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The masses and dispersions of light hadrons are calculated in lattice QCD ud{g@rtadpole-improved
gluon action and arD(a?) tadpole-improved next-nearest-neighbor fermion action originally proposed by
Hamber and Wu. Two lattices of constant volume with lattice spacings of approximately 0.40 fm and 0.24 fm
are considered. The results reveal some scaling violations at the coarser lattice spacing on the order of 5%. At
the finer lattice spacing, the nucleon to rho mass ratio reproduces state-of-the-art results using unimproved
actions. Good dispersion and rotational invariance up to momerga=sflL are also found. The relative merit
of alternative choices for improvement operators is assessed through close comparisons with other plaquette-
based tadpole-improved action§0556-282(99)03807-3

PACS numbgs): 12.38.Gc, 14.26-c, 14.40—n

[. INTRODUCTION malization group theory to construct fixed-poiier perfec}
actions, as recently reviewed by Hasenfratk

Lattice discretization of the continuum QCD action intro-  In the pure gauge sector, tkia?) tadpole-improved ac-
duces errors at finite lattice spaciag The standard Wilson tion of [5] leads to dramatic improvement in the static po-
gauge action ha®(a?) errors and the standard Wilson fer- tential and glueball mass¢§] up to lattice spacings of 0.4
mion action ha®(a) errors. Simulations using these actions fm. Excellent scaling and topological properties have been
have shown that lattice spacings of 0.1 fm or less and latticlemonstrated in fixed-point actiofig]. In the light quark
volumes of 24 or larger are needed in order to hold system-sector, hadron spectroscopy has been investigated with a va-
atic errors to the 10% level. Such simulations are major Unriety of improved actions including th€(a)-improved
dertakings and require enormous computing power to extrae$peikoleslami-WohlertSW) action[8], the O(a?2)-improved
even the most basic of hadronic observables, the hadrogy34 action[9] and its variant§3,10], and the Ly34 action
massedsee[ 1] for an example anf2] for a recent revieW ¢ famber and Wi{11-14 considered here. Fixed-point

\ . X ) . ) f&rmion actions have been studied in free field thdadgy, 16
devoted to improving lattice actions. The idea is to reduce oL \d in simulationg17]

remove the discretization errors from the actions so that they .
. : , . In the present work, we report further calculations of the
have better continuum-like behavior. At the same time, er-. . 2 .
ght hadron spectrum using th@(a®) tadpole-improved

rors due to the lattice regularization are accounted fOtlI . :
through the renormalization of the coefficients multiplying 9'U0n action of5] and the [y34 action proposed by Hamber

the improvement operators. The hope is the use of improve@"d Wu[11] many years ago. This action is maz) next-
actions will allow one to simulate efficiently and accurately "€@rest-neighbor fermion action with tadpole-improved esti-
on coarse lattices, such that computer resources may be r@ates of the coupling renormalizations. This action is se-
directed to the simulation of QCD rather than quenchedected primarily due to its simplicity. The cost of simulating
QCD. Moreover, one may turn the focus of investigationit is about a factor of two as compared to standard Wilson
towards quantities of experimental interest. fermions. Our goal is to study its feasibility as an alternative
The way to develop improved discretizations of con-action to SW which has the clover term, or to D234, which
tinuum actions is not unique. There are numerous programisas both next-nearest-neighbor couplings and the clover
in this endeavor having their foundation in one of two for- term.
mulations. One is based on lattice perturbation theory which This work extends previous studies of the¢® action
is used to derive the renormalized coefficients through &13,14 through finer lattice spacings, improved statistics,
mean-field reordering of the perturbative expansion, as reand the simulation of additional observables. In particular,
cently reviewed by Lepagd8]. The other is based on renor- we examine dispersion relations and test the rotational sym-
metry of both the gauge and the fermion actions. Hadron
mass ratios are calculated for a wide variety of hadrons in-
*Email address: fxlee@gwu.edu cluding hyperons. To explore scaling violations, we consider
"Email address: dleinweb@physics.adelaide.edu.au two coarse lattices of approximately fixed physical volume:
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and will focus our evaluation of lattice action improvement
on other plaquette-based improved actiangsis determined
self-consistently in the simulation. An alternative choice is to

use the mean link in Landau gaugg=(3 Tr U ) [10].

