ratio of Eq. (22) with
P’ = q = 0. For degenerate transitions, there is an-
other zero-recoil channel, which corresponds to the for-
ward scattering of a meson with one unit of lattice mo-
mentum. We do not use the h, (1) from this channel
to determine Zgff because it is statistically much noisier
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than the one at zero momentum, and because it does not
correspond to a zero-recoil transition in the nondegener-
ate case.

Now, to subtract the discretization errors that Z‘e,ﬁ in-
corporates, we simply define the continuum form factors
to be

h* (w;mq, mq)

hit, (w;mg, mgr)
=1+ 87 (Lmg,mo) 75t ,
’ hia(1;me, mer)

h™ (w,mq, mq)

hat(w;mg, mqr)

= [1+ 8% (L;mq, mg)] :
hi';t(l;mQ,mQ,)

(38)
This definition yields

bt (w;me, mer) ~ [1 + BF (w;mq, mqr)
+717 (wymg, mq) — vt (1;mq, mer)
+d* (w;mg, mg)
—d*(1;mq, mq)|é(w)
(39)

up to higher-order discretization errors, radiative and
power corrections. It is clear from Eq. (39) that part
of the discretization errors have been subtracted. The
subtraction is only complete, however, if d*(w) is a con-
stant. For the form factor A~ (w) it is less clear that we
are subtracting the relevant discretization errors. Indeed,
according to the definition of Eq. (38) the discretization
errors in h™ are [d~ (w)—d*(1)]+O(a?). However, the as-
sumption behind this subtraction is the same as the one
made by Lepage, Mackenzie, and Kronfeld [28] in their
attempt to remove discretization errors by modifying the
normalization factors which match fermion fields to their
continuum counterparts.

We wish to emphasize here that our subtraction proce-
dure removes nonperturbatively all discretization errors
which do not break Euclidean invariance and does so to
all orders in a. Thus, amongst others, all discretization
errors which are removed in mean-field theory by the
procedure of Kronfeld, Lepage, and Mackenzie will be
removed nonperturbatively by our procedure.

As Eq. (39) indicates, in subtracting discretization er-
rors in h*, we also subtract the zero-recoil power cor-
rections, v+ (1), thereby losing the ability to determine
them. This is not a serious concern in practice because
these ought to be small—they are proportional to the
square of the inverse heavy-quark mass—and therefore
difficult to isolate reliably. It does mean, however, that
even if we can reduce all of our errors to the percent
level, we will be unable to obtain the zero-recoil power
corrections to the form factor h 4, relevant for B - D*lp
decays if we use an analogous subtraction procedure for
these decays. This is unfortunate because these 1/m2
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corrections are one of the dominant theoretical uncer-
tainties in the extraction of the CKM matrix element V_,
from experimental studies of these decays (see Sec. VII).

For obtaining the Isgur-Wise function, however, the
fact that our normalization procedure subtracts these
zero-recoil power corrections, which are nonperturbative
and difficult to quantify, is an advantage. Our hope is
that, once these corrections are subtracted, the result-
ing form factor will have smaller power corrections away
from zero recoil.

There is one additional issue surrounding normaliza-
tion that we wish to address. As indicated in the previous
subsection, the discretization errors on our three-point
functions are typically larger for spatial than for tempo-
ral channels (see Table VI). Thus, we ought to normalize
spatial and temporal channels differently. For degenerate
transitions, this is possible because there is a zero-recoil
three-point function which has a nonzero spatial com-
ponent: C(t;ap = (7/12,0,0),0))o—¢q. As mentioned
above, however, this three-point function does not corre-
spond to a zero-recoil decay when Q # Q'. We have no
zero-recoil three-point function with a nonvanishing spa-
tial component for nondegenerate transitions (momenta
are quantized on the lattice). So, in order to treat de-
generate and nondegenerate transitions in the same way,
we will normalize h* and h™ as described in Eq. (38).

It is important to note that because At is obtained
from the temporal component of Eq. (25) alone (see end
of Sec. IIC) and is correctly normalized, it does not suf-
fer from the possible discrepancy in normalization be-
tween temporal and spatial channels. It is o™, obtained
from both temporal and spatial components, which in
fact will absorb this discrepancy. For degenerate tran-
sitions, where h™ is, in principle, zero, the values of A~
that we obtain are therefore an indication of how large
an error this discrepancy can induce in the form factors.
For nondegenerate transitions, the values of h~ we ob-
tain, though contaminated to some extent by discretiza-
tion errors, can be used to put bounds on the physical
h™.

IV. THE FORM FACTORS ht(w) AND h~(w)
A. Results at fixed light-quark mass

In Tables VII-IX we present the measurements of
h*(w), At (w)/[1+8* (w)], and A~ (w) which we obtain for
all available combinations of the initial and final heavy-
quark masses for light antiquarks with x4 = 0.141 44 (Ta-
ble VII), 0.142 26 (Table VIII), and 0.142 62 (Table IX).
In these tables, the first x2/Npp column corresponds to
the fit which yields h;t from the temporal component of
the ratio R* assuming hp,,(w) = 0. The second x?/Npr
column corresponds to the fit which gives A ,(w) from
both temporal and spatial components when holding hf;t
fixed to its temporal-component value. The number of
degrees of freedom (Npr) that we quote in this second
column depends on the momentum channel because the

number of nonvanishing equations for h{:t and h, varies
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TABLE VII. Results for h*(w), h*(w)/[1 + 8% (w)] and A~ (w) obtained with the fitting pro-
cedure described in Sec. IIC. The light-quark hopping parameter is fixed to x; = 0.14144 and
all heavy-quark mass combinations are presented. Only transitions with initial and final meson
momenta less or equal to mw/(12a) are included.

P p w ht(w) hY(w)/[1+B8%(w)] x*/Nor h™(w) x2/Npr
kg = 0.121 = Ko/ = 0.121, kg = 0.141 44
(0,0,0) (1,0,0) 1.037f1  o0.95%1 0.9611 3.6/2 0.12%2 23.6/5
(1,0,0) (1,0,0) 0.995%%  0.967% 0.961% 0.5/2 0.00*9 8.3/6
(1,0,0) (0,0,0) 1.037*}  0.90%! 0.90*} 1.0/2 —-0.0513 1.3/5
(1,0,0) (0,1,0) 1.075%3  0.8612 0.87%2 0.4/2 0.0312 16.9/8
(1,0,00 (—1,0,0) 1.156%3 0.787%3 0.81735 1.6/2 0.03%2 2.9/5
kg = 0.129 = Ko = 0.121, kg = 0.141 44
(0,0,0) (1,0,0) 1.03771  0.9871 0.961} 2.6/2 0.2212 22.6/5
(1,0,0) (1,0,0) 0.9977%  0.997% 0.9673 0.1/2 —0.74131 1.7/5
(1,0,0) (0,0,0) 1.06272  0.8971 0.8711 0.7/2 0.01*3 0.9/5
(1,0,0) (0,1,0) 1.101%3  0.8472 0.83%2 0.8/2 0.07%32 15.4/8
(1,0,0) (-1,0,0) 1.205%3 0.75%3 0.75%3 5.0/2 0.08%2 6.8/5
k@ = 0.121 — Ko/ = 0.125, kg = 0.141 44
(0,0,0) (1,0,0) 1.04772  0.95%1 0.9511 3.9/2 0.08%32 23.3/5
(1,0,0) (1,0,0) 0.99573  0.98%% 0.967% 0.7/2 1.23*71 3.0/5
(1,0,0) (0,0,0) 1.037F1  0.91*} 0.91%2 0.7/2 —-0.07%3 0.9/5
(1,0,0) (0,1,0) 1.085%3  0.8672 0.8612 0.2/2 0.00732 13.5/8
(1,0,0) (-1,0,0) 1.175%% 0.77%3 0.7913 1.1/2 0.01%2 2.9/5
kg = 0.129 — kg = 0.125, Kk, = 0.14144
(0,0,0) (1,0,0) 1.04772  o0.95%1 0.94+1 2.8/2 0.17+2 23.3/5
(1,0,0) (1,0,0)  0.995%% o0.98%% 0.967% 0.3/2 —-1.10%%3 2.4/5
(1,0,0) (0,0,0) 1.062%2  0.887] 0.87+1 0.6/2 0.00%3 0.7/5
(1,0,0) (0,1,0) 111115  o0.82%2 0.82%132 0.5/2 0.05%3 12.6/8
(1,0,0) (-1,0,0) 1.228%3 0.72%3 0.74%3 4.3/2 0.06*2 6.5/5
kg = 0.121 = Ko/ = 0.129, kg = 0.141 44
(0,0,0) (1,0,0) 1.06272  0.957! 0.93*! 4.4/2 0.03*2 22.5/5
(1,0,0) (1,0,0) 0.997%5  0.99%5 0.96%% 0.9/2 0.30%3% 3.8/5
(1,0,0) (0,0,0) 1.037t1  0.93*} 0.91*} 0.4/2 —0.0973 0.5/5
(1,0,0) (0,1,0) 1.101%3  o0.85%2 0.8472 0.2/2 —0.03%2 10.4/8
(1,0,0) (-1,0,0) 1.205%% 0.77%3 0.7713 0.7/2 —0.01%3 3.0/5
kg = 0.129 = Kkor = 0.129, Ky = 0.141 44
(0,0,0) (1,0,0) 1.06272  0.917! 0.931} 3.1/2 0.117%2 23.4/5
(1,0,0) (1,0,0) 0.994%%  0.957%; 0.95%5 1.3/2 0.00%9 5.1/6
(1,0,0) (0,0,0) 1.062%2  0.871] 0.88%1 0.4/2 —0.0213 0.5/5
(1,0,0) (0,1,0) 1127175  0.78%2 0.817%2 0.3/2 0.0212 9.9/8
(1,0,0) (-1,0,0) 1.261%] 0.68%3 0.72%3 3.1/2 0.0412 6.0/5
K@ = 0.121 = Ko/ = 0.133, kg = 0.14144
(0,0,0) (1,0,0) 1.088%3  0.9471 0.90%} 5.2/2 —0.03%3 21.9/5
(1,0,0) (1,0,0) 1.005%; 1.00%: 0.94%5 1.5/2 —0.06123 4.3/5
(1,0,0) (0,0,0) 1.037F1  0.967] 0.917%] 0.2/2 -0.1273 0.3/5
(1,0,0) (0,1,0) 1.128%F  0.84%2 0.8112 0.2/2 —0.08%2 7.7/8
(1,0,0) (-1,0,0) 1.252%; 0.75%3 0.7473 0.2/2 —0.04%3 3.3/5
KQ = 0.129 — Ko/ = 0.133, kg = 0.141 44
(0,0,0) (1,0,0) 1.08873  0.927} 0.90%} 3.7/2 0.06*2 23.7/5
(1,0,0) (1,0,0) 0.996%2  0.97+3 0.9473 2.1/2 0.06157 5.0/5
(1,0,0) (0,0,0) 1.06272  0.907] 0.887%] 0.2/2 —0.0673 0.4/5
(1,0,0) (0,1,0) 1.155%¢  0.78%2 0.78%2 0.2/2 —0.0272 7.4/8

(1,0,0) (-1,0,0) 1.351%% o0.67%2 0.6972 1.6/2 0.01%2 5.4/5
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(Continued).

