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We present results for thieb spectrum obtained using a@(M ,v°®)-correct nonrelativistic lattice QCD
action, whereM, denotes the barke-quark mass and? is the mean-squared quark velocity. Propagators are
evaluated on SESAM’s three sets of dynamical gauge configurations generated with two flavors of Wilson
fermions atB=5.6. These results, obtained with dynamical Wilson fermions, are compared to a quenched
analysis at equivalent lattice spacifgy=6.0. Using our three sea-quark values, we perform the “chiral”
extrapolation tom.s=my/3, wheremg denotes the strange quark mass. The light quark mass dependence is
found to be small in relation to the statistical errors. Comparing the full QCD result to our quenched simula-
tion, we find better agreement of our dynamical data with experimental results in the spin-independent sector,
but observe no unquenching effects in hyperfine splittings. To pin down the systematic errors we have also
compared quenched results in different “tadpole” schemes as well as using a lower-order action. We find that
spin splittings with anO(M,v*) action areO(10%) higher compared t®(M,v°) results. Relative to the
results obtained with the plaquette method, the Landau gauge mean-link tadpole scheme raises the spin
splittings by about the same margin so that our two improvements are opposite in effect.
[S0556-282(98)01307-1

PACS numbd(s): 12.38.Gc, 11.15.Ha, 14.40.Gx

I. INTRODUCTION years to calculate a variety of phenomenologically interest-
ing quantitiedsee[5] for a recent summajyThe first step in
Since the formulation of heavy quark effective theory athe NRQCD program, naturally, is the calculation of the

few years agd1], systems containing one or two heavy spectrum of thdb system. Such calculations have been per-
quarks have been the focus of much attention both theoretformed using the quenched approximation[By-8]. So far,
cally and experimentally. Todag mesons are at the center there has only been one analysis of ffiewith dynamical
of experimental efforts to determine quantities related di'quarks: Davieset al. [5,9,10 applied anO(M,v*)-correct
rectly to the Cabibbo-Kobayashi-Maskawa matrix, always inNRQCD action to gauge fields incorporating the effects of
the hope that new physics might emerge. However, just agyq dynamical staggered fermions. It was found that the ex-
for systems with light quarks, the properties of hadrons conyerimentally knowrspin-independergpectrum could not be
taining heavy quarks are determined by nonperturbativéenroduced using the quenched approximation, whereas the
physics and here the lattice can provide the missing link. a4 with two dynamical fermions agrees much better. These
Nonrelativistic QCD(NRQCD) [2] is an effective theory  measyrements were pushed to high statigtés statistical
used to describe heavy quarkéd>A qcp. The NRQCD  grrorg in [9,10] and used to obtain precision measurements
Lagrangian is written as a series of operators expapded 8f the strong coupling constant,. Quenching, the approxi-
powers of the zmean—squzared heavy quark yglomfy mation in which the effects of dynamical fermions are disre-
Lnroco=ZinCi(99) Oi(Mqu™"), where the coefficients;  garded, was concluded to be the largest source of uncertainty
are obtained by perturbative matching with QCD. The lattic&, this calculation. The dependence of the splittings on the
version of NRQCD[3,4] allows one to simulate heavy gynamical quarkmasswas estimated, using just two mass
quarks with lattice spacing errors @i(pa), wherep is a values, to be of the same order as the statistical error. No
typical momentum approximately equalAgycp, rather than  simulation exists so far applying NRQCD to dynamidil-
the usualO(M4a) for Wilson-type heavy quarks. This sonfermions.
makes lattice NRQCD a promising technique to simulate In the spin-dependergector the emerging picture is much
systems containing k quark. less clear. TheP-fine structure in the unquenched theory
Lattice NRQCD has been widely used in the past few{5,10], obtained with thed(M ,v*)-correct action, was found
to be in very good agreement with experiment, whereas the
quenched results, using the same action, predict much
*Electronic address: spitz@hlrz.kfa-juelich.de smaller splittings. However, the recent results[8f11,12
TElectronic address: hoeber@theorie.physik.uni-wuppertal.de  (all of which use the quenched approximalitvave exposed
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the sensitivity of the spin-dependent splittings to the details (A(2))2

i
of the action: Several improvements, such as the inclusion of  §H®¥=—c¢; 3 +czi2(A -E—E-A)
higher-order spin-dependent terms in the NRQCD expan- 8Mj, 8Mj,
sion, the addition of lattice-artifact correcting termsQfa?)
[8,12], and an improved phenomenological estimate of the —03%U~(ZXE—EXZ)—C4WU'§
coefficientsc; [12,13, were found to have sizable effects of 8Mjg b