0.0 ' ' . ' ' B. Dx34 fermion action

pa The improvement program of Sheikoleslami and Wohlert

[18] provides a systematic approach to the improvement of
lattice fermion actions. However, the on-shell improvement

yond the D¢34 branch point, the real part of the two conjugate rootsprOgr.a.m leaves Sqme freedom in the relative Yalyes Of the
) . - coefficients of the improvement operators. In this investiga-

is shown. The upper graph is for bare masa=0, the lowerma . . oo

03 tion, we consider a specific case of the general class of D234
actions[10] in which the improvement parameters are tuned

to remove the second-order chiral-symmetry-breaking Wil-

son term. This fermion action may be written

FIG. 1. Free dispersion relations foryB4, Wilson, and con-
tinuum fermions. Momentunp is along the(1,1,0 direction. Be-

63x 12 at a lattice spacing of 0.40 fm and®016 at 0.24
fm.

IIl. IMPROVED LATTICE ACTIONS Moyae=Maty-V+ %2 (-aV, At bahl)

. ®

A. Gauge action where
The improved gauge action employed in this investigation

is given by[5] 1

V()= 521U 00+ 1) = U (X = p) (x— )]

1 B 1
= sRe TH1-Uy,)— sRe TH1-Uy). 4
SGB%:SGI( ol) m;?)e'( ) 4
D and
The second term removes ti@(a?) errors at tree level. TABLE I. String tension andR, extracted from the static poten-

Perturbative corrections are estimated to be of the order dfal.
2-3%[5]. Here,U, denotes rectangulard2 plaquettesu
is the tadpole factor that largely corrects for the largeB oa? Ro/a Rmin/@  Rmad/@  x*/Npe
quantum  renormalization  of the links U ,(x) 6.95 08123  1.2611) 1.00 424 1.46

=exdig/} #A(y)-dy]. In this calculation we use the mean 7.qg 0.2548) 2.27918) 1.73 6.93 0.91
plaguette to estimate,,
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TABLE Il. Summary of lattice parameters for the spectrum calculatidhsis the number of configu-
rations considered. The second kappa was selected as the one that corresponds to the strange quark mass.

Lattice B Ny Ug K Ker
6% 12 6.25 155 0.820 0.175, 0.177, 0.180, 0.183, 0.187 067
10°x 16 7.00 100 0.866 0.170, 0.172, 0.174, 0.176, 0.178 0(8323
1 t — — U (x)
AL ()= 22 [UL 00 h(x+ ) + U (x— ) (x— ) Sk=2 )P0 = K2 | $(X)(b=y,) =5 Y(x+ )
X X,
—24(x)]. S _ Ul (x) — 1 1
+ X+ p)(b+y,) P+ $(X)| — 7b+ g V.
The second-order term of the D234 action U, (X) U, (X+ ) _
Ge VT2 il 2p)
1 1 \UL(x+p) ULX)
S aut50F (6) x ——b—gm) G ug V) (7

breaks chiral symmetry and does not appear in the8D
action. However, the fourth-order term of E) also breaks

The tadpole-improvement factors are explicit here. These co-

chiral symmetry and provides for the removal of the fermion

doublers.

Explicit evaluation of Eq.(3) combined with a Wilson-
fermion-style field renormalization factor of (32) dis-
closes the following simple fermion actigal,12:
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efficients remove botfD(a) and O(a?) errors at the tree
level. The bare quark mass is relatedt@ndb through

m,=-——4b. (8

Thus the renormalized quark mass is given by
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FIG. 3. Effective mass plots for thp and
nucleon. The first column illustrates results for
the coarse lattice while the second is for the finer
lattice. Propagator sources aretat2 and 3 for
the coarse and fine lattices respectively. The five
quark masses decrease by value from top down.
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3.6 value ofb or using an anisotropic lattidel0]. We simulate
with b=1, which gives good dispersion fwa~1 as illus-
0 - trated in Fig. 1.