TABLE VIIL
KQ = 0.125 = kg =
(0,0,0) (1,0,0) 1.04772  o0.93%]
(1,0,0) (1,0,0) 0.994%3  0.9673
(1,0,0) (0,0,0) 1.04772  0.887}
(1,0,0) (0,1,0) 1.096%3  0.82%2
(1,0,0) (-1,0,0) 1.197%3  o0.74F3
kg = 0.133 = Kor =
(0,0,0) (1,0,0) 1.0472  0.98%]
(1,0,0) (1,0,0) 1.0007%  1.00%3
(1,0,0) (0,0,0) 1.08873  0.887]
(1,0,0) (0,1,0) 1.139%;  0.8112
(1,0,0) (-1,0,0) 1.278%% 0.6973
kg = 0.125 = K =
(0,0,0) (1,0,0) 1.088%3  0.937!
(1,0,0) (1,0,0) 1.0007%  0.997;
(1,0,0) (0,0,0) 1.0477%2  0.947]
(1,0,0) (0,1,0) 1.139%% o0.8272
(1,0,0) (-1,0,0) 1.278%; o0.7213
Kg = 0.133 = kg =
(0,0,0) (1,0,0) 1.08813  0.88%1
(1,0,0) (1,0,0) 0.994%5  0.95%3
(1,0,0) (0,0,0) 1.08875  0.847!
(1,0,0) (0,1,0) 1.184%%  0.73%2
(1,0,0) (-1,0,0) 1.3757; 0.6073

0.125, kg = 0.141 44

0.95%1 3.4/2 0.1212 24.2/5
0.967% 0.9/2 0.0019 6.5/6
0.8911 0.7/2 —0.0413 0.8/5
0.8412 0.4/2 0.02%2 13.6/8
0.7713 2.4/2 0.0412 4.5/5
0.125, kg = 0.14144

0.947} 2.2/2 0.23%32 19.4/5
0.95%3 0.1/2 —0.4673; 1.7/5
0.8511 0.6/2 0.04%3 0.7/5
0.79%2 0.4/2 0.08%12 10.2/8
0.70%3 6.4/2 0.09712 8.4/5
0.133, kg = 0.14144

0.90*1 4.6/2 0.017132 23.4/5
0.9473 1.8/2 —0.027139 4.7/5
0.90%} 0.2/2 —0.0973 0.3/5
0.80732 0.2/2 —0.05%2 7.7/8
0.72%3 0.7/2 —-0.0272 4.2/5
0.133, kg = 0.14144

0.90*1 2.8/2 0.10%2 21.3/5
0.95%% 1.6/2 0.00%) 4.3/6
0.86*1 0.3/2 —-0.0273 0.6/5
0.75%2 0.2/2 0.0172 6.4/8
0.6512 2.8/2 0.03*2 6.3/5

with initial and final meson momenta.

As evidenced by the low values in the first x2/Npp col-
umn of all three tables, the fits which give A, from the
temporal component of R* are very good. The fact that
the values in the second x2/Npr column of these tables
are generally larger may be due to the fact that spatial
and temporal components of our three-point functions
may have different discretization errors, as described in
Sec. III. When we fit these components simultaneously to
the asymptotic form of Eq. (25) while holding A, fixed,
we are not fitting to a form which takes into account these
discrepancies and consequently obtain a larger x2/NpF.
As discussed in Sec. IIC, however, this fitting strategy
is the only one that guarantees that k™ does not suffer
significantly from discretization errors.

Given the number of different mass combinations and
momentum channels we have, our results for A" (w)/[1 +
BTt (w)] are remarkably consistent. Keeping the light-
quark mass fixed we find that for recoils w which are
approximately the same, the values of ht(w)/[1+ 87 (w)]
are equal within errors even when they are obtained from
different momentum and/or heavy-quark mass combina-
tions. This supports the validity of our procedure and is
also an indication that the radiative corrections obtained
using Neubert’s results [7] are accurate. The fact that
h*(w)/[1 + B (w)] does not appear to depend strongly
on the mass of the heavy quarks is also an indication that
the coeflicients of the corrections proportional to inverse

powers of the heavy-quark masses are not very large (see
Sec. V).

There are two momentum combinations on which we
wish to comment. The first is p = (7/124,0,0) to
p’' = (7/12a,0,0) which, for degenerate transitions, has
zero recoil. For such transitions, current conservation re-
quires that At ((7/12a,0,0) — (7/12a,0,0)) equal 1. We
find values of A+ ((7/12a,0,0) — (7/12a,0,0)) which are
just barely consistent with 1 at the level of 1o for x4
0.141 44. The situation deteriorates when the mass of the
light quark decreases (see Tables VIII and IX). Since for
given quark masses h*((w/12a,0,0) — (7/12a,0,0)) is
extracted from a single three-point function [the one with
p’' = (7/124,0,0) and q = (0,0, 0)], it is much more sus-
ceptible to statistical fluctuations than most other val-
ues of At which are obtained from averages of three-
point functions over many equivalent momentum com-
binations. To show that this slight discrepancy is sta-
tistical, we consider two measures of h*((7w/12a,0,0) —
(7/12a,0,0)) which use the same three-point function
and normalization. The first is

h*((m/12a,0,0) — (mw/12a,0,0))

_ _ Z§(x:(0,0,0) — (0,0,0))
" Zf (kg; (7/12a,0,0) — (7/12a,0,0))

(40)

with Zgff defined in Eq. (28). The second is the ex-
pression above multiplied by the ratio Ca(tys;(7w/
12a,0,0))/C2(ts;7/12a) where Ca(ts;m/12a) is the av-
erage of the six p = (£7/12aq,0,0), (0, +7/12a,0) and



LATTICE STUDY OF SEMILEPTONIC B DECAYS: B—DIv DECAYS

TABLE VIII. Results for At (w), At (w)/[1 + 8% (w)], and A~ (w) obtained with the fitting pro-
cedure described in Sec. IIC. The light-quark hopping parameter is fixed to kx; = 0.14226 and
all heavy-quark mass combinations are presented. Omnly transitions with initial and final meson
momenta less or equal to 7/(12a) are included.

P P’ w ht(w) k" (w)/1+B%(w)] x*/Nor h”(w) x*/Nor
kg = 0.121 — kg = 0.121, Kk, = 0.14226
(0,0,0) (1,0,0) 1.039%2  0.9571 0.96*1 3.4/2 0.14%3 20.8/5
(1,0,0) (1,0,0) 0.9967%  0.8917 0.89%7 0.2/2 0.0019 2.9/6
(1,0,0) (0,0,0) 1.039%2  0.8712 0.88712 0.7/2 —0.0471¢ 0.7/5
(1,0,0) (0,1,0) 1.080%5 0.841% 0.8675 0.2/2 0.04%5 8.6/8
(1,0,0) (-1,0,0) 1.1657% o0.8113 0.8475 1.3/2 0.05%3 3.7/5

K@ = 0.129 — kg = 0.121, kg = 0.14226

(0,0,0) (1,0,0) 1.03972  0.997! 0.9611 3.0/2 0.23%% 18.8/5
(1,0,0) (1,0,0) 0.999%5  0.937%% 0.8917 0.1/2 -0.72%53 0.6/5
(1,0,0) (0,0,0) 1.06713  0.87132 0.85%2 0.3/2 0.01+5 0.6/5
(1,0,0) (0,1,0) 1.109%5  0.8375 0.83715 0.5/2 0.0615 8.1/8
(1,0,0) (-1,0,0) 1.219%5 o0.78%% 0.79%5 3.5/2 0.10*3 6.8/5

K@ = 0.121 = kg = 0.125, kg = 0.14226

(0,0,0) (1,0,0) 1.050%2  0.95%] 0.95%1 3.4/2 0.09%% 19.8/5
(1,0,0) (1,0,0) 0.9967%  0.90%7 0.8917 0.3/2 0.81%12° 1.1/5
(1,0,0) (0,0,0) 1.03972  0.8912 0.8812 0.6/2 —0.047; 0.6/5
(1,0,0) (0,1,0) 1.091%5  0.847% 0.85%3 0.1/2 0.01%35 6.3/8
(1,0,0) (-1,0,0) 1.187Ff% o0.81*% 0.83%3 1.0/2 0.0373 3.8/5

kg = 0.129 — Ko = 0.125, kg = 0.14226

(0,0,0) (1,0,0) 1.050%2  0.9611 0.95%1 3.2/2 0.18*2 19.1/5
(1,0,0) (1,0,0) 0.997%%  0.91%] 0.8977 0.1/2 —0.897123 0.8/5
(1,0,0) (0,0,0) 1.06773  0.8612 0.8572 0.3/2 0.00%5 0.7/5
(1,0,0) (0,1,0) 1.120%2  0.81713 0.8175 0.2/2 0.04%3 6.0/8
(1,0,0) (-1,0,0) 1.244%> 0.75%% 0.787%3 2.8/2 0.087%3 6.6/5

KQ = 0.121 — kg = 0.129, kg = 0.14226

(0,0,0) (1,0,0) 1.0673  0.95T! 0.93*! 3.7/2 0.047% 18.6/5

1,0,0 1,0,0 0.999%%  0.91%7 0.88%7 0.7/2 —0.04157 1.9/5
4 7 7 69

(1,0,0) (0,0,0) 1.03972  0.9112 0.89%2 0.3/2 —0.047¢ 0.5/5

(1,0,0) (0,1,0) 1.10975 0.8313 0.82%1 0.1/2 —0.021% 4.4/8

(1,0,0) (-1,0,0) 1.219%5 o0.801% 0.81%3 0.7/2 0.01%5 4.1/5

kg = 0.129 — kg = 0.129, K, = 0.14226

(0,0,0) (1,0,0) 1.06773  0.91*! 0.93*} 3.5/2 0.12%3 19.2/5
(1,0,0) (1,0,0)  0.9957T  0.88%7 0.8817 0.5/2 0.001 1.6/6
(1,0,0) (0,0,0) 1.067%3  0.84732 0.867132 0.3/2 —0.01%% 0.8/5
(1,0,0) (0,1,0) 1.138%%  0.77%3 0.7973 0.1/2 0.02735 4.2/8
(1,0,0) (-1,0,0) 1.282%7 o0.71*% 0.767% 2.1/2 0.05%3 6.6/5

K@ = 0.121 = kg = 0.133, K, = 0.14226

(0,0,0) (1,0,0) 1.09775  0.9412 0.901+2 4.2/2 —0.027; 17.8/5
(1,0,0) (1,0,0) 1.009%7  0.917] 0.85%7 1.7/2 —0.37*33 3.0/5
(1,0,0) (0,0,0) 1.03972  0.9412 0.897%2 0.1/2 —0.067¢ 0.8/5
(1,0,0) (0,1,0) 1.141%%  0.8273 0.80%3 0.1/2 —0.0673 3.0/8
(1,0,0) (-1,0,0) 1.273%% 0.79%3 0.791% 0.4/2 —0.017%3 4.4/5

K@ = 0.129 — kg = 0.133, kK, = 0.142 26

(0,0,0) (1,0,0) 1.097%3  0.9111 0.90*1 4.1/2 0.057% 19.5/5

(1,0,0) (1,0,0) 0.999%%  0.88%3 0.847%7 2.1/2 -0.63192, 3.3/5

1,0,0 0,0,0 1.06773  0.88*2 0.86712 0.2/2 —0.021% 1.1/5
’ 2 2 2 3

(1,0,0) (0,1,0) 1171+ 07743 0.77%3 0.1/2 —0.0275 2.7/8

1,0,0 -1,0,0) 1.343%% o.71t? 0.73*+% 1.3/2 0.03%3 6.7/5
6 3 4 3
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TABLE IX. Results for At (w), At (w)/[1 + 8% (w)], and A~ (w) obtained with the fitting pro-
cedure described in Sec. IIC. The light-quark hopping parameter is fixed to K, = 0.14262 and
all heavy-quark mass combinations are presented. Only transitions with initial and final meson

momenta less or equal to w/(12a) are included.

