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We present comprehensive results for the spectrum and decay constants of hadrons containingoa single
quark. The heavy quark is simulated using@@l/M) NRQCD action and the light quark using tig{a)
tadpole-improved clover action on gauge configurations containing two degenerate flavors of sea quarks at
B"=?=5.6 provided by the HEMCGC Collaboration. We present detailed results for the lower3ying P
wave B meson states and th, baryon. We find broad agreement with experiment. In addition, we present
results for the pseudoscalar and, for the first time, the vector decay constants fully consisiéat/ kb):
fg=186(5) (stad (19) (perd (9) (diso (13) (NRQCD) (+50)(a™t) MeV, f5=181(6) (stay (18) (perd (9)

(disg (13) (NRQCD) (+55)(a %) MeV andeS/fB=1.14(2)(staI) (—2)(xs). We present an investigation

of sea quark effects in thB spectrum and decay constants. We compare our results with those from similar
quenched simulations @"=°=6.0. For the spectrum, the quenched results reproduce the experimental spec-
trum well and there is no significant difference between the quenchedchan@ results. For the decay
constants, our results suggest that sea quark effects may be[B0§&6-282199)07017-4

PACS numbeps): 12.38.Gc, 12.39.Hg, 13.20.He, 14.40.Nd

[. INTRODUCTION ogy is to produce reliable predictions where the systematic
errors, such as finite lattice spacing, finite volume and
Hadrons containing a singlequark hold the key to many quenching, are understood and under control. Our approach
important questions facing particle physics. In particular, thds to systematically improve the actions used for the heavy
weak decays of these particles are being studied to look foand light quarks and to use lattices with physical volumes
inconsistencies in the standard model and indications of newarge enough to accommodate at least the lower [Ange-
physics beyond it. Lattice calculations have a central andons. In particular, we simulate thequark on the lattice
fundamental role to play in this pursuit. Not only is lattice using nonvelativistic QCONRQCD): a cutoff of the order
theory a first principles approach but also offers the mosbf the heavy mass is imposed and we cannot extrapolate to
reliable way to calculate the masses of heavy-light hadronthe continuum. This requires the systematic errors to be re-
and the low-energy QCD factors which are needed to extraadduced to the order of the statistical errors at figteln this
the electroweak physics from experiment. An introduction topaper, we argue that the uncertainties arising from fiajte
B physics and the theoretical advances in this field, for exvolume, and the truncation of the NRQCD series are under
ample heavy quark effective theofdQET), as well as the control and it is now reasonable to investigate the effects of
contribution made from lattice theory, can be found in Ref.quenching. As a first step towards predictidgneson prop-
[1]. erties in full QCD, we perform a simulation of tH# spec-
The aim of a lattice calculation & meson phenomenol- trum and decay constants including two degenerate flavors of
dynamical quarks. We then make a comparison with our pre-
vious NRQCD calculations on quenched configuratidh§]

*On leave of absence from the University of Glasgow. and study the sensitivity of various quantities to the presence

TUKQCD Collaboration. of sea quarks.

*Present address: Center for Computational Physics, University of The paper is organized as follows: in the next section we
Tsukuba, Ibaraki 305-8577, Japan. describe the details of the simulation. Each choice of quark
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action and simulation parameter leads to an associated sys-
tematic error and the corresponding effect on predictions for

the B spectrum and decay constants are discussed in Sec. |

Results for the spectrum are presented in Sec. IV and com-
pared with experiment. We then study the effect of sea

quarks on theéB spectrum and\ .
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The next section deals with the pseudoscalar and vector

decay constants. The lattice operators required to compu
the decay constants @(1/M) and the corresponding 1-loop

perturbative matching factors are introduced and discusse
In addition, the expectations from heavy quark symmetr
(HQ9) for the heavy quark mass dependence of these qua
tities is outlined. Our results fofg, st, fgx ande: are

presented in Sec. V A and their dependence on the hea
guark mass is investigated. Finally, we present a detaile
study of sea quarks effects in the decay constants.

Il. SIMULATION DETAILS

The simulations were performed using 1003%@2
gauge configurations #@=>5.6 with two flavors of staggered
dynamical sea quarks with a bare quark massaoi.,
=0.01, which roughly corresponds o, /m,=0.525. These

%r all t, wheren is the stabilizing parameter.

We generated heavy quark propagators at 10 values of
aMg,n) corresponding tq0.8,9, (1.0,4, (1.2,3, (1.7,2,

(2.0,2, (3.0,2, (35,2, (4.0,2, (7.0,) and (10.0,3. This

roughly corresponds to a range of meson masses K3

to 4My and is sufficient for a reasonable investigation of

eavy quark symmetry. Results in the static limit are not
presented. We were not able to improve on the quality of the
signal compared to previous results using Wilson light fer-
mions[8,9], and in this case the extrapolation of the NRQCD
results to the static limit was considered more reliable than
results at the static point itself. To improve statistics we have
also calculated the propagators on the time-reversed configu-
rations.

Details of the fitting analysis and extraction of the spectral

configurations were generously made available by th@uantities and decay constants from the heavy-light meson

HEMCGC Collaboration; more details can be found[4n.
We fixed the configurations to the Coulomb gauge.

correlators can be found in the Appendix.

The light quark propagators were generated using the clo-

ver fermion action at three values of the hopping parameter,
x=0.1385, 0.1393 and 0.1401. From an analysis of the light

hadron spectrunji5], the secondk value corresponds to a
guark mass close to strange, whetg=0.1392(1) from
Mg, xs=0.1394(1) fromMg« and 0.1392(1) fromM;
k:.=0.1408. TheO(a) improvement term in the clover ac-

tion is implemented with a tadpole-improved value for the

clover coefficient,cg,,. This amounts to dividing all the
gauge links byuy, where we useiy=0.867 measured from

the plaquette, and setting the coefficient to the tree-level

value cg,,= 1. In order to improve matrix elements to the

same order as the spectrum, we use the prescription propos

by the Fermilab group6] and replace the quark field nor-
malization 2« with \1—6«, wherex= ugx.

Ill. SYSTEMATIC ERRORS

In this section we discuss the systematic errors associated
with our choice of quark actions and simulation parameters.
In previous work we used Wilson light fermions which were
estimated to introduce the largest systematic error into the
calculation of heavy-light quantities. For tadpole-improved
clover fermions the systematic errors are now estimated to be
a relative error ofO((aAQCD)2)~4% (where we take
Agcp=aAy=0.185 for these configurations quantities

of O(Aqcp). However, significant residu@(aaA gcp) er-

roys may remain in this simulation. An investigation of the
scaling behavior of quenched light hadron masses using a
nonperturbative determination of ti@&a) improvement co-
efficient[10] in the clover action concluded that these errors

In this simulation we truncate the NRQCD series atyre negligible forg"=°=6.0 [11]. The remaining scaling
O(1/My), whereM, is the bare heavy quark mass, and theyg|ations at thes@'s are estimated to be a few percéht]

action takes the form

S=y"(Dy+Ho+ SH) ¢ )
where
A o-B
HOZ—Z—MO and 5H=—C32—M0. (2

in the quenched results. In the present study tadpole-
improved clover fermions are used for the valence quarks
and staggered fermions for the dynamical qudxdsich in-
troduce O(wa?) errorg. Since 8"~2=5.6 corresponds to
roughly the same lattice spacing as thaiBdt=°=6.0 (see
Table 1), we do not expect the associated scaling violations
to be larger than in the quenched case.

The truncation of the NRQCD series @(1/M) intro-
duces an absolute error Gf(AQCD(AQCD/M)Z). This cor-
responds to approximately 1% errors in quantities of

Tadpole improvement of the gauge links is used throughouD(Aqcp) and 10% errors in the coefficients of the heavy
and the hyperfine coefficient is given the tree-level valuequark expansion d#lz . In fact the significance of the higher

cg=1. We use the standard clover-leaf operator for Bhe

order terms omitted from the action depends on the quantity

field. The heavy quark propagators were computed using theonsidered. The additional terms@{1/M?) and the leading

evolution equatio7]

1/M?3 terms are
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TABLE I. The systematic errors expected to dominate the predictions of mass splittings and decay
constants of th& meson.

Quantity Dominant errors Size
B*—-B Pert. correction ta@g O(as(Agcp/M))~10-30%
B;—B Determination ofxg ~10%
Light quark discretization O((aAQCD)z), O(a(aAqcp))<5%

Finite volume 5% ?
B(2S)—B(1S) Finite volume <10%?
B** —B Light quark discretisation O((aAgcp)?), O(a(aAgcep))<5%
AB_ B
fg, fa« Light quark discretization O((aAQCD)2)< 5%

Pert. matching factors O(a?) ~1-10%
Truncation of NRQCD series O(1/M?)~6%

Finite volume 5% ?

fB/fBs Determination ofxg ~2%

9 Indeed, a comparison by Ishikavea al. [12] of the low

OHpo=—C3——— 0 (VXE-EXV) lying S-state heavy-light spectrum derived from an NRQCD
8(Mo) action correct toO(1/M) and that including the additional
. (22 terms in Eq.(4) showed the higher order terms to be insig-
ig (A')) e . . .
+c, Z(V'E_E‘V)_Cl 5 nificant. A more detailed analysis of the effect of higher
8(My) 8(My) order terms on th&state spectrum has been performed by
G a(A@)? Lewis and Woloshyr{13]. These authors verified that the

(4) importance of the terms in the NRQCD action follows the
expectations of naive power counting, i.¢O(1/M3)]
<|0(1/M?)|<|O(1/M)|, where allO(1/M?3) terms were in-

whereV is the symmetric gauge-covariant lattice derivativecluded. Terms 0O(1/M?) andO(1/M?) were found to have
andA® is a discretized version of the continuum operatora negligible effect on th&stateB meson mass splittings.
zDi“_ The first two terms, oD(1/M?), represent the spin- Ishikawaet al. also compared the results for the pseudo-
orbit interaction(s.0) and the Darwin term, respectively. scalar and vector decay constant including tree-level terms to
The s.o. interaction only contributes to states with non-zeré(1/M) and O(1/M?) (for these quantities, corrections to
angular momentum and is aMf~1% correction to the s.0. the currents as well as to the action must be consideféu
interaction arising from the light quark, which dominatesdecay constants differed by approximately 3% atBhme-
(see the next sectignThe Darwin term is a~1% spin-  son, and, 6% is, conservatively, estimated to be the corre-
independent shift which appears in b&rand P states, but  sponding error irfg if 6Hy, , and theO(1/M?) current cor-
which does not affect spin splittings, such as the hyperfingections are omitted.
splitting. The next order terms &(1/M*®)~0.1% are due to An additional uncertainty is introduced through the use of
corrections to the kinetic energy and discretization correCtpe tree-level valugwith tadpole-improvemeitfor the hy-
tions and should be even less significant. Of course, all thgerﬁne coefficientcg . Tadpole improvement is expected to
terms insHp , will affect predictions through the change in account for most of the renormalization of this factor. How-
the meson mass. However, for example thé4terms rep- ever, an error 0D(aA gcp(Aocp/M)) will remain; for ex-
resent a .1% correction to the meson mass, and hence, t%ﬁhple this corresponds to approximately 10—30 %, dor
shif_t in the meson mass has a Ie_ss significant effect on pre=g 1_0.3 in theB* — B splitting, which is proportional to
dictions than those already mentioned. cg. The one-loop correction tog has been calculatgd 4]
and, forMy=1.9, a bare quark mass closemﬁ for this
TABLE Il. Values of the inverse lattice spacing in GeV as de- simulation, cg~1.15-1.3, depending on the characteristic
termined from Iigh_t hadrons and heavy quarkg[ﬁ&] for this en- scaleq* used.
semble and a similar quenched ensemblgaf"=6.0[23,3. For the determination dfg andfg«, the factors matching
the lattice currents to the full continuum QCD currents must

+cC —C ,
t24My T 16n(M,)2

P Y(1P—1S) Y(2S~19) be calculated. Morningstar and Shigemitsu have computed
Bgh=2=56 1.973) 2.447) 2.3710) these factors for both the axial-vectd5] and vector{16]
B"=°=6.0 1.933) 2.595) 2.458) currents. The mixing & (a) among heavy-light current op-

erators has been fully taken into account. In addition, an
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O(a(aAqcp)) discretization correction to the current was errors in this quantity fom 1~2 GeV[11]. Similarly, the

found and corrected for in the case of clover light fermions.pp spectrum was computed with aiv* NRQCD action,
This has been discussed in detai[#17], and we presentan and in quenched studies the spin-averaged splittings obtained
outline in Sec. V. The largest remaining perturbative error isysing this action show no scaling violations in the same
O(a?)~1-10%. range of lattice spacind23].