O(10—20 %) for these splittings. Thus, recently, there has

. . 2A(4) (2)\2
been strong support in favor of using tagM v ®)-correct a’A a(A™)”

. . ! +Cs —Cg 2 (2
NRQCD action, where, at highest order, afin-dependent 24My, 16nM;
corrections are added, as well as for the use of the mean-link _ - _ .
Landau gauge tadpole scheme to estimate the perturbati@d spin-sensitive corrections of orddr,v°,
coefficentsc;. The effects of these improvements for dy-
namical co_nfigur:_;ltions have not been studied. SHO®=—c, 9 {A®@ 5B}
In the simulation presented here we attempt to address Mg
many of the open issues pin-pointed above. Using SESAM’s
large sample of dynamical Wilson-fermion gauge configura- 39 2
tions, we study both the spin-independent and the spin- _Cf3(._~)4|\/|g{A 0 (AXE-EXA)}
dependent spectrum of thé. Our strategy, in searching for
sea-quark effects, will be to compare our final dynamical ig?
results to that of a quenched simulation at equivalent lattice —Cg——o0-EXE. (©)
) : . 8M;
spacing. Thus we hope to consolidate that ungquenching

brings the spin-independent splittings into good agreemenfiye do not include spin-independent  corrections  of

with experiment. Using our three sea-quark masses, we cah(M,v°). The E and B fields are defined in terms of the
also study the dependence of mass splittings on the lighfe|d strength tensor

sea-quark mass. Following the recent suggestions of
[8,12], we have implemented the NRQCD action including ) 1 UM,,(X)—ULV(X)
spin-dependent corrections @(Mv°®) and we remove a gFuv(X):_Zé - 2
tadpoles using the mean link calculated in Landau gauge.

With these ingredients we hope to clarify the effect of 1
unquenching in the spin-dependent splittings. In addition, —§Tr[ImUMV(x)] '
using the quenched configurations we investigéjethe
effect of changing tadpole prescriptions atig the effect E'=F°
of using an O(Mv*)-correct action compared to the
O(M,v®)-corrected one. . 1 .

b BIZ_EéiijJk, (4)

Il. SIMULATION DETAILS whereU ,, is the standard plaquette and the sum is over all
counterclockwise plaquettes in thev plane, Ik=xu<4, 1
In Sec. Il A we present the discretized version of our S VS M-

2 4 . . . .
O(M v %)-correct NRQCD action. Section Il B addresses is- '€ removal of O(a"Myv®) discretization errors is

sues concerning the determination of the perturbative coefﬂ"-iCh'eved by(i) using an improved version of the lattice field

cientsc;(g?). strength tensao3] in the leading spin-dependent interactions
(c3 andcy),

1 .
A. Action FW=§FW—E[UM(X)FW(XJra,u)UL(X)

The nonrelativistic (Euclidean lattice Hamiltonian to

+ T J— - — ~ - ~ - .
O(M®) consists of3] the kinetic energy operator Uux=ap)F(x—amU(x=aw) = (pen)l;

©)
(2) . . . .
Ho=— A (1) (i) adding the last two terms i6H*) to (classically correct
0 2My’ for finite lattice spacing errors in the spatial and temporal
derivatives, andiii) using the improved derivative operator
2

which is of orderM,v?; relativistic corrections of order < a -

Mpv*, i Ai:Ai_EAiH)AiAi( g (6)
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TABLE I. Comparison of tadpole improvement schemes.

U k=0.156 k=0.157 «=0.1575 Quenched

uP = ((Tru,,)ve 0.8688  0.8695  0.8697  0.8778
U =(2TrU ) 0.8499 08519 08529  0.8608

aA"G(x)=U;(x)G(x+ai)—G(x),

aAl"'G(x)=G(x)—Uf(x—al)G(x—al),

aAiG(x)=%[Ui(x)G(x+ ai)

—Ul(x—ai)G(x—ai)]

in the leading spin-dependent interactiorts)( For com-
pleteness we also give our definitions®¥) and A*):

AR=S A
1

a’APG(x)=U;(x)G(x+ai)
+UJ(x—ai)G(x—al)

—2G(x),

AD=2 (A2, (7)

TABLE Ill. Simulation details 6; denotes the number of fla-
Vors).

