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We present results from a lattice hadron spectrum calculation using three flavors of dynamical quarks — two
light and one strange—and quenched simulations for comparison. These simulations were done using a one-
loop Symanzik improved gauge action and an improved Kogut-Susskind quark action. The lattice spacings,
and hence also the physical volumes, were tuned to be the same in all the runs to better expose differences due
to flavor number. Lattice spacings were tuned using the static quark potential, so as a by-product we obtain
updated results for the effect of sea quarks on the static quark potential. We find indications that the full QCD
meson spectrum is in better agreement with experiment than the quenched spectrum. Fdr thg) Gneson
we see a coupling to two pseudoscalar mesons, or a meson decay on the lattice.
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I. INTRODUCTION We use an improved Kogut-Susskind quark action which

removes tree level ordea? lattice artifacts[1]. The gauge
Computation of the properties of hadrons beginning fromaction is a one-loop Symanzik improved acti@. This ac-

the QCD Lagrangian is a major goal of lattice gauge theorytijon has been shown to reduce flavor symmetry breaking and
and steady progress has been made. The computational big-improve rotational symmetry of the hadron spectrum, and
den of including dynamical quarks is a major obstacle in theo give an improved scaling of hadron masses as a function
use of lattice QCD to compute hadronic properties. As &f lattice spacing3].
result, many quantities are much better determined in the Another important improvement of these calculations
quenched approximation than in full QCD. One way of over previous generations is that we use three flavors of dy-
studying the effects of dynamical quarks is to calculate innamical quarks. For quark masses larger than the strange
guenched and full QCD, using the same valence quark actioguark mass we use three degenerate flavors, and for light
in both cases, and matching the lattice spacings and physicglark masses less tham, we use two light flavors, keeping
sizes of the lattices, so that any differences that are found cathe third quark mass at about the strange quark mass. We
convincingly be ascribed to the dynamical quarks. Here wéhave also done one two-flavor simulation on a matched lat-
present a calculation of the hadron spectrum at a lattice spatice to check for effects of the dynamical strange quark. For
ing of abouta=0.13 fm, using quenched and full QCD lat- runs with 2+1 dynamical flavors, we computed hadron
tices at the same lattice spacing. The lattice spacing waspectra using valence quark masses equal to the sea quark
tuned by making short runs on smaller lattices, adjusting thenasses. In the quenched run we computed hadron masses
parameters to match the lattice spacing of an initial quenchedith valence quarks with the same masses, and nondegener-
run at 104°=8.0. ate propagators using a strange quark masamf=0.05.

Finally, in the two dynamical flavor run we computed hadron

propagators using light quark masses equal to the dynamical

*Present address: RIKEN-BNL Research Center, Brookhaven Namass,am, 4=0.02, and a nondynamical strange quark with

tional Laboratory, Upton, NY 11973-5000. am,=0.05.
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Two issues that we do not completely address are extrapo- TABLE I. Parameters of tha=0.13 fm simulations.
lation to zero lattice spacing and extrapolation to the physicat ;
light quark mass. Using matched quenched and full QC®Mya/ ams 10g°  ug Res. e lats. alry

'c?tgc%si a'llows rLILS fg/’itﬂra"t" C)?r;ic'i‘:SiO:f’inaborgt t)t'tf efflectgsnoauenched 8.00 0.8879 na na 408 0.3B52
Although it Is in principle possible that the discretization 002" 720 08755 4101 0013 370 037414
errors in quenched and full QCD are very different, we ex-_" ' ' ' e ' 37680
pect that the differences in lattice spacing dependence are f1y20/0.20 715 08787 %1075 0.03 341 0.37010)
fact comparable to the differences in physical quantitie@‘lO/o'10 6.96 0.8739 >5107 . 003 339 0.37304
themselves. Since corrections to scaling are in any case qui 05/0.05 6.85 0.8707 110 002 425 0.374a5)
small with our current improved actiofd,3] (also see be- 0.04/0.05 6.83 0.8702 %10 ° 002 351 0.37684)
low), we confidently expect conclusions drawn at fixed lat-0-03/0.05 ~ 6.81 0.8696 %10°° 0.02 564 0.37782)
tice spacing to survive in the continuum limit. We are begin-0.02/0.05  6.79 0.8688 110" % 0.0133 484 0.37782
ning a series of simulations at a smaller lattice spacing whic.01/0.05 6.76 0.8677 X110 % 0.00667 407 0.38524)
will eventually allow us to make a continuum extrapolation.

A few preliminary quenched points from these finer lattice L .
runs are included here to provide an idea of the size of thesi/0 Pseudofermion fields for runs with different strange and

effects. A complete chiral extrapolation will be more diffi- UP @nd down quark masses. In all cases, we used trajectories
cult. In this work, we attempt an explicit chiral extrapolation With unit lengths in the simulation time. Basic parameters of
only for the shape of the static quark potential, and showhese runs are summarized in Table I.

other quantities as functions of the quark mass. Some quan- WO sources of systematic errors in this method are the

tities such as 3" [4] are only minimally sensitive to chiral 2cCuracy of the approximate sparse matrix solution required

extrapolation, and such quantities immediately provide use@t €ach time step in the integration of the molecular dynam-
ful tests of dynamical quark effects. ics equations, and the effect of the nonzero time step used in

In addition to presenting hadron spectra, we update outhe integration. We investigated these effects #nl2flavor

computation of the static quark potential. For this quantitySimulations at 1@ = 6.8 with two flavors of quarks at mass
we have sufficiently accurate data that we can hazard ajMu.e=0:02 and one flavor witams=0.05 on a 16x48
extrapolation to zero quark mass to produce numbers thagttice-(These masses are approximately 0.4 times the physi-
can be compared with phenomenological potential model<£@! Strange quark mass and the physical strange quark mass,
Because the static potential is determined very accurately, fespectively. Figures 1 and 2 show the plaquette ap as
clearly shows differences between quenched and full QCDa function of the conjugate gradient residual used in the up-
In fact, one can even see the differences between two ard@gting. Finally, to see how this effect propagates into hadron
three dynamical flavors, and a “kink” in the plots where we masses, we show the Goldstone pion mass in these same runs
change from three degenerate flavors to two light flavors anth Fig. 3. Since the effect of this error is poorly understood,
one heavy flavor indicates a noticeable difference betweewe adopted a conservative choice 0f 10~ or 5x 10" in
two light plus one heavy flavor and three light dynamicalmost of our runs, and usedx2L0° for the heaviest quark
flavors. mass am,=0.40), where convergence was very fast.

In the meson sector we find differences between full and
guenched QCD. A nice way of exposing these differences is N LY IR IR
the ratioJ proposed by Lacock and Michael]. We find that 1.714
this quantity is in better agreement with experiment in full
QCD than in the quenched approximation, as predicted in
Ref. [4]. This is consistent with results of the CP-PACH 1712
and JLQCD[6] Collaborations, who also concluded that in-
clusion of two flavors of dynamical quarks improves agree-
ment of the lattice spectrum with the real world. A

In the isovectord®©=0"" (a,) channel we find a large v
difference between quenched and three-flavor results. We in-
terpret the three flavor results as an avoided level crossing
between the 0" meson and a two pseudoscalar state. In
other words, we see tta, decay to two mesons. We include
tables of the mass fits we have chosen, so the reader can
compute his or her own favorite mass ratios.

e
e
e
e

HH
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1.708

1.708

1078 107* 1073 1072
Il. SIMULATION PARAMETERS CG residual

For our two and three flavor simulations we used the stan- FIG. 1. The effect of the conjugate gradient error used in the

dard hybrid-molecular dynamicsR' algorithm,” [7] with  updating on the plaquette in a three flavor run with quark masses
one pseudofermion field for runs with degenerate quarks, angl4mg andm;.
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0.07 T making the accumulated error over a trajectory of orefer

- . [7].) It can be seen that both sets of points extrapolate to the
- ¢ same limit, although the size of the effect is quite different.