Combining the tadpole-improved clover action for light  FEinite volume effects may affean, for a box size of
quarks with theO(1/M?) NRQCD action, Heiret al. [18] (1.6 fm)? (this is not expected to be an issue for heavy
found no significant scaling violations in results for the quarkonia. These effects are not thought to be significant for
quenchedB spectrum and decay constant betwg@h~° 3 calculation ofm, with similar parameters in the quenched
=6.0 and 5.7. The results from a recent quenched calculatioapproximation(such as that detailed in Table [24]. How-
by Ishikawaet al. [19] of fg at threegB values in the range ever, finite volume problems are expected to be larger when
5.7—6.1 supports this finding. dynamical quarks are introduc¢dl]. Naively, one expects

A further continuing uncertainty is the possibility of large m, to be overestimated and, henee,! underestimated if
finite volume effects. A study by Duncaet al. [20] in the  the meson is squeezed on a finite lattice. Although the pre-
static limit in the quenched approximation found no signifi- liminary SESAM study, mentioned above, suggests that this
cant finite volume effects in the results for the lowest lyingmay not be significant, finite volume dependence remains an
SstateB mesongand in particular forfg) for a box size as uncertainty. _ _
small as 1.3 fm. Finite volume effects are likely to be larger _Table Il indicates there is a large discrepancy between
when dynamical quarks are includg2l]. However, since @  determined from light and heavy spectroscopy for the
for our simulationL.=1.6 fm, for a visible effect, finite vol- HEMCGC configurations. In the quenched approximation,
ume problems would have to be very different in the dy_dlfferent Iat_tlce spacings are expected from quantities domi-
namical case, despite the fairly heavy sea quark mass ted by different p_hysu;al sca}les an.d one must cho_ose the
(Mqeqis around the strange quark mpgsat we use. A pre- most relevant quantity with which to fia. When dynamical

liminary study by the SESAM Collaboratidr22], using sea quarks ar]? Ea;rt_lally mtrodgceldhsomhe cprr:verg(ﬂme in the es-
guark masses which correspondnig./m,=0.69, found the timates ofa - Is expecte (at ough With Msea™ Msirange
finite volume effects for the meson(whi’c):h is bigger physi- significant residual quenching effects will probably remain

) and the choice of quantity to determimeshould be less
cally than the lowest lying-stateB mesongto be small, less . C
0 . . o : . important. However, the range @ - is comparable to that
than 5% for a lattice size similar to that used in this work.

. oo . - ."seen in the quenched approximationgdt=°=6.0, also de-
However, in the absence of a deE;uled .|nvest|g.at|on of flnltetailed in the tablgthe same light quark and NRQCD actions
volume effects forB mesons an;=2 this remains an un- | S/m. = d
known effect. were employef 1P—1S/m,=.43(1) and .46(1) forn;

=0 and 2 respectively, compared to 0.57 from experiment.

Table | summarizes the systematic errors expected t%ne ossibility is that introducing two flavors of sea quarks
dominate each mass splitting and combination of decay con-=. P y 9 q
ith Mgea~Msrange Produces little effect onm, /Y (1P

stants. In general, our statistical errors are of a comparable 1S). Alt ey ftect of th K b
size. The only significant exception is for the radial and or- ). Alternatively, any €tect of the sea quarks may be
counteracted by more significant finite volume probldiors

bital excitations of theé3 meson and the\, baryon. These some other systematic error dependent on the number of sea
particles are probably squeezed on a box of extent 1.6 fm y P

— B -« Quarkg atn;=2 for m, compared ta;=0.
gggfg?rgr];o;%l;go IggéeS) andB(2S) ~B(1S) our statis Until this issue has been clarified, we choose the lattice

While within the B system we are close to achieving our spacin 9_”2021%’ t\? tcon_ver;(to physmgl ;.n'(tf a:.f =2 fatr;]d
goal of controlling the main systematic errors, a major un-usea ~=<. €V lo give aconservativieindication of tne

. . 71 . . . .
certainty is introduced when we convert from lattice num_unc;rt?mty "ﬁ .t'l'hlsltranslateﬂs] Into "’lm e(;ror in [;)_hySﬁaIW
bers to physical predictions. In particular, this uncertaintypre Ictions at least as large as those alréady mentioned. We

affects predictions through the fixing of the quark massegommef\;: '?hn hOV]Y to comparﬁ (()jur_res:JI';_s for Eelavy-llght had-
(discussed beloyas well as the final conversion from lattice ron_? wi .offhégm ((qjuBenc € S'Tu a |t?1ns elow. f
units to MeV. Ideally one would fix the lattice spacing using 0 pinpoin angbs mesons from e range of meson
a quantity within theB system. However, with the exception masses simulated n this stuc_iy we must fix the bare quark
of the lowest lyingS states, the experimental results for e masies c(j)rrﬁspbondmg to thE I'?Ete‘:‘)t quarkdy, th? srt]raT_gE
spectrum are still preliminary and it is unfeasible todjxor quark anc t € ottom quark. The bare mass ol the lig _test
example, from theP—S or 25— 1S splitting (which have quark is fixed in the _standard Wa% _by ex’ltrapolatlng the pion
little dependence omg). Thus, one must consider determi- Mass t0 zero. As indicated abovs; is derived from the,
nations ofa from light and heavy spectroscopy; Table I K andK* mesons, and we use the difference in the results as
gives some examples for these configurations. an estimate of the uncertainty i,. The magnitude of this

As in the discussion above for heavy-light hadrons theefror found in theBs—B splitting and the ratiofg/fg_ is
effect of systematic errors on the value of the lattice spacingiven in Table I. In order to determin®? we must first
must be considered. We computed), using the tadpole- correct the meson simulation energies for the removal of the
improved clover action and results for this quantity from mass term in the NRQCD action. As detailed[8] we use
guenched studies are consistent with minimal discretizatiothe mass shift calculated from heavy quarkonia dispersion
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behavior to obtain the heavy-light meson masses from the 6.0 25)
simulation energies. Thus, interpolating between our results + 25) ‘% %
for the pseudoscalar meson until we obtain Bieneson %
mass, we findaM5=2.1-1.8 fora 1=2.0-2.4 GeV. GeV = *
In order to investigate sea quark effects we need to com-
pare our results with similar calculations in the quenched
approximation. While we believe that the dominant system- %
atic errors are under control, most of the remaining residual
ungertainties are'minir_nized if we compare Wit_h a simulation B B* B, B' P-States A
which uses a lattice with a similar lattice spacing and physi- 5.0

cal yolume. From Table E‘BZG'O m_the quenched approxi- FIG. 1. The lower lyingB spectrum and\,,. The open circles
mation roughly matche8=5.6 atn;= 2. Referencef3] and d its. The dashed lines d h dql

[2] report on NRQCD results using tadpole-improved clover enote our results. The dashed lines denote the upper and lower
liah K hi latti | Py frm bounds on the experimental results. The dotted lines indicate pre-
'9 t quarks at thiss, on a att'cg volume of-(1.6 fm)°. A liminary experimental signals. For thestates the dashed and dot-
higher-order NRQCD action is employed for the heavyieq ines represent thB®) 7 and the narrowB#rr resonance re-

quarks Hp o is included; however, considering the negli- spectively. The errors shown are purely statistical. The solid circles
gible effect these terms have at tBemeson mass, these represent preliminary results from a quenched simulatiog"st°

quenched results are suitable for comparison. =6.0[2]. All results are converted to physical units using the scale
For the quenched simulation the lattice spacing derivedrom m,, given in Table II.
from light spectroscopy is considered most relevant Bor
splittings and decay constants which are expected to be In addition, we can compare with the theoretical expecta-
dominated by the “brown muck.” Thus, we initially com- tions from heavy quark symmetry, shown in Figi.2Z]. The
pare the two simulations fixing the lattice spacing fromin picture of a heavy quark surrounded by a light quark cloud,
both cases. The effect on the comparison of the large uncewhere the heavy quark acts merely as a color source in the
tainty ina~?* for n;=2 is also considered. heavy quark limit, predicts a gross spectrum determined by
Within our study it is premature to attempt an extrapola-the light quark degrees of freedom; this gives rise to meson
tion of the quenched and unquenched data to a physicallshass splittings 0fO(Aqcp) which are independent of the
relevant number of sea quark flavors. We introduce uncetheavy quark at lowest order. In particular, the large scale
tainties by implementing clover light valence fermions while features of the spectrum are due to the radis)(and or-
using staggered sea fermions. In addition, we chirally expital (1P) excitation of the light quark. At the next order are
trapolate the valence light quarks to zero light quark masshe j,=3/2 and 1/2 doublets of the states, which are split
while keeping the sea quark mass fixed around the strangfue to the spin-orbit interaction. TheS2 1S and P—S
quark mass. Thus, our simulation does not correspond to thaplittings in Fig. 1 are 300-600 MeV @(A¢p), in agree-
for a light and heavy quark bound state with a sea of twoment with this naive picture. Similarly, heavy-light hadrons
flavors of physical quarks. However, inserting dynamicalwhich only differ from theB meson in the light quark flavor,
quarks allows the sensitivity of various quantities to thesé&or exampleBs, or the number of light quarks, for example

effects to be investigated. A more systematic approach to seg, , will also give rise to splittings independent ofy at
quark effects is reserved for later work. lowest order.

5.5

IV. SPECTRUM RESULTS

Figure 1 presents our results for the lower lyiBgneson
spectrum and thd ,, baryon compared to experiment. At this |25 /m
initial stage our results are in broad agreement with experi - =3
ment. The experimental results for all but the lowest stateg
are still uncertain. In particular, there are only preliminary
signals for the & and P states. For the latter, a signal has 1P
been found for 87 resonanc¢25], which is probably has
ji=3/2, and aB™*) 7 resonanc26], which is likely to be a _
superposition of variou® states. Our result for thE state n=

(BY) is obtained from an operator with quantum numbers
1P, in the 2S*1L, nomenclature of quarkonia. Since charge | 19 — J/m
conjugation is not a symmetry in the heavy-light system, the ,
twol=1, J=1 states mix and thus our operator has an over- =
lap with both states. We investigated this mixing by forming
a matrix of correlators with the’P,; operator. However,
these operators were found to be degenerate at this level of FIG. 2. The theoretical prediction for the structure of tBe
statistics. In fact, we are unable to resolve any splitting bespectrum{27]. j, andJ denote the total spin of the light quark and
tween theP states in this study. the heavy-light meson, respectively.

