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Abstract. Recent findings on the spectrum of heavy-quark mesons franpater simulations of
qguarks and gluonsin lattice QCD are summarized, with paer@ttention to quark-antiquark states
bound by an excited gluon field. The validity of a Born-Oppeinter treatment for such systems is
discussed. Recent results on glueball masses, the ligitkdut hybrid meson mass, and the static
three-quark potential are summarized.

INTRODUCTION

Much of our current understanding of hadron formation coiinesh the constituent
quark model. The quark model is motivated by quantum chrgmauhics (QCD) and
views hadrons as valence quarks interacting via an instaates confining Coulomb
plus linear potential. In the quark model, the gluons aregazed as the source of the
confining potential, but their dynamics is completely iggehr

Most of the observed hadron spectrum is described reasomadl by the quark
model. The agreement is remarkable given the crudenessahddel. In the quark
model, mesons may have only certali* quantum numbers: if the total spin and
orbital angular momentum of the quark-antiquark pair@re 0,1 andL =0,1,2,...,
respectively, then the parity and charge conjugation arengbyP = (—1)-+1 andC =
(=1, In other words, 6—,0~—,1~F,27~ 37 4%~ ... are forbidden and mesons
having suchJ™C are known as exotics. Both an overabundance of observess statl
recent observations of exotic' 1 resonances[1] underscore the need to understand
hadron formation beyond the quark model.

QCD suggests the existence of states in which the gluon Bedagited. Such states
with no valence quark content are termed glueballs, whes&tes consisting of a
valence quark-antiquark pair or three valence quarks bdaynan excited gluon field
are known as hybrid mesons and hybrid baryons, respecti@leballs and hybrids
are currently not well understood, making their experirakidentification difficult.
Theoretical investigations into their nature must contftbie long-standing problem of
dealing with nonperturbative gluon field behavior, but foistreason, such states are a
potentially rich source of information concerning the coirfg properties of QCD.
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In this talk!, progress in understanding heavy-quark conventional ghddmesons
using lattice simulations of gluons is reported. The v&jidif a Born-Oppenheimer
treatment of such systems is discussed. Results on gluehafles, the light quark T
hybrid meson mass, and the static three-quark potentialsoesummarized.

HEAVY-QUARK HYBRID MESONS

The study of heavy-quark mesons is a natural starting poitite search to understand
hadron formation. The vastly different characteristicshaf slow massive heavy quarks
and the fast massless gluons suggest that such systems naayep@able to a Born-
Oppenheimer treatment, similar to diatomic molecules[2 slow heavy quarks cor-
respond to the nuclei in diatomic molecules, whereas thedia®n and light-quark
fields correspond to the electrons. One expects that thedjlgiot-quark wavefunction-
als adapt nearly instantaneously to changes in the heavk-qnéquark separation. At
leading order, the gluons and light quarks provide adialmdtentials/, 5(r) which can
be computed in lattice simulations. The leading order benaf the heavy quarks is
then described by solving the Schrodinger equation seggralr eachVos(r):

p2
{ B+ Vaq(n pwig(r) = Evegn), @

whereu is the reduced mass of the quark-antiquark pair miglthe quark-antiquark

separation. The Born-Oppenheimer approximation provadekar and unambiguous
picture of conventional and hybrid mesons: conventionaans arise from the lowest-
lying adiabatic potential, whereas hybrid mesons arisa fitee excited-state potentials.
The validity of such a Born-Oppenheimer picture will be destoated in this talk.

Excitations of the static quark potential

The first step in a Born-Oppenheimer treatment of heavy quakons is deter-
mining the gluonic terva(j(r). Since familiar Feynman diagram techniques fail and
the Schwinger-Dyson equations are intractable, the patigials needed to determine
Vog(r) are usually estimated using Markov-chain Monte Carlo méth@he spectrum
of gluonic excitations in the presence of a static quarksaiark pair has been accurately
determined in recent lattice simulations[3, 4, 5] which make of anisotropic lattices,
improved actions, and large sets of operators with coraglahatrix techniques.