- . The right hand panel of Fig. 4 shows a similar plot from one
L g of our preproduction tuning runs with improved gauge and
0.06 — — quark action, at 1¢?=6.80 andam,=0.05, on a 186x 48

i lattice. This is close to the value of ¥/ used in the pro-

L i duction run at this quark mass. Note that the finite step size
corrections are quite sensitive to the action being used—even
the sign of the effect differs between the two actions. Based
0.05 |— @ o o ® _| on these tests and previous experience, we used a step size of
no more than two-thirds of the light quark mass or 0.03,
whichever was smaller, in our production runs. In the pro-
duction run atam,=0.05 we used a step size ef=0.02.
From the slope in Fig. 4 we can infer that this caused a

00aboal vl vl il fractional error in(y) of about 0.004, and a similar analy-
1075 104 10-3 10~2 sis for the plaquette suggests a fractional error of about
CG residual 0.0006. We also looked at pion masses and some of the Wil-

i _ _ son loops involved in the computation of the static quark
FIG. 2. The effect of the conjugate gradient error used in theygiential, and we were unable to resolve statistically signifi-
updating ony¢ in the same three flavor run. cant effects on these quantities in our tuning runs.
In our production runs with dynamical quarks we mea-
The effect of integration step size is better understood. Waured the potential and the spectrum at intervals of six simu-
verified the expected quadratic dependence of the error od@ation time units, and archived these lattices. The autocorre-
the step size in our three flavor code. The first panel in Fig. 4ation of the plaquette at six time units, or successive
shows the result of one such test, where we ran on a quitmeasurements, was generally about 0.1. We investigated the
coarse lattice using the conventional action, comparing theffect of autocorrelations on the potential and spectrum by
old code with three degenerate flavors to the two-plus-onélocking together different numbers of measurements before
flavor code withm, 4=ms=0.02A. (The “old code” uses a  doing the fitting. For the potential measurements we chose to
single pseudofermion vector, with a weight of 3/4 in theblock five measurement€30 time unitg. For the hadron
fermion force, while the “two-plus-one flavor” code uses spectrum most of the particles showed no systematic effects
two pseudofermion vectors, one with a weight of 2/4 and theof blocking measurements together. The exception was the
other with a weight 1/4. In this test, both pseudofermionpseudoscalar mesons, where blocking gave significantly bet-
vectors had the same mass. In each case, the multiplicatidar confidence levels and larger error estimates. For the pseu-
of the Gaussian random vector M/ to produce the pseudo- doscalars we chose to block together four measurements, or
fermion vector was done at the appropriate point in the time24 time units.
step to make the error in a single time step of ore@r The physical size of our lattices ilsa=20a~2.6 fm,
which is similar to or larger than other recent full QCD simu-
0.330 P T T T TT lations. Basic parameters of several of these calculations
! ! ! were summarized in Ref8].

0.325 Ill. LENGTH SCALES FROM THE STATIC POTENTIAL

The static quark potential is often used to define the
length scale in lattice simulations. Advantages of using the
potential include the ease and accuracy of its computation,
and its lack of dependence on the valence quark mass. In
comparing quenched and full simulations, subtleties arise be-

cause the potential depends on the masses of the sea quarks.
E In Ref.[9] we demonstrated the effects of sea quarks on the
} E potential using this improved action. Because these effects
i[ are important in our analysis of the hadron spectrum, we
update and extend these results here. Our methods for com-
puting the potential and our reasons for usipga variant of
0305 bl v il il Ll the conventional, [10], were described in Ref9]. rq is
107° 107 ) 107 107 conventionally defined byraF(ro)=1.65 and r; by
CG residual I’iF(I’l) =1.00.

FIG. 3. The effect of the conjugate gradient error used in the The fitting form used here is slightly more complicated

updating on the Goldstone pion mass in the same three flavor rurthan the form used in Reff9], with an extra term to take into

0.320

0.315

0.310
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FIG. 4. (yry) vs the squared step size. The left hand panel is an algorithm test done tedtit@ using the one-plaquette gauge action
and conventional quark action agb~5.10 with three quark flavors with maasn,=0.02. The octagons use one pseudofermion field with
a factor of 3/4 in the force term, appropriate for three flavors, while the squares use théi@/or code, with separate fermion force terms
for one and two flavors, but with the same mass for both terms. The right hand panel{(shoyssing improved gauge and quark actions
ata~0.14 fm. (104°=6.80 andam, 4=ams=0.05).

account lattice artifacts at the shortest distances. Following af these points in the continuum limit. Since the error bars on

procedure used in Reff11], these points overlap, we do not know this systematic error
well enough to justify such an extrapolation at this point. We
V(r)=C+ar—alt + N(Viee(r)— 11r). (1)  expect that the effect of this systematic error is mostly an

overall shift of the graphs, but the next generation of simu-

The last term, used for<2.5, approximately compensates lations should clarify this.
for remaining lattice artifacts. Heré;,.o(r) is the potential ; W?rzlet H[smgrbl tg define the Iengtrt1 scaletfh1as (tjhe atdvan-
calculated in free field theory, using the improved gauge acage thatitcan be done more accura Edhas the advantage

tion. Adding this term to the fits significantly improves the that it has been related to phenomenological potential mod-

goodness of fit and makes the fit parameters less sensitive f(gs which consistently place it around 0.5 {t0]. There-

the choice of distance range. For the-0.13 fm runs we ore, to estimate , in physical units, we ploto/r in Fig. 7.
typically find A~0.3— 0.4 Extrapolating linearly in I(nw/mp)2 to the physical value

In Figs. 5 and 6 we show the dimensionless quantities

rovo andr, o respectively as functions of the quark mass, R L L
represented byr(lwlmp)z. This places the quenched approxi- _
mation at (nvlmp)zzl, and the chiral limit at the left side .
of the graph. In these plots the octagons are runs with three 116 3 i n

degenerate sea quarks, except for the rightmost point which
is the quenched limit. Squares are runs watimg=0.05, its
approximate physical value, aram, 4<0.05. The isolated
diamond is our two flavor run. Finally, the cross at |>° 1.14
(mwlmp)2= 1 is the finer lattice quenched run. From the two 2
guenched points we see that remaining lattice artifacts are

small compared with the effects of the sea quarks. In particu-

lar, the central values fory\o andr,\/o changed by less 1.12
than 1% when the lattice spacing was reduced from 0.13 fm

to 0.09 fm, a change of about 35%. The kink in the plots at
(mwlmp)2~0.46 (am, ¢=0.05) shows the transition be- | |
tween three degenerate flavors and+‘2” flavors. We can 1.10 e L
clearly see the distinction between two and three flavors, as 0.0 05 1.0
well as the effect of using two light flavor and one heavy (m,/m,)

flavor rather than three degenerate flavfitse “kink’ at

3
_,.Il-ﬁ’%'

II%Illllllllllllll

FIG. 5. Effects of dynamical quarks on the shape of the poten-

2.
(mﬁ/mp) 0'46]i \/— he phvsical K tial. Here we plotro\/o as a function of the quark mass. The two
we extrapolaterovo to_the physical quark mass, as quenched points are at the far right, with the octagon coming from

shown in Fig. 5, we ﬁndo\/;:1-114(4)(5tat_i5tical €ITOrS  the 1042=8.0 run and the cross from the §6~8.4 run, which
only), a number which can be compared with phenomenongas a lattice spacing of about 0.09 fm. The remaining octagons are
logical potential models. The two quenched points give SOM@y|l QCD runs with three degenerate flavors, and the squares are full
idea of the possible systematic error. Since the squared la§CD runs with two light flavors and one heavy flavor. The diamond
tice spacing in the finer lattice is about one half that of theis the two flavor run, and the burst at the left is a linear extrapola-
coarser, we might expect a shift of about twice the separatiotion of the 2+ 1 results to the physical value ofn(,/m,)2.
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FIG. 6. The same as Fig. 5, except we plpt/E. Physically, the
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sources was developed in R¢L2]. For the nonlocal pseu-
doscalar and vector mesons we used two wall sources made
from empirically determined linear combinations of the non-
local pion operators. Finally, for the nonzero momentum me-
sons we used a quark source with 1 on each site, and an

antiquark source witle'** on each site. All of the configu-
rations were gauge fixed to the Coulomb gauge before com-
puting the propagators.

