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Unquenched charmonium with nonrelativistic QCD
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We present the results from a series of lattice simulations of the charmonium system using a highly
improved NRQCD action, both in the quenched approximation and myith2 light dynamical quarks. The
spectra show some evidence for quenching effects of roughly 10% i8 dimel P hyperfine spin splittings—
probably too small to account for the severe underestimates in these quantities seen in previous quenched
charmonium simulations. We also find estimates for the magnitude of other systematic effects—in particular,
the choice of the tadpole factor can alter spin splittings at the 10—20 % levep@ng radiative corrections
may be as large as 40% for charmonium. We conclude that quenching is just one of a collection of important
effects that require attention in precision heavy-quark simulations.
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I. CHARMONIUM ON THE LATTICE tadpole correction factor. Given the size wf for charmo-
nium, sizable®(v®) corrections are not surprising; however,
One of the most rapidly expanding sectors of lattice QCDthe disappointingly large discrepancies in the spectrum with
in the last decade has been the study of heavy-quark systenssich a highly improved theory give pause to the future of
Lattice simulations have successfully reproduced the broadharmonium simulations. Evidently, the NRQCD expansion
structure of the heavy hadron spectrum, providing a solicconverges slowly for the charm quark.
piece of evidence for the correctness of QCD. Discrepancies Even in the less-relativisti&’ system, the same highly
at the level of the hyperfine structure still persist hOWGVGr,improved NRQCD action has not provided conclusive agree-
and in some cases these are uncomfortably large. ment with experimenf5,6,7]. Certainly, NRQCD to®(v®)
This paper describes a series of highly improved nonig ot a closed problem.
relativistic simulations of the charmonium system, with the e difficulties with the hyperfine spectrum are not lim-
aim of estimating the sizes of various systematic uncertaini.q to the NRQCD approach. A report on the status of char-

ties influencing the spectrum. An understanding of the relag, i, simulations with the relativistic Fermilab approach

tive influence of these uncertainties on the heavy-quark spe¢: 1993[8] cited a 2030 % shortfall for th&state hyper-
trum is vital to the interpretation of the current state of Iatticefine splitting using an SW-improved Wilson action. In 1999

simulations. )
. . e UKQCD collaboration reported on a tadpole- and SW-
ne ver ful roach imulating h r . . . :
One very successful approach to simulating heavy qua Improved simulation of charmoniuf®]; their results for the

systems utilizes the nonrelativistic QQINRQCD) formal-

ism [1,2], where the quark dynamics are governed by ar> hyperfine splitting were roughly 4.0% below the experi-
effective non-relativistic Hamiltonian, expanded in powersMental value. Both of these simulations used the quenched

of the heavy-quark velocity. For the bottom and Charmapprox.imation, and the inc.:Iusion.o'f dynamical quark loops
quarks,v?~0.1 andv?~0.3 respectively, and so we expect would increase the hyperfln_e splittings. In the 1993 report,
to achieve some success with a nonrelativistic theory. Simydueénching effects were estimated to be as large as 40%;
lations of heavy-light and heavy-heavy charm and bottonflowever, this seems optimistic—corrections at the 5-15%
systems have shown that NRQCD captures much of the cofevel seem more t_yp|cal in full QCD simulations of both the
rect physics of the heavy quarks. Understanding the remaint system[6] and light hadron$10].
ing systematic errors in heavy-quark simulations has become A Very recent report from the CP-PACS Collaboratj@h
a major focus of the lattice NRQCD community. describes unquenched simulations of charmonium and botto-
The first report of a high-statistics NRQCD simulation of monium using NRQCD over a range of lattice spacings and
charmonium appeared in 1995 by Davigsal. [3]. The au-  Sea quark masses, with=2 SW-improved light sea-quarks.
thors used a NRQCD Hamiltonian with relativistic and dis- In that report, the authors concentrate mostly on simulations
cretization errors corrected t6(v*) to measure ground and of the bb system, though some charmonium results are pre-
excitedS, P and D state energies in the quenched approxi-sented. Their results indicate a significant increase in the
mation. Agreement with experiment was very promising,Sstate hyperfine splittings as the sea-quark mass decreases
with discrepancies at the order of 10-30 %SnandP-state  towards the chiral limit, though no effect is seen on the
hyperfine spin splittings, in agreement with the expected sizstates.
of the next-order corrections. We have performed a series of highly improved NRQCD
Disturbingly, charmonium simulations incorporating simulations to examine the various systematic uncertainties
O(v®) correctiong 4] showed a largelecreasen hyperfine  influencing the charmonium spectrum. We first concentrate
spin splittings, taking theoretical predictions as much as 509%n the effects of dynamical quark loops. If these account for
further away from experimental values. These simulationshe majority of the hyperfine splitting discrepancy in char-
also demonstrated a large dependence on the definition of tieonium, then we expect to find a large increase in the split-
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tings when dynamical quarks are included, even in the - a?