H/m

—_— }/m

TTHH
(= e

N

(L

B B* B
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TABLE IlI. Predictions for various mass splittings compared to quark mass has been interpolated to that of the strange quark
experiment. The results are converted into physical uiMeV)  mass. Note that by taking the spin average the dependence of
usinga‘1:2.0 GeV. The first error shown is statistical while the that mass on the hyperfine term is removed. S|m||ar|y, the
second is the estimate of the systematic errors which we expect igyperfine splitting in the $ and 25 states depends linearly
be dominant, as detailed in Table I; the third indicates the change igp, lan over the range of masses studied, vanishing in the
the prediction ifa~1=2.4 GeV is used and includes the change static limit, as expected theoretically.
due to the change ih’lg. For Bs— B the systematic errors are split To quantify the heavy quark mass dependence we fit the
up between the light quark discretization error and that due to th?nass splittings to the form
uncertainty inks. The systematic error for the hyperfine splitting

indicates the change in the central valuedfis increased by 30%. AM=Cy+Cy/M+ ... (5)
B"~?=56 Expt. where M is the pseudoscalar meson mass, and extract the

B*_B 20(12)(+6)(+ 6) 45.74) coefficients Cy and C;, which are expected to be of

B — B, 26(8)(+10)(+9) 473) O(Agcp) gnd O(AéCD) respectively(with the exception qf

B._B 98(8) (5)(— 12) (+ 20) 902) the hyperfine splittings wher€,=0). In fact, the coeffi-

BZZS)fB(ls) 540(120)(23) ¢ 110) 580 cients can be related to the binding energy and expectation

B.(25)~BL(19) 500(80)(20) ¢ 100) . values of the kinetic energy of the heavy quark and the hy-

Bi 25 _BSZS 28(32)(10) (4 22 perfine interaction in the static limit for each meson or

B**E |)3 (29) 520240))((25(& 112)) 350' 500 baryon. These quantities are needed in analytical approaches

- - such as HQET.
Ap—B 560(40)(22) ¢ 110) 34739) . Q

If we define the heavy-light hadron binding ener@ﬁ"‘?,
using

At finite mqg, flavor and spin symmetry are broken by the
kinetic energy of the heavy quark and the hyperfine interac-
tion. The latter removes the degeneracy in the heavy qua%hereMH is the mass of the hadron, and expand using first
spin, for example in th¢,=1/2 Sstates and thg=3/2 and 4., perturbation theory,
j1=1/2 P states. These hyperfine doublets are expected to be
split by O(AéCD/M)~50 MeV; this compares well with —_. — 1 1
the experimental hyperfine splittingB* —B=46 MeV. A=Ayt o (H[Owinl H) + 3(H[OnyH) (1)
These splittings vanish asM/in the static limit.

Our results are compared with experiment in more detailyhare(H| and A, represent the hadron state and the binding
taking into account the systematic errors, in Table Ill. If Weenergy, respectively, in the infinite mass limi€),;,=

assume, initiallya~1=2.0 GeV is a reasonable estimate of _ 41 (D212)y and Onyp= 41 (o-BI2)y. In principle, the

the lattice spacing for these configurations, the only Sig”iﬁ'separation of the meson mass into the heavy quark mass and
cant disagreement with experiment is found in thg—B

o A i ) : binding energy in Eq(6) must be clearly defined. However,
splitting. Finite volume effects, which are not included in the o only consider physical mass splittings, for which the dif-
estimates of the systematic errors, may well account for th?erences in the definitions of™ cancel. This has the addi-
rather high value for thé , mass. For all splittings, the error ) H :
from settinga~ ! is at least as large as the statistical or othefional benefit that th©(1/M) coefficients of the mass split-

systematic errors. However, since this uncertainty leads to 4ngs correspond to the physical difference in expectation

positive shift in the splittings, it does not lessen the disagree\-’alues of the kinetic energfand/or hyperfine interactiorof

ment with experiment found for th&, — B splitting. There is the particles in the s_pl_itting. Thus, we consider, for exa_lmple,
also less agreement for tH&.—B and B** —B splittings the 25— 1S mass;phttlng of the spin-avera§estates, which
usinga 1=2.4 GeV. can be expressed as

With the mass splittings calculated for a wide range of — — - —
heavy quark masses, not just in the region of Bhmeson, E(28)—E(1S)=Azs—Ass
we are able to investigate violations of HQS at finitg, . 1
The behavior of these splittings as a function o}k is +M<ZS| Okinl2S) phys

shgwn in Figs. 3 and 4, in Iattice_ units. ThE(ZS)
~E(19), E("So),~ E(*So) s E(Ag)~E(1S) and E(*Py) 19001 ®
—E(1S) splittings are very weaklyand linearly dependent M

on 1/mQ,_ consistent Wlth behavior doml_nate_d by the light,nere <1S|Okin|1s>phys denotes the physical expectation
quark, with small corrections due to the Igne;uc energy of the,51ye of the kinetic energy in thB meson. The results are
heavy quark and the hyperfine interactid("S) denotes given in Table IV in physical units and compared with the
the simulation energy of a pseudoscalar meson, W(ES) theoretical expectation.

denotes the spin average of the simulation energy with the Given the weak dependence of most splittings on the
corresponding vector mesdB(1S,) ke indicates that the light heavy quark mass, an estimate of the intercept and slope for
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FIG. 3. The dependence of the mass splittings of the ground and first exciteBStateV mesons with the inverse pseudoscalar meson
mass in lattice unitsk, = k. for the E(2S) — E(1S) splitting, while x;=0.1385 for the  and 2S hyperfine splittings.

some splittings can be made from the experimental results the splitting is more or less constant with, , while the
for the B and D spectrum and\, and A, baryons. The hy- splitting rises as the mass decreases. Thus, a low value of the
perfine splittings are strongly dependent iog . However, slope is a clearer indication than tige hyperfine splitting
the intercept is zero, and this can be used along with thé@self that our results are inconsistent with experiment. The
splitting for the B meson to estimate the slope. The corre-hyperfine coefficientcg, depends on the heavy quark mass
sponding estimates of the intercept and slope of various megnd a determination of this coefficient for the range of
son and baryon mass splittings are also shown in the tablemasses studied here is needed to clarify the source of any
Table IV shows that for quantities which are weakly de- emaining discrepancy with experiment, for example residual
pendent on T, we can reliably extradCo. However, itis g enching effects. Reasonable agreement is found between
cyff.lcullt to relyably_ extract the slqpe and an increase in stayq |attice results for th&(1S,y), — E(*Sy) ... splitting and
tistics is required in order to provide quantitative predictions. i _ s . d
Qualitatively, the results are consistent with the theoreticall® estimates from experiment. This is also the case for the
predictions of only small violations of HQ®)(Aqcp/M) slope of theE(A,) —E(1S) splitting, while the intercept is
~10%, around thé8 meson. Comparing with the estimates too high (consistent with finite volume problems mentioned
derived from experiment we find our value for the slope ofpreviously. Our results for the intercepts and slopes of spec-
the hyperfine splitting is low, reflecting the low value we tral quantities are consistent with our previous estimates us-
obtain for theB* —B splitting. The absolute statistical error ing Wilson light quarks detailed in Ref8].
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FIG. 4. The dependence of tig 180),(; E(1Sp) y E(AQ)fE(ls) andE(1P)—E(1S) splittings on 1/&Mpg) in lattice units, where

K|=Kg.

An indication of sea quark effects can be found by com-easy to investigate due to the difficulty in measuring such a
paring then;=2 results with our pr_evious spectrum calqula- small quantity. The quenched results BF —B and B}
tion in the quenched approximation gt=6.0, detailed in  —B_, with lower statistical errors than =2, are approxi-
Ref.[2]. The results for the splittings which have been cal-mately half the experimental values. The splittings may be
culated in both cases are detailed in Fig. 1 and Table Vigosted by as much as 30% 4631 and~35 MeV respec-

71 . . - .
wherea * is fixed fromm, in both cases. With the excep- (jyely when the 1-loop corrections to; are included. The
tion of the hyperfmg splitting, the quenched §|mulat|on ' statistical errors foB% — B are small enough that the split-
produces the experimental spectrum well to this level of staﬁng is still significantly below experiment, suggesting
tistical and systematic uncertainty. Furthermore, Comparm%uenching effects. The corresponding=2 re;‘,ult is also
with then; =2 results, we see consistency to within (1e2) . . = N .
f y (1o2) increased to~34 MeV (for a 1=2.0 GeV), whencg is

However, switching toa *=2.4 GeV for the dynamical - )
configurations, differences of 30 appear for theB,—B corrected. However, the statistical error is large and must be
' > |t reduced significantly before we can see if partially including

B** —B and A,— B splittings. The uncertainty in the lattice ) ] ; e )
spacing must be reduced before any clear indications of sé?{qam'cal quarks increases the hyperfine splitting. Using
a ~=2.4 GeV for then;=2 results only leads to ad dif-

quark effects can be found. )
The hyperfine splitting is a quantity where sea quark efference between quenched amd=2 and thus does not sig-

fects are expected to be seen. However, in practice this is naificantly change the comparison.
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TABLE IV. The coefficients of various spectral quantities, as determined from first order perturbation
theory in 1M. The results are in physical units, GeV and Gddt C, andC, respectively, converted using
a 1=2.0 GeV. The hyperfine term has been ignored for tRe state. Unless stated otherwisg= «. .

Quantity Coefficient Results Expectation Expt.
E(2S)—E(19) Co=Ass—Ass 0.3810) +Agep -
C1:<25| Okin|28>phys_ -
<1S| Okin| 1S>phys 0.6040) +ve
E(®°S1) .~ E(*So)., Co=0 0.0028) 0 ~0
C1=(18|Onyl 1) 55 0.084) +(Agcp)? ~0.28
E(2%S),,—E(2'Sy)., Co=0 ~0.02(2) 0 )
C1=(250nyJ29)5 0.56(28) +(Aqcp)? -
E(*So),~ E(*So). Co=A, Ay, 0.10610) 085
) ’ C1=(18[Oinl 19) 556~ 0.02032 ~0.03
B (19| 0@| lS);ihys
E(Ag)—E(19) Co=Aqpr—A 0.584) Agco ~0.36
Ci=(3"|Okinl3 Dpnyst  ~0-12(8) ~-01
<%+|0hyp| %+>phys_
<1S| Okin| 1S>phys
E(*P,)—E(1S) Co=AspA 0.402) Agcop -
Clz<lPl|Okin|1P1>phys_ 0.3698) -
(18 Oxinl 1S) phys
V. DECAY CONSTANTS responding matrix elements for these operators are combined

with the renormalization factors matching the lattice matrix
elements to(0|Ag|PS) and (0|V,|V) in full QCD, where
mixing between the operators under renormalization must be
9) taken ir_lto account. _

In this study we truncate the NRQCD action@f1/M),
and match the decay constants to full QCD through
O(a/M). The axial-vector current is thén

In the continuum, the pseudoscal@S and vector(V)
decay constants are defined by

<0|AO|PS>:<O|E7’570h| PS>:fPSM PS»

(0|Vi| Vi) =(0]ayh| Vi) = &f My, (10)

whereq andh represent 4-component light and heavy quark 5
fields respectively. In lattice NRQCD}, andV; are given -~ _ o) 2 2.2

by power series of operators inM./ To a given order, all <A°>_JZO Cj(a,aM)(IT%) + O(IM*, a*.a%,aalM),
operators with the appropriate quantum numbers and power (11)
of 1/M appear. This includes operators representing discreti-

zation corrections, which vanish in the continuum. The cor+here

TABLE V. Predictions for various mass splittings from this O\ — /(e
work and previous results on quenched configurat{@isThe ex- (3 <O|qy5on| PS, (12)
perimental values are also included. The results in both cases are

- >

converted into physical uniileV) using the scale from,, given ) _ v-D
in Table Il. The error shown is purely statistical, except By (It >:<0|_QY57’OWQ|PS>,
— B, where the uncertainty irg is shown. The central value for this 0 (13)
splitting is set using¢s from the K meson.

pM0=6.0 B 2=56 Expt. Dy

(3?)=(0ltmps 75 70QIPS). (14

B*—-B 24(5) 20(12) 45.7(4) 0
BS —Bs 27(3) 26(8) 47(3) . . L . .
B_B 87(9)(+20) 98(8)(-12) 90(2) g is now the light quark field in the lattice theory, afis
BZZS)—B(lS) 60286) 5400120 580 related to the 2-component heavy quark fieldin lattice
B.(2S) — B,(19) 55955) 500(80) - NRQCD by
B** —B 47432 520(40) 350-500
A,—B 38869 560(40) 3459)

