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We present a lattice QCD calculation Bf— 7l v semileptonic decay form factors in the small pion recoil
momentum region. The calculation is performed on a quench&d 48 lattice at3=>5.9 with the nonrelativ-
istic QCD action including the full M terms. The form factor$,(v -k,) andf,(v-k,) defined in the heavy
quark effective theory for which the heavy quark scaling is manifest are adopted, and we find thayl the 1/
correction to the scaling is small for tleemeson. The dependence of the form factors on the light quark mass
and on the recoil energy is found to be mild, and we use a global fit of the form factors at various quark masses
and recoil energies to obtain model independent results for the physical differential decay rate. We find that the
B* pole contribution dominates the form factot(q?) for small pion recoil energy, and obtain the differential
decay rate integrated over the kinematic regigf>18 Ge\V? to be |V, 23X (1.18+0.37+-0.08
+0.31) psec!, where the first error is statistical, the second is that from perturbative calculation, and the third
is the systematic error from the finite lattice spacing and the chiral extrapolation. We also discuss the system-
atic errors in the soft pion limit fof°(qZ,,) in the present simulation.
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[. INTRODUCTION trix elements is to reduce the systematic error arising from a
The exclusive decay mode®°— 7 1"y, and B° heavy quark masM that is larger than &. One approach
—p 1"y may provide us with the best experimental inputadopted in the literature is to calculate the matrix elements
to determine the Cabibbo-Kobayashi-Maska@M) ma-  with a relativistic action for heavy quarks around the charm
trix element|V,,,|. At present these decays are measured byjuark mass and to extrapolate them to the bottom quark
CLEO [1,2] with an error of order 20%. A prerequisite for mass. Although this approach seems to work reasonably well
the determination ofV,,| is an accurate calculation of the in the recent studies @d— |l v form factors[6,7], the sys-
form factors involved in these semileptonic decays, but théematic error is magnified in the extrapolation and the heavy
theoretical prediction of the form factors for the entire kine-quark mass dependence would not be correctly predicted.
matical range is still difficult. However, with the advent of This problem can be avoided by using a variant of the heavy
the B factories BaBar, BELLE, and CLEO IlI, we expect that quark effective theoryHQET) in which the the heavy quark
the differential decay rate will be measured precisely as @ treated nonrelativistically.
function of the momentum transfgf in the near future. This A natural implementation of the idea of the HQET on the
means that to determin¥,,| we do not necessarily need the lattice is nonrelativistic QCONRQCD) [8], which we em-
form factor for the entire kinematic region gf, but calcu-  ploy in this work. With the NRQCD action the heavy quark
lations in a certain limited range @f will suffice in prac- mass dependence of the form factors can be reliably calcu-
tice. lated[9], since the action is written as an expansion in terms
Lattice QCD provides a promising framework to computeof inverse heavy quark mass and higher order terms can op-
the form factors without resorting to specific phenomeno-tionally be included to achieve the desired accuracy. In the
logical models. Exploratory studies have already been madB— wlv decay near zero recoil of the pion, we find that the
by a few group$3-5], but more extensive studies are clearly heavy quark expansion converges well at the next-to-leading
needed to provide realistic predictions. In this work we at-order in 1M.
tempt to compute the form factors and differential decay An alternative implementation of the HQET is the Fermi-
rates of B—wlv for the momentum rangg?®>18 Ge\?, lab formalism[10], in which results from the conventional
which is set by the condition that the spatial momenta of therelativistic lattice action are reinterpreted in terms of a non-
initial and final hadrons be much smaller than the latticerelativistic effective Hamiltonian. This formalism shares an
cutoff 1/a, |k|<1/a=2 GeVlc, to avoid discretization error. advantage similar to that of NRQCD, and has recently been
An important point in the calculation of tH®@ meson ma- applied to aB— =l v decay calculatioil1].
In the application of the HQET to the— rl v decay, it is
more natural to work with the form factors (v-k,) and
*Previous address. fo(v-k,) [12], wherev” is the heavy quark velocity ard;
"Present address. is the four-momentum of the pion, rather than the conven-
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tional f*(g?) and fq?). This is because the argument _ K-

-k, which is the energy of the pion in th® meson rest  (m(k,)|qy*b|B(v))=2 fl(v'kw)v“+f2(v~kw)'—7|; .
frame, is well defined in the limit of infinitely heavy quark v ’22_3)
mass, and the heavy quark scaling, ifg (v - k) —const as

M —c0, is manifest in the new set of form factors. where the heavy meson field is normalized with the factor

We calculatef; (v -k;) using the NRQCD action on a 2,° instead of the usual @, so that Vmg|B(v))
quenched lattice of size 848 atB=5.9 corresponding to =|B(pg)). The new form factors are functions ofk, and
l/a~1.6 GeV. The action we use includes the full terms ofgefined over the rangam,.,(m3—m2)/2mg]. As seen from
order 1M. The O(a)-improved Wilson fermion action is definition (2.3) there is no explicit dependence on the heavy
used for the light quark. We prepare a large statisticaineson mass. Therefore, heavy quark scalingVias o is
sample, accumulating 2150 gauge configurations to reduc@anifest, namelyt, (v - k) become independent df up to
statistical noise which becomes large for states with finitaogarithms arising from the renormalization of the heavy-
momenta. This enables us to obtain good signals for the formight current. FiniteM corrections are given as a power series
factors for a finite spatial momentum of the pion. in /M.

_This paper is organized as follows. In the next section we - The relation between the two definitions of form factors is
briefly review the definition of the HQET motivated form giyen py
factorsf, o(v-k,) of Burdmanet al. [12] and their relation
to the conventional form factors. We summarize the defini- fo(v-ky) fi(v-K,)
tion of the NRQCD action in Sec. Ill, and discuss matching f (49 =Vms vk + mg |’ 24
of the heavy-light vector current on the lattice with that in
the continuum in Sec. IV. We describe our lattice calculation

2

. . . 2 m
in Sec. V, and the results are presented in Sec. VI. Section 0(g?)=— 5 B 5 |[f1(v.kw)+f2(v.kw)]
VIl is given to a comparison with other lattice calculations, VMg Mg—m7
and phenomenological implications are discussed in Sec. )
VIII. Our conclusions are presented in Sec. IX. v-Ky mz
- fa(v-k,)+ Sfavka) |1
Mg (v-ky)
Il. THE HQET FORM FACTORS FOR B—wlv (2.5

The matrix elemen{(k,)|qy,b|B(pg)) for the heavy-  This indicates thaf *(q2) and f°(g?) scale in the heavy
to-light semileptonic deca— | v is usually parametrized quark limit as
as

(g%~ Vmg, (2.6)
_ m3—m?>
(m(k.)|qy*bB(ps))=f"(q%)| (Patk.)*— ———0q* 0o 1
(%)~ : (2.7
VMg
2 2
1oyt M (2.0 if v-k, is kept fixed.

2 In the soft pion limitk,,—0 andm_—0, we obtain sim-

pler relations:
with pg andk,. the momenta of the initial and final pseudo-

scalar mesons arg= pg— k.. When the lepton mass is neg- fH(g?)= \/m_B M (2.8
ligible, the momentum transfeg? ranges from 0 tag?,, ke
=(mg—m,)2. From the kinematics X
f0(9%) = —[f1(v-k,) +fa(v-k;)], (2.9
m—m2—q? T g )]
E,=v-K,=——F%—, (2.2
2mg

from Eqgs.(2.4) and(2.5). The soft pion theorem implies that
the scalar form factof°(g?) and theB meson leptonic decay

wherev =pg/mg is the four-velocity of the initiaB meson,  constantfy are related a$%(q3,,)=fg/f,, which means
a low g2 corresponds to a large recoil momentum of the

pion, for which the lattice calculation is not easy. In the other fs\/m_s
limit g?>~q?,,, however, the energy of the pidh, in the B F1(0)+12(0)= —r—.
meson rest frame is minimum, so that the spatial momenta of
the initial and final hadrons are small compared to the latticerhe vector form factorf *(q%) may be evaluated using the
cutoff, and the lattice calculation will give a reliable answer. heavy meson chiral Lagrangian approdtdr a review, see
In HQET, it is more natural to use* andk’; as indepen-  Ref. [13], for instancg in which theB* pole contributes
dent four-vectors rather thgsf; andk” . Burdmanet al.[12]  through aB* B« coupling. It was shown by Burdmagt al.
defined the form factor$;(v -k,) andf,(v-k,) by that the following relation holds througB(1/mg) [12]:

(2.10

™
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fexVymgs v -k, in a study of the heavy-to-light decay, the momentum of the
lim fy(v-k,)=9 2% K AL (2.11 initial B meson must be small enough. Although it is possible
v-kp—0 viaT B to construct the action expanded around a finite heavy quark
velocity, the heavy quark velocity is renormalized by a ra-
diative correction since the lattice violates Lorentz symmetry
[14,15, which gives rise to an additional important system-
atic correction. We therefore do not use this strategy and
consider the discretization of the Lagrangi@l).
The lattice NRQCD action we use in this work is

where the vector meson decay constégt is defined by
(0|V#|B* (p))=if g« mgxe”(p), and g denotes theB*Bw
coupling. TheB* propagator gives a factor /(k,+Ag),

in which Ag=mg«—mg. Since the hyperfine splitting g
~46 MeV is much smaller than the “pion” mass, we con-
sider in the lattice simulation that E(R.11) depends little on

v -k, . This behavior off, is actually found in our simula-

tion. Equation(2.11) leads to the well-known vector meson Suroco= 2 QT 8y—Ko(x,y)1Q(Y)
dominance form for the form factdr" (q?) Y
fer g + 2 X" 0[Sy =K, (V) Ix(y). (3.2
lim f*(q%)= T, 1=l (2.12 Xy
— 2 q
@*—mg In addition to the nonrelativistic heavy quark fief@ we
which is also reproduced in our calculation. write the term for th_e antipa_rticle fielq.for completeness.
The kernels to describe the time evolution of the heavy quark
Ill. LATTICE NRQCD are given by
We use the NRQCD formalism defined on the lat(igg Ko(xy)=| [ 1- aHo|\"( adH 50Ul 1- aéH
to treat the heavyp quark without large discretization errors QXY= 2n 2 2
increasing as a power atM. NRQCD is designed to ap-
proximate nonrelativistic motion of heavy quarks inside had- 1— aHo (x V), 3.3
rons, and is expressed as a systematic expansion in some 2n '
small parameter depending on the hadron considered. For a
heavy-light meson system such as ieneson, the expan- aHg\" adH ) adH
sion parameter is given b ocp/M, with Acp the typical K(y)=[| 1= on T 857U, 1~ >
momentum scale of QCD-300-500 MeV. At the next-to-
leading order inAocp/M, the Lagrangian in the continuum aHp\"
Euclidean space-time is written as I=5) |y, (3.4
ceont  —ofl Do+ _2+ B Q 3.1) wheren denotes a stabilization parameter introduced in order
NRQCD " om T92m to remove the instability arising from unphysical momentum

modes in the evolution equatid®]. The operatorﬁ( ) is
for a heavy quark fieldQ represented by a two-component gefined ass§™)(x,y)= 5, +1y,0xy, andHg and 6H are lat-
nonrelativistic spinor. The derivativés, andD are temporal tice Hamiltonians defined by ’

and spatial covariant derivatives, respectively. The leading

order termD, represents a heavy quark as a static color A2

source. The leading correction of ordérgcp/M comes HOE—W, (3.5
from D?/2M, which gives the nonrelativistic kinetic term of alvlo

the heavy quark. Another contribution of ord&gcp/M is

the spinéchromgmagnetic interactiono- B/2M, where B SH=—cg o B (3.6
denotes the chromomagnetic field strength. In the usual 2aMg ’