lll. LATTICE SIMULATIONS

_ A. Methods and parameters

Ma

Quenched gauge configurations were generated using the
= Cabibbo-Marinari pseudo-heat-bath methi®0]. Periodic
boundary conditions were used in all directions for the gauge
i field and in spatial directions for the fermion field. Dirichlet
boundary conditions were used for the fermion field in the
time direction. Configurations separated by 300 sweeps were
-0.1 0.0 01 0.2 03 0.4 05 selected after 4000 thermalization sweeps from a cold start.
e Wilson loops were computed using a method developed
in Ref. [21]. Both on-axis and off-axis loops were consid-
ered. The static potential was determined by fitting

e N exd —V(RT]=W(RT). The string tensiorr was extracted
21 - .. ¢ ] from the ansat¥/(R)=V,+ ocR—E/R whereV, andE are
constants. Figure 2 shows our results. Good rotational invari-

18 I ance of the static potential is observed. Table | gives the
= extracted string tension and th&, parameter, defined by
s ] R?2dV(R)/dR=1.65 atR, [22]. Its physical value isR,
7/,.—’/%‘4' =0.50 fm and it is independent of the quenched approxi-
7 mation. Using the string tensiofic=465 MeV from a re-
cent study[23] to set the scale, the lattice spacings were
determined as 0.368) fm and 0.221) fm, respectively. Using
03 7 R, to set the scale, they are 0(@Dfm and 0.221) fm. R,
0.0 ' ' I I I depends less on the functional form\6fR) than the string
-0.05  0.00 0.05 0.10 0.15 0.20 0.25 0.30 tension.
i Five quark propagators were computed by the stabilized
FIG. 4. Hadron masses in lattice units as a functiomgf The biconj_UQate gradient algorithii24] for each configuration.
upper graph is for the coarser lattice, the lower for the finer lattice,] N€ five « values correspond to quark masses of roughly

The lines are chiral fits as discussed in the text. For better viewing210, 180, 150, 120, 90 MeV, respectively, for both lattices.
the decuplet masses are shifted upward by 1/2 unit. The second value, 180 MeV, was taken as the strange quark

mass. A point source was used at space-time location
(x,y,z,t)=(1,1,1,2) on the x12 lattice and(1,1,1,3 on
) (9 the 18 x 16 lattice with the origin atX,y,z,t)=(1,1,1,1).
We observed no exceptional configurations in all cases. The
gauge-invariant smearing method[@6] was applied at the
The wave function renormalization factor is also modified: sink to increase the overlap of the interpolating operators
with the ground states. Table Il shows a summary of the

H
fe:]
T

T T A== T O = U §

27 T T T T T T

> ™M on

15 —

Ma

12 —

09 -

06 -

oo R 2 M

2/1 1
L

K Ker

3k parameters.
Peon™ \| 5 Viar- (10) Statistical errors were estimated in a third-order, single-
elimination jackknife, with bias correction®6]. A third-
order jackknife provides uncertainty estimates for the corre-
fhtion functions, fits to the correlation functions, and
quantities extrapolated to the chiral limit.

The standard Wilson action can be recovered by truncatin
the two-link terms of the action, redefiningand renormal-
izing the fermion field operators.

Free dispersion relations can be obtained by locating the
poles in the fermion propagator. Figure 1 shows free disper-
sion relations for the continuum, Wilson, andy84 fermi- Masses were extracted from lattice correlation functions
ons. It is clear that R34 fermions follow the continuum in several time slice intervals. The effective hadron mass as a
more closely than Wilson fermions. Note that there exists arfunction of time is defined by
unphysical high energy doubléor ghosj in the Dy34 ac-
tion. It is very similar to that for the D234 actidg8] and is a M(t+1/2)=log[G(t) ]~ log[G(t+1)] 11
general feature of fermions with next-nearest-neighbor cou-
plings. The doubler can be “pushed away” from the low whereG(t) is the standard two-point function in Euclidean
momentum region by various techniques, such as tuning thgpace-time. As usual, effective mass plots for the pion are

B. Effective masses

074504-4
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TABLE lll. Hadron masses as a function of, (both in lattice units The results were extracted from time slices 4-8 on the coarser
lattice and 6—9 on the finer lattice. The last column reports results after extrapolations to the chiral limit.

