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We present a study of the heavy-light spectrum and obthandB-meson decay constants. The results were
obtained in the quenched approximation, by using the nonperturbatively improved clover lattice ag@ion at
=6.2, with a sample of 100 configurations, on & 244 lattice. After a careful analysis of the systematic
errors present in the extraction of the physical results, by assuming quite conservative discretization errors, we
find fp =231+12°F MeV, fp=211+14"%, MeV, fp /fp=1.102), fg =204+16"5° MeV, fg=179
+18*34 MeV, fg_/fg=1.14(3) 1. Our results, which have smaller discretization errors than many previous
estimates at flxed value of the Iattlce spacmgupport a large value dfz in the quenched approximation.
[S0556-2820199)00317-3

PACS numbgs): 12.38.Gc, 12.39.Hg, 14.40.Lb, 14.40.Nd

. INTRODUCTION fox = 245+ Zotg MeV,
In this paper, we present the results of a lattice calculation fD*
of physical quantities of phenomenological interest for heavy foe =272+ 16f30 MeV ( ) 1.113),
quarks, such as their mass spectrum and decay constants. In s fpx
order to reduce the systematic errors, we have performed (1)

calculations using the most recent developments in the lattice

approach: namely(1) the non-perturbatively improved lat- Where fpx and fpx are the vector-meson decay constants.
tice clover actiorj1], which we denote as the “alpha action” The latter quantmes are not measured experimentally, but
[2—4] (see also Ref.5]), with the coefficient of the chromo- enter the calculation of two-body nonleptofialecays com-
magnetic operator computed in R¢BJ; (2) nonperturba- puted using factorizatiod12]. Thus, they are useful for
tively improved vector and axial-vector currents, the renorchecking the factorization hypothesis with charmed vector
malization coefficients of which have been computed, usingnesons in the final states.

the Ward identities metho®2,6,7], in Refs.[3,4,8. The use (iil) For B mesons, we find

of nonperturbatively improved actions and operators allows

us to reduce the discretization errors@a?). This is par- fg=179+18"3" MeV,

ticularly important for heavy quark physics since, in current

lattice simulations, the typical heavy quark magsis rather fg

large, mpa~0.3-0.6. fg,=204=16°3° MeV, (f—) =1.143)*]

Since the coefficient of the clover term is known nonper- B
turbatively, the hadron spectrum is definitively improved to
O(a?). Unfortunately, the program of removing all ti¥a)
corrections in the operator matrix elements out of the chiral

fgs =196+ 2473° Mev,

limit has not been completed yet, although strategies to this o fB; i
purpose already exi§®,10]. For this reason, in some cases, fgr=229+20"15 MeV, for =1.174)"3
we have used the improvement coefficieng ( ¢y, by) )

evaluated at first order itboosted perturbation theory11],
thus leaving us withO(aam) corrections, wheren is the  Following Ref. [13], we have also directly computed the
relevant quark mass. ratio

After a careful analysis of the systematic uncertainties
present in the extraction of the physical results, by assuming B 1o
quite conservative errors, and bearing in mind the systematic o =0.78+0.04 5 ()
effects due to the quenched approximation, the main results ©
of our investigation are the following.

(i) For D mesons we find

fp=211+14"2, MeV,

from which, using the experimental resultgjp):254
+31 MeV[14], we find

f
fp =231+ 12j§ MeV, (is) =1.102), This value has been regently updated by the same authors and
s fo reported to us by F. Parodi.
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fg (o) as results and errors have been obtained with a statistical
fp=7—X f5.»'=[198+24(exp “ij(thed] MeV. (4)  sample of 100 independent gauge field configurations, using
Ds the jackknife method with different decimations. We have
Although with a larger error, the result in E¢g) is well used the nonperturbatively improved lattice clover action,
compatible with the value given in E¢Q). with ¢ =1.614[3]. We work with four values okjign, and
(iii) To reduce the effects of the quenched approximationfour Kheayy: 0.1352 (), 0.1349 (), 0.1344 (),
we have also used the Grinstein double-ratio metfihes-  0.1333 (¢, ); 0.1250 (), 0.1220 (. ), 0.1190 .),
- 4 1 2 3
trated below, obtaining 0.1150 (<n,). From the study of the light-hadron spectrum,
fo fo we obtained  a (mg«)=2.75(17) GeV, kit
fo==2=1195), rg=—"=1.236), =0.135845(25), k,=0.135804(26), «s=0.13482(12),
fp fg where k corresponds to the light quark mass, (with g
=u,d), and kg to the strange-quark mass;. The above
f_B:0_7lt 0.04" 11 (5) values have been obtained from the physical pion and kaon
fo 0 masses, by using the method of physical lattice pldhéf
All details regarding light hadron spectroscopy and decay
The latter ratio would give as the best estimateffgr constants can be found in Ref47,18|.
va1 For the mass spectrum, following the standard procedure,
fg=[180+26(exp “15(theg] MeV. (6)  we measured suitable two-point correlation functions, from
which we can isolate the lowest lying states

S

With the double ratio method we also obtained
rg/rp=1.034). (7) C,(0=2 (0]3(x,1)J'(0)[0)
X

(iv) We made a detailed study of the hyperfine splitting
. t>0 Z

and of the scaling laws for masses and decay constants, as _)_Je—MJT/chS,{MJ(?_t”'
predicted by the heavy quark symmetry. The results of this sinh(M ;)
study can be found below. _ _

We now give the details of our analysis and of the meth-whereJ=Jps= Qy5q or JEJ{<,=kaq. In Fig. 1, we show
ods used to extract the different physical quantities. Sincehe effective masses for the pseudoscalar and vector heavy-
most of the techniques are by now standard and have bedight mesons at fixed heavy quark mass. By inspection, we
describedad abundantianin the literature’ we only focus  established the fit intervalse [20,28 andte[22,28), for
on those points which are either less common or new. Morghe pseudoscalar and vector cases, respectively. The resulting
details on the calibration of the lattice spacing and on theseudoscalar and vector masses in lattice units, as well as the
extraction of the hadron masses and matrix elements can bratrix elementsZps=|(PS{E=0)|Jpd0)|? and 2, =|(V(p
found in Refs[17,18. =0;\)|J%]0)|?, are listed in Table I.