NRQCD formalism. We examine this effect using an en- Aﬂlﬂ(n)zﬁﬂlﬁ(n)—gﬁilﬂ(n),

semble of unquenched configurations provided by the MILC

Collaboration, seeking to establish whether the effects of dy- a2

namical quarks are sufficient to reconcile the hyperfine dis- Z;ZL'/’(n):Ai'/’(nHE(AZ)Zl//(n), (5)

crepancy. This work doesot aim to provide the definitive

unquenched charmonium spectrum. ) L~ o~ = 4 =
The remainder of the paper is devoted to an examinatio/Nile the fieldsE;=F,; andB; = 7 ¢;;F are taken from an

of other systematic effects. Simulations with two common/MProved gauge field tense#,2]:

definitions of the tadpole correction factor result in signifi- 5 1

cantly different speptra, and we find a rough estimate of the Fu(n)= §|:W(n)_ 5[Uu(n)Fuv(n+M)UL(n)

effect of O(«,) radiative corrections to the NRQCD expan-

sion coefficients. Finally, we note a sizable shift in the hy-

perfine splittings due to an instability in the standard form FULN=wF (= U (0= p)
for the heavy-quark propagator’s evolution equation. Each of Aot + A
these effectg ?s con?raspteg with the estimat?ed magnitude of ~UmF L nt U, (M+U,(n=v)
the unquenching error, which leads us to several conclusions XF, (n—)U,(n—»]. (6)
about NRQCD simulations of charmonium and heavy-quark mr v
simulations in general. All lattice operators are tadpole improvétil] by dividing
all instances of the link operatots$, (n) by the tadpole cor-
Il. STANDARD LATTICE NRQCD FORMALISM rection factoru:
The NRQCD Hamiltonian is typically presented as an ex- U,(n)
pansion in powers of the heavy-quark velocity. A highly im- Uu(n)———- (7)
proved NRQCD Hamiltonian, with corrections (v®) in 0
the velocity expansiof?], is This means, for example, that the gaug@ndB fields are
adjusted by a factor otlg. Much evidence exists for the
H=Ho+ dH 4+ oHys, D superiority of theLandaudefinition of the tadpole factor,
where L /1
u0=<§TrUM> , (8)
—A®@ ,A,=0
Ho= oM ) _
0 over theplaquettedefinition,
is the leading kinetic Schdinger operator, and thé(v*) 1 va
and O(v®) corrections are up= <§Tr P;w> 9

1 g ~ = ~ ~ For example u5 leads to smaller corrections to hyperfine
=i ——(A@24 e, —_(A-E-E. . - : : :
6H 4 Cl8M3(A e, 8M2(A E-E-A) splittings and better scaling of quarkonium magge42], it
0 0 restores rotational invariance to a greater degree in the static
g g guark potential13], and it results in closer agreement be-

+C3—— 0 (AXE-ExA) ~Cagp O B tween the tadpole-improved value and the perturbative value
8Mg 0 for the “clover” coefficient cg, in the Sheikholeslami-
5 Wohlert action[14]. We have used both the Landau and
+ a A& — a A2)2 (3)  Plaquette definitions in our simulations.
Cs 24M Ce 2( ) ’ . . .

0 16s Mg Since the quarks and antiquarks are decoupled in the non-
relativistic theory, the heavy-quark Green’s function may be
found from an evolution equation

SH s=—c7i{z<2> o-Bl—cg 3
0 gM3 64M§

aHg\*® + aHg\*®
1- Uil 1- =] (1-asH)G,, (10

Gt+l: 2s

> 2s
x{zm,o.(zxﬁ—ﬁxz»—cg#a-ﬁxﬁ.