HQET approach, only the leading terms are present in the 23 A(2) _ ) _
effective Lagrangian and corrections of ordegcp/M are  WhereA™=X7,Ai" is a Laplacian defined on the lattice
incorporated when one evaluates a matrix elen{ét of throughA(z) the second symmetric covariant differentiation
some operator @ by including terms such as operator in the spatial direction In Eg. (3.6) the chromo-
(TOSd** QT(D2/2|\/|)Q> In contrast, in the NRQCD ap- magnetic fieldB is the usual clover-leaf type lattice field
proach we include the correction terms in the Lagrangiarstrength[8]. In these definitions, the lattice operatax$?)
(3.1 and evaluate the matrix elements with the heavy quarland B are dimensionless, i.e., appropriate powersaaire
propagator including the effect of orddrgcp/M. understood. The space-time indioesandy are implicit in
An important limitation of the NRQCD Lagrangia8.1)  these expressions. The bare heavy quark rivasss distin-
is that the heavy quark expansion is made in the rest frame afuished from the renormalized o
a heavy quark. Since the expansion parametpfh&, where The lattice action(3.2) describes continuum NRQCD
p is a typical spatial momentum of the heavy quark, the(3.1) in the limit of vanishing lattice spacing at the tree
Lagrangian is valid only in the region where the heavy quarlevel. In the presence of radiative correction, however, power
does not have momentum greater ti@(\ ocp). Therefore, divergence of the formrg/(aMg)™ with positive integers
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n,m can appear. This is due to the fact that NRQCD is not TABLE I. Renormalization constants fof,.
renormalizable, and the action should be considered as an . . 5
effective theory valid for small 1{M,). This means that the aMo n P§/4) 934) 95/4)
parameters in the lattice actidB.2) sh_ould be tuned to re- . 5 _0.562 0572 _0.421
produce the same low energy amplitude as the contmuurg

. . .0 2 —0.554 —-0.571 0.205
QCD up to some higher order corrections. One may use pei;

. . . . . 2 —0.540 —0.582 0.446
turbation theory to achieve this tuning. For example, a one: 1 3 0529 0.604 0.559
loop calculation of the energy shift and mass renormalizatio” ' : :

3 —0.509 —0.629 0.657

was carried out for lattice NRQCD by Davies and Thacker-3
[16] and by Morningstaf17] some time ago, and then by
ourselves[18-2(Q for the above particular form of the 1

NRQCD action* To improve the perturbative expansion we vil=_ qQv4y-Vh (4.2)
utilize the tadpole improvement procedure where all the 4 2aMy '

gauge links in the actiof3.2) are divided by its mean field
valueug determined from the plaquette expectation value as
uo=((TrUp)/3)Y4 This tadpole improvement will give rise
to O(g?) counterterms in the Feynman rules. The one-loop
tuning of the coupling constantg in front of the spin- V(O)zaykh, (4.4)
(chromgmagnetic interaction terng3.6) has not yet been

1 — .
V@)= — 0qu~h, 4.3

performed. We therefore use the tree level valye 1 after L 1
making the tadpole improvement. V= 2am-a7y Vh, (4.5
The relativistic four-component Dirac spinor fidids re- 0
lated to the two-component nonrelativistic figldand y ap- 1 _
pearing in the NRQCD action(3.2) via the Foldy- V&= — ay-V,vayh, (4.6)
Wouthuysen-Tan{FWT) transformation 2aMo
EEAATE . Vid=- %iManvkh, (4.7
B 2a|\/|0 XT ’ ' 0
(4)— av
whereV is a symmetric covariant differentiation operator in Vi —ZaMquknh. (4.8

a spatial direction.

The heavy quark fielth is obtained from the two-component
field Q through the FWT transformatiof8.7).? For the light
quarkqg we employ theD(a)-improved Wilson fermior23].
Since we use the lattice NRQCD action of the previous The one-loop matching is given by

section, the continuum heavy-light vector current,b in

EqQ. (2.1) must be written in terms of the corresponding op- VSont=

erator constructed with the lattice NRQCD heavy quark field

h. This matching of the continuum and lattice operators has

been calculated using the one-loop perturbation theory by

Morningstar and Shigemitd@1,22. In this section we sum- ' ]

marize their results and specify our notations. cont_ - 0)| |\ /(0) (W /(1)
In the one-loop matching of the continuum operator to the Vic = ( 1+ % 7 n(@Mo) +py, )Vk T aspy Vi

lattice operators, we have to consider dimension-4 operators

in addition to the leading dimension-3 operaipy,h, in + ag

order to remove the error of ordewsAgcp/M and

asaAqcp. The former is the radiative correction to the FWT

transformation(3.7) and the latter appears in ti@(a) im- +ay

provement of the lattice discretized operator. Thus the fol-

lowing operators are involved in the calculation:

IV. MATCHING OF THE HEAVY-LIGHT CURRENT

1 _
1+ ag —In(aMo) + ) )vg°>+ agp{IVE)

+aspVE, 4.9

4
2 in(aMa) + o2 VI + oV

4
- ﬁln(aMo)ﬂLp&,"’k) v, (4.10

and the numerical coefficients;) and p{}) are summarized

©0)_— in Tables | and Il for several values aM,.
Vi ’=qy4h, 4.9

2In the definition used if22] the heavy quark field before the

We note that the evolution kerne(8.3 and (3.4) are slightly =~ FWT transformation@Q 0)" appears in the definition of operators.

different from the definition used, for example, [ih7], where the  Matching coefficients fok/Eﬂ) andV(kl) must be converted when we
(1—aHy/2n)" terms appear inside the {1lasH/2) terms. use the above definition.
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TABLE Il. Renormalization constants fory . TABLE lll. Smearing parameters for the heavy-light meson.
aMg n p{ i o o o) aMg ap by
10.0 2 —1.250 0.366 13.705  0.983 1.047 10.0 0.16 1.50
5.0 2 —1.087 0.232 4.678 0.881 0.977 5.0 0.28 1.12
3.0 2 —0.915 0.091 1.605 0.774  0.893 3.0 0.29 1.07
21 3 —-0.772 —0.049 0.594 0.690 0.812 21 0.30 1.06
1.3 3 —0546 —0.235 0.188 0.587 0.668 1.3 0.31 1.06

. . . . B. Correlators
As we mentioned earlier, the NRQCD action employed in

this work is slightly different from that of Morningstar and  The form factors are extracted from measurements of
Shigemitsy22]. We have therefore independently calculatedthrée-point correlators

the wave function renormalization and the vertex correction ,

for the temporal componeM,, and found that the difference C’Ts\’ﬂ)BS(t,T ttg:qpe) =, e 19 XeiPe Y O5(t,,0)

of the finite constantg’s between the two actions is small, Xy

e.g., ~4-9% for the vertex cprrection. Therefore, for the XVﬂ’(t,x)OET(tB,y)) (5.1)
spatial vector current, for which the one-loop calculation

with our action is missing, we adopt the coefficientd 2] of the vector current$4.1)—(4.8) with the initial B meson
assuming that the error is negligible. In Table I the results oland daughter pion interpolating fieldd; and O3, respec-
our calculation fOI’pSZ are listed, while the results fm{,'l)( in tively. The interpolating fields are defined by

[22] are interpolated irmM, and given in Table Il for our

parameter Va'ues_ Ol;r(tax) :a(tyx) 75q(tax)r (52)
05t =2 ¢i(lrhalt,x+n)
V. LATTICE CALCULATION '
A- Lattice setup Xys 2 e(rhatx+r)|, (5.3
Our quenched lattice calculation is carried out on & 16 r

X 48 lattice at3=5.9 with the standard plaquette action for L _
gluons. The inverse lattice spacingaldetermined from the Og(t,x)=q(t,x) ysh(t,x), (5.4
string tension isa~'=1.64 GeV. The scaling violation has
been found to be small for our choice of the heavy and light OS(t.x)=a(t.x rYh(t x4 5
quark actions over &~=1-2.5 GeV in the heavy-light decay s(tX)=a(tx) s Zr n(lthhtxtn), (69
constan{19].

The parameters we choose for the heavy and light quark§nere the operators with superscriptepresent a local field,
are a subset of those simulated[i9]. We take four values while the smeared operators defined on the Coulomb gauge

of the bare masaM,, 1.3, 2.1, 3.0, and 5.0, for the heavy fixed configurations are labeled with The smearing func-

quark, over a range of the physical heavy quark mass pdlons ¢i(r) and ¢y(r) are parametrized Dby (1)

I ) =exp(—a ) and ¢ (r) =exp(—ayr ™), with the parameters
t(\%?eaanoinldsaig\; 1—2? 25 t(?;)rllzat:):n:spgr:rr]rée;e; ;stz;:tf) a,  andb, ,, determined from a measurement of light-light

. o - and heavy-light meson wave functioft9]. The wave func-
satisfy the stability conditionn>3/(aMo). We use the o of tr:/g Iigght-light mesong,(r) is a[ITr?c])st independent of
O(a)-improved Wilson action for the light quark with the o light quark mass, and we usa (b)) =(0.27,1.13). The
clover coefficient,=1.580, which is evaluated at one l00p \yave function describing the spread of heavy-light meson
with the tadpole improvement. Four values 0.136 30,4, (r), on the other hand, depends significantly on the heavy
0.13711, 0.13769, and 0.138 16 are chosen for the hoppinguark mass, i.eb;, becomes larger as the heavy quark mass

parameters in our simulation, where the critical vakieis  increases. The numerical values d,(b,) are given in
0.13901. Table IlI.