63X 12 lattice atB=6.25

Hadron my=0.42 my=0.37 m,=0.31 my=0.25 my=0.17 my=0
T 1.3216) 1.2486) 1.1366) 1.0247) 0.8558) 0

K 1.291) 1.251) 1.191) 1.141) 1.071) 0.881)
p 1.661) 1.61(1) 1.532) 1.462) 1.363) 1.154)
K* 1.641) 1.61(1) 1.572) 1.542) 1.492) 1.392)
N 2.673) 2.573) 2.433) 2.294) 2.105) 1.706)
A 2.64(3) 2.573) 2.4833) 2.393) 2.254) 1.995)
3 2.64(3) 2.573) 2.483) 2.393) 2.284) 2.025)
=] 2.61(3) 2.573) 2.523) 2.483) 2.41(3) 2.274)
A 2.864) 2.784) 2.664) 2.544) 2.406) 2.077)
3* 2.834) 2.784) 2.704) 2.624) 2.525) 2.306)
=hd 2.824) 2.784) 2.744) 2.704) 2.654) 2.545)

10°X 16 lattice at3=7.0

Hadron m,=0.26 m,=0.21 m,=0.17 m,=0.13 m,=0.08 m,=0
T 0.96717) 0.8717) 0.7727) 0.6617) 0.5488) 0

K 0.92Q7) 0.8717) 0.8237) 0.77%7) 0.72Q7) 0.6085)
p 1.191) 1.121) 1.051) 0.992) 0.922) 0.8012
K* 1.151) 1.121) 1.0891) 1.051) 1.022) 0.962)
N 1.862) 1.742) 1.622) 1.502) 1.373) 1.153)
A 1.822) 1.742) 1.652) 1.572) 1.482) 1.332)
3 1.81(1) 1.742) 1.662) 1.592) 1.522) 1.383)
=] 1.782) 1.742) 1.692) 1.652) 1.61(2) 1.532)
A 2.002) 1.9012) 1.8012) 1.71(3) 1.624) 1.444)
3* 1.972) 1.9012) 1.8412) 1.783) 1.723) 1.6013)
g* 1.9412) 1.9012) 1.872) 1.8412) 1.81(3) 1.753)

very flat. All fits of time slices 4—10 on our coarse lattice andour coarse lattice ang®/Npe=0.7 for correlation function

6-12 on our fine lattice agree within one standard deviationits from t=6 to 11 on our fine lattice. Again, all fits agree
Figure 3 displays effective mass plots for fheneson and  \yithin one standard deviation.

nucleon. The effective masses show an irregular behavior at o our coarse lattice the nucleon mass displays good pla-

the first two time slices away from the point source. This iS5, pehavior. The®/Nps ranges from 1.0 to 0.1 for the

the practical manifestation of the massive algorithmic ghOStﬁghtest quark mass. All fits in the interval 4 to 10 agree

depicted in the upper branches of Fig. 1. As long as thesﬁ/ithin one standard deviation

ghost poles in the quark propagator are at sufficiently high On our fine lattice, plateau 'behavior for the nucleon mass

energies, their effects disappear at larger times. While the L : )
presence of these ghost poles prevent the use of the firt exlc(:ellent W'th'r? the regl?&g'\? —9..dF0rl]£he heaviest three
couple of time slices, there is otherwise no problem with thedU3'K Masses, however, pr Identifies two separate

transfer matrix27]. fitting regimes prov?ding _acceptable fits, qamely 6-9 and
We also note that the effective nucleon mass rises fron?—12. The latter regime disappears for the lightest two quark
below as a function of Euclidean time. This behavior reflectdnasses while the former regime grows, providing acceptable
the use of smeared sink propagators. Excited states havirftis for t=6-10. Since the effective masses rise from below
nodal wave functions can reduce the correlation functiorgs @ function ot for smeared sinks, we report results for the
when smeared sources or sinks are used. This suppression'ggimet=6-9 where the signal is less likely to be domi-
the correlation function leads to a suppression of the effecnated by noise.
tive mass at early Euclidean times. As such, the effective We note that this drift in the effective mass plot is only
mass will be somewhat small until these excited states arsignificant as measured by th&/Npg for the ground state
exponentially suppressed by Euclidean-time evolutionnucleon mass. We find that other quantities such as the
These results indicate that improved smearing functions wilhucleon energy op-meson mass are sufficiently correlated
incorporate more localized smearing extents. to provide results insensitive to the fit regime. For example,
The p meson displays good plateau behavior. We finddispersion relations agree within one standard deviation for
X?INpe~ 0.5 for correlation function fits fromi=4 to 10 on  all fits of t=6-12 with no systematic drift in the central

074504-5
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TABLE IV. Mass ratios after extrapolation to the chiral limét, anday, are lattice spacings set by the rho
mass(770 MeV) and the nucleon mag838 Me\V).