3 with the initial time step given by

S

aHg\*®
Sx0- (12

_Z0) gt
125 U,

(4)

A tilde signifies the use of improved versions of the lattice
Operators that remove the Ieading discretization errors: th¢'he (1_aH) factors are linear approximations to the con-
improved lattice derivatived andA(® are given by tinuum evolution operatoe™. The “stabilization param-

aHg

1= 2s

G]_:
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eter” s appearing in Eqs.l) and(10) improves the approxi- TABLE I. Parameters used in charmonium simulations. The lat-
mation to the time evolution operatef™. tice volume is 12x 24 for the quenched simulations and®¥&2

To complement the use of a highly improved quarkfor the unquenched simulations!, is the kinetic mass of théS,
Hamiltonian, we use a tadpole and “rectangle” improved State:s is the NRQCD stability parameter in E¢t).
action for the gauge fields1]:

B u ug a(fm a'Gev) aM, M, s
5 1
=— — P (N——=(R,+R,) |, (12 Quenched
= 'Bn,ﬂz>v 3ug il 1) 12u8( . 2 123 252 0874 0.168) 1172) 0.81 3.01) 6
2.10 0.829 0.18B) 1.092) 1.15 301 4
where P, (n) and R,, represent the traces of Xl
plaguettes and 21 rectangles of link operators, respec- Unquenched
tively. 5.415 0.854 0.163) 1.212) 0.82 291) 6
Operators for the various quarkonium states have the forrh-415 0.800 0163 12120 115 291) 4
M(t)=§n: #T(n,HT(n)x'(n,b), (13)  the improved action in Eq(12). We found that, using Lan-

dau and plaquette tadpoles respectiveBs2.1 and 8

wherey' andy ! are the quark and antiquark creation opera-=2.52 give almost the same lattice spacing as the un-
tors, and’'(n) provides the appropriate spin and spatial Wavequenc_hed qonflguratlons. These results agree with the spac-
function quantum numbers. Operators for the lowest-\ng iNgs given in Ref[4] at the same values ¢@. We created

P and D states are given in a number of referen¢sse 100 configurations in each case, with lattice volumé 12
[3,4]); using these, we have constructed propagators for eack 24, the largest we were able to manage with our compu-
of the 25*1L ;=15,, 35, 'P,, 3Py, 3P; and 3P, states. tational resources. Given the small physical size of the heavy

Only one spin polarization of each of the triplet states wagnesons, however, the differenpe in' volume between the

used. guenched and unquenched configurations should not have an
To reduce the effects of excited-state contamination an&ffect on our results. _

improve the operators’ overlap with the true meson ground- The lattice spacing was determined for each ensemble us-

state wave functions, we have used a gauge-invariant smedfd the spin-averageé-S splitting, for charmoniumg(P

ing function, replacing —S)=458 MeV. This splitting is knoyvn to be quite inde-
pendent of the heavy quark mass, falling only slightly to 440
I'(n)—T(n)¢pg(n). (14 MeV for bottomonium, and so serves as a stable quantity for
_ _ _ _ determining the physical lattice spacing. We have collected
A simple and effective choice faps, is [15] the parameters of our simulations together in Table 1.
Thekinetic mass N of a boosted state with momentym
= 2 S . .
bsm( €:N5) = (1+eA)". (19 s defined by
The weighting factoe and number of smearing iterationg p2
were tuned to optimize the overlap with the ground state. E(p)=E(0)+ ML +0(ph. (16
k
Ill. DETAILS OF THE SIMULATIONS The bare charm quark mabf, is tuned by requiring that the

We have performed a number of different simulations ofkinetic mass of the'S, charmonium state agree with the

the charm system, to compare the magnitudes of various Sygxperimental mass of thg, M 770.22'98 GeV. We created
tematic effects on the spectrum. We obtained results with theorrelators for a boosted state with= (27/L,0,0), whereL
NRQCD Hamiltonian in Eq.(1) truncated toO(v?) and is the spatial extent of the lattice. The tuned bare masses and
O(v®), with both the Landau and plaquette definitions for their corresponding physicékinetic) masses for thés; are

the tadpole factou,. shown in Table I.

To examine the size of dynamical quark effects, we ob- Meson correlators were calculated for the various char-
tained an ensemble of 200 unquenched gauge field config@iRonium states, using smeared meson operators 8
rations, generously provided by the MILC Collaborationand e=1/12 in Eg. (15) at both the source and sink. To
[16]. The configurations were created with the Wilson gluondecrease statistical uncertainties, we calculated more than
action at3=5.415, with two flavors of staggered dynamical ©ne meson correlator for each gauge field configuration. Me-
quarks atm=0.025. This light quark mass corresponds to asOn sources were situated at four different spatial origins—
pseudoscalar-to-vector meson mass rationgf/m,=0.45.  (0,0,0, (L/2L/2,0), (L/2,0L/2) and (0l./2L/2)—and start-
The lattice volume of these configurations is’¥@2—with  ing from two time slices, at=0 andt= 12, for a total of 800
a spacing ofa~0.16 fm (determined from the charmonium Meson correlator measurements for each state. _
spectrum as described belpvihis corresponds to a lattice ~ Statistical correlations will exist between the multiple
extending roughly 2.5 fm in each spatial direction. measurements of the propagators within each configuration;