Ksea No. of configurations Measurements

Bayn=5.6,n¢=2, 16x 32

0.156 200 800
0.1570 200 800
0.1575 200 800

IBquenched_’(S-O:nf:O, 16°%x 32
200 800

B. Tadpoles

An important feature of our simulation is the use of “tad-
pole” improvement: Gauge link , are replaced by , /ug
where the mean linkiy accounts for the effects of tadpole
diagrams[14,15. The coefficientsc; are then set to their
tree-level values of 1.

The choice olyg is, of course, not unique; here we choose
Ug to be the mean value of the link variable in the Landau
gauge:

L~ 1 -
Up’'= §TrUM , d,A,=0. 9
With this choice of gaugeTrU ,) is maximized so that is
as close to 1 as possible; it was therefore argudd3hthat
the remaining tadpole contributions cannot be due to lattice
artifacts. A recent NRQCD lattice calculation of the spec-

Following [7], the quark Greens functions are calculatedtrum over a variety of lattice spacings suggests that this

from the evolution equation

G(t+1)=|1- 2o nuT 1
( )_ 2n 4

aHO)n
>n (1—adH)G(1),
8

G(0)= by,

choice improves the scaling behavior of spectroscopic quan-
tities [12], notably the hyperfine splittings. This view is also
endorsed ir]5,11], where the authors have studied the scal-

ing behavior in the quenchdtb spectrum using three values
of the coupling 3=5.7,6.0,6.2 an O(Myv*)-correct ac-
tion, and the plaquette tadpole val(defined below. They
find the spin-independent spectrum to display insignificant
scaling violations, whereas the hyperfine splittings do not

whereG(t) is a two-spinor component object. The parameterscale that well. This is attributed partly @(a?) errors in the
n serves to stabilize the evolution for small bare quark field arising in the terms- B, but partly also to the choice

masses and is set to=2 [3].

TABLE Il. Operators and naming scheme.

bg ZS+1LJ(JPC) Q
u 1S(07 1) 1
Y 351(]-77) i
hp Py(177) Aj
Xbg *Po(077) 3
> Ao
=1
Xb, 3py(17 ) Ajo;—Ajo;
Xb, 3Pz(erJr) AiU'i*Aj(Tj
Aia'j +Aj0'i
v — 53P,+3%P,+3%P
X CG((P)=P= %

of plaguette tadpole improvement not capturing the tadpole
effects sufficiently well. Additionally, two more arguments
in favor of ul-) are given in[13]: First, the static potential
shows less violation of rotational invariance using a
ugL)-tadpole improved gluonic action and, second, the non-
perturbative determination of the clover coeffici€b] is in
good agreement with the{--tadpole improved perturbative
result. Since, for thédb, all simulations performed to date,
notably those with dynamical staggered quarks, have been
usingu{”=(3Tru )1, our measurement will help to ex-
plore the size of the systematic error associated with the
choice ofug. In the quenched sector we have also performed
an analysis of theS splittings (where signals are cleangst

IWhich was obtained from the unimproved field strength tensor 4.
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! G(y)=2 Gly=xDTso(X). (11
09 X
08 g The interpolating operatdr “sKx) = ® K x) contains
- 07¢ ® a spin matrix(2 and a spatial smearing functiab; the su-
;E e perscript sc/sk denotes source and sink smearing, respec-
O

tively. A proper choice ofb is crucial to obtain clear signals

= o6 @
- for excited states. Here we benefit from a recent lattice de-

05 - termination of thebb potential including relativistic correc-
tions[17]. These authors start from ti@&(v ) nonrelativistic
04 - Schralinger-Pauli Hamiltoniaf18], which, in the center-of-
0s mass frame of the quark and antiquark, has the form
02 2 4
0 p p 1
H= M+ 5—— ——= +——= V[ Vo(r) + Vy(r
t 2, Mt o o ¥ VoD Va()]
1 +Vo(r)+Vsp(r,L,S;,S) + V(1) (12
wf  [mCR . .
' 1 It contains the central potential of Cornell type:
ogle@ * -
b G; e
_ | ®ee, . I ] Vo(r)=V+kr——, (13
e °° o o . r
5 L AN
= 06 | o, Liie b . . .
- ‘ e “ ; spin- and velocity-depende§D and VD potentials(see
05 | Gu n A J [17]) and the Darwin ternV,. Following[17], we numeri-
| , 'y cally integrate the radial Schdmger equation
04 i
03 | - ge (N=F(r,E,.L,a,mk) g (1) (14)
02 I ] I 1 I [
0 5 10 15 20 25

for definite radial quantum number and angular momentum,
where

FIG. 1. Two examples of effective masses with several radial
excitations. They, is at our lightest sea quark,=0.1575, whereas
the hy, is at the heaviesty=0.156. L(L+1) o
F(r,E,L,a,mKk)= r—z—m(E—kr+?