P P w h*(w) hY*(w/1+B*w)] x*/Nor  h"(w)  x*/Nor
kg = 0.121 = Ko/ = 0.121, Ky = 0.142 62
(0,0,0) (1,0,0) 1.041%2  0.95%2 0.96712 2.7/2 0.12%8 12.8/5
(1,0,0) (1,0,0) 0.997%7%  0.7911] 0.79111 0.1/2 0.00*9 1.1/6
(1,0,0) (0,0,0) 1.041%2  0.8413 0.85%3 0.8/2 —0.0578 1.0/5
(1,0,0) (0,1,0) 1.083%%  o0.82*% 0.847%2 0.1/2 0.02%3 4.8/8
(1,0,0) (-1,0,0) 1.170%;  0.84%% 0.88%% 0.5/2 0.04%$ 2.5/5
kg = 0.129 — kg = 0.121, K, = 0.14262
(0,0,0) (1,0,0) 1.041%2  0.9912 0.96%2 3.0/2 0.2277 11.0/5
(1,0,0) (1,0,0) 1.0017; o0.821}2 0.79%11 0.1/2 —-0.36112% 0.9/5
(1,0,0) (0,0,0) 1.070%3  0.85%% 0.8313 0.2/2 —0.01%7 1.1/5
(1,0,0) (0,1,0) 1.1147F  0.821; 0.82+: 0.2/2 0.05%2 5.0/8
(1,0,0) (-1,0,0) 1.226%% 0.81%S 0.8275 1.6/2 0.10%5 4.5/5
kg = 0.121 — Ko = 0.125, kg = 0.142 62
(0,0,0) (1,0,0) 1.052¥2  0.96%32 0.96*2 2.5/2 0.0878 11.5/5
(1,0,0) (1,0,0) 0.998%2  0.79711 0.78%13 0.1/2 —-0.25+387 1.0/5
(1,0,0) (0,0,0) 1.041%72  o0.86%3 0.86%3 0.8/2 —0.0313 1.0/5
(1,0,0) (0,1,0) 1.095%F  0.821% 0.83%% 0.2/2 0.0073 3.4/8
(1,0,0) (-1,0,0) 1.192%% 0.85%% 0.887% 0.4/2 0.03*% 2.6/5
K@ = 0.129 — kg = 0.125, kg = 0.142 62
(0,0,0) (1,0,0) 1.05272  0.96*2 0.9472 3.0/2 0.16713 10.6/5
(1,0,0) (1,0,0) 0.998%%  0.807112 0.79%11 0.2/2 -0.11%222 1.1/5
(1,0,0) (0,0,0) 1.070%5  o0.8473 0.833 0.3/2 0.0017 1.3/5
(1,0,0) (0,1,0) 112578 0.7973 0.807: 0.1/2 0.03%2 3.6/8
(1,0,0) (-1,0,0) 1.252%%  0.78%; 0.817§ 1.3/2 0.07%; 4.4/5
kg = 0.121 = kg1 = 0.129, kg = 0.142 62
(0,0,0) (1,0,0) 1.07073  0.9612 0.9472 2.4/2 0.031$ 10.3/5
(1,0,0) (1,0,0) 1.001%; 0.7971} 0.76113 0.2/2 —-0.701%2, 1.4/5
(1,0,0) (0,0,0) 1.041%2  0.8913 0.87%3 0.6/2 —0.027% 0.8/5
(1,0,0) (0,1,0) 1.114%;  o0.8172 0.81% 0.3/2 —0.027¢ 2.3/8
(1,0,0) (-1,0,0) 1.226%%  0.85*5 0.8675 0.3/2 0.01%$ 2.8/5
kg = 0.129 — Ko = 0.129, kg = 0.142 62
(0,0,0) (1,0,0) 1.070%3  o0.9112 0.9212 3.2/2 0.10%3 10.4/5
(1,0,0) (1,0,0) 0.998*7  0.77111 0.77112 0.1/2 0.00%9 1.5/6
(1,0,0) (0,0,0) 1.070%3  0.8213 0.83%3 0.3/2 0.01*¢ 1.3/5
(1,0,0) (0,1,0) 114575 0.75%5 0.77%5 0.2/2 0.01%3 2.5/8
(1,0,0) (-1,0,0) 1.292%%  0.747: 0.79% 0.9/2 0.05%5 4.5/5
kg = 0.121 — kg1 = 0.133, kg = 0.142 62
(0,0,0) (1,0,0) 1.102%5  0.95%3 0.9173 2.6/2 —0.03*¢ 9.5/5
(1,0,0) (1,0,0) 1.0127%  o0.77133 0.73%12 0.9/2 —0.87%5% 2.0/5
" "y . - . — . - . —U. _ .
1,0,0 0,0,0 1.041%2  0.9273 0.88%2 0.3/2 0.017% 0.7/5
(1,0,0) (0,1,0) 114715 0.8013 0.787% 0.2/2 —0.06+§ 1.6/8
1,0,0 -1,0,0 1.283%%  0.84718 0.831¢ 0.2/2 —0.01*¢ 2.9/5
6 6 6 6
kg = 0.129 = kg = 0.133, kg = 0.142 62
(0,0,0) (1,0,0) 1.102%F 09112 0.9072 3.6/2 0.03%3 10.6/5
(1,0,0) (1,0,0) 1.0021%  0.75113 0.72%12 1.0/2 —1.65%1%2 2.0/5
(1,0,0) (0,0,0) 1.070%3  o0.8613 0.8412 0.2/2 0.00%¢ 1.4/5
(1,0,0) (0,1,0) 117917 o0.757% 0.75%5 0.2/2 —0.0275 1.8/8
(1,00) (-1,0,0) 1.357*%  0.747%¢ 0.761S 0.6/2 0.03%5 4.7/5
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(0,0,+m/12a) two-point functions.® Using the values
of Z¢f given in Table VI, the first procedure gives
h*((n/12a,0,0) — (m/12a,0,0)) equal to 1 to within
1%, even when the mass of the light spectator antiquark
is reduced, while the second procedure gives results very
much in line with the rather low results of Tables VII-IX.
The reason why the first procedure is more precise is ex-
plained in footnote 7. Moreover, that the results given by
the second procedure agree better with our standard pro-
cedure for obtaining A+ should not be too surprising, as
the latter also makes use of average two-point functions.

The second small inconsistency we wish to com-
ment on is the one arising from the compari-
son of h*((0,0,0) — (m/12a,0,0);mq,mg) with
h*((m/12a,0,0) — (0,0,0); mg/, mq), for which w is the
same. To check the validity of our results, we have re-
analyzed our data by fitting our three-point functions
J

4
Cs(t; ', Q)Q——+Q' tts oo

4EpFEp:

with an extra parameter § E, instead of to the form given
in Eq. (21). The parameter §F is designed to absorb
slight statistical differences in the time behavior of two-
and three-point functions. One would worry about the
consistency of adding this extra parameter if it were to
be large compared to the values of the various energies
which enter the exponential factor in Eq. (41) since it
is inconsistent to allow for changes in the energies while
holding wave-function factors fixed—the two quantities
are extremely correlated—and it is inconsistent to claim
that Ep — Ep: is different for two- and three-point func-
tions but that Ep: is the same. However, we find values
of 6 F which are on the order of 10~2 and consistent with
zero.

In addition to reconciling the values for A*((0,0,0)
- (7/124,0,0);mq,mg') and h*((n/124,0,0) —
(0,0,0); mg', mg), this method increases the statistical
errors on all values of h*(w) because of the additional
freedom introduced by the new parameter. We do not use
this new fitting method as our main one because of the
potential inconsistencies mentioned above and because
the introduction of the extra parameter §F is difficult
to generalize sensibly to situations where one simulta-
neously fits more than one four-vector component of a
three-point function.

The results given by all of these different methods
of analyzing the data are consistent within statistical
errors. This gives us faith that the results for At in
Tables VII-IX are valid representations of our data.
The most likely reason, then, for the slight discrep-
ancy between h*((0,0,0) — (7/12a,0,0); mg,mg) and
h*((w/12a,0,0) — (0,0,0);mg/,mg) is that it arises
from the same statistical fluctuation that yields the
low value for A*((7/12a,0,0) — (7/12a,0,0); mg, mg).

8This ratio of two-point functions should of course be 1 in
the limit of infinite statistics.

ZP(pz)ZP’(plz)e~(EP—Ep:+6E)t—Ep:tf (P'(p")|VE(0)|P(p)) ,
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directly to the asymptotic form given in Eq. (21), fix-
ing the energies and wave-functions factors which ap-
pear in this asymptotic form to their two-point func-
tion values, and normalizing the resulting A, (w) ac-
cording to Eq. (38). This procedure yields values for
h* which are nearly identical to the ones given in Ta-
bles VII-IX. The only values that change significantly
compared to the size of their error bars are those cor-
responding to h*((0,0,0) — (7/12a,0,0);mg, mqg'). In
this different way of analyzing the data, the values we
find for A*((0,0,0) — (w/12a,0,0); mg, mq:) are lower,
making them nearer the values for A*((7/12a,0,0) —
(0,0,0); mgr, mg). This partial bridging of the gap, how-
ever, comes at the expense of large x2/Npr’s ranging
from 2 to 5. One can fix both problems, bridging the gap
completely and bringing the x?/Npr down, by fitting the
time component of our three-point functions to

(41)

I

Like the three-point function which
gives h*((mw/12a,0,0) — (7/12a,0,0); mg, mg) the one
from which h*((7/12a,0,0) — (0,0,0); mg:, mq) is ob-
tained is not averaged with equivalent three-point func-
tions. h*((0,0,0) — (7/12a,0,0);mg,mg'), on the
other hand, is obtained from the average of the six
three-point functions corresponding to the transitions
(0,0,0) — (£7/12a,0,0), (0, £7/12a,0), (0,0, +7/12a).

As mentioned earlier, current conservation requires
that h~(w) = 0 for degenerate transitions. In order to
determine whether our results are consistent with this
requirement, we must know how large the discretization
errors on h™(w) might be. As suggested by the results
for Z&f (see Table VI), there may be discretization errors
of the order of 10% which cause the spatial components
of our three-point functions to be low compared to the
temporal components. One can easily convince oneself,
by considering the set of equations corresponding to dif-
ferent components of the vector current in Eq. (25), that
such discretization errors would cause |h~(w)| to take on
values up to about 0.1. This is indeed what we find.
Thus, to the level of accuracy with which we can deter-
mine |h~(w)|, we can conclude that A~ (w) is consistent
with zero for degenerate transitions.