In most cases we computed propagators from four source
times evenly spread through the lattioamly one source slice
was “turned on” at a tim¢ For the corner source we used
eight source time slices for the light quark particles with
amy;=0.04, and we used eight source time slices for the
“even” and “odd” source baryon propagatorgThe A
propagator is very noisy, and propagators computed from
source times separated by®.13 fm were basically inde-
pendeny.

For Kogut-Susskind quarks the meson propagators have
the generic form

difference is that this quantity is sensitive to shorter distances than

rovo.

gives rq/r,=1.449(5) (statistical error only, or with rg

=0.5 fm, r;=0.35 fm.

IV. PROCEDURES FOR DETERMINING MASSES

H(t)=2, A(e M+ MN-Y)

+2 A(—Di e Mtte MmNy (2

Here the oscillating terms correspond to particles with oppo-
site parity from the ordinary exponential terms. Baryon

All of our hadron propagators used wall sources and locapropagators are similar, but have antiperiodic boundary con-

sink operators. Several different wall sources were used. Fatitions and the “backward” terms include an extra factor of
“pointlike” hadrons, for which all the quarks can be on a (—1)'. In most cases only one mass with each parity is in-
single corner of the hypercube, a “corner wall” source gavecluded in the fits, but for half of the pseudoscalar meson
the best results. This source is sim@ 1 oneach (0,0,0) operators the opposite parity terms are not present, and for
corner of the 2 cubes on the chosen time slice. However, tothe P-wave mesons we found it necessary to keep two simple
isolate the decuplet baryons a non-point-like source is esseexponentials. The quantum numbers for the various operators
tial, and we used “even” and “odd” wall sources, where 1 or are tabulated in Ref13].

(—1)*"Y*2is placed on each site, respectively. This set of Hadron masses were determined from fits to propagators,

1.46

1.44

r0/1'1

1.40

1.38

i

1§43

it

0.0

0.5
(m,/m,)*

using the full covariance matrix to estimate errors. The maxi-
mum time distance used in the fits was chosen to include
points with fractional errors less than 0.3. Because of the
oscillating components in the staggered quark propagators, it
sometimes happens that the fractional error exceeds the
threshold at one distance but is smaller at larger distances, so
the complete criterion for the maximum distance included is
the largest distance such that the fractional error on each of
the next two points exceeds 0.3. Since points at the largest
distances contribute little information, the exact large dis-
tance cutoff is not critical. To choose the minimum distance
included, we first went through the fits and chose a minimum
distance for each hadron in each dataset, choosing a distance
where the confidence level was reasonable and where the
mass appeared to reach a plateau. As expected, some propa-
gators had largefsmalley fluctuations than other similar
propagators, resulting in the choice of a largemalley
minimum distance. For the particles of greatest interest, to
reduce this effect we then “smoothed” these minimum dis-
tances, requiring that the minimum distances be smooth

functions of quark mass and be the same for the quenched
and dynamical runs. The resulting minimum distances are

FIG. 7. The ratiary/r 1, and a chiral extrapolation. The symbols
are the same as in Fig. 5.
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TABLE II. Minimum distances used in propagator fits. With the 2O —T——— LA R B
exception of theA, these hadrons are obtained from the “corner”
source. The top row is the light quark mass. The second column
shows the type of fit used, where the two numbers are the number
of simple exponentials included and the number of oscillating con- 1.5
tributions included. For example, a fit of type “2,1” would include
two particles with one parity and one particle with the opposite
parity. Hadrons with nondegenerate valence quarks, such &, the

« i
were computed only fom, y<m. "‘: 1.0 —
E -
0.01 0.02 0.03 004 005 01 02 04 ]
H fit 05 ]
T 1,0 18 18 18 18 18 18 18 18 ' 4
K 10 14 14 14 14 §
ss 10 14 14 14 14 ]
ao 2’1 4 4 5 5 6 6 6 6 0'0 1 1 1 1 | 1 1 1 1 | 1 1 1 1
p 1,1 6 7 8 9 9 10 12 14 0.00 0.05 0.10 0.15
K* 11 8 8 9 9 Mq Ty
4 11 8 8 9 9 FIG. 8. Squared pseudoscalar meson masses versus quark
a 2,1 4 4 4 > S S 6 masses. These results are from the quenched runs. The octagons are
b, 21 4 4 4 5 5 5 6 7  the local pions §5® ys and y,y5® y5ys), the diamonds the dis-
N 1,17 8 9 10 12 14 16 18 tance 1 pions, the bursts the distance 2 pions, and the squares the
A 11 7 7 8 9 distance 3 pions. The degeneracies predicted in[Réf.are clearly
= 1,1 7 7 8 9 visible. The lines are not fits; they simply connect the points. The
A 1,1 3 4 5 6 7 8 9 10  column of pluses is from the quenchae=0.09 fm run, showing

the expected improvement in flavor symmetry with decreasing lat-

tice spacing. Note that the Goldstone pion changes very little when

strongly dependent on the quark masses, with smaller minine Jattice spacing is decreased—the non-Goldstone pions come
mum distances for smaller masses. Most of this is due to thgown to join it.

larger statistical errors at smaller quark mass, which result in

the excited state contributions disappearing into the noise at In Fig. 8 the relation between the squared pseudoscalar
shorter distance. However, it is in part physical, since splitmass and the quark mass is clearly nearly linear. The devia-
tings between the ground and excited states are larger falons from linearity and the effect of the dynamical quarks
smaller quark masses. Table Il shows the minimum distanceasan be exposed by plotting the squared pseudoscalar masses
that we chose, and the number of particles with each paritylivided by the quark mass, in Fig. 9. This is essentially

(¢rp)r 1 /£2 with an (unknown renormalization factor. This
plot contains pseudoscalar mesons with both light and
A. Pseudoscalar mesons strange valence quarkpions, kaons and “unmixedss” ).

We calculated propagators for all eight flavor combina- 1 Nere is clearly a.syst_ematic difference between quenqhed
tions of the staggered quark pseudoscalar mesons. The@8d full QCD. This difference increases with decreasing
masses obey the “partial flavor symmetry restoration” pre-duark mass, and the two-flavor point falls in between the
dicted by Lee and Sharga4] to very good accuracy. Spe- guenched ar!d three-flavor points. The bursts among the
cifically, Ref. [14] predicted that the leading order flavor dUenched points are from the 46~8.4, 2~0.09 fm run,
symmetry breaking effects, which are or@gr leave degen- SNOWing gratifying agreement with the~0.13 fm points.

eracies between pairs of pseudoscalar mesons for wpjch Ur?fortunaltely, aﬁcoarser three fIIavor lattica~0.2 fm, "
is replaced byy; in the flavor structure. For example, the SNOWs a large effect, so we would not want to use muc

local non-Goldstone pionyys® v in the “spin ® fla- coarser lattices in studying this effect. We do note that we

vor” notation. is degeneratoe ?Nithothf)e distance one pig expect scaling violations to be similar for the quenched and

®7ive: 10 th'is order. Moreover, all of the squared pion dynamical theories, so it is an advantage to have runs with
| il . il

masses should depend linearly on the quark mass with th@?tched _Iat_tice_ spacings. The deviations from linearity of

same slope to lowest order. Figure 8 shows this behavior fo'= @€ similar in quenched and full QCD. The upturn for

the quenched pion masses fam, ;<0.05. The results for larger quark masses signals the beginning of the transition to
, o ; 2 2

the full QCD runs are similar. Since the locpd® ys pseu-  the heavy quark regime, whera;~mj;. We do not fully

behavioy, we will use this pseudoscalar in the rest of the@re¢ several ways to interpret the difference between

analysis unless we specifically indicate otherwise. Resultguenched and dynamical results. One could say(thg)/f2

for the full QCD runs are similar, but the flavor symmetry is too small in the quenched approximation, or one could say

breaking is somewhat larger. that the quark mass at which a desirag/m, is reached is