1In the limit of zero light quark mass.
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¥ D
= "] 1 (DY — (0 — gvt—
Q (o) (19 (I =0l QYk2M0Q|Vk>, (25
J( and IV are the tree-level operators which are obtained D.5
through theO(1/M) inverse Foldy-Wouthuysen transforma- <J(k2)>:<o| _q_y YorQI Vi),
tion connectingh to Q. J(Lz) appears at 1 loop in perturbation 2Mo 5
theory. ThusCy andC; areO(1), (26)
Co=1+apy, Ci=1l+apy, (16) _ Dy
i R ' (3= (0l - az-QIV, (27)

while C, is O(«),

P

Co=a(pa—{a), 17) <J<k4>>:<o|q2—MkOQ|vk>. (28)

where we use the nomenclature of Rlf5]. At this order

one must also consider dd(«a) lattice artifact, which ap-  3(°) andJ{!) correspond to tree-level operators, while the rest

pears through the mixing betwed”) and 32 and which  appear at one loop in perturbation theoB, and Cy; are
does not vanish in the infinite heavy quark mass lirh8]: o(1),

<3Eisc>:<o|aa|5';’7570Q|PS>- (19 Cvo=1+apy, Cyi=1+apy, (29

This factor can be viewed as a discretization correction tavhile C,, Cy3z andCy, areO(«),
J(@  and hence, we define an improved operétd:
. . Cvo=a(py—{y), Cyz=apy, Cus=ap;. (30
JOImP= (9 Caec. (19
Analogous to the axial-vector case, there is a discretization
where Ca=a[1+ {a/(2aMg)]. A reflects the freedom in correction which can be absorbed into a redefinition of the
the definition of the improved operator and is cancelled byzeroth order operator:
the term— a5 appearing irC,. In practice we set it to zero,

which one is free to do at 1-loop accuracy. (3915% = (0] — agD - 70 7Q| V). (31)
In the lattice simulation, the number of matrix elements
that must be calculated can be reduced by noting that J(ko)imP:J(k0)+ CV\]giSC, (32
(disg) _ 3(2) (20) yvhereCV= a[ 1+ ¢y /(2aMy)]; we setZy=0 when comput-
2M, "t Lo ing Cy andC,,. Note that
and, also, that at zero momentum on the lattice: JP=—-3M+233) (33
(I =f). (21) 1
_\](kdISC):\](kZ), (34)

Thus, it is sufficient to compute the matrix elements corre- 2Mo

sponding to the tree-level operators. Since these matrix elea'nd at zero momentum on the lattice

ments are generated separately, the contribution to the decay '

constant from each matrix element in E41) can be ana- (I®y =3y (35)
lyzed. For this purpose, we define

Thus, the 6 vector matrix elements can be reconstructed from

s 1 i the subsef =0, 1, 3. For the purpose of analyzing the indi-
M _ 0 , 1, o. purp yzing the Inai
fEsyMes Moo PS<O|‘]L P9 (22 \idual contributions to the vector decay constant of the ma-
trix elements 24—28 and 31, we define
We usefpgyMpg to denote the total decay constant at both
tree level and 1-loop. i o L (i)
For the vector current, WAMy= /MV<O|‘]‘< V- (36)

4

(Vk>=2 Cvj(a,aM)<Jf<”>+O(l/MZ,aZ,az,aa/M) We usefyMy to denote the total decay constant at both
i=0

tree level and 1 loop.

(23) The matching coefficient€; andC,, andCy; andCy,
have been evaluated to 1-loop in perturbation theory by
where Morningstar and Shigemitsil5,16. These coefficients de-
©) _ pend onM and «, where we takex,(q*) [28] for the strong
(") =(0lanQIVi), (24 coupling. The scaleg* also depends on the heavy quark
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TABLE VI. The zeroth order decay amplitude of tR&meson, TABLE VII. The tree-level correction to thePS current,
a®?fQ\Mpg, for all aMg and ;. a2 \Mps=a%% 2\ Mpg, for all aM, and «, .
aMg 0.1385 0.1393 0.1401 K aMg 0.1385 0.1393 0.1401 Ke
0.8 0.2033) 0.1903) 0.1766) 0.1674) 0.8 —0.0520(10) —0.0494(9) —0.0462(17) —0.0446(13)
1.0 0.2143) 0.20Q3) 0.1856) 0.1755) 1.0 —0.0467(9) —0.0443(8) —0.0414(15) —0.0398(12)
1.2 0.2214) 0.20714) 0.1916) 0.1816) 1.2 -—0.0422(9) —0.0399(8) —0.0372(13) —0.0358(12)
1.7 0.2364) 0.22Q4) 0.2036) 0.19235) 1.7 —0.0340(7) —0.0321(7) —0.0299(10) —0.0286(10)
2.0 0.2434) 0.2274) 0.21Q7) 0.1976) 2.0 —0.0308(5) —0.0291(6) —0.0271(10) —0.0258(10)
3.0 0.2624) 0.2445) 0.2277) 0.2127) 3.0 —0.0234(4) —0.0220(5) —0.0207(7) —0.0196(8)
3.5 0.2684) 0.2515) 0.2345) 0.2196) 3.5 —0.0209(4) -—0.0197(5) —0.0185(4) —0.0175(5)
4.0 0.2744) 0.2566) 0.2438) 0.22438) 40 -0.0189(4) -0.0178(5) —0.0170(6) —0.0159(6)
7.0 0.29%5) 0.2756) 0.27Q19 0.23998) 7.0 —0.0120(2) —0.0113(3) —0.0112(9) —0.0100(4)
10.0 0.3096) 0.2887) 0.27826) 0.2498) 10.0 —0.0089(2) —0.0084(3) —0.0082(8) —0.0074(3)

mass. This scale is unknown at present, although in the statisnother quantity to consider is the ratio of the pseudoscalar
limit Hernandez and Hill found thaty* =2.184 [29]. Atthis  decay constants for the heavy-light mesons containing a
stage, we assume that for each mass lies somewhere be- light quark and that containing siquark,

tween 14 and w/a, and compute pg and fy, for these two

limits. fesVMpde, [ frsyMpdy, )
The coefficient<Cy andC; in the pseudoscalar case, and =
Cvo: Cy1, Cyp andCy, in the vector case, include a term fesVMpd K¢ fpsyMpd K¢

a In(@aM)/7. When computing g andfg« we insertaM, for

the heavy quark mass. There are no problems with large x[1+(c;ss_c;cs)/|v|+ L (39

logarithms for the quark masses used in this study; however,

for largerM, resumming the logarithms would be more ap- since the heavy quark is almost a spectator in the heavy-light

propriate. A different approach is needed when extractmg th_?neson, the shift in the decay constant when the light quark

slope of the decay constants and comparing with the statig,55s is changed is expected to be roughly independevit of

limit. In this case, it is assumed that the meson simulated thus,Cps|K is approximately equal t€p4 .. , and the ratio

eachM, is thebB meson(to_a better orworse approximat&)n should haV(s-:- little dependence on the hea\c/y quark mass.

?nd thus,alll/lo must be inserted in the logarithms for all The contributions to the slope of the decay constants from
eavy quark masses. the O(1/M) terms in the NRQCD action and corrections to

: . N .
ﬁ.A. possible cg_ncern |_shthat tIm(al\g) _termls in the CO- yhe current can be identified. From first order perturbation
efficients combine with nonperturbative lattice errors,yeoin 1M about the static limit,

x(ahqcp)" in the matrix elementgJ(”) or (J). This,
then, leads to contributions that look like physical C=G,. +2duGr. +dG.. ../6 (40)
(Aocp/M)" corrections tdfg or fg«. However, sinceJ{”) Kin 7 SEMEhyp M Eeorr

and(J{”)) are designed to match full QCD through(@a),  whered, =3 and—1 for pseudoscalar and vector mesons

these errors appear @(a*(aAqcp)) or O((aAqcp)®). The  respectively. Thus,
leading contribution td g or fg« from these errors is beyond

the order in the NRQCD series considered here. These issues Cps— Cy=8Gpyp+2Gr/3. (41
have been discussed previously, in more detail, in Réfs.
and[15]. The kinetic and hyperfine terms contribute to the decay con-

Theoretically, within HQET, the decay constants in thestant through the correction to the meson wave function,
combinationsf ps\M ps and f\,/My, are non-zero and equal
in the static limit, reflecting spin and flavor symmetry. Away (0|q"T @ | P)..Gyin
from this limit, O(1/M) corrections take the form

=(0| | dyT{qT@y(0),O0kin(y)}P)w, (42
fN:(a(M))—1/(2ﬁ0)(f\/ﬁ)m(1+C/M+ ) @D ( |j yTq #(0),Okin(Y)}P)we, (42)

(2
where the decay constant in the static limfty)*, and the (0la"T )y P)=2duGnyp

coefficient of the linear slopeC, are expected to be of )

O(Aqcp). Thus, the ratio of the vector to pseudoscalar de- :<0|f dyT{a' T®y(0),0nyp(Y)}P)e. (43)
cay constant can be expressed as

while G.,,, is directly related to the tree-level current cor-
fv\/lefps MPS:1+(CV_CPS)/M + ... (38) rection:
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TABLE VIII. The zeroth order decay amplitude of themeson, TABLE X. The one-loop correction to theV current,
a®?f ("M, for all aM, and «; . a®?f P M =a%* (MM, for all aM, and «; .
aM, 0.1385 0.1393 0.1401 K¢ aM, 0.1385 0.1393 0.1401 Kc
0.8 0.1633) 0.1523) 0.140Q5) 0.1314) 0.8 —0.0164(3) —0.0154(3) —0.0144(5) —0.0136(6)
1.0 0.1763) 0.1643) 0.1515) 0.1424) 1.0 —0.0144(3) —0.0136(3) —0.0126(5) —0.0119(4)
1.2 0.1863) 0.1743) 0.1596) 0.1504) 1.2 —-0.0129(3) —0.0121(3) —0.0112(4) —0.0107(4)
17 0.2063) 0.1914) 0.1774) 0.1655) 1.7 -0.0103(2) -—0.0097(2) —0.0091(3) —0.0086(3)
2.0 0.21%3) 0.2014) 0.1864) 0.1735) 2.0 —0.0094(1) —0.0088(2) —0.0082(3) —0.0078(3)
3.0 0.2394) 0.2235) 0.2088) 0.1946) 3.0 —0.0072(1) —0.0068(2) —0.0064(3) —0.0061(2)
35 0.2484) 0.2325) 0.2166) 0.2027) 3.5 —0.0065(1) —0.0061(2) —0.0058(2) —0.0055(2)
4.0 0.25%5) 0.2396) 0.2248) 0.2097) 4.0 —0.0059(1) —0.0056(2) —0.0053(2) —0.0050(2)
7.0 0.2836) 0.2646) 0.25427) 0.23010) 7.0 —0.0038(1) —0.0036(1) —0.0035(4) —0.0032(1)
10.0 0.3006) 0.2797) 0.27223) 0.2419) 10.0 -—0.0029(1) -0.0027(1) —0.0027(2) —0.0024(1)

-

o-D pected. In addition, the uncertainty ig due to the unknown
<O|qTF(2)$|P>deGcorr/6=<O|qTF(2)T P|P).. . g* is not unduly large~6%, although it is bigger than the
(44) statistical errors of-3%.

We study the tree-level and renormalized currents further
Kby analyzing the individual contributions to tHeS decay
amplitude from the various operators and matching factors.
Table XIllII details the percentage correction of these contri-
butions to the zeroth order tree-level matrix eleméaf®);
aMgy=2.0 andag* =1.0 is used for the 1-loop terms. Note
that the contributions frond(? and J%'° are reconstructed
from (J(M).