For nondegenerate transitions, the results we obtain
for h~(w) resemble very much those found in degenerate
transitions. They are consistent with zero at the level of
20.° Thus, as far as we can resolve, h~ (w) is small for
all w, most probably less than about 0.1 to 0.2.

Using this information, we can now put a bound on the
size of the error that we are making on A+ (w) by neglect-
ing the contribution of A~ (w) to the temporal component

°h~(w) is large with large errors when p = p’' =

(m/12a,0,0), because its coefficient in the equation which de-
!

termines it is v' — v = (w/12)(1/aM, — 1/aM,), a small

number when M, ~ M.
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of Eq. (25). Using the fact that the ratio of velocity fac-
tors, r = [v® — v%'|/(v® 4+ v?'), is at most 0.07, and that
h*(w) is always greater than 0.6, we find that the error we
make on At (w) is at most 7maxh™ (W) max/A T (W) min =~ 1%
to 2%. In most situations, if not all, it will be smaller
than that. Thus, neglecting the contribution of A~ (w) in
obtaining At (w) is a very good approximation indeed.

B. Chiral extrapolation

In the previous section we determined h*(w) for many
different combinations of initial and final heavy quarks
and for three light antiquarks whose masses straddle that
of the strange quark. In the present section we describe
the extrapolation of our results for A*(w)/[1 + 87 (w)]
to vanishing light-antiquark mass for which kg = Kerit =
0.14315(2) [29]. The chirally extrapolated results are
relevant for the study of semileptonic decays of heavy-
light mesons whose light antiquark is a % or a d. These
results are summarized in Table X.

The extrapolations are covariant and linear in the im-
proved, bare quark mass, amg = amy[l — (1/2)amy],
where amg = (1/264 — 1/2K¢t). We fit AT /(1 + 87)
and w to the forms ay+ (amé) + Br+ and aw(amg) + B,
respectively. Then, A}, /(1 + B%) = Br+ and werit =
B.. The x2/Npp for these extrapolations are given in
columns four and six of Table X. As evidenced by the
small values of these x2/Npp’s, the extrapolations are
for the most part very smooth. The only extrapola-
tion which has an anomalously large x?/Npg is the one
for h*((w/12a,0,0) — (7/12a,0,0); mg, mg'). As men-
tioned in Sec. IV A, even though current conservation re-
quires that h*((w/12a,0,0) = (7/12a,0,0); mq, mq') =
1 when Q = Q’, our results do not quite satisfy this con-
straint due to a statistical fluctuation. As Tables VII-IX
further indicate, this constraint is less and less well satis-
fied as the mass of the light quark is reduced. The corre-
lated extrapolation appears to correct for this downward
trend in the data, but does so at the expense of a large
x?/Npr.

We do not extrapolate h™(w) because this form fac-
tor potentially suffers from rather large discretization er-
rors as discussed in Sec. IIC and is therefore not entirely
physical.

C. Interpolation to the strange quark

In the present section we describe the interpolation of
our results for At (w)/[1 + B+ (w)] in the light-antiquark
mass to the mass of the strange quark (k, = 0.1419(1)
[29]). The interpolated results are relevant for the study
of semileptonic decays of heavy-light mesons which con-
tain a strange antiquark. The results are summarized
in Table XI. They are obtained from the same covari-
ant, linear fits as the chirally extrapolated results of
Sec. IVB so that x2/Npp are the same as in Table X.
The only difference is that the interpolated results are
Rt /(14 8%) = ap+ (aml) + B+ and w, = o, (aml) + B,
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TABLE X. Results for w and A% (w)/[1 + 87 (w)], for
Kq = Kecrit = 0.14315(2), obtained from covariant, linear
extrapolations of the results for x; = 0.14144, 0.14226,
0.14262. All heavy-quark mass combinations are presented.
The first x?/Npr column corresponds to the w extrapolation;
the second to the extrapolation of A* (w)/[1 + 87 (w)].

p P’ w_ x*/Npr h*(w)/[1+B*(w)] x*/Nor
kg = 0.121 — Kgr = 0.121, Kg = Kerit
(0,0,0) (1,0,0) 1.042%3 0.1/1 0.97%2 0.0/1
(1,0,0) (1,0,0) 0.997F% 0.2/1 0.94%5 4.6/1
(1,0,0) (0,0,0) 1.042%3 o0.1/1 0.87%13 2.3/1
(1,0,0) (0,1,0) 1.086%% 0.1/1 0.86%5 0.5/1
(1,0,0) (-1,0,0) 1.175%¢ 0.1/1 0.85%¢ 1.1/1
KQ = 0.129 = kg = 0.121, Kg = Kerit
(0,0,0) (1,0,0) 1.042%3 o0.1/1 0.97+2 0.0/1
(1,0,0) (1,0,0) 1.001F7 0.3/1 0.96713 4.1/1
(1,0,0) (0,0,0) 1.073%% 0.3/1 0.84%3 0.3/1
(1,0,0) (0,1,0) 1.118%% 0.2/1 0.83%5 0.1/1
(1,0,0) (—1,0,0) 1.235%7 0.2/1 0.80*¢ 0.8/1
K@ = 0.121 = Kgr = 0.125, Kq = Kerit
(0,0,0) (1,0,0) 1.05473 0.2/1 0.95%2 0.4/1
(1,0,0) (1,0,0) 0.998%5 0.2/1 0.947%% 4.3/1
(1,0,0) (0,0,0) 1.042%3 o0.1/1 0.8713 1.1/1
(1,0,0) (0,1,0) 1.098%% 0.2/1 0.84%$S 0.3/1
(1,0,0) (—1,0,0) 1.199%% 0.1/1 0.837¢ 1.7/1
KQ = 0.129 — Kkgr = 0.125, Kq = Kerit
(0,0,0) (1,0,0) 1.054%3 0.2/1 0.95%] 0.2/1
(1,0,0) (1,0,0) 0.99877 0.3/1 0.95%% 4.1/1
(1,0,0) (0,0,0) 1.073%} 0.3/1 0.8573 1.3/1
(1,0,0) (0,1,0) 1.130*7 0.3/1 0.8175 0.4/1
(1,0,0) (-1,0,0) 1.262*%7 0.2/1 0.797%3 0.6/1
K@ = 0.121 = kgr = 0.129, Kq = Kerit
(0,0,0) (1,0,0) 1.073%% 0.3/1 0.93%2 0.6/1
(1,0,0) (1,0,0) 1.001*7 0.3/1 0.93*3 4.7/1
(1,0,0) (0,0,0) 1.042%3 0.1/1 0.88713 1.6/1
(1,0,0) (0,1,0) 1.118%5 0.2/1 0.82%5 0.4/1
(1,0,0) (-1,0,0) 1.235%7 0.2/1 0.811¢ 1.7/1
KQ = 0.129 — kg = 0.129, Kq = Kerit
(0,0,0) (1,0,0) 1.073%% 0.3/1 0.93%2 0.1/1
(1,0,0) (1,0,0) 0.9977% 0.4/1 0.93*3 4.0/1
(1,0,0) (0,0,0) 1.073%% 0.3/1 0.85%3 1.9/1
(1,0,0) (0,1,0) 1.150%% 0.3/1 0.7975 0.6/1
(1,0,0) (—1,0,0) 1.304%5 0.2/1 0.77%3 0.7/1
K = 0.121 — Kgr = 0.133, Kq = Kerit
(0,0,0) (1,0,0) 1.108%% 0.4/1 0.9072 0.5/1
(1,0,0) (1,0,0) 1.013%3 0.4/1 0.9215 5.1/1
(1,0,0) (0,0,0) 1.042%5 o0.1/1 0.8973 2.2/1
(1,0,0) (0,1,0) 1.15477 0.3/1 0.807"3 0.7/1
(1,0,0) (—1,0,0) 1.296%7 0.3/1 0.79%2 1.7/1
K@ = 0.129 = kg = 0.133, Kqg = Kerit
(0,0,0) (1,0,0) 1.108%% 0.4/1 0.9072 0.0/1
(1,0,0) (1,0,0) 1.002%}' 0.4/1 0.901%, 4.0/1
(1,0,0) (0,0,0) 1.0737% 0.3/1 0.8612 1.6/1
(1,0,0) (0,1,0) 1.188%5 0.4/1 0.771% 0.6/1
(1,0,0) (—1,0,0) 1.37473 0.3/1 0.74%5 0.9/1
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TABLE XI. Results for w and h*(w)/[1 + 8% (w)], for
Kq = K = 0.1419(1), obtained from covariant, linear interpo-
lations of the results for x, = 0.141 44, 0.14226, 0.14262. All
heavy-quark mass combinations are presented. The x*/Npr
are the same as for the chiral extrapolations (see Table X).

P p’ w At (w)/[1 + B* (w)]
KQ = 0.121 — Ko = 0.121, kg = K,
(0,0,0) (1,0,0) 1.039732 0.9611
(1,0,0) (1,0,0) 0.996715 0.97%3
(1,0,0) (0,0,0) 1.03912 0.90*2
(1,0,0) (0,1,0) 1.07913 0.87%3
(1,0,0) (-1,0,0) 116115 0.827%
Ko = 0.129 = Ko = 0.121, kg = K,
(0,0,0) (1,0,0) 1.039732 0.967}
(1,0,0) (1,0,0) 0.9997% 0.97%2
(1,0,0) (0,0,0) 1.065%2 0.8612
(1,0,0) (0,1,0) 1.10615 0.8313
(1,0,0) (-1,0,0) 1.213%% 0.761%
kg = 0.121 — Ko = 0.125, K, = K,
(0,0,0) (1,0,0) 1.04912 0.95*}
(1,0,0) (1,0,0) 0.996713 0.97%;
(1,0,0) (0,0,0) 1.03912 0.90%2
(1,0,0) (0,1,0) 1.08913 0.85%3
(1,0,0) (-1,0,0) 1.1821% 0.80%%
Kg = 0.129 = Ko = 0.125, kg = K,
(0,0,0) (1,0,0) 1.049732 0.9411
(1,0,0) (1,0,0) 0.9961% 0.9712
(1,0,0) (0,0,0) 1.06512 0.87%2
(1,0,0) (0,1,0) 111745 0.82%3
(1,0,0) (-1,0,0) 1.238%5 0.75%3
K = 0.121 = ko = 0.129, kg = K,
(0,0,0) (1,0,0) 1.065732 0.93%1
(1,0,0) (1,0,0) 0.99973 0.967%
(1,0,0) (0,0,0) 1.03912 0.90712
(1,0,0) (0,1,0) 1.10615 0.8473
(1,0,0) (-1,0,0) 1.213%5 0.7873
kg = 0.129 - kg = 0.129, kg = K,
(0,0,0) (1,0,0) 1.065%2 0.93*}
(1,0,0) (1,0,0) 0.995%5 0.96%3
(1,0,0) (0,0,0) 106512 0.87%2
(1,0,0) (0,1,0) 1.134%2 0.8013
(1,0,0) (-1,0,0) 1.273%% 0.73%3
KQ = 0.121 — kg = 0.133, kg = K,
(0,0,0) (1,0,0) 1.09413 0.90*]
(1,0,0) (1,0,0) 1.00715 0.95%5
(1,0,0) (0,0,0) 1.0397%32 0.9112
(1,0,0) (0,1,0) 1.136%2 0.81%3
(1,0,0) (-1,0,0) 1.2647%% 0.75%3
KQ = 0.129 — kg = 0.133, Ky = K,
(0,0,0) (1,0,0) 1.09413 0.90*}
(1,0,0) (1,0,0) 0.99875 0.94%2
(1,0,0) (0,0,0) 1.065%2 0.8712
(1,0,0) (0,1,0) 1.165%% 0.7813
(1,0,0) (-1,0,0) 1.332713 0.70%3