We accumulate 2150 quenched configurations to reduce The 7 meson interpolating fieI«Di is fixed at the time
the statistical error for matrix elements with finite spatial slice t=24. The light quark propagators are solved for a
momenta. Each configuration is separated by 1000 pseudemeared source &, and the source method is used at the
heat-bath sweeps after 10 000 sweeps for thermalization anfine slicetg=0 to obtain the heavy propagator with momen-
fixed to the Coulomb gauge. As we will see, even with thistum insertionpg. The heavy-light current with momentum
large number of statistics, signals for the heaviest heavjnsertion —q is then constructed &t which is in a region
quark or lightest light quark are not clean enough to extractg<<t<t,, with the daughter light antiquark propagating
the ground state. back fromt . and a heavy quark evolving frobg . With this
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TABLE IV. List of momenta for which the three-point correlator Los . . S
is measured. Three-momentum is given in units ef/Ra. The ce® (t,'[B;pB):2 e_'pB'X<(’)B(t,x)(’)BT(tB,0))
label “id.” will be used in the tables of numerical results. X

S L

id. Ps k. q  ZePe)Ze(Pe) e ioortte)
2Eg(pg)

p000.g000 (0,0,0 (0,0,0 (0,0,0
p100.q100 (1,00 (0,00 (1,0,0 (5.19
p100.q000 (1,00 (1,00 00,0 The ground state energy of the heavy-light meEgp4(pg)
p100.9110 (1,00 (0,-1,0) (110 represents a “binding energy,” as the bare heavy quark mass
p000.9100 (0,00 (=1,0,0) (1,00 is subtracted in the NRQCD formalism. In the state normal-
p100.9200 (1,0,0 (—1,0,0) (2,00 ization in Eq.(5.6) and in Eqs.(5.9),(5.10, on the other

hand, the heavy-light meson ener§g(pg) including the
bare heavy quark mass enters in the denominator.

In practice, we calculate the ratiavﬂ)(t,kw,pB) of the
three-point and the two-point functions,

combination of momenta, the initi@d meson has momentum
pg and the final pion travels with momentuk).=pg—q,
since the fixed source &t emits a heavy-light meson with
any momentum. The momentum combinations measured in

our simulation are summarized in Table IV. Since the statis- RVS)(t'k Pg) =
tical noise grows exponentially as €kg(p?) —E(0)]t} for the e
finite momentum state with enerdy(p?), the spatial mo-

(i)pS
C™V Bt t,tg 50, Pg)
C™ ™ (t,,t:k,)CB B (1t ;pp)

mentum one can measure with a reasonable signal is rather <7T(kw)|V£l)|B(IOB)> (5.10
limited. In fact, even in our high statistics data, the maximum - Z (k )ZE(DB) ' '
momentum we could take is (1,0,0) in units of2a as we o

shall discuss in the following sections. which becomes constant in the asymptotic limit. The overlap

The three-point functio5.1) is dominated by the ground  amplitudes with the smeared interpolating fielf k) and
state contribution for large enough separation of operatorgs () cancel between the numerator and the denominator.

tp<t<t,: Typical examples of the rati&vﬂ)(t;k,,,pB) are plotted in
_ Zs(k ) Zs(p ) Fig. 1, in which the data ak=0.137 11 andaM,=3.0 are
C“SVﬂ)Bs(tw,t,tB;q,pB)H T B8 shown for five choices of the momentum combination. For
2E 7(k) 2Eg(pg) all these plots we find a clear plateau in the latgegion,
(i) where the current is closer to the pion interpolating field than
X<7T(k”)|v“ [B(Ps)) to theB meson. The fit result is indicated by horizontal lines.
xexd —Eq(ky)(t—t;) The data become noisier for lighter light quark masses

with a fixed heavy quark mass, or for heavier heavy quark
~EpindPe)(ts=1)].  (5.6)  masses with a fixed light quark mass. As a result, we are not
able to extract signals for our lightest light quark

The overlap amplitude&? (k) and Zg(pg) of the interpo- 0 138 16, except for a few cases when the daughter pion
lating operators with the corresponding ground state argpes not have finite spatial momentum. We also note that we
evaluated from the two-point correlators defined by carried out simulations for one additional heavy quark mass
aM;=10.0. We found, however, that the signal is intolerably
C”S"S(tw,t;kw)IZ eikn.x<O7ST(tw,O)OiT(t’X)> noisy, so that we do not use those data in our analysis.
X
qur( K.)2 C. Matrix elements

— ZE—(k)efE”(k”)(t“*t), (5.7 In order to obtain the matrix elemefir(k.)|V()|B(pg))
e from Eq. (5.12), we have to eliminat&"(k,)Z5(pg) in the
denominator. For this purpose we fit the smeared-smeared

C™m(t, tk)= > €05t 005 (t,x) and smeared-local two-point functions with a single expo-
x nential as in Egs.5.7) and (5.8) for the extraction of
s L Z-(k,)/VE, (k,), and in Egs. (5.9 and (5.10 for
Zo(kr)Z7(Ky) r . -
— ZE—(k)e‘Ew(kw)(tﬁ—t), (5.8  Zg(pe)/ VEg(pg). We then obtain the combination
o w(k,)|VY|B
BSgS i s st Vﬁl)(kmps)5< (kIVs| (pB)>- (5.12
CEB(t,tg;pg) = > & P OR(1,X) 05 (g,0)) VE#(K7)Eg(Ps)
X
ZS( )2 Numerical results are listed in Tables V-VIII for each light
N ie‘ Epind(Pe) (t—tg) (5.9  andheavy quark mass. The first column denotes the momen-
2Eg(pPs) tum configuration as shown in Table IV.
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VI. RESULTS FOR THE FORM FACTORS =(1,0,0) and(1,1,0, in units of 27/La, are given in Table
A. Energy-momentum dispersion relations IX and also plott_ed in F_ig. 2 for each Iight quark mass we
] calculated. We find a nice agreement with the expectation
In order to extract the form factors from the matrix ele- g 1), The relation(6.1) may be modified on the lattice due to
ments(5.12, we have to determine the meson energy of th§iice artifacts; a possible form is given by replaciak;,
initial and final states for given spatial momenta. It may beiin sin@k.), which satisfies the periodic boundary condi-
obtained either by assuming a continuum dispersion relatiofg,  The magnitude of such an effect is not significant,

or by actually measuring the meson energy with the giveny,ygh, since the momentum considered is small enough and
the difference betweeak,. and singk,) is less than 3%.

momenta.
For the pion, which is relativistic, the continuum disper- - he gispersion relation for the heavy-light meson is well
described by the nonrelativistic form

sion relation is written as

E.(k,)?=M2+K2. (6.1) 02
= (6.2)

Epin(Ps) = Epin(0) + Mg’

The measured values ¢@E_(k.)]?> for momentak .
114505-7
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TABLE V. Matrix eIements\A/ﬂ) at k=0.136 30. The first column represents the momentum configuration as defined in Table IV.

id. \720) \721) \722) \‘/(10) \‘/(11) \7(12) \7(13) \7(14)
aMy=5.0

p000.q000  2.05@4)  0.187453)  —0.1874(53)

p100.g100  2.05%2)  0.230472) —0.1862(60) 0.01(10) —0.660(17) 0.00@) —0.713(18) —0.053(4)

p100.q000  1.7@7)  —0.023(28) 0.02@8) 0.87690) —0.496(53) 0.01R0) —0.241(26) 0.24@6)

p100.g110  1.64B4)  0.27315 0.060286) —0.740(30) —0.121(26) 0.0066) —0.358(20) —0.266(10)

p000.q100  1.5546) 0.21413) 0.060397) —0.751(29) —0.063(23) 0.01[@) —0.321(19) —0.268(11)

p100.9200 1.341) 0.48743) 0.07320) —0.697(62) —0.547(70) 0.04¢16) —0.765(71) —0.263(25)
aMy=3.0

p000.q000  2.08B3) 0.21741) —0.2173(41)

p100.g100  2.06689  0.2802600 —0.2126(47) 0.03B) —0.632(12) 0.01@) —0.697(13) —0.081(3)

p100.q000 1.8116) 0.00823) —0.008(23) 0.87®0) —0.416(44) 0.00@L6) —0.207(22) 0.20R2)

p100.g110  1.6257) 0.30213) 0.042666) —0.704(26) —0.152(22) 0.034) —0.351(17) —0.274(9)

p000.g100  1.54(B0) 0.231(11) 0.039q73) —0.710(25) —0.096(18)  0.039%3  —0.325(16) —0.268(9)

p100.g200  1.3434) 0.49534) 0.07315) —0.627(46) —0.544(53) 0.076L3 —0.762(57) —0.296(20)
aMgy=2.1

p000.g000  2.1080)0  0.255241)  —0.2552(41)

p100.g100  2.0785  0.335461)  —0.2469(46) 0.05(7) —0.606(10) 0.03@) —0.680(11) —0.105(3)

p100.q000  1.846) 0.05022) —0.050(22) 0.89¢73) —0.347(39) —0.008(14) —0.178(19) 0.176.9

p100.g110  1.60B1)  0.34112) 0.017258) —0.683(23) —0.184(18) 0.06(1) —0.350(15) —0.278(8)

p000.q100  1.5587)  0.25410) 0.012965) —0.686(22) —0.130(15) 0.06() —0.333(14) —0.268(8)

p100.g200  1.32B6)  0.50432) 0.06715) —0.556(41) —0.551(48) 0.1176) —0.749(51) —0.315(19)
aMy=1.3

p000.q000  2.14@5  0.327840)  —0.3278(40)

p100.g100  2.06G4) 0.432374)  —0.3087(54) 0.10%) —0.556(10) 0.05®@) —0.644(10) —0.146(3)

p100.q000  1.946) 0.13624) —0.136(24) 0.94@6) —0.229(34) —0.030(12) —0.130(16) 0.13(16)

p100.g110  1.51@5  0.39914) —0.0227(63) —0.636(23) —0.234(16) 0.10(%) —0.338(13) —0.269(8)

p000.q100  1.5815) 0.30410) —0.0361(63) —0.655(19) —0.189(14) 0.11(%) —0.348(13) —0.269(7)

p100.g200  1.27g1) 0.55130) 0.04911) —0.478(31) —0.564(39) 0.184) —0.733(41) —0.349(17)

in which the meson maddl g appears in the kinetic energy listed in Table X, and the binding energy in Table XI. Since
term? In NRQCD, the heavy-light meson mass is written in the one-loop correction partially cancels betwegpaM,
terms of the bare massM,, and the binding energgE.,;(0)  andak,, the uncertainty due to the choice qf is small,
as i.e., at most 3% foaMgy=1.3 and even smaller for larger
aMy.
aMg=Z,aMy—aEy+aEy,(0), (6.3 In Fig. 3, a comparison is made of our simulation data
. ) . ) with the form of Eq.(6.2) in which the value oMp evalu-
whereak, is an energy shift and,, is a mass renormaliza- ated according to Eq(6.3) is substituted. We find good
tion factor. Both factors are calculated at the one-loop levehgreement except for the data rat0.136 30. Even in the