The results for one particular lattice spacing are showngnXE Due to computational
limitations, light quark loops have been neglected in thedeulations; their expected
impact on the meson spectrum will be discussed below. Theddéw Fig. 1 are labeled
by the magnitude\ of the projection of the total angular momentugof the gluon
field onto the molecular axis, and ljy= +1, the symmetry under charge conjugation

1 Presented by C. Morningstar.
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FIGURE 1. The spectrum of gluonic excitations in the presence of &sgatark-antiquark pair from
Ref. [5]. The solid curves are only shown for visualizatié.short distances, the level orderings and
degeneracies are consistent with the states expected iftipateioperator product expansion. At large
distances, the levels are consistent with the expectations an effective string theory description. A
dramatic level rearrangement is observed in the cross@gonm between 6 — 2.0 fm. The dashed
line marks a lower bound for the onset of mixing effects withefpall states which requires careful
interpretation.

combined with spatial inversion about the midpoint betwdeQ andQ. States with
N=0,1,2,...are denoted b¥, N, A,..., respectively. States which are even (odd) under
the above-mentionedP operation are denoted by the subscrigp(s). An additional+
superscript for th& states refers to even or odd symmetry under a reflection iargepl
containing the molecular axis.

TheseVa(r) potentials tell us much about the nature of the confining ryifield
between a quark and an antiquark. Innumerable lattice Q@DIations have confirmed
the linearly rising ground-state static quark-antiquaokeptial from gluon exchange.
Such a linearly rising potential naively suggests that thmm field forms a string-
like confining object connecting the quark and the antiquél@wever, it should be
noted that the spherical bag model also predicts a linesilyg potential for moderate
r, and hence, the linearly rising ground-state potentialasconclusive evidence of
string formation. Computations of the gluon action densityrounding a static quark-
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FIGURE 2. One possible interpretation of the spectrum in Fig. 1. (a)dreall quark-antiquark sepa-
rations, the strong chromoelectric field of tQ€ pair repels the physical vacuum (dual Meissner effect)
creating a bubble. The low-lying stationary states arearpt by the gluonic modes inside the bubble,
since the bubble surface excitations are likely to be higlieg. (b) For large quark-antiquark separations,
the bubble stretches into a thin tube of flux, and the lowg\states are explained by the collective motion
of the tube since the internal gluonic excitations are mughér lying.

antiquark pair irSJ (2) gauge theory also hint at flux tube formation[6].

The spectrum shown in Fig. 1 provides unequivocal evidelnaethe gluon field can
be well approximated by an effective string theory for lasgpparations. However,
string formation does not appear to set in until the quark thedantiquark are sepa-
rated by about 2 fm. For small separations, the level orderand degeneracies are not
consistent with the expectations from an effective striagadiption. More importantly,
the gaps differ appreciably froMrr/r with N = 1,2 3/.... Such deviations cannot be
considered mere corrections, making the applicabilityroétiective string description
problematical. Between 0.5 to 2 fm, a dramatic level reayeament occurs. For separa-
tions above 2 fm, the levels agragthout exception with the ordering and degeneracies
expected from an effective string theory. The gaps agrekwitdl N71/r, but a fine struc-
ture remains. Thé&lr/r gaps are a robust prediction of any effective string theoryes
they are a feature of the Goldstone modes associated wipthrdaneous breaking of
transverse translational symmetry. However, the detéiteeounderlying string theory
are encoded in the fine structure. This first glimpse of suchadtructure offers the
exciting possibility of ultimately understanding the n&wf the QCD string in future
higher precision simulations.