I

where m;

quark.

is the improved, bare mass of the strange

V. DEPENDENCE OF h+*(w)
ON HEAVY-QUARK MASS

Having obtained h*(w) to good accuracy, we can now
attempt to determine the dependence of this quantity
on the masses of the initial and final heavy quarks. For
the purpose of this study, we have calculated h*(w)/[1 +
Bt (w)] for additional heavy-quark combinations when
Kq = 0.14144. We concentrate on the results which cor-
respond to our heaviest, light antiquark (kg = 0.14144)
because these results have smaller statistical uncertain-
ties and will therefore enable us to resolve the dependence
on heavy-quark mass more accurately. We will assume, in
the following, that our findings for x, = 0.141 44 provide
a good description of the dependence on heavy-quark
mass of our results for smaller light-antiquark masses.
That this assumption may be justified is confirmed by
the mild dependence of At (w) on light-antiquark mass
(see Sec. VI).

The first indication that the dependence of A™ (w)/[1+
B%(w)] on heavy-quark mass must be very weak is shown
in Fig. 4. In this figure, we plot together the form factors
ht(w)[1 + Bt (w)] for each of our four Q@ — Q, degener-
ate transitions with kg = 0.14144. It is natural to begin
looking for small heavy-quark mass effects in this data
because its normalization is free of uncertainties associ-
ated with radiative or power corrections (see Sec. IIIC).

The four sets of data lie very much on the same curve.
To show this more precisely, we fit each set individually

I T T T T I T T T T l T T T T I T T T
1.0
D L
~3
Q L
+
o
~ 0.5 — —
3
\_: - -
=
- 0 Kg=0.121 —— 1
O Kq=0.125 - - - -
- O K£q=0.129 -—-- E
% K£q=0.133 ----
0.0 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 | 1 1 1 1
1.0 1.1 1.2 1.3 1.4
w

FIG. 4. h*(w)/[148% (w)] vs w for all four elastic scattering
reactions: Ko = kg = 0.121, 0.129, 0.133. The light-quark
hopping parameter is fixed to kK, = 0.14144. The curves are
obtained by fitting each heavy-quark data set to sénr(w).
The data points as well as the curves corresponding to dif-
ferent heavy quarks are really indistinguishable. The 1/mg
corrections to h*(w)/[1 + B (w)] cannot therefore be very
large. (See text for details.)
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to the parametrizations {ngr(w) and séng(w),!® where

exp (—(292 - 1)“—*1)

énr(w) = w1

=w+1

(42)

is a parametrization for the Isgur-Wise function sug-
gested by Neubert and Rieckert in [30]. In Eq. (42),
p? = —¢'(1). We have introduced the supplementary pa-
rameter s to absorb possible normalization errors. We
summarize our findings in Table XII and plot the fit
curves in Fig. 4. These results clearly show that the four
different data sets are entirely compatible and suggest
that the dependence of At (w)/[1+3% (w)] on heavy-quark
mass is quite small over most of the range of experimen-
tally accessible recoils.!!

Before interpreting this observation, let us quantify
this heavy-quark-mass dependence more precisely. We
will do so under the assumption that this small depen-
dence is due to power corrections. We have also tested
the assumption that it is due to amg-discretization er-
rors but find that this assumption is less well satisfied by
our data (i.e., it leads to higher x2/Npg). According to
Eq. (3), we have

I (w)

T8 @) = [T+ (W)]E(w) -

(43)

Now, to leading order in the heavy-quark expansion,

7 (wymq, mer) = go(w, as2)eq

+9¢ (w, 0, 2)€qr

+O(62Q,€2Q,,6Q€Q') y (44)
where €g() = As144/(2mg()),'? the argument of a, is
mq, mg or some average of the two and z = mg/mqg.
The functions go and g+ correspond to matrix elements
of dimension-five operators in the HQET Lagrangian
evaluated at order O(GOQ(,)). These two functions must
be equal when Q = Q’. They must also be equal in the
absence of radiative corrections as HQET cannot distin-
guish the flavor of a heavy quark at order O(eoQ(,)). In
the presence of radiative corrections, however, the two
functions will have different values when Q # Q’. The
amount by which they differ will be partly governed by
logarithms of the heavy-quark masses, as indicated by
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TABLE XII. Results of fits of our data for
h*(w)/[1 + BT (w)] to the parametrizations s¢ngr(w) and
Enr(w) described in the text. The
four kg = k(= 0.121,0.125,0.129,0.133) transitions with
Kq = 0.14144 are considered in turn. Only transitions with

initial and final meson momenta less or equal to (w/12a) are
included.

sénr(w) énr(w)

KQ = Kg (% 9) x*/Nor o’ x*/Nor
0.121 1475 09977 12.5/3 1672 13.0/4
0.125 1472 0.99*! 13.6/3 1.672 14.1/4
0.129 1477 0.997! 13.5/3  1.5%2 13.9/4
0.133 1477 o0.9971 11.1/3  1.47%2 11.5/4

the presence of the running coupling constant in the func-
tions’ arguments. The way in which go and gg' depend
on z will also be different. Nevertheless, since the dif-
ference between gg and gg is a difference of radiative
corrections, it is very small. We will neglect this differ-
ence in what follows and assume that

T (wime, mq) = g(w)(eq + €q')

+O(€é, eé,  EQEQ!, 0 EQ, g€y ) . (45)
It is worthwhile noting, at this point, that Luke’s theorem
requires
9(1)=0. (46)
To evaluate g(w) we need h't(w;mg,mg:) at a fixed
w for different Q or Q’. Because momenta on the lattice
are quantized this is difficult to achieve. There is one
kinematical situation, however, where we have enough
measurements of AT (w) at fixed w for different heavy
quarks to determine g(w). When the momentum of one
of the mesons vanishes, w become independent of that
meson’s mass. There are four values of w for which this
happens, corresponding to |p| = 7/12a and |p’| = 0 for
kg = 0.121, 0.129, and |p| = 0 and |p'| = 7/12a for
kg = 0.125, 0.133. For each of these four points, we
have four measurements of h*(w) corresponding to four
different values of the mass of the meson which is at rest.
We pick one of these four measurements and use it to
normalize the remaining three. Thus, we construct the
ratio

J
1 (1
€Q1

Rt (w,z)

1%Since we are only interested in comparing At (w)/[1 +
Bt(w)] for different heavy-quark mass, any reasonable
parametrization will do.

1 The fact that the values of x*/Npr are relatively high for
all of these fits is explained after Eq. (50) in Sec. VI.

2Here, A4144 is the energy carried by the light degrees of
freedom when kK, = 0.14144. We take it to be As14qa =
(a71/4)[3(ME** — M%) + (MF** — M%) + A, = 0.63 GeV.

_ ht(wimg,mgn)/[1 + Bt (w;mg, mg)] )
h*(w;mgr, mqr)/[1 + BT (w; mg1, mg!)]
g(w)(1 —z) + O(eq, €q,) ,

(47)

|

with £ = mg1 /mq. Here we have assumed that it is the
initial meson which has vanishing momentum. We then
fit the resulting three data points for R* at fixed w to a
straight line in . The slope and intercept of this line is
g(w) [see Eq. (47)]. We summarize the details of these
fits in Table XIII. In Fig. 5, we show this data with the
corresponding fit (solid line) for each one of the four val-
ues of w. The data for R* satisfies the parametrization of
Eq. (47) surprisingly well. One should remember that all
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TABLE XIII. Power corrections to h*(w) for four values
of w when kK, = 0.14144. See text for definition of RT and
9(w)-

Pt_KQ Ko  PQ P w z R*
1 0.121 0.121 (1,0,0) (0,0,0) 1.037F 1.00 0
0.125 1.16 —0.015%17
0.129 1.40 —0.031*33
0.133 1.79 -0.052%51
g(w) = 0.073%32 with x/Npr = 0.1/2
2 0.121 0.125 (0,0,0) (1,0,0) 1.047F% 1.00 0
0.125 1.16  0.002}7
0.129 1.40 0.0217%15
0.133 1.79 0.031%2%

g(w) = —0.041%23 with x*/Npr = 0.4/2

3 0.129 0.121 (1,0,0) (0,0,0) 1.062F2 1.00 i
0.125 1.16 —0.00613%3
0.129 1.40 —0.049728
0.133 1.79 —0.062133
g(w) = 0.083*51 with x2/Npr = 0.8/2
4 0.121 0.133 (0,0,0) (1,0,0) 1.08873 1.00 0
0.125 1.16 0.010%1}
0.129 1.40 0.013%3%3
0.133 1.79  0.003*3%

g(w) = —0.0251 53 with x?/Npr = 0.5/2

power corrections are subtracted at w = 1 by our normal-
ization procedure [see Eq. (39) and ensuing discussion].
However, this is not a problem if one is interested only
in O(eg,€q') power corrections to h* since these must
vanish at zero recoil according [Eq. (46)].

In Fig. 6, we plot g as a function of w. g(w) is consistent
with zero over the range of recoils w that we can explore
(1 £ w £ 1.1). Since g(w) shows no trend over that
range and since the functions h*(w)/[1 + B+ (w)] plot-
ted in Fig. 4 exhibit no mass dependence over a range
of recoils from 1 to 1.4, we conclude that g(w) ought to
remain small (less than about 0.2) over the full range of
experimentally interesting recoils (1 < w < 1.55). We
believe that these results indicate that the 1/mg cor-
rections to h*(w) and the remaining amg discretization
errors in h™(w) are genuinely small because we explore a
non-negligible range of heavy-quark masses—from about
1 to 2 GeV. It seems quite unlikely that discretization er-
rors or higher-order power corrections would cancel the
leading power corrections over such a range.

Because g(w) appears to be less than about 0.2 over
the full range of recoils, we predict that power correc-
tions to the form factor h™ corresponding to physical
B — Dlv decays must be less than about O(e2) ~ 3%
to 0[0.2 x (e, + €.),€2] ~ 5 — 10% over the full range
of recoils for m, = 4.80 GeV, m. = 1.45 GeV, and
A = 0.50 GeV [9].1% This is significantly smaller than the

13We have included, in this estimate, potential higher-order
corrections that may have been subtracted by our normaliza-
tion procedure.
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O(e.) ~ 15%[O(€2) and O(ep) may each contribute an ad-
ditional 5%)] that one may naively have expected. It ap-
pears, then, that the protection Luke’s theorem provides
a zero recoil extends over the full range of recoils and
that for the particular combination At (w)/[1 + B (w)]
the flavor component of the heavy-quark symmetry is
well satisfied in the charmed sector. This is in stark con-
trast with our findings for the decay constant, fp, of
the pseudoscalar D meson [12]. In [12], we find that the
O(e.) corrections to the heavy-quark limit prediction for
this decay constant are of the order of 30%.