The remainder of this paper is organized as follows. In  We used the standard procedure to extract the pseudo-

Sec. II, we list the main parameters of our simulation andscalar and vector decay constants. This procedure consists in
introduce the basic notation necessary for the discussion @falculating the ratios

the results. The heavy-light meson masses and decay con-
stants in lattice units are also given in this section. Since the PO
systematic effects related to the extrapolation/interpolation to z (Ao(x,1)P(0)) M T

the physical point, although related, are quite different in the X —ﬁp—Ptanl‘{ M P<_ —t) } (9
two cases, we present separately the physical predictions for E (P()Z t)P(0)) \/Zp 2

D andB mesons, in Secs. Il and IV, respectively. In Sec. V, M '

we discuss the scaling laws predicted by the heavy quark
effective theory(HQET) and other related subjects.

8

Z <\A/i()zyt)\7i(0)>2M\Z/IA:\ZIe_Mv(T/Z)
Il. LATTICE RESULTS X

In this section, we give the essential information about XCOS}‘{M\/(;—IH, (10
our numerical calculation and establish the basic notation.
We then present our results for the heavy-light meson massgs,are we assumed the usual definitions
and decay constants in lattice units.
The numerical simulation has been performed on & 24 <0|A0|P515=0))=”3Ps]\/| bs
X 64 lattice, at3=6.2, in the quenched approximation. All '

(O|Vi|V(p=0;\))=ie™MF My . (11)

2Reviews, with complete lists of references, can be found in Refs. We denote decay constants and meson masses in lattice
[15,16]. units by capital letters, and the hat reminds us that the quan-
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0.90 ‘ : . ‘ TABLE I. Mass spectrum of heavy-light pseudoscalar and vec-
Pseudoscalar meson tor mesons in lattice units.
; (x,=0.1220) ]
085 | ¥ - “Flavor”
g Porop o, f o s etz ] content Mps Zps My Zy
[} 3 3
§ 0.80 & e, . 1 h,—1,  1.025819 0.02549) 1.048921) 0.012@6)
% % - ' s, g A 3 4 h,—1;  0.986829 0.019811) 1.010433) 0.00917)
o i
% ios o 2 ¢ ; Q__@__é_&éj_t%_é 5 1 h,—1,  0.969645 0.017616) 0.992@52) 0.00779)
075 | r¥gord-rS4 h,—1;  0.958467) 0.015822) 0.978377) 0.006511)
Platoan hs—l,  0.914317) 0.02378)  0.942G20) 0.01085)
0.70 L e hs—l;  0.874625 0.01869  0.903232 0.00806)
150 Zogime 250 300 hs—l, 0.856938) 0.016613) 0.884449) 0.00687)
hy—14 0.845856) 0.015@18) 0.87072) 0.00579)
0.95 .
Vector meson h,—1, 0.825816) 0.022%7) 0.857720) 0.00934)
090 | (,=0.1220) 1 h,—1;  0.785123) 0.01788) 0.818%31) 0.00715)
. ] h,—1,  0.766934) 0.015711) 0.799447) 0.006Q6)
% 085:, = or oo, s % s g 7 h,—1;  0.755848) 0.014415 0.785368) 0.00518)
& L B N S h;—I,  0.730413) 0.01995  0.768321) 0.00793)
§ ool * " 5 3 S0 5 oo - s t hy—l;  0.689419) 0.01616) 0.729530) 0.00623)
a ' E'_E_i-:i_%:é_? 21 h,—1,  0.670727) 0.01459)  0.709942) 0.00524)
i T hi—1;  0.659437) 0.013612) 0.696@57) 0.00455)
0.75 - 8
r Plateau 1
15.0 200 ) 25.0 300 <&Op(t)P(o)>—sinr(M 9 14
Time —<P(I)P(O)> P

FIG. 1. Effective masses of heavy-light pseudoscalar and vector
mesons as a function of the time in lattice units. In each figure, the bs Z1
heavy quark mas&orresponding ta,=0.1220) is fixed, and com- aF(Pls)z MV sinh(Mpg and aFﬁ,l)zM—'SinF( My).
bined with four different light quark masses. PS v

(19
tity is improved andenormalized In practice, one first par- The values of the decay constants are given in Table II.
tially improves the bare lattice currertfor clarity, we write The improvement coefficients and the renormalization
the lattice spacing explicitly): constants are catalogued in Table Ill, where we also display
the one-loop results obtained by using boosted perturbation
(0|Ao|PSp=0))—(0|Ag|PS +ca(0]adoP|PS theory (BPT) at 8=6.2[11,20.2 Recall that the corrective
N ) () coefficientsb; enter with the “average” quark mass defined
=iMpdFpg+caaFps), asam=am; = 3(am+amy), where the bare mass is the one

derived from the vector Ward identity, namely,
(O[Vi|V(p=0;)))—(0[V|V)+c\(0]adeTio| V)

=iMeMFP+cvafP), (12 am=s

1 1
—— —) . (16)

Ki  Kerit

and then multiplies the currents by suitable overall factors In the following, we denote byn, andmg the generic light
and heavy quark masses, whereas the quark masses ex-
e () (1) pressed in terms of the corresponding hopping parameters, as
Fp=Za(1+baam)(Fp"+caaFe’) in Eq. (16), are denoted byn, or my,.
[Za(M)=Za(1+baam)], Note that, in spite of the nonperturbative determination of
cy, we used the perturbative vale8§” "= —0.026. First, we
- ) (1) find the nonperturbative result of Ref[8], c{”
Fv=2y(1+byam(Fy +cvaky) =—0.214(74), surprising because it is one order of magni-

[Zv(m)=ZA(1+byam)]. 13

In the calculation of the different correlations above, when 3This corresponds to the use gf=1.256, in the perturbative
the lowest state is well isolated, we may use formulas.
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TABLE Il. Heavy-light decay constants in lattice units.