V. RESULTS

054506-6



QCD SPECTRUM WITH THREE QUARK FLAVORS PHYSICAL REVIEW B4 054506

ST T T strange quark mass. We see that this quantity is dependent
i ] only on the sum of the quark masses to very good accuracy.
L 4 The center panel contains the same plot for the three-flavor
r 1 runs, where now; is determined independently in each run.
= o -] In this panel the octagons are runs with, 4=ams=0.05,
) = . the squares the runs wittm, 4=0.04, the diamonds the runs
* i ] from am, 4=0.03, the crosses the runs froam, 4=0.02
E“ 6.5 L _ and the bursts the runs froam, 4=0.01. The three symbols
< % . for each of the runs wittam, 4<<0.05 correspond to the
5'3. I m 1 “pion,” with both valence quarks light; the “kaon,” with one
E‘ %0 - light and one strange valence quark; and an “unmiged
6.0 ] with two valence quarks of mass approximately equal to that
B3 . of the strange quark, but rgpg annihilation. This graph is far
i T from smooth, but most of the scatter comes from the fact that
5.5 [ Cooo each set of dynamical quark masses has an independent un-
0 1 2 3 certainty inr,. Note that each dynamical ruifor example,
r,(m;+m,) the three bursjsshows qualitatively the same behavior as the

B quenched case, with the light-light pseudoscalar tending to a
FIG. 9. The squared pseudoscalar mass divided by the quark oer value. An interesting question is how the sea quark

Mass in units of . The octagons are the quencted0.13 fm run, mass affects the pseudoscalar mass. This can be investigated

and the squares the three fla@r 0.13 fm runs. The diamonds are : : o .
the single two-flavor run. The bursts are from the quenched by looking L the points aa(m; +m,)=0.1, which are the

~0.09 fm run. The fit is to the octagorfpions only with r,(m,  “unmixed ss’ points with both valence quark masses equal
+m,)<1.4, using the form in Eq(3). to 0.05A. In the right hand panel of Fig. 10 we plot these
points as a function of the light quark mass. There is a no-
larger in the quenched approximation than in full QCD. Thisticeable effect, with a smaller light quark mass producing a
second interpretation is consistent with CP-PACS results of,gerssmass. The direction of this effect is consistent with
the quark masses, in which they find that the quark masg§,o” smaler pseudoscalar masses in the two flavor and
needed to reach.a given value mf /m, is smaller in two quenched calculations seen in Fig. 9.
flavor QCD _than n quenched QCR3]. (Indeed, one could The selected pseudoscalar meson mass fits in units of the
even use this quantity as a length scale, and conclude hat lattice spacing are tabulated in Table Ill. In addition to the

IS ﬂJLferler;t |ntque:t10r}etﬂ an?rﬂr’”erC}iDn' Fig. 9 come from thepions, the table also contains fits with one quark at about the
€ largest part of the error bars g. ¥ come 1ro strange quark mass and one lighter quark, or kaons. For the

uncertainty inr .. However, this uncertainty is common to all hree fl | | .
of the points coming from the same set of lattices. In particu{W0 and three flavor runs we also tabulate unmisedne-

lar, all thea~0.13 fm quenched points are correlated in thisSONS: With two valence quarks witm, =0.05.
respect, as are the three two-flavor points. If we are inter- Ve have attempted to fit the results in Fig. 9 to the forms

ested in the dependence of the pseudoscalar mass on tgedicted by chiral perturbation theory. In the quenched case,
quark mass on a fixed lattice, we may want to consider onI;}he behavior ofn:_ as a function of the quark mass is derived

the error from the determination of the meson mass in unitd? Refs.[16,17. We use Eq(9) in Ref.[16], with the pa-
of a. The left hand panel in Fig. 10 showezril[rl(ml rametera, which is believed to be small, set equal to zero,

+m,)] for the quenched calculation, including only the error@nd the analytic correction term added to the chiral log. For

from ames and showing only the reasonably light massPions: then one has

points. In this panel the octagons are “pions,” with; 2
=m,=am, 4, and the bursts are “kaons,” witam, fixed at M cm
—H2malllud, : v 2 —=C 1_5|Og ey +Km|, (3)
0.05, which is approximately the physical value of the m A
oy
L aaans nanas nanny T T 840 P
g [® 1 1 ¢ ]
o x ] eel- — eas |- % . FIG. 10.  Details _of
B[ o 1 [k 1 ¢ ] (Mps1)?/[r1(my+my)].  The
~ | O] - . - e three panels are the quenched re-
« - %G) 1 es|- X J1eso ] sults, the dynamical results, and
= sel Jd 1 [ ] the three flavor points with two
. - . [ i [ ] strange valence quarks.

g SN P T [ i PAPPS A I I
~ 00 0.2 0.4 06 0.0 0.2 0.4 06 0.0 0.1 0.2 0.3

r,(m,+m,) r,(m,;+m,) ri(m,+m,)
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TABLE Ill. Pseudoscalar meson masses. Quenched results are TABLE IV. Vector meson masses. The format is the same as in
first, followed by the single two-flavor run, followed by the three- Table lIl.
flavor runs. The first column is the valence quark nl@gsand the
second column the sea quark mass or masses. The particle nameaim, zence aMge, amy Range x?/D Conf.
the first column is intended as a mnemonic. Here' indicates a

valence quark mass equal to that of the lighter dynamical quarks, 44 @) « 1.54462) 14-31 18/14 0.19
degenerate in the quenched cas” indicates one valence quark 0-2 (0) * 1.09005) 12-31 19/16 0.27
equal to the light dynamical quarks and one at aboyt while 0.1 (p) o 0.844311) 10-28 21/15 0.15
“ s indicates two valence quarks with a mass of aboyt, ina  0-05 (0) ® 0.716821) 9-27 10/15 0.8
flavor nonsinglet state. The remaining columns are the hadron mas8,03 (p) o0 0.665326) 8-23 6.9/12 0.86
the time range for the chosen fi?, the number of degrees of 0.02 (p) e 0.6422300 7-21 7/11 0.8
freedom for the fit, and the confidence level of the fit. 0.01 (p) © 0.607@60) 6-16  10/7 0.19
0.03/0.05 K*) e 0.691@300 9-24 13/12 0.38
aMyajence aMgeq amps  Range x?/D Conf.  (02/0.05 K*) e 0.682@30) 8-21 10/10 0.42
0.4 (m) » 1.4566412) 18-31 13/12 0.39 0.01/0.05 K*) ® 0.668040) 8-21 11/10 0.34
0.2 () ©  0.9616616) 18-31 14/12 0.32
0.1 () © 06569319 18-31 14/12 028 0.02() 0.02  0.600®3 7-23 17/13 0.2
0.05 () o 0.4604320) 18-31 15/12 0.25 0.02/0.05 K*) 0.02 0.653®3) 8-27 22/16 0.14
0.03 (m) © 03582516 18-31 2112 005 0-05(9) 0.02  0.700814) 8-29 23/18 021
0.02 (m) e 0.2944@17) 18-31 23/12 0.026
0.01 (m) ©  0.2110416) 18-31 26/12 001 04 () 04  1.5602) 14-31 12/14 0.64
0.03005K) = 04126119 14-31 26/16 006 02 () 02 1105(7) 12-31 14/16 0.56
0.02/005K) =  0.3865020 14-31 2516 007 01 () 01 086209 10-31 16/18 0.57
0.01/0.05K) = 03585223 14-31 2316 013 205() 0.05 071547 9-31 1119 091
0.04 (p) 0.04/0.05 0.68537) 9-28 11/16 0.83
0.02 (m) 0.02  0.3025@2) 18-31 9.4/12 0.67 0030 0.03/0.05 064914 8-27 19/16 0.26
0.02/0.05K) 002 03982®@5 14-31 3316 0.0076 092 () 0.02/0.05 061189 7-22 13112 0.38
0.05 63 002 047625 14-31 27716 0047 001 0) 0.01/0.05 0573B0) 6-18 7.4/9 0.59
0.04/0.05 K*) 0.04/0.05 0.704@2 9-29 15/17 0.61
*
04(r) 04 Lacwamn 18-31 3z 085 gni i) (rros oo T8 T os
0.2 () 0.2 0.9793@25 18-31 83112 0.76 0.01/0.05 K*) 0.01/0.05 0.648@8) 8-23 4.7/12 0.97
0.1 (m) 0.1 0.6833%24) 18-31 16/12 0.17 0'05 (¢) 0'04/0'05 0'71%9) 9-29 1'3/17 0'77
0.05 () 0.05 0.484221) 18-31 26/12 0.011 0'05 ) 0'03/0'05 0'717@_3) 9-29  19/17 0'35
0.04 (m) 0.04/0.05 0.435027 18-31 14/12 0.31 ' ' ' ' '
0.05 () 0.02/0.05 0.71541) 8-29 21/18 0.28
0.03 (m) 0.03/0.05 0.377828 18-31 15/12 0.25 0.05 (4) 0.01/0.05 071941) 8-28 1117 0.84
0.02 (m) 0.02/0.05 0.311246) 18-31 16/12 0.21 ' ) ) ) '
0.01 (m) 0.01/0.05 0.2244@2 18-31 14/12 0.27