B=6.25 B=7.0 Expt.
ag; 0.4Q33) fm 0.22402) fm

a, 0.301) fm 0.2056) fm

ay 0.361) fm 0.2426) fm

Vector/vector

K*/p 1.202) 1.202) 1.16
dlp 1.4013) 1.393) 1.32
Octet/octetA/N 1.162) 1.161) 1.19
/N 1.192) 1.201) 1.27
=IN 1.343) 1.332) 1.40
Decuplet/decuplet 1.121) 1.11(1) 1.12
S*A

=2*IA 1.243) 1.222) 1.24
Q/A 1.343) 1.332) 1.36
Pseudoscalar/vector

Kip 0.762) 0.752) 0.64
Octet/vector

N/p 1.486) 1.445) 1.22
Alp 1.726) 1.665) 1.45
/p 1.766) 1.725) 1.55
Elp 1.976) 1.91(6) 1.71
Decuplet/vector 1.797) 1.775) 1.60
Alp

S*/p 2.0006) 1.976) 1.80
BE*lp 2.207) 2.1606) 1.99
Qlp 2.4Q7) 2.356) 2.17
Decuplet/Octet

A/N 1.21(5) 1.232) 1.31
S*/N 1.355) 1.3712) 1.47
=*IN 1.494) 1.503) 1.63
Q/N 1.634) 1.643) 1.78

values. Moreover, the extrapolated nucleon to rho mass rand 6—9 on our fine lattice. These regimes provide the best

tios for the time slice regimes 6—9 and 9—12 are (5%4nd  signal-to-noise and good correlatgd/Npg.

1.41(13) respectively. Again, the deviation of central values

of the distributions is small relative to the statistical uncer- C. Hadron masses

tainties. Figure 4 shows the extracted hadron masses plotted as a
Effective mass plots foA are acceptably flat but suffer a function of the quark mass. For future reference, these results

loss of signal earlier in Euclidean time as expected. On ouare tabulated in Table Ill«., is determined by linearly ex-

coarse lattice we find acceptabt€/Npg=1.0—0.4 for in- trapolatingme as a function ofm, to zero. Similarly, the

tervalst=4 or 5-10 with smaller values corresponding to pseudoscalar kaon is extrapolated Wid=co+ cimg. The

lighter masses. On our fine lattice we find acceptablorm M=c,+c;m, is used for all other extrapolations to the

x*INpe=1.0-0.6 for intervalst=6 or 7-12, again with chiral limit. Fits including an additional terrs,m3” are also

smaller values corresponding to lighter masses. considered and similar results are found with slightly larger
In summary, we report values taken from covariance maerror bars. The correct ordering of all the states is clearly

trix fits to the time slice interval 4—8 on our coarse lattice seen at both values ¢f.
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FIG. 5. Plot of thep-meson mass as a function of the squared ] o )
pion mass obtained from our finer lattic, has been used to set ~ FIG. 6. TheN/p mass ratio versud ,a at the chiral limit. Solid
the scale. The dashed line illustrates the standard linear extrapolgymbols denote the standard Wilson "action. Open symbols denote
tions of m2 andm, . The solid and dot-dashed curves include theimproved actions including SW¢)[8], D234 9 (A)[9], Dx34
two-pion self-energy of the meson[30] for dipole dispersion cut- (L)[13], and Dy34 (O) (this work.
off values of 1 and 2 GeV respectively. The increase in the slope at
m,/m,=1.8 (m>=0.21) provided by the two-pion self-energy is cluded in the quenched approximation, acts to increasd the
the right order of magnitude to restore agreement with the empiricabarameter. Figure 5 provides a sketch of how including the
value. two-pion self-energy of the can increase the value df

from 0.38 to 0.46.