K1K7 FQ —c,aFEUFR Fps F{ —c,aFPIFY Fy

hsl,  0.095716) 0.073G6) 0.0887(15)  0.104321) 0.02762) 0.1014(21)
hy-l5 0.086923) 0.07026) 0.0917(29) 0.094230) 0.026@4) 0.0740(23)
h,l,  0.082535) 0.06948) 0.0859(42)  0.088144) 0.02516) 0.0698(34)
hy-11 0.079348) 0.068710) 0.0803(58) 0.082360) 0.0247%9) 0.0658(48)
hs-1, 0.098215) 0.06646) 0.0917(14) 0.108921) 0.023%2) 0.1063(20)
hyls  0.089621) 0.06396) 0.0839(20)  0.099G30) 0.02213) 0.0969(29)
hsl,  0.085330) 0.06308) 0.0799(28)  0.092842) 0.02145) 0.0908(41)
hyl;  0.082242) 0.062510) 0.0771(39)  0.087059) 0.02087) 0.0852(57)
hy-l,4 0.099914) 0.0615%6) 0.0938(14) 0.112621) 0.02062) 0.1103(20)
h,-ls  0.091619) 0.05916) 0.0862(18)  0.103229) 0.01933) 0.1012(29)
h-l,  0.087527) 0.05838) 0.0824(25)  0.096941) 0.01864) 0.0951(40)
hy-14 0.084637) 0.05789) 0.0797(35) 0.091@57) 0.01816) 0.0894(56)
h,-l,  0.100915) 0.05645) 0.0953(15)  0.115420) 0.01781) 0.1134(19)
h,-l;  0.093318) 0.05446) 0.0883(18)  0.107829) 0.01652) 0.1060(29)
h,-l,  0.089524) 0.05369) 0.0847(23)  0.101540) 0.01593) 0.0999(39)
h,-l;  0.087G32) 0.05319) 0.0823(30)  0.095755) 0.01585) 0.0942(54)

tude larger tharS"". This possibility is not excluded pri- ~ trary to what is predicted by heavy quark symmetry. More

ori, but it is difficult to accommodate it in the pattern of all details on this scaling law will be given in Sec. V. For these
other improvement coefficients: when known nonperturbareasons, we find it safer to use tbg’". We believe that the
tively, their value is always close to the correspondingpreliminary determination otﬁ\'jp in Ref.[8] has some prob-
(boosted perturbative one and never differs by one order oflem and prefer to wait for the final results.

magnitude. Secondly, by using)"=—0.214(74), the ratio Lattice energy-momentum relatioRollowing a previous

of the vector to the pseudoscalar meson decay constangalysis of the lattice energy-momentum relations, per-

fus /fy badly fails in approaching 1, @d, increases, con- formed with light-light meson$17], we studied the heavy-
light, as well. For that purpose, we also needed to calculate
TABLE IIl. Improvement coefficients. In boosted perturbation the correlation functions with the three momenta injected to
theory g?=1.256. For the perturbativg;’s, we usedcsy~=1.614.  the mesor(we present the case of pseudoscalar meson
The values which have been used in our numerical calculations are
marked in bold.

. 27
Renormalization constants P=1a %{(1,0,0:;(1,1,0;(1,1,1)}. (17
(in the chiral limi
Quantity Zy Zp . .
BPT 0.846 0.862 From the fit(on the same intervale[20,28)) of the two-
Nonperturbative 0.793 0.809 point correlations for a given momentupmwe extracted the

energyE(p). The form of the fit we use is the same as in Eq.
(8), after replacingM ;—E(p). Then, by using the dis-

Coefficients for the improvement . » .
cretized free-boson energy-momentum relatigm lattice

of the bare operators

units)
Quantity Cy Ca
BPT —0.026 —0.012
. - 3 -

Nonperturbative —0.214(74) —0.037 E(p) M’

sink? Tp =sini? - +> sir? g (18

i=1
Coefficients for the renormalization constants I
improvement(due to explicit mass term

Quantity by ba we determinedVl ;s from the measured values B{p). The
BPT 1.242 1.240 results forMpg are in excellent agreement with those ob-
Nonperturbative 1.404 not calc. tained for the rest magddl pg (listed in Table ). We list the

energies and masses in Table IV. We also quote the value of
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TABLE IV. Energies of the pseudoscalar heavy-light mesons. Masses are extracted using the lattice
dispersion relatiori18) and are to be compared wiMpgin Table I. In the last column, we give the values

of the kinetic mass.

“Flavor” content

Ep=(100) [Mpgl

Ep-1.10) [Mpgl

Ep=(1.11) [Mpd]

kin
M PS

hal g
hal
hal
hals

ha-l,
hs-l3
hs-l,
ha-14

hol
hy-l13
PR P
ha-1;

hyl
hy-l
ha-l,
ha-l3

1.0552) [1.027(3)]
1.0173) [0.988(3)]
1.0005) [0.970(5)]
0.9896) [0.959(7)]

0.9472) [0.916(2)]
0.9093) [0.875(3)]
0.891(4) [0.857(4)]
0.8806) [0.845(6)]

0.8632) [0.827(2)]
0.8243) [0.786(3)]
0.8064) [0.767(4)]
0.7955) [0.755(5)]

0.7732) [0.732(2)]
0.7343) [0.689(3)]
0.7164) [0.671(4)]
0.7055) [0.659(5)]

1.081(3) [1.028(3)]
1.0434) [0.987(4)]
1.0276) [0.969(6)]
1.0158) [0.956(9)]

0.9783) [0.916(3)]
0.9394) [0.874(4)]
0.9226) [0.855(6)]
0.9098) [0.840(9)]

0.8973) [0.827(3)]
0.8584) [0.783(4)]
0.8406) [0.764(7)]
0.8268) [0.748(9)]

0.8113) [0.731(3)]
0.7724) [0.687(5)]
0.7546) [0.666(7)]
0.74Q9) [0.650(10)]

1.1084) [1.029(4)]

1.0706) [0.987(6)]

1.0548) [0.969(9)]
1.04013) [0.954(14)]