0.04/0.05 K) 0.04/0.05 0.461427) 14-31 18/16 031 55 pions with a reasonable confidence level, but the coef-
0.03/0.05 K) 0.03/0.05 0.436139) 14-31 26/16 0.052 ficients of the analytical terms are unreasonably large, and
0.02/0.05 K) 0.02/0.05 0.409821) 14-31 19/16 0.28  the fit misses the next lightest pion by a wide margin. If we
0.01/0.05 K) 0.01/0.05 0.383329) 14-31 25/16 0.072 try to fit the six lowest-mass pions, the fit has a terrible

0.05 (s9) 0.04/0.05 0.486527) 14-31 18/16 0.35  confidence level. Finally, good fits can be obtained by intro-
0.05 (s9) 0.03/0.05 0.487988) 14-31 28/16 0.035 ducing, as an additional free parameter, an overall coefficient
0.05 59 0.02/0.05 0.4900@0) 14-31 23/16 0.12 ": f;?fll; ?:] thﬁet ?hlrfr;’v\l |?]gsr-nH|C|>V\;et\r/]err,] ti?e Vral(;Jie &‘Ot]hst ICoeffl-
0056y  001/0.05 0494425 14-31 19/16 026 C° © 1 1S much smafer han 118 Preciclstl vaue.

We are continuing to study this puzzling situation. Our cur-
rent running at smaller lattice spacing may provide addi-

. tional insight here.
wherem;=m,=m, C andK are constants, and the chiral

scaleA may be taken as the mass. As shown in Fig. 9, the
fit to the a=0.13 fm quenched data is good. It givés
=0.061(3) (statistical error only which is on the low side We calculated propagators for the two local vector me-
but compatible with the range reported by CP-PA[S8], sons,y;®y; (VT) and y4v,® yoy; (PV), and two distance
and is in excellent agreement with the result of Bardeerone vector mesong;® 1 andyyy;® vq. Any flavor symme-
et al: [19]: 6=0.065(13). try breaking among these mesons is smaller than the statis-
Unfortunately, our attempts to fit the three-flavor piontical errors, so we simply quote results for the local
data in Fig. 9 to the corresponding full QCD chiral fof&0] ®7;, or VT mesons. Table IV contains these masses in units
have been unsuccessful to date. We can fit the five lowesbf the lattice spacing.

B. Vector mesons

054506-8
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S 11 correct. There are several quantities that we could choose to
define the strange quark mass, and, especially in the
quenched calculation, they will in general give different re-

sults. Perhaps the most accessible quantity is the ratio of the

ss pseudoscalar mass to the vector meson m@sr “ss

pseudoscalar” does not includg annihilation diagrams, so
it is not the» or »’.) We therefore tune this quantity using
Mgs= \/ZmZK—me=686 MeV and m,=1020 MeV, or
mpslm\/: 0673
In the quenched spectrum witam,=0.05 we have
mpg/my,=0.643, indicating thatm,=0.05 is smaller than
O: 3—flavor the desired strange quark mass. To compute the mass at
o 2—flavor which mpg/my=0.673, we can do a linear fit to the vector
meson mass as a function of the quark mass, and combine
| | | | this with a squared pseudoscalar mass proportional to the
0 quark mass to conclude that the quenched strange quark
0.0 0.2 0.4 0.8 1.0 mass defined bymps/my at this lattice spacing isam
(1'1'117/1'1’1 =0.058. In contrast, for the dynamical ruasn;=0.05 is a
fairly good estimate of the strange quark mass, wifly/m,
FIG. 11. Vector meson masses in unitsref The octagons are taking values between 0.6{@) and 0.6871).
quenched results, the diamond a two-flavor result, and the squares a pifferences between the quenched meson spectrum and
three-flavor result. The bursts are quencbepb.og fm points, and e real world were been observed by the UKQCD collabo-
the fancy plus am~0.2 fm three flavor point. ration[4], and improvements of the spectrum when dynami-
cal quarks are included have been reported by the CP-PACS

In Fig. 11 we plot the vector meson mass in unitsrof  [5] and JLQCD[6] collaborations. In particular, the UKQCD
versus the squared pion to rho mass ratio. In this plot there igollaboration studied the quantity

a clear difference between the quenched and dynamical

(B

&

E,G)
X
g@
z»
%

O: quenched

m
||I||||I||||ll|llll|lll

0.62
p)

masses, with the full QCD vector mesons lying lower. How- amy
ever, the size of this effect depends on the length standard J=my« e (4)
chosen, as illustrated in Fig. 12, where the same quantity is Mps

plotted in units of the string tension. Of course, the differ-
; . . wherem,, and mpg are the vector and pseudoscalar meson
ence between these two plots simply arises from the differ- hi itv has the ad f bei lativel
inr, /o plotted in Fig. 6 masses. This quantity has the advantage of being relatively
enlce Iy UI pl i ) .d aofL=0.05 for th insensitive to the quark masses, so that an accurate tuning of
¢ nourca Ck“ ations :I/VV?thu?ﬁ a mass S_t e OL Z the strange quark mass or extrapolation of the masses to the
strange quark mass. Wi € meson spectrum In hand, We,;-o| imit is not essential. Of course, to compare to experi-

can now go back and ask whether this choice was exactly,o i the derivative in this expression must be replaced by a
ratio of mass differences, and we choose

S A I I I I - U

®)

Herem, is the mass of the vector meson including two light
quarks, etc. We choose the,—m, mass difference because
the statistical error inJ is dominated by the error in the
vector meson masses, and the larger differencen jr-m,
relative to, saymy« —m,, leads to smaller statistical errors in
J. Because all of the masses in Ef) are correlated, we use
a jackknife analysis to compute the error Jdn Figure 13
shows the results fad in quenched and three flavor QCD.
Following UKQCD, we plot this versusic« /my , for which
the real world value is 1.8. The burst is the real world value
of this definition ofJ (0.49, and the cross is the value af
ol P R IR A found in the UKQCD quenched simulations. We see a clear
0.0 0.2 0.4 0.6 0.8 effect of the sea quarks on this quantity. Indeed, any reason-
(m"/mp)z able extrapolation of our data img+ /mg would pass near
the real world point. Figure 13 also contains one point with
FIG. 12. The same as Fig. 11, except in units of the stringtwo dynamical flavors. This point falls near the three flavor
tension. points, indicating that the dynamical strange quark is less

4@E|

B
&
12

2)

O: quenched
0: 3—flavor
¢: 2—flavor

-
o
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by 5 . - | i1 :