These results for g(w) also mean that our results for
h*(w)/[1 + B*(w)] are, to a good approximation, in-
finite heavy-quark-mass results. Thus, the functions
ht(w)/[1+ BT (w)] that we measure are effectively Isgur-
Wise functions and we can consistently combine data
corresponding to different initial and final heavy quarks.
This is what we do in the following.

In principle one could also try to quantify power cor-
rections to A~ (w). In the absence of radiative corrections,
we find from the results of [9] that these power correc-
tions are given by

'Y_(w§ mQ’mQ’) = {1 - ZT](w)](—CQ + te) ) (48)

where, like g(w) defined in Sec. V, n(w) is a sublead-
ing, universal form factor.!* Equation (48) indicates that
power corrections proportional to g are equal and op-
posite to those proportional to eg:. This prediction is
consistent with the mass dependence we observe in our
results. However, because our normalization procedure is
optimized for determining A+ (w) and not A~ (w), it is not
clear to what extent the mass dependence due to power
corrections can be resolved from that due to discretiza-
tion errors and to higher-order power corrections coming
from our normalization procedure [see Eq. (38)].

VI. DEPENDENCE OF ht(w) ON LIGHT-QUARK
MASS: ISGUR-WISE FUNCTIONS

We established in the previous section that, for fixed
light-antiquark mass, we can combine the results for
h*(w)/[1 + B*(w)] corresponding to different values of
the initial and final heavy-quark mass. We further estab-
lished that the resulting function is an Isgur-Wise func-
tion: £, 4(w) when the mass of the light antiquark van-
ishes; £,(w) when the light antiquark is given the mass
of the strange quark.

We plot £, 4(w) and &, (w) in Figs. 7 and 8, respectively.
We fit the corresponding data to the parametrizations
sénr(w), énr(w). The parameter s is added to absorb
possible uncertainties in the normalization of these form
factors. Because the parametrization éngr(w) is only one
of many possible parametrizations, we also fit our results
to s&lin(w)y €lin(w)7 €quad(w), and sgquad (w) where

“Luke’s theorem does not constrain n(w) at w = 1 as it did
9(w).
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tained by fitting these results
to the parametrization given in
Eq. (47) and the dotted lines
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represent errors. The slope
and intercept of this line is
the subleading form factor g(w)
[Egs. (45) and (43)]. The
light-quark hopping parameter
is kg = 0.141 44.

A I R

-0.1—

NPT BN R R .

0.0 05 1.0 15 2.0 0.0

(1.90 GeV)/m,,
€in(w) =1 — p?(w — 1) (49)
is a simple linear parametrization, and
c

buna@) =1 =P — D+ S@=-17  (50)

is a quadratic parametrization. The parameter c in
Eq. (50) is, of course, the curvature of the Isgur-Wise
function at w = 1. We tabulate the results of these dif-
ferent fits in Table XIV. In this table, we also present the
results of performing these fits on the data corresponding

T T T T T T T T

I
g(w) -
bt ; ]

-0.5— —

1.0 1.1 1.2

FIG. 6. The subleading form factor g(w) [Egs. (45) and
(43)]. The light-quark hopping parameter is kg = 0.141 44.

1.0 1.5 2.0

(1.90 GeV)/m

to kg = 0.141 44, 0.142 26, and 0.14262.

The fact that the values of x2/Npr are relatively high
for all of these fits should not in itself be taken as an in-
dication that the parametrizations of Egs. (42), (49), and
(50) are poor representations of the Isgur-Wise functions.
These large values of x2/Npr are due to the discrepancy

< L i

=2

3

= 0.5 ]
i 2_ +2+4 ]
I p"=0.923" i
| ’cq=’ccﬂt |

0‘0 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1.0 1.1 1.2 1.3 1.4
@

FIG. 7. £u,a(w) = Y (w)/[1 + BH(w)] vs w for kg = Kerit.
The different symbols correspond to different values of initial
and final heavy-quark mass. The solid curve is obtained by
fitting these results to sénr(w) while the dashed curve corre-
sponds to a fit to s{iin(w) and the dotted curve corresponds
to a fit to s€quaa(w). The value of p* shown on the plot is the
one given in Eq. (51).
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FIG. 8. & (w) = At (w)/[1 + BF(w)] vs w for kK, = k,. The
different symbols correspond to different values of initial and
final heavy-quark mass. The solid curve is obtained by fitting
these results to sénr(w) while the dashed curve corresponds
to a fit to s€jin(w) and the dotted curve corresponds to a fit
to 8€quada(w). The value of p? shown on the plot is the one
given in Eq. (52).

that we mentioned in Sec. IV A between our measure-
ments of h*((0,0,0) — (w/12a,0,0);mg, mg') and of
h*((m/12a,0,0) — (0,0,0);mg/,mg). Because of this
discrepancy, no parametrization can fit our data with a
good value of x2/Npp. x2 /Npr’s nevertheless seem to fa-
vor the use of the extra parameter s but do not seriously
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discriminate between s{Ngr(w), $&min(w), and s€quad(w)-
We have tried fitting our data to yet other parametriza-
tions and of all the fitting functions, s{j,(w) yields the
lowest values for p2. The reason for this is that s&iin(w)
is the only parametrization which does not have positive
curvature. Since s€jn(w) is in that sense an exception,
we will not use it as our standard fitting function but
because it is a valid parametrization for these Isgur-Wise
functions we will make certain that our results have errors
which encompass the values it gives for the slope. Fur-
thermore, since both sénr(w) and s€quad(w) give nearly
identical fits (see Figs. 7 and 8), we will use sénr(w)
as our standard in the following because it has one less
parameter and yields better x2/Npp’s.

Having already argued in Sec. V that mass-
dependent discretization errors are small, we turn to
momentum-dependent lattice artifacts. To quantify
these momentum-dependent discretization errors we re-
sort to the following procedure. We fit the data for
§u,d(w) and &(w) for fixed initial and final meson
momentum and all heavy-quark combinations, to the
parametrization séNg(w). The variation in the results of
fits to these different momentum sets should give us some
indication of how large these momentum-dependent lat-
tice artifacts are. Some of this variation, of course, may
be due to statistical fluctuations of the sort we mentioned
in Sec. IVA.

We summarize the results of the fits to the different
momentum sets in Table XV. It is reassuring that the
value of s for the case (0,0,0) — (7/12a,0,0) is very close
to 1, because the corresponding data are our best points.
They are the points for which our normalization proce-
dure is optimal because they are obtained from three-

TABLE XIV. Results of fits of our data for k¥ (w)/[1 + 8% (w)] to the parametrizations éng(w),
&iin(w), and £quaa(w) with and without the additional parameter s, as described in the text. For
fixed kg, all heavy-quark mass combinations are used. Only transitions with initial and final meson
momenta less or equal to w/(12a) are included. Here k.;; = 0.143 15(2) and k, = 0.1419(1).

sénr(w) énr(w)
Kq P s x*/Nor p’ x*/Nor
0.14144 1372 0.9877 109/38 1572 121/39
Ks 1.2712 0.981] 95/38 1.47%32 106/39
0.14226 1.0712 0.9612 113/38 1.4%2 140/39
0.14262 0.7%3 0.9472 100/38 1.41% 134/39
Kerit 0.9%2 0.9612 69/38 1.3%3 88/39
$€lin(w) §iin(w)
Kq P’ s x*/Nor p’ x?/Nor
0.14144 1.07] 0.977] 111/38 1.3%] 159/39
Ks 0.971 0.97%1 97/38 1211 139/39
0.14226 0.8+1 0.9612 114/38 1.2+2 170/39
0.14262 0.612 0.9312 100/38 1.1%2 155/39
Kerit 0.7%} 0.95%2 71/38 1112 111/39
8€quad(w) €quad(w)
Kq P’ c s x?/Nor P’ c x*/Npr
0.14144 1.2%2 16712 0.9872 108/37 1.672 3.9712 115/38
Ko 1.2%2 2.0112 0.98%2 94/37 1.5%2 4.0113 99/38
0.14226 1.0%2 14113 0.9612 113/37 1.6%2 5.171¢ 125/38
0.14262 0.7+% 1.1%2%2 0.94%2 100/37 1.7%5 6.9121 114/38
Kerit 1.0+3 2.371% 0.97%2 69/37 1.5%3 5.071% 74/38
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TABLE XV. The different momentum sets for £, ,4(w) and
&s(w) are fit to the parametrization sénr(w) [Eq. (42)]. A
momentum set comprises all combinations of initial and final
heavy quarks with fixed initial and final momenta. These
different fits are used to estimate remaining systematics (see
text).

€u,a(w) £s(w)

P p’ p’ s _x*/Nor p* s x*/Nor
(0,0,0) (1,000 1.1F5 10177 0.3/6 1.272 1.0072 o0.1/6
(1,0,0) (0,0,0) 1.3%; 0.93*3 o0.8/6 1.473 0.9573 0.7/6
(1,0,0) (0,1,0) 1.2%; 0.957% o0.1/6 1.4%% 0.967% 0.1/6
(1,0,0) (-1,0,0) 0.773 0.95*1' 0.2/6 1.11Z 0.95F] 0.4/6

point functions which are much more correlated with the
three-point function which yields the normalization fac-
tor A, (1).1°

Furthermore, these data have the smallest statistical
errors and should have the smallest discretization er-
rors, because the momenta of the incoming and outgoing
mesons are less than or equal to the initial and final mo-
menta of other momentum sets.

To accommodate the spread in the values in the slope
parameters pi,d and p? corresponding to &, 4(w) and
&, (w), we assign systematic errors to these parameters
which encompass all the central values given in Table XV.
The central value and statistical errors that we quote are
given by fitting s{Nr(w) to all momentum sets put to-
gether (see Table XIV). Thus, our final results for the
slope at w = 1 are

pz’d = 0.972(stat) "3 (syst) (51)

for €y,4(w) and
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p2 = 1.272%(stat) T2 (syst) (52)
for {,(w). Even though the exact values of these slope
parameters are slightly different if different parametriza-
tions for the Isgur-Wise functions are used, these differ-
ences are well within our error bars.

In Table XVI we compare our predictions for the slope
of the Isgur-Wise functions &, 4 and £, with those of other
authors. We find that our predictions for p? lie safely
above the lower bound of Bjorken [31] and below the
upper bound of de Rafael and Taron [32]. Our results
for p? also agree with the lattice result of Bernard et al.
(6] obtained with Wilson fermions for a light spectator
antiquark with mass mgq ~ m,, although the details and
systematics of the two calculations are different. The
authors of [6] do not quote a value of pi, 4 for vanishing
light-quark mass.