1.0084) [0.918(5)]
0.9696) [0.873(7)]
0.95210) [0.854(11)]
0.93513) [0.834(15)]

0.9305) [0.829(6)]
0.8908) [0.782(9)]
0.87311) [0.762(13)]
0.85515) [0.740(17)]

0.8486) [0.732(7)]
0.80810) [0.685(12)]
0.79114) [0.663(17)]
0.77118) [0.639(22)]

1.24425)
1.228393)
1.22251)
1.25683)

1.08219)
1.06526)
1.06342)
1.09767)

0.96Q17)
0.94121)
0.94Q35)
0.96356)

0.83415)
0.81518)
0.81128)
0.82246)

the kinetic mass which we extracted by following R&f5].*

=u, d, ands). This was achieved by using the method of

We observe that in our case the kinetic masses are larger apghysical lattice planes. In Ref17], we extracted the
. y T

have bigger statistical errors. On the other hand the latticg,q the hypothetical pseudoscalai
dispersion relatiori18) describes our data very well as it can

be seen in Fig. 2, where we compare lattice data to the con- ) : L .
generic physical quantity in the heavy-light meson sector

tinuum energy-momentum relation too.

We conclude that, at least in the range of masses consi
ered here, the difference between the rest mass and the k'rmH(
netic mass is negligible if one uses the lattice dispersion

relation. In this respect the light-light and heavy-light cases

show exactly the same features. The agreemei @f with
M psdemonstrates, however, that the difference betviégg

which (when

7ss’

squaregiare proportional tan, andms, respectively. For the

é[nH(mh ,m;), we use the following form of fit:

My, My )= ah"_IBhMI%s(mli-mli)"' Yh[Mgs(mli,mh)]z,

(20

where the heavy quark masse., «;,) is kept fixed. The
coefficients of such a fite,, Br, vn, are then used to ob-

and ME2 is an artifact of the nonrelativistic expansion. We tain Imy(m,,mg) and Imy(m,,ms), by inserting on the

do not know whether this remains true whighpa>1.

Ill. D-MESON SPECTRUM AND DECAY CONSTANTS

right-hand side of Eq(20), M2 and Mf,ss, respectively. In

practice, it turns out that the lineaty{(=0) and quadratic

(vn#0) fits give essentially the same results for any physi-
cal quantity considered in this stufiyn Fig. 3, we show this

In this section, we discuss thB-meson spectrum and effect for the pseudoscalar decay constant. Therefore, in all
decay constants. Preliminary results of this study were giveresults that we present in what follows, whenever a quantity
with light quark flavorg and/ors is mentioned, it means that
In Table V, we tabulate the results for the heavy-lightthe linear fit in Eq.(20) is performed, i.e.;y,=0.

in Ref.[22].°

meson massell ,(m;,,m;) obtained from a linear extrapo-
lation (interpolation in the light quark masgto reachq

“The kinetic mass is defined in second paper of R25], as

E(p)*=M3g+

MPS 52+
M kinetic '

Having fixed the light quark mass, we now want to inter-
polate in the heavy quark mass. In the framework of the

HQET, the functional dependence Mgy, on mg is

(19

whereM pgis obviously the mass of the meson at rste Table)l

5See Ref[23] for preliminary results from the UKQCD Collabo-
ration and the APETOV group.

A1

Mg

errors in extrapolated results.

074501-5
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FIG. 2. The energy-momentum relation on the lattigg:a rep-
resentative cas@seudoscalar meson with,,-«|,); (b) the worst
case(the heaviest heavy and the lightest light quahk both figures
the dashed line corresponds to the continuum relatiéf: M3
+p?, and the solid line to the lattice free boson relatias).
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F, (k,=0.1220,x,)

-
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L
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an M: MPS (KI’KI)
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FIG. 3. Fits oﬂA:pS in the light quark mass, at fixeah,. The
filled circles denote data directly measured. The dashed curve and
empty circles refer to the linear fit and extrapolated points. The
dotted curve and empty squares to the quadratic fit and extrapolated
points. The heavy quark mass corresponds,{p

where A is the so-called binding energy, , are the first
(flavor-spin symmetry breaking correctiorglescribing the
kinetic and chromomagnetic enejgyand k=3(—1), for
JP=07(17). The improvement of the quark mass brings in
the quadratic terms im,, i.e.,my—my(1+b,m,), and dis-
torts all the coefficients in the expansi¢2l). The term of
orderm? originates only from the lattice artifacts, and thus is
always proportional tdb,,. The interplay between power
corrections in Ihy and discretization effects, however,
modifies the “effective” value ob,,, i.e., the coefficient of
the quadratic term imy,. To investigate this point, we study
the behavior oM, in my,, at fixed light quark massy . In
the D case, we use the following expression:

TABLE V. Mass spectrum and decay constants of heavy-light

pseudoscalar and vector mesdmss andh;-q denote mesons com-
posed by a heavy quark with masg, and a strange or a lighti(d)
quark, respectively. All the results are expressed in lattice units.

“Flavor”
content Mps Fps My Fy

he-s  0.9721(61) 0.0870(36) 0.9947(62) 0.0992(49)
hs-q  0.9414(58) 0.0783(47) 0.9635(65) 0.0875(61)

hs-s  0.8595(56) 0.0856(30) 0.8871(61) 0.0986(45)
hs-q  0.8281(50) 0.0774(39) 0.8555(62) 0.0877(56)

h,-s  0.7697(53) 0.0845(26) 0.8022(61) 0.0985(43)
h,-q  0.7375(43) 0.0768(33) 0.7702(59) 0.0881(53)

h,-s  0.6736(49) 0.0831(22) 0.7126(62) 0.0985(40)
h,-qg  0.6409(35) 0.0761(29) 0.6804(54) 0.0896(51)

Mp(mp,mg) —a mp
=A( mhi — Meparm [ 1+ B( rnhi + Meharm 1 (22

wherea mp is the experimental meson mass in lattice units,
amp=0.68(4) [similarly we fit My (my,mg)—a mps«,
etc.]. From the fit of our data to Eq22), it turns out that the
resulting value fork amis stable forBe[ —0.4,—0.2]. The
minimum x? is reached forB=—0.32. We have also per-

formed the linear fit(corresponding ta3=0), and the fit
BPT

with B=b,, =—0.652[11]. The different values that we
obtain for k¢namwith different fits(linear, quadratic or using

b;PT) differ by about one per mille. We quote
Keharm=0.123114). (23

It can be argued that a fit of the spin-average mlla_(s$
=(3My+Mpg/4, to extractknamiS more suitable, because
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G T ‘ é‘ o T ] TABLE VI. Hyperfinesplitting,Ma*—Mﬁin Ge\2.