- ‘ - 5 ¥ -

B o.a_—I IIiI

0.4 — . 1
L 4 I ' 0,%: quenched E E |

0,¢: 3 flavors

J
o
o
—o—|
amsc

0'3||||||||||||||||||| 0.8 ""lllllll

1.5 1.6 1.7 1.8 1.9 0 5 10
mys / my Drin
FIG. 13. The mass ratioJ” in the quenched and full QCD FIG. 14. Fitted masses for the scala) meson with quark

calculations. Squares are the three flavor results, and octagons df@ssam, 4=0.03 as a function of the minimum distance included

the quenched results. The diamond is the two flavor run, using ﬂ'] the fit. In this plot the symbol size indicates the confidence level
nondynamical strange quark with mass\,=0.05. The burst is the of the fit, with the symbol size used in the legend corresponding to
real world value, and the cross is the UKQCD quenched value. ThE0%. Here the octagons are quenched results using two(pion)

smaller error bar on the cross is the statistical error, and the largéitates and one’0 (a,) state, while the bursts are quenched results
the quoted systematic error. with one state of each parity. The squares and diamonds-ate 2

flavor results using two and one @ states respectively.

important than the two light quarks. Although our quenched ) ]
results are somewhat higher than the UKQCD value, they ar@ive consistently better fits than the quenched run, and
significantly below the experimental value. The fact that theSmaller masses for the lighter quarks, is consistently
quenched points in this plot are to the right of the full QCD Slightly heavier thara,, although with the difficulties in ex-
points is largely due to the fact that the massaaf,=0.05 tracting these particles we would not want to make too much
used for the quenched strange quark was too small, as dis-
cussed above. If we use the observed slopes of the quenched 4T T[T T T[T T T[T T[T
vector meson masses and squared pseudoscalar masses as i £ i
functions of quark mass to adjust these points to a quenched - 8
strange quark mass aim;=0.058, the main effect is to shift r 8 1
the quenched points to the left. In particular, the rightmost i on
guenched point moves to« /mg=1.78, but moves up by 0 I %

X

®

only 0.004.

r, mp
IS
o
oF

C. P-wave mesons

Mesons with quantum numberd”“=0"", 1** and
177, which are P-wave mesons in the nonrelativistic limit, - 0: quenched a, .
are found as the oscillating “parity partners” of theand p 1= *: quenched a;,b; —
propagators with Kogut-Susskind quarks. Fitting these par- i 2: g:ﬁg‘:ﬁ; b
ticles is difficult because of their larger mass. In order to L ' vet ]
obtain good fits, we need to allow two particles in the - .
A . . . . 0 | T | | | T -l | | I -l | L1 1 1 | i1 1 1
nonoscillating components, since we typically find that the

excited “m” or “ p” state is comparable in mass to the lowest 0.0 0.2 0.4 056 08 1.0
(m,/m,)

oscillating (P-wave state. Thus we find large errors, and
must use small minimum distances to obtain good fits. I ;5 15 p.wave meson masses in units ofThe bursts are the
addition, plateaus in the effective mass are short. Figure 16uenched pseudovector mesoas &ndb,), and the diamonds the

illustrates an example of a difficult but crucial case. Thisfy Qcp pseudovectors. Where the difference is significant the
figure shows fits to the scalaaf) mass as a function of the 1+~ () state is heavier than the?1 state. The octagons are the
minimum distance included in the fit. With these caveatsquenched scalamg), and the squares the full QCD scalar. Crosses
selected fits for the P-wave mesons are shown in Fig. 15 angle the two flavor results. The diamond at the physical value of
Tables V, VI and VII. This figure and these tables contain(m,/m,)?is the experimenta; andb, mass, and the two squares
several interesting features. Fay andb; the full QCD runs  are experimental 3 (a,) masses.

054506-10



QCD SPECTRUM WITH THREE QUARK FLAVORS PHYSICAL REVIEW [B4 054506

TABLE V. 0" (a,) meson masses. The format is the same as TABLE VII. 1 "~ (b;) meson masses. The format is the same as

in Table 111 Table III.

am, gience amge, amsc Range x%D  Conf. am,aience amge, ampy Range x?%/D  Conf.
0.4 (a) % 1.7394) 6-20 11/9 029 0.4 (by) % 1.8339) 7-20 13/8 0.1
0.2 (a) % 1.2966) 6-20 5/9 083 0.2 (by) % 1.3899) 6-20 8.1/9 053
0.1 (ap) % 106313 6-20 12/9 024 0.1 (by) o 118213 5-20 12/10  0.29
0.05 () % 0.97628) 6-31 22/22 048  0.05 (by) - 1110300 5-20 12/10 03
0.03 () % 0.95040) 5-20 9/10 052  0.03 (by) - 1.007115 4-20 16/11  0.16
0.02 () % 0.84827) 4-20 1011 051  0.02 (by) % 0.98922) 4-20 13/11  0.28
0.01 (&ap) 0 0.630400 4-20 17/12 0.12 0.01 (b,) 0 0.990500 4-16 8.9/7 0.26
0.02 (ap) 0.02 0.6766) 4-31  25/24 0.41 0.02 (b,) 0.02 0.90814) 4-20 11/11 0.43
0.4 (a) 0.4 1.7504) 6-20 21/9 0.013 0.4 (by) 0.4 1.83412) 7-20 10/8  0.26
0.2 (ap) 0.2 1.2976) 6-20 4.8/9 0.85 0.2 (by) 0.2 1.398100 6-20 719 0.64
0.1 (ap) 0.1 1.0428) 6-20 18/9 0031 0.1 (by) 0.1 117212 5-20 7.9/10 0.64
0.05 (ap) 0.05 0.8296) 5-31 63/23 1.3e-05 0.05 (by) 0.05 1.04721) 5-20 2.5/10 0.99

0.04 (ag) 0.04/0.05  0.80&) 5-20 10/10 0.41 0.04 (by) 0.04/0.05 0.99@6) 5-20 11/10 0.39
0.03 (ag) 0.03/0.05 0.762 5-20 16/10 0.094 0.03 (by) 0.03/0.05  0.95(®) 4-20 9.5/11 0.58
0.02 (ag) 0.02/0.05  0.66®) 4-20 31/711 0.0011  0.02 (by) 0.02/0.05 0.9183  4-20 13/11 0.3
0.01 (ag) 0.01/0.05  0.53@®) 4-20 15/11 0.2 0.01 (by) 0.01/0.05 0.85@9 4-18 8.7/9 0.47

of this. The diamond at the left in Fig. 15 is the experimentalsymmetry plus isospin forbids decay into two pigrisigure

value for thea; andb; masses. 16 illustrates this interpretation. In the figure we plot the
The scalar channed, is clearly very different in the quenched and full 0© masses versus the quark mass. The

quenched and full QCD runs. For large quark masses there &raight line in the graph is a fit to the quenched mass for the

no visible difference, but as the quark mass is decreased theavier quarks, and represents the mass anstate. The

full QCD 0" " mass drops below all the other masses. For alturved line, with a kink aam,=0.05, represents the mass of

but the lowest quark mass, the quenchéd Gs close to the 4+ 7. For am,=0.05 we used three degenerate quark fla-
other P-wave meson masses. We ascribe the behavior of the

full QCD mass to the decay of tha, into 7+ 7. (Bose 4
TABLE VI. 12" (a;) meson masses. The format is the same as
in Table Il1.
3
am, aience amge, ampy Range x%D  Conf. £ .
i i
0.4 () % 1.8167) 7-20 12/8 0.7 K 1
0.2 () % 1.37Q7) 6-20 4.7/9  0.86 oo B
0.1 (a,) % 1.1417) 5-20 3.6/10 0.96 . ]
0.05 (a,) % 1.037113) 5-20 7.7/10 0.65 E° .
0.03 (a,) % 0.9848) 4-20 1511  0.17 -0 o quenched a ]
0.02 @) % 095012 4-18 21/9  0.013 1= ‘ 0 _
0.01 (@;) 0 0.89819 4-16 21/7 0.39 B 0: 3—flavor ag,m+7 .
0.02 @) 0.02 0.868) 4-20 11/11  0.43 [ | | ]
o 1 1 1 1 1 1 1 1 1 1
0.4 (ay) 0.4 1.8268) 7-20 12/8 0.7 0.0 0.1 0.2
0.2 () 0.2 1.3887) 6-20 12/9 0.2 aMyq
0.1 (a) 0.1 11499  5-20 7.3/10 0.7 FIG. 16. 0"* masses vs the quark mass. The lightest fitted
0.05 (a,) 0.05 1.00612) 5-20 28/10 0.0018