[16,17,19, worst case, the disagreement does not exceed 1%. Therefore,
we employ the dispersion relatigi®.2) with the perturba-
aBo=adA, (6.4) tively estimated meson masdMy in the following analysis
of the form factors, rather than using the measured binding
Zn=1+agB, (6.5 energy, which has significant statistical errors and compli-

cates our analysis. The same strategy is taken for the pion
energy, namely, we use the relatiB1) with the measured
value foraM ..

and the numerical coefficientsandB are given in Table | of
[19]. The heavy-light meson mass evaluated with &3
using theV-scheme couplingxy(q*) [24] at g*=1/a is

B. Form factor extraction

3Here we use a capital symbil; to represent the generic heavy- R _The Comim_mm .matrix elemgnt is Obtam?d from
light meson mass we deal with on the lattice, while keepipgto Vﬁl)(kw ,pg) defined in Eq.(5.12 using the matching for-
denote the physicd meson mass. mula of the vector curren#.9),(4.10 as

114505-8
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TABLE VI. Matrix elementsV(}) at x=0.137 11.

id. v e v v v v @ Q)
aMy=5.0
p000.q000  2.22B1) 0.275488) —0.2754(88)
p100.q100  2.21%0)  0.32611) —0.2756(99) —0.005(13) —0.708(23) —0.009(4) —0.772(24) —0.056(5)
p100.g000  1.780)  0.05140)  —0.051(40) 1.1415) —0.523(82) 0.07@8  —0.224(41) 0.22a1)
p100.q110  1.711)  0.33§31) 0.03615) —~0.843(59) —0.126(46) —0.056(10) —0.408(36) —0.243(19)
p000.g100  1.500)  0.26226) 0.03817) —-0.826(56) —0.037(41) —0.037(13) —0.322(34) —0.249(20)
p100.g200  1.3M9)  0.55479) 0.07430) -0.81(11) —0.53(12) —0.008(26) —0.77(12)  —0.229(40)
aMy=3.0
p000.q000  2.2428) 0.305G72) —0.3050(72)
p100.q100 2.21(B4)  0.37510)  —0.3003(80) 0.01@1) ~0.679(17) 0.0088) —~0.755(18)  —0.085(4)
p100.9g000 1.8@7) 0.06331) —0.063(31) 1.06L2) —0.408(65) 0.058.9 —0.175(32) 0.1782)
p100.q110 1.66B7)  0.36427) 0.02412) —~0.789(50) —0.151(38) —0.020(7) —0.390(30) —0.256(15)
p000.q100  1.4889)  0.26821) 0.024113) —0.771(47) —0.076(32) —0.004(10) —0.326(29) —0.247(15)
p100.g200  1.3@5  0.56459) 0.06221) —-0.726(81) —0.519(87) 0.034L8) —0.770(93)  —0.285(30)
aMy=2.1
p000.q000  2.25412)  0.343467) —0.3434(67)
p100.q100  2.214%0) 0.431(10) —0.3345(81) 0.05@0) —0.650(15) 0.02®) —0.737(16) —0.111(4)
p100.9g000 1.885) 0.09230) —0.092(30) 1.0811) —0.330(56) 0.046L6) —0.141(27) 0.14@7)
p100.q110 1.6386) 0.39925  —0.005(10) —0.765(43) —0.183(32) 0.01(®) —-0.382(27) —0.263(13)
p000.q100  1.49%83)  0.287120)  —0.003(11) —0.743(42) —0.115(28) 0.02®) —0.337(26) —0.247(13)
p100.g200  1.3M2)  0.59051) 0.05517) —0.679(61) —0.539(71) 0.0765) —0.777(78)  —0.314(26)
aM,=1.3
p000.g000  2.27@5) 0.417466) —0.4170(66)
p100.g100 2.19@3) 0.52710) —0.3956(80)  0.103B0) —0.595(12)  0.053R0) —0.697(13) —0.1557(37)
p100.g000  1.9@3)  0.14635  —0.146(35) 1.0210) ~0.215(47) 0.0147)  —0.098(23) 0.0983)
p100.q110  1.4862  0.44325  —0.041(11) —0.701(40) —0.225(27) 0.06444)  —0.352(23) —0.254(11)
p000.q100  1.5296) 0.33219)  —0.049(11) —0.711(34) —0.182(23) 0.07582 —0.356(22) —0.250(12)
p100.g200  1.280)  0.62047) 0.03714) —~0.575(45) —0.559(56) 0.14a5  —0.765(62) —0.355(23)
. 1 . and atw/a. We use the difference in the results, which is the
Vi (K, pe)=| 1+ as —In(@aMo) + PS/? )Vﬂo)(kﬂ ,Ps) two-loop effect of O(a?), as an estimate of higher order
perturbative errors. The numerical value of the coupling is
+ asps/t)\7511)(kw D)+ asp%)\“/gf)(kw Pa), ay(1/a)=0.270 e}nd o_zv(a-r/a) =0.164 at B=5.9 in the
quenched approximation.
(6.6 From the definitions of 1(v-k,) andf,(v-k,) given in
1 Eq. (2.3), we obtain the following formula for the form fac-
VR (ky pe) =| 1+ arg —In(@aMg) + p{f) )\A/ﬁ")(kmpB) tors:

Ex(kz)Eg(Ps)

X\”/?“t(kw,pB)}, (6.8)

4
—In(aMy)
o

+ a'sPS/lk)\A/(kl)(kvr Pe) + ag

+p(vi)}</<k2><kw,ps>+ asp Vi (K pe)

+a
S M

(6.7) E(K2)Eg(P8) ~con
x[ \/—4MB veent

We use the/-scheme couplingy,(g*) for the coupling con-

stantag. Since the scalg* that dominates the lattice one-

loop integral is not yet known, we examine the uncertainty in X (K ,ps)}, (6.9
the scale setting by calculating the form factorsgjat 1/a

M7 K%
Vs pe). fz(”"‘ﬂ){l‘ (v.kw)Z]ZE (””‘w-kg)

4
_ (4)
3ﬂ_|n(aMo)+ka
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TABLE VII. Matrix elementsV/) at x=0.137 69.

id. v v @ v o v v %)
aMy=5.0

p000.g000  2.43®2) 0.38215  —0.382(15)

p100.9100 2.4Q0 0.44821)  -0.385(17) —0.031(21) —0.771(34) —0.020(60) —0.850(37) —0.059(8)

p100.q000 1.765) 0.11875) —0.118(75) 1.4BY) —0.57(15) 0.17(®B2 —0.197(77) 0.19777)

p100.g110 1.749) 0.39063) 0.01929) —0.94(11)  —0.130(85) —0.120(23) —0.461(65) —0.203(35)

p000.q100  1.3@7)  0.29450) 0.01432) —0.85(11) 0.00775) —0.081(28) —0.288(63) —0.224(36)

p100.g200  1.3@3 0.70(16) 0.08953) —1.06(24) —0.55(22) —0.061(53) —0.83(21) —0.216(74)
aMy=3.0

p000.q000  2.4391) 0.41112  —0.411(12)

p100.g100  2.413F8)  0.49417) —0.406(13) —0.001(17) —0.738(24) —0.000(4) —0.830(27) —0.091(6)

p100.q000 1.760) 0.11160) —0.111(60) 1.385) —0.40(11) 0.14845) —0.127(60) 0.12{®0)

p100.9110 1.646) 0.40753) 0.00322) —0.864(96) —0.142(68) —0.076(16) —0.430(54) —0.230(28)

p000.q100 1.315) 0.28342) 0.00424) —0.785(91) —0.043(58) —0.038(19) —0.294(53) —0.218(27)

p100.9200 1.326) 0.7012 0.05738) —0.92(16) —0.55(15)  —0.006(34) —0.83(16) —0.284(56)
aMy=2.1

p000.q000  2.43%1) 0.44911)  —0.449(11)

p100.g100  2.3972) 0.54817)  —0.439(13) 0.037.4) —0.705(22) 0.01®) —0.807(24)  —0.119(5)

p100.g000  1.816)  0.13259)  —0.132(59) 1.3®1) —0.305(97) 0.1287) —0.086(51) 0.0861)

p100.9110 1.6@4) 0.44149)  —0.023(19) —0.837(83) —0.169(57) —0.036(12) —0.410(47) —0.244(24)

p000.q100 1.334) 0.29939) —0.014(22) —0.760(79) —0.088(49) —0.009(15) —0.310(47) —0.217(24)

p100.g200  1.382) 0.7210) 0.04731) —0.85(12) —0.572(12) 0.04@7) —0.85(13)  —0.315(47)
aMy=1.3

p000.g000  2.44%1)  0.52511)  —0.525(11)

p100.g100  2.35B1) 0.64317)  —0.499(12) 0.102.2) —0.643(17) 0.05@®) —0.762(20)  —0.169(5)

p100.g000  1.8@11)  0.16368)  —0.163(68) 1.2019) —0.190(83) 0.08685) —0.049(44) 0.04@14)

p100.g110  1.4@1)  0.47647) —0.058(21) —0.751(72) —0.200(46) 0.0241.2) —0.355(40)  —0.242(20)

p000.q100  1.383  0.34137) —0.054(22) —0.742(63) —0.160(41) 0.04¢14) —0.337(40) —0.222(21)

p100.9200 1.387) 0.74186) 0.02326) —0.711(87) —0.610(96) 0.12@5) —0.85(10) —0.367(42)

wherev*=(Eg(pg),ps)/Mg andk“=(E .(k,) k). By con-
struction, for the initialB meson at restf,(v-k,)+fy(v
-k,) is proportional to the temporal component

V5$°M(k,,pg), while f,(v-k,) comes from the spatial com-

ponentVE°"(k.,pg). Even for aB meson with momentum
(1,0,0, the velocity is small g /Mg=0.07-0.2 depending
on the heavy quark massand the major effect is from the
temporal or spatial component &f(v - k) +f,(v-k,) or of
fo(v-k,), respectively.