Ratios of the chirally extrapolated masses are given in Perhaps the most important information displayed in
Table IV along with the ratios as observed in nati#28]. At  Table IV is that the octet/vector mass ratios display less than
B=7.0 the lattice spacing estimates follow the familiar pat-satisfactory scaling for the larger lattice spacing. To further
tern having the value based on the string tension lying beexamine scaling and make contact with other studies, we
tween that of thep and nucleon based values. This is mostfocus on theN/p mass ratio which is among the most reveal-
likely an artifact of the quenched approximation. However,ing of ratios.
at 8=6.25 we find significant disagreement among the val- Figure 6 shows a comparison of tNép mass ratio versus
ues and an unusual reordering of values. M ,a at the chiral limit. Figure 7 shows thH¢/p mass ratio as

Focusing first on ratios of hadrons having the same angua function ofM ,a at a fixedn/p mass ratio of 0.732]. This
lar momentum, we see very little change in the values as thmethod is free of complications from chiral extrapolations.
lattice spacing is decreased. These ratios are also remarkalidpth cases clearly show the improvement provided by the
similar to those observed in nature, despite the fact that these
are quenched QCD calculations. In addition, these ratios sup 1s
port our selection for the strange quark mass.

This close resemblance to nature is not shared by ratios o
hadrons with different angular momentum. All four classes 7 ]
of ratios significantly disagree with those of nature. Once %
again we see the familiar quenched artifact of the octet/

vector ratio being too large and the decuplet/octet ratio bemcg v 3 ¢ . %
too small. ; : .1 2 i

The standard failure of thekK/p mass ratio in the 15 ﬂ} e o % b % q
guenched approximation is also seen here. This shortcomin % £ 3 ¢ iE

has been widely realized through an examination of the
J-parametef29] defined by

dm Mg+ —Mm ! I I
P K ) 1.3
J= gy, =Mgx ———- (12 0.0 05 10 15 2.0
7Im,/m, =18 mx— Mz Mo

FIG. 7. TheN/p mass ratio versud ,a at a fixedn/p mass
Empirically this ratio is 0.48. However, we find 0.40 On oUr ratio of 0.7 for various actions. The solid symbols denote the stan-
coarse lattice and 0.38 on our fine lattice. The physics ass@fard actions: Wilsorisquare and diamopdstaggeredcircle). The
ciated with this discrepancy was first reported in H80].  open symbols denote improved actions: nonperturbatively-
There it was pointed out that the self-energy generated bynproved SW ()[31], fixed-point action [1)[17], SW (¢),
two-pion intermediate states of themeson, which is ex- D234 (A), and Dy34 (O) (this work).
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TABLE V. Standard Wilson action results from CP-PACS at  TABLE VI. Comparison of SW, D234 and B4 actions for the
B=5.9 on a 38x 56 lattice are compared withf34 action results speed of light squared obtained from the dispersionroénd p
on our fine 16x 16 lattice after linear extrapolation to the chiral mesons am,/m,=0.7 forpa=(2n/L).
limit.

Hadron a (fm) sSwW D234 Dy34
Wilson Dx34
X . 0.40 0682 0952  0.993)
Vector/vector T 0.24 0.994) 1.044)
K*/p 1.16 1.202)
p 0.24 1.006) 0.996)
Octet/vector
N/ 1.39 1.445) o ) ) _
P tential is used for our results. As such, the lattice spacings in
Decupletivector Table VI are approximate. Lattice volumes range from 2.0 to
Alp 1.78 1.775) 2.4 fm. Dy34 results are based on simulationsxkat 0.183
S*/p 1.93 1.976) for our coarse lattice and=0.176 on our fine lattice. The
=*/p 207 2.166) dispersion for theO(a)-improved SW action is very poor
- ' ’ relative to the excellent dispersions of the next-nearest-
Decuplet/decuplet neighbor improved 34 actions. The 34 dispersion is
2*/Ap P 108 1.111) excellent even at our coarse lattice spacing.
/A 116 1.222) Rotational symmetry is explored in Table VII, which re-

ports results fom,~180 MeV. At the coarser lattice spac-
ing, some drift in the central values is seen for the pion and
nucleon. The drift in the pion is similar to that seen for the
Dx34 action. Indeed, the £84 action has reproduced the p234c¢ action reported in Reff3]. However, the drift in dis-
state-of-the-art quenched QCD nucleon to rho mass ratio Ussersion for thep meson reported in Ref3] is not apparent
ing unimproved actions at coarse lattice spacings of 0.24 fmy, our results for the R34 action. However, a similar drift
Our results at the chiral limit are compatible with those i”may be hidden in the uncertainties. The;®* action has
[13], but lie slightly apove the SW-and D234 results: Themuch better rotational symmetry than the SW actjh
results from various improved actions at fixetlp ratio  \joreover, the 34 action provides satisfactory dispersion

show a certain degree of universality over a wide range of; our finer lattice spacing and is competitive with the D234
lattice spacings. The performance of fixed-point actions af¢tion[9].

very coarse lattice spacings is remarkable.