We produced an ensemble of quenched configurationsowever, the small size d@Q systems(the cc is roughly
with both the Landau and plaquette tadpole definitions, using.5 fm in radiu$ is some justification for this practice. The
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FIG. 1. The effective mass, In[G(T+1)/G(T)], of the 'S, FIG. 2. The effective mass; In[G(T+1)/G(T)], of the °Py in
(circles and 'P; (squaresin the quenched simulation. the quenched simulation.

correlations are expected to be small, as noted in other ch jactor. The meson propagators were fit with single exponen-
monium studies wi?h similar lattice s ’acinbg?a] Aials over a range of time intervals, (i, :tmay . An indication
- P : of the convergence of these fits is given in Table Il, where

Masses for the variousc states were found by fitting the  the fit results are shown for ti@(v®) simulations using the
correlators with a single exponential, plaquette tadpole factor. The results presented in this table
are representative of all of the charmonium spectra we
present here. The tw8states had a much cleaner signal than

after a minimum time ,,;,,, allowing for suitable suppression the fourP states, evident in the lower value iy, used for
the P-state fits.

of excited state contributions. Energy splittings between cor- Table IIl contains the final results for the quenched char-

related states, such as tl@state hyperfine splittingAE X ; .
—E(3S;)— E('S,), can often be extracted more precisely bymonlum mass fits. We considered the ground state for each
meson propagator to have properly emerged when three con-

fitting to a ratio of their two correlators: . . .
9 secutivet i tmax iNtervals gave results that agreed within
Ga(t) cge Es!  cpe (EatoEM statistical errors; the meson mass was then taken as the
B B B

— — OEt
— = = C'Re .
Ga(t) e Eal cpe” Eal

GM(t>tmin):CM e_EMta (17)

R(H)= TABLE Il. Examples of fits to quenched charmonium propaga-

(18 tors. The fit results are shown for the plaquette-tadpole simulation,
for various sets oft(,i, :tmax - Single exponential fits are used for
We used ratio fits to extract th&state hyperfine splitting individual masses, and a ratio fit is used to extract$rstate hy-
and the kinetic mass from the boost@o state. Attempts to  perfine splitting. Italicized entries indicate the final results.
extract P-state hyperfine splittings in this manner were un-
successful, as statistical noise overtook the very small signal tmin:tmax 'Sy 3, ’s, - 1S
before a reasonable plateau emerged. Single-exponential fits,

however, resolved the thre& levels. We have not em- g:;i ggggg g;ggzg 0.036599)
ployed a bootstrap analysis for the fit results, which may 4224 0-6625(5) 66979(6) 06366111)
suggest we have overestimated the statistical uncertainties. 5j24 666246) 0 69717) 0-03645(13)
In the following sections, we present the results for a : ' ' '
range of simulations, incorporating all combinations of 6:24 0.66287) 0.69767) 0.03642)
quenched and unquenched gauge configuratiofs?) and 724 0.66287) 0.69768) 0.03642)
O(v®) correction terms, and Landau and plaquette tadpole toin:tmax p, 3P, 3P, p,
factors.
2:14 1.1094)  1.1594) 1.1385  1.0824)
3:14 1.0935) 1.1277) 1.1136)  1.0725)
A. Quenched results 4:14 1.085(7) 1.122(10) 1.102(9)  1.065(6)
An example of the quality of the correlator data is shown 5:14 1.08710) 1.13915 1.10412) 1.0679)
in Figs. 1 and 2, plots of the effective masses for {i$g, 6:14 1.09113) 1.142) 1.11418) 1.06712)

1p, and 3P, from the simulation using the Landau tadpole
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TABLE Ill. Quenched charmonium masses in lattice ufitp)
and GeV(bottom. The scale is set by ! in Table I.

Quenched Landau-tadpole
Charmonium Spectrum

3.6
o 0O4) —
State ug ug T o8 - _ %
O(v*) O(v) O(v*) O(v®) 35- : i3
1, 0.57335)  0.66285) 0.17084)  0.22974) :
33, 0.66388) 0.69796) 0.24666)  0.28045) 3.4+ -
p, 1.0348) 1.0857) 0.6437) 0.6967)
3p, 0.9667)  1.124100  0.5766) 0.6617) 3.3
p, 1.0068) 1.1029) 0.6287) 0.6958) >
3p, 1.08898) 1.0656) 0.6699) 0.6927) 3
35,15, 0.091G3) 0.036%1) 0.07783)  0.05212) 3.2
State ug ug Expt.
O(v* O®® O(v* O®® 3.1 -
a
33, 3.0862) 3.0232) 3.0662) 3.0361)  3.097 .
p, 3.51717) 3.47017) 3.49918) 3.47917) 3.526 34 -
P, 3.43916) 3.52220) 3.42615 3.44117) 3.417
3p, 3.48617) 3.48817) 3.48318) 3.47818) 3.511 .
P, 3.57617) 3.44916) 3.52822) 3.47517) 3.556 ) 10 381 1P1 3P0 3P1  3P2
85,-'s, 0.1063) 0.0422) 0.0862) 0.0542) 0.118