An example of the form factors is plotted in Fig. 4 for
aMy=3.0, which is close to théb quark mass, andk
=0.136 30. The point of smallest -k, corresponds to the
zero recoil configuration, i.e., the initial and final particles
are at rest so thadw-k,=aM_. At that point, only the

temporal componen¥/$°"(k.,pg) can be measured while
the spatial component vanishes. The momentum configur
tion pz=(1,0,0) andk,=(0,0,0) gives a very similaav

-k, , because of the large heavy quark mass and small spati

velocity. As a result, the data point almost lies on top of thatg

at zero recoil. We are not able to measéyév -k ;) reliably

at this point, since the value of the spatial component,

V$°"(k,,pg) is too small. There are four other momentum
configurations(see Table 1V, for which both f(v-k,)

+fy(v-k,;) and fo(v-k,) are measured. Among them, two
momentum configurations sharing the sakne=(1,0,0) and
having differentpg have almost identical values afv -k,
for the same reason as above, and cannot be distinguished
from each other in the plotthe middle point of the three
filled data points

From Fig. 4 we also see that the effect of choosing
ay(1/a) (circles or ay(7/a) (squarepsis small; it is smaller
than the statistical error except for the zero recoil point
where the statistical error is minimum. Therefore in the fol-
lowing analysis we use the data with,(1/a). In the final
results we will include their difference in the systematic error
estimation.

TABLE VIII. Matrix element V{) at x=0.138 16 for the zero

é(_ecoil configuration(p000.q000.

aMo o w “
2.7815) 0.55131) —0.551(31)
3.0 2.7611) 0.57823) —0.578(23)
2.7410) 0.61522) —0.615(22)
1.3 2.72185) 0.69020) —0.690(20)
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TABLE IX. Pion energyaE (k) for spatial moment#0,0,0, TABLE X. Heavy-light meson masaMg evaluated using Eq.
(1,0,0, (1,1,0 in units of 27/La. (6.3 with ay(1/a).
K K

0.13630 0.13711 0.13769 0.13816 aM, 0.13630 0.13711 0.13769 0.13816
(0,000 0.4881462 0.4075668) 0.3400%78) 0.272311) 5.0 5.570221) 5.547629) 5.531839) 5.520358)
(1,000 0.620928) 0.557844) 0.506%73) 0.45915) 3.0 3.660615  3.637620) 3.621227) 3.608840)
(1,1,0 0.742443)  0.696771) 0.65415) 0.62632) 21 2.799712) 2.775816) 2.758822) 2.745832)
13 2.030110) 2.005813) 1.988317) 1.974125

C. Heavy quark mass dependence

As we discussed in Sec. II, the heavy quark scaling iéen in the value ofw -k for two momentum configura-
manifest for the form factorsf,(v-k,) and f,(v-k,); tions for whichpg-k;#0. However, it does not seem to
namely,f (v -k,) behaves as a constant at the leading ordefhange the global shape of the form factors.
of the 1M expansion. Here we examine the heavy quark The small 14 correction we found is of great phenom-
mass dependence 6f(v-k,)+f,(v-k,) andf,(v-k,) ex- enological importance, as it justifies the use of heavy quark
plicitly by comparing the results with different heavy quark Symmetry to predict th&— | v form factors from those of
masses. D— wlv andD— Kl v [12]. We discuss this method and pos-

In order to remove the logarithmic dependence on theSible uncertainties in Sec. VIII.
heavy quark mass that appears from the matching of the
vector current between the full QCD and lattice NRQCD D. Light quark mass dependence
(4.9,(4.10, we define the renormalization group invariant

form factors® . ,(v k) and®,(v-k.) as In order to obtain the physical form factors we need to

extrapolate our result to the physical light andd) quark

ag(Mp)\%Po mass. For this purpose we examine the light quark mass
CI)1+2(U'kw)=( (m )) [fa(v-Kp)+fa(v-ko)], dependence of the form factofg(v-k,)+f,(v-k,) and
@s\e (6.10 fo(v-k,) using the data, which cover the range 0.45-0.80
' GeV of the pion mass. Unfortunately, the signal is badly
a(Mg)| 2o contaminated by statistical noise for the lightest data, so that
Py(v-k,)= (—) fo(v-Kky), (6.1)  we are not able to extract the form factors except for the zero
as(Mg) recoil limit of fi(v-k,)+fs(v-k,). For three other val-

ues, the data are fully available and we mainly use them to
see the light quark mass dependence.

Figure 6 shows the measured form factors at four different
light quark masses. The heavy quark mass is fixed My
=2.1. Since the minimum value dv-k, is aM_, the
range ofav -k, where the data are available moves to the

\s/?rll;ﬁse?::cl\t/l ?ﬁvmeefi:];nzjheatog‘hfh :Whgg(/r;céfgrgi\rfas'sgnxeaexleft hand side as the light quark mass decreases. On the other
plored, which corresponds to 2—8 GeV. In fact, there is nohand' a change of the value of the form factéitv - k)

significant shift in the magnitude of the form factors caused
by a change of the heavy quark mass. A small effect can b%r

where B, denotes the first coefficient of the QCD beta func-
tion. We note thaMj is the heavy-light meson mass mea-
sured on the lattice for a givealM, while mg is the physical
B meson mass.

Figure 5 showsb,, ,(v-k,) and ®,(v-k,) for several

TABLE XI. Binding energy of the heavy-light mesat,;,(kg)
spatial moment#0,0,0 and(1,0,0 in units of 2x/La.

K
0.13630 0.13711 0.13769 0.13816

aMy=5.0
(0,00 0.588721) 0.566129 0.550339) 0.538858)
(1,00  0.606215 0.582122) 0.566829) 0.555440)
aMy=3.0
(0,00 0.583q15 0.560G20) 0.543G27) 0.531240)

(aE,)’

O k=0.13630
O x=0.13711 (1,0,0 0.607113) 0.582617) 0.566523) 0.554632)
o K=013769 aM.—21
: A x=0.13816 0=2.
O 0 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 (0’010 0'575Q12) 0'551516) 0'534622) 0'521232)
00 0.1 02 03 (1,0,0 0.605412) 0.580415) 0.563820) 0.551228)
(ak ) aM,=1.3

(0,0,0 0.557110) 0.532813) 0.515217) 0.501@25)
FIG. 2. Dispersion relation for pion. The lines represent the(1,0,0 0.598412) 0.571118) 0.553224) 0.5387%35)
continuum form(6.1).
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0682 —————— 71— ——— 1 062 —r——— 71—
L aMo=5.0 @ ] C aM0=3.0 ]
0.60_—/ - 0.60 -
. 0.58 :—E/‘ﬂ/ 1 - 0.58/ .
S 1 £ F b
5056 1 Tsos6f .
3 F 1 = L 1
0.54 O ¥=0.13630] ] 0.541 0 x=0.13630]
i O x=0.13711| ] . O x=0.13711| ]
0.52F O k=0.13769| - 0.52F O x=0.13769( -
r A x=0.13816] 1 r A x=013816] 1
il L I L L | L I L | L 1 -l L L L L | L L L I | I 1

0507, ) ; 030756 0.1 02

2
{apg)

0.62 . 77—
0.60 .
o5 . : ]
L] 4 - —
& ] . ]
o 0% ; - ;
S 054 3 C ]
) O x=0 i o O x=0.13630| -
O x=0. ] 0.521 O x=0.13711] 7
0.52 o k= . r O x=0.13769| -
A k= ] 0.50 A x=013816| ]
[ ) L L ) | ) L L s | L -l L L ' L | L L ' L | T

050755 0.1 02 0.0 0.1 0.2

(ap,)’ (ap,)’

FIG. 3. Dispersion relation for the heavy-light mesoradd;=5.0, 3.0, 2.1, and 1.3. The lines represent the nonrelativistic {6r&
with perturbatively calculated meson maslslg .

+f,(v-k,) andf,(v-k,) is not significant if we compare the for f,(v-k,) the light quark mass dependence is less signifi-
data for a given momentum configuration. For instance, theant, since the data at fixeddo not seem to have a nonzero

values ofa¥¥f,(v-k,)+f,(v-k,)] stay almost constant slope.

around 0.68 over the range k,.=0.27-0.49, which corre-

sponds to the lightest and the heaviest data. If we look at the E. Global fit

change atfixed -k, there is an apparent downward shift of In order to extract the physical form factors, we have to

fi(v-k,) +f,(v-k,). This is due to a negative slope & ; - :
k.. in the data at fixed light quark mass. On the other hand(,:on5|der the dependence on three parameters, i.e., the inverse

10— 7
Ww— 7 L,

/2
L i | a ", (vk)
sl @R ] 08 "

h ® (H, . 0.6 I \% |
0.6 & - s ]
- ¢ 04k .iﬂ*_.,ﬂ_‘ .

04r *‘ ¢ C I
I 112 T 02F @ D,(vk) _
02 @ flvk) _ | ]

L 4 L | L ] I ] L | L
T L 03 0.4 0.5 0.6 0.7 0.8

0. 1 |
Yo 0.2 0.4 0.6 0.8 avk
a v-k1t

FIG. 5. The renormalization group invariant form factors
FIG. 4. Atypical plot of the form factor$,(v-k,)+ fs(v-k,) ®,,,(v-k;) (open symbolsand ®,(v-k,) (filled symbolg for
(open symbolsand f,(v-k,) (filled symbols in the lattice unit.  different values olaM, with fixed light quark massc<=0.136 30.
Parameters araMy=3.0, x=0.136 30, andw\(1/a) (circleg or Symbols denote the data atM,=5.0 (circles, 3.0 (squares 2.1
ay(m/a) (squaresare used for the perturbative matching. The data(diamondg, and 1.3(triangles. Solid and dashed lines show the fit
for ay(m/a) are slightly shifted in the horizontal direction for clar- (6.12,(6.13 for the heaviest §M;=5.0) and the lightestaM,
ity. =1.3) heavy quark masses, respectively.
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1.0 . - T - T - where the superscriptijk) for the coefficient denotes the
- a [f(vk)Hf(vk)] 1 order of expansion in @Mg, am,, and [av-k,—(av

- -K.)ol, In the given order. The fit results forag-k,)q
1 =0.5 are listed in Table XII.
— The choice of keeping or dropping a certain term in Eq.
- (6.12,(6.13 is empirical. Our experience in calculations of
. the heavy-light decay constant and Biparameters suggests
. that both the g andam, expansions can be safely trun-

0.8

0.6

0.4

02 - cated at the first order. This is consistent with an argument of
L _ naive power counting assuming that the relevant mass scale
09, . | . | . | . is aroundA ocp. We find that is indeed the case also for the
0 02 04 0.6 038 B— rl v form factors, as we shall discuss in the following.
avk, In Egs.(6.12,(6.13 the 1My expansion is truncated at