Also for comparison, we quote an average experimental
value for the slope of the Isgur-Wise function compiled
by Neubert [33] from very recent results of the ALEPH
[16] and CLEO [17] Collaborations as well as older data
from the ARGUS Collaboration [34]:

Pu,d(exp) = 087(12)(20) )

where the second error is theoretical and accounts for the
uncertainty in the size of 1/m, corrections [33]. Equa-
tions (51) and (53) agree remarkably well.

As can be inferred from Egs. (51) and (52) and from
Table XIV our results are compatible with the statement
that p? is constant with light-quark mass, possibly de-
creasing slightly as this mass decreases. Such a decrease
is consistent with one’s intuition that it is more difficult
to make the light degrees of freedom recoil, the heav-
ier these degrees of freedom are. Furthermore, Hggaasen

(53)

TABLE XVI. Comparison of our lattice results for —¢.,,4(1) and —¢,(1) to the theoretical pre-

dictions of various authors.

Reference

—€u,a(1) —£.(1)

UKQCD
Bernard, Shen, and Soni [6]

0.9F3(stat) T3 (syst)

1.277(stat) T2 (syst)
1.24(26)(stat)(26)(syst)

de Rafael and Taron [32] p? < 1.42
Close and Wambach [37] 1.40 1.64
Narison [42] 1.00(2)
Neubert [9] 0.66(5)
Voloshin [43] 1.4(3)
Bjorken [31] p? > 0.25
Blok and Shifman [44] 0.35 < p? < 1.15
Hggaasen and Sadzikowski [35] 0.98 1.135
Rosner [45] 1.59(43)
Burdman [46] 1.08(10)
Dai, Huang, and Jin [47] 1.05(20)

'5For readers familiar with the methods used to calculate three-point functions, the reason why the three-point functions
corresponding to (0,0,0) — (mw/12a,0,0) and (0,0,0) — (0,0,0) are strongly correlated is because they are built up from
the same exponentiated propagator. Indeed, the initial momentum in our notation is the momentum of the exponentiated

propagator.
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and Sadzikowski [35] find a decrease in slope which is very
similar to the trend we observe in the central value of p?
when we include the extra parameter s in our fits. In fact,
our predictions for p? itself are in excellent agreement
with theirs. Their prediction is based on an improved
bag model calculation and is an extension of earlier work
by Sadzikowski and Zalewski [36]. A similar decrease in
slope with spectator quark mass is observed by Close and
Wambach [37] though the values they quote for pﬁ,d and
p? are slightly larger than the ones we find.

To test the robustness of our predictions for p2?, we
have explored many different procedures for obtain-
ing h*(w), two of which we have already described in
Sec. IVA. To obtain h*(w) for degenerate transitions,
we have in addition tried normalizing our lattice results
for ht, (w) by ht,((7/12a,0,0) — (7/12a,0,0)) instead
of by hit.((0,0,0) — (0,0,0)) [see Eq. (38)]. When fitted
to the s{(w) parametrizations, the results obtained us-
ing all of these methods give very similar values for the
slope parameter p?. They only differ in the value of s
they predict, i.e., in their overall normalization. Thus,
we are quite confident that our predictions for the slope
are reliable but believe that it is important to allow for
the extra normalization parameter s.

dP(B(,) — D(,)lﬁ) _ G%l‘fcblz
dw T 48n3

So, in principle, we could obtain |V.| by comparing
our theoretical prediction for dI'(B(,) — D(,)lP)/dw to
an experimental measurement of this rate. A major
problem with this approach is that the rate dF(B( 5 =
D)l /dw is helicity suppressed, as evidenced by the fac-
tor (w? —1)3/2, so that it is very difficult to get accurate
experimental measurements close to w = 1 where the
predictions of HQET are most reliable. Another prob-
lem with obtaining |V¢| from B(,,) — D(,)lD decays is
that one must know h~(w) to better accuracy than is
given by our calculation: an error of 0.1 on A~ leads
to an uncertainty of about 10% in the rate. We should
J

(D¢, (P'; €)|ev*b|Bs) ()

(D, (', €)|ev*v°b| By (P))

vV MB(-)MDZ..)

where v = p/Mp,, and v' = p’/MD(-‘). In the heavy-
quark limit, these four form factors can be expressed in
terms of the single Isgur-Wise function, &, 4(;)- There
are, of course, radiative and power corrections to these
heavy-quark symmetry predictions. Thus, one has

W (w) = [ + B (w) + 7" (@)l€u,a() (@)

(56)

(MB(.) + MD(,))2M13)(,) (wz - 1)3/2 h+(w) -
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VII. EXTRACTION OF V,,

In Sec. IV, we obtained ht*(w) for a variety of P — P’
transitions where P(P’) is a pseudoscalar meson com-
posed of a heavy quark Q(Q’) and a light antiquark g. In
our study, both Q and Q’ are quarks with masses around
that of the charm quark. In Sec. V, however, we showed
that our results for At (w)/[1 + 81 (w)] are independent
of heavy-quark mass for masses around the charm quark
mass or larger. This means, modulo the issue of power
corrections at zero recoil, that our results can be used to
describe not only P — P’ transitions with Q(Q') ~ c but
B, — D, decays as well, where the subscript g labels the
flavor of the light antiquark. In Sec. VI, we studied the
dependence of At (w)/[1+ 8% (w)] on the mass of the light,
spectator quark, mg, and obtained results for £, 4(w) and
&s(w). All of this means that our result for &, 4, once
multiplied by (1 + ,Bl'f "), is in fact the form factor At
relevant for Bu,d — Dy, 4 transitions, while 1+ ﬁ;’ "e)és
is the form factor At relevant for B, — D, transitions.

Now, the differential decay width for B — DI is, in
the limit of zero lepton mass [9],

2
Mg, — Mp,

D b~ (w
Ms,, + Mp,,, )

(54)

mention, however, that Neubert [9] has estimated A~ us-
ing perturbation theory and sum rules in HQET and has
found that its magnitude does not exceed 0.04 over the
whole range of recoils w. If this is true, its contribution
to the rate of Eq. (54) should not exceed 4%.

We have not exhausted the predictions of heavy-quark
symmetry. We have yet to exploit the spin component
of this symmetry. Using a combination of the spin and
flavor symmetry, we can relate our predictions for £ (w) =~
h*(w)/[1487 (w)] to the form factors required to describe
B(,,) — DZ‘,)lﬂ decays. These form factors are defined by

[9]

= ihY (w)e**Peivl g ,

= (w+1)e*h (w) — € - (v“hA’ (w) + v'*hAs (w)) , (55)
I
with 7 = V, A1, Ag, A3 and
att =aot =¥V =1,
af? =0. (57)

Luke’s theorem [10] further guarantees that, at zero re-
coil, k41 is free of O(ep,€.) corrections, i.e., y41(1) =
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O(e2,€2). Because h“! is the only form factor to contribute to the differential decay rate for B(,) — Dg,\lv decays at
zero recoil, Luke’s theorem implies that the leading nonperturbative corrections to this rate must be small at w = 1.

More precisely, in the limit of zero lepton mass,

dr(B(, - D7) G&

dw = ar3Mby.,(Mp,, — Mp;, )*[1 + B ()" Vw? — 1w + 1)* |V [*€7 4, ()

o | K(w), (58)

2
x [1+4 ( w ) M3, — 2wMp, Mp;,, + Mp
(MB(-> - MD('.))2

w+1

where 34:(1) = —0.01 [7] and K (w) incorporates the
radiative corrections, (34, (w), away from w = 1, the
nonperturbative power corrections, 4! (w), and the con-
tributions of the three other form factors to the rate.
From what we have said above, it should be clear that
K(1) =1+ O(eZ,€2). One can also show [9] that in the
limit of exact heavy-quark symmetry, K (w) = 1 for all w.
Moreover, since we have factored out &, 4(,)(w) in the ex-
pression for the rate, the contributions of the three other
form factors will be normalized by &, 4(;)- This means
that K(w) is a collection of radiative and power correc-
tions [see Egs. (56) and (57)], many of which are kine-
matically suppressed: deviations of K (w) from 1 ought to
remain small. Neubert estimates [9], using perturbation
theory and sum rules in HQET, that K(w) may reduce
the slope parameter, p?> by 0.09 which corresponds to an
enhancement of the rate by about 10% at maximum re-
coil and by a smaller amount for smaller w. However, we
cannot estimate yet how the physical K (w) deviates from
its values in the heavy-quark limit from our lattice cal-
culation. For that we need to study Qg(0~) — Q'g(1™)
decays, which we are currently analyzing. We also need
to determine the 1/m?2 corrections to h“41(1), which as
discussed in Sec. III C, we cannot get with a procedure
analogous to the one presented in this paper. Hence, we
will assume that K (w) = K (1) for all w which is a reason-
able assumption given the size of our errors on the slope
parameter p2. We can then use our lattice determination
of £, 4(w) to extract V from the experimentally mea-
sured differential decay rate for B — D*lv (B, — D}l
has not yet been measured). This analysis differs from
Neubert’s extraction of |V | [15] in that we fix the w
dependence of the differential decay rate using our calcu-
lation instead of fitting it from experiment. This enables
us not only to extract |V,| with no free parameters, but
also to check the validity of nonperturbative QCD against
experiment. We find that the w dependence predicted by
our calculation agrees very well with the results of the
ALEPH [16] and CLEO [17] collaborations.

In Figs. 9-11 we show least x? fits to experimental
data for |Vos|[1 + 841 (1)) K (w)éu,a(w) from ALEPH [16],
ARGUS [34], and CLEO [17], respectively. The only pa-
rameter is |V|. The slope of the Isgur-Wise function is
constrained to the value given by our lattice calculation
[see Eq. (51)] and the functional form for the Isgur-Wise

function that is used is éng of Eq. (42).1¢ The results of
these fits are summarized in Table XVII. Our results fa-
vor ALEPH and CLEO data over that of ARGUS. Using
the data from CLEO, for instance, we find

0.06 | _
L o UKQCD A
» ALEPH B

0.04

0.02 — —]
p®=0.9%%%4

- [Vl = 0.0422+2+4 1

Vel (1+8,,(1)) K(w) ¢(w)

0.00 L I L ! 1 I I Lot 1 ! l 1 1 1 1

FIG. 9. Least x> fit to experimental data for
[Ves|[1 + BA:(1)]K(w)é(w) from ALEPH [16] assuming
K(w) = K(1). In this fit, the slope of the Isgur-Wise function
is constrained to the value given by our lattice calculation [see
Eq. (51)] and the functional form for the Isgur-Wise function
that is used is énr of Eq. (42). The first set of errors on
|Veo| is due to experimental uncertainties, the second set of
errors results from the lattice statistical errors on p?, and the
third, from the lattice systematic errors on p?>. The experi-
mental points were obtained from a measurement of the rate
dB(B — D*1v)/dw. Also shown are our appropriately scaled,
chirally extrapolated results (octagons).

18As can be seen from Fig. 7 other parametrizations give
very similar curves when fit to our results for £, 4. Therefore,
results for |Vcs| obtained with these other parametrizations
will be well within our quoted error bars.
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FIG. 10. Same fit as in Fig. 9 but for experimental data
from the ARGUS Collaboration [34].

=0.03711+2+4

[Ves| (59)

( 0.99 1
1564 () ) T+ 01/mz ’

where 6, /,,2 are the power corrections proportional to
1/m?2 in K (1) which have been the subject of much con-
troversy of late [33,38].