Fig. 2 illustrates one possible interpretation of the rsssihown in Fig. 1. At small
quark-antiquark separations, the strong chromoelectid ff the QQ pair repels the
physical vacuum in a dual Meissner effect, creating a bubbteounding th€Q. The
low-lying stationary states are explained by the gluonideminside the bubble, since
the bubble surface excitations are likely to be higher lyiRgr large quark-antiquark
separations, the bubble stretches into a thin tube of flud,the low-lying states are
explained by the collective motion of the tube since therimdegluonic excitations,
being typically of order 1 GeV, are now much higher lying.



The leading Born-Oppenheimer approximation

In the leading Born-Oppenheimer approximation, one regddbe covariant Lapla-
cian D? by an ordinary Laplaciallilz, which neglects retardation effects. The spin in-
teractions of the heavy quarks are also neglected, and dvesgbe radial Schrodinger
equation:

2 L2 _
—%ddli(zr) + { <2HQVQZ) +VQQ—(r)} u(r) = E u(r), (2)

whereu(r) is the radial wavefunction of the quark-antiquark pair. Thal angular
momentum is given by

J=L+§ S=sq+8s35 L=Lgg+Jdg, (3)

wheresg is the spin of the heavy quarkg—]is the spin of the heavy antiquarly is the
total spin of the gluon field, antlyg is the orbital angular momentum of the quark-
antiquark pair. In the LBO, both andS are good quantum numbers. The expectation
value in the centrifugal term is given by

(Lag) = (L) —2(L-Jg) + (Ig). (4)

The first term yieldd (L + 1). The second term is evaluated by expressing the vectors in
terms of components in the body-fixed frame. Letdenote the component &falong

the molecular axis, ands andL; be components perpendicular to the molecular axis.
Writing L+ = Lg £iL, and similarly forg, one obtains

(L-Jg) = (Lrdgr) +3(L+Jg— +L-Jg1). (5)

SinceJy: raises or lowers the value @, this term mixes different gluonic stationary
states, and thus, must be neglected in the leading Born+®epeer approximation. In
the meson rest frame, the componentLgf; along the molecular axis vanishes, and

hence,(LiJy) = <J§r> = A?. In summary, the expectation value in the centrifugal term
is given in the adiabatic approximation by

(Lag) = L(L+1) —2A%+(33). (6)

We assum((eJé> is saturated by the minimum number of allowed gluons. He@lgé,: 0
fortheX | level and(J5> = 2 for thel, andX, levels. Wigner rotations are used as usual

to construciLSIM; An) states, wherd = Jq-f andA = |A|, thenJPC eigenstates are
finally obtained from
ILSIM;An) +€|LSIM; —An), (7)

wheres = 1 for = levels,e = —1 for ¥~ levels, ance = +1 for A > 1 levels. Hence,
the JPC eigenstates satisfy

P— S(—l)L+/\+1, C— ng(_]_)L-&-S-O-/\‘ (8)
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FIGURE 3. (a) Static potentials and radial probability densitiesastajuark-antiquark separatiofior
the conventional$and PP bottomonium states and the hybrig, level. The scale is set usimg* = 450
MeV. (b) Spin-averaged spectrum in the LBO approximatiahfiquarks neglected). Solid lines indicate
experimental measurements. Short dashed lines indicatahdP state masses obtained using
potential withM, = 4.58 GeV. Dashed-dotted lines indicate the hybrid quarkorstates obtained from
theMy (L= 1,2,3) andZ, (L =0,1,2) potentials. These results are from Ref. [7].

Note that many levels are degenerate in the LBO approximatio
>5(9: 077,17,
S(P): OfF 1+ 28+ 1t
My(P): 0 +,00, 2t 1~ 1t~ 1~ 2+~ 2=+

The LBO spectrum[7] of conventionab and hybridbgb states is shown in Fig. 3.
Below theBB threshold, the LBO results agree well with the spin-avedageerimen-
tal measurements of bottomonium states (any small discogpsmdisappear once light
quark loops are included). Above the threshold, agreeméhtexperiment is lost, sug-
gesting significant corrections either from mixing and otiigher-order effects or (more
likely) from light sea quark effects. Note from the radiabpability densities shown in
Fig. 3 that the size of the hybrid state is large in comparisdh the conventional &
and P states. The analogous results in charmonium are shown id Fig