FIG. 4. Quenched charmonium spectrum usubg Squares rep-
resent results obtained t®(v*); circles representO(v®) data.

middle of these three values. The masses are given in boffi®"1zontal lines indicate experimental values.

lattice units and physical units, using the values dor* in

Table | to provide the physical energy scale. The simulate
spectra are displayed in Figs. 3 and 4, shown against th

experimental data.

B. Unquenched results

Given the similar lattice spacings of the MILC configura-
tions and our own quenched ensembles, we have used almost

Quenched Plaquette-tadpole

3.6 Charmonium Spectrum
o 0(4) P
— Exgt
o 0O(b) @ } _
3.5 * é
3.4- _
3.3
?
(U]
3.2
3.1 _
a
®
3]
=
2.9 T T T T T T 1
180 381 1P1 3P0 3P1 3P2

FIG. 3. Quenched charmonium spectrum uslnfg. Squares
represent results obtained @(v*); circles represen®(v®) data.
Horizontal lines indicate experimental values.

he same parameter set for the unquenched charmonium
imulations—the lower half of Table | shows the specific
Sarameters used. The results of the unquenched simulations
are contained in Table 1V, with the physical energy scale set
by a~1=1.21(2) GeV, again from the spin-averageS
splitting. The spectra are shown in Figs. 5 and 6.

IV. DISCUSSION OF THE SPECTRA

A cursory comparison of the quenched and unquenched
results shows that, while the qualitative structure of the spec-
trum appears, precision NRQCD simulations of the charmo-
nium system have a number of issues yet to be resolved. This
is most readily seen in the hyperfine splittings, which are
collected in Figs. 7 and 8, and compared in Table V.

Consider first the quenched results. Té%v®) correc-
tions lead to a disturbingly large decrease in the hyperfine
splittings, taking them further away from the experimental
values by as much as 60%. The situation for the plaquette-
tadpole simulations is strikingly bad, where ti@ states
appear in the wrong order. This reversal is corrected in the
Landau-tadpole simulations, though the hyperfine splittings
are still badly underestimated.

These difficulties are not new—Trottig4] first drew at-
tention to the large)(v°) corrections to th&-state hyperfine
splitting in 1996, and noted a possible problem with the
3p-state ordering. Shakespeare and TrottE2] examined
the effects of the different tadpole definition§ andug on
the Sstate hyperfine splitting. They performed
O(v®)-improved NRQCD simulations using both tadpole
schemes, across a wide range of lattice spacings, and drew a
number of important conclusions; most notably, thé®)
hyperfine corrections with Landau tadpoles were signifi-
cantly smaller than the plaquette tadpole results.
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TABLE IV. Unquenched charmonium masses in lattice ufiitp) and GeV(bottom). The scale is set by

a lin Table I.
State u ug
O(v* O(®) O(v* O®w®

is, 0.55013) 0.62793) 0.05813) 0.115%3)

35, 0.63635) 0.66684) 0.12784) 0.16584)

p, 0.9887) 1.03010) 0.4857) 0.5376)

3P, 0.9376) 1.0208) 0.4336) 0.5036)

3P, 0.9717) 1.05010) 0.47€7) 0.5317)

3p, 1.0169) 1.0655) 0.4979) 0.54Q7)

35,-1s, 0.08843) 0.036%2) 0.07192) 0.05221)
State ug ug Expt.

O O®) O 0"

33, 3.08712) 3.0282) 3.0692) 3.0431) 3.097

P, 3.51417) 3.47517) 3.50Q17) 3.48616) 3.526

3P, 3.45615) 3.51820) 3.43715) 3.44515) 3.417

°p, 3.50117) 3.49917) 3.49017) 3.47917) 3.511

p, 3.54821) 3.46216) 3.51521) 3.48917) 3.556

35,-1s, 0.1072) 0.0491) 0.0872) 0.0621) 0.118

We have confirmed a number of these results here, and in A. Evidence for quenching effects?

particular clearly resolved the extremely potfe-state be- The large discrepancies in spin-dependent splittings
havior, most notably when§ is used. This may simply be a would be less worrisome if quenching were seen to have a
problem due to the bare charm mass falling below 1 in theseonsiderable effect on the spectrum, as suggeste[8]in
simulations. However, theiy simulations lead to a higher Sadly, this does not seem to be the case. There is some
barec-quark mass for a given lattice spacing, and the veryevidence for a difference begween the quenched and un-
low P-state hyperfine splitting even witaMy>1 suggests guenched simulations in th@(v°) Shyperfine data, perhaps

; . .
that these problems extend beyond the size of the bare mad MUch as 10%. However, given the apparent size of other
ystematic uncertainties, no great significance can be at-

tached to these differences.