(15

using the plaquette prescription and, furthermore, we com-
pare theO(M v ®) results to a simulation where the NRQCD
action is correct tadO(Mv?). In Table | we compare our
values ofuf’ to the commonly used”. Note thatu,
weights the field strength tensor with four powers so that
naively, usingu{” instead oful-) may change the hyperfine
splittings by as much as 8%. TABLE IV. Spectrum results in lattice units for all three sea-
quark masses and for the quenched simulation.

The term — a/r contains the Coulomb term of the central
potential, the 1/ contribution of the Darwin term, and the
leading 1f contribution fromV,p. We leavem andk as
free parameters, but fix the contributions of the terms not

C. Correlators and smearing
anZ,BZS.6 nf:0,ﬁ26.0

Meson correlation functions at zero momentum are built . ., . _01560 x=01570 xk=01575

from quark propagators combined with suitable interpolating

operators, 1 lSO 0.34938) 0.3478]7) 0.34487) 0.33098)
2 180 0.63520) 0.61315) 0.588198) 0.57412)
meso —0)— t t _WE 1381 0.36519) 0.36219) 0.35829) 0.34388)
Geea(t.p=0) xzy TG DT i (y=X) Gy )], 235, 0.63521) 061015 058417  0.58413)
(10 33s, 0.75(5) 0.81(2)
_ 1P, 0.55911) 0.5489)  0.54110) 0.5129)
where the source smeared propaga®ris obtained by 21p, 0.804) 0.742) 0.712) 0.722)

evolving the extended source:
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TABLE V. Splittings at fixed sea quark as well as quenched=|ocal, 1, 2, and 3 corresponding to a point soufloeal),
results(in lattice units.

n=2,8=5.6

the ground stat€l), the first excited stat€?), and the second
excited state€3), respectively. For the =1 states we restrict
ourselves to the ground state and the first excitation as sig-

- ne=0, nals deteriorate. Correlators with momenta ugg=2 are
Splitting «=0.1560 «=0.1570 «=0.1575 p=6.0 also calculated. Gauge configurations are fix?adbt:o the Cou-
21s,—11%S, 0.285200 0.2669) 0.2437)  0.2438) lomb gauge.
235,—-13S;,  0.26925 0.24815) 0.22617) 0.24313
33%5,-13%g, 0.396) 0.4712)
1'P,—13%s;, 0.194100 0.1849) 0.18310) 0.1689) D. Lattice parameters
2'py—1'Py 0244 0192 0172)  0.212) The lattice parameters we have used are displayed in
1P-13%, 019411 0.1869)  0.18210 0.1699)  Taple Ill. SESAM has recently completed the generation

of gauge configurations with twd@degenerate dynamical
135,—-1'S, 0.016G2) 0.01432) 0.01382) 0.01262)  fermions at three values of the sea-quark mass. For each
13P,—1'P; 0.004610) 0.003110) 0.003210) 0.005@6)  mass the run consists @(5000) trajectori€sand we ana-
1'P,—1°%P; 0.002311) 0.00289) 0.00176) 0.00168)  lyze every 25th trajectory giving a total of 200 configurations
1'P,—1°P, 0.010519 0.011515 0.011511) 0.00988)  at each sea quark. This is by far the largest set of dynamical

Wilson-fermion gauge configurations to date, more than
13p,—1P  0.00398) 0.00367) 0.00335 0.00385)  a factor 2 larger than the sample analyzed with respect
1P—-13%p, 0.00299) 0.00237) 0.00176) 0.00277) to NRQCD in [9].3 Details concerning the generation of
1P—13p, 0.011115 0.011G13) 0.011511) 0.011Q9) our dyn_amlcal co_nflguratlo_ns and issues surrour_1d|ng auto-
1P-1'p, 0.00067) —0.00057) —0.00015) 0.00114) correlations are discussed in Rg#0]. Here we mention only

the values of ther to p mass ratio and the lattice spacing
obtained from thep, which we have measured in a stand-

coming from the central potential to the lattice values foundard light spectrum calculation on the lattif21,22, for our
in [17]. The Coulomb coefficiene is that of the quenched three dynamical sea quarkg.;~{0.156,0.157,0.157%5
simulation in[17] augmentedby 20% to take into account m_/m,={0.8394),0.75§87),0.691)} anda;1=2.336) GeV.
the different running at short distances observe@li@]. A
direct comparison with hydrogen wave functions clearlysystem, we exploit configurations more than once by starting
demonstrates the superiority of our choice.