The validity of such a simple physical picture relies on theablness of higher-order
spin, relativistic, and retardation effects, as well asings between states based on
different Vog(r). The importance of retardation and leading-order mixingsveen
states based on different adiabatic potentials was test&e®f. [7] by comparing the
LBO level splittings with those determined from meson siatioins using a leading-
order non-relativistic (NRQCD) heavy-quark action. TheQIBD action included only
a covariant temporal derivative and the leading covariargtic energy operator; quark
spin andD* terms were neglected. The simulations include retardatif@ats and allow
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FIGURE 4. (a) Static potentials and radial probability densitiesiasfaquark-antiquark separation
with ryt = 415 MeV for the conventional@and P charmonium levels and the hybrid¥, state.
(b) Spin-averaged spectrum in the LBO approximation (ligharks neglected). Solid lines indicate
experimental measurements. Short dashed lines indicat® FhandD state masses obtained using the
Zar potential withMc = 1.20 GeV. Dashed-dotted lines indicate the hybrid quarkoritetes obtained
fromthel, (L =1,2,3) andZ, (L =0,1,2) potentials.

TABLE 1. The meson spin-singlet operators used in the simulatioRebf[7] in terms

of the heavy quark two-component figJd antiquark fieldy, covariant derivativ®d, and
chromomagnetic field. Note thatp = 0,1,2, and 3 were used to produce four distinct
operators in the 0" and I~ sectors. In the third column are listed the spin-tripletesta
which can be formed from the operators in the last column;stages in each row are
degenerate for the NRQCD action used here.

Jre Degener acies Operator
o+t Swave 1T xT (D?Py
1t P wave o+, 1+t 2t x'Dy
1 H1 hybrid ot 1t 2°F xTB(D?)P y
1+ H, hybrid ot—, 1t 2t xTBxD y
o+t Hs hybrid 1 x"B-Dy

possible mixings between different adiabatic surface® [€lael splittings (in terms of
the hadronic scaleyg and with respect to theSlstate) of the conventional®and 1P
states and four hybrid states were compared (see Fig. 5pand to agree within 10%,
strongly supporting the validity of the leading Born-Oppemer picture. The operators
used to create the mesons in the simulations are descrildedbia 1.
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FIGURE 5. Simulation results from Ref. [7] for the heavy quarkoniuwmdlesplittings of two conven-
tional levels and four hybrid levels (in terms f and with respect to theSlstate) against the lattice
spacingas. Results from Ref. [8] using an NRQCD action with higher@rdorrections are shown as
open boxes and\. The horizontal lines show the LBO predictions. Agreemdrihese splittings within
10% validates the leading Born-Oppenheimer approximdtiothe absence of light quarks).

Quark spin effectsand light-quark loops

A very recent study[9] has shown that heavy-quark spin tfface unlikely to spoill
the Born-Oppenheimer approximation. Using lowest-orddtide NRQCD to create
heavy-quark propagators, a basis of unperturBedhve and|1H) hybrid states were
formed. Thecga-B/2Mq spin interaction was then applied at an intermediate tince sl
to compute the mixings between such states due to this atienain the quenched
approximation (see Fig. 6). For a reasonable rangesofalues, the following results
were obtained:

(IH]Y) ~ 0.076-0.11, (IH|J/W) ~ 0.18-0.25
(IH|ny) ~ 0.13-0.19, (IH|ne) ~ 0.29-0.4.

Hence, mixings due to quark spin effects in bottomonium &y gmall, and even in
charmonium, the mixings are not large.