energy in the scalar channel. Octagons are quenched results, squares
0.04 @;)  0.04/0.05 0.9640) 5-20 9.6/10  0.47 are three flavor results, and the burst is the two flavor run. The
0.03 @) 0.03/0.05 0.926) 4-20 7.2/11 0.78 straight line is a crude extrapolation of the heavy quark points. The
0.02 (a,) 0.02/0.05  0.87®) 4-20 10/11 0.53 curved line is ther+ 7 mass estimate, as discussed in the text. The
0.01 @) 0.01/0.05 8.13M1) 4-15 2.6/6 0.86 short vertical line marks the approximate quark mass wheraghe
mass is twice the quenched pion mass.
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vors, son and are degenerate and this line is simply twice S B e e B B A
the pion mass. Foam;<0.05 we do not have direct infor- | Nucleon fits i
mation on then mass, so we use the Gell-Man—Okubo for-
mula written in terms of an “unmixeds’ mass (just our i o0 ® QO
pseudoscalar mass am,=0.05). L ! o & % i
2_ 2 2, I ' i |
m;,= (M2 +2m)/3. (6) i 1 I
g 10— ' —
[>]

In the quenched cas&, mesons can couple to two-meson :
states through a “hairpin diagram” on one of the meson r T
lines. Such diagrams, such as Figh)lin Ref. [21], can ! O: corner wall source
behave like powers dftimese™ 2™+' and therefore masquer- O: full wall source
ade as a lightag when 2m_<m, . This may explain the r T
. 0. . . $=6.85, m=0.05
lightest quark mass quenched point. In this analysis we used L .
ay from the local source, or thel® 1” operator, which gave |
the best signal. Within very large statistical errors, we saw a 0.9
relatively large breaking of the flavor symmetry among the

different ay channels, with some evidence that this reflects

the masses of the different lattice pseudoscalars to which the g, 17. Mass fits to nucleon propagators as a function of the

variousag's should couple. minimum distance included in the fit. These fits are from the three
flavor run with 104?=6.85 andam,=0.05, and are fairly typical.
D. Baryons Here the octagons are from propagators with a “corner wall” source

. and point sink on all sites, and the squares are from the “full wall”

We have evaluated propagators for baryons using th@ource with a point sink on even sites only. In this plot, the symbol
“‘corner wall” source for both degenerate and nondegeneratgize at each point is proportional to the confidence level of the fit,
quarks, using a pointlike sink operator with all three quarkson a scale where the symbols in the legend correspond to 50%
on the same lattice site. With nondegenerate quarks, t}’@)nfidence. For this quark mass we uwin: 12 for our quoted
lightest states in this channel for zero, one or two stranggnass.
quarks areN, A andZ respectively. However, since we took
no special measures to make the operator with one strangeng been used as a way of displaying lattice spectrum re-
quark and two light quarks orthogonal to the these propa- sults. This ratio is known to be sensitive to lattice spacing,
gators undoubtedly contain contamination from a nea&by lattice volume and quark masses. As mentioned above, we do
In order to obtain decuplet baryons, we followed Héf], not address the issues of continuum extrapolation and chiral
using a wall source on every spatial site, and using the opextrapolation in this paper. However, since our quenched and
erator in Eq. 6.3 of Ref22] for A. This is necessary because dynamical lattices are matched in lattice spacing and physi-
the corner wall source does not overlap thioperator. As a cal size, we are well positioned to ask if the effects of dy-
by-product of the calculation of the decuplet mass, we obtaimamical quarks show up in this ratio. In Fig. 18 we show a
nucleon propagators from even site wall sources and a wallariant of the Edinburgh plot, the “APE plot,” where
source containing all sites. These propagators are general(yn,T/mp)2 is used as the abscissa, so that for small quark
noisier than the corner wall source propagators, and the planasses the abscissa is proportional to the quark mass. Most
teau in the effective mass occurs at larger distances. Theref the points on this plot are from thee=0.13 fm matched
fore we generally use corner source propagators. However, iattice runs. It can be seen that there are no significant dif-
one uses our fitting procedures on the even-wall or full-wallferences between the quenched and three flavor runs. The
propagators, one invariably selects a smaller mass than frosingle two flavor point lies slightly above the trend, although
the corner-wall source propagators. This situation is illusthis is probably not significant. This agreement between
trated in Fig. 17, which shows mass fits to these two propamy/m, for quenched and full QCD is in apparent conflict
gators as functions of the minimum distance included in thewith our extrapolations of the conventional acti@8]. The
fit. In this figure the corner source propagators reach a pladiscrepancy, which may be due to residual discretization ef-
teau earlier and with smaller error bars. However, there aréects in one calculation or both calculations, is under study.
perfectly acceptable fits to the full wall source propagators\We are hopeful that running three flavor simulations at finer
giving masses significantly smaller than the corner sourcéattice spacings will shed new light here. Figure 18 also con-
values. Perhaps the only good thing we can say about thisins a point from a coarser lattice three flavor run and a
situation is that the effect is similar in the quenched andpreliminary point from a finer lattice quenched run (d/
dynamical runs; thus, as long as we are careful to make the 8.4, 28 x 96 lattice,a~0.09 fm) These two points suggest
same choices in both cases, we can investigate the effects thfat when we are in a position to do a continuum extrapola-
sea quarks on the spectrum while taking the statistical erroron the continuum results will be lower.
at face value. The results of the fits that we selected are listed It is interesting to compare these results to the conven-
in Tables VIII and IX. tional Kogut-Susskind quark action. Figure 19 shows the im-

The nucleon to rho mass ratio, or “Edinburgh plot,” has proved action results together with conventional action re-
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TABLE VIII. Octet baryon masses. The format is the same asin  TABLE IX. Decuplet baryon masses. The format is the same as

Table III. in Table 111
am, gience aMge, amg Range x%D Conf. am,aience amge, am, Range x?D  Conf.
0.4 (N) o 2.393315 18-31 21/10 0.021 0.4 (A) e 2.4241) 10-25 39/12 0.0001
0.2(N) ® 1.684723) 16-31 19/12 0.084 0.2 (4) o0 1.7372) 9-25 30/13 0.0053
0.1(N) 00 1.277@500 14-30 15/13 0.33 0.1(4) 0 1.3736) 8-17 6.9/6 0.33
0.05(N) o0 1.047q700 12-21 29/6 0.82 0.05 A) 0 1.18412) 7-13 0.37/3 0.95
0.03(N) o0 0.9400500 9-19 8.1/7 0.32 0.03 A) o0 1.09212) 5-11 3.5/3 0.32
0.02(N) 0 0.882@70) 8-17 5.3/6 0.5 0.02 A) o0 1.05815) 4-9 0.85/2 0.65
0.01(N) 0 0.810G90) 7-14 6.8/4 0.15 0.01 A) o0 1.00817) 3-7 1.7/1 0.19
0.03/0.05 Q) o0 0.973q40) 8-19 5.7/8 0.68
0.02/0.05 Q) 0 0.931Qq40) 7-19 7.1/9 0.63 0.02 A) 0.02 0.99119) 4-10 1.7/3 0.65
0.01/0.05 Q) ® 0.890060) 7-15 11/5 0.05
0.03/0.05 E) ® 1.009G300 8-20 6.4/9 0.7 0.4 (A) 0.4 2.45(06) 18-25 6.2/4 0.19
0.02/0.05 E) o0 0.986728) 7-20 6.6/10 0.76 0.2 (4) 0.2 1.7532) 9-23 12/11 0.33
0.01/0.05 E) ©  0.966@40) 7-18 9.4/8 031 0.1 (A) 0.1 1.3966) 8-17 11/6  0.08
0.05 (A) 0.05 1.1588) 7-15 6.4/5  0.27
0.02(N) 0.02 0.84540) 8-20 16/9 0.074 0.04 @A) 0.04/0.05  1.10®) 6-14 8.9/5 0.11