_ first order, since the Mg correction is not significant as

FIG. 6. Light quark mass dependencefg(v-k,)+f,(v-kz)  discussed in Sec. VIC, so that there is no sensitivity to
(open symbolsandf,(v-k,) (filled symbols for aMo=2.1. Sym-  higher order corrections. Even the first order coefficients
bols denot_e the data at=0.136 30_(C|rcles), 0.137 11(sq_uare}s_ C(llfg) and C(2100) are consistent with zero within the statisti-
0.137 69(diamonds, and 0.138 16triangley. The three thin solid .5 6 ror This truncation is also consistent with our NRQCD
lines, from top to bottom, show the .13 for f5(v-k) with action, because we do not include corrections of ordmzll
threex values, from heaviest to lightest. The four thin dashed lines,

or higher in the actior{3.2).

on the other hand, correspond to the(€t12) for the data off (v .
-k,)+f,(v-k,) for four values ofx. The thick lines represent the The light quark mass dependenceaﬂfZCI)Hz(v Kg) is

limits of physical light quark mass. consistent with a linear function if we fiav -k, at (av
-k,)o=0.5, for instance. Thus we truncate the expansion in

heavy meson massMi - the light quark masey. . and the at the first order. We also keep a cross term with the
vy B 'ght qu ar leading[av -k,—(av-k,)o] correction, but its coefficient

energy release -k,.. The heavy quark effective theory to- (o011 : : : 1 . .
gether with the chlral perturbation theory suggest that we car?1+2 is consistent with zero. Foa'"®,(v k) the light

expand the form factors in powers oM{ andm,. On the quark mass dependence is not significant as discussed in Sec.
other hand, there is no theoretical guide for the functional’’ > Although we keep(%qg) first order correction to be con-
servative, its coefficier},” "~ is almost consistent with zero.

dependence on- k.. Therefore, in fitting the data we use a As for the functional d d f the f fact
Taylor expansion around an arbitrarily chosen paink,, S for the Tunctional dependence of the form factors on
av-k,, we include the[av-k,—(av-k,)o]?> term for

=(v-K,)o, Which in practice we take in the middle of the T
measured range. Thus we employ the following form to flt zq)ll,;qz)(zlévkk) ) Wpr']lg :ngiic?sn?hgtrdv?/; tﬁ;r; :s?ger%lf?ccatlﬁ?

the data:
slope inaYaD,_ ,(v-k,), so that a higher order terfrav
000 (11+Og) 010 oot —(av -k,)o]? is also included for safety. The other form
at2®, (v -k,)=CPPP+ —= aMy +C%Pamy+ (% factora”chz(v k,) behaves almost like a constant, and it is
enough to keep the first order term.
ﬁ%’anh)[av k,—(av-K,)ol While we introduce several terms for which the coeffi-

002 cient is not well determined, i.e., cons_istent with zero, this
+C %% av-k,—(av-k,)ol?>, (6.12  does not mean our results for the physical form factors have
large uncertainty, as long as we use the results for an inter-
100 polation in the relgvant parameters. For example, the heavy
al’zd)z(v-kw)=C(2°°°)+ 2 +C(2°1°)amq quark mass we ;lmqlate covers thequark mass, so that
aMg only an interpolation is required. For the paraméter - k .
(001) —(av-k,)ol], we restrict ourselves to considering the region
+Cy lav-ky—(av-ky)ol,  (6.13  where the data are available. Therefore, we can obtain the

TABLE XII. Global fit parameters in the forn(6.12),(6.13. In each column, top and bottom numbers
correspond to the results wiia,(1/a) and ay(7/a), respectively.

ciy? ci%9 cii? ci®y ci% ciy?
0.41374) 3.7997) —0.019(31) —0.53(66) —3.3(13.8) 0.72.3
0.39275) 3.9499) 0.07029) —0.59(66) —3.5(13.8) 0.72.3
C(2000) C(2010) C(2100) C(2001)

0.31147) 1.061.11) 0.03537) —0.06(40)

0.34750) 0.991.14) —0.020(37) —0.04(40)
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physical form factors in the region 0.67 GeV -k, L e L L B B B

<0.96 GeV reliably. Outside this region, the (@.12),(6.13

appears to introduce a large uncertainty. For the light quark

mass, we have to consider an extrapolation to the physical "l

limit of u andd quarks. This increases our statistical error « l]] N f vk )+f(v-k )

significantly. >08f | ] e
S|

The fit results are shown in Fig. heavy quark mass . l H T .

dependendeand in Fig. 6(light quark mass dependencén Tl iiii% T

Fig. 6 we also plot the limit of physical light quark mass 04 [”HJH LX) iH

(thick curves, which is obtained by settingm, to the physi- LA Lvk) =

cal average up and down quark masses in Ej42,(6.13. P A R E R A B
The form factorsf (v -k,)+ fo(v-k,) andf,(v-k,) for o

AN LI B B B P

I}

02 04 06 08 10

the physicaB— wl v decay are plotted in Fig. 7. The region vk (GeV)

where the lattice data are interpolated [iav-k,—(av

-k,)o] is plotted with symbols. Going outside that region  FIG. 7. Form factors;(v-k;) +f,(v-k;) (open symbolsand

requires an extrapolation, so that the error shown by théz2(v-k;) (filled symbols at physical mass parameters. The points
dashed curves rapidly grows. with symbols are obtained by interpolationink,., while others

involve extrapolations.
F. Soft pion theorem which seemed to be a serious problem if we only looked at
In the soft pion limit, i.e.,m_ andk,—0, the following  the naive linear extrapolation with only data at zero recoil, is
relation(2.10 holds: in fact more of a problem in the subtle chiral extrapolation or
in the model uncertainty of momentum extrapolation.
2 The UKQCD [26,25 and APE [7,27] Collaborations
0/n2 \— __B ) )
P (Umax) = M= o [f21(0)+12(0)]= f_ (6.149 found in their studies with relativistic heavy quark action that
the soft pion relation(6.14) is satisfied. It should be noted,
It is an important consistency check to see whether one caffowever, that their method of chiral extrapolation corre-
reproduce this relation in the lattice calculation. sponds to our “global fit” method, and the measured kine-
In Fig. 8 we plot the result of the fit6.12 by an open Matical region is far from the soft pion limit. Therefore the
triangle and compare it with the lattice calculationfgf/f, ~ result in the soft pion limit should depend on how the ex-
(filled triangle) [19]. The data are presented at fixed heavytrapolation is made. They employed a polelike mo®8]
quark massaM,=3.0. We should note that the soft pion for their fit function. Thus their results in the soft pion limit
limit in Eq. (6.12 is far from the region wherd,(v-k,)  contain some uncertainty which is not well controlled, just
+f,(v-k,) is obtained by interpolation. Therefore, we ex- like ours, although the results in the kinematical region ob-
pect substantial systematic uncertainty in the fit result. Ifained by interpolating the lattice data do not suffer from

fact, Fig. 7 demonstrates that the extrapolation tk,=0is  Such uncertainties. S
not yet very stable. Judging from the size of the uncertainties it is too early to

The soft pion limit can also be achieved along a fixedconsider the deviation from the soft pion relation as a serious
momentum configuration; namely, we may extrapolate thep_rob]gm. This proplem can be studied with much statlstlc.ally
data for each light quark mass at zero recoil. In this casesSignificant data with a larger number of momentum points
however, the momentum transferk,. (=M ) changes dur-
ing the extrapolation, so that we have to consider a fit with 15
two termsam, and aM_.* Because of the PCAQpartial
conservation of axial-vector currgntelation Mfrocmq, it

I T I T I ! I T

+

means a quadratic fit igam,. We plot two extrapolations in ~. 1.0
Fig. 8: a linear form inram, (dashed lingand a quadratic fit o E
in yam (solid curve. Although the effect of the termqam, N

seems very small in the data and is seen only at the lightest e 05
quark mass, it raises the soft pion limit for the quadratic fit.
The result is consistent with the global {8.12. Thus we
consider that the disagreement b‘f(qﬁw) with fg/f .,

]
0.06 0.08

0.0

1
0.04

am
q

1 |
0.00 0.02
4As discussed ifi25], one should include a term that is linear in
aM_ whenuv -k, (or g2 in the relativistic form varies during the FIG. 8. Soft pion limit offo(qﬁqa)):(Z/\/m_B)[fl(v~kﬁ)+f2(v
extrapolation of the form factors. The fit becomes more stable if onek,)] ataMq=3.0. The dashed line is a linear fit iaif1,)?, while
first interpolates to a fixed -k, (or g%), and then extrapolates in the solid curve includes the termaif,). The result of the fit6.12
am,. Our strategy of employing the global f{6.12,(6.13 is is given by an open triangle, which should be equélgof . (filled
equivalent to this method. triangle in the soft pion theorem.
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and light quark masses so that the extrapolatior ik, LY o A LA B L B
toward the soft pion limit becomes more stable, which is still
beyond the scope of this paper.

N

G. Pole dominance

]\l\ N f] (V'kn) +f2(v'kn)

iz

In the soft pion limit, the heavy meson effective Lagrang-
ian predicts theB* pole dominanc€2.11), that is,

04
fB* AY, mB* U- kﬂ.

~

(Gev'™?)
=
[+)
A s

————
]
I}
I3
/
I IS N RN N S N N

am felv k=0 s, O T Ak
0'(()).0 0.2 04 0.6 0.8 1.0
Since the hyperfine splittingg=M g« —Mpy is much smaller vk_(GeV)

than the momentum transfer k,, we measure, we can ap-

proximate its functional form by a constant in our data re-  FIG. 9. Same as Fig. 7, but with estimated systematic errors.

gion. Our data support the constant behavior and give

g(fgxvamg«/2f )=0.35(18), which reduces tog result of the chiral limit and that of the lightest This gives

=0.30(16). This agrees with the phenomenological valuel0% for f1(v-k,)+f,(v-k;) and 1% forf,(v-k,).

extracted fromD* —D = decay 0.2%) [29], and also with The total error is estimated by adding these errors in

the recent lattice calculatiog=0.424)(8) [30], which is  quadrature together with the statistical error. In Fig. 9 the

obtained for the static heavy quark. The agreement suggesfsrm factorsf,(v-k,)+f,(v-k,) andf,(v-k,) are plotted

that the 1M correction is small for the form factors. with the estimated systematic uncertainties. Numerical re-
sults are listed in Table XII.