In the absence of light quark loops, one obtains a very depsetrsim of mesonic
states since theyg(r) potentials increase indefinitely with However, the inclusion
of light quark loops changes thg5(r) potentials. First, there are slight corrections at
smallr, and these corrections remove the small discrepanciesedfB® predictions
with experiment below th&B threshold seen in Fig. 3. For largethe inclusion of
light quark loops drastically changes the behavior of (r) potentials: instead
of increasing indefinitely, these potentials eventualiyeleoff at a separation above 1
fm when the static quark-antiquark pair, joined by gluonieflcan undergo fission
into (QQ)(Qq), whereq is a light quark. Clearly, such potentials cannot suppagt th
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FIGURE 6. Hybrid/Swave configuration mixing angle against lattice spacira. €&ach channel, the
lowest three points with solid fit line reflect tree-levelwas forcg, and the higher two sets of three points
result from settingg using 30 and 60 MeV for th&wave hyperfine splitting.
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FIGURE 7. Ground X! and first-excitedrl, static quark potentials without sea quarks (squares,
guenched) and with two flavors of sea quarks, slightly ligtitan the strange quark (circles= 0.1575).
Results are given in terms of the scajex~ 0.5 fm, and the lattice spacing &~ 0.08 fm. Note thaimg
andmps are the masses of a scalar and pseudoscalar meson, reslgectimsisting of a light quark and a
static antiquark. These results are from Ref. [10].

populous set of states shown in Fig. 3; the formation of bogtates and resonances
substantially extending over 1 fm in diameter seems unjlikelcomplete open-channel
calculation taking the effects of including the light quawtorrectly into account has
not yet been done, but unquenched lattice simulations[i6jvsthat thezar and My

potentials change very little for separations below 1 fm mwveea quarks are included
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FIGURE 8. The bottomonium spectrum (left) from Ref. [11] and charnuomispectrum (right) from
Ref. [12] in the quenched approximation using an anisotrofziver fermion action. Th&P, —2S; split-

ting is used to set the scale. Experimental values are iteiday the horizontal lines. In theb spectrum,
the two rightmost points indicate exotic hybrid candidatééch agree with the Born-Oppenheimer pre-
dictions, but with very large uncertainties. In ttespectrum, the three rightmost points indicate results
for hybrid candidates.

(see Fig. 7), suggesting that a handful of low-lying statéese wavefunctions do not
extend appreciably beyond 1 fm in diameter may exist as @efihed resonances in
nature.

Simulationswith relativistic heavy quarks

A recent quenched calculation[11] of bottomonium hybrigig a relativistic heavy-
quark action on anisotropic lattices confirms the predmgiof the Born-Oppenheimer
approximation, but admittedly, the uncertainties in thrawdation results are large (see
Fig. 8). These calculations make use of a Symanzik-impraevésbtropic gauge action
and an improved fermion clover action. These same authaes d&lao recently studied
the charmonium spectrum[12]. The results, shown in Figuggsst significant, but not
large, corrections to the leading Born-Oppenheimer appration.

OTHER TIDBITS

Some other recent studies involving gluonic excitatioessaimmarized in the remainder
of this talk.



12

o N
10+ 2" m— 3
gt 2 |
3 0 -
8— <
o 2‘+— . 43 %
o . 1" — 9
LO 0++: PO — o
6— ++‘————|0 IS
2
-2
4_0++_
11
2

FIGURE 9. The mass spectrum of glueballs in the pure SU(3) gauge tlieoryRef. [13]. The masses
are given in terms of the hadronic scagealong the left vertical axis and in terms of GeV along the trigh
vertical axis (assumin;g1 = 410(20) MeV). The mass uncertainties indicated by the vertical restef

the boxes dmot include the uncertainty in setting. The locations of states whose interpretation requires
further study are indicated by the dashed hollow boxes. Tladed strips with accompanying question
marks indicate regions in which the spectrum is not known.

Glueballs

The glueball spectrum in the absence of virtual quark-aiatik] pairs is now well
known[13] and is shown in Fig. 9. The glueball spectrum caquaditatively understood
in terms of the interpolating operators of minimal dimemsichich can create glueball
states[14] and can be reasonably well explained[15] in $epfna simple constituent
gluon (bag) model which approximates the gluon field usingesipal cavity Hartree
modes with residual perturbative interactions[16, 17]slaswn in Fig. 10. This figure
also shows that a model[18] of glueballs as loops of chroewet flux completely fails
to explain the spectrum.

Light-quark exotic 1~ hybrid meson

There are recent new determinations of the exoti¢ ineson mass[19] using im-
proved staggered fermions and the Wilson gluon action dtiadapacing ~ 0.09 fm.
Both quenchedn; = 0) and unquenchefhs = 2+ 1, 3) simulation results are presented.
Then; = 3 andns = 2+ 1 simulation differ in how the three quark mass parametegrs
my, andms were chosen. In the; = 3 simulationsm, = my = ms near the strange quark
mass was used, and in the = 2+ 1 simulationsm, = my = 0.4ms was used. The re-
sults are compared to previous determinations in Fig. 11lraméin somewhat heavier
than the experimental candidates.



12

10

[ee]

foMs

2

12
L ot am’ -oaw® L
L 10
L U, L
o™ LaE 3"_ap i g
= A — 3 <) —
M2 D) > ++
(T )2 1t — 43 0} 2., .
o (TM) ~+H(TE)TM) Q, E o 2++ 2.,
HEEE 2 —— O LO 0++_ 0
L { € 1 0
2++ 0 O'*(TE (TM) 6
(TE)
++ (TE)Z i 2 i
-0 ] 4+
-1
2

mg (GeV)

FIGURE 10. Comparison of the glueball spectrum obtained from MontddCsimulations with that

predicted by the bag model (left) withs = 0.5 andBY/* = 280 MeV, and the Isgur-Paton flux tube model
(right). The crude bag model appears to capture the quedittatures of the spectrum, whereas the flux
tube model fails entirely. The bag model results shown algdoveot include gluon self-energies, but the
incorporation of such contributions is not expected to ¢jeathe spectrum appreciably.
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FIGURE 11. Summary of recent determinations of thetlhybrid meson mass again(shps/m/)z.

The bold octagon indicates a linear extrapolation of quedeiy = O results to the physical point
(mps/my)? = 0.033. The most recent results make use of improved staggeneioins[19] and remain
somewhat heavier than the experimental candidates.



FIGURE 12. The abelian action density of gluons in the presence of tstisgéc quarks from Ref. [20].
These results support the so-caldansatz, and were obtained using the Wilson gauge action with
B = 6.0 (lattice spacingi ~ 0.1 fm) on a 168 x 32 lattice. The three static quarks were located at sites
(17,14),(22,6), and(12,6) in thexy-plane. A calculation in Ref. [21] including light quark Ips shows
similar results.

Static three-quark potential

The behavior of gluons in the presence of three static quaakscome under recent
study and promises to shed light on the structure of barylonRef. [20], the abelian
action density of gluons in the presence of three statickgulaas been calculated and
is shown in Fig. 12. The results favorYaansatz in which the quarks are confined by
a genuine three-body force consisting of three gluonic Buxeeeting at a common
junction. An alternativeA-ansatz composed of three sets of two-body interactions is
disfavored. A calculation in Ref. [21] which includes ligb¢a quarks shows similar
results.

The first excitation of gluons in the presence of three staiierks has also recently
been studied[22]. The results are shown in Fig. 13. Althosggtematic uncertainties
from finite lattice spacing and finite volume still need to beestigated, the results
indicate an excitation energy near 1 GeV.

CONCLUSION

Hadronic states bound by an excited gluon field are an irttegesew form of matter.
Theoretical investigations into their nature must contftbie long-standing problem of
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FIGURE 13. Energies of the ground and first-excited stationary stdtghions in the presence of three
static quarks againgtyin, the minimal total length of three line segments connedtiegthree quarks at
a common junction. The scale is set using the string tengien0.89 GeV/fm. These results are from
Ref. [22] and were obtained using the Wilson gauge actigh-at5.8 on a 16 x 32 lattice.

understanding the confining gluon field, but for this reasoich states are a potentially
rich source of information concerning quark confinement @€Y

The study of heavy-quark mesons is a natural starting pothi search to understand
hadron formation. The Born-Oppenheimer approximatiorvigies a compelling and
clear physical picture of both conventional and hybrid lyeguark mesons. In this
talk, the evidence supporting the validity of a Born-Oppanter treatment of such
systems was presented. The validity of the leading Borne@ppimer approximation
in the absence of light quarks was established by a compaoisbBO level splittings
with direct simulation results. Mixings induced by quarkrspffects were then shown
to be small, and the effects of including light sea quarksevekscussed, suggesting that
a handful of hybrid mesons with diameters not extendingegpbly beyond 1 fm may
exist as well-defined resonances in nature.

Other recent studies involving gluonic excitations wesoaummarized. In partic-
ular, the pure-gauge glueball masses, the light quark Hybrid meson mass, and the
static three-quark potential and its first excitation werespnted. This work was sup-
ported by the U.S. National Science Foundation under awbid#99450, the U.S.
DOE, Grant No. DE-FG03-97ER40546, and the European Contgisikiuman Poten-
tial Programme under contract HPRN-CT-2000-00145, Hasltaitice QCD.

REFERENCES

1. D. Thompsoret al., Phys. Rev. Lett79, 1630 (1997); G. Adamet al., Phys. Rev. Lett81, 5760
(1998); A. Abeleet al., Phys. Lett. B23, 175 (1998).



whn

©CoNg A

10.
. X. Liao and T. Manke, Phys. Rev.@, 074508 (2002).
12.
13.
14,

16.
17.

18.
19.

21.

22.

P. Hasenfratz, R. Horgan, J. Kuti, J. Richard, Phys. B&b, 299 (1980).

K.J. Juge, J. Kuti, and C. Morningstar, Nucl. Phys. B(Pr®appl.) 63 326, (1998); and hep-
1at/9809098.

S. Perantonis and C. Michael, Nucl. Phg847, 854 (1990).

K.J. Juge, J. Kuti, and C. Morningstar, Phys. Rev. 1961161601 (2003).

G.S. Bali, K. Schilling, C. Schlichter, Phys. Rev5D, 5165 (1995).

K.J. Juge, J. Kuti, and C. Morningstar, Phys. Rev. 1814400 (1999).

C. Daviest al., Phys. Rev. B8, 054505 (1998).

T. Burch and D. Toussaint, hep-lat/0305008.

G.S. Balet al., Phys. Rev. 062, 054503 (2000).

X. Liao and T. Manke, hep-lat/0210030.

C. Morningstar and M. Peardon, Phys. Re%)034509 (1999).

R.L. Jaffe, K. Johnson, and Z. Ryzak, Ann. PH8, 344 (1986).

J. Kuti, Nucl. Phys. (Proc. Supp?3, 72 (1999).

T. Barnes, F. Close, and S. Monaghan, Nucl. PR$88, 380 (1982).

C. Carlson, T. Hansson, and C. Peterson, Phys. R2v, 1656 (1983).

N. Isgur and J. Paton, Phys. Rev3D) 2910 (1985).

C. Bernardt al., hep-1at/0301024.

H. Ichie, V. Bornyakov, T. Streuer, and G. SchierholzgNBhys. B (Proc. Suppl19, 751 (2003),
Lattice 2002: 20th International Symposium on Lattice &ieheory Boston, MA, 24-29 June 2002,
edited by R. Edwards, J. Negele and D. Richards (North-iHdllAmsterdam) (hep-lat/0212024).
H. Ichie, V. Bornyakov, T. Streuer, G. SchierhoRANIC 02: 16th International Conference on
Particles and NucleDsaka, Japan, 30 Sep - 4 Oct 2002 (hep-lat/0212036).

T. Takahashi and H. Suganuma, Phys. Rev. B81t182001 (2003).