To further explore the level of improvement afforded by
the Dy34 action we compare our results with standard Wil-
son action results from the CP-PACS Collaboratid. We have computed masses and dispersion relations of
Table V compares the CP-PACS results3at5.9 on a 32 light hadrons in lattice QCD using tree-lev@(a?) tadpole-

X 56 lattice with our results. We include results where suffi-improved gauge and fermion actions. Compared to standard
cient data are available to allow a comparison utilizing theWilson actions, the gluon action has an additional six-link
same extrapolation procedure. To match the strange quafkectangle term while the 34 fermion action has an addi-
masses as closely as possible, we select the CP-PACS resuitmnal two-link (next-nearest-neighbpterm. These actions
which utilize the ¢-meson mass to set the strange-quarkhave the appeal of being simple to implement and inexpen-
mass. Our results lie above the CP-PACS results for strang&ve to simulate.
hadrons suggesting a mismatch in the strange quark mass. The cost of a quenched lattice simulation scales like the
The discrepancy is proportional to the number of strangenverse lattice spacing to the sixth powé9]. Considering
quarks in the hadron and promises improved agreement this fact alone, the savings from our fine®*016 lattice at
our strange-quark mass is reduced. Agreement is seen for the
non-strange hadron-mass ratios. TABLE VII. Evaluation of dispersion and rotational invariance
via the effective speed of light. The results are figj~ 180 MeV.

IV. CONCLUSIONS

D. Dispersion and rotational symmetry a (fm) B - P N Q

In addition to mass ratios, hadron states at finite momen=

tum projectionspa=n(2=/L) were also calculated. Disper-
sion was examined by calculating the effective speed of

(1,00 0.982) 0.91(4) 1.007) 0.9912
(1,2,0 0.919) 0.91(6) 0.948) 0.91(7)

light, Corr, defined bycZ,=[E2(p)— E*(0)]/p2, which is (1) 0889 09210 0927) 05010
to be compared with 1. 0.24 (1,0,0 1.043) 1.024) 1.106) 1.06(7)

A comparison with SW and D234 lattice actiof@] is (1,1,0 1.054) 1.024) 1.065) 1.11(5)
made in Table VI. The lattice spacings are based on charmo- (1,1, ) 0.986) 0.986) 1.066) 1.065)

nium for SW and D234 actions whereas the static quark po
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a=0.24 relative to a 32x 48 lattice ata=0.1 fm for stan- three times larger than that for standard Wilson actions.

dard Wilson gauge and fermion actions is a factor of ap- The nucleon to rho mass ratio obtained from thg32
proximately 200. Allowing a factor of 2 and 3 for the cost of action at 0.24 fm on a modest 1916 lattice reproduces the
the improved fermion and gauge actions used here leavesSiate-of-the-art result using conventional unimproved ac-
net improvement factor approaching two orders of magniflons. Excellent dispersion and rotational invariance up to
tude. The ultimate performance enhancement offered bpa~1 are also found. These results demonstrate that the
improved-action algorithms also requires a careful analysi®x34 action can serve as a viable candidate for the study of
of statistical fluctuations, and this is currently under investi-hadron phenomenology, and in our view is preferable to the
gation[33]. highly improved but more costly D234 action. We plan to
A great deal of effort is being directed toward finding the use the [x34 action to study hadron properties beyond the
ultimate improved action that will facilitate simulations on spectrum, such as multipole form factors of hadrons in gen-
the coarsest of lattices. We note, however, that many quargral- These results also bode well for future explorations be-
tities of phenomenological interest such as hadron form facyond the quenched approximation.
tors involve momenta on the order of a GeV. As such, a
highly i_mproveq action which is costly to simulate may not ACKNOWLEDGMENTS
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