H. Systematic errors

. . . VIl. COMPARISON WITH OTHER CALCULATIONS
We now discuss possible sources of systematic errors and

their estimates. Since the statistical error, the discretization A. f1(v-k,) and fo(v-k )

error of O(a?), the perturbative error 0D(a2), and the El-Khadraet al. calculated the form factors at tiequark

chiral extrapolation error are large, we consider only thesgnass using a nonrelativistic interpretation of the relativistic

dominant sourcezs of errors ar;d neglect other subleading efgtiice action11]. A comparison is made with our results for

rors such a(ag/(aM)), O(asaAqcp), O(asAqen/M),  the HQET form factorsy(v-k,) + fo(v-k,) and f,(v-k,)

and so on. at the same8 value employedB=5.9, in Fig. 10. We find a
The size of the two-loop order correction is known only regasonable agreement fof,(v-k,), but for fi(v-k,)

by explicit computation, which is beyond the scope of this f,(;.k_) our data seem substantially lower.

paper. Instead, we estimate the size of the perturbative error since both the NRQCD and Fermilab actions are two

of O(a?d) as half of the difference of the values fo*  variants of the nonrelativistic effective action, there should

=m/a and 1A. The typical sizes are 1.5% fdr(v-k;)  be no fundamental difference in the result. There are, how-

+f,(v-k,) and 3.5% forf,(v -k,). The reason for the error ever, two possible reasons for the disagreement. One is the

in f,(v-k;) being larger is that the one-loop renormalization difference in the renormalization factor. The other is the dif-

coefficient for heavy-light vector current is larger for the ference in various systematic errors which arise from the

spatial component than for the temporal one and the matrighoice of parameters such as the lattice size, smearing meth-

element of the spatial component gives larger contributiongds, fitting procedures, and so on.

to f,(v-k,) in the small recoil region. In order to see the reason for the disagreement, we plot
The discretization errors c(D(azAéCD) and ofO(a’k?) the form factors at a fixed momentum configuratiapg

are also important. The former error is common to most lat=(0,0,0) andak,=(1,0,0) as a function of the light quark

tice simulations using(a)-improved actions, and through mass in Fig. 11. While we find a good agreement figfv

an order counting we estimate it to be 3%3at5.9, assum-  -k.), our result for f,(v-k,)+f,(v-k,) is significantly

ing that the typical momentum scalegcp is around 300 lower than the Fermilab dafd1]. Furthermore, in the fit of

MeV. The latter is specific to the present work since the errothe form(6.12) the chiral limit of our data is lower than the

due to nonzero recoil momenta appears only in the study odata at finiteam, as shown in the plot, in contrast to the

form factors. As the pion momentum treated in our calculafermilab data, for which the chiral limit becomes even

tion is at most 2r/L (L=16) in lattice units, we estimate higher due to a positive curvature.

this error to be about 16% using order estimation. We note that the renormalization of the vector current is
The error in the chiral extrapolation is another majormade using nonperturbativé factors of heavy-heavy and

source of systematic error. Since we have data at only threlight-light currents in the Fermilab analygil]. A correction

x values except for the zero recoil point, it is not practical tois then made perturbatively for the heavy-light current. Since

test different functional forms ah,, for the chiral extrapola- our results are obtained with an entirely perturbative match-

tion. We instead estimate the corresponding error in the fornng, systematic errors may enter differently. The effect of

factors by taking the square of the difference between thsuch a “partial” nonperturbative renormalization for the
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TABLE XIlIl. Numerical results for the form factors and for the differential decay rate. Error contains the
statistical and estimated systematic uncertainties. Results with a * symbol in the last column are those
obtained by interpolating the lattice dataunk,,, while others involve an extrapolation.

v-k, g2 fi(v-ky)+fo(v-k,)  fa(v-ky) 1|V p/2dT/dg?
(GeV) (GeV?) (GeVH? (GeVH?) 9(g?) (99 (psec * GeV ?)
0.1435 26.37 0.923) 0.4520) 0.8418) 7.43.1) 0.001715)
0.1913 25.87 0.920 0.4419 0.80(16) 5.52.2) 0.02117)
0.2392 25.36 0.918) 0.4418)  0.7615) 4.4(1.6) 0.04231)
0.2870 24.86 0.817) 0.4417)  0.7314) 3.71.2) 0.06241)
0.3348 24.35 0.837) 0.4415) 0.7014) 3.18998) 0.08150)
0.3827 23.85 0.797) 0.4414) 0.6614) 2.7979) 0.09956)
0.4305 23.34 0.78.8) 0.4313 0.6314) 2.4664) 0.11560)
0.4783 22.84 0.738) 0.4312) 0.61(15) 2.21(53 0.13162)
0.5262 22.33 0.698) 0.4311) 0.5915) 2.0044) 0.14664)
0.5740 21.83 0.68.8 0.4310) 0.5514) 1.8237) 0.16165)
0.6218 21.32 0.648) 0.42893)  0.5314) 1.6730) 0.17465)
0.6697 20.82 0.617) 0.42688) 0.51(14) 1.5427) 0.18766)*
0.7175 20.31 0.587) 0.42485) 0.4913) 1.4324) 0.19968)*
0.7653 19.81 0.585) 0.42284) 0.4712) 1.3322) 0.21q72)*
0.8132 19.30 0.544) 0.42186) 0.4511) 1.2421) 0.22176)*
0.8610 18.80 0.523) 0.41990) 0.43599) 1.1621) 0.23184)*
0.9088 18.29 0.502 0.41797)  0.42192 1.0921) 0.24094)*
0.9567 17.79 0.481) 0.4210) 0.407192) 1.0322) 0.2511)*
1.0045 17.28 0.413) 0.41(11) 0.4010 0.97123 0.2613)
1.0523 16.78 0.445) 0.41(12) 0.3812) 0.9225) 0.2715)
1.1002 16.27 0.449 0.41(14) 0.3915) 0.8727) 0.2717)
1.1480 15.77 0.424) 0.41(15) 0.3718) 0.8329 0.2820
NRQCD action is an issue for future investigation. The results of other two groups, APE and UKQCD, are

We should also note that in Fig. 11 the statistical error inlower than the Fermilab result but still higher than ours. We
our calculation seems much larger than that in the Fermilaimote that in their approach an extrapolation iM}/is nec-
data, despite much larger statistics in our calculation. Weessary to predict th8 meson form factor from the simula-
suspect that the main reason for the large statistical error iion results for lighter heavy quarks. Figure 13 shows such
our data is a larger temporal extent of our lattie=48 an extrapolation. The magnitude ofb, (=[as(Mp)/
compared td\N;=32 in the Fermilab work. The large tempo- @s(Mg)]~?™f°/Mp) in their results agrees with ours, but
ral size and the large distance betweenand tg in our the APE results show a negative glope in contrast to the flat
simulation renders the extraction of the ground state contril/M dependence of our data, leading to an APE value at the

bution very convincing as shown in Fig. 1, which seems

much better than the equivalent plot[itd], but at the same A A A A S
time the statistical noise grows exponentially as the heavy- L ) ] ]
light meson evolves in the temporal directif8i.,32. " ﬁ % ¥ fvk)thvk) 4
o dtif iy,
A comparison of the form factors in the conventional defi- @o,s LT % % 4
i 2 0((2Y i N Ei gy S Y o -]
nition f+(q ) and f (q ) is made in Fig. 12. Results from F LT el L | 900, Ei ______ 1
recent lattice calculations by the ARE], UKQCD [6], and 0.4 §---i--i::§33333333---::£» 7
Fermilab[11] Collaborations are shown in the plot together ~ f777777 k) <
i IR B R B B S
with our data. 09002 04 06 08 10

We find that all data are consistent with each other for
f*(g?), while our result is somewhat lower f6?(g?). Since
f°(g?) is proportional tof (v k) + f,(v-k,) up to a small FIG. 10. Form factors$, (v -k,) + f,(v -k,) (open symbolsand

qurection OfO(U'kw/mB), the disagrgement W_ith the Fer.- fo(v-k,) (filled symbol§ at physical mass parameters. Squares
milab result is the same one as we discussed in the previouygpresent the results $11], while our data presented in Fig. 7 are

subsection. now plotted with gray symbols.
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FIG. 11. Form factors,(v-k,) +f,(v-k,) (open symbolsand
fo(v-k,) (filed symbolg for a fixed momentum configuration
apsz=(0,0,0) andak,=(1,0,0) are plotted as a function of light
quark massam,/uo. Triangles are results of El-Khade al. [11]
for a heavy quark mass close to thejuark mass. Our results are
shown foraMy= 3.0 (circles, 2.1 (squarey and 1.3(diamonds.
Squares and diamonds are shifted in the horizontal direction for
clarity. Lines show the global fi{6.12) and(6.13.

physical point considerably higher than ours. In the relativ-
istic approach, the discretization error may be magnified to-

2
E

ward heavier quarks, since the discretization error scales as a 2473

power ofaM. Therefore, the dependence on the heavy quark
mass can be badly distorted. Furthermore, the heavy quark
expansion becomes questionable for lighter heavy quarks,
and extrapolation with a linear or quadratic function iM}

+0.31 psec?.

FIG. 12. Comparison of the results for the form factbrgqg?)
(filled symbolg andf°(g?) (open symbols Data are from APE7]
(up triangle$, UKQCD [6] (down triangley and Fermilab[11]
(squares Our results are plotted by circles and error bands are
shown by dashed lines.

region. A strategy to determin|&/,,,| is then to measure the

decay rate in the largg® region,q?>18 Ge\?, and to use
the lattice result

2
quax dq2|kﬂ_|3|f+(q2)|2= 1.18+0.37+0.08
18 GeV?

(8.2

may not be sufficient. Such effects are difficult to incorporateT he first error is statistical, the second is perturbative, and
in the extrapolation, and the systematic error can be undethe last error is the error from discretization and chiral ex-

estimated.

VIll. PHENOMENOLOGICAL IMPLICATIONS
A. Differential decay rate

The differential decay rate of the semilepton&®
— o |ty decay is proportional to the form factdr (g2)

trapolation.