Unguenched Plaquette-tadpole Unquenched Landau-tadpole
3.6 Charmonium Spectrum 3.6 Charmonium Spectrum
o O4) o 04) —
—— Expt ? — Expt
e 0ff) } e 0(6) S —

3.5-] ? k3 3.5 % ;

3.4 — 3.4 -

3.34 3.3
2 2
o O]

3.2 3.2

3.1 - 3.1 —

a
®
[ ]
34 3
- -
2.9 T T T T T T 2.9 T T T T T T 1
1S0 381 1P1 3P0 3P1 3P2 180 381 1P1 3P0 3P1 3P2
FIG. 5. Unquenched charmonium spectrum uailﬁg Squares FIG. 6. Unquenched charmonium spectrum USledg Squares

represent results obtained @(v*); circles represen®(v®) data.  represent results obtained €@(v*); circles represenO(v®) data.
Horizontal lines indicate experimental values. Horizontal lines indicate experimental values.
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0.15 splitting, even in relativistic simulations, falls short of ex-

©  gnuenched periment by 40-50 MeV. An unquenching effect of this
magnitude would be visible, even taking differences in gluon
action into account. No such effect was observed in these

2 simulations, and we therefore suggest that quenching effects
§ 3 are small in this sense.
> 0.1 This conclusion is supported by results in high-precision
£ g Y simulations[7,6], where theP-state hyperfine splitting is
& still somewhat underestimated in unquenched simulations of
:g’ this highly nonrelativistic system, despite the use of the
§ o O(v®) improved NRQCD action. Very recently, a 10% sea-
-; 0.05_ . quark effect was seen in the hyperfine splittings of the char-
B o monium and bottomonium system in RET), but differences
) between then;=0 andn;=2 P-state splittings were not

significant compared with other systematic uncertainties. Re-
cent results with unquenched lattices in themeson spec-
trum have also shown no significant differences between
=0 andn;=2 dynamical quark flavorgl7].

T 1 1 T 1
Expt P4 P& L4 L6

FIG. 7. CharmoniumSstate hyperfine splitting. “P4” and B. Other systematic errors

“P6” refer to the O(v*); O(v®) results obtained with the plaquette ~ The preceding results suggest that agreement between lat-
tadpole factor; “L4” and “L6” are the Landau tadpole results.  tice simulations and experiment in quarkonium systems will
. likely not improve through the effects of dynamical quarks

We must address the difference between the quenchegone. In the remainder of this section we explore various
and unquenched gluon actions—the MILC configurationssther systematic errors that impact on heavy-quark simula-
were created with the Wilson plaquette action, while we haVQions, as a contrast to the small quenching effects found
employed the rectangle-improved action for the quenchedpgye.
lattices. We therefore anticipate afi(a) error entangled
with the effects of the dynamical quarks. Our quenched 1. Choice of the tadpole factor
O(v? results can be compared with the results from Ref.
[3], where the plaquette action was used at roughly the sa
lattice spacing. We see-al0 MeV difference between the

We have seen, as others have previously, large differences

e .

Metween resuits using the Landau tadpole fasfoand those

S hyperfine splittings in the two simulations. with the plaquette definitioug. In our own simulations, the
We wish to reiterate our goal, however, to see whether th&ize of theO(v°) corrections withug is significantly smaller

dynamical quark effects afarge or small The S hyperfine  than the plaquette tadpole results. This is not surprising: the
E andB fields are each multiplied by a factor 054 in the

024 o Unquenched tadpole-improved theory. On our lattices,
0O  Quenched
p\ 4
u 1.24 (quenchey
0.15- . o) _ (19)
uk 1.30 (MILC).

s 0
8 . o : :
= 917 Terms in the NRQCD Hamiltonian linear i& or B will
:§ differ by as much as 30% between the different tadpole im-
% provement schemes.
£ 2% As noted earlier, the evidence in favor of Landau tadpoles
§ is strong. Our simulations offer further support, particularly
r 0 in the 3P-state behavior, though the more salient issue here
= is that tadpole effects are at least as important as quenching
& % effects in our simulations.

-0.05-

% 2. Radiative corrections
We expect some effect on the spectrum from high-
0.1 I T I I l momentum modes that are cut off by the finite lattice spac-

T
Expt P4 Pé L4 L6 ing. These high-energy effects may be calculated in pertur-

FIG. 8. CharmoniumP-state hyperfine splitting. “P4” and bative QCD as)(«a) radiative corrections to the coefficients
“P6” refer to the O(v*) and O(v®) results obtained with the Of the NRQCD expansion, and there are indications that

plaquette tadpole factor; “L4” and “L6” are the Landau tadpole these may be large for the charm quark. Lattice perturbation
results. theory calculations of corrections tg andcs, the “kinetic”
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TABLE V. Quenched and unquenché&sbtate andP-state hyperfine splittings for bothf; and ug simu-

lations.
Sstate hyperfine P-state hyperfine
381'150 3P2_3P0
Experiment 0.118 0.139
O(v*) Quenched ub 0.1062) 0.142)
ug 0.0862) 0.102)
Unquenched ug 0.1082) 0.102)
ug 0.0872) 0.082)
O®W®) Quenched ub 0.0421) -0.072)
ug 0.0561) 0.03315)
Unquenched ub 0.0491) -0.02317)
ug 0.0621) 0.04415)

terms in Eq.(1), have been completed by Morningsfas]. approximations to the exponentiel for the terms involv-
The corrections are roughly 10% or less for the bottoming the zeroth-order HamiltoniaH,, but only a linear ap-
quark, but rise dramatically as the bare quark mass falls bgyroximation for the correction terméH. Noting that the
low one (in lattice units. In typical simulations, the bare high-order corrections are quite large for charmonium, it is
charm quark mass sits close to unity, and so these correctiopgnceivable that this lowest-order approximation is too se-
may become quite significant. . _vere. A similar conclusion was made by Lewis and
It is possible to find these radiative corrections W'thOUtWoloshyn of their NRQCD simulations of th® meson
perfor_ming long calcula_tions i_n lattice pertgrbation theory=spectrum[21]. The authors were able to remove some spu-
by using Monte Carlo simulations at very high valuesof i, s effects due to large vacuum expectation values of one
[19]. Such “non-perturbative” perturbative results have of the high-order terms in their NRQCD Hamiltonif2e] by

been obtained by Trottier and Lepa@20] for the spin- . ; . <
dependent, term in theO(v*) NRQCD Hamiltonian, Eq. improving the expone.nt|al approximation for ti# terms
in the evolution equation.

(1). Unfortunately, radiative corrections to the remaining . 6 . .
terms in the NRQCD Hamiltonian have not been calculated The coefficients of the)(v”) terms include high powers

to date. of Mgt anduy?, and it is conceivable that for the charm
We performed a “toy” simulation to roughly estimate the quark, with aMo—1, the (1-asH,s) approximation is
effects of O(ag) corrections to all terms in the NRQCD Poor. We examined this possibility for ti&(v") terms, by
Hamiltonian, replacing the tree level coefficien{s=1 with ~ using an improved form for the evolution equation that in-
ci=1*as. A rough estimate ofrg can be made from the corporates a “stabilization” parameter for the correction

(tadpole-improvejlparameters of our simulations: terms, with the replacement
2
6
ag(mla)=aly+ O(az)zj—ﬂ_= 7 (20) asH\ S5
4mBuy (1-asH)—|1-—— (21
5
For our values of3 anduy, this givesas~0.15-0.2. For the
three terms in the Hamiltonian where perturbative analysis
has been performed, we used the calculated vdll@20; We have performed a simulation with this alteration to the
for the remaining terms, we varied the coefficients betweerolution equation, witls;=4. Otherwise, all other param-
0.8 and 1.2. eters were kept the same as the previous Landau-tadpole

Altering the coefficients in this way, we found that the quenched simulations. In general, altering the evolution
charmonium$S- and P-hyperfine splittings changed by as equation will lead to a change in the bare charm quark mass
much as 10-40 %, depending on the sign of the correctiongy = |n this case we found thafl,=1.15 once again gave a
for each individuak; . While this is only a crude estimate, it yajye of 3.01) GeV for the 1S, mass.
is clear that the effects of radiative corrections may be as The improved evolution equation altered t8éwyperfine
important as quenching effects for heavy-quark systems. Acsplitting significantly, increasing it by roughly 40% to 70
curate determinations of the remaini@«s) corrections are  \jev. The statistical uncertainties in the hyperfine split-
sorely needed. tings were large, though a similar increase seems likely.
These results suggest the linear approximation- 4b5H)
typically used in NRQCD simulations is not sufficiently ac-

The evolution equation we presented in Sec. Il for thecurate for the large corrections encountered at the charm
heavy-quark propagator, EGL0), contains better-than-linear quark mass.

3. Improving the evolution equation
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V. CONCLUSIONS the other objections with further simulations is beyond our

. . . resent computational resources. In any case, such efforts are
evéﬁgge r'\euzt(lgco?/esrlThuﬁgz?zgé:g:vé-q?nirgrsz?;?iws E?\;]%erhaps justified in simulations of thequark, where sys-
9 y - BY P 9 MINematic uncertainties are under better control and guenching

order interaction terms to counter relativistic and dlscretlza—eﬁcects are probably of comparable size to discretization and

tion errors, simulations now routinely produce results that -~ =%
agree with experiment at the 10—30 % level. However, Stub[adlatlve effects. For the charm system, however, the much

born discrepancies remain in hiahly imoroved simulations larger high-order relativistic errors and the large tadpole cor-
b gnly imp rections dominate the effects of quenching.

typically pgrformed in the que_nched approximation or at the The sensitivity of the NRQCD corrections to the choice of
:Lee?, Igﬁerlelr?];ihneixr?g( Cgsteé(r?]:g?%?r’o?g Er?ljr;t :)-g gé?j?gggef(;r' tadpole fa_ctor is \_/vell established. This sensitivity should dis-
Past studies strongly suggest that the NRQCD expansioaplodear r\]/wth ad_h|gher-order _trez_itmlent_ of t_he ':adpole loops
lowly for the charm quark, with the leading andgin other radiative correct|_o)1$n attice simulations. In
con;/frgles;_ q i f ilating i ractice, such a treatment is not yet available, and some
nextio-leading order corrections apparently: oscllating ey gice for the tadpole factor is required. Our results add to

sign. To O(v®), the hyperfine spin splittings fall short of L : . ; i
experimental values by 50% or more. Without knowing thethe growing list of evidence in favor of calculating the tad

) . ) . pole correction factor from the mean link in the Landau

magr_utude of the r_1ext-0rder corrections in t_h_e v_elo<:|ty eX'Igauge, in preference to the plaquette definition.
pansion, the question of reducing j[he disparities in the char- The large effects we have encountered due to instabilities
momarr sEectrum éeems acadlfmm. b bl . in the evolution equation should also be investigated further.
forVYhelecit'la?ml\gi%mDssst%rr%aCreIZtFi)\?iiS(r:SI;ct)tic: Fg?maﬁgr?]técrhese instabilities are doubtless amplified in simulations of

. A ) > ~the charm quark, where the convergence of the NRQCD ex-
have their share of difficulties. Simulations of Charmomumpansion is already questionable. Using an improved evolu-
with a variety of quark actions—NRQCD, the Fermilab ac-ton equation, as we have demonstrated, may bring the

tions, the D234 action—all underestimate tBehyperfine ; :
L NRQCD approach into agreement with other quenched rela-
splitting by at least 40 Me\(see[4] for_ a gpod sumr_nar)y tivis%c resglﬁ)s for charmo%ium. q

Therle areksofl;ndt r_ea?r? nshfor estimating tthe s;ze thdy' Further, we have shown th&(«;) radiative corrections
namica quark eriects in the charmoniurm system. some avﬁlay shift the spin splittings by as much as 40%. While this is

SqueSt.ed_ the_ remaining hyperfine d|screp_ancy is due tg crude estimate, the possibility of such sizable corrections in
guenching; estimates of the effects of dynamical quark IOOpﬁomparison with the small quenching effect gives us pause

range as high as 40%.]' Our results |nd|catg this is unlikely for consideration. Of particular note are unquenched results
to be the case—we find at most a 10% difference betwee f the Y spectrum in[6], using theO(v®) Hamiltonian

our guenched and unquenched hyperfine splittings. As thﬁ/hich indicate that remaining discrepancies with experiment

quenching effects are apparently small for the range of dlf'are at the 10% level—conceivably within the reach of radia-

ferent quark interactions present in the NRQCD action, W&ive corrections. Perturbative calculations of the remaining

zgggest that they will also be small across other quark aGadiative corrections to the NRQCD coefficients, and those

. . . ) in other actions as well, will likely be necessary in the near
We recognize several shortcomings in our study: we hav? ture
used different gluon actions for quenched and unquenche '
_S|mulat|on§, we have or_1|y examined the effects of unquen_ch- ACKNOWLEDGMENTS
ing at a single dynamical quark mass and a single lattice
spacing, and we have not attempted to extrapolate to the We thank Howard Trottier and Randy Lewis for stimulat-
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