The bare lattice matrix elements computed in the lattice From the table we see that tki1/M) tree-level correc-
simulation,f %DM pg and f?13\My, are given in the Ap-  tion, (J™M), reduces the decay constant by 13%. The 1-loop
pendix in Tables VI and VIl for the pseudoscalar, and Tablesorrection for this matrix element is smat}; 1%; however,
VIII, IX and X for the vector, for the range of masses stud-the other 1-loop terms, th@(«) correction to(J©®), ap,,
ied. Combined with the appropriate matching factors, we oband theO(a/M) matrix element and th®(a«) discretiza-
tain the tree-level and renormalized decay constants showtion correction, ap,(J®)+ a(395%, are all of a similar
in Tables Xl and XII, for the pseudoscalar and vector respecmagnitude to the tree-level correction, around 10%. How-
tively. ever, none of the terms are unduly large and there is no

Considering, initially,aMy=2.0, a quark mass in the re- indication that NRQCD is breaking down. Since the terms
gion of theb quark mass 4M8=2.1 fora '=2.0 GeV), contribute with different signs, there is some cancellation
Table XI shows thaf /M pgis reduced from the tree-level between them and the combined 1-loop correction is
value by 10% forag* = 7 and 16% forag* =1.0. Thus, the —14% forag* =1.0, the same size as tg1/M) tree-level
combined 1-loop corrections to the decay const@fty),

O(aa) andO(a/M), are significant but not larger than ex-  TABLE XI. The tree-level and renormalize@iSdecay constants
in lattice units,a®?*fpgMpg, for all aMy and x,=«.. aM, has
TABLE IX. The tree-level correction to theV current, been used for the argument of the logarithms appearing in the

|P).. represents the meson in the limit of infinite heavy quar
mass and’®=1 ande for the pseudoscalar and the vector,
respectively. Note that Eq$42)—(44) are tree level expres-
sions. This analysis is discussed in more detail in K.

A. Results

a®?f(M\/My, for all aMy and «; . matching coefficients.
aMg 0.1385 0.1393 0.1401 K¢ aM, Tree level q*=m g*=1.0
0.8 0.01363) 0.01283) 0.01195) 0.01145) 0.8 0.1223) 0.121(3) 0.1203)
1.0 0.01263) 0.01193) 0.01115) 0.010&4) 1.0 0.13%4) 0.1304) 0.1263)
1.2 0.01173) 0.011@3) 0.01024) 0.00973) 1.2 0.14%5) 0.1374) 0.1324)
1.7 0.00982) 0.00922) 0.008&3) 0.00823) 1.7 0.1635) 0.1504) 0.1413)
2.0 0.00901) 0.00852) 0.00793) 0.007%3) 2.0 0.1725) 0.1554) 0.1454)
3.0 0.00712) 0.00672) 0.00633) 0.006@2) 3.0 0.1975) 0.1695) 0.1545)
35 0.00641) 0.00612) 0.00572) 0.00542) 3.5 0.2025) 0.1755) 0.1584)
4.0 0.00591) 0.005%2) 0.00522) 0.005@2) 4.0 0.2087) 0.1796) 0.1615)
70  00038) 0.00361)  0.00354)  0.00321) 7.0 0.2298) 0.1956) 0.1745)
10.0 0.00201) 0.00271) 0.00272) 0.00241) 10.0 0.2429) 0.2067) 0.1846)
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TABLE XIl. The tree-level and renormalizeéd decay constants TABLE XIV. The pseudoscalar and vector decay constants in
in lattice units,a®?f, My, for all aMy andx;= k.. aM, has been  MeV, calculated with and without renormalization and converted to
used for the argument of the logarithms appearing in the matchinghysical units using *=2.0 and 2.4 GeV. Note thatMg=2.0 for

coefficients. a '=2.0 GeV, whileaMg=1.8 fora 1=2.4 GeV. Statistical er-
rors, only, are shown except for those involvih-g andez, where
aMg Tree level q =7 q*=1.0 the error due to the uncertainty i is also given.
0.8 0.1434) 0.1344) 0.1284) 1 . .
10 0.1524) 0.1394) 0.1314) a - GeV Tree level q*=m gq*=1.0
1.2 0.1595) 0.1434) 0.1344) fg 2.0 2176) 192(5) 180(5)
1.7 0.1735) 0.15235) 0.1394) 2.4 2698) 244(8) 231(8)
2.0 0.1816) 0.15645) 0.1414) fg, 2.0 247(5)5) 222(2)(5) 208(2)(5)
3.0 0.2006) 0.1685) 0.1485) 2.4 310(6)6) 284(4)(-6) 266(4)(6)
3.5 0.2077) 0.1736) 0.1516) fox 2.0 2236) 1896) 1735)
4.0 0.2148) 0.1776) 0.1546) 2.4 2808) 2488) 224(6)
7.0 0.2329) 0.1908) 0.1647) fg* 2.0 256(4)3) 224(4)(4) 202(4)4)
10.0 0.2449) 0.1997) 0.1706) ’ 2.4 323(6)6) 285(5)(7) 261(5)-5)
fs /fs - 1.142)(—2) 1.142)(—2) 1.142)(—2)
fB;/fB* - 1.142)(—2) 1.142)(—-2) 1.142)(—2)

correction. Thus, the total correction t2\Mpg is —27%;

this falls to—21% foraq* =, of which —8% is due to the _ .
1-loop terms. tions for the decay constants derived using battt=2.0

The picture is fairly similar for the vector decay constant.21d 2.4 GeV. We take the difference in the decay constants
for the different choices of lattice spacing as an estimate of

e error infg due to uncertainty in the scale.

Combined with estimates of the other dominant system-

atic errors, detailed in Table I, our predictions for the pseu-

doscalar and vector decay constants are

Table Xl shows thaff,,My ataMy=2.0 is reduced from
the tree-level value by 14% and 22% when the matching}h
factors are included witlg* = 7 and 1.0, respectively; the
dependence ormg* is moderate. In the tree-level case,
fpsyMps is slightly belowfyyMy, while for the sameg*
they are roughly equal. However, there is no reason for the fg=1865)(19)(9)(13)(+50 MeV (45)
characteristic scale for the vector to be the same as that for
the pseudoscalar, and thus, it is difficult to compare the two fg =2153)(22)(9)(15)(+49)(—5) MeV
at this stage. s (46)
The contributions to the vector decay constant from the
individual matrix elements and matching coefficients are also fgx=181(6)(18)(9)(13)(+55 MeV (47)
detailed in Table XIll. We see that the 1-loop terrag,, and
ap(IP)+ a(3959 | are all the same order of magnitude as fgr =2134)(21)(9)(15)(+60)(—4) MeV.
in the PS case, and combine to give-a20% correction to S (48)
the zeroth order vector current. The remaining 1-loop terms,
all O(a/M), are very small, of order 1%. However, since the The first error is statistical. The second is the estimate of the
O(1/M) tree-level term is smaller and with opposite sign,o(az) perturbative error~10%. The third and fifth errors
compared to thé®S case, the overall correction {d(¥) is  are the estimates of uncertainty arising from the light quark
smaller:—17% (—10%) forag* =1.0(w). The relative size  discretization errors and the uncertaintyain. Note that the
of the individual corrections compared to those for B@is latter includes the corresponding Changeajmg_ For fBS
discussed later. there is an additional error due to the uncertaintyin
Int')[erpolatmg the results fOfPSVMPS_a”de\/M_V_tO Mo The fourth error is due to the truncation of the NRQCD
=My, and converting into physical units, we obtain the val-series. To estimate this, one must consider the next order
ues forfg and fg« shown in Table XIV; the results fofg_  correctionsO(1/M?), to the current and to the NRQCD ac-
and fg /fg are also given. Table XIV presents the predic-tion [given in Eq.(4)]. Naively, one expects these terms to

TABLE XIII. The corrections to the zeroth order pseudoscalar and vector matrix elements expressed as &8t he order at
which each correction contributes is indicatad* = 1.0 andaM,=2.0, which is close to the bakequark mass foa 1=2.0 GeV. Note
that {, and{y are set to zero. The statistical errors are less than 1%.

(OO apy ap(IDID) ap(IP)IO)+ a3 CiID)IO) iAW) 1(I)

O(1/M) O(a) O(alM) O(alM)+0(aa) O(a/M) O(a/M)
fosyMps ~13 -9 +1 -7 - -
fyVMy +4 —14 +1 -6 -1 -1
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FIG. 5. (a) shows the tree-level®?f M5 for the three values of,;=0.1385(crossey 0.1393(octagon$ and 0.1401(diamond$, and
extrapolated to the chiral limisquaresas a function of 1&MpJ). (b) shows the heavy quark mass dependence of the ratib\tﬁes)Ks
to (fVMpg) ., Wherexs is fixed using thek meson.

be of order~1%. As mentioned in Sec. I, Ishikawnet al. In contrast,fg_/fg ande: [Tz« are quantities for which
H 2
[12] performed a tree-level analysis of t@(1/M*) terms  most systematic errors cancel out. These ratios are indepen-
for fpsandfy . These authors found that in the region of the yent of the heavy quark magsee below, while Table XIV
B mesondHy, o, had no effect on th@S or V matrix ele-  jndicates that it is insensitive to the 1-loop corrections. Fur-

ments. For lighter values @M, the higher order terms in  thermore,fg /f5 andfgs /fg« are not dependent on the lat-
the action tended to increase the matrix elements. N s

The individual tree-level current corrections are tice spacing. The only significant error is that due to the

uncertainty inkg. We find

1 — fg Ifg=1.142)(—2), 52
J@= WQFDZQ’ (49) 8./Ts 42)(-2) (52)
0
fB:/fB*:1.14(2)(—2) (53
Jb) = izargi . |§Q, (50) where the first error is statistical and the second is dueg to
8Mg We now study the dependence fgfsy/M pg on the light
and heavy quark mass. Considering the light quark mass de-
1 _ . pendence initially, we find that the decay constant is linearly
JO=— —ql'2iga-EQ, (51)  dependent omg as shown in an example of the chiral ex-
8Mg trapolation of this quantity in the Appendix f@My=1.0.

As discussed in Sec. V the dependenceaom, is expected
wherea= v,y andS =diag(c,o). ['= ys5y, and y, for the  to be roughly the same for @lMy; i.e., Cpsis insensitive to
pseudoscalar and vector respectively. These terms were ealdt® light quark mass. Figure 5 gives the tree-level values for
found to be less than 2% in magnitude. The corrections confpsyMps for all heavy quark masses angl.
tribute with differing signs and there is a cancellation be- We perform a fit to the decay constant for fixedusing
tween them which leads to a small overall decrease i@ functional form motivated by Eq37),
fgVMg of ~3%. Since aO(1/M) the 1-loop terms are as

large as those at tree level, as discussed previously, we esti- fpsyMps=Co+Cy /M + . .. (54)
mate the overall uncertainty in the decay constants due to the .
omitted O(1/M?) andO(a/M?) terms as 6%. where Co=(fyM)* and C;/Co=Cpd,,. The slopes for

In total, adding the statistical and systematic errors ineachk, and the chiral limit are given in Table XV. We find
quadrature, there is a 14% uncertainty in the decay constantiat the slopes for the lighter twe's (corresponding tan,
This is much smaller than the 30% error due to the uncer- ~mg and smaller are consistent with the chiral limiCpg

tainty ina~*. Thus, a determination df; of around~10%  ~1 in lattice units. However, from the results fot
is possible, but only if the systematic erroran? is reduced =0.1385, we see there is a much stronger dependence of the
significantly. decay constant on HMpg) for my heavier thanmg, al-
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TABLE XV. The dependence of theD(1/M) slope of TABLE XVI. The slope ofa®?f \Mpg in lattice units at the tree
a®?f \Mps on the light quark mass in lattice units. level and when renormalization is included.
K| aCl /CO a3/200 a5/2C1 aCl /CO
0.1385 1.75) Tree level 0.27) -0.3(1) -1.1(3)
0.1393 1.04) Q=1 0.1928) —0.09(2) —0.5(1)
0.1401 1.13 g*=1.0 0.1506) —0.00(2) —0.0(1)
ke 1.13)

=2.0 GeV. This is well above the naive expectation of
though with such large errors it is only as2effect. This ~ —300 to —500 MeV[O(Aqcp)]. However, at 1 loop this
behavior may be due to discretization error€igs (whichis  is reduced to anywhere betweerl GeV and 0, depending
a light quark quantity arising from the light quark action, on g*. Note thatq* depends on the mass, and this depen-
which increase with the mass of the light qua@¢aam) dence must be determined before the slope can be extracted
andO((amy) 2) for the clover action. Sinc€pg KS%CPSI Ke! correctly. However, the results with fixeg provide a rough

the ratio GPS'/MPS)K /(fPS‘/MP . has almost no depen_ bound on the size of the SlOpe. Previous calculations in the
dence on the heavysquark mass Cas seen in Fiy. 5 quenched approximation using the clover action and the Fer-

The heavy quark mass dependencéaf/M ps at the tree H]nq;ilba%%%rgicimé23(:1[?:863%0%0:2 t?lztctlﬁze\,;?utegecgf Per
level and 1 loop is compared in Fig. 6 faj= .. In the ’

guark mass, and this, initially suggested that higher orders in g 9 y

the heavy quark expansion would be needed aheeson quark mass with an inverse lattice spacing around 2.0 GeV.