The continuum wave functions are converted to the latticgpoints and on different time slices. A binning procedure con-

Taking advantage of the smallness of the bottomonium

the propagator evolution both at different spatial source

using the scales obtained from SESAM/amasses for each firms that our four measurements per configuration are in-

Ksear The spin matrice€) are taken fron{7] and listed in  deed independent.

Table Il. Note that the finite-difference operators included in  Errors are obtained from correlated fits using the boot-

Table Il for the P waves are only applied in the case of strap procedure. They correspond to 68% confidence limits

S-function smearing. of the distribution obtained from 300 bootstrap samples.
For theY and 5, we calculate a X4 matrix of correla- Throughout, we fix the bare heavy quark mass to a value

tors with four different smearings at source and sink, sc/skeM,=1.7. In a quenched simulation by the NRQCD Col-

0.32

03 . . .
L 1 1
03 2’ -1PH
R 3 025 |
o028t 2°51 = 1°5:
wn —
S oz g ozr + + ;
g 024r w015 ‘*‘
E 022t T E E
2 < o1} [ S—
o2t ' + = U S S
018 . ++ T 005 | 3
i 1P -1%%, 1P -1°%;
016 . . . . X .
0 001 002 003 004 005 006 007 0 . s s . . .
my, 0 001 002 003 004 005 006 007

FIG. 2. Extrapolation of spin-independent splittingsng/3. The 15—1351 splitting is plotted for comparison as it is one of the
splittings used to determine the scéileis shifted downward by 0.1 on the right-hand plothe triangular symbol denotes the extrapolated
value.

2In a standard hybrid Monte Carlo algorithm we typically set the time-stepctizé.01 and perform 100 molecular-dynamics updates to
generate one trajectory.
3The authors of9] analyze 400 configurations taken from a total trajectory length of 2000.
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-laboration a{B3=6.0, a bard quark mass of 1.71 was found TABLE VI. Splitting results (in lattice units extrapolated to

to yield the correct physical value of thé [23]. mg/3.
lll. SPECTROSCOPY Splitting Am(my/3) Ao
g _ 11

We adopt spectroscopic notation and der(cdglially ex- 3320_1320 00'222351% g'géj{ég
cited spin-parity eigenstates by>" 'L (see Table I Fig- | 1P11_13511 0.1819) 0.17616)
ure 1 shows a subset of local masses: Although we have ngtlpl_l 1p, 0.163) 0.135)
tuned the smearing functions, we generally find good pla'lF—13S 0.1819) 0.17516)

: : 1
teaus for ground and excited states. Ecr O the radially
excited corr_elators remain in the first or second excitat_io_n fon 35,- 115, 0.01352) 0.01243)
about ten time steps. Local masses Roistates are noisier j3p,_11p, 0.00299) 0.002115)
and drop to the ground state without staying in an “excited; 1p, —13p, 0.00197) 0.001513)
plateau” as nicely as for th8 states. 1'p,—13p, 0.011713) 0.012322)
A. Fitting procedures 1%p,—1P 0.00326) 0.00299)
p_13

To extract energies we fit several smearing combinationd?" 13P1 53)1011612 8.8(1)1(1;)
of correlators simultaneously to a multiexponential ansatzlP—1"Po 011412 011621)
We find that vector fits to smeared-local propagators, 1P-1'P; —0.00035) —0.000710)

n
GO t) = fp b, e E (16) allow for the spread in fit results obtained using smeared-
(scl) &y sk ' local as well as smeared-smeared data. More complicated fit
p

functions confirm the results obtained from the single expo-
nential ansatz, but do not behave as stably. Results of our fits
are quite stable, whereas matrix fits appear to require highere given in Tables IV and V.
statistics. Energy levels are obtained from correlated two-
exponential fits to the two smearing functions=sl;2 with
Eq. (16). Hyperfine splittings are determined from single ex- B. Light quark mass dependence

ponential fits to the ratio We now turn to the dependence of splittings on the dy-

namical quark mass. Following the analysis in R26], we

meson, extrapolate energy level splittings linearly in the quark mass:
Lok (t)=Ae EaEa), (17
(sc,sk
Am:Am0+cE mgy, (18
u,d,s

thus exploiting the strong correlation between the data. We

use smeared-local and smeared-smeared correlators in Eq.

(17). The results quoted correspond to the value with the ]

lowest Q fit parameter[24], but with the statistical error Wheremg denotes the bare light quark masses. The relevant
enlarged to take into account the uncertainty in the fittingSc@l€ we pick is given byn,+mg+mg)/3~ ”;s/3v corre-
ranges, thus encompassing several possible fit results frofPonding to a “physical pion mass” of nf;+2mi)/3
different fit ranges. For the hyperfine splittings the errorg[25,26. Since gluon momenta inside thé are much larger

0.018 . : . . . : 0.015
. 0014 |
0017 | 135, —1'S,
, 0.013 |
2 ootet e 2 ootz -
> > 0.011
w L
w0015 W I
Q © g1
E b E
S oot4 . S oooof 1 .
A 0.008 | 1'P, —-1°F
0013 | ;
0.007
0.012 . . . . . . 0.006 . . . . . .
0 001 002 003 004 005 006 007 O 001 002 003 004 005 006 007
My My

FIG. 3. Extrapolation of spin splittings tm¢/3. The triangular symbol denotes the extrapolated value.
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TABLE VII. Determination of the lattice spacing from the TABLE VIII. Overview of our results in physical units for full
233,—-13S, and CG(3P)—1°3S, splittings. We use the average QCD and the quenched case.
value to convert our results to physical uni&pis to be compared
to the experimental value of 1.28.

Simulation resul{GeV) Experiment{27]

Average Splitting m¢/3 n;=0, 8=6.0
Spllttlng ail(GeV) ail(Ge\/) Rsp 2 lSD_ 1 lSO 059](26) 060(120)
n=0,8=60 Y'-Y 23310 24710 1.439) 235,-1%s,  0.55325) 0.59820) 0.5629
Y 2.6113) 335,-1%s, 1.157) 0.895
1 _13
x=0.1560 Y'Y 20918 21812 13913 L Pim1°S 0.45022) 0.41813)
oY 2.2712) 2p,—11P, 0.408) 0.527)
p—13 0.44822 0.41912 0.4398
x=0.1570 Y'Y 22715 23210 133129 2 PTLTS 822 12
=" 2.36110) 135,—-11s, 0.033419) 0.031312)
13p,—11P 0.007125 0.012215
k=0.1575 Y'Y 24917 24512 1.2413 2 ! 129 a19
_ 1'P,—13P;,  0.004618) 0.003920)
Y-Y 2.41(10)
1P, —1%P,  0.029130) 0.024321)
my/3 Y'Y 2.5220) 2.4814) 1.2311) _
o 24312 13p,— 1P 0.008@15) 0.009412) 0.0130
Y . _
X 1P—1°pP, 0.004@18) 0.006715) 0.0083
1P—-1°pP, 0.028335) 0.027120) 0.040

than any of the three lightest quark mas&ghysics should
be insensitive to then, 4-ms mass splitting. The value of the 1P—1'P; —0.000915  0.002810)
strange quark mass is taken from our recent light quark mass
calculation[21] and is such that

only [21]. Thus it is not clear what precise valuerofs mass
splittings should be extrapolated to.
~0.0156 (19 The extrapolations are shown for various splittings in
Figs. 2 and 3; Table VI containrAm(mg/3) andAm,. No
significant deviation from the linear parametrization is appar-
ent in the data. With the exception of tH&;-1S; splitting
lies close to our lightest sea-quark maﬂnq(x=0.1575)‘.‘ the light quark dependence is too small to be resolved given
Grinstein and Rothsteif25] have noted that extrapolating to our current sensitivity. Within large errors, we find
Me=My/3 is appropriate for the three-flavor case. In thisAm(my/3)/Amg, which can be taken as an upper limit of the
context, we point out that there is an uncertainty in theuncertainty inmgg, to be 3—20 % for the spin-independent
strange quark mass, due to the fact that we have simulated splittings. Choosingng4<m¢/3 would have the effect of in-
only two (degeneratedynamical flavors. These are identified creasing the inverse lattice spaciag® (see the next subsec-
with the up and down quarks so that, effectiveatly, is de-  tion). Clearly, a much higher statistics is necessary to pin
fined in the two-flavor theory in a “partially quenched” way down these effects.

1 1
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FIG. 4. Ratio of splittings 3S,—13S; to 1P— 13S; as a function of dynamical quark mass and number of dynamical quark flavors.

“The three sea-quark values correspond to pims={0.4452),0.341(3),0.276(5} [22].
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FIG. 5. Thebgspectrum. The left-hand plot shows radial splittings as well as angular momentum splittings withekel set to its
physical value. The right-hand plot resolves the fine structure: Here the zero of energy is seY ttethed in the left part and to the spin
averaged tripleP level in the right part. Data points are labeled as follows: open ciroles0,6=6.0; filled circles,n;=2,m,=m/3.

The ratio of splittings Ry,=(23S;—13S,)/[CG(*P)
—133,] is shown in Fig. 4a) as a function of the light quark

The lattice scale is taken from the average of tit82 mass. All values agree with the experimental number of
—13S, and CG(®P)—13S, splittings atmy/3 (Table VIl).  1.28. Finally, we use the average lattice spacings)#3 in
Recall that these splittings are virtually insensitive to thethe full theory, to convert the lattice numbers to their physi-
heavy quark mass and vary only by a few percent from th&al values; see Table VIII.
bb to the cc.® Note that the average lattice spacing f&r
=5.6 for n=2 agrees very well with the quenched one at
B=16.0 so that we can compare our results in the “full” and  Figure 5 summarizes our results for two and zero flavors

C. Lattice spacing

IV. DISCUSSION

in the guenched theories. from Table VIII. Unquenching effects are clearly visible in
50 03
3g _ q1

“r 151 =1 5% 028 235, — 135,
or 0

_ + % 026 |

>

é 35 LQLI

¢ E o24} +

20| A 3
o5 | VB,UOL v4,u0" v4,uoP 022 ve,uol‘ v4,uoL v“,uoP
20 0.2

FIG. 6. On the left we compare the hyperfiSesplitting obtained with arO(M,v°) to the one obtained with a®(Myv*) correct
NRQCD action. The higher-order result is shifted significantly downward. Also sKpaint on the very rightis the result obtained with
anO(Myv*) action but using the plaquette tadpole scheme. The effect is to push the result down relative to the one obtained with the Landau
gauge mean link tadpole scheme. On the right the same comparisons are shown for the spin-indefeh8aplifing: As expected, no
change is seen. All results are for the quenched case@vith.0.

5The 235, —13S, splittings are 562.9 and 589.1 fbb andcc, respectively; folCG(3P) — 1 3S, they are 439.81{b) and 428.4 ¢c), all
in MeV [27].
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FIG. 7. Comparison of oufO(mv®),u{’} Wilson-fermion result extrapolated tng/3 (full circles) to the{O(muv*),u{™} (open circles
staggered fermion result at;=0.01 of the NRQCD Collaboration.

the Spin-independent part of th:d? Spectrum; this is also the first three terms in the expanSion for the hyperfine Spllt-
evident from Table VII, which shows that the lattice spac-ting are oscillating in sign. Therefore, the use of an
ings from the B-2S and the B-1P splittings do not agree in  O(Mpv®)-correct action is mandatory to get meaningful re-
the quenched theory, whereas they coincide when two dysults for the fine structure of the.
namical quarks are switched on. The ratio of these splittings [N addition to the order in the NRQCD expansion, the
is plotted in Fig. 4b) as a function of the number of flavors. hyperfine splittings will be sensitive to the value f. Na-
We do not observe any significant impact of unquenchingvely, one expects the splitting to vary asi/(since theB
on the hyperfine splittings. In particular, tHe hyperfine fields contain four links and the ratio of theuj with the
splittings seem to be underestimated for botk=0 andn; plaguette prescription to that with the mean-link Landau
=2. Clearly, this result needs to be corroborated with highegauge value is roughly 10¥see Table | for values afy in
statistics. Errors on our hyperfine splittings encompass thboth schemes We therefore also plot in Fig. 6 thts,;-1S,
statistical error as well as the uncertainty in the fitting rangesplitting obtained with th&® (M ,v*)-correct action but using
the latter is essentially of the same size as the statistical erréhe plaquette prescription foun, (this result is from the
so that we can expect some improvement with higher statisNRQCD Collaboratiof). The plot confirms the naive expec-
tics. tation and shows that changing to the mean link Landau
Compared to the only other simulation of NRQCD with value shifts the hyperfine splitting in th@ppositedirection
dynamical quarks, performed by the NRQCD Collabordtion as adding th@(M,v°®) spin-dependent corrections. For ref-
using staggered fermion®,10], we have introduced two erence, the corresponding value is also shown in the spin-
features. First, we have included all spin-dependent corredndependent 2-1S splitting where, within the larger error,
tions toO(M,v®) and, second, we have chosen an alternano effect is seen.
tive way of removing the tadpole diagrarh€&ompared to an With this in mind, we compare in Fig. 7 our
O(Myv*)-correct action, we expect the inclusion of {O(Myw®),ul” ,n;=2} results to the{O(Myv*),ul? n;
O(Mpv®) terms to effect the hyperfine splittings on the 10% =2} of the NRQCD Collaboratiori9]. Both in the spin-
level sincev?~0.1. Performing a relatively ched@(M v %) independent and in the spin-dependent sectors the results are
quenched simulation &= 6.0 (with 200 measurementand  in good agreement, although our splittings tend to be slightly
calculating only the3S;—1S, and the (spin-independeit  smaller.
2S-1S splittings, we find this naive expectation to be very
well satisfied, as is shown in Fig. 6. Very recently, a similar

effect was reported if8] [ O(10%) for the bb] as well as in

[12], where the effect of next-to-leading-order spin- e have presented a calculation of thie spectrum with
dependent interactions for charmonium was found to be ofjynamical Wilson fermiong.Our nonrelativistic lattice ac-
O(60%). Referencd8] also found a rather severe shift, due tion is correct toO(M,v?) for spin-independent operators
to theO(M,v°) terms, ofO(30%) in the P fine structure of  and includes all spin-dependent correction©¢M ,v°). We
the bb. These results confirm Trottier's conclusifi?] that  rely on tadpole improvement choosing the mean link in Lan-

V. SUMMARY AND OUTLOOK

50n gauge configurations generated by the HEMCGC group. 8We have reproduced their value on 200 configurations, but with a
"Other minor differences in the two simulations are tfipa bare  larger error.
b-quark mass of 1.8 was used by the NRQCD Collaboration(iand We note that the authors 28] are presently starting a similar
the HEMCGC data was not “chirally” extrapolated. analysis.
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dau gauge as our improvement scheme. spin-independent sector, in particular in giving a precise de-
By use of appropriate smearing techniques we obtainermination of the lattice spacing. Given the weak depen-
clean signals for ground and excited states. dence of these splittings on the heavy qu@kperimentally

We have studied the light quark mass and flavor depenas well as on the light quark masses, as found here, it appears
dence of thebb spectrum. All quantities were linearly ex- Worthwhile to push the scale determinations to higher statis-

trapolated tamy/3. We are helped in these extrapolations bytics using our configurations generated Byl at «

the fact thamy/3 is very close to our lightest sea-quark mass=0.1575 on 23X 40 lattices 3=5.6). This would enable a

so that the extrapolated values are easily consistent withifeliable extrapolation to three or four flavors. The dominant

errors with the values ak=0.1575. The lattice spacings source of error in such a lattice scale determination is most

were determined after “chiral extrapolation” with an error likely due to the remaining lattice discretization errors in the

of 6%, which accounts for the statistical and systemditic =~ gauge configurations.

ting) uncertainties. Although higher statistics are highly desirable, it seems
Comparing to the quenched calculation at similar latticeunlikely that progress in the spin-dependent sector will come

spacing, we find a distinct unquenching effect in the spinfrom this approach alone. It is concerning to find the spin-

independent splitiings that can be quantified by the ratislependent corrections @(Mv°) as large as 10% even for

Rep=(2 35,—-133,)/(1P—13S,) determined to be 1.23(11) the bb, decreasing the fine splittings relative to the lower-

with two dynamical flavors and 1.43(9) for the quenchedorder estimates. Even at this order the NRQCD expansion

case; the experimental value is 1.28. does not describe the hyperfine structure of the spectrum. A
We have estimated the systematic error arising due to twgerturbative or nonperturbative calculation of the coefficients

different choices of the tadpole subtraction factog;  Ci iS badly needed

whereas spin-independent quantities remain unaffected by

changes inug, the fine splittings increase when using the ACKNOWLEDGMENTS
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