B. D—axlv and D—Kl»

— T T r 1 T T

squared provided the lepton mass is neglected: i ]

1.5 -

1 dr G2 I ]

s = KA (@)]% (8. [ i ]

[Vul? de? 247 Lol H% + ' 1

- : . o [ £ b @,Gev')

Therefore, if a reliable calculation of the form factor is avail- L + +~+ + 0 i

able from lattice QCD, the experimental data can be used to 05 ¢ 1]

extract the CKM elemenj/,,,|. Our result for the differential - 44 0, GV 1

decay rate divided byV,|? is listed in Table Xl and T
shown in Fig. 14. %90 0.2 0.4 0.6 0.8 1.0

The momentum configuration where data are available is M (GeV'l)
P

limited to the largeqg? region 18 GeV <q°<21 Ge\?,

which corresponds to small recoil momenta. In the region g 13

As we found in Sec. VIC, the M correction to the
HQET form factorsf,(v-k,) and f,(v-k,) is small. Al-

1Mp dependence of the form factorsb,

above 21 GeY there is no data point because of the large=[ o (Mp)/ag(Mg)] 214 */yMp (filled symbols and @,

P

pion mass in lattice calculations. However, the pole domi-=[ 4 (Mp)/ay(Mg)] 22%° /M, (open symbols at a fixed v

nance near zero recoil regipRqgs.(2.11) and(2.12], which

-k, (=0.845 GeV). Simulation results from the APE Collaboration

is confirmed in part by our lattice calculations, should be-{7] are shown by diamonds, and their linear and quadratic extrapo-
come an even better approximation in that region. Therefordation to theB meson mass is plotted by down and up triangles,
the theoretical uncertainty is under control in that lacgfe  respectively. Our results are given by circles.
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BN e L B IX. CONCLUSIONS
EOAZ E In this paper, we calculated the form factors and the dif-
- : . ] ferential decay rate foB— 7l v on a quenched lattice using
§ 03H P ] the NRQCD action. In the HQET form factofg(v - k,.) and
St Tree ] fo(v-k,), the heavy quark mass dependence appears only in
Ngo.z r| f{% k 1 ] the form of the 1 expansion. From calculations at several
% F AL J I ] ] - ] different heavy quark masses we found that tHe torrec-
a 01K N [ . tion is not significant for these form factors. We found that
:§ - - [ 1 ] the B* pole contribution dominate§™ (q?) for small pion
) S I I R S 5. recoil energy. We also showed that the extrapolation to the
! 18 20 5 222 24 2 soft pion limit suffers from large systematic errors, so that
q (GeV) the discrepancies betwedf(g2,,) and fg/f in the soft

FIG. 14. Differential decay rate of the semileptorBe— ! v pion relation, as seen in the present simulation, are not a
decay. The points with symbols are obtained by interpolation in serious problem. ) .
-k,,, while others involve extrapolations. In order to avoid model dependence, we did not assume
any particular functional form for the form factors. Instead,
though our data are available only for large heavy quarkve carried out an interpolation in the region where our data
massM >3.2 GeV and the charm quark mass is not coveredare available. Although the accessitié region is rather
the result suggests that the semileptonic decay® wiesons, limited, the prediction from the chiral effective Lagrangian
D—alv and D—Klv, may be used to constrain the form may be used to extend the prediction towafd,,, and we
factors, as proposed by Burdmanal. [12]. _ ~ obtained a partially integrated differential decay rate
The idea of 12] is to consider the ratio of the differential j, the region 18 Gevg2<q?,,. We obtained G2/
decay rates oB— wl v andD — 77l v at a fixed recoil energy o
v-k,; then the heavy quark symmetry tells us that the ratic24m°) [ ;7% ,dq?|k,|%f*(g?)[* =1.18+0.37+0.08+0.31
is unity at leading order, and the ratio of CKM elementspsec ! where the first error is statistical, the second is the
[Vyp/Vedl may be extracted without model dependence. Thesrror from the perturbative calculation, and the third is the
method is, however, not very useful unless the size bf 1/ systematic error from the discretization and chiral extrapola-
(and higher ordercorrections is reliably estimated. A lattice tjon.
ca_lculation can be used to evaluate them, as we attempt in The discretization error ab(a?) and the perturbative er-
this work. _ . ror are sizable. The first error can be reduced by performing
In the lattice calculation, the bulk of systematic errors,gimylations at several different lattice spacings and/or using
especially uncertainty in the perturbative renormalization gifferent lattice actions. The reduction of the second error is
are canceled in the ratio of form factors with different heavymore demanding. We need a nonperturbative renormalization
quark mass. This idea was extensively used by the Fermila@ remove it. Another important source of uncertainty, which
group 33,34 in the lattice study of heavy-to-heavy decay, e did not include, is the quenched approximation, whose
namely, B—D®)Iv, in which the heavy quark symmetry effect can be estimated only with simulations including dy-

predicts a stronger constraint and the form factor is evemamical quarks. We are planning future studies in these di-
normalized in the zero recoil limit up to a correction of yections.

O(1/M?) that can be calculated on the lattice. The Fermilab
group also considered the ratio for the heavy-to-light decay
[11]. They calculated the form factors &t and ¢ quark
masses, and found a small but significant mass dependence
in the HQET form factors, which might conflict with our We thank Andreas Kronfeld for useful discussion and for
findings. It is therefore important to extend our work towardproviding us with numerical data for comparison. This work
lighter heavy quarks in order to investigate how the formwas supported by the Supercomputer Project No. 66 of the
factors are modified by the W corrections. We also note High Energy Accelerator Research OrganizatiiiK), and
that for this purpose the nonrelativistic interpretation of thealso in part by Grants-in-Aid of the Ministry of Education
relativistic lattice actiof10] employed in11] is best suited, (Nos. 10640246, 11640294, 12014202, 12640253,
because lighter heavy quarks can be treated without largg2640279, 12740133, 13640260, and 137401K9I.l. and
systematic errors. N.Y. are supported by the JSPS.

ACKNOWLEDGMENTS

[1] CLEO Collaboration, J. P. Alexandet al, Phys. Rev. Lett. [3] C. Bernard, Presented at the 18th International Symposium on

77, 5000(1996. Lattice Field Theory(Lattice 2000, Bangalore, IndigNucl.
[2] CLEO Collaboration, B. H. Behrenst al,, Phys. Rev. D61, Phys. B(Proc. Supp). 94, 159 (2001)].
052001(2000. [4] S. Hashimoto, inProceedings of the 17th International Sym-

114505-18



DIFFERENTIAL DECAY RATE OFB— arlv SEMILEPTONIC DECAY ...

posium on Lattice Field Theory (Lattice '9%isa, Italy, 1999
[Nucl. Phys. B(Proc. Supp). 83-84 3 (2000)].

[5] 3. M. Flynn and C. T. Sachrajda, eavy Flavours I] edited
by A. J. Buras and M. LindnefWorld Scientific, Singapore,
1998.

[6] UKQCD Collaboration, K. C. Bowleet al., Phys. Lett. B486,
111 (2000.

[7] A. Abada, D. Becirevic, Ph. Boucaud, J. P. Leroy, V. Lubicz,
and F. Mescia, hep-lat/0011065.

[8] B. A. Thacker and G. P. Lepage, Phys. Rew&) 196 (1991);

G. P. Lepage, L. Magnea, C. Nakhleh, U. Magnea, and K.[25]

Hornbostel,ibid. 46, 4052(1992.

[9] S. Hashimoto, K.-I. Ishikawa, H. Matsufuru, T. Onogi, and N.
Yamada, Phys. Rev. B8, 014502(1998.

[10] A. X. El-Khadra, A. S. Kronfeld, and P. B. Mackenzie, Phys.
Rev. D55, 3933(1997.

[11] A. X. EI-Khadra, A. S. Kronfeld, P. B. Mackenzie, S. M. Ryan,
and J. N. Simone, Phys. Rev. &, 014502(2001).

[12] G. Burdman, Z. Ligeti, M. Neubert, and Y. Nir, Phys. Rev. D
49, 2331(1994.

[13] For a review, see R. Caslbuoni, A. Deandrea, N. Di Barto-

lomeo, R. Gatto, F. Feruglio, and G. Nardulli, Phys. R2fi,
145(1997.

[14] S. Hashimoto and H. Matsufuru, Phys. Rev. 33, 4578
(1996.

[15] J. H. Sloan, Nucl. Phys. BProc. Supp). 63, 365(1998.

[16] C. T. H. Davies and B. A. Thacker, Phys. Rev.45, 915
(1992.

[17] C. J. Morningstar, Phys. Rev. 8, 2265(1993.

[18] S. Hashimoto, K.-I. Ishikawa, H. Matsufuru, T. Onogi, S.
Tominaga, and N. Yamada, Phys. Rev6D 094503(1999.

[19] JLQCD Collaboration, K.-I. Ishikawat al., Phys. Rev. D61,
074501(2000.

PHYSICAL REVIEW D 64 114505

[20] S. Hashimoto, K.-I. Ishikawa, T. Onogi, M. Sakamoto, N.
Tsutsui, and N. Yamada, Phys. Rev.6R, 114502(2000.

[21] C. J. Morningstar and J. Shigemitsu, Phys. Re\b'D 6741
(1998.

[22] C. J. Morningstar and J. Shigemitsu, Phys. Rexe9)094504
(1999.

[23] B. Sheikholeslami and R. Wohlert, Nucl. PhyB259, 572
(1985.

[24] G. P. Lepage and P. B. Mackenzie, Phys. Rev4&) 2250

(1993.

UKQCD Collaboration, C. M. Maynardt al., presented at the

18th International Symposium on Lattice Field The@rgttice

2000, Bangalore, India, 200QNucl. Phys. B(Proc. Supp).

94, 367 (2001)].

[26] UKQCD Collaboration, V. Leslet al, in Proceedings of the
17th International Symposium on Lattice Field Thepy, p.
313; UKQCD Collaboration, C. M. Maynardt al, ibid., p.
322.

[27] D. Begrevic, presented at the 18th International Symposium
on Lattice Field TheoryLattice 2000, Bangalore, India, 2000
[Nucl. Phys. B(Proc. Supp). 94, 337 (2002).

[28] D. Becirevic and A. Kaidalov, Phys. Lett. 878 417 (2000.

[29] I. W. Stewart, Nucl. PhysB529, 62 (1998.

[30] UKQCD Collaboration, G. M. de Divitiis, L. Del Debbio, M.
Di Pierro, J. M. Flynn, C. Michael, and J. Peisa, J. High En-
ergy Phys10, 010(1998.

[31] G. P. Lepage, Nucl. Phys. 8roc. Supp). 26, 45 (1992.

[32] S. Hashimoto, Phys. Rev. B0, 4639(1994).

[33] S. Hashimoto, A. X. El-Khadra, A. S. Kronfeld, P. B. Mack-
enzie, S. M. Ryan, and J. N. Simone, Phys. Re%1D014502
(2000.

[34] J. N. Simone, S. Hashimoto, A. X. El-Khadra, A. S. Kronfeld,
P. B. Mackenzie, and S. M. Ryan, Proceedings of the 17th
International Symposium on Lattice Field The¢a}, p. 334.

114505-19