. L The combined 1-loop corrections grow Ektends towards

. / m m 0,
[9]; frsVMps is reduced from the static limit by-35% at the static limit[with the « In(@M)/7r terms in the matching
the B meson. However, Fig. 6 shows that the slope is dra-

matically reduced when the 1-loop corrections are includedcOeﬁcICIentS fixed tow In(aMg)], as does the accompanying

fsMps at theB meson is reduced by 17% compared to Uncert_alnty du'e' to the omission of hlgher'orders in the
ST . . . matching coefficients. Thus, for a coarser lattice spacing, i.e.
the static limit forag* = 7r, while there is almost no depen-

dence orM for ag* = 1.0 with a larger value foaMg (and indeed for the static lin)jt
We perform a?it to t.he' data sets using E8d), the results a nonperturbative determination of the matching factors be-

are detailed in Table XVI. The relative slope at the tree leveffOMes essential. Certainly this is required for a determination
is ~—1 in lattice units or ~—2 GeV, using a % of the slope of the decay constant. For a finer Iatth:mg

becomes smaller, and at some point NRQCD breaks down:
the bare lattice matrix elements grow larger—i.e. increas-
ingly higher orders in the NRQCD expansion become
important—while thea/(aM) terms in the matching coeffi-
cients also become large and perturbation theory is not well
controlled.

The interplay between the individuBIS matrix elements
and their effect on the slope of the decay constant can be
seen in Fig. 7. The tree-level and 1-loop corrections to the
zeroth order matrix element are shoyas percentagess a
function of 1/@M,) for ag*=1.0. The O(1/M) and
O(a/M) terms (I and ap,(I?) andap,(IV), respec-
tively, vanish in the static limit and grow asM, becomes
" 1 small. The discretization correction has very little depen-
r 1 dence on the heavy quark mass, while @(gx) correction to
- ] (J©)y decreases dramatically from the static limit, and goes
r § through zero asM, becomes lighter.

LR B e o e o e e e e e e e 5 L e e e
| | I I

a%21 Vil pg

0.0 L1111 IR ST I S The corrections contribute with differing signs leading to
0.0 0.2 0.4 0.6 0.8 1.0 some cancellation between them. Towards the heavy mass
1/(aMps) limit, 1/(aMy)<0.5, the O(1/M) and O(a/M) terms ap-

FIG. 6. The pseudoscalar decay constant in lattice units fuIIy?)rC))("T]"’:teIy Canhqerl] eachb ottr:]?r' Th!s :ﬁgves .(Dea_) Z%Q/d
consistent toO(a/M) as a function of 1Mpg). The results (ae) erms which are both farge in this rggl(}ﬁ, 0
shown as circles are obtained usiag* =1.0 for the renormaliza- €@ch, leading to a very large 1-loop correctiorf f\Mps,

tion factors, while the squares uag* = 7, the tree-level results are In contrast, Tor the lighter values afMy<1.2, ap, is much
also shown as diamondaMB=2.1, fora™'=2.0 GeV, has been smaller, while theO(«/M) terms are now large enough to

used for the argument of the logarithms appearing in the matchingpproximately cancel the discretization correction. Thus, sur-
coefficients, for allaM,. The results are fok,= . prisingly, at 1AMps~0.6, the decay constant is roughly
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FIG. 7. The ratio of individual tree-level and 1-loop current corrections to the zeroth B&igecay constant,(”)\/Mp, as a function
of 1/(aMy). R=(IM/(I®). k=, andag*=1.0. aMy=aM} has been used for the argument of the logarithms appearing in the
matching coefficients.

equal to the tree-level value. Note, however, that in this re—30% for aMy=0.8. Since the tree-level correction is so
gion the 1-loop termsep,(J?)) and(J9s% are not small at large for the lighter meson masses, higher orders in the
around 10%. NRQCD expansion should be considered in this region.
Thus, the almost complete removal of any heavy quark The vector decay constant behaves in a similar way as a
mass dependence when the 1-loop terms are included usifignction of the heavy quark mass to the pseudoscalar. Figure
ag*=1.0 is due to the large 1-loop correction in the large8 details the individual percentage correcf[ionsfi;?)?\/M_V
mass limitfwhereO(1/M) terms are sma)j ~—40% in the  versus 1/4M,). The bare matrix element§){),i=1,4, are
static limit, and a large tree-lev€(1/M) correction for the related to each other as given in E@3)—(35). In the heavy

lighter meson massesvhere the 1-loop terms cangek quark limit, these expressions simplify and further-
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FIG. 8. The individual tree-level and 1-loop current corrections to the zeroth Wrdecay constanf{")\M s as a function of 14My).

RO =(IM/(I®). k =k, andag* =1.0. aMy=aM} has been used for the argument of the logarithms appearing in the matching coeffi-

cients.
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more one finds additional relations between the vector andnalysis of spin symmetry and the origin of the slope
pseudoscalar current corrections. If we re-wig® andJ{®)  One-loop matching to full QCD would introduce a short dis-

in the form tance correction factor to the ratiby,VM\/fpsyMpg Of
1 Nstatic=11— [ 8/(3m)]}.
W= Wa(_ y,-D, + D) %Q (55) Figure 9 presents the results fot/M, compared to the

P S decay constant, with and without the tree-le@|1/M)
1 current correction. In the heavy mass limit, all three quanti-
@)= _ aw.D 56 ties converge, |nd|<_:at|ng that the doml_nant contribution to
« 2Moq7k <7Q (56) the tree levelCpg is from Gy;,. The figure also shows
fpsyMpd fy/My. Without (J™M) this ratio is positive(indi-
ATt . psVMpgd TyvVly
and .take{VQ—T[Q 7¢d1|0), then by assuming that the con- cating Gy, is positive and tends to 1 in the static limit,
traction of QQ" is spin diagonalin the largeM limit) we  ~;nsistent with spin symmetry; when the current correction
can deduce is includedfyMy<fpsyMps Gcorr Can be very accurately
— . — determined by extrapolatingh2o(J™) to the static limit,
(0la(yiDi) %QI Vi) (|#k):<0|Q(7ka)7kQ|Vk>,(57) displayed in Fig. &). 0
We perform fits to these combinations®& andV decay
ie. (JM)y=—(I®). Tables IX and X show that our results constants and extraGyin, Gnyp andGe,, . The results are
agree with this relation for the heavier values Mf=3.0.  9iven in Table XVII. Note that only the slopes of physical
Thus, Eq.(33) reduces tdJ(2)=3(J(3) = — 3(3(M)). combinations of the decay constants, ifgsyMps, /M
Following the same argument, and takingPS) — andfpsyMpdfyyMy, are expected to b®(aAqcp). The

=[Q"5q]|0), one can show that)(?)) for the PSis equal  ratio of decay constants is roughly in agreement with this
to <J(kz)> for the V, picture; the slope of the ratio is small, whi&,,, andGy,,

are individually much larger. However, the physical decay

ola(v.D. V) =(0la(v:D. PS) (58 constants themselves, dominated 8y;,, have a much
(01a(%D1)70%QIVio=(0la(D) 7570QIPS) (58) larger slope. Considering the strong dependencM ai the

for anyj. Thus the corresponding discretization correctionsO(«) correction tof (%2\/M pg seen in the results of Morning-
are also equal,(J{®9)=(3(959) and (IM)=(3(?)) star and ShigemitsiG;, is likely to be significantly affected
=_3<J(k1)>; the latter clearly comes from spin symmetry. by renormalization. Similarly, the 1-loop corrections to
The results in Figs. 7 and 8 in the large mass limit agree with3corr are likely to be large.

these expressions. In general the terms which spoil Ggs. The results in Table XVII through the use of the clover
and (58) at finite M are due to theD(1/M) terms in the action for the light quarks and extrapolating to the chiral
action modifying the meson wave function from the static/imit are an improvement on our previous results with Wil-
limit [as in Eqs(43) and(42) for the PS decay constdnand ~ Son light fermions published in Ref9]. Numerically, the

matrix element. lation to k. in the clover casé,since at the tree level the

decay constant does not change significantly between the

B. Making contact with HQET two light quark actions.

As discussed in Sec. V, one can attempt to analyze the
1/M corrections to the static limit within the framework of ]
HQET. Equations40) and (41) suggest that by taking ap- We compare our results with those calculated as part of

; T the O(1/M?) quenched simulation aB"=°=6.0 alread
propriate combinations ofpsyMps and fyyMy, Gy, and _ ) q : y
Ghyp can be separated; sin¢a@™) is calculated separately, mentioned in Sec. IV. In Ref3] we quote
G¢orr Can easily be obtained. In particular, the spin average fo=147(11) ffz)(9)(6) MeV (59)

of the PS and V decay constant§without (J®)), f\M,

cance]s _the hyperfine c_ontrlbutlon, and the slope of. this fg =17508)(*1)(11)(7)(*]) MeV
quantity is purely determined bg,;,. Conversely, the ratio s
of these quantities cancel3,;, and a determination of the
slope givesGy,yp,.

Note that the renormalization factors calculated by Morn-
ingstar and Shigemitsu are not those required for a detailed . o
investigation of spin and flavor symmetry within HQET. In for the quenched re_sult. The errors are calculated ina similar
Refs.[15] and[16] the lattice NRQCD matrix elements are Way to those in this paper and, with the exception of the
matched directly to full QCD, while the factors matching
lattice NRQCD to continuum HQET are the ones that are
needed. In particular, only the tree-level decay constants will 2The wilson results in Ref9] correspond to a light quark mass
obey the spin symmetry relation that the ratio\ofo PSis  greater tharmg and thus the slope of the decay constant is much
1 in the static limit. Thus, we restrict ourselves to a tree-levelarger than in the chiral limit, as discussed previously.

C. n; dependence

(60)

fg /fe=1.204)(15 (61)
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FIG. 9. Heavy quark dependence of various combinations of the treef&ahdV decay constants in lattice units faf=«.. (a)
presents M ps (diamonds, f(©)\M 5 (octagonsand the spin average of tiRSandV decay constantsquares (b) shows the ratio of the
PSto theV tree-level decay constant witdiamond$ and without(squaresthe O(1/M) current correctiongc) gives the contribution to the
slope of the decay constants from ©¢1/M) current correction.

uncertainty due to fixing !, are of a similar size. The first can easily omit them in order to make a better comparison
error corresponds to statistical errors and those errors due toith our presenO(1/M) n;=2 results. Apart from this the
extrapolation and interpolation ik and aM,. The second quenched simulation and analysis remains the same as de-
error indicates the uncertainty @ ' calculated usingg™!  tailed in Ref.[3]. The modified quenched results are pre-
=2.0 GeV and 1.8 GeV. This range represents the spread isented in Table XVIIIl. As mentioned in Sec. V A, the con-
a1 derived from various light spectroscopic quantities.tributions from SHp,o, have a minimal effect on the
Higher order perturbative and relativistic uncertainties al’q)seudoscedar matrix elements in the region of Bhemeson.
given by the third error and the fourth error is due to dis-Thus, there should only be a very small uncertainty in the
cretization corrections. FcfrBS the error in fixingxs is found  comparison between quenched ane=2 results due to the
by fixing the strange quark mass from tkemeson(for the  differing actions. In fact, sincéHy, , tends to increaség,
central valug and the¢p meson; th&K* meson gave the same removing it would increase rather than decrease the sea
value of k¢ as the¢ meson. quark effect that we see.