0.02/0.05 QA) 0.02 0.910B0) 7-21 16/11 0.14 0.03 (4) 0.03/0.05  1.05®) 5-13 5.8/5 0.32
0.02/0.05 E) 0.02 0.975®3) 7-22 17/12 0.15 0.02 (4) 0.02/0.05  0.98@) 4-11 10/4 0.04
0.01 @A) 0.01/0.05 0.92@2) 3-9 8.8/3 0.032

0.4 (N) 0.4 2.421819) 18-31 4.6/20 0.92

0.2(N) 0.2 1.707%22) 16-31 17/12 0.15

0.1(N) 0.1 1.311040) 14-28 17/11 0.12 Masses are hard to determine on the lattice, the errors are
0.05(N) 005  1.05760) 12-25 510 0.9 rather large. The result of this exercise is in Fig. 20. Al-
0.04(N) 0.04/0.05 1.003B0) 10-22 17/9 0.044 though the error bars and the scatter among the points are
0.03(N) 0.03/005 0.930@7) 9-22 7.5/10 0.68 large, the overall trend of Fh|s plot is encouraging. It is pre-
0.02(N) 0.02/0.05 0.854B0) 8-20 6.9/9 0.65 mature to say whether this plot shows real differences be-
0.01(N) 0.01/0.05 077980 7-16 1.1/6 09s wween fulland quenched QCD.

0.04/0.05 ) 0.04/0.05 1.02480) 9-22 9/10 0.53
0.03/0.05 ) 0.03/0.05 097883 8-21 7/10 0.72 -
0.02/0.05 ) 0.02/0.05 0.93127) 7-20 9.9/10 0.45 . -
0.01/0.05 ) 0.01/0.05 0.885B0) 7-18 4.2/8 0.84 1.8
0.04/0.05 E) 0.04/0.05 1.04480) 9-22 8.3/10 0.6

0.03/0.05 E) 0.03/0.05 1.02120) 8-22 8.3/11 0.68 B @
0.02/0.05 E) 0.02/0.05 0.99820) 7-21 9.4/11 058 I o I
0.01/0.05 E) 0.01/0.05 097987 7-20 6.510 0.77

mN/mp
o

sults at 64°=5.7, 5.85, 6.15[24], and 6.5[25], which | i i
correspond to lattice spacings of about 0.16, 0.12, 0.07, and f b4
0.043 fm respectively. While a continuum extrapolation will 0,+ quenched
be deferred until the 0.1-fm runs are completed, we can see i O,% three flavor -
in this plot that the improved action at 0.13 fm gives results - ¢ two flavor .
similar to the conventional action at=0.07 fm. 1.2 °, . . . |
Just as for mesons, one of the largest problems in com- 0.0 05
paring baryon masses to the real world is the need for an (m /m )2
extrapolation in quark mass. For mesons the quadtinas m p
the nice feature that it is only minimally sensitive to this

extrapolation. It is tempting to try to construct similar quan- QCD. The squares, diamond and octagons areah®.13 fm
tities for the baryons. This suggests looking(ht, thesss  matched lattice runs with zero, two and three flavors respectively.
decuplet baryon. More generglly, we could plot the mass Ofrhe fancy diamonds below the other points are preliminary
the decuplet baryon as a function ofigs/my)? to produce a  quenched points at~0.09 fm, and the burst lying above the trend
variant of the Edinburgh plot which has the interesting feais a coarse lattice three flavor runat0.2 fm. The octagon at the
ture that there are two experimental points, onenfigr- /m,,  left is the physical value, and the octagon at the right is the trivial
and another fom, /m, . Unfortunately, because the decuplet infinite quark mass value.

1.0

FIG. 18. The nucleon to rho mass ratio in quenched and full
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[ T T 1 T T 1 ] TABLE X. “Speed of light” for the pion and rho ata
~0.13 fm. The three columns are for the Goldstone pion with mo-
i ] menta (27/L)(0,0,1) and (2r/L)(0,1,1) and they,® vy, rho with
1.6 — — momentum (2r/L)(0,0,1).
- ® -
| °|Z| E; ® B + # _ aMyaence AMgeq Cv(0,0,l) C,T(O,l,l) Cp(ovorl)
EQ 5 % om (0] + * ° ] 0.10 0 0.9816) 0.9715) 0.98449)
~N | 3 + i 0.02 o 1.001100 0.97321) 0.90082)
Ez 14l ¢ @ .I.‘D* * ] 0.01 o 0.99614) 0.98159  1.021122
+
E é 1 7 0.02 0.02 0.99@1) 0.98616) 1.01362)
i £ &,4+ improved action]

= ©,0,0,+ conventionaH 0.4 0.4 096619) na 094916)
i 1 i 0.2 0.2 0.9583) 0.9524) 0.921(30)
12 EE T | 0.1 0.1 0.9815) 0.9765) 0.95432)
: 0.0 05 1.0 0.05 0.05 0.99®) 0.9889) 0.95244)
) ) 2 ) 0.04 0.04/0.05 1.008) 0.9729) 0.92651)
(mn/mp) 0.03 0.03/0.05 0.988) 0.9789) 0.90328)
o 0. 0.02/0.05 1.0a8) 0.99316) 0.98260)
FIG. 19. The nucleon to rho mass ratio in quenched QCD W|th0 0.01/0.05 009957 0.98630) 0.96763)

conventional and improved Kogut-Susskind quark action. The dia-_
monds, squares, octagons and pluses are from the conventional ac-
tion with lattice spacings of 0.16, 0.12, 0.07 and 0.043 fm respec
tively. The decorated pluses are the improved action results wit
a~0.13 fm, and the fancy diamonds are preliminary improved ac-
tion results a~0.09 fm.

ideal dispersion relation by tabulating the “speed of light” in
able X.
E(k)—E(0
2 E(R-EO) -

2
E. Nonzero momentum k

As a check on the quality of the dynamics in our simula-
tions, we calculated the energies of a few nonzero mome

tzu;gL?Begolr;sénr:jaglell_y(thel)G:rI%s;[ﬁgf ®pl0nrh\c/)V|\tAr/1ithmrgom_ent sons. The results are similar in the quenched and full QCD
. . z® ¥z calculations, as can be seen by comparing lines with the

mentum 27/L(0,0,1). We compare these energies to thesame valence quark mass in Table X.

We see that the dispersion relation is generally very good,
ut with noticeable deviations from one for the heavier me-

1.7 1 1 1 1 | 1 T T T |
VI. CONCLUSION

i We have used simulations with three flavors of dynamical
§ quarks and a quenched simulation, on lattices with matched
% %i % T lattice spacings and physical sizes to isolate the effects of the
N B ] sea quarks on the hadron spectrum and on the static quark
s o T potential. This was done with a Symanzik improved gauge
action and an improved Kogut-Susskind quark action to
make the effects of the nonzero lattice spacing as small as
practical. The effects of the sea quarks are clearly visible in
the static potential. The mesonic mass rdtis much closer
to the experimental value when dynamical quarks are in-
cluded. Theay, meson couples strongly to two meson states,
as expected when sea quarks are included.

Several aspects require further study. While the quenched
pion mass has the expected form, we do not understand the
0.0 0.5 1.0 dependence of the three flavor pion mass on the quark

m /rn masses. It would be very nice to be able to extract excited
PS v state masses, especially in the avoided level crossiray,of

FIG. 20. The decuplet baryon to vector meson mass ratio at @Nd to extract decay rates to be compared to experiment.
~0.13 fm. Squares are the=0.13 fm quenched runs, and octa- Although we ha.Ve minimized the Iattice artifaCtS by Using an
gons thea~0.13 fm three flavor runs. The single diamond is the improved action, an empirical investigation of these effects
a~0.13 fm two flavor run. The bold octagons without error barsis necessary. We are beginning a series of simulations with
aremg-/my andm, /m,. a~0.09 fm to investigate these effects.

1.6

mdec/ mV
)
1

1.5 = O quenched

- O dynamical .

1'4 1 1 1 1 | 1 1 1 1 |
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