For comparison, we present recent experimental pre-
dictions for |V|K (1) obtained from a linear fit to the
data'?

0.06
- o UKQCD 1
= % CLEO I A

0.04

Vel (1+8,,(1)) K(w) &(w)

0.02 — —
: p2=0.9%"% :
- Vel = 0.0371112+4 .
PO N R B R
1.0 1.2 1.4 1.6

w

FIG. 11. Same fit as in Fig. 9 but for experimental data
from the CLEO Collaboration [17].

"The ARGUS result has been corrected for the new D
branching fractions [39].
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IVes K (1) (

.

where the first error is statistical and the second sys-
tematic. These results have been rescaled by Neubert
[33] using the new lifetime values 7go = 1.61(8) ps
and 7g+ = 1.65(7) ps [40]. These new lifetimes re-
duce |V|[1 + B4:(1)]K(1) by approximately 1%. Our
results compare very well with these experimental mea-
surements, especially in the case of the CLEO result.
This is due to the fact that our Isgur-Wise function has
an w dependence which agrees very well with that of the
CLEO data.

1+ 841(1)
0.99

0.0351 =+ 0.0019 £ 0.0020 CLEO [17]
0.0385 + 0.0044 £+ 0.0035 ALEPH [16
0.0392 + 0.0043 £ 0.0025  ARGUS [34

b

l, (60)
]

VIII. EXCLUSIVE DECAY RATES

Having determined the Isgur-Wise functions &, 4 and
§s, we can evaluate exclusive branching ratios. For
B(,) — D(,)lv decays, all we have to do is integrate
Eq. (54) and multiply the results by the B(,) meson life-
time. We approximate h* in Eq. (54) by (14+87)¢éngr with
p? given by Eq. (51) or Eq. (52) depending on whether the
light antiquark is a @, d, or an § (see Sec. VII). We neglect
the O(ep, €.) power corrections to h* since they appear
to be small (see Sec. V) but add a 10% error to account
for possible higher-order power corrections. We further
neglect the contribution of A~ in accordance with Neu-
bert’s findings that this form factor is smaller than 0.04
over the whole range of w [see discussion after Eq. (54)]
but add 20% to our errors since an |h~ (w)| ~ 0.2¢(w) is
consistent with radiative corrections and order of magni-
tude estimates of power corrections.

The branching ratios for B(,) — D(s)lﬁ decays are

equally simple to obtain. Here it is Eq. (58) that we
must integrate over the range 1 < w < (Mg(.) +

MIZ)(.‘) )/2MB(.)MD(..) . The Isgur-Wise functions used are

the same as for B(s) — D(,)lv decays. As discussed after
Eq. (58), we assume K(w) = K(1). We further assume
K(w) = 1 which leads to an uncertainty of the order of
O(2€%) ~ 5 — 10% in the branching ratios.

We summarize our results for B(B(B) — D(,)lP) and
B(B(,) — D¢,)lv) in Table XVIII. The first set of er-
rors is obtained by adding our lattice statistical and sys-
tematic errors in quadrature. The second set of errors
corresponds to the uncertainty due to deviations from
the heavy-quark limit. For comparison, we list the ex-
perimentally measured values for these branching ratios.
Agreement with our predictions is very satisfactory.

Finally, we give a prediction for the ratio of the rates
for B(,) — D?‘)lﬂ and for B(s) — Dy,)lp. In this ratio,
the factors of |V.| cancel and lifetimes do not appear.
This ratio is thus a purely theoretical prediction. We
find
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TABLE XVIIL Results for |V.3| from a fit of |Ves|[1 + 841 (1)K (w)énr(w) to experimental data
with éngr(w) fixed by our lattice computation [i.e., p° is given by Eq. (51)] and K(w) = K(1). The
experimental data are obtained from the differential branching ratio for B — D"l decays. In the
|Ves| column, the first set of errors is due to experimental uncertainties, the second set of errors
results from the lattice statistical errors on pZ, and the third, from the lattice systematic errors on
.
Experiment |Ves| l—tf]%—léil—)) (1+81/m2) x?/Npr
ALEPH 0.042(2)73H 3.0/5
ARGUS 0.033(2)1113 9.9/7
CLEO I1 0.037(1)*2*4 4.5/6
I'(B = D*lv) 43 same dependence on w as h* (w) will be fully subtracted.
T'(B — Dip) = 3.275(lat) & 1.0(hags) (61) We believe, however, that the observation in Sec. V of
h*(w)’s lack of dependence on heavy-quark mass indi-
and cates that a fairly large proportion of discretization errors
I'(B, - D*Ilp) are eliminated with our procedure.
- ¢~ = 3.3%2(lat) £+ 1.0(hgs) (62) The fact that we obtain h™(w) and A~ (w) for many

T'(B, — D,lv)

where the first set of errors was obtained by adding our
lattice statistical and systematic errors in quadrature and
the second set of errors, denoted by hgs, quantifies the
uncertainty due to neglected power and radiative cor-
rections. For comparison, the experimental result for
I['(B - D*lp)/T(B — DIv) is 2.1(1) [41]. Though low
compared to our prediction, this result is consistent with
ours within errors.

IX. CONCLUSIONS

We have presented an extensive study of semileptonic
B(,) — D(,)lD decays where we evaluate the matrix el-
ement, (D|ey*b|B), for many different values of m; and
m. around the physical charm mass and three values of
the light antiquark mass around that of the strange. Be-
cause the charm quark has a bare mass which is almost %
the inverse lattice spacing, mass-dependent discretization
errors are a problem that we must contend with. To re-
duce these errors we use an O(a)-improved quark action
in which the leading such errors are no longer O(amg)
but rather O(a,amgq, (amg)?). This reduces discretiza-
tion errors from O(40%) to O(5 — 15%) at the mass of
the charm. To reduce them even further we describe, in
Sec. III C, a procedure for subtracting them at least par-
tially. Only those discretization errors which have the

values of the initial and final heavy-quark masses en-
ables us to study their heavy-quark-mass dependence.
We find that the residual dependence of h* /[1 + 87 (w)]
on the heavy-quark mass is consistent with zero. Given
our errors, we conclude that power corrections to the
form factor ht for physical B — D transitions are less
than 10%. This is much smaller than the 25% corrections
one is entitled to expect for form factors not protected
by Luke’s theorem. It is also in stark contrast with our
findings for the decay constant, fp, of the pseudoscalar
D meson [12]. In [12], we find that the O(e.) corrections
to the heavy-quark limit prediction for this constant are
on the order of 30%. Thus, it appears that the pro-
tection from O(Aqcp/mc) effects that Luke’s theorem
provides at zero recoil extends to some extent over the
full range of experimentally accessible w. Our results for
h*(w)/[1 + B*(w)] are then, to a good approximation,
the corresponding Isgur-Wise function.

Having obtained the Isgur-Wise function from
ht(w)/[1 + B1(w)] for three values of the mass of the
light, spectator antiquark, we can study its depen-
dence on light-quark mass. Interpolating the light an-
tiquark to the strange, we obtain an Isgur-Wise func-
tion relevant for B, — DM decays which has a slope
—¢! = 1.2%2(stat)*2(syst) at zero recoil when fit to a
parametrization proposed by Neubert and Rieckert [30].
Extrapolating to a massless light antiquark yields an

Isgur-Wise function relevant for B — D®Ip decays.

TABLE XVIII. Our predictions for various branching ratios compared to the experimentally
measured values for these ratios. Our results are obtained assuming |Ve| = 0.038 [41] 750 = 1.53
ps, Tgo = 1.54 ps [48], Mpo = 5.28 GeV, Mpo = 5.38 GeV, Mp+ = 1.87 GeV, M+ = 1.97 GeV,
MD.+.= 2.01 GeV, and Mp.+ = 2.11 GeV [49]. Our errors are explained in the text. We only
consider here semileptonic B° and B? decays because the experimental data for charged B meson
decays are much less precise. The quoted experimental numbers were taken from [41].

B - DiIv B, —» D,lv B - D*Iv B, - D:lv
UKQCD 1.575+03 1372 to03 4873+ 0.5 4477t 04
ARGUS 21+0.7+06 4.7+0.6 £0.6
CLEO 1 1.8+06+0.3 4.1+£0.5+0.7
CLEO II 4.50 £ 0.44 +0.44
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This function has a slope —¢, ; = 0.9 g(stat (syst)
at zero recoil. We observe a slight decrease in the magni-
tude of the central value of the slope as the mass of the
light antiquark is reduced in accordance with one’s un-
derstanding that more massive degrees of freedom have
more inertia. Given the errors, however, the significance
of this observation is limited.

We also use these functions, in conjunction with heavy-
quark effective theory, to extract V,; from the experimen-
tally measured B — D*Ii decay rate. Our procedure for
extracting |Vg| differs from that proposed by Neubert
[15] in that we fix the w dependence of the differential
decay rate using our calculation instead of fitting it from
experiment. This enables us not only to extract |V| with
no free parameters, but also to check the validity of non-
perturbative QCD against experiment. We find that the
w dependence predicted by our calculation agrees very
well with the results of the ALEPH [16] and CLEO [17]
collaborations. Using the data from CLEO, for instance,
we find

+142+4 0.99 1
l‘/cbl =0. 037—1 2—-1 (1 +,BA1(1)) 1 +51/m3 )
where 01 /2 is the power correction proportional to 1/ m?
at zero recoil and B41(1), the relevant radiative correc-
tion. Here, the first set of errors is due to experimental
uncertainties, the second due to statistical errors and the
third to systematic errors in our evaluation of the Isgur-
Wise function. We also use our Isgur-Wise functions and
heavy-quark effective theory to calculate branching ratios
for 1—3’(8) — D(,)lv and B(s) — DE‘ )117 decays. Agreement
with experiment is very good. Flnally, we compute the
following ratios of rates:

I'(B — D*Ip)
(B — DIp)

= 3.2%3(lat) & 1.0(hgs) (63)

and
B, - Do)
['(B, — D,lv)
where the first set of errors was obtained by adding our

lattice statistical and systematic errors in quadrature and
the second set of errors, denoted by hqs, quantifies the

3.3%2(lat) £ 1.0(hgs) , (64)
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uncertainty due to neglected power and radiative cor-
rections. In these ratios, the factors of |V,| cancel and
B-meson lifetimes are absent: they are purely theoretical
predictions.

We are currently extending our study to the matrix
elements relevant for B,y — D{,lv decays. This will
enable us not only to check our predictions for the var-
ious Isgur-Wise functions but also to test the heavy-
quark spin symmetry. We are also undertaking a study
of semileptonic A, — A, and Ey — E. decays, where the
Apeyisa J P o1t baryon composed of a b(c) quark and
two light quarks coupled to spin and isospin 0 and the
Ep(c), another J P 1% baryon composed of a b(c) quark
and two light quarks but this time with spin 0, isospin 1,
and strangeness —1. That study should provide many in-
teresting phenomenological predictions which are at the
limit of current experimental knowledge as well as many
tests of the heavy-quark symmetry. Finally, we are plan-
ning to repeat these studies on lattices with different lat-
tice spacing in order to remove discretization errors in a
more systematic way.
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