The quenched calculation includé$l, , in the action The comparison is made at the tree level and at 1-loop for
and the tree-leveD(1/M?) current corrections. Since the ag*== and ag*=1.0 in Table XVIII. In perturbation
O(1/M?) current corrections were calculated separately, wéheory the effects of sea quarks appear beyond 1-loop. Thus,
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TABLE XVII. The O(1/M) slope found for various combina- TABLE XVIII. A comparison of the decay constants of tige
tions of the tree-levePSandV decay constants in lattice units, and B; mesons from this work and those on quenched configura-
=Kg- tions atB"=%=6.0[3]. The results have been converted into physi-
cal units(MeV) usinga™* from m, . The errors are purely statisti-
cal, with the exception ofg_/fg where the second error comes

Quantity aC1/Co Results from the uncertainty incs. Note that theD(1/M?) current correc-
tions included in Ref[3] have been omitted from the quenched

frsyMps Guint 6Gnypt Georr/2 —-11(3) results in order to better compare with the=2 results.

f\/m Gkin _09(3) Ian:0=6.O ,an:2=5.6

(0)

fosVMeps 8Gnyp 0.363) fo q*=1.0 14510) 180(5)

UMy gt =7 154(10) 1925)

fpsyMpg 8Gpypt2G o /3 —0.14(4) tree level 17611) 217(6)

fuVMy fe, g*=1.0 175%6)(+7) 208(2)(—4)

Quantity aCy Results q*=m 186(6)(+7) 222(2)(—4)
tree level 20%6)(+7) 247(2)(—4)

2M Of(Pls) Mpsg —Georr —0.621) fBS/fB 1.204)(+4) 1.142)(-2)

& Mps

Comparing the central values fcf)gS the increase withm;

ag* is likely to be very similar for the samila values for s slightly smaller,~20%, but statistically more significant
quenched ana;=2. Since the values af and hence@M;  at between & and 6.%. The error infg_due to the uncer-

are closely matched for the two simulations, it is reasonabk?ainty in «, clouds the comparison for this quantity slightly.

to compare at fixedq®. For the n;=2 configurationsm, and my give consistent
Considering, in addition, that the quenched and un- f 9 4 K 9

guenched simulations are very similar in method and anal values forks, while mg» gives a slightly higher valuésee

sis we expect the systematic errors to be sinféard corre- Y3ec. [). In contrast, for the quenched results the errotdiis
lated in both cases. Thus, initially, we make a comparisonlarger’ and as mentioned previously, is computed using from

considering only the statistical errors. Table XVIII shows _llj_z'SSg T?r}; air;dursr:;; d trr]r;K* uzgghrgg 32(':2 ngs'sst;r:tisries;ﬁzse q
thatfg is a quantity which is sensitive to the presence of se v q y

% 7 MeV, while then;=2 value is unchanged. The differ-
quarks and that the quenched value fgrmay be substan- y ’ f .
tially lower than the value in full QCD. We find a 23-25% ©"® between the two Vall_Je_S fg, is reducgd to 14_16%
or >3c increas&in fz, when two flavors of sea quarks are 0" @ (4-5.5) effect (a similar decrease is found using
included. The increase is roughly the same at the tree levélikx)- A detailed study of how to fix is needed to improve
and at 1-loop foag* = = andag* = 1.0. If the actual value the comparison of quenched and unquenched resultisfor

of ag* for n;=0 turns out to be higher than that fof=2, If the systematic errors are taken in accoun‘tBs
then the sea quark effect becomes smaller. In the reverse180(20) MeV atn;=0 and 21%29) MeV for n;=2; the
case the effect would be larger. central value is found usings from my, but the associated

Alternatively, we can ignore the fact that the systematicyncertainty in«; is included in the error. Assuming the er-
errors between the quenched and unquenched results g¢s are independent, the 35 MeV shift correspondsdo 1
probably highly correlated. Combining the statistical and  The effect of sea quarks in the decay constants have also
systematic errors in quadrature, we obtaifg  peen studied by the MILC collaboratigB4]. fz was found
=149(19) MeV atn¢=0, compared to 18@5 MeV atn;  tg increase by-13% from the quenched to thg=2 resui.
=2; the lattice spacing is fixed usimg, in both cases—i.e., The Wilson action was employed for the heavy and light
the uncertainty arising from fixing is ignored—and the quark at severgh values at botm;=0 and 2. Extrapolating
central value is obtained from the average of the results fofhe results to the continuum limit these authors fifygl
ag*=1.0 ands. In this case, the 27 MeV s_hift iﬁB isa lo =159(11)(stat) ¢ 22— 9)(syst)(+21—0) (quench MeV.
effect. Note that, considering the uncertaintyan* for n  Clearly systematic error®f which discretization errors are
=2, usinga *=2.4 GeV will lead to a larger sea quark the dominant sourdeare as large an effect as quenching. In
effect. This increase inc[ude; any effect due to finite volumenjs sjtuation the size of the sea quark effects is very sensi-
problems for the determination af * from m, atn;=2. As tjye to the interpolation of the,;=0 results to a lattice spac-
mentioned in Sec. llla~! is expected to be underestimated ing which coincides with that found at;=2 to enable a
if the p meson is squeezed. comparison. However, until the systematic errors are ex-

plored thoroughly an;=2, the difference between our re-
sults and those from the MILC Collaboration are not signifi-
3The significance of the shift in the decay constant is found bycant.
comparing the difference betwedg at ng=2 and 0 with the sta- Since the matching factors have been calculated over a
tistical errors added in quadrature. wide range ofM, we can also investigate the mass depen-
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FIG. 10. The renormalized pseudoscalar decay constant as a functiol p§ ilf physical units for3"=°=6.0 (diamonds 12) and
B"t=2=5_6 (squaresfor the tree level and 1 loop far* = 7 andgq* =1.0. aMg has been used for the argument of the logarithms appearing
in the matching coefficients.

dence of the sea quark effects. Figure 10 presents the resuftavors of dynamical quarks. In addition, an investigation of
for the tree level and 1 loop for two values afy*. The the effects of sea quarks through a comparison with
roughly constant shift between;=0 and n;=2 for the quenched simulations was performed. At present, we do not
whole range of meson masses fronMg/3 to 4Mp indi-  attempt to extrapolate in; but look for initial indications of
cates that the sea quark effects are associated with the lightienching effects.
quark rather than dependent on the heavy quark. We also Results, summarized in Table I, were presented for the
compare the results for the raﬂg /fg. The large sea quark lower lying S andP meson states and th, baryon. With
effects we see iffig_andfg |nd|V|duaIIy appear to cancel in the exception of the\,,—B splitting, the estimates of the
the ratio. There is onIy a-5% or 1.3 decrease irfg /fg systematic errors for all mass splittings were comparable to
S

hen two fl f K introducedf or less than the statistical errors. Thg— B splitting repre-
when two Tlavors of Sea quarks are Introducedeirom m,, sented the only significant disagreement with experiment.
is used, the results are consistent to within less thaa.0.5

This discrepancy is probably due to finite volume effects.

A detailed analysis of the heavy quark mass dependence
of physical spectral mass splittings was performed. We
We presented comprehensive results for the spectrum aridund the behavior wittM to fulfill the naive expectation:

decay constants of th8 meson including the effects of two O(Aqcp) quantities are weakly dependent ey while spin-

VI. CONCLUSIONS
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TABLE XIX. The operators and corresponding quantum num-
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TABLE XX. The ground state pseudoscalar meson energies,

bers used for the computation of the spectrum of the heavy-lighaE('S,), extracted from,,,=2 fits toC(l,1) andC(l,2) correla-

mesons. tors. The mass shift needed to convert the simulation energies to the
meson mass is also given.
25+ 1LJ (JPC) qTI‘Q
1 . N aM, A 0.1385 0.1393 0.1401 K¢
S (077) q'mQ
35, (1) q'o,Q 0.8 0.892) 0.4204) 0.3954) 0.36717) 0.3477)
p, (1) q'A,Q 1.0 1.093) 0.4654) 0.4405) 0.4128) 0.3948)
P, (0°) q'$j4,0,Q 1.2 1.272) 0.4924) 0.46715 0.4398) 0.4219)
P, (1) q'(Aioy—A;0)Q 1.7 1762 0.5245 05005 0.4738)  0.4539)
P, (2+7) q'(Aioi—Aj07)Q 20 20720 05345 0.5095 0.4838) 0.46310)
qT(AiO'j +4,07)Q (i#§) 3.0 2582 0.5485) 0.5246) 0.4999) 0.4787)
35 3.1@3) 0.5515 0.5286) 0.5039) 0.4839)
4.0 3.643) 05535 0.5307) 0.5049) 0.4869)
dependent splittings vanish asvL/in the large mass limit. /-0 6.6112) 0.5587) 0.5367) 0.51310) 0.49210)
Estimates of the slope and intercept of these quantities werd0-0  9.4822) 0.5608) 0.5368) 0.51§11) 0.49112

extracted and agreement was found with the theoretical ex=
pectation from HQS. A comparison was also made with exy
periment. This showed that the slope for the hyperfine split
ting was too low in our simulation. Residual quenching
effects are a possible explanation for this discrepancy. How-
ever, we have underestimated the splitting through the use &\‘qde§

o the present level of accuracy, and there is no significant
difference between the quenched ane-2 results.
In addition, results were presented for thg, fBS, fgx

decay constants at the tree level and fully consistent

the tree-level value of the coefficient of the hyperfine term into 1-loop in perturbation theory. We found that the combined
our simulation(this underestimate is not significant within 1-loop corrections are moderate and reduce the tree-level

statistics at theB meson. cg depends orM and improved
estimates of this coefficient must be included for @M,

before the origin of the discrepancy is clear.