T Heavy q s

. ool P ] hy 0.39353) 0.40850)

£ | 5 B8 s MY coums | h, 0.36757) 0.38352)
= I %ﬁ . L B i hs 0.34261) 0.361(54)
W T % %% . ] hy 0.31068) 0.33057)

=004 .
=

7 Mps —Mp_=0.035430) —mpx —mp_=97(13) MeV,
002 L L L 1 L L L 1 L L L 1 L L L 1 L L L
0.6 0.7 0.8 0.9 1.0 1.1 which confirms that théspin) mass difference isystemati-
(3M, + M,;, )4 cally smaller than the experimental one, regardless of the
7 PSpy

procedure we use. Since we found a reasonable agreement
FIG. 4. Hyperfine splitting for heavy-light mesons in lattice for the hyperfine splitting in the light-quark sec{dr7], the

units. The gray line shows th@pproximatg experimental slope. discrepancy in the heavy-quark case is probably a signal of
The stars mark the physicmZD* —m3 and mé*—mZDS splittings. large residuatd(a®) errors. We believe that the discrepancy

° cannot be entirely attributed to the use of the quenched
spin forces of0(1/mg) are canceled in this combinatipsee approximatior. _ o o
Eq. (21)]. For B=—0.32, corresponding also in this case to _ Our results for the hyperfine splitting are shown in Fig. 4.
the minimum 2, we obtain kam=0.1232(14). Since the From that figure, we note the qualitative agreement between
differences for theD-meson masses and decay constants ate dependence of the splitting on the light-quark mass mea-
obtained by using the two values &fyqmis very small, in sured on the lattice and its experimental counterpart. More-
the following, whenever we refer tog,,m, the value(23) is ~ over, the dependence of the hyperfine splitting on the meson
understood. Usin/, as a physical inputto fix xcpam), we ~ Mass is not dramatically larger than the experimental one,

can make several predictions for other meson masses ~ 'epresented by a gray line in the figure. This is to be con-
trasted to the case of the unimproved Wilson action, where

Mp=input, Mp«=0.72542), the lattice slope is by far larger than in the present ¢asg
showing a clear effect of improvement, although insufficient
Mp =0.73346), Mpx=0.76§45), to describe the experimental numbers. In Table VI, we list
S s (24) the results extrapolated in the light quark mass, at fixgd
We now discuss the physical results for themeson de-
which in physical units give cay constants. We first extrapolate the results, in the light
quark mass, at fixeth,, by using a formula similar to Eq.
mpx=1.99224) GeV, mp =2.01318) GeV, (20), i.e.,
Mo+ =2.11421) GeV, (25) Fr(my,my) = af+ BLMpdmy, m,). (28)
S

The results of this extrapolatiom; —mgy andm; —ms, are

given in Table V.
mgfp):2_008 GeV, m(Dexp): 1.968 GeV, To handle thg pro_blem of extrapolation in the heavy-
s quark mass, at fixed light-quark mass, we rely on the heavy
quark symmetry. The relevant scaling law is

to be compared to the experimental numde4]

mP=2.11227) GeV. (26)
’ ; ~®(my) @’ (my)
We obviously fail to obtain the experimentally measured " Um, d(mymy )
mass difference. We get

(29

where ®(my), ®'(my) depend logarithmically on the
mass, e.g.,CID(mH)~a;2'b°(mH)(1+ O(ag)).B In the inter-
_ ) val of masses considered in this study, the logarithmic cor-
which is to be compared to ”(D;*_mDs)(exm rections are negligible. For this reason, in our fits, we used
=143.8(4) MeV.

An alternative procedure is to consider the ralig /C__,

from which the vector-pseudoscalar mass difference can be’Quenching is always a joker-argument when we are unable to

Mpx —Mp = (97+12) MeV, (27

directly extracted. By using this method we get solve or explain a problem in lattice calculations.
8We prefer to give the scaling law in terms of the hadron nmags
Mpx —Mp=0.035439)—mp+ —mp=97(15) MeV, rather than the heavy quark mass.
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TABLE VII. Pseudoscalar decay constants fdrmesons using the scaling law in EO). Results,
including the KLM factor discussed in the text, are given in the lower part of the table.

where®,, ®,, and®, are constants. At the physical point
My=amp (corresponding tac,= k¢harm,» We read off the

valueFp, in lattice units. To express it in physical units, one

fDq [MeV] fo, [MeV]
No KLM factor linear in 1M quad. in 1M linear in 1M H, quad. in 1M H,
fo, usingF 201(22) 20021)
fp, UsingFy 23918) 23816)
fp, usinga ™ 1(myx) 213(14) 212(15) 233(11) 232(12)
fDq [MeV] fo, [MeV]
With KLM factor linear in 1M quad. in 1My linear in 1My,_ quad. in 1M}
fo, usingF 19922 19821)
fo, usingFy 237(17) 236(16)
fp, usinga™ 1(myx) 211(14) 210(15) 231(12) 230(13)
~ P b =F < f(exp)
FudMiy= 0o+ o+ o (30) o = Ree (Menarm Mg) X £,
H H

fD: - IQH: (Meharm, Ms) X f(Ke’z(p) ) (32

The experimental values of the decay constants that we use

simply multiplies bya . The same procedure can be used

for the vector-meson decay constants.

Another possibility, is to consider the ratié,(m;,m;)
fﬁH(mh,m.)/ﬁps(mq,ml) and Ry =F s (myy,my)/
Fyv(mg,m;), and to extrapolat®,(m,,m;) in m; andm, by
using Eqgs.(28) and (30), with the obvious replacemeifty
—Ry [Ie'n',p:ﬁPS,V(mCI!mq)! IEK,K*:IEPS,V(mqims)]- The

are the following ones[24]: f®P=131 Mev, &P
=160 MeV, f(®P=208(2) MeV, f:P=214(7) MeV.

The results are given in Table VII. We also give the decay
constants obtained by including the Kronfeld-Lepage-
Mackenzie(KLM ) factor which we discuss in Sec. IV. The
differences can be used for an estimate of the residual
O(a?), discretization errors in the determination of the ma-
trix elements. In Table VIII, we list the corresponding results

physical values of the decay constants are then obtained B9r vector mesons.

using
fp= IA?H(mcharm mq) X fsrexp) )
f D™ |AQHS( Meharm, Ms) X fﬁ(exp) )

and similarly for the vector mesons

Whether we use a linear or a quadratic fit to interpolate to
Keharme OUr results in theD sector remain practically un-
changed. In order to illustrate the stability of the resultsdor
mesons, we also show in Fig. 5, the results of the linear and
quadratic fits in .

The observed stability makes these results quite remark-
able: we use the nonperturbatively improved action, the op-
erators and the renormalization constants are also improved,

TABLE VIIl. Vector decay constants for charmed-mesons obtained by using the scaling law (B0EQ.
Results, including the KLM factor discussed in the text, are also given.

fD* fD; [MeV]
No KLM factor linear in 1M quad. in 1M, linear in 1M H, quad. in 1M H,
for usingF, 246(30) 244(32)
for using F 25517) 25319
fDI* usinga ™ Y(myx) 248(19) 246(21) 275(15) 273(16)
fD* fD: [MeV]
With KLM factor linear in 1M: quad. in IMy linear in IMy_ quad. in 1M
for usingF, 24331) 241(33)
for using F 25218 251(19)
fDI* usinga ™ 1(mx) 245(20) 243(21) 272(16) 270(16)
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7 ] 010 e
« . 009 - & F 1
s @ L [ ] Hq mesons 1 L 12 q
T PCh O H, mesons g 0.09 | [ ] FH MH (bare) -
= Ll — Linear fit ] : 4 4 1
I& 0.08 N \(}n\\\ - Quadratic fit 7 [ ]
< a \‘} . R, T 1 0.08 |- ]

e \\+ ”‘(* \é\w,ﬁ 0.07 | .
S R

‘ ] 0.06 - -
1.00 1.20 140 1.60
1/MH(q,s) 0.05 [ ' 1 ' L " 1 " ' L 1 ) " ) 1 '
: o 1.00 120 140 1.60
s 01l - 2 ”MHq
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z : L T %\ ~ - Quadratic fit i A 12 |
e » \ | [ 3>%> 0.09 - OF, M (no KLM) |
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oo | \% . % 0.08 | .
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Mg 0.06 | ® -
FIG. 5. Results of the linear and quadratic fits for pseudoscalar ‘ . . . ‘ ‘ ‘
and vector mesons, in lattice units. The gray dashed lines corre-" 1.00 120 1.40 1.60
spond tof, (fp), andfp« (fp+), respectively. 1M
s’ s H

q
the results obtained by using the heavy quark scaling laws
are unChanQEd regardless of whether we take quadratlti 1/My . The two figures illustrate the influence of the renormal-
(1/MH) corrections into account or not, the results are pracs, iion constanZ(m) on the 1M, dependence of the decay con-
tically insensitive to the presence of KLM factors, and thereg,
is no important dependence on the quantity chosen to fix the
physical normalization. The errors that we quoted in &g,
are obtained in the following way: a central value is fixed byimportant effects may arise. On the one hand, the inclusion
the result obtained from the linear fit inN{, , with the scale  of the quadratic ternd, /M, in Eq. (30) may change appre-
fixed by my«, and the KLM factor included; we quote the ciably the results of the linear fit, on the other tti§a)
statistical error as estimated using the jackknife procedureorrectiond O(a) terms proportional t@y 5 andby, 5 in Eq.
and all the residual differences are lumped into the system3)] become much larger. This is to be contrasted to the
atic uncertainty(the difference between the central values ofcase ofD mesons, where the inclusion of the quadratic cor-
the results obtained by using different quantities for the scalgections leaves the results essentially unchanged, see Tables
fixing, and the difference with the central value of the resulty|| and VIIL.
obtained from the quadratic fit in Wy). It is also worth The effect ofc,, ¢y, by, andb, is sizable for the scaling
noticing the remarkable stability of the raligs/fD [see EQ. pehavior off g g«. Note also that if we used\’\}P, this effect
(1)], although it may be questioned whether we are reallywould be huge for the vector decay constant. For instance, in
able to predict the S(3) breaking properly in the quenched the range of quark masses considered in our simulation, the
approximation. More discussion on this point will be given renormalization constani, ,(m), defined in Eq.(13), in-
in Sec. V. crease by 20-50%, relatively to their values in the chiral

limit. Since Zy(m) and Z,(m) are multiplicative factors,
V. B MESONS their effecf[ i; very import_ant.for the extrapol.atilon to tBe
sector. This is illustrated in Fig. 6: whety(m) is included,

In this section, we present the results of ¢hérapolation  we note that the quadratic fit is more desired, although the
of the decay constants to tleemesons, and discuss the dis- linear one is compatible with the data. The embarrassing
cretization errors in the extrapolation. When extrapolatingpoint is that the values ofy andfg+, as obtained from the
the raw data obtained famn,~mcnam t0 the B sector, two  linear and quadratic fit, are hardly compatible, see Tables IX

FIG. 6. Heavy-light pseudoscalar decay constant as a function
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TABLE IX. Pseudoscalar decay constants Bomesons using the scaling law in E§0). Results with the
KLM factor included are listed in lower part of the table.

qu [MeV] fg, [MeV]
No KLM factor linear in 1M quad. in 1M linear in 1M H, quad. in 1M H,
fg, usingF, 17619 20827)
fg, usingFy 217(14) 25520)
fg, usinga ™ }(myx) 187(19) 220(25) 212(16) 249(20)
qu [MeV] fg, [MeV]
With KLM factor linear in 1M quad. in 1My linear in 1My,_ quad. in 1M
fg, usingF, 170(18) 19325
fg, usingFy 20913) 23819)
fg, usinga ™ 1(myx) 179(18) 205(24) 204(16) 232(19)

and X. This is particularly pronounced f&*) mesons. The
illustration is made in Fig. 7.
The curvature in the fit tog could partially be induced by

rections may in principle modify our resulting systematic
error, but that is beyond the scope of our study. The results
which include the KLM correction are given in the lower

O(a®) terms, still present in the calculation of the matrix part of Tables VII-X. In the case @ mesons, the effect of
elements. A possible way to account for some of these efKLM is indeed negligible. In the case & mesons, we ob-

fects is through the so-called KLM factp25]. In our case,
this means that, besides the factor+({i; ma) already in-
cluded in the definition of the renormalized curre(it8), we
may try to include the effects of higher order termsria, by
using the following relation:

JVi+am,y1+am,

Zy(my,m)=2,(0) Tram

(1+byam)

=Z5(0)(1+byam)+O(a?), (33

wheream= (am,+am)/2, andam; is the usual expression
for the bare quark mag46). Equation(33) is a consequence
of the redefinition of a quark fieldj—+1+amq (in the
KLM way), which comes from the comparison of tfree

lattice quark propagator to its continuum counterpart. Thus,

in addition to the elimination of(a) effects, the KLM fac-

serve a slight change in the central values, efg=187
—179 MeV. However, the distance between the values ob-
tained with linear and with quadratic fits remains essentially
unchanged. In the absence of a larger range of masses, we
are unable to reduce the difference between results obtained
with the linear and quadratic fits. As it has been donelor
mesons, we quote the results of the linear fits as our central
values, and includ¢add in the systematic error the differ-
ences between our central values éndhe results from the
quadratic fit(ii) the results without the KLM factor incorpo-
rated, andiii) the results obtained by using other quantities
(fx,f,) to extract the physical values. Our final results are
those given in Eq(2).

V. SCALING LAWS AND RELATED ISSUES

In this section, we discuss several interesting quantities

tor [as defined in Eq(33)] removes the tree level corrections for the study of the scaling laws predicted by the HQET, and

of ordera? and higher. Note, however, thél(g3"a?) cor-

their validity in the range of quark masses between the

TABLE X. Vector decay constants f@ mesons using the scaling law in E§0). Results, including the

KLM factor discussed in the text, are also given.

fgx [MeV] fB; [MeV]
No KLM factor linear in 1M: quad. in 1M linear in 1M H, quad. in 1M H,
fge usingF, 204(34) 23939
fg+ using Frs 22222 260(25)
fBI* usinga ™ 1(myx) 205(25) 241(32) 239(21) 280(24)
fgx [MeV] fB: [MeV]
With KLM factor linear in 1M: quad. in 1M linear in 1M H, quad. in 1M H,
fgr usingF, 194(32) 22537)
fge using Fyx 21322 241(24)
fB|* usinga™ }(mg«) 196(24) 227(30) 229(20) 260(23)
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04 ———F——— 71— T T 1 TABLE XI. Fit parameters in physical units for pseudoscalar
I | (PS and vecton(V) heavy-light mesons.
0.12 7 . ] Fit my=m, m=mg
-~ 5 ; parameters linear quadratic linear quadratic
;:w o0 L=~ ] DFS [GeVP] 0.485 0.6611) O0.565  0.748)
o - \\‘\Qi ] OYYDES [Gev] —0.75(6) —1.60(22) —0.83(5) —1.70(16)
L r oy 7
008 - L S . JOEIDES [GeV] 1.038) 1.086)
L B D\ \‘i“\'
006 - | ° | ] oy [GeV? 0517) 0.7012 0.616) 0.81(10)
R T S N AN S T MU SN TN T S S T S S
040 060 080 100 120 140 1eo  Pi/®g [GeV]  —0.63(9) —162(24) ~0.74(6) ~1.65(17)
1/MHS /cb\z//q)g [GeV] 1.099) 1.086)

FIG. 7. Heavy-light 6 quark pseudoscalar decay constant. The
extrapolation to theb-quark sector as obtained from the linear .
(dashpeai and quadraticgjottec) fit in 1/M,_with our data. (lin.)  §,=0.997168), §;/&=-0.2311) GeV,
charmed and the bottom one. We introduce several ratios of (quad) £,=0.8912), &;/£,=0.1749) GeV,
decay constants which are useful to get some physical infor-
mation.

We first consider the scaling law for the decay constants. Véx1é9=—0.67118) GeV, (35
The results for the coefficients in EB0), as obtained from
our fitS, are given in Table XI. To translate these CoefﬁcientsNhere the physica' values were obtained by using
into physical units, we have usel ‘(my+). The leading a-(m,.). Data points, and extrapolated values, are dis-
term from the linear fit.®,=0.48(5) GeV" is in good played in Fig. 8. We see that the scaling law is very well
agreement with the findings of previous studi#8,26-28.  satisfied by using the linear fit. The inclusion of the quadratic
We also note that this value is compatible with the results oferm, although irrelevant in the directly accessible region of
QCD sum ruleg29], ®,=(0.4-0.6) GeV” when the large the meson masses, produces large deviations from the ex-

perturbati.ve QCD corrections are inclu.o%d. _ . pected extrapolated valug=1, asM—o. Thus, by using
Following Refs[21,28, we now consider the spin scaling the finear fit. we arrive at

relation on the lattice:

i fu & & U(Mp)=0.86028), U(Mg)=0.93347), (36)
U(MH):f :§O+I\W_+W’ (349
H* H H

and

where My=(3My«+My)/4 is the spin averaged mass _ _

(which we already used in Sec.)lllandé, ; , are parameters U(Mp)=0.86821), U(Mp)=0.91533).

which we obtain by fitting our data. From heavy quark sym- (37)
metry, one expects thaj;=1 (up to logarithmic correc- We end this section by presenting a set of ratios which
tions). For completeness, we tabulatéty; and f/fy« in may be explored in order to extract the physical decay con-
Table XII. The results of our fits in physical units, are stants by using some measured quantities. As it was sug-

TABLE XII. Spin averaged masses and ratios of pseudoscalar and vector decay constaﬁﬁ.,ﬁbe
light quark masgi=u,d is understood.

Heavy flavor Kn1 Kh2 Kh3 Kha

Mp=(3My« +My)/4 0.670%48) 0.762@53) 0.848@56) 0.957961)
My =(3Myx+My, )/4 0.702858) 0.794@58) 0.880258) 0.989@60)
UMy)="Fy/fx 0.85130) 0.86929) 0.87929) 0.88831)
UMy )=Ffy /fx 0.84422) 0.85821) 0.86721) 0.87622)

SWithout these corrections, the result would dg=0.30(5)[29].

074501-11



D. BECIREVIC et al. PHYSICAL REVIEW D 60 074501

- = In this respectin the hope of reducing the quenching erjors
12 — ———— — it may be interesting to examine the Grinstein-type double

I ratio Rgy=ry /rp [33]. From our data, we have
“\_':: 1.1 L il
= i Rey, =0.9953), Re; =1.0034),
1 2
‘g 1.0 B - ]
5 T ] Rey, =1.0096), Re; =1.0149), (40)
- il 3 4
09 + I \»+\§_ -
I %\%\\. which upon an extrapolation to tli& meson mass, amounts
08 g1 o
I S I S ReM=1.03517), RdM9=1.02833. (41)
© 00 05 1.0 15 _ i
1M, Using R4™ and rp=1.10(2) from Eq.(1), we haverg

=1.134(34), in perfect agreement with the direct determina-
FIG. 8. Ratio of the heavy-light decay constants. The linear fittion, given in Eq.(2).

approaches very well the expected asymptotic val{é/,— x) The_double raFio can be used to estimate .the guenching
=¢£,=1. The results refer to mesons with the light quark extrapo-errors in the predicted values of andrg. To this purpose,
lated tog=u,d. we define
gested in Ref[13], the decay constants can be conveniently —ry fi)\ @
presented in terms dfy , which is already measuréd: rH:r_(f_) , (42
s K T
f fg wherery andry, are obtained in the quenched lattice cal-
B _0.78+0.0422 _=-0.88+0.03 2 culation. Using our data[rg=1.12(5) [17]] and
fo, fo, (fe/f,)(&P=1.22[24], we end up with
fon foz rgnavad_j 195), 43)
T 1.06+0.05, = 1.17+0.03, (39
Dq Dq .
r{inauad— 1 23), (44)
fos " fB; " which are~9% larger than the results obtained directly and
f—=0-85i 0.07"5%, f—=0-99i 0.05" 5" quoted in Egs(1) and(2). We do not claim that this is an
Ds Ds appropriate way to estimate the quenching errors, but it is

. . . . reasonable to expect that a large part of this systematic effect
The error estimates are obtained in the same way as in Se& P ge p y

; . . oes cancel in a ratio of the tygd4). If this difference of
IV. fg/fp_ is the value which has been used in B4, as an 9% is the realistic estimate of the quenching errors, they are

alternative way to extract the value fog. ~ much smaller than the pessimistic estimate of R&g],
Other phenomenologically interesting ratios for testingwhere~20% of (quenching error was predicted. Note that
the factorization hypothesis in nonleptonic modes, @ee the ratiosr_D andr_B, do not depend on the fit we uginear

Ref. [30]) or quadrati¢. A similar game witth/st results in
fD* fD

S

—=1.2914), f—s=1-66(19). (39 :—B=0.71t0.04f(1)1 (45)
DS

p ™

In the quenched approximation, t8&J(3)-breaking param- i givesfg=[180+ 26(exptf§(theo)] MeV, where we

eterry —1=fy/f,—1, is expected to be smaller than its 5.6 nteq for the experimental value fgf*”. This result
experimental value. A smaller value gf —1 is predicted by ) ) s
one-loop quenched chiral perturbation the¢8d], and is ~ adrees with the value we reported in E2).

verified in numerous simulatior(svith either unimproved or
improved actions and operatdrs7]). A similar effect is also VI. CONCLUSION

expected fO”H:st/fH (rD:st/fD’ rB:st/fB) [32]. We have analyzed masses and decay constants of heavy-

light pseudoscalar and vector mesons, using the nonpertur-
batively improved action and currents. Particular attention
1°f(De:p)= 254+31 MeV[14]. has been paid to the errors coming from the extrapolation in
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the light and heavy quark masses. low values of 3, i.e., too close to the strong coupling re-
We find that the hyperfine splitting is definitely below the gime). Our results, which should have smaller discretization
experimental value, in spite of the improved action. The val-errors than other calculations at fixed lattice spacing, confirm
ues predicted for the decay constantsDofnesons are ex- 3 value offg (in the quenched approximatiptarger than
tremely stable against variations of the fitting procedure, in170 MeV. A (rathej indirect evidence that a larger value of
clusion of KLM factors, etc. Thus we believe that the maint_ s preferred can be obtained by combinifig/fp_ from

error on these quantities is the quenching error. . . . S
On the contrary, we find larger uncertainties for thethe lattice with the experimental value tbf,s. This gives

B-meson decay constants, mainly due to the amplification ofs=180-190 MeV, with an error of about 40 MeV. Finally,
discretization effects when extrapolating to thequark We used the Grinstein double-ratio method, in order to try to
mass, and to the uncertainty in the extrapolation proceduréeduce the quenching errors featios of decay constants.

In spite of these uncertainties, and of the fact that our results

are obtained at a single value of the lattice spacing, we be-

lieve a value offg much lower than 170 MeV rather un- ACKNOWLEDGMENTS
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