We presented a comparison of our results with a similar
quenched calculation &"~°=6.0 using aO(1/M?) action

detailed in[2]. A comparison with a higher order NRQCD

action is possible as the additional terms in the action do nof
significantly affect the mass splittings considered. The
guenched results reproduce the experimental spectrum well

E('S,) and E(2'S,)

0.9

0.8

0.7

0.6

0.5

0.4

T T T T T T T T T T T T T T T T 1‘0
- §§ { _ 08
- E ] 0.6
i ] o
— — 0.4
— 1 — 0.2
B X X x X X X X g mmmmmm@ ]

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 0.0

5 10 15 20

o

t

min

X(a 1) (—=5)(ks) MeV,

value of fg by 10-16 % depending og*. Our predictions
for the PSandV decay constants are

fg=1865)(stah(19)(pert)(9)(diso(13)(NRQCD)(+50)
X(a~1) MeV,

5= 215(3)(stab(22)(pert(9)(disc)(15)(NRQCD)(+49)

’
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FIG. 11. The ground and first excited state energies extracted as a functigp mdm a vector fit to theC(l,1) andC(l,2) pseudoscalar
correlators foraMy=1.0 andk,=0.1385; t,.y is fixed to 20.E(1S;) is shown as squargsrosses for a one(two) exponential fit and
E(2!S,) as circles for the two exponential fit. The quality of fit parame@ris also shown as a dotted and solid line for a one and two
exponential fit respectively, whe@>0.1 defines a “good” fit.
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TABLE XXI. The first excited state pseudoscalar meson ener- TABLE XXII. The ground state vector meson energies,
gies,aE(2'S), extracted fromng,,=2 fits to C(l,1) andC(l,2) aE(%s,), extracted fromng,,=2 fits toC(l,1) andC(l,2) correla-

correlators. tors.

aMg 0.1385 0.1393 0.1401 K¢ aM, 0.1385 0.1393 0.1401 K¢
0.8 0.7@5) 0.695) 0.686) 0.688) 0.8 0.4484) 0.4225) 0.3918) 0.3729)
1.0 0.734) 0.725) 0.715) 0.707) 1.0 0.4904) 0.4635) 0.4329) 0.4159)
1.2 0.7%3) 0.744) 0.725) 0.71(6) 1.2 0.5134) 0.4876) 0.4569) 0.44Q9)
1.7 0.773) 0.764) 0.74(5) 0.736) 1.7 0.5414) 0.5156) 0.4859) 0.47Q9)
2.0 0.783) 0.774) 0.74(5) 0.735) 2.0 0.5484) 0.5235) 0.4939) 0.4718)
3.0 0.783) 0.773) 0.744) 0.735) 3.0 0.5584) 0.5345) 0.5079) 0.4888)
35 0.783) 0.763) 0.745) 0.735) 35 0.5605) 0.5365) 0.51Q8) 0.49Q7)
4.0 0.7713) 0.763) 0.744) 0.735) 4.0 0.5615) 0.53715) 0.5128) 0.4928)
7.0 0.763) 0.753) 0.754) 0.735) 7.0 0.5646) 0.54Q7) 0.51811) 0.4949)

10.0 0.743) 0.733) 0.735) 0.725) 10.0 0.56510) 0.5419) 0.51912) 0.49513)
=181(6)(staf(18)(perh(9)(disc)(13)(NRQCD)(+55) fox /fge =1.142)(stad(—2)(xs).

X(a"1l) MeV,

We presented a detailed study of the heavy quark mass
fgx=213(4)(staf(21)(pery(9)(disc)(15)(NRQCD)(+60) dependence of the decay constants. We find that the steep
s dependence of the tree-levelS decay constant, for which
X(a 1) (—4)(ks) MeV. Cps~2 GeV, is dramatically reduced when the 1-loop
terms are includedCps=1-0 GeV depending og*. We

Adding the statistical and systematic errors in quadraterre ~ Show how this occurs through the cancellation between the
rors 1— 4 there |S a Comb|ned uncerta|nty Of 14% |n the VarIOUS 1- |00p and tree- IeVel current CorreCt|0nS as the |nd|'
decay constants. This indicates a determinationfgfto ~ Vidual terms vary with the heavy quark mass.
around 10% is possible using @(1/M) NRQCD action We have shown that simulating directly at tBavith a~
with clover light fermions. However, first of all the error due Such thataMg is in the region of 2 is advantageous. In
to the uncertainty in the lattice spacing-80%) must be particular, this value oftM sits in the window between
significantly reduced. Conversely, fdé /fg and fB* [fge large perturbative corrections for largeM, and significant

most systematic errors cancel, and these quantmes can 6 ntributions from higher orders in NRQCD for smaller
more easily determined accurately. We find . Nevertheless, the 1-loop matching factors should be

checked by a nonperturbative determination; this is essential
for a determination of the slope. Similarly, for the smaller
meson masses studied here, higher orders in the NRQCD

-1

fp /fg=1.142)(stad(—2)(«s),

0.48 T T T T T T T T T T T T T T T T 0,18 T T T T T T T T T T T T T T T T
0.46 — — L 1
i 1 0.17 — —
. 044 — — 3 F J
v i ] E F 4
= i 1 & o186 —
5 - i & - 1

N
0.42 — ] s i |
L ] 0.15 — -
0.40 — — L 1
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FIG. 12. The chiral extrapolation afE(1S,) anda®%(®)\Mpgin 1/k for aMy=1.0.
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TABLE XXIV. The ground state energy of théP, state,
aE(*P,), for variousaM, and all «, .

TABLE XXIIl. The first excited state vector meson energies,
aE(23s,), extracted fromng,,=2 fits to C(l,1) andC(l,2) corr-

elators.
aMg 0.1385 0.1393 0.1401 K¢
aM, 0.1385 0.1393 0.1401 Ke
1.0 0.791) 0.771) 0.751) 0.741)
0.8 0.7%5) 0.746) 0.71(6) 0.697) 2.0 0.781) 0.761) 0.751) 0.741)
1.0 0.785) 0.776) 0.746) 0.727) 4.0 0.761) 0.751) 0.741) 0.71(1)
1.2 0.8@4) 0.795) 0.755) 0.726)
1.7 0.814) 0.81(4) 0.76(5) 0.75(6)
2.0 0.823) 0.81(4) 0.765) 0.736) pared to that an;=0. Clearly, fg is a quantity which is
3.0 0.813) 0.804) 0.765) 0.746) ser_lsitive_ to internal quark loops, and further work is needed
35 0.843) 0.794) 0.764) 0.745) to investigate the dependence of the decay constant on the
4.0 0.803) 0.794) 0.764) 0.755) mass and the number of flavors of sea quarks. We find the
70 0.773) 0.763) 0.754) 0.755) sensitivity ton; cancels in the raticﬁBS/fB.
10.0 0.743) 0.744) 0.744) 0.735)
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FIG. 13. The ground state energy of the, state extracted from Bexp=1
=0.1385;t,,4=10. The corresponding values @fare also shown.

074504-23

fit to C(l,2) as a function ot,,;, for aMy=1.0 andx;,



S. COLLINS et al. PHYSICAL REVIEW D 60 074504

TABLE XXV. The ground state energy of théq, aE(Ag),  « and we chose a fitting range of 5-20 with,,=2 for

extracted fromng,,=1 fits to C(l,1) for allaMy and «; . both 130 and 381 mesons.
Tables XX, XXI, XXII, and XXIII detail the energies
aMg 0.1385 0.1393 0.1401 K¢ extracted. The results are chirally extrapolated to zero light

0.8 0.7839) 0.72713) 0.66917) 0.62120) ggark mass and we find only Imear dgpendence_m,lﬁg.
shows the chiral extrapolation Bf> for aMy=1.0.
1.0 0.82610) 0.77313 0.71617) 0.67119) The h fi litti 3cy_ /1 3
yperfine splittingsE(°S;) —E("Sy) and E(2°S;)
12 0.85110) 0.79912) 0.74417) 0.70117) —E(2'Sy), are calculated from the differences of 100 boot-
17 0.8809) 0.83211) 0.77917) 0.73918) strap samples of thae,,=2 fits. In order to study the de-
20  0.8899 0.84110  0.78919)  0.75118) pendence of these and other splittings on the heavy quark
3.0  0.9029) 0.85810)  0.80417)  0.77218) mass, the meson masM (g is calculated using the mass
35 0.90%9) 0.862100  0.80818  0.77819 shifts, A=Mps—E('Sy), obtained from heavy quarkonia
4.0 0.9079) 0.86512) 0.81119) 0.78217) dispersion behavior, given in R€i8]. The mass shifts are
70  0.89317) 0.87313  0.82118  0.80129 given in Table XX.
10.0 0.88623) 0.87812) 0.82824) 0.81926) The singlet and triplet =1 states,*P,, 3P, %P, and
3Py, were also computed foaMy=1.0, 2.0 and 4.0. The
corresponding operators used in the simulation are given in
1. Spectrum Table XIX. As noted in 8] we cannot resolve the spin split-

Considering the spectrum initially, the simplest quantitiestmgs between these states with the statistics available. Thus,

0 extract are théS, and S, ground state energieky( 1S,) we present the results for tHé, state and ignore the mixing

and E(®S,) respectively. A multiple exponential “vector” with the °P, state. Figure 13 shows thaing,,—1 fit to the
1) resp Y. pie exp C(1,2) correlator is stable as,;, is varied and we chose the

fit was performed to th€(l,1) andC(l,2) _correlators, where fitting range 4—10 for altM, and ;. The ground and first

C(1,1) (C(1,2)) denotes a correlator with the heavy quarkexcited state smearing functions did provide significantly dif-

smeared at the source with a hydrogen-like gro(fitst ex-  ferent overlap with the lowest two states. However, since the

cited) state wave function and local at the sink. The operatorsignal died out around~ 10, there were too many higher

inserted at the source and sink constructed from heavy angtates contributing to enable a 1, 2 or 3 exponential fit to

light quarks are given in Table XIX. C(l,1) andC(l,2). Table XXIV gives the results for differ-
An example of the quality and stability of the fits is entaM, and«; .

shown in Fig. 11 fomMy=1.0 andx,=0.1385. The ground In addition to the meson spectrum td€=31" baryon

state energy extracted from a single exponential ffif,(  containing one heavy quark,o, was computed. The lattice

=1) in the range ;> 12 is in agreement witk(*S,) from  operator

aney,=2 fit for 3<t,,;,<<10, and we feel confident that we

have minimal excited state contamination. The excited state ¢ =~ Qi(il)Z (0®)T(X2) Cy5709°(X2) (| X1 — Xa|)

energy is stable with,;,; however, ang,,=3 fit is needed X1 Xo
to confirm this state. Similar results are found forMl} and (A1)
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FIG. 14. The ground state energy of the, extracted from an,,=1 (crossepandn,,,=2 (circles fit to the C(l,1) correlator as a
function of t,;, for aMy=1.0 andx,=0.1385; t,.,=20. The corresponding values ¢ are also shown as a solidotted line for a
Nexp=1(2) fit.
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FIG. 15. The ground state energy extracted fromg=1 fit to the pseudoscal&(l,1) andC(1,1) meson correlators as a function of
tmin for aMy=1.0 andx,=0.1385;t,,,,=20. The corresponding values Qfare also shown.

has the correct quantum numbers for this particle, wahgbe  standard way from simultaneously fitting to tk&l,1) and
and c are the color indices and is the spinor index.¢ C(1,1) correlators. The amplitudes of these correlators are
represents thénydrogen-likg¢ smearing function an@ is the  related to the decay constant via

charge conjugation matriyqy,. Figure 14 presents the en-

ergy of the ground state extracted from multi-exponential fits c(l,1)=2z,e F, (A2)
to C(l,1) for aMy and x;=0.1385. E(A) is stable with
tmin for ne,,=1. This is also the case when including an- c(1 1):Zie—Et (A3)

other exponential in fitting to the same correlator. We found
the fitting range 7-20 for the=1 fit is sufficient for all  \yhere
aM, and k;, and the corresponding values of the ground
state energy are given in Table XXV. \/§Z|=f(0)\/m- (Ad)
2. Decay constants Note that the correction to the current is not included in
The zeroth order pseudoscalar and vector decay constant3(l,1). The typical quality of the fits is illustrated in Fig. 15
fO/Mpg and f{)\/My, respectively, were extracted in the for the PSmeson. We found 7-20 to be the optimal fitting
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FIG. 16. The ratioC(l y1),1)/C(l,1) for thePSmeson as a function df,;, for aMy=1.0 andx;=0.1385;t,,= 20.
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range forPSandV mesons for alaMy and «,. The corre-
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[C(l5),1)] with C(1,1); I is given in Egs(13) and (25)

sponding amplitudes obtained from 100 bootstrap samples dbr the PSandV respectively. In the limit of large times this
the fit parameters are presented in Tables VI and VIII for theatio tends tof)M/f(® M. From Fig. 16 we see that
PSandV respectively. The results are extrapolated to zerd3—20 is a reasonable fitting range, and this was found to be
light quark mass, an example of which is shown in Fig. 12optimal for allaMy and «,. Tables VII and IX give the

for the PSdecay constant.
The tree-level corrections to thES and V currents,

resulting tree-level corrections to the decay constant for the
PS andV mesons respectively. The only 1-loop correction

£ /Mpg andf{MM, respectively, are obtained separately which must be calculated i) M,,. This is obtained in the
by computing the jackknife ratio of the correlator with the same way as the tree-level correction. The results are de-
tree-level current correction operator inserted at the sinkailed in